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Abstract
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Central to the understanding of memory is a detailed understanding of the processes
contributing to how some information is retained as memories, yet other information is not.
Relevant to this is the question, does value and saliency information coded by dopaminergic
neurons of the ventral tegmental area (VTA) affect hippocampal memory function and how
might this arise? In order to address this question, | performed large scale extracellular
recordings combined with optogenetic activation of dopaminergic neurons in mice. Tetrodes
were located in the VTA and pyramidal cell layer of the CAl subfield of the dorsal
hippocampus. Midbrain dopaminergic neurons were made to express a chimeric protein
formed of the light activated ion channel channelrhodopsin-2 and enhanced yellow florescent
protein (ChR2-eYFP) through injection of a Cre activated viral construct in the VTA of DAT-IRES-

" mice. Mice explored familiar and novel open fields in the presence or absence of

Cre
photostimulation. Periods of sleep and rest were recorded before and after each exploration in
order to calculate the reactivation strength of hippocampal waking firing activity during
subsequent sleep; a process thought to aid the stabilisation of representations enhancing their
retention as memories. ChR2-eYFP expressing axons were present in the dorsal hippocampus
demonstrating a direct dopaminergic projection from the midbrain to the hippocampus. Units
isolated from midbrain tetrodes showed a sustained increase in mean firing rate during
exploration of a novel over a familiar environment, indicating they have the potential to drive
sustained dopamine release in target structures in response to such a sustained novelty cue.
Hippocampal reactivation strength after exploration of a novel environment was higher than
that seen after exploration of a familiar environment and this was further enhanced by burst
mode photoactivation of dopaminergic neurons at their cell bodies in the VTA or at the
afferent dopaminergic fibres in the dorsal CAl. A second group of mice performed a spatial
learning task on a maze dubbed the ‘crossword maze’. Photostimulation during learning trials
did not increase the rate of learning but it did increase performance in a probe test held one
hour after the end of the learning trials. Additionally, there was enhanced reinstatement of the
hippocampal spatial representation during the probe test and it was preceded by enhanced
reactivation of the newly formed representation in the intervening rest period. These findings
reveal that midbrain dopaminergic neurons, encoding salient information about an
environment, promote hippocampal network dynamics associated with memory persistence,
thus modulating hippocampal memory function according to the value of the information to
be remembered.



Acknowledgments

| would like to thank my primary supervisor Dr. David Dupret for all that he has taught me in
guiding me through all parts of this project, from hands on training in the complex techniques
used in this work, to developing my high-level scientific thinking and everything in between
including data analysis. | am truly grateful for this remarkable training which | may now bring
forward to my future scientific work. | would also like to thank my second supervisor Prof.
Peter J. Magill for his valuable input, guidance and training throughout this work.

| wish to thank visiting masters student Caroline Etienne for helping with quantification of
ChR2-eYFP expression levels and 3D reconstruction of ChR2-eYFP expressing axonal segments
in the dorsal hippocampus. | also wish to thank Natalia Campo-Urriza and Dr. Stephanie
Trouche for help with some of the data collection (crossword maze and open field control
animals). Thanks to those involved in the initial development of the crossword maze task
(including the experiments with PV-IRES-Cre mice): Dr. Alvaro Tejero-Cantero, Steven Cuell and
Natalia Campo-Urriza. | would also like to thank Dr. Alvaro Tejero-Cantero and Dr. Stephanie
Trouche for their general guidance.

Thank you to unit members and support staff for their help and input: Liz Norman, Jane
Janson, Dr. Paul Dodson, Dr. Linda Katona, Gido van de Ven, Anna-Kristin Kaufmann, Abhilasha
Joshi, Kristina Wagner, Lisa Conyers, Katharine Whitworth, Gareth Hazell, Mary Gilgunn-Jones,
Jo Stocker, Agnieszka Swiejkowska and director Prof. Peter Somogyi. Thanks to Dr. Sarah
Threlfell for providing the initial DAT-IRES-Cre mice. | also wish to acknowledge the use of
computer programs established by Prof. Jozsef Csicsvari and past members of his lab.

Finally, 1 would like to take this opportunity on a personal level to acknowledge and thank
those who have made it possible for me to get to this point. | dedicate this thesis to my family
and Linda for their loving support, and also to Marie Stubbings and the Dyslexia Support
Centre Limerick for her incredible guidance, teaching and support enabling my survival through
primary, secondary and degree level education.

My D. Phil. studies have been funded by a Medical Research Council Doctoral Training Award.



Contents

Chapter 1 General introduction....... s ————————— 8
N T o Te (U T 4o o TP PP USRI PRRPRPT 8
1.2 Anatomical organisation of the hippocampal formation .........cccceeeciiiiiieeecce e, 9
1.3 Anatomical organisation of the hippOCaMPUS PrOPEr.....ccuvveiiciiieeeiiie e 13
1.4 The hippocampal formation and MEMOIY .........ccuiiieiiiii et e e e srreeeeaees 15
1.5 A spatial map Within the Drain..........ooi et e e s bre e e eaees
1.6 Field potentials in the hippocampus
1.7 Interneurons and single cell electrophysiology of the hippocampus ..........ccoceveiieniiiiiieniieineennne 27
1.8 Overview of midbrain dopaminergic Cell BroUPS.......coceiiiiiiiieriiieeee e 31
1.9 Dopamine, value and error PrediCtion ...........cooeeriieeieenieeeiee ettt s 34
1.10 Cell diversity in midbrain dopaminergic NUCI I........ccceeriiiriiiiiiiiiee e 39
1.11 Projection targets of midbrain dopaminergic NEUroNS .........ccocuvieieiiiiieiieneee e 41

1.12 Dopamine and the hippocampus
LA3AIMS oo,

Chapter 2 Experimental procedures and methods of analysis........cun 47
B YU o] =T o1 &SRR 47
W AV =1 Vot o] ORI 47
2.3 Anaesthesia and SUrgiCal PrOCEAUIES ......c.uiiiicciiie ettt e e e e e e etae e e e tb e e e eataeeeennaeas 48
2.4 DElIVENY OF VIral VECLOTS ..ccneiiie ettt ettt et e e e et a e e e et e e e eeabae e e sabaeeeestaeeeennaeas 48

2.5 Implantation of optic fibres and tetrodes

2.6 Photostimulation

P A D) - I Tolo [ 111 o] o TSN
2.8 Post-recovery and familiarisation with the recording apparatus........ccccceveecieiicieeccciee e, 51
2.9 General reCcording PrOCEAUIE ......eii ittt ettt e et e sbe e st e st e e sabeesabeesaseesabeesaneens 52
2.10 Open field @XPErIMENTS ....ciiiiiiiiieee ettt st ettt e et e st e st ee st e e sabeesabeesabeesabeesaneens 52
2.11 CroSSWOrd MAze EXPEIIMENTS ....cccicueeeeiiieeeeirererireeeestteeeessreeessseeeessseesassseeessseeessssseeessssseesssssees
2.12 Spike detection and UNit iSOIALION .....cceiviiiiieciie e

2.13 Detection of theta oscillations, SWR events and behavioural states
2.14 Measures Of BUIST FIFING ....ooiiiiiie et st st e st e s eeanee s

2.15 REACTIVATION ..eteiiitie ettt e e st ee e et e e s e b e e e snb e e e s a b et e seanreeesanneeessabeeeeennrneesannneas
Y LA I = L= 44 = ] 1SR 58
A o o101 =T o T W g =Y oY [ 411 - [ VSR 58
2.18 SPAtial tUNING MEASUIES .....eeiieeeieieiieee ettt e eetee e eeee e e s e e e st e e sente e e e sstaeeeasteeeensaeeesntaeeeannseeesnnnnens
2.19 Error intervals, statistical tests and SOFtWAIe .........euvveruieiiriiiiiiiiiieiiieieierererererererarerarerarererarararara——.
2.20 Tissue processing and immunocytochemistry

2.21 Microscopic analyses and 3D reCONSTIUCTION ......ccveieeiiiieieiie e ceieee et e e sre e e eee e e e eeeneas

Chapter 3 Anatomical evidence for the projection of midbrain dopaminergic

neurons to the dorsal hippocampus.......ccvnnn—————— 62
K 19 B T Ao Yo [V ot 4o T o F OO PO PO URR TSP PPPRRTP 62
3.2 EXPerimental OULIING .....ceeeiiieeiee ettt e e e e e sttt e e e e e e e s e antaeeeeeeseeastaaneaaeaeanen 64



3.3 Expression of ChR2-eYFP in dopaminergic neurons after viral transfection in the midbrain.......... 66

3.4 Transfected dopaminergic axonal segments were present in the hippocampal formation............ 66
N BT ol U 1 (o] o HEO PP PP P PPTPUPPPRN 75
Chapter 4 Midbrain dopaminergic nuclei and spatial novelty ..........ccocervnscsrnssesesesnsenns 77
R Lo 4 oY [V 4T o PP TP 77
4.2 EXPErimental OULIING ....eviie ettt e e et e e e ae e e s tb e e e ettaeesenssaeesnseeeesnsaeeennnns 79

4.3 Firing activity in midbrain dopaminergic nuclei changes in novel versus familiar environments ... 81
4.4 Light responsive units
4.5 DISCUSSION .eiiiitieee e ettt e e e sttt et e e e s et e et e e e e e s s b e e e e e e e e e s mr e e e e e e e e e sannnr e eeeeeesaannreneeeeesesnnrnnneeeens

Chapter 5 Novelty, sleep reactivation and the effect of midbrain derived dopamine

on hippocampal network dynamics in the open field ........cocoornssenrnrsnsesnasans 94
DL INEFOAUCTION ..ttt ettt e e s bt e e st e e sttt e e e s s beeeseabeeesaabbeessabbeeeennbeeesnnneeas 94
5.2 EXPerimental OULIING .....coouii ittt sttt st s st e s e s b e sanee s 95
5.3 Exploratory behaviour, CA1 network physiology and the activation of dopamine.......c.cccceeene.eee. 98
5.4 Spatial tuning and environmental remapping was unaltered by DA stimulation..........cc.cccceeeennne 102
5.5 DA stimulation during waking exploration enhanced subsequent sleep reactivation .................. 103

5.6 Broader sleep physiology and associated estimates of arousal were unaltered post activation of

(o Lo oF: [ 41 1o Y= PSSR 106
5.7 Dorsal CA1 pyramidal cell discharge during sharp wave ripple events ..........ccecceerveeeieenieeeneenne 109
5.8 DISCUSSION ittt ettt et s et e s e e s s b e e e s e sr et e s aaba e e s s ba e e e s aabaeesannneeesnreeeearaeesannne 111

Chapter 6 Memory persistence and dopamine in the hippocampus during a spatial
learning tasK... s ——————————— 113

(o3 M ] 1 oo [U ot o] o HA U PP UUUPN

6.2 EXPerimental OULING ......eouiiiieee ettt st et sttt e bt e s e e s aee e
6.3 Behavioural performance....
6.4 Reorganisation and reinstatement of spatial maps

(I (=TT o =T 1 6 V7 4 o o RS PUPPRRN

6.6 Hippocampal dependence of the crossword maze task........ccccvevecveriicieeeesciee e 121

6.7 DISCUSSION cietiieiiiie ettt ettt s e e st e s et e e sser e e e s b et e s e sr et e samnaeessabaeeeeanraeesannneeesnrneesanraeesannne 123
Chapter 7 General diSCUSSION .......ccimnmnmnmsisismsmsmssssssssssssssssssssssssssssss s sssssssasassssssssess 125

7.1 OVEIVIBW ...ttt ettt e e ettt e e e e e s be e et e e e e e s aa bbb et e e e e e s abb b et e e e e e saaasnbeeeeeeesannnbeeeeeeeaeaannbaeeeeaesannnn

7.2 Technical limitations
7.3 How might dopamine release in the hippocampus promote subsequent activity and enhance

(00T 4T VA o= o1 0 =L o[ DS 129

7.4 The noradrenergic system as a possible secondary source of dopamine .......cccccccvvevvieeencieennnns 132
7.5 Open questions and possible future iNVestigatioNns.........cccceecviiiiecie e 133
7.6 CONCIUAING FEMATKS ...evvieeeiieeeeciee ettt e st e e e e e et e e e s e e e eate e e saaateessssseeeenssaeesansseeesnseeeessseenanes 136
2T 3 o) o [ 137




Figures

Figure 1.1 Drawing of the hippocampus by Ramon y Cajal......ccccccvvveeeiiiieicciiee e 10
Figure 1.2 Schematic depicting the various classes of CAl interneuron.........ccccoeccveeeeeceeeennnen. 29
Figure 1.3 Schematic of dopaminergic neuron cell Eroups ......cccoecveeeirciieiiriiiee e 33
Figure 1.4 Phasic responses of a putative dopaminergic NEUroN.......ccccvvvvcieeeeviieeeessiee e 36
Figure 2.1 The CroSSWOIT MAZE .....uuiiiiiiiiiieiiiieee ettt e et e e s sttt e e e staeeessabeeessabeeessnnbeeessnnreeessnnsens 54
Figure 3.1 Expression of ChR2-YFP in the VTA ...t 65
Figure 3.2 Transfected axonal segments present in dorsal CAl.........ccccceeeeiiieeeeciieeecciiee e, 68

Figure 3.3 ChR2-eYFP expressing dCA1 axonal segments (orthographic projection animal 1).. 70
Figure 3.4 ChR2-eYFP expressing dCA1 axonal segments (slice tracings animal 1) ................... 70
Figure 3.5 ChR2-eYFP expressing dCA1 axonal segments (spliced reconstruction animal 1) .... 71
Figure 3.6 ChR2-eYFP expressing dCA1 axonal segments (orthographic projection animal 2).. 73

Figure 3.7 ChR2-eYFP expressing dCA1 axonal segments (slice tracings animal 2) ................... 73
Figure 3.8 ChR2-eYFP expressing dCA1 axonal segments (spliced reconstruction animal 2) .... 74
Figure 4.1 Midbrain firing activity in familiar versus novel environments............cccccoeevieeeennnen. 81
Figure 4.2 Progression of mean firing rate and mean animal speed over time............cc.cec........ 82
Figure 4.3 Distribution of firing rate changes between familiar and novel environments ........ 83
Figure 4.4 Firing of light responsive Cells 1-5......cciiiiiiiiiiiiiiee e 90
Figure 4.5 Inter spike interval histograms of light responsive cells.........ccccocvveiiniiiiiiniceeennee. 90
Figure 5.1 Exploratory behaviour in open field environments........cccccvveeiiiiiee e 99
Figure 5.2 Basic CA1 network physiology and the activation of dopamine .............ccccuveeenneee. 100
Figure 5.3 Environmental remapping in different open fields .........cccoerieeiee e, 101
Figure 5.4 Open field enhanced sleep reactivation after activation of dopamine................... 104

Figure 5.5 Estimates of arousal state in rest sessions preceding and following exploration... 108

Figure 5.6 Sharp wave ripple firing responses of dCA1 pyramidal cells during rest ................ 110
Figure 6.1 Behavioural performance in the crossword maze task .........ccceeeveerviiinieenseeenineenns 115
Figure 6.2 Crossword maze spatial Maps ...ccceeeieiieeiiciiee et 116
Figure 6.3 Crossword maze enhanced sleep reactivation after activation of dopamine......... 119
Figure 6.4 Enhanced reactivation did not extend to recently expressed representations....... 120
Figure 6.5 Spatial learning on the crossword maze requires a functional hippocampus......... 122

Tables

Table 2.1 Antibody iNfOrmMation.........cceeeieiiii i 60
Table 5.1 Recording sessions and cell COUNES........cooviiiiiiiiiiiiice e 97
Table 5.2 Baseline correlations (Rest before) versus reactivation strength (Rest after) ......... 104
Table 5.3 Comparison of reactivation strength (Rest after) across conditions...........ccccccuv.... 105



Abbreviations

A
AAV2 adeno-associated virus serotype two
ANOVA analysis of variance
C
CA1-3 cornu ammonis 1-3
CCK cholecystokinin
ChR2-eYFP channelrhodopsin-2 fused to enhanced yellow fluorescent protein
CLi caudal linear nucleus
CPP conditioned place preference
CS conditioned stimulus
cv coefficient of variation
Cv2 coefficient of variation 2
D
DA dopaminergic
DAPI 4',6-diamidino-2-phenylindole
DAT dopamine transporter protein
DBH dopamine-beta-hydroxylase
DNMTS delayed nonmatching-to-sample
E
EFla elongation factor 1-alpha promoter
G
GABA gamma-amino butyric acid
GFP green fluorescent protein
GIRK-2 G protein-coupled inward rectifying potassium channel
|
IF interfascicular nucleus
IFRC instantaneous firing rate counts
IRES internal ribosome entry site
ISI inter spike intervals
L
L-DOPA L-3,4-dihydroxyphenylalanine
LFP local field potential
LTP long term potentiation
M
MAO monoamine oxidase
mdDA meso-diencephalic dopaminergic
MRI magnetic resonance imaging

mRNA messenger ribonucleic acid



NDS normal donkey serum
NET norepinephrine transporter
NMDA N-methyl-D-aspartate receptor
NPY neuropeptide y
(0]
O-LMm oriens-lacunosum moleculare
P
PBS phosphate buffer saline
PFC prefrontal cortex
PFS place field similarity
PIF parainterfascicular nucleus
PN paranigral nucleus
PV parvalbumin
R
REM rapid eye movement
RLi rostral linear nucleus
RMS root mean square
RRF retrorubral field
S
SD standard deviation
SNc substantia nigra pars compacta
SWR sharp wave ripple
T
TH tyrosine hydroxylase
\'
VGAT vesicular GABA transporter
VGIuT2 vesicular glutamate transporter 2
VIP vasoactive intestinal polypeptide
VMAT2 vesicular monoamine transporter 2
VTA ventral tegmental area
VTAR ventral tegmental area rostrodorsal part
W

WPRE woodchuck hepatitis post-transcriptional regulatory element



Chapter 1 General introduction

1.1 Introduction

The focus of this thesis is on relating activity in two brain areas: (1) the cornu ammonis one
(CA1) subfield of the hippocampus; and (2) the dopaminergic nuclei of the midbrain,
particularly the ventral tegmental area (VTA). The hippocampus consisting of archicortex is
among the most phylogenetically old of cortical areas. It derives from the medial regions of the
telencephalon and is located at the base of the medial temporal lobe in humans. It is
established as having an important role in declarative memory formation and is also believed
to be a substrate for the allocentric representation of space (Eichenbaum and Cohen, 2014;
Moser et al., 2015; O'Keefe and Nadel, 1978; O'Neill et al., 2010; Squire et al., 2004). On the
other hand, the action potential firing of midbrain dopaminergic neurons, and particularly
those of the VTA, is associated with salience, value and expectation mismatch (Cohen et al.,
2012; Lak et al.,, 2014; Schultz et al., 1997). Midbrain dopaminergic neurons also play an
important role in voluntary movement, although such functions are more closely associated
with neurons of the substantia nigra pars compacta (Roeper, 2013). Of particular interest in
studying these two brain areas are the questions; does value and saliency information coded in
VTA affect hippocampal memory function and if so, how and over what time scales can this
arise? A detailed understanding of this is important for understanding the neuronal processes
contributing to how some information is retained as memories while other information is not,

and hence, is central to understanding memory function in the brain.

In this chapter, | will first outline the structure, network properties and known functions of the
hippocampus, and similarly for midbrain dopaminergic nuclei, before introducing some of the
existing work relating the two brain areas. Finally, | will conclude the introductory chapter with

an outline of the aims of this thesis.



1.2 Anatomical organisation of the hippocampal formation

The hippocampal formation consists of a number of cytoarchitectonically-distinct brain regions
located in the medial temporal lobe in humans which form a functional system (Andersen et
al.,, 2006; Shepherd, 2004). It includes the dentate gyrus, hippocampus proper also called
cornu ammonis (abbreviated CA which can in turn be broken into three subfields, CA1-3),
subiculum, presubiculum, parasubiculum, and entorhinal cortex. The strongest anatomical
evidence to support the grouping of these brain areas into a functional group is the presence
of a set of cascading strong excitatory projections which form a looping circuit extending from
one area to the next. These projections were first described by Ramén y Cajal (1909) and are
depicted in his drawing shown in Figure 1.1. The predominantly unidirectional nature of this
substantial excitatory pathway running through the hippocampal formation, with relatively
modest reciprocal connections, sets it aside from most other connectivity between cortical
areas which is largely reciprocal in nature (Andersen et al.,, 1971; Felleman and Van Essen,

1991).

Of all the areas in the hippocampal formation, the entorhinal cortex is the only which
unambiguously possesses the multilayer structure of a neocortical area. It is also widely
connected with the rest of neocortex forming particularly abundant connections to perirhinal
and parahippocampal (primates) or postrhinal (nonprimates) cortices (Burwell and Amaral,
1998a, b; Burwell et al., 1995; Canto et al., 2008). As such, the entorhinal cortex acts as the
main entry point of sensory information into the hippocampal formation and the main means
through which the processed output of the hippocampal formation is returned to the
neocortex. It is therefore reasonable to consider entorhinal cortex as the start point in the loop
of strong excitatory projections which extend through the hippocampal formation through the
dentate gyrus, CA3, CA1 and the subiculum before returning to entorhinal cortex. In fact,
entorhinal cortex sends strong projections forward to all stages of the loop however it only
receives strong return projections from the final stages (CA1 and subiculum). In addition, the
projections from the dentate gyrus to CA3, CA3 to CA1l and CA1 to the subiculum all lack a
sizeable reciprocal connection although some return fibres are present (Andersen et al., 2006;

Ishizuka et al., 1990; Shepherd, 2004).
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Figure 1.1 Drawing of the hippocampus by Ramadn y Cajal
Drawing by Ramon y Cajal [(1909) page 753] showing the cascade of excitatory projections
which form a looping circuit extending through the areas of the hippocampal formation. Added
green labels: EC, entorhinal cortex; DG, dentate gyrus; CA1l, cornu ammonis one; CA3, cornu

ammonis three, Sub, subiculum. Note, the simplified schematic of connections depicting some
of the large excitatory projections was added here and the CA2 subfield is omitted.

The first downstream target within the hippocampal formation from entorhinal cortex is the
dentate gyrus. Entorhinal cortex gives rise to a large excitatory projection terminating in the
molecular layer of the dentate gyrus forming synapses primarily on the dendritic spines of

dentate granule cells. The axons forming this projection described by Ramén y Cajal, perforate
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through the subiculum and hippocampal fissure to reach the dentate gyrus giving rise to the
name perforant path. The majority of perforant path axons arise from cells in the superficial
layers of the entorhinal cortex, particularly layer Il, however some do originate in the deeper

layers V and VI (Steward and Scoville, 1976).

The dentate gyrus in turn sends projection fibres exclusively to the CA3 subfield of the
hippocampus proper (Andersen et al., 1971; Blackstad et al., 1970; Claiborne et al., 1986;
Gaarskjaer, 1978; Swanson et al., 1978). The axons that form this projection, named ‘mossy
fibres’, originate from the dentate granule cells and terminate on the proximal (near the cell
body) dendrites of CA3 pyramidal neurons, forming complex synapses. Presynaptic terminals,
located on extensions from the main axon called mossy fibre expansions, form synapses with
intricately branched spines of the CA3 pyramidal neurons called thorny excrescences (Amaral
and Dent, 1981). The mossy fibres also form synapses with CA3 interneurons via filopodial
extensions (Acsady et al., 1998). Additionally, the CA3 subfield is directly innervated by
perforant path fibres originating in entorhinal cortex which form synapses with CA3 pyramidal
neurons at the distal tuft of their apical dendrites. The laminar origin and numbers of synaptic
contacts of this projection are similar to those formed by perforant path fibres in dentate

gyrus (Witter, 1993).

The next area in the cascade of connections is the CA1 subfield of the hippocampus proper.
Pyramidal cells in CA3 send axon collaterals that form synapses with the dendrites of CAl
pyramidal neurons (Schaffer collaterals) as well as heavily projecting back into the CA3 subfield
(associational connections) (Ishizuka et al., 1990; Li et al., 1994). As with previous areas in the
cascade, CA1 pyramidal cells receive a direct projection from the entorhinal cortex to the distal
tufts of their apical dendrites. However, in the case of CA1, this projection predominantly
originates from layer lll of entorhinal cortex, as opposed to layer Il which gives rise to the
perforant path projection to CA3 and the dentate gyrus (Witter, 1993). In addition, CA1 is the
first brain area along the loop of cascading connections to have a strong direct reciprocal
connection back to entorhinal cortex. Pyramidal cells in CA1 heavily project to both the
subiculum and to the deep layers (layers V and VI) of entorhinal cortex (Cenquizca and
Swanson, 2007; Naber et al., 2001; O'Mara et al., 2001; Witter et al., 1988). There are also

direct CA1 projections to the dentate gyrus, presubiculum, parasubiculum and a wide range of
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neocortical areas including visual, auditory, somatosensory, gustatory, main and accessory
olfactory and visceral areas, as well as the basolateral amygdalar complex and the agranular
insular and orbital areas (Cenquizca and Swanson, 2007). In contrast to CA3 pyramidal
neurons, CAl pyramidal neurons lack extensive associational connections, although some local
interconnectivity is present (Amaral et al., 1991; Deuchars and Thomson, 1996; Takacs et al.,

2012).

The final brain areas in the hippocampal formation, the subiculum, presubiculum and
parasubiculum, form a continuum between CA1l and entorhinal cortex. The subiculum is
considered to have a three layer structure like the hippocampus proper however the
pyramidal layer cell bodies are more dispersed. Conversely, the presubiculum and
parasubiculum have a more multilayer structure resembling neocortex. Like CA1, from where
it receives a strong input connection continuing the cascade of strong excitatory projections,
the subiculum also has a large reciprocal connection with entorhinal cortex predominately
receiving input from layer Il and projecting back to layer V (Andersen et al., 2006; Kloosterman
et al, 2003; O'Mara et al, 2001). The subiculum projects to the presubiculum and
parasubiculum but this projection is perhaps best thought of as part of a number of
projections distributing the processed information from the subiculum to a range of cortical
and subcortical structures as opposed to a strong continuation of a feedforward cascade
running through the hippocampal formation (Andersen et al., 2006). In fact, the subiculum is
considered the main output region of hippocampal allocortex because it widely projects
throughout neocortex in addition to innervating the entorhinal cortex (O'Mara et al., 2001;
Verwer et al.,, 1997; Wyass and Van Groen, 1992). The presubiculum and parasubiculum
project to many other parts of the hippocampal formation including a prominent projection to
entorhinal cortex and a relatively strong projection from the parasubiculum to the dentate
gyrus (Caballero-Bleda and Witter, 1993; Kohler, 1985), justifying their inclusion in the

functional grouping of the hippocampal formation.

Two additional points are worth noting about the cascade of strong excitatory projections
through the hippocampal formation. First, for each projection along the cascade (perhaps with
the exception of the mossy fibres), small regions of the projecting region can influence large

regions of the downstream target. That is, small regions of entorhinal cortex project to a large
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number of dentate granule cells and similarly divergent projections are present from CA3 to
CA1 and from CA1 to subiculum. This is potentially both divergent and convergent. It can allow
information from a small input node to widely influence a large number of output nodes.
Equally, a small output node can potentially bind information from a large number of disparate
input nodes. The exact extent to which this occurs is still unclear and requires further
investigation. The second point is that despite this high level of interconnectivity between
regions of the hippocampal formation, there is still a broad topographical organisation
maintained across all stages of the parallel projections of the loop, such that pathways
originating in superficial layers of the entorhinal cortex return to the deep layers of the same
portion of entorhinal cortex. This potentially allows for many parallel processing streams, with

each returning to their cortical substrate of origin in a closed loop.

There are two additional fibre bundles associated with the hippocampus (Wyss et al., 1980).
The first consists of the dorsal and ventral commissures that connect to the contralateral
hippocampus. The second, and most relevant aspect of hippocampal structure in relation to
this thesis, is created by both afferent and efferent fibres from the hippocampus which run
along the ventricular surface to create a thin layer called the alveus. The alveus fibres gather
together to create a fibre tract called the fimbria. The continuation of this fibre bundle
descends into the forebrain before splitting into the rostrally directed precommissural fornix
and a caudally directed postcommissural fornix. The precommissural fornix carries connections
to and from the septal nuclei and nucleus accumbens. The postcommissural fornix extends
towards the diencephalon and midbrain hosting connections with the hypothalamus, thalamus
and the midbrain (Andersen et al., 2006). The postcommissural fornix runs adjacent to the
medial forebrain bundle (Franklin and Paxinos, 2008) which contains dopaminergic fibres
projecting from the midbrain up to the forebrain providing a point where dopaminergic fibres

could potentially cross over into the fornix and continue to the hippocampus.

1.3 Anatomical organisation of the hippocampus proper

The hippocampus proper or, from now on, simply the ‘hippocampus’, is formed of archicortex
which, in comparison to the six or more layers of neocortex, is considered to be a three-layer

cortical structure. The basic structure of hippocampal cortex has long been described by
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anatomists such as Arantius, Duvernoy and De Garengeot and it was particularly well
documented by Ramdn y Cajal (Amaral and Lavenex, 2006; Ramon y Cajal, 1893). The cell
bodies of nearly all principal cells in the hippocampus are tightly packed together forming the
middle layer and they send their processes out on either side of this layer into the outer two
layers. The cell bodies of the many types of GABAergic interneurons in the hippocampus are
located across all three layers. However, the selective projection of many of the pathways
described in the previous section onto the various levels of the principal cell dendrites mean
that it is more useful to divide the hippocampal substrate into more than three strata or layers

(Amaral and Lavenex, 2006).

Before describing these layers it is first necessary to define a reference system. Because the
hippocampus is formed of a folding of the cortical tissue around the subcortical white matter
back onto itself, the reference system often used by anatomists reflects this, with the layer
near the white matter being described as ‘deep’ and the layer near the pia and hippocampal
fissure being referred to as ‘superficial’. This is the most consistent across the continuum from
neocortex into the hippocampus through the parasubiculum, presubiculum and subiculum,
and will be the reference system of choice here, despite being sometimes counterintuitive
from the point of view of introducing an electrode into the brain. Such an electrode will reach
deep hippocampal layers in dorsal rodent CA1 before more superficial layers due to the folding

of cortex under itself forming the hippocampus.

Perpendicular to the superficial-deep axis, and running along the flattened out cortical cortex
from neocortex at one end to the dentate gyrus at the other, the hippocampus can be broken
into three cytoarchitectonically-distinct subfields as already mentioned. The CA1 subfield is
located adjacent to neocortex and borders the subiculum whereas the CA3 subfield is located
adjacent to the dentate gyrus. The CA2 subfield is smaller than, and located between, the
other two subfields. The final axis running perpendicular to both these axes along the
curvature of the hippocampus from the septal to temporal poles is often broken into two, at
least when describing the rodent brain, with the septal end referred to as ‘dorsal’
hippocampus and temporal end referred to as ‘ventral’ hippocampus. This final division is not
based on a cytoarchitectonic distinction but there is evidence from lesion studies of differing

regional function along the septal to temporal axis of the hippocampus, perhaps arising from
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the differing connections with extrahippocampal brain areas such as greater connectivity of
ventral CA1 with the amygdala and the hypothalamus—pituitary—adrenal (HPA) axis

(Bannerman et al., 2004).

Returning to the layers of hippocampal cortex, the principal cells of the hippocampus are often
referred to as ‘pyramidal neurons’ reflecting the shape of their cell bodies, and the layer
containing the stomata of the principal cells is called stratum pyramidale. Stratum pyramidale
is tightly packed with cell bodies in CA1, but slightly more loosely packed in CA2 and CA3,
allowing determination of the border between CA1 and CA2. Stratum oriens is located deep to
stratum pyramidale and contains the basal dendrites of the pyramidal neurons with which
some of the CA3 to CA3 associational fibres or the CA3 to CA1l Schaffer collaterals form
synapses. Deep of stratum oriens, located between the hippocampus and the subcortical white
matter, is a thin fibre-containing layer called the alveus. Immediately superficial to stratum
pyramidale in CA3, but not in CA2 or CA1, thus delineating the CA3/CA2 border, is a layer that
has a somewhat clear appearance in fresh tissue resulting in the name stratum lucidum. This is
the site of the dense mossy fibre projection from dentate gyrus into CA3, where the mossy
fibre expansions form synapses with the thorny excrescences on the proximal dendrites of CA3
pyramidal neurons. Superficial to stratum lucidum in CA3, and stratum pyramidale in CA1 and
CA2, is stratum radiatum where the bulk of the associational fibres (in the case of CA3) and
Schaffer collaterals (in the case of CAl) form synapses onto the apical dendrites of the
pyramidal neurons. Finally, located near the hippocampal fissure is the most superficial layer
of the hippocampus proper called stratum lacunosum-moleculare. It contains the synapses
formed by projections from the neocortex, particularly from entorhinal cortex, and the

perforant path projection onto the apical tufts of pyramidal neurons.

1.4 The hippocampal formation and memory

The initial evidence implicating the medial temporal lobe including the hippocampal formation
in memory function and particularly the formation of new explicit memories came from
studies of patients with bilateral lesions in medial temporal lobe structures (Penfield and
Milner, 1958; Scoville and Milner, 1957). The best known of these cases is that of the patient

H.M. who received a bilateral medial temporal lobe resection at the age of twenty seven in an
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attempt to control epileptic seizures (Scoville and Milner, 1957; Squire, 2009a). After the
procedure H.M. still appeared to have intact working memory, could hold normal
conversations, retained any skills he had learned previously and could recall events and facts
from his past. However, he was not able to form new memories for explicit information or
events once they had lapsed from immediate memory, nor could he remember events or
information from the period leading up to the procedure. For instance, he could remember a
three digit number for as long as fifteen minutes through continuous rehearsal, yet once his
attention was shifted to a different topic, he would not only fail to recall the number but
would forget the entire event (Squire, 2009a). Remarkably, H.M. was still able to learn new
skills such as drawing a star while viewing his hand through a mirror. He showed excellent
retention over three days of this learned visuo-motor skill despite being unable to recall the
ten learning trials (Corkin, 1968; Squire, 2009a). These early lesion studies provided the first
evidence that memory was not a single faculty, and different types of learning and memory
abilities could be localised to separate brain structures. The terms declarative or explicit
memories are often used to describe the type of memory which is dependent on medial
temporal lobe structures and which H.M. was unable to retain. Memory types apparently
independent of medial temporal lobe function are often termed nondeclarative memories, a
term which encompasses a number of different types of memory or learning such as skill,
habit, and emotional learning, as well as simple conditioning, priming and perceptual learning.
The various different types of nondeclarative memory have been associated with structures
throughout the brain including the basal ganglia, amygdala, neocortex and cerebellum (Squire,

2009b).

Both the post-operative report and a subsequent magnetic resonance imaging (MRI) study
acknowledge that the extent of damage to H.M. was not limited to the hippocampal
formation. The lesion was bilaterally symmetrical and included medial temporal polar cortex,
most of the amygdaloid complex and approximately half of the rostrocaudal extent of the
intraventricular portion of the hippocampal formation including most of the entorhinal cortex
(Corkin et al., 1997). However, combined information from lesion studies across many patients
with lesions varying in extent and location suggests that the effects on explicit memory

formation experienced by H.M. were, in the main, due to the damage to structures of the
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hippocampal formation including associated neocortical areas, and not the damage to other
areas such as the amygdaloid complex (Kirwan et al., 2008; Penfield and Milner, 1958; Squire,
2009a; Zola-Morgan et al., 1986). Additionally, the memory impairment seen in H.M. was more
dramatic than that seen in patients with smaller lesions implying that damage to a large extent
of the hippocampal formation including neocortical areas is required to experience a full

deficit in explicit memory formation.

A final important insight about medial temporal lobe function that can be gained by the case
of H.M. is that he was impaired in forming new long term declarative memories; however he
was able to remember declarative memories acquired before the surgery (Marslen-Wilson and
Teuber, 1975; Milner et al., 1968; Squire, 2009a). This suggests, firstly, that structures external
to the hippocampal formation can support the storage and recall of the memories, and
secondly, that an intact hippocampal formation is required for the acquisition and
incorporation of declarative type memories into these structures. There has been much
debate about whether H.M. was capable of retaining truly episodic memories from childhood.
However, studies probing the finer detail of this were conducted more than fifty years after
the lesions (Steinvorth et al., 2005), and follow up MRI studies from this time showed cortical
thinning and atrophy of deep grey matter structures suggesting the earlier reports, while less
detailed, may be more relevant (Salat et al., 2006). Furthermore, a study involving other
patients with medial temporal lobe damage found autobiographical memory to be impaired
when memories were taken from the recent past but intact when taken from the distant past
(Kirwan et al., 2008). In any case, whether or not truly episodic memories can be supported by
structures external to the hippocampal formation, evidence to date indicates that such
structures can store and facilitate the recall of declarative memories, including semantic
information about events as well as arbitrary facts. Furthermore, the incorporation of such
information into areas beyond the hippocampal formation is often facilitated through activity
in the hippocampal formation (including entorhinal cortex), and damage to the hippocampal
formation reduces facility for such memory formation (Manns et al., 2003). In fact, for the
purpose of association with a locus of storage in disparate brain areas, dissociating declarative
memories based on the quality of the remembered information into episodic (memory for

events that are specific to a time and place) or semantic (learning and remembering facts) may
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not be the most optimal, and thus, it may be more appropriate to dissociate on the basis of
learning from multiple learning events or learning from a single or very small number of events

(Squire et al., 2004).

The remarkable insight into memory function provided by the study of patients such as H.M.
has prompted many animal studies investigating the mechanisms at play in the various
structures of the hippocampal formation. The design of animal behavioural experiments to
accurately capture the specifics of declarative memory has proven challenging and, although
the various tasks conceived for monkeys and rodents have provided insights, they come with
much methodological debate (Morris, 2006). The task that received early popularity was the
delayed nonmatching-to-sample with trial-unique cues, abbreviated as DNMTS (Alvarez et al.,
1994; Mishkin, 1978; Overman et al.,, 1990; Squire, 2004). Results from DNMTS studies in
primates with medial temporal lobe lesions supported the findings in human patients showing
deficits at longer delay intervals but with intact performance at shorter working memory type
interval lengths. The extents of the lesions in these studies were also large, typically
incorporating cortex surrounding the hippocampal formation as well as parts of the amygdala
(Alvarez et al., 1994; Mishkin, 1978). However, Alvarez and colleagues (1994) targeted the
hippocampus proper, dentate gyrus, subiculum, posterior half of entorhinal cortex, and
parahippocampal cortex while sparing the amygdala. These studies also agreed with the
finding in human patients that a large lesion encompassing a number of medial temporal lobe
structures was required to produce profound deficits in performance. Further experiments,
using selective lesions to distinct components of the medial temporal lobe aimed at more
tightly defining the locus of declarative memory function, or attempting to attribute an
independent contribution for the various brain areas, have largely produced unclear results,
instead shifting focus back onto the importance of task design (Morris, 2006). Some of these
studies found that lesions to neocortical areas adjacent to the hippocampus produced a larger
deficit in DNMTS performance than lesions to the hippocampus proper (Meunier et al., 1993;
Murray and Mishkin, 1998; Suzuki et al., 1993), whereas others show impairment after
hippocampal lesions (Beason-Held et al., 1999). Whether these findings are reflective of what

would happen in the case of more complex declarative memory is currently an open question.
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Experiments with rodents have provided many insights into the role of the hippocampus in
memory and the guidance of behaviour. Many of these experiments, in addition to building on
findings from patients like H.M., were guided by two important findings dating from this time
period; place cells and long term potentiation. ‘Place cell’ is a term used to describe the
remarkable finding that many hippocampal cells fire action potentials selectively at one or a
few locations in the environment (O'Keefe and Dostrovsky, 1971), and is discussed further in
the next section. Long term potentiation (LTP) is the activity-dependent persistent
strengthening of synaptic efficacy (Bliss and Collingridge, 1993). This synaptic property,
whereby transmission efficacy is increased when the pre- and post-synaptic cell are active at
the same time, had been previously proposed by Donald Hebb as a means through which
learning and memory could be supported in the brain (Hebb, 1949). Changes in synaptic
efficacy produced by LTP and its converse, long term depression (LTD) are present throughout
the brain and their study in hippocampal networks provides a means to conceptualise some of
the mechanisms at play in the hippocampal support of memory. Indeed, LTP was first
identified in the mammalian brain at the synapses formed between perforant path fibres and

dentate gyrus granule cells (Bliss and Lgmo, 1973).

Two tasks that have been extensively utilised in investigations of hippocampal memory
function in rodents are the Morris water maze (Morris, 1984) and the radial arm maze. Spatial
reference memory can be tested in both tasks, whereas, depending on the rule used for
reward delivery, the radial arm maze can also be used to test spatial working memory by
requiring the animal to track in which arms it has already received a reward (Schmitt et al.,
2003). Rodent hippocampal lesion studies have showed impaired spatial reference memory in
the water maze (Morris et al., 1982; Morris et al., 1990). Interestingly, however, studies in
transgenic animals attempting to attribute spatial memory to LTP in the hippocampus have
produced a complex and controversial picture. The induction of LTP in hippocampal slice
preparations is dependent on functional NMDA receptors, an ionotropic glutamate receptor
subtype (Collingridge et al., 1983). After many experiments and much methodological debate
over studies using pharmacological manipulation and early transgenic lines (Bannerman et al.,
2014), recent experiments with animals lacking the GIuN1 subunit (essential for NMDA

receptor formation) in CA1 pyramidal cells and dentate gyrus granule cells showed impaired
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spatial reference memory on the radial maze but normal spatial reference memory in the
Morris water maze (Bannerman et al., 2012). These findings, in addition to demonstrating the
complexities of interpreting such data, indicate a role for multiple processes and the

involvement of other brain areas in memory function relating to these tasks.

Taken together, the studies discussed above provide good evidence that CAl plays an
important role in memory function, especially for memories involving a single experience.
However, much of the data also suggests that multiple processes are at play and points to
important roles for other brain areas, further suggesting that many aspects of memory emerge

from complex interactions across multiple brain areas.

1.5 A spatial map within the brain

In the early seventies, amongst the significant interest in the memory functions of the
hippocampal formation, John O’Keefe and researchers at University College London began
extracellular recordings from the hippocampus proper, and made the remarkable observation
that a large proportion of the recorded cells preferentially fired action potentials in a manner
dependent on the location of the animal in the environment (O'Keefe, 1976; O'Keefe and
Dostrovsky, 1971). A given hippocampal cell would increase its firing rate when the animal was
in a particular region of the environment, and each of the cells had a different preferred firing
location. They named the cells which showed this property ‘place cells’, and the region of
space in which such a cell shows an increase in firing is often referred to as the ‘place field” of
that cell. Since the reference frame for the firing of the cells was not relative to the animal, but
instead correlated with absolute locations in the external space, O’Keefe and Nadel (1978)
proposed that the hippocampus hosted an allocentric representation of space, and that the
activity of hippocampal cells provided the brain with a ‘cognitive map’ of the environment,
which had similar properties to that previously hypothesised by Tolman (1948), who formed

the theory on the basis of behavioural experiments.

The properties of place cells have been the topic of intense study since their discovery, and
even more so after the advent of recording techniques using tetrodes combined with principal
component based analysis, allowing the isolation of spiking activity from multiple individual

neurons recorded simultaneously (Abeles and Goldstein, 1977; Csicsvari et al., 1999; Gray et
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al., 1995; Harris et al., 2000; McNaughton et al., 1983). Such recordings, paired with systems to
track the position of the animal and careful experimental design, have demonstrated that
when a rodent is exposed to an environment such as an open field or linear track, the different
place cells form place fields distributed throughout the environment (Muller et al., 1987;
Wilson and McNaughton, 1993). The locations of the various place fields are such that the
entire environment is covered and many of the place fields overlap. It is possible to predict the
position of an animal based solely on spiking activity of multiple hippocampal cells using an
algorithm when the predictive algorithm is first trained on a portion of the data including the
position of the animal (Brown et al., 1998; Zhang et al., 1998). Many place cells maintain the
location of their place fields across repeated exposures to the same environment (Thompson
and Best, 1990). Importantly, the relative position of the place fields are rearranged in
different environments, such that cells which fire in similar regions of one environment (i.e.
have overlapping place fields) could fire at opposite ends of a different environment (Muller
and Kubie, 1987; Wilson and McNaughton, 1993). The change of the relative firing locations of
hippocampal place cells between experiences in different environments, or when the
properties of an environment are changed, is often referred to as ‘remapping’ (Muller, 1996).
Furthermore, a cell can be very active during exploration of one environment and less active in
another. Such a change in mean firing rate or infield firing rate of the various place cells
between environments is often referred to as ‘rate remapping’ (Leutgeb et al., 2005). When an
animal enters a new, never before experienced environment, place fields are present at the
very beginning of exploration; however, they do become better defined over the first minutes

of exploration (Frank et al., 2004; Hill, 1978).

On first evidence, the fact that the activity of place cells appeared to be largely coding the
current position of the animal within the environment seemed at odds with the strong
evidence for the hippocampus as important for declarative memory. However, the two lines of
evidence are in fact compatible especially when considering the details of both observations.
The activity of place cells is not limited to current experience. In radial maze, spatial
alternation and T maze tasks, the activity of place cells has been shown to reflect the locations
which the animal has come from, the paths the animal is about to take and errors made by the

animal, activity seemingly suitable to play a role in a declarative memory system (Ferbinteanu
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and Shapiro, 2003; Frank et al., 2000; Johnson and Redish, 2007; O'Keefe and Speakman, 1987;
Wood et al., 2000). When a rat or mouse first starts exploring a novel environment, place cells
show stable place fields from the very initial moments of exploration (Frank et al., 2004; Hill,
1978). However, there is growing evidence that aspects of the map evolve with the animal’s
experience in the environment, in a manner dependent on the animal’s experiences in the
environment and attention to the features of the environment (Frank et al., 2004; Monaco et
al., 2014; Wilson and McNaughton, 1993). Additionally, experiences in familiar environments
can cause a partial reorganisation of the spatial map with place fields reflecting new goal
locations or actions within the environment such as head scans (Dupret et al., 2010; Hok et al.,
2007; Hollup et al., 2001; Markus et al., 1995; Monaco et al., 2014). There is also much
evidence that modulation of the infield firing rate of place cells with stable place fields can
code for events or trial-dependent features representing information beyond simply physical
location, thus again attesting to potential suitability as a component of episodic memory

encoding (Allen et al., 2012; Leutgeb et al., 2005).

Hippocampal cells also fire in relation to non-spatial features of the environment, including
odours (lgarashi et al., 2014; Manns et al., 2007), tactile information (Young et al., 1994) and,
importantly, the tracking of time (Hampson et al., 1993; MacDonald et al., 2013; MacDonald et
al., 2011). Response properties relating to non-spatial variables were perhaps not so readily
recorded in studies reporting only place-related activity since, in many of these studies, the
animal was not engaged in tasks that required such non-spatial information. Cells that show
responses relating to non-spatial information also show coding of spatial representations,
highlighting the flexibility of representation and potential for association available in the
hippocampal network (MacDonald et al., 2011). Such flexibility is perhaps a key component of

a flexible, highly associative declarative memory system.

A further observation from large scale extracellular recordings linking cognitive map theories
of the hippocampus to the idea that the hippocampus is a key component of a declarative
memory system is that of hippocampal reactivation (Carr et al., 2011; O'Neill et al., 2010;
Skaggs and McNaughton, 1996). Hippocampal reactivation or replay is a term often used to
describe the observation that during waking experience, and to a greater extent during

subsequent slow-wave sleep, activity matching that present during previous wakening

22



experience is replayed in the hippocampal network. This is true no matter whether assessed in
terms of firing relationships between cells, the place field relationships between cells or the
sequential firing of a number of cells (Carr et al., 2011; Davidson et al., 2009; Diba and Buzsaki,
2007; Karlsson and Frank, 2009; Lee and Wilson, 2002; O'Neill et al., 2010; O'Neill et al., 2006;
Skaggs and McNaughton, 1996). This activity potentially aids the strengthening of weak
connections reflecting both spatial and non-spatial information established during new
experiences, thereby aiding their retention as memories, and may also provide a means of
forming associations relating to those memories (Ego-Stengel and Wilson, 2010; Girardeau et
al., 2009). Much of this activity occurs during local field potential events called sharp wave

ripples and is detailed in the next section (and will be returned to in later chapters).

1.6 Field potentials in the hippocampus

In addition to revealing the spiking activity of neurons, extracellular recordings from the brain
show many slower variations in field potential at the electrode occurring over various time
frames, providing an additional means to study and characterise brain function (Buzsaki, 2006;
Buzsaki et al., 2012; Green and Arduini, 1954). Local field potentials in the hippocampus are
particularly large in amplitude, in part due to the highly regular laminar structure, with
different inputs causing synaptic currents in discrete somatodendritic compartments, thus
creating localised current sources and sinks (Buzsdki, 2002; Buzsaki et al., 2012). The
hippocampal local field potential (LFP) shows prominent features in a number of frequency
bands which correlate with behavioural and brain states. In the mouse, theta band is typically
taken as 5 to 12 Hz, gamma as 30 to 100 Hz or higher and ripple band as 140 to 250 Hz,
although the definition of the frequency range encompassed by each band depends on the

species under study in order to capture slight cross-species variations (Buzsaki et al., 2003).

Theta-band LFP oscillations are prominent when the animal is actively exploring the
environment and during rapid eye movement (REM) sleep (Buzsdaki, 2002; Green and Arduini,
1954; Vanderwolf, 1969). Theta rhythmic activity is thought to be coordinated by a network of
long-range projections to areas of the hippocampal formation that arise from a variety of
subcortical structures, including glutamatergic, cholinergic or GABAergic projections from the

medial septum, thalamus, hypothalamus and raphe nuclei, with the medial septum playing a
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central role (Bland, 1986; Freund and Antal, 1988; Léranth and Frotscher, 1987; Pan and
McNaughton, 2004; Petsche et al., 1962; Vertes, 1997). Coherence in theta rhythmic activity
between distributed brain networks is associated with enhanced information coupling
(Fujisawa and Buzsaki, 2011; Jones and Wilson, 2005; Young and McNaughton, 2009). In CA1,
pronounced theta-frequency oscillations in the LFP arise from a periodically active current
source at the perisomatic region of the pyramidal neurons, complemented by a phase-shifted
periodically-active current sink at the distal apical tuft (Buzsaki, 2002). The current source in
the perisomatic region is produced by activation of outward synaptic currents mediated by
theta rhythmic GABA release from local CA1l interneurons (Brankack et al., 1993; Lapray et al.,
2012; Montgomery et al., 2009). The complementary current sink in the distal apical tuft arises
from inward synaptic currents due to theta rhythmic excitatory afferents from entorhinal
cortex (Brankack et al., 1993; Mizuseki et al., 2009; Montgomery et al., 2009). While theta
activity is abolished by both lesions and pharmacological manipulation of medial septum, it is
still unclear to what extent theta-frequency activity arises due to pacemaker type drive
originating solely from medial septum, or is due to recurrent connections between the
hippocampus proper and septum (Lawson and Bland, 1993; Lee et al.,, 1994; Leung et al.,
1994). Other factors which may play important roles in generation of theta-frequency activity
include the intrinsic oscillatory properties of local interneurons and excitatory recurrent
collaterals in CA3 (Buzsaki, 2002). One of the strongest pieces of evidence suggesting theta-
frequency oscillations reflect chunks of functionally-relevant computations is the observation
that the firing of a place cell occurs at an earlier phase in each successive theta cycle as the
animal moves through that cell’s place field (O'Keefe and Recce, 1993; Skaggs et al., 1996). As
the animal first enters the place field, the place cell fires on the late ascending phase of theta.
When the animal is in the middle of the place field, the place cell fires aligned to the theta
trough, and when the animal is exiting the place field, the cell fires on the descending phase.
The activity in each theta cycle is thus a sequence of first, where the animal is heading, next,
where it is, and finally, where it was. Some interneurons also show theta phase precession;

firing at successively earlier phases of successive theta cycles (Maurer et al., 2006).

Gamma-band LFP oscillations have been postulated to reflect a number of functions in

perception and memory. Some have suggested gamma-frequency activity is important in the
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binding of sensory information across cortical areas which represent diverse components of
perception like colour, shape, motion and location into a single precept (Gray, 1994; Singer,
1993). It is also believed to participate in memory (Fell et al., 2001) encoding and retrieval as
well as being implicated in the support of attention and working memory (Fries et al., 2001;
Yamamoto et al.,, 2014). Furthermore, it is interesting to note that the period of gamma
oscillations matches the optimal window for Hebbian-like plasticity in CA1 pyramidal neurons
(Magee and Johnston, 1997), the membrane time constant of pyramidal neurons (Spruston
and Johnston, 1992) and the optimal time window for CA1 pyramidal cell spike time prediction
from simultaneous peer activity (Harris et al., 2003). In CA1, gamma-band LFP oscillations are
smaller in amplitude than theta-band oscillations and tend to occur with greater amplitude
during theta activity, often showing amplitude modulation by theta phase (Csicsvari et al.,
2003; Schomburg et al., 2014). Recently, high-channel count (up to 256) recordings using
silicon probes from multiple regions of the hippocampus have allowed fine scale interrogation
of gamma oscillations in CA1 (Lasztoczi and Klausberger, 2014; Schomburg et al.,, 2014).
Current source density analysis and independent component analysis indicate that the
pyramidal cell layer, stratum radiatum and stratum lacunosum-moleculare, each possesses a
distinct gamma oscillation. Indeed, each of these oscillations is differentially phase-amplitude
coupled to theta oscillations in a task-dependent manner and the three gamma oscillators also
operate at different frequencies. During waking theta activity, a medium paced gamma
oscillation (60 to 120 Hz), predominantly resulting from fluctuating current sinks in stratum
lacunosum-moleculare, is present on the peak of theta cycles and is coherent with layer three
entorhinal cortex gamma frequency activity. This is in agreement with anatomical findings
since stratum lacunosum-moleculare contains the terminal field of the projection from
entorhinal cortex. On the descending theta phase, a slow gamma oscillation (30 to 80 Hz),
predominantly due to fluctuating current sinks in stratum radiatum, dominates and is coherent
with CA3 gamma frequency activity, again in agreement with the known structure of the
hippocampus. Finally, at the theta trough, a fast gamma oscillation (above 100 Hz) is often
present due to fluctuating current sources and shows coupling to CA1 pyramidal cell output.
This work, along with the findings that fast gamma activity in CA3 fails to entrain CA1 neurons

(Carr et al., 2012; Csicsvari et al., 2000; Sullivan et al., 2011), represents a demonstration that
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coherence between gamma oscillations in an upstream region and gamma oscillations of the
output of a downstream region is not the underlying basis of information transfer in the case

of CAl.

Ripple LFP oscillations occur in the pyramidal cell layer and are short lasting (approximately 60
ms), high frequency (140 to 250 Hz) fluctuations that are accompanied by increased firing of
pyramidal cells and many types of interneuron (Buzsaki, 1986; Buzsaki et al., 1992; Buzsaki et
al., 1983; O'Keefe and Nadel, 1978). Co-occurring with the ripple oscillation is a single large
negative deflection of the LFP in stratum radiatum (and a smaller amplitude positive deflection
in stratum oriens) referred to as a ‘sharp wave’. These two features combined give rise to the
so-called sharp wave ripple (SWR) event. The sharp wave in stratum radiatum results from
synchronous bursting of CA3 pyramidal cells, causing a depolarization of the apical dendrites of
CA1 and CA3 pyramidal cells (Csicsvari et al., 2000; Sullivan et al.,, 2011). The requisite
synchronous bursting activity in CA3 arises from a spread of excitatory activity in the recurrent
CA3 network which, in turn, is biased by activity patterns in the dentate gyrus and entorhinal
cortex (Csicsvari et al., 2000; Sullivan et al., 2011). It is also, in part, facilitated by reduced
suppressive effects from subcortical inputs (Buzsaki et al., 1983; Hasselmo and Bower, 1993;
Vandecasteele et al., 2014). This excitation spreads over a large volume of CA1l and CA3,
thereby activating pyramidal cells and some types of GABAergic interneurons including
parvalbumin expressing basket and bistratified cells (Csicsvari et al., 1999; Ellender et al., 2010;
Katona et al., 2014; Klausberger et al., 2003; Lapray et al., 2012; Somogyi et al., 2013; Varga et
al., 2014; Ylinen et al., 1995). Complex network interactions, including those mediated by gap
junctions between the pyramidal cells and also pyramidal cell interactions with interneurons,
are believed to result in the ripple oscillation (Buzsaki et al., 1992; Csicsvari et al., 2000;
Draguhn et al., 1998; Klausberger et al., 2003; Schmitz et al., 2001; Traub and Bibbig, 2000;
Ylinen et al., 1995). Sharp wave ripples occur most prominently during slow-wave sleep, a time
when the hippocampal network does not show theta oscillatory activity (Buzsaki, 1986; O'Neill
et al., 2006). Sharp wave ripples with a less pronounced sharp wave component also occur
during waking. Such SWRs also occur during waking rest periods and during epochs of theta
frequency activity when the animal is actively exploring (Jackson et al., 2006; O'Neill et al.,

2006). The increased firing of pyramidal cells in CA1 during sharp wave ripples is not without
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temporal structure. During slow-wave sleep, pyramidal cells that were active together in the
same theta cycles are more likely to also be active in the same SWR event (Carr et al., 2011,
O'Neill et al., 2010; Skaggs and McNaughton, 1996). Furthermore, the sequence of activation
of pyramidal neurons within the SWR event reflects the sequence of activation during waking
exploration, with forward and backward temporally-compressed sequences present (Davidson
et al., 2009; Diba and Buzsaki, 2007; Karlsson and Frank, 2009; Lee and Wilson, 2002; O'Neill et
al., 2006; Skaggs and McNaughton, 1996). Because waking firing relationships of hippocampal
neurons reflect waking events and environmental representations, this activity during sleep is
thought important for memory consolidation through the strengthening of the relevant
synaptic connections within the hippocampus (Buzsaki, 1989; Carr et al., 2011; O'Neill et al.,
2010). Sharp wave ripple activity is also proposed to play a role in the creation and
strengthening of neocortical memory representations, a concept supported by the fact that
SWR events show a correlation to cortical spindle oscillations and cortical activity (Chrobak and
Buzsaki, 1996; Chrobak and Buzsaki, 1998; Clemens et al., 2007; Clemens et al., 2011; Isomura
et al., 2006; Siapas et al., 2005). Electrical stimulation triggered on SWR events during sleep
reduces memory performance (Ego-Stengel and Wilson, 2010; Girardeau et al., 2009), and
SWR activity can predict memory performance (Dupret et al., 2010). Furthermore, the role of
SWR firing patterns in memory function is not limited to sleep with forward and reverse replay
occurring during waking SWR (Diba and Buzsaki, 2007; Foster and Wilson, 2006). Waking SWR
activity may aid the formation of initial associations between cells facilitating later sleep
reactivation (Dupret et al., 2010; O'Neill et al., 2006). It may also contribute to the
establishment of higher-order associations in episodic memory (Diba and Buzsaki, 2007;

Wikenheiser and Redish, 2013).

1.7 Interneurons and single cell electrophysiology of the

hippocampus

Due to the extremely close proximity of large numbers of cells in the hippocampal pyramidal
cell layer, isolating action potentials from individual cells proved challenging for early studies,
although a certain level of separation was possible based on spike shape and amplitude,
combined with careful movement of the electrode (Ranck Jr, 1973). This problem was largely

overcome in later studies through the use of electrodes with multiple recording sites in close
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proximity such as stereotrode or tetrodes (Gray et al.,, 1995; McNaughton et al., 1983).
Detection of clusters in principal component space of the resulting multi-channel spike
recordings allowed improved isolation on the basis that different cells produced differing spike
shapes across the multiple recording sites (Abeles and Goldstein, 1977; Csicsvari et al., 1999;
Gray et al.,, 1995; Harris et al., 2000; McNaughton et al., 1983). Such recordings from the
hippocampal pyramidal cell layer have revealed many cells with moderate mean firing rates (in
the range 0.1 Hz to 5 Hz) that often fire complex spike bursts interspersed with a number of
cells showing higher mean firing rates and more regular firing patterns (Ranck Jr, 1973).
Complex spike cells are the glutamatergic cells of the pyramidal cell layer and are often place
cells (O'Keefe, 1976). They can be readily identified from recordings since the bursting
property of the complex spikes results in a characteristically shaped auto-correlogram (Lapray

et al., 2012).

The non-complex spike cells with higher firing rates (typically greater than 10 Hz), found with
cell bodies in the pyramidal cell layer and distributed throughout the various layers of the
hippocampus proper, can be classified as putative GABAergic interneurons (Ranck Jr, 1973).
Hippocampal interneurons are a diverse population comprised of numerous distinct cell types
providing a variety of functions including modulation and coordination of pyramidal cell firing
(Bezaire and Soltesz, 2013; Klausberger and Somogyi, 2008; Lovett-Barron et al., 2012; Royer
et al., 2012; Somogyi et al., 2013). They also have a role in coupling information to and from
other brain areas through the formation of long projecting axons or receiving synaptic input
from incoming projection axons (Ferraguti et al., 2005; Freund and Antal, 1988; Jinno et al.,
2007; Léranth and Frotscher, 1987). Interneurons migrate into the hippocampus from the
medial and caudal ganglionic eminences at various time points during development (Kepecs
and Fishell, 2014; Tricoire et al., 2011). Over twenty types of interneuron have been identified
in CAl to date based on experiments using extracellular single cell recording and juxtacellular
labelling (Bezaire and Soltesz, 2013; Klausberger and Somogyi, 2008; Somogyi et al., 2013). In
such experiments, the firing activity of a single cell is recorded using a neurobiotin filled glass
pipette positioned near the cell body. During recording the pipette performs as a high
impedance electrode (15 - 20 MQ). At the end of recording, current flow is induced in the

pipette forcing a tracer substance (typically neurobiotin) out of the pipette and across the
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plasma cell membrane of the same neuron, filling its cytosol with neurobiotin (Pinault, 1996).
The neurobiotin labelled cell can then be identified in subsequent histochemical analyses. The
different hippocampal interneuron types identified in CAl to date on the basis of a
combination of differing expression of molecular markers, differing cell structure and
specificity of synapse formation, and differing firing properties across brain states in relation to

the local field potential, are schematised in Figure 1.2.
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Figure 1.2 Schematic depicting the various classes of CA1 interneuron

Schematic depicting the various classes of interneuron in the hippocampal CA1 area
reproduced from (Klausberger and Somogyi, 2008). The axon of each interneuron class is
shown in purple, with the main synaptic terminations in relation to the laminar structure of the
CA1 subfield depicted by the yellow triangles. The typical cell body location and position of the
dendritic tree are shown in orange for interneuron classes which target the axon initial
segment, soma and perisomatic regions of pyramidal neurons (blue). Interneuron classes which
mainly target other interneurons are shown in pink and the remaining classes are shown in red.
The main termination fields of five glutamatergic inputs are shown to the left. Note the
association of the output synapses of different interneuron types with the perisomatic region
(left) and either the Schaffer collateral/commissural or the entorhinal pathway termination
zones (right). VIP, vasoactive intestinal polypeptide; VGLUT, vesicular glutamate transporter; O-
LM, oriens-lacunosum moleculare.
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The various interneuron types provide targeted inhibition to specific locations along the
pyramidal cells, potentially allowing differing influence on the information processing
functions of the network and the coordination of pyramidal cell input and output. Axo-axonic
cells give rise to axons forming synapses exclusively with the axon initial segment of pyramidal
cells, potentially allowing the most direct control over pyramidal cell output (Klausberger et al.,
2003; Somogyi et al.,, 1983; Varga et al., 2014; Viney et al., 2013). Basket cells innervate
pyramidal cell somata and proximal dendrites and thus, are well placed to also have a
relatively direct influence on pyramidal cell output (Cajal, 1893; Klausberger et al., 2003;
Klausberger et al., 2005; Lapray et al., 2012; Varga et al., 2012; Varga et al., 2014). Other types
of interneuron, such as ivy cells, bistratified cells and Schaffer collateral-associated cells target
the basal and oblique dendrites and, as such, are aligned with the glutamatergic input from
CA3, while other types, such as oriens-lacunosum moleculare (O-LM) cells and neurogliaform
cells, target the apical dendritic tuft in lacunosum-moleculare where glutamatergic input
arrives from entorhinal cortex (Fuentealba et al., 2008; Katona et al., 2014; Klausberger et al.,
2004; Klausberger et al., 2005; Lapray et al., 2012; Price et al., 2005; Varga et al., 2012; Varga
et al., 2014). Additionally, there are numerous interneuron types that, in addition to forming
local synapses in CA1, produce long-range projecting axons with some types projecting back to
CA3 and the dentate gyrus, while other types project forward to subiculum and beyond to
other structures (Ferraguti et al., 2005; Jinno et al.,, 2007; Sik et al., 1995). Projection
GABAergic cells may be involved in the coordination of information flow between input and
output structures. Finally, there is a population of interneurons that predominantly form
synapses with other interneurons (Acsady et al., 1996; Gulyas et al., 1996; Gulyas et al., 2003).
Beyond the diversity seen in the specificity of axonal targets, interneuron types with similar
targets can differ due to the positioning of their dendritic tree and cell body thus drawing input
information from different regions of the network. For example, O-LM cells and neurogliaform
cells both innervate the pyramidal cell apical dendrites in stratum lacunosum-moleculare;
however, O-LM cells are positioned in stratum oriens and receive a facilitating input from local
CA1 pyramidal neurons, whereas neurogliaform cells are located in stratum lacunosum-
moleculare predominantly receiving glutamatergic input from entorhinal cortex (Ali and

Thomson, 1998; Price et al., 2005). Furthermore, interneuron types differ in their ability to
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release neuropeptides, such as somatostatin, neuropeptide y (NPY), cholecystokinin (CCK) and
vasoactive intestinal polypeptide (VIP), allowing yet another means for the different types of
interneuron to differentially influence network activity (Boehm and Betz, 1997; Colmers et al.,

1985; Katona et al., 2014; Tallent and Siggins, 1997; van den Pol, 2012).

Large scale extracellular recordings, as well as recordings of identified cells, show that the
firing of many types of interneuron is strongly locked to particular phases of theta band
oscillations (Csicsvari et al., 1999; Katona et al., 2014; Lapray et al., 2012; Somogyi et al., 2013;
Varga et al.,, 2012; Viney et al., 2013). The different interneuron types provide differentially
timed influence to specific domains of the CA1 network providing both spatially and
temporally aligned influence on different aspects of network input, output and function
(Lovett-Barron et al., 2012; Royer et al., 2012; Somogyi et al., 2013). Different interneuron
classes also participate in other brain states and network events such as sharp wave ripples
(Csicsvari et al., 1999; Somogyi et al., 2013). It has also been demonstrated that individual
interneurons can associate with a representation of a specific environment, and such
interneurons play a role in coordinating network activity associated with competing

environmental representations (Dupret et al., 2013).

1.8 Overview of midbrain dopaminergic cell groups

Dopaminergic neurons and the action of the neurotransmitter dopamine has been the subject
of intense study since the 1960s for a number of reasons. Evidence implicating dopamine as a
neurotransmitter emerged in the late 1950s (Carlsson et al., 1958; Carlsson et al.,, 1957;
Montagu, 1957). It soon after became apparent that dopamine signalling was involved in
motor function, and that dysfunction of the dopamine system underlined the cardinal (motor)
symptoms of Parkinson’s disease including shaking (tremor at rest), slowness of movement,
rigidity and difficulty initiating movement (Bertler and Rosengren, 1959; Carlsson, 1959;
Ehringer and Hornykiewicz, 1960). This observation was followed by the development of a
treatment for Parkinson’s disease through the oral administration of L-DOPA (a precursor for
the synthesis of dopamine) representing one of the major success stories in neuroscience
(Bjorklund and Dunnett, 2007b; Cotzias et al., 1967). Another factor enabling the study of

dopaminergic neurons at this time was the development of a histofluorescence method (prior
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to the advent of versatile immunohistochemical methods) allowing visualisation of
catecholamines (including noradrenaline and dopamine) and serotonin (Carlsson et al., 1962;
Falck et al., 1962). This method was used to provide a detailed account of the anatomical
organisation of dopaminergic neurons (along with other catecholamine containing neurons) in
the rat brain and their grouping into a number of nuclei numbered A1-12 (Dahlstroem and
Fuxe, 1964). Additional nuclei (A13 to A17) were subsequently added along with three
adrenaline-containing cell groups (C1 to C3) and this naming convention has been widely
adopted across species, proving convenient because the precise location of the nuclei varies
across vertebrates and cells of a single nucleus can be distributed across anatomical
boundaries (Hokfelt et al., 1984; Smeets and Gonzalez, 2000). With the generation of
antibodies raised against tyrosine hydroxylase (TH) and other enzymes involved in
dopamine/catecholamine synthesis, it was possible to distinguish between the different
catecholamines more accurately, thereby confirming ten major dopaminergic cell groups in the
midbrain and forebrain (A8 to Al17). In the Murinae brain, the meso-diencephalic tegmental
groups located at the base of the midbrain are separated in three groups and are located in
the retrorubral field (A8), the substantia nigra pars compacta (A9) and the ventral tegmental
area (A10). The other groups are the caudal diencephalic periaqueductal gray groups (A11),
the hypothalamic groups (A12, A14 and A15), the zona incerta cell group in the ventral
thalamus (A13), the periglomerular cells in the olfactory bulb (A16) and the interplexiform cells
in the retina (A17). A schematic of the location of the various nuclei and their general
projections in the developing and adult rodent brain is shown in Figure 1.3 (Bjorklund and
Dunnett, 2007a; Hokfelt et al., 1984). The A8 to A17 nomenclature refers only to the clusters
of the cell bodies of dopaminergic neurons themselves in contrast to the brain structure
names which refer to the entire anatomical structure in which the cluster is predominantly

contained e.g. ventral tegmental area in the case of the A10 dopaminergic cell group.

Though united by their common use of dopamine as a neurotransmitter, the dopaminergic
neuron groupings have distinct functions and differing molecular profiles. The meso-
diencephalic dopaminergic neurons (groups A8, A9 and A10) form a single constellation in the
base of the midbrain uniquely expressing the gene Pitx3 (Smidt et al., 1997). These cells are

the main focus in this thesis and are referred to throughout as midbrain dopaminergic
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neurons. They project to the striatum, cortex and limbic regions via the mesostriatal,
mesocortical and mesolimbic pathways, respectively, and provide the main dopaminergic
innervation of the forebrain (Bentivoglio and Morelli, 2005). While they are broadly divided
into three sub groups (A8, A9 and A10) there is ever increasing evidence for further divisions

within these groups (Fu et al., 2012; Roeper, 2013).
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Figure 1.3 Schematic of dopaminergic neuron cell groups

Schematic depicting the distribution of dopaminergic (DA) neuron cell groups in the developing
and adult rodent brain reproduced from (Bjérklund and Dunnett, 2007a). Nine cell groups are
shown in this schematic sagittal view of, (a) the developing and, (b) the adult rat brain. The
numbering of the cell groups, from A8 to A16, was introduced in the classic study of
(Dahlstroem and Fuxe, 1964). The drawing in (a) is modified from (Marin et al., 2005). The
principal projections of the DA cell groups are illustrated by arrows in (b). LGE, lateral
ganglionic eminence; MGE, medial ganglionic eminence; p1-p3, prosomeres 1-3.

The majority of A9 dopaminergic cells are located in the substantia nigra pars compacta (SNc)
and are the predominant source of the mesostriatal projection, also referred to as the
nigrostriatal pathway in reference both to the connection itself and the fibre bundle through
which it travels. This bundle assembles at the rostral medial aspect of the substantia nigra and
runs along the medial aspect of the internal capsule terminating in the striatum (Hokfelt et al.,
1984). Additionally, A9 dopaminergic neurons are more vulnerable to dysfunction and
degeneration in Parkinson’s disease (Ma et al., 1995; Pakkenberg et al., 1991), and related to
their selective projections to the striatum, are better associated with the motor functions

associated with midbrain dopaminergic neurons.
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The A10 dopaminergic cells are located in the ventral tegmental area (VTA). The A10 groups
are sometimes referred to as the A10 complex reflecting the fact that they are perhaps the
most heterogeneous of the Dahlstrom and Fuxe groupings consisting of a number of cell
groups. When considered as a homologous group, it is often reasonable to also include the A8
dopaminergic cells that are located in the adjacent retrorubral field (RRF; not to be confused
with the retrorubral nucleus, a nearby independent non-dopaminergic cell group in the rostral
hindbrain). The A8/A10 groups are the predominant source of the mesocortical and
mesolimbic pathways projecting through the medial forebrain bundle (Yetnikoff et al., 2014)
and as such, are frequently associated with the value and error prediction coding properties of
midbrain dopaminergic neurons outlined in the next section. It is also important to note at this
point that this early view represents a simplification, and there is much overlap in the source
of these projections, with A9 cells giving rise to mesocortical/mesolimbic projections and
A8/A10 cells giving rise to mesostriatal projections. Further detail on this is provided in section

1.11.

1.9 Dopamine, value and error prediction

In addition to their central role in motor output networks, midbrain dopaminergic neurons
show transient or ‘phasic’ responses locked to rewarding events or cues predicting rewards
(Schultz, 2007; Schultz et al., 1997). Phasic responses are most frequently measured over many
repeated trials in terms of an increase in the firing of a cell at a particular fixed time point
relative to an event such as the onset of a reward predicting cue. The increase can be
quantified compared to the mean background activity of the cell and, while phasic responses
can be produced by bursting activity, it is also possible for responses to be quantified as phasic
due to an increased probability of single spikes at the time point of interest. Such reward
predicting responses are present independent of the sensory modality through which the
event is perceived providing a highly abstract value signal which is relayed widely throughout
the brain. Extensive recordings of midbrain dopaminergic neurons in primates first revealed
responses to encountering unpredicted rewards independent of movement initiation (Romo
and Schultz, 1990). It subsequently became apparent that on learning a cue to predict the
rewarding event, such as a tone or a door opening (conditioned stimulus, CS), the response

shifts to the time of the predicting cue and is no longer present at reward delivery (Ljungberg
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et al., 1992; Mirenowicz and Schultz, 1994). Additionally, once an animal has learned such a
contingency and the reward is then omitted after CS presentation there is a drop in
dopaminergic neuron firing at the expected time of reward delivery (effectively a response to
the omitted reward). Raster plots showing recordings from a primate midbrain dopaminergic
neuron with such response properties can be seen in Figure 1.4 adapted from Schultz et al.
(1997). These response properties of midbrain dopaminergic neurons are often referred to as
coding a reward prediction error. Dopaminergic neurons thus code the mismatch in value
between expected and actual outcome, a signal at the heart of many formal theories of animal
learning such as the Rescorla-Wagner learning rule and temporal difference learning

(Montague et al., 1995; Schultz et al., 1997; Sutton and Barto, 1998).

Furthermore, the firing of midbrain dopaminergic neurons has been shown to mimic a
previously established observation, often used in support of such learning theories, to claim
that learning is informed by error prediction rather than the simple pairing of events. Referred
to as blocking, this is the observation that an animal fails to learn the reward contingency of a
cue which is predictive of reward if, during the opportunity to learn the contingency, the
reward is also predicted by another previously learned cue. Dopaminergic neurons fail to show
a phasic response to such a blocked cue, instead responding to the reward delivery, thus
matching the observed failure of the animal to learn and strengthening the evidence that the

dopamine response itself instructs learning (Waelti et al., 2001).

The sophistication of expectation coding by midbrain dopaminergic neurons extends to
anticipation of reward omission predicted by a ‘conditioned inhibitor’ cue. Here, an animal first
learns that a cue (the conditioned inhibitor) is not followed by reward. Then, when a well
learned reward predicting cue is presented along with the conditioned inhibitor cue, the phasic
response of midbrain dopaminergic neurons which would ordinarily occur in response to the
rewarding cue is supressed (Tobler et al.,, 2003). Also, if a reward is delivered after
presentation of a learned conditioned inhibitor a strong phasic response occurs (strong

positive prediction error).
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Figure 1.4 Phasic responses of a putative dopaminergic neuron

Raster plots showing phasic responses of a putative dopaminergic neuron recorded in a
monkey receiving rewards over repeated trials reproduced from (Schultz et al., 1997). The cell
fires after receipt of an unpredicted reward (R) consisting of a drop of juice (top). After
learning, the conditioned stimulus (CS) predicts reward, and the reward occurs according to the
prediction. The dopaminergic neuron is activated by the reward-predicting stimulus and there
is no longer a response after reward delivery (middle). After learning, the conditioned stimulus
predicts a reward, but the reward fails to occur because of a mistake in the behavioural
response of the monkey. The activity of the dopaminergic neuron is depressed exactly at the
time when the reward would have occurred (bottom).

Finally, the link between dopamine error prediction responses and actual choice behaviour
was strengthened further by two recent studies. The first showed that the error prediction
responses of midbrain dopaminergic neurons integrate value across multiple subjectively
related reward associated variables such as amount, risk and reward type, producing
subjective value responses exactly matching the extent these variables influenced the actual
choices of the monkey. That is, the combined economic value across the subjectively related
variables reduced to a common value scale based on the choices of the monkey was reflected
in the prediction error responses of midbrain dopaminergic neurons, such that a particular

reward dimension influenced dopaminergic activity only to the extent that it influenced choice
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(Lak et al.,, 2014). Secondly, dopamine error prediction responses reflect ‘risk seeking’
behaviour. Monkeys and humans show nonlinear risk taking that is dependent on the size of
the reward, such that they are risk seeking for low rewards and risk adverse for larger rewards,

and this too is seen in the responses of midbrain dopaminergic neurons (Stauffer et al., 2014).

While much of the correlative evidence implicating dopamine as an error prediction signal
which informs learning was generated in primate experiments, other studies in rodents were
required to obtain causal evidence. Early studies using pharmacological manipulations
provided some evidence but lacked the temporal resolution required to fully demonstrate
causality in learning (lordanova et al., 2006; O'Tuathaigh et al., 2003; Takahashi et al., 2009).
However this was no longer a problem with the advent of optogenetic manipulations. Fifty
hertz phasic activation (25 pulses at 50 Hz optical stimulation delivered every minute) of
midbrain dopaminergic neurons was sufficient to produce conditioned place preference (CPP)
for one chamber over another, even when the alternative chamber was stimulated with the
same pulse parameters at the reduced frequency of one hertz (Tsai et al., 2009). More direct
evidence for the error prediction properties of the dopamine signal as causal in learning was
provided by Steinberg and colleagues (2013) who trained rats in a blocking paradigm.
Consistent with previous studies, when the reward delivery was already predicted (or
‘blocked’) by a previously learned cue, animals fail to learn the association between a new cue
and reward. It is hypothesised that dopamine signalling underlies this behaviour since there is
no dopamine response (no error prediction) at the time of reward reflecting the fact that the
reward is predicted by the previously learned cue (Waelti et al., 2001). However, Steinberg and
colleagues activated midbrain dopaminergic neurons during reward delivery in the blocking
paradigm providing an artificial error prediction. This was sufficient for animals to learn the
blocked cue and show conditioned behaviour in response to its presentation thus providing a
key piece of causal evidence demonstrating dopamine error prediction signalling as

informative for learning.

Another study of importance in rodents is that of Cohen and colleagues (2012) who performed
extracellular tetrode recordings. The mice learned odour cues to be predictive of a reward and
the recorded cells were classified based on their spiking activity in bins spanning cue

presentation and reward delivery. Classification was performed using principal component

37



analysis followed by unsupervised, hierarchical clustering and yielded three clusters. Type |
neurons (52%) showed phasic responses to cue presentation with many showing an additional
smaller phasic response to reward delivery; type Il neurons (31%) showed sustained excitation
to the reward predicting cue and type Il neurons (18%) showed sustained inhibition.
Furthermore, the light activated ion channel channelrhodopsin-2 was expressed in
dopaminergic neurons in some of these animals while channelrhodopsin-2 was expressed in
GABAergic neurons of the other animals. A number of the cells could be matched by waveform
shape as responding to laser stimulation. All dopaminergic neurons which responded to laser
stimulation were type | neurons and all GABAergic neurons which responded to laser light

were type Il

While the majority of dopaminergic neurons show phasic inhibition to aversive stimuli such as
an airpuff (Cohen et al., 2012; Lak et al., 2014; Schultz et al., 1997), there are also some reports
of a smaller proportion of dopaminergic neurons showing excitatory responses to aversive
stimuli (Cohen et al., 2012; Matsumoto and Hikosaka, 2009). This still needs to be treated with
some caution since most of the evidence suggesting this has relied on identification of
dopaminergic neurons based on the characteristics from electrophysiological recordings, a
method prone to false identification (Ungless and Grace, 2012), and experiments using
extracellular single cell recording and juxtacellular labelling (which allow immunohistochemical
identification of the cells) to date have not reported such cells (Ungless et al., 2004). It is
suggested that in the monkey these cells are located more dorsolaterally in the substantia
nigra pars compacta (Matsumoto and Hikosaka, 2009). Given the wide range of projection
targets for dopaminergic neurons (introduced in section 1.11) and the diversity among
dopaminergic neurons (introduced in section 1.10), it seems plausible that diversity in
response characteristics is also present. Neurons excited by appetitive stimuli and inhibited by
aversive stimuli can send a value signal to many brain targets, neurons excited by appetitive
stimuli and aversive stimuli may signal motivational saliency in a similar fashion (Matsumoto

and Hikosaka, 2009).
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1.10 Cell diversity in midbrain dopaminergic nuclei

The meso-diencephalic dopaminergic (mdDA) neurons (groups A8, A9 and A10) and the brain
structures in which they are contained, the retrorubral field (RRF), the substantia nigra pars
compacta (SNc) and the ventral tegmental area (VTA) respectively, are often thought of as
being relatively homogenous. However, it is becoming increasingly apparent that a highly
intricate diversity is present (Lammel et al.,, 2014; Morales and Root, 2014; Roeper, 2013;
Yetnikoff et al., 2014). In the VTA of the rat brain, approximately 64% of neurons are
dopaminergic, approximately 34% are GABAergic and 2-3% are glutamatergic, but these
proportions are not uniform throughout the subfields that make up the VTA (Nair-Roberts et
al., 2008; Yetnikoff et al., 2014). Furthermore, the proportion of GABAergic cells is slightly less
in the SNc than in the VTA and is much higher (58%) in the RRF (Nair-Roberts et al., 2008). The
glutamatergic cells of the VTA are mainly located in the rostro-medial portion of the VTA (Nair-
Roberts et al., 2008; Yamaguchi et al., 2007). Nair-Roberts and colleagues (2008) using non-
radioactive in situ hybridisation reported few if any VGIuT2 immunopositive cells in the SNc
and the RRF of the rat brain. However, Yamaguchi and colleagues (2013) subsequently
reported the presence of TH immunonegative VGIuT2 mRNA containing cells in the SNc and

the RRF using radioactive in situ hybridisation.

The view of midbrain dopamine regions consisting of distinct neuronal populations based on
distinct neurotransmitter release has been complicated in recent years by a number of studies
showing the functional release of GABA and/or glutamate from the axon terminals of midbrain
dopaminergic neurons (Alsio et al., 2011; Chuhma et al., 2009; Chuhma et al., 2004; Fortin et
al., 2012; Hnasko et al., 2010; Hnasko et al., 2012; Joyce and Rayport, 2000; Rayport, 2001;
Stamatakis et al., 2013; Stuber et al.,, 2010; Tritsch et al., 2012). Further investigation is
required to ascertain the fine detail of how the dual neurotransmitter release from these cells
arises, given that the previously mentioned studies which used a combination of
immunohistochemistry and in situ hybridization to detect standard markers associated with
such neurotransmitters, did not report abundant cells with markers for more than one
neurotransmitter. A subpopulation of VGIuT2 mRNA containing cells in the VTA (but not the
SNc and RRF) has been shown to express TH but these cells are fewer in number than ‘VGIuT2

only’ or ‘TH only’ cells (Yamaguchi et al., 2011) and are even less abundant in the mouse
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(Yamaguchi et al., 2015). Other points of note which may prove important in explaining this
apparent discrepancy include evidence that glutamate co-transmission may have a greater role
during the growth and development of dopaminergic neurons, becoming less prevalent in the
adult brain (Fortin et al., 2012; Mendez et al., 2008), while there is also evidence that GABA
release can be facilitated by the vesicular transporter for dopamine (vesicular monoamine
transporter, VMAT2) independent from the vesicular GABA transporter VGAT (Tritsch et al.,
2012). Additional investigation of which cells give rise to axons capable of the dual transmitter
release may provide additional means to delineate subpopulations of midbrain dopaminergic

neurons.

While many postulate that further delineation of midbrain dopaminergic nuclei may soon
become apparent based on projection targets, expression of molecular markers and functional
differences (Lammel et al.,, 2014; Morales and Root, 2014; Roeper, 2013; Yetnikoff et al.,
2014), there are nevertheless five long standing anatomical defined subfields of the VTA which
have proven useful over the last thirty five years of research. They are the paranigral nucleus
(PN), the interfascicular nucleus (IF), the parabrachial pigmented nucleus (PBP), the caudal
linear nucleus (CLi), and the rostral linear nucleus (RLi) (Fu et al., 2012; Halliday and Tork, 1986;
Phillipson, 1979a, b). Additionally, the rostrodorsal VTA region is often separated as an
additional subfield abbreviated VTAR and the rostroventral part of the PBP often separated as
the parainterfascicular nucleus (PIF) (Franklin and Paxinos, 2008; Fu et al., 2012; Nair-Roberts
et al., 2008). These subfields can be partially differentiated by cytoarchitectonic differences
and partially by the presence of differing cellular markers. However, these areas thus far have
not been associated with distinct functional roles or as having distinct projection targets, with

such attributes instead generally being reported in terms of gradients across the structures.

Finally, independent of the initially established anatomical delineations outlined so far, in what
perhaps represents the most relevant means of subdivision; midbrain dopaminergic neurons
can be broken into a ‘dorsal tier’ and a ‘ventral tier’, based in part on the expression of the
calcium binding protein calbindin (Bentivoglio and Morelli, 2005; Bjorklund and Dunnett,
2007a; Fu et al., 2012; Iversen et al., 2009; McRitchie et al., 1996). Dorsal tier dopaminergic
neurons express calbindin, tend to be more round in shape and are located in the dorsal

aspects of the VTA, SN and RRF. Conversely, ventral tier dopaminergic neurons are calbindin
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negative and more angular in shape. They are more densely packed and located in the more
ventral aspects of the VTA and SNc. However, there is not a discrete border between the two
populations with the regions occupied by dorsal and ventral tier neurons overlapping. Ventral
tier dopaminergic neurons appear to be more susceptible to degradation in Parkinson’s
disease, prompting much research into the factors differentiating them from dorsal tier
neurons (Double et al., 2010). Increased expression of the G protein-coupled inward rectifying
potassium channel GIRK-2 in ventral tier neurons has been reported by some (Bjérklund and
Dunnett, 2007a; Chung et al., 2005; Mendez et al., 2005; Schein et al., 1998; Thompson et al.,
2005), however also see (Reyes et al., 2012). Other potentially relevant differences are
reviewed by Double et al. (2010) and include among many possibilities increased expression of

D2 dopamine autoreceptors and increased expression of dopamine transporter protein DAT.

1.11 Projection targets of midbrain dopaminergic neurons

Midbrain dopaminergic neurons project to multiple forebrain targets including many cortical,
limbic and basal ganglia brain areas via the mesocortical, mesolimbic and mesostriatal
pathways. The mesocortical and mesolimbic projections both project through the medial
forebrain bundle and are often best considered as a single mesolimbocortical projection
distinct from mesostriatal fibres which exit the dorsolateral medial forebrain bundle and run
along the medial aspect of the internal capsule terminating in the striatum (Bentivoglio and
Morelli, 2005; Bjorklund and Lindvall, 1984; Hokfelt et al., 1984). While it can be a convenient
heuristic to consider mesostriatal fibres as predominantly originating from A9, SNc, ventral
tier, calbindin-negative type dopaminergic neurons and mesolimbocortical fibres as originating
from A10, VTA, dorsal tier, calbindin-positive type dopaminergic neurons this represents a
simplification on a number of levels. The first simplification lies in assuming synonymy of the
classifying terms (A10 vs. VTA vs. dorsal tier), the differences between which are outlined in
the previous sections. The second simplification lies in the fact that, no matter the
classification scheme chosen, each projection contains fibres originating from dopaminergic
neurons in the population not typically associated with that projection. For example, in
addition to neurons projecting to the striatum, the SNc also contains neurons which project to
cortical and limbic areas. The heuristic does however represent a truth in that the respective

projections do receive a greater contribution from their associated groupings of dopaminergic
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neurons (Bentivoglio and Morelli, 2005; Bjorklund and Dunnett, 2007a; Fallon and Moore,
1978; Swanson, 1982; Yetnikoff et al., 2014). This can also be thought of in terms of projection
targets forming a gradient across the midbrain dopaminergic nuclei. However, tracer studies
indicate that while the cell bodies of these two projections are intermixed, dopaminergic
neurons sending collaterals to more than one brain area are rare thus allowing for potential
functional separation of the projections to the various targets (Fallon and Loughlin, 1982;
Loughlin and Fallon, 1984; Matsuda et al., 2009; Swanson, 1982; Takada and Hattori, 1987),
although this is still a source of debate particularly in the case of a portion of SNc neurons
(Yetnikoff et al., 2014). Furthermore, beyond the evidence for approximate spatial
organisation of midbrain dopaminergic cells to the two main projection pathways, there is
evidence for further approximate topographical organisation based on finer resolution
discrimination of projection targets (Bentivoglio and Morelli, 2005; Bjorklund and Dunnett,

2007a; Swanson, 1982).

The forebrain structure most densely and extensively innervated by midbrain dopaminergic
fibres is the striatum (Bentivoglio and Morelli, 2005; Bjérklund and Dunnett, 2007a; Bjorklund
and Lindvall, 1984; Fallon and Moore, 1978; Iversen et al., 2009; Loughlin and Fallon, 1984;
Matsuda et al.,, 2009; Swanson, 1982). Based on neurochemical and neuroanatomical
properties, the striatum is composed of two compartments arranged as a mosaic, the
patches/striasomes and the matrix; ventral tier dopaminergic neurons project heavily to the
patch compartment and dorsal tier neurons project to the matrix. Additionally, there is a
gradient present; dopaminergic projections to the matrix compartment of the dorsal striatum
more frequently originate from cells located at the more dorsolateral-caudal extent of the
midbrain dopaminergic nuclei, whereas the innervation of the ventral striatum originates in
greater numbers from cells towards the more ventromedial-rostral extent of the midbrain
dopaminergic cells. This produces a greater projection from the SNc to the dorsal striatum
(caudate putamen) and a greater projection from the VTA to the central nucleus of the
amygdala and ventral striatum including the nucleus accumbens. Dopaminergic innervation of
the basal ganglia is by no means limited to the striatum; most basal ganglia structures
including the external and internal segments of the globus pallidus (entopeduncular nucleus in

rodents), parts of the ventral pallidum and the subthalamic nucleus, receive a significant
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dopaminergic innervation from midbrain dopaminergic nuclei (Bjorklund and Dunnett, 20073;
Fallon and Moore, 1978; Fuchs and Hauber, 2004; Gauthier et al., 1999; Hassani et al., 1997;
Klitenick et al.,, 1992; Lindvall and Bjorklund, 1979). This high level of dopaminergic
connectivity implicates dopaminergic signalling as a central component at all levels of basal

ganglia networks.

Beyond the projections to basal ganglia networks many forebrain areas receive innervation
from midbrain dopaminergic neurons including the olfactory tubercle, amygdala, lateral
habenula, lateral septum (Lindvall, 1975), subventricular zone, thalamus (Garcia-Cabezas et al.,
2009) and, of key relevance for the work in this thesis, the hippocampus. Additionally midbrain
dopaminergic neurons project widely through the neocortex especially to cingulate, prefrontal
and perirhinal cortex (Lindvall et al., 1978). The projections to the thalamus and neocortex are
more extensive in primates than rodents (Berger et al., 1991; Garcia-Cabezas et al., 2009;
Yetnikoff et al., 2014). While there is evidence that the projections to the olfactory tubercle,
amygdala and septum originate preferentially from subgroups of the midbrain dopaminergic
nuclei, no such organisation in the origin of the projections to neocortex is reported to date

(Bjorklund and Dunnett, 2007a).

1.12 Dopamine and the hippocampus

There are a number of lines of evidence for the action of dopamine as playing a role in
memory related processes in the hippocampus. Anatomical studies availing of biochemical and
tracer methods indicate a projection of midbrain dopaminergic cells to the hippocampus
(Gasbarri et al., 1994a; Gasbarri et al.,, 1996; Gasbarri et al.,, 1994b; Ishikawa et al., 1982;
Samson et al., 1990; Scatton et al., 1980; Swanson, 1982; Verney et al., 1985). However, details
in relation to this projection remain unclear and | will address this topic in greater detail in
Chapter 3. Beyond the anatomical evidence, a number of studies using D1/D5 receptor
agonists (e.g. SKF38393) or antagonists (e.g. SCH23390) have shown evidence linking the
action of the neurotransmitter dopamine to various stages of memory formation in the
hippocampus. Brief exposure to a novel environment lowers the threshold for long term
potentiation (LTP) induction at CA1 synapses. This is prevented by application of D1/D5

receptor antagonist. Conversely, D1/D5 agonist is sufficient to induce LTP at the lower
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threshold without exploration of the novel environment (Li et al., 2003). This suggests that
D1/D5 receptor activation can directly modulate hippocampal mechanisms of LTP. Intra-
hippocampal infusion of D1/D5 receptor antagonist has also been shown to reduce the
stabilisation of new memories if applied before encoding (i.e. initial learning trial) but not if
applied immediately after encoding (Bethus et al., 2010; O'Carroll et al., 2006). Of note here is
that performance was impaired when assessed 6 and 24 hours after encoding but not 20 and
30 min after implying a role for dopamine in the longer term stabilisation of the memory.
Furthermore, novel experience thirty minutes after encoding of a weak memory resulted in
increased 24 hour persistence of this weak memory and novel experience 1 hour before weak
memory encoding rescued the persistence of a memory ordinarily lost by the infusion of
D1/D5 antagonist (Wang et al., 2010). From this evidence, along with evidence from slice
recordings (Wang et al., 2010), it has been suggested that dopamine receptor activation in the
hippocampus causes a widespread ‘tagging’ which initiates second messenger systems. This, in
turn, produces longer lasting potentiation of synapses that are potentiated while the second
messenger systems are active, explaining the extension of dopamine action to events which
occur, not at the time of, but around the time of dopamine receptor activation (Redondo and
Morris, 2011; Takeuchi et al.,, 2014; Wang et al., 2010). A separate study suggests that
dopamine action in the hippocampus later in the memory consolidation process can have an
effect. It found that formation of fear memories could be disrupted by intra-hippocampal
infusion of D1/D5 antagonist 12 hours, but not immediately or 9 hours after encoding, while
infusion of D1/D5 agonist at the 12 hour time point increased the persistence of the fear
memory (Rossato et al., 2009). Finally, the long term (6 hour) stability of place maps was
enhanced by systemic injection of a D1/D5 receptor agonist and reduced by a D1/D5 receptor
antagonist (Kentros et al., 2004). Injection occurred in the middle of exploration of an already
familiar environment. Taken together, these experiments suggest dopamine action within the
hippocampus, at or around the time of encoding, activates processes which increase the
persistence of the encoded memory through both the lowering of the threshold for LTP
induction and increasing secondary mechanisms involved in the maintenance of the newly

strengthened synapses.
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1.13 Aims

In order to be retained as memories, representations created in the brain during experience
must be preserved in a manner that allows future recall. However, not all details that are
perceived during experience, or indeed not even all experiences, are retained in such a
fashion. The processes underlying how some information is preserved as memories while
other information is not, and what processes influence which information is retained, is central
to the understanding of memory function in the brain. Given the evidence outlined in the
previous section implicating dopamine action in the hippocampus as increasing memory
retention, the aims of this thesis were to establish (1) what changes in hippocampal network
activity occur to support such increased memory retention, (2) whether the required
dopamine arises from midbrain dopaminergic neurons and (3) what midbrain activity produces

such a dopamine-mediated signal.

In order to address these aims, | performed large scale extracellular recordings using tetrodes
from the pyramidal layer in the CAl subfield of the hippocampus and from the ventral
tegmental area (VTA) in the midbrain. This was combined with selective (optogenetic)
activation of midbrain dopaminergic neurons through the genetically targeted expression of
the light activated ion channel channelrhodopsin-2. Since studies implicating dopamine action
within the hippocampus as facilitating increased memory function have also demonstrated
that this effect can be mimicked by exposure to a novel environment (Kentros et al., 2004; Li et
al., 2003; Wang et al., 2010), | performed recordings in both familiar and novel open fields. |
also performed recordings during sleep before and after the exploration sessions to capture
any potential effects on sleep reactivation, a process thought important for the retention of
new memories (Buzsaki, 1989; Carr et al., 2011; O'Neill et al., 2010; Skaggs and McNaughton,
1996). Additionally, | present results from the activation of dopaminergic projections during a

learning task.

The experimental procedures and methods of analysis used throughout this thesis are
presented in the next chapter. The results are broken into four chapters. | first present
anatomical evidence for the projection of midbrain dopaminergic neurons to the dorsal

hippocampal formation (Chapter 3). | then present data from midbrain recordings investigating
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the effect of spatial novelty on the spiking activity of midbrain neurons (Chapter 4). In Chapter
5, | investigate the effect on hippocampal network dynamics of activating midbrain
dopaminergic neurons during exploration of an open field. In Chapter 6, | present data on the
effect of activating midbrain dopaminergic neurons during a spatial learning task. Finally, |
conclude this thesis with a chapter discussing the implications of the findings. Many of the

results presented in this thesis are also published in McNamara et al. (2014).
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Chapter 2 Experimental procedures and methods
of analysis

2.1 Subjects

Experiments involving animals were conducted according to the UK Animals (Scientific
Procedures) Act 1986 under personal and project licenses issued by the Home Office following
ethical review. Data from a total of eighteen DAT-IRES-Cre”" mice and five PV-IRES-Cre”* mice
are reported in this thesis. Four DAT-IRES-Cre mice were used to report anatomical evidence
for the projection of midbrain dopaminergic neurons to the dorsal hippocampus in chapter
three. Ten DAT-IRES-Cre mice were used in the open field experiments reported in chapters
four and five. The final four DAT-IRES-Cre mice were recorded performing the crossword maze
experiments and five PV-IRES-Cre mice were used to establish the hippocampal dependency of
the crossword maze task, both reported in chapter six. All DAT-IRES-Cre animals used were
male adult transgenic heterozygote mice (3-8 month-old) and bred from homozygotes for the
DAT-internal ribosome entry site (IRES)-Cre transgene (Jackson Laboratories, B6.SJL-
Slcga3tmberelBkmnyy  stock number 006660) and hence expressed Cre recombinase in
dopaminergic neurons (Biackman et al.,, 2006). All PV-IRES-Cre mice were adult male
homozygotes for the Parvalbumin-IRES-Cre transgene (Jackson Laboratories, B6;129P2-
Pvalb™H @A /) - stock number 008069) and thus expressed Cre recombinase in parvalbumin
expressing interneurons. Animals were housed with their littermates until used in the
procedure with free access to food and water in a dedicated housing room with a 12/12h

light/dark cycle. Experiments were performed during the light cycle.

2.2 Viral vectors

In order to generate expression of the light activated ion channel channelrhodopsin-2 in cells
expressing Cre recombinase, | injected a viral vector into the required brain area. The viral

vector was adeno-associated virus serotype two (AAV,) containing a plasmid with the
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elongation factor 1-alpha promoter (EFla) followed by LoxP sites flanking the inverted
sequence for channelrhodopsin-2 with H134R mutation fused to enhanced yellow fluorescent
protein (ChR2-eYFP) followed by the woodchuck hepatitis post-transcriptional regulatory
element (WPRE), and was ordered from Virus Vector Core, Chapel Hill, NC (pAAV,-EF1a-DIO-
hChR2(H134R)-eYFP-WPRE, 2.5x10™ molecules/pl). The virus is capable of transfecting all cells,
however, only in the presence of Cre recombinase is the sequence flanked by the LoxP sites
inverted thus returning the ChR2-eYFP sequence to the correct order allowing expression of
ChR2-eYFP protein driven from the EFla promoter. Two of the DAT-IRES-Cre mice which were
used as control animals were injected with a similar viral vector without the channelrhodopsin-
2 sequence resulting in the expression of eYFP alone (pAAV,-EFla-DIO-eYFP, 2.5x10"

molecules/ul, Virus Vector Core, Chapel Hill, NC).

2.3 Anaesthesia and surgical procedures

During surgical procedures, mice were induced in a chamber with isoflurane (5%) and oxygen
(2 I/min). The surgical area was shaved and the animal was moved to a stereotaxic frame,
where it was maintained under deep anaesthesia using isoflurane (0.5-2%) and oxygen (2
I/min) delivered through a mask. Analgesia was also provided (buprenorphine, 0.1 mg/kg) and
the animal’s body temperature was maintained using a heat pad. After thoroughly disinfecting
the area, an incision was performed above the skull and craniotomies were performed above
the implantation/injection sites before the dura mater was cut and removed. For the initial
subjects the viral vector was delivered in the same procedures as the implant, whereas these
were performed in separate procedures for later subjects reducing the time the animal spent

with the implant present.

2.4 Delivery of viral vectors

Viral vectors were injected into the brain through a glass micropipette (Cetin et al., 2007).
Micropipettes were pulled from 5 pl glass micropipettes (BRAND GMBH, Wertheim, Germany;
Cat. No. 708707) and the tip was broken with a forceps such that the break was straight and
the internal diameter was 18-22um. A 5 ml syringe was attached via rubber tubing to the back
end of the pipette. This allowed negative pressure to be applied within the pipette allowing

the virus to be drawn up into the pipette from a droplet placed on a piece of parafilm. Once
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the pipette was in position in the brain, positive pressure could then be applied allowing the
virus to disperse into the brain. In DAT-IRES-Cre animals, injections were delivered to the
ventral tegmental area (VTA) either to the right hemisphere or bilaterally using stereotaxic
coordinates 3.25 mm posterior, 0.5 mm lateral from bregma and 3.8 to 4 mm ventral from
the brain surface. For PV-IRES-Cre animals, the viral vector was delivered bilaterally to the CA1
subfields of the dorsal hippocampi using stereotaxic coordinates 2.00 mm posterior, £1.6 mm
lateral from bregma and 1.2 mm ventral from the brain surface. For each injection site, the
loaded pipette was first slowly positioned at the appropriate coordinates using the stereotaxic
frame and allowed to settle for three minutes. Then positive pressure was applied using the
syringe and 1 pl of viral vector (2.5x10" molecules/ul) was delivered at a rate of less than 0.1
pl/minute, guided by graduations marked on the pipette. Finally, the pressure was equalised
by removing and reattaching the syringe from the rubber tubing, and a further three minutes

was allowed to pass before slowly withdrawing the pipette from the brain.

2.5 Implantation of optic fibres and tetrodes

Surgical implants were prepared before the surgical procedure. Tetrodes were twisted and cut
from four individual 12 um diameter insulated tungsten wires providing four independent
recording sites at the tip of the tetrode (H-Formvar insulation with Butyral bond coat,
California Fine Wire, Grover Beach CA). To enable their independent movement, each tetrode
was mounted in a cannula and attached to a screw via a nylon shuttle. Implants consisted of
eight or ten independently movable tetrodes and one or two optic fibres assembled with
connectors in a nylon casing. The casing enclosed the optic fibre preventing escaped light from
illuminating the environment. The implant was prepared to provide the relative three
dimensional positioning required of the tetrodes and optic fibres to reach their targets within
the brain. Tetrodes targeting the same area as the optic fibre were typically positioned around
the optic fibre within a distance of 0.5 mm. They were positioned level or slightly above the tip
of the optic fibre allowing them to be moved gradually into the light field and target brain area

post recovery.

During the implantation surgery, prior to performing the craniotomy, stainless-steel screws

were inserted into the skull and covered in dental cement serving as an anchor to which the

49



implant could later be secured. Two screws above the cerebellum served as ground electrodes
and all signals were measured with reference to the potential at these screws. After
performing the craniotomy and duratomy, the implant was aligned using the stereotaxic frame
and lowered into the brain. Paraffin wax was applied to the exposed portion of the electrodes
and optic fibers. Finally, the implantation was secured to the anchor screws using dental
cement; this also enclosed the paraffin wax. Optic fibers targeted at dCA1 were positioned 2
mm posterior and 1.6 mm lateral from bregma and lowered into the brain a distance of 0.9 to
1 mm. For simultaneous midbrain and hippocampal recordings with VTA targeted optic fiber,
the implant was positioned at a 40 degree angle from the antero-posterior axis on the
horizontal plane and then at an angle of 10 degrees from the dorso-ventral axis. The optic fiber
was positioned at 2.7 mm posterior and 1 mm lateral from bregma and lowered into the brain

at the angle described a distance of 3.9 to 4.2 mm.

2.6 Photostimulation

Photostimulation was generated using a 473 nm diode pumped solid state laser (Laser 2000,
Ringstead, UK) and delivered to the brain through two lengths of optic fibre (with black plastic
jackets to prevent illumination of the environment) and a rotary joint with splitter in the case
of bilaterally implanted animals (Doric Lenses, Québec, Canada). The final optic fibres (on the
animal end) were coupled to the implanted fibre using an M3 connector. The output intensity
delivered to the implanted fibre was approximately 20 mW. In the open field, DAT-IRES-Cre
mice received either burst mode photostimulation (trains of 20 light pulses 10 ms in duration
with pulses at 50 ms intervals and a burst train delivered every 40 seconds) or tonic mode
photostimulation (single light pulses 10 ms in duration delivered every 2 seconds). For the
crossword maze experiments, additional DAT-IRES-Cre mice received burst mode
photostimulation with pulse duration of 20 ms and burst trains delivered every 20 seconds. For
experiments aimed at disrupting hippocampal network activity by local stimulation of PV
expressing interneurons, PV-IRES-Cre mice received 473 nm photostimulation applied
randomly during 80% of the learning trials, using trains of 10 ms pulses every 16 ms. The laser
was off during the inter-trial intervals. In all crossword maze experiments, each mouse

alternated between days with photostimulation off and days with photostimulation on.
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2.7 Data acquisition

Each signal was buffered on the head of the animal, using an operational amplifier in a non-
inverting unity gain configuration (Axona Ltd, www.axona.com), and transmitted over a single
strand of litz wire to a dual stage amplifier and band pass filter (gain 1000, pass band 0.1 Hz to
5 kHz, Sensorium Inc., Charlotte, VT). The amplified and filtered signals, along with a
synchronization signal from the position tracking system and the activation signal for the laser,
were digitized at a rate of 20 kHz and saved to disk by a PC with 16 bit analogue to digital
converter cards (United Electronics Industries, Canton, MA). In order to track the location of
the animal, three LEDs (red, green and blue) were attached to the electrode casing above the
head of the animal and captured at 25 frames per second by an overhead colour camera

(Sony). The camera was attached to a PC which extracted the position data in real time.

2.8 Post-recovery and familiarisation with the recording

apparatus

After initial recovery from implantation and before recording commenced, each mouse was
connected to the recording apparatus and familiarized (through spontaneous exploration) with
the familiar open field environment or crossword maze (without barriers) as applicable. This
typically lasted one to two hours a day for at least a week. During these training days, if the
animal stopped exploring for an extended period in the familiar open field, | introduced my
hand above the centre of the open field and this tended to cause the mouse to start moving
again. This was to prevent the animal from developing such a habit, thus ensuring good
coverage of the environment during recordings aiding the calculation of measures related to
the spatial firing of neurons. During this time, tetrodes were gradually lowered over days,
through the short distance remaining to reach the required brain area. All mice used in
recordings were also familiarized with a 12x12 cm high walled box containing home cage
bedding which was used for rest recordings (sleep and long periods of awake immobility). Mice
were not used in any other experiments and an animal was either used for open field

recordings or crossword maze recordings but never both.
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2.9 General recording procedure

At the start of each recording day, hippocampal tetrodes were lowered into stratum
pyramidale and midbrain ones were moved slightly in search of action potentials. The animal
was then left in the home cage for at least one hour before recording started. At the end of
each recording day, hippocampal tetrodes were raised slightly to minimize mechanical damage
caused to the stratum pyramidale by tetrodes left within this layer over night, in order to
maximize the cell yield and number of recording days per mouse. No further recording days
were performed once the number of cells decreased below the number of cells obtained in the
initial days. Stratum pyramidale was located using the profile of sharp wave ripple events and
presence of multiunit spiking activity. Recordings were always performed in the same room

under dim lighting with the recording arena surrounded by a black circular curtain.

2.10 Open field experiments

Open field recording arenas consisted of various boxes of different shapes (polygons with
some curved edges surrounded by walls, approximate area generally near 0.25 m?
constructed from plastic or wood (sometimes lined with brown paper). Open field exploration
recording sessions were approximately 30 minutes in duration during which mice
spontaneously explored the open field in the absence of any food rewards. Several open field
conditions were used. They were as follows: exploration in a familiar open field, i.e. one which
the animal has been previously exposed to, (‘familiar’); exploration in a novel open field, i.e.
one which the animal has never before experienced, (‘novel’); exploration in a novel open field
with burst mode photostimulation delivered to the VTA (‘novel VTA-ON burst’); exploration in
a novel open field with burst mode photostimulation delivered to the dorsal CAl (‘novel dCA1-
ON burst’); novel dCA1-ON burst in animals which did not receive the ChR2-eYFP viral
construct but were instead injected with a viral construct coding for eYFP only (‘novel dCA1-
ON burst eYFP ctrl.’); novel dCA1-ON burst in animals injected with SCH23390, a selective and
potent antagonist of D1/D5 dopaminergic receptors (Sigma, #D054; 0.1mg/kg in 0.9% saline,
i.p.), 30 minutes prior to the exploration of a novel environment (‘novel dCA1-ON burst
SCH23390’); exploration in a novel open field with tonic mode photostimulation delivered to
the dorsal CA1 (‘novel dCA1-ON tonic’); and finally; exploration in a familiar open field with

burst mode photostimulation delivered to the dorsal CA1 (‘familiar dCA1-ON burst’). Each day
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up to four conditions were recorded. In between each condition and before and after all
conditions, rest recordings were taken. During rest recordings, mice were placed in a 12x12 cm
high walled box containing home cage bedding to which they had previously been familiarised.

Each rest recording was approximately 30 minutes in duration.

2.11 Crossword maze experiments

The crossword-like maze (Figure 2.1) consisted of four start boxes and eight intersecting open
tracks forming fourteen intersections inspired by a layout used previously by Tolman (1948).
The width of each track was 5 cm with a 1.5 cm high rim along the edges. The entire maze
measured 95 cm square excluding start boxes. The maze was painted black and suspended 5
cm above a black table. Distal cue cards were placed on the curtain surrounding the maze and
some cue objects were placed on the supporting table dispersed throughout the maze. In
order to promote allocentric spatial navigation by distal cues, the maze was randomly rotated
relative to the cues at the beginning of each day. Mice performing the crossword maze task
were maintained at 85% of their post-operative body weight. The recording protocol used
consisted of the following ordered stages: rest, pre-learning, rest, learning, rest and probe
(Figure 6.1). During the pre-learning stage the animal explored the maze with the start boxes

closed and in the absence of barriers and rewards for approximately 20 minutes.

For the learning stage two start boxes and one food reward location (at the end of one of the
five tracks protruding from the maze) were selected as in use for that day and the maze was
configured with a new arrangement of up to seven barriers (10 cm in height) such that there
was only one path from each start-box to the reward (Figure 2.1). Mice were given up to
twenty trials (mean = 18.7; median = 19.0; quartile range = 18.0-20.0) to learn to find the
reward with the start point randomly switching between the two start boxes. The per trial
reward was 4 ul of condensed milk diluted 30% in water and was placed on a plastic cap at the
goal location. A similar plastic cap (without reward) was placed in each of the other four tracks
protruding from the maze. A glass vial (with perforated lid) containing an aliquot of the reward
yet non accessible was placed inside the two start boxes to signal the onset of the learning
phase to the animal. The board was cleaned after each learning trial to discourage the use of

an odour guided search strategy.
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Figure 2.1 The crossword maze

Top, photograph of the crossword maze without barriers showing the cue objects and the distal
cue cards on the curtain surrounding the maze. Bottom, isometric projection of the crossword
maze showing an example configuration of barriers and reward location. On any given
recording day, only two of the start boxes were used. The shortest paths from the in-use start
boxes to the reward location are shown in red and green.
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For the probe stage (conducted 1 hour after the learning stage ended), the maze was
maintained in the same layout as the learning stage but no reward was present. Mice were
released from one of the in-use start boxes and allowed to explore the maze for 3 minutes.
Mice were released a further 3 times during the probe stage in order to ensure good coverage
of the maze to calculate spatial rate maps (3 minutes each release; 12 minutes total probe
duration). The path length to first reaching of the reward location was used to evaluate
memory performance. When combining across maze configurations, path lengths were

normalized by the relevant shortest possible path (Figure 2.1).

As with the open field experiments, during rest recordings, mice were placed in a 12x12 cm
high walled box containing home cage bedding to which they had previously been familiarised
and rest recordings were approximately 30 minutes in duration. The number of crossword
maze recording days included in this thesis is 12 days without photostimulation and 13 days
with photostimulation for experiments involving the DAT-IRES-Cre mice; 13 days (12 probe
tests) without photostimulation and 9 days with photostimulation for experiments involving

the PV-IRES-Cre mice.

2.12 Spike detection and unit isolation

The recorded signals were digitally band pass filtered (800 Hz to 5 kHz) offline for spike
detection and unit isolation. Spikes were detected using a threshold in the root mean square
(RMS) power (0.2 ms sliding window) of the filtered signal. Unit isolation was performed on
the first three or four principal components calculated for each channel recorded by the
tetrode in question. This was achieved by automatic over-clustering (Klustakwik, klusta-
team.github.com) followed by graphically-based manual recombination and further isolation
informed by cloud shape in principal component space, cross-channel spike waveforms, auto-
correlation histograms and cross-correlation histograms (Csicsvari et al., 1999; Harris et al.,
2000). To analyse changes in the firing patterns of pyramidal ensembles over time, and reliably
monitor cell pairs across recording sessions, it was necessary to ensure that the sample of cells
was taken from clusters with stable firing. Therefore, all the sessions recorded on a given day
were clustered together. Only well-isolated and stable units over the entire recording day were

used for further analysis; namely units that showed a clear refractory period in their auto-
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correlations and well-defined cluster boundaries across all recording sessions of the day. Units
were deemed independent from each other by (1) their distinct spike waveform, (2) the
absence of refractory period in their cross-correlations and (3) separable principal component
boundaries using a measure based on the Mahalanobis distance (Csicsvari et al., 1999; Harris
et al., 2001). Hippocampal pyramidal cells were identified by their auto-correlogram and firing
rate as previously described (Csicsvari et al., 1999). Only pyramidal cells with average firing
rate greater than 0.1 Hz (0.2 Hz for crossword maze experiments) were included in reactivation
and place field based analysis to ensure a misleading result was not produced by correlations

between cells which fired very little spikes in the epochs of interest.

2.13 Detection of theta oscillations, SWR events and behavioural

states

Theta oscillations and SWR events were detected off-line using digital band pass filter methods
as previously described (Csicsvari et al., 1999; Dupret et al., 2010; O'Neill et al., 2008). First, the
theta/delta power ratio was measured in 1600 ms segments (800 ms steps between
measurement windows), using Thomson’s multi-taper method (Csicsvari et al., 1999; Mitra and
Pesaran, 1999; Thomson, 1982). The theta/delta power ratio was used to mark periods of
theta activity and individual theta oscillatory waves were identified within these periods by
first applying a conservative band-pass filter (5-28 Hz) to the wideband signal. This allowed
precise detection of the trough of individual waves from the filtered trace without over-
smoothing the signal. Next, phase alighment was performed to these minima and theta
windows were demarcated spanning from peak-to-peak. Windows with a corresponding theta
frequency of 5-12 Hz were used in further analysis. Sharp wave ripple (SWR) event detection
was performed in rest epochs when the instantaneous speed of the animal was less than
2 cm/s and the theta/delta ratio was less than 2. Recorded signals were band-pass filtered
(135-250 Hz), and the signal from a ripple-free reference electrode was subtracted to eliminate
common-mode noise (such as muscle artefacts). Next the RMS power of the processed signal
was calculated for each electrode and summed across CA1 pyramidal cell layer electrodes to
reduce variability. The threshold for SWR event detection was set to 7 SD above the
background mean power. The proportion of pyramidal cells active in SWR events was

calculated for recordings with at least 5 pyramidal cells. The SWR firing rate histograms of
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pyramidal cells were calculated using 20 ms bins in reference to the SWR peak (i.e., peak of

ripple-band power).

2.14 Measures of burst firing

In the raster plots of Figure 4.4 individual spikes are coloured grey and spikes occurring within
bursts coloured black. Bursts were classified as trains of at least two spikes with inter spike
intervals (ISI) of less than 50 ms. This conservative intra-burst spike interval threshold of 50 ms
(intra-burst frequency of 20 Hz) was chosen over the often used criteria for dopaminergic cells
of less than 80 ms (12.5 Hz) for start of burst and greater than 160 ms (6.25 Hz) for end of
burst established in anaesthetized rats (Grace and Bunney, 1984a; Ungless and Grace, 2012),
in order to allow sufficient clearance between the burst interval threshold frequency and some
of the higher mean rates (11 Hz) seen in the light identified units from behaving mice reported

here. Note that use of a 80 ms cut-off produced similar findings.

The burst firing of midbrain cells is quantified here using three measures. Burst ratio,
coefficient of variation (CV) and an alternative of CV called CV2 (Holt et al., 1996). Burst ratio
was calculated as the total number of burst spikes divided by the total number of single spikes.
This allowed longer bursts with many spikes to have a more representative contribution to the
ratio than spike doublets or triplets compared to measures which count all bursts equally
irrespective of length. It also has the added advantage of not requiring a 160 ms end of burst
criteria which was originally included by Grace and Bunney (1984a) to allow for the
observation that there is often a missed spike within a burst that isolates the later spikes from
the first spikes of the same burst since the burst ratio measure used here takes into account all
burst spikes. Coefficient of variation (CV) is the ratio of the standard deviation of the ISl to the
mean ISI and provides a dimensionless measure for the level of dispersion of the distribution
of ISI, with a high value indicative of burst-like firing, and a low value indicative of regularly
paced firing. The alternative measure CV2 provides a similar estimate; however, it limits the
comparison of variation to adjacent ISI removing sensitivity to slow, non-burst related
variations in mean rate. It was calculated as the mean value across the spike train of two times
the absolute value of the difference over the sum of adjacent ISI and has a value of one for a

Poisson process (Holt et al., 1996).
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2.15 Reactivation

Reactivation strength was measured as the Pearson correlation coefficient between the
tendencies of hippocampal pyramidal cell pairs to fire together (co-fire) across theta cycles
during exploration (theta co-firing) with their tendency to co-fire in SWR events during rest
(SWR co-firing) (Dupret et al., 2010; O'Neill et al., 2008). To measure theta co-firing during
exploration, | first established for each pyramidal cell its instantaneous firing rate counts (IFRC)
in windows spanning from peak-to-peak of detected theta cycles and then calculated the
correlation coefficient between the IFRCs for each cell pair. Likewise, SWR co-firing values
were calculated as the correlation coefficients between IFRCs of pyramidal cell pairs taken
from 100 ms windows centred on the peak power of SWR events. The reactivation strength
was then calculated as the Pearson correlation coefficient between the theta bin co-firing
values and the SWR bin co-firing values. Detected theta windows corresponded to periods of
active exploration and SWR events were restricted to times of behavioural immobility. Only

simultaneously recorded cells were paired.

2.16 Spatial rate maps

To calculate spatial rate maps, the horizontal plane of the recording arena was divided into
bins of approximately 2x2 cm?. Spike count maps, the number of spikes fired in each bin, were
calculated for each unit. An occupancy map for each exploration session was also calculated as
the time spent by the animal in each bin. All maps were then smoothed by convolution with a
Gaussian kernel having standard deviation equal to one bin width. Finally, spatial rate maps
were generated by normalizing (dividing) the smoothed spike count maps by the

corresponding smoothed occupancy map.

2.17 Population map similarity

The population map similarity measure, as applied previously (Dupret et al., 2010; O'Neill et
al., 2008), was used to compare the degree to which the relative locations of the preferred
firing fields of cells was maintained between two periods of exploration. This was done by
comparing all the spatial rate maps from two different time periods, in a pairwise fashion, in
the same manner as the co-firing analysis used for reactivation does for cell firing patterns

across LFP events but performing binning over space rather than time. This provides a measure
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of the degree to which cells which fired in similar regions of space (i.e., overlapping place
fields) still fire in similar regions of space later. It is calculated by first computing the place field
similarity (PFS) value for each cell pair during the first time period as the Pearson correlation
coefficient from the direct bin-wise comparisons between the spatial rate maps of the two
cells limited to valid bins (occupancy greater than zero). This is repeated for the second time
period and the population map similarity between the two time periods is then calculated as
the Pearson correlation coefficient between the PFS values from each of the time periods.
Hippocampal place cells screened for their spatial tuning using a sparsity value of no more

than 0.3 (Dupret et al., 2010) were included in this analysis.

2.18 Spatial tuning measures

Coherence and sparsity were calculated from the unsmoothed place rate maps as reported
before (Muller and Kubie, 1989; Skaggs et al., 1996). Coherence reflects the similarity of the
firing rate in adjacent bins, and is the z transform of the Pearson correlation (across all bins)
between the rate in a bin and the average rate of its eight nearest neighbours (Muller and
Kubie, 1989). Sparsity corresponds with the proportion of the environment in which a cell fires,
corrected for dwell time, and is defined as (2PR)*/ZP:R’, where P; is the probability of the

mouse occupying bin i and R; is the firing rate in bin i (Skaggs et al., 1996).

2.19 Error intervals, statistical tests and software

All error intervals quoted are + standard error of the mean or standard error of the correlation
coefficient calculated as the square root of (1-r’)/(n-2) where r is the Pearson correlation
coefficient and n the number of cell pairs (Zar, 1999). All tests performed were two-sided. All P
values for the comparison of Pearson correlation coefficients were calculated using Z statistics
after application of Fisher’s r to z transform. Other tests, wherever appropriate, are mentioned
along with the value. Recorded data was analysed on a Linux PC (fedora; getfedora.org) using C
programs, BASH scripts and the ipython (Perez and Granger, 2007) interactive Scientific
Computing environment (ipython.org) with the NumPy (numpy.org), SciPy (scipy.org) and
Pandas (pandas.pydata.org) packages. Statistical analyses were performed using SciPy and R (r-

project.org). Sample sizes in this study are similar to those generally employed in the field and
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were not pre-determined by a sample size calculation. Data distributions for parametric tests

were assumed to be normal but this was not formally tested.

2.20 Tissue processing and immunocytochemistry

To produce anatomical data presented in Chapter 3, mice were deeply anesthetized with
isoflurane/pentobarbital and transcardially perfused with phosphate buffer saline (PBS)
followed by fixative (paraformaldehyde dissolved in PBS, 4% wt/vol), brains were extracted
and sectioned into 70 um thick coronal sections. Sections were washed three times in PBS
between each of the following steps. Cell membranes were made permeable and non-specific
protein binding was blocked by incubation for 1 hour in PBS-triton (0.3%) and normal donkey
serum (NDS, 10%). Next, sections were incubated for 48 hours at 4 °C in a solution of primary
antibodies against green fluorescent protein (GFP, used to recognize ChR2-eYFP) and tyrosine
hydroxylase (TH, for the DAT-IRES-Cre brain sections) or parvalbumin (PV, for the PV-IRES-Cre
brain sections), washed and then further incubated in a solution with corresponding secondary
antibodies (raised in donkey) conjugated with DyLight488 or Alexa488 and Cy3 (Table 2.1).
Both antibody solutions were diluted in PBS-triton (0.3%) and NDS (1%). Finally, sections were
counterstained with DAPI (diluted 1:10000) for 20 minutes and mounted on glass slides using

VectaShield (Vector Laboratories).

Table 2.1 Antibody information

Molecule Host species Dilution Source and code Antibody specificity Used in combination with
information
green fluorescent chicken 1:500  Aves Labs, Tigard, Oregon, Western blot and donkey anti-chicken DyLight488
protein (GFP) USA (www.aveslabs.com) immunohistochemistry  (1:500) Jackson, 703-485-155;
GFP-1020 tests (Aves Labs, donkey anti-chicken Alexa488
product data sheet) (1:500) Jackson, 703-545-155
green fluorescent rat 1:500 Nacalai Tesque, Kyoto, Western blot’ donkey anti-rat Alexa488 (1:500)
protein (GFP) Japan (www.nacalai.com) Invitrogen, A21208
GF090R/04404-84
tyrosine rabbit 1:500 EMD Millipore Corporation, ~ Western blot? (and donkey anti-rabbit Cy3 (1:500)
hydroxylase (TH) Billerica, MA, USA Millipore product page) Jackson, 711-165-152
(www.millipore.com) AB152
tyrosine chicken 1:500 Abcam, Cambridge, UK Western blot® donkey anti-chicken Cy3 (1:500)
hydroxylase (TH) (www.abcam.com) ab76442 Jackson, 703-165-155
parvalbumin (PV) mouse 1:4000 EMD Millipore Corporation, Western blot and donkey anti-mouse Cy3 (1:1000)
Billerica, MA, USA immunohistochemistry  Jackson, 715-165-150
(www.millipore.com) tests (Millipore product
MAB1572 page)

1. Tomiyoshi, G., Nakanishi, A., Takenaka, K., Yoshida, K. & Miki, Y. Cancer Sci. 99, 747-754 (2008).
2. Yamamoto, K., Ruuskanen, J.O., Wullimann, M.F. & Vernier, P. Mol. Cell. Neurosci. 43, 394-402 (2010).
3. Samaco, R.C,, et al. Proc. Natl. Acad. Sci. USA 106, 21966-21971 (2009).
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2.21 Microscopic analyses and 3D reconstruction

Specificity of virus transfection was quantified from both hemispheres of four bilaterally
injected brains. Three consecutive sections centred on the injection coordinate (bregma -3.25)
were selected (Franklin and Paxinos, 2008). An exhaustive tiled grid of 20 um thick (0.8 um
step) z-stacks to span the VTA was acquired from the top of each section using an
epifluorescence microscope (Imager.M2 with filter set 38 and a Plan-Neofluar 40x/1.3
objective, Zeiss). Only grid tiles which were deemed to be within the VTA regions (A10 cell
groups) (Fu et al., 2012) were included in the counting. Greater than 900 cells were counted
per brain. Three-dimensional reconstruction of transfected dCA1 axons was completed using
the same microscope and Neurolucida software (MBF Bioscience). Images included in this
thesis were acquired using a confocal microscope (Imager.Z1 with LSM 710 scan head and
Plan-Neofluar 5x/0.16, Plan-Apochromat 40x/1.3, 63x/1.4 or 100x/1.46 objective, Zeiss) in
sequential scanning mode with the following excitation laser and emission filter wavelengths.
DAPI: 405 nm, 409-499 nm; eYFP/DyLight488: 488 nm, 493-571 nm; Cy3: 543 nm, 566-729 nm.
Acquisition and analysis were completed using ZEN 2008, v5.0 (Zeiss) and Imagel

(rsb.info.nih.gov) software. Z-stacks were flattened using maximum intensity projection.
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Chapter 3 Anatomical evidence for the projection
of midbrain dopaminergic neurons to
the dorsal hippocampus

3.1 Introduction

A number of studies have presented evidence for the projection of midbrain dopaminergic
neurons to the hippocampus proper in rats (Gasbarri et al., 1994a; Gasbarri et al., 1996;
Gasbarri et al., 1994b; Ishikawa et al., 1982; Samson et al., 1990; Scatton et al., 1980; Swanson,
1982; Verney et al., 1985). One of the more convincing early reports was by Scatton and
colleagues (1980) who reported reduced dihydroxyphenylacetic acid (DOPAC; a metabolite of
dopamine) levels in the rat hippocampus after electrolytic or chemical lesion of the ventral
tegmental area (A10) or substantia nigra (A9). Morphological evidence followed a few years
later, when Verney and colleagues (1985) performed tyrosine-hydroxylase (TH)
immunocytochemistry in the hippocampus of noradrenaline-depleted rats. They reported the
presence of immunoreactive axons in fimbria, alveus and innervating the deep layers (stratum
oriens) of CA1, subiculum and prosubiculum, particularly in the ventral part of the
hippocampus. Another group of studies reported the presence of connections from the ventral
tegmental area (VTA) to the hippocampus by first using anterograde tracing with phaseolus
vulgaris-leucoagglutinin (PHA-L) injected in the VTA and retrograde fluorescent tracers injected
in the HPC (Gasbarri et al., 1994a). They followed this with a combined retrograde tracing and
immunohistochemical study to determine if the projection was dopaminergic, reporting that
15-18% of the retrogradely labelled VTA and substantia nigra (SN) cells showed anti-TH
(tyrosine-hydroxylase) immunoreactivity (Gasbarri et al., 1994b). The same group
subsequently reported a similar finding for a projection from the RRF/A8 dopaminergic cell
group (Gasbarri et al., 1996). Across all these rat studies, the dopaminergic innervation of the

hippocampus is described as less dense than that seen in other brain areas previously reported
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to receive sizable dopaminergic innervation, such as the striatum and amygdala (Bjérklund and
Lindvall, 1984). Most reports also indicate a greater projection to the ventral than dorsal
hippocampus. Additionally, midbrain dopaminergic cells have been found to project to the
subgranular zone of the dentate gyrus where dopamine signalling has been implicated in the
proliferation of precursor cells during adult neurogenesis, in both mice and rats (Hoglinger et

al., 2014; Hoglinger et al., 2004; Mu et al., 2011).

Investigations in primates have also found evidence for a projection from the VTA to the
hippocampus (Amaral and Cowan, 1980; Lewis and Sesack, 1997; Samson et al., 1990). It is
suggested that the dopaminergic innervation of the hippocampus found in primates is more
dense than that seen in rodents (Lewis and Sesack, 1997; Samson et al., 1990). This is primarily
based on a study by Samson and colleagues (1990) who used antibodies to dopamine-beta-
hydroxylase (DBH) and TH in the hippocampus and attributed the DBH immunopositive fibres
as noradrenergic fibres and the TH immunopositive fibres as dopaminergic. As acknowledged
by the authors, this may not be a fully reliable assumption and should be treated with some
caution since TH immunoreactivity could be labelling dopaminergic, noradrenergic or both
fibres. This is because DA is a precursor of noradrenaline. However, in this particular
preparation from cynomolgus monkeys with the particular antibodies used, the two antibodies
appear to label separate populations of fibres and, therefore, the assumption that TH
immunoreactivity reflects the dopaminergic fibres may be reasonable. The density of
innervation could be even higher in humans. Studies investigating this question partially
suggest the opposite, however results are somewhat discrepant and potential difficulties with
fixation, post-mortem interval and antibodies in human studies mean this is still an open

question (Lewis and Sesack, 1997).

A final piece of evidence suggestive of a functional dopaminergic projection to the
hippocampus, or at least for dopamine as a functional neurotransmitter in the hippocampus, is
the presence of both Di1-type and D2-type dopamine receptors. To date, results from
experiments using antibodies raised against dopamine receptors have proven somewhat
difficult to interpret clearly due to technical difficulties, but such studies have provided some
evidence for the presence of dopamine receptors in the hippocampus (Ciliax et al., 2000; Levey

et al., 1993; Smith and Greene, 2012). Additional evidence comes from studies using reporters
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of the relevant mRNA, transgenic lines driving expression of a reporter such as a fluorescent
protein under the relevant promoter, or the selective binding of radio-ligands. All three
methods indicate both D1-type (particularly D5 receptors) and D2-type receptors are present
in the hippocampus (Bentivoglio and Morelli, 2005; Fremeau et al., 1991; Gangarossa et al.,
2012; Laurier et al., 1994; Meador-Woodruff et al., 1992; Savasta et al., 1986; van der Weide et
al., 1987). Taken together, results from across all four methods provide a strong indication of

the presence of dopamine receptors in the hippocampus, both dorsal and ventral.

Much of the reports in relation to dopaminergic innervation of the hippocampus indicate the
presence of dopaminergic fibres in the ventral hippocampus, however, much of the literature
focusing on the memory functions are from recordings in the dorsal hippocampus. Also, at the
time of starting my DPhil studies, there was no information on dopaminergic innervation of
the hippocampus in mice. In this chapter, | focus my investigation of dopaminergic innervation
to the dorsal hippocampus, since | wished to perform recordings in the dorsal portion of the
hippocampus with the aim of relating the midbrain dopaminergic system and the memory

functions of the hippocampus.

3.2 Experimental outline

Advances in transgenic mouse lines and viral vector based techniques presented a chance to
investigate further the nature of midbrain derived dopaminergic innervation of the
hippocampus and overcome some of the technical difficulties faced by the early tracer studies.
Here | investigated if transfected axons were present in the dorsal hippocampus after injection
of a Cre activated viral vector in the ventral tegmental area (VTA) of DAT-IRES-Cre”” mice. To
this end, | performed bilateral injections delivering 1 ul of viral vector per hemisphere to the
VTA of four DAT-IRES-Cre”” mice. Mice were anaesthetized and transcardially perfused with
phosphate buffer saline (PBS) followed by fixative (see section 2.20). The brains were then
sectioned and antibodies to tyrosine-hydroxylase (TH) and eYFP were applied allowing
visualisation of protein expression (see section 2.20). Sections were also counterstained with
DAPI. During cutting, the order of sections was maintained to allow 3D reconstruction (see
section 2.21). Investigations reported in this chapter were completed with the assistance of

visiting student Caroline Etienne.
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Figure 3.1 Expression of ChR2-eYFP in the VTA

Top, low magnification confocal image from a coronal section located at bregma -3.25 mm
showing ChR2-eYFP expression (green) at the injection site in the VTA and minimal expression
in the SNc. Anti-TH immunofluorescence is shown in magenta identifying dopaminergic cells.
Bottom, split panel higher magnification image from the same section showing Chr2-eYFP
expression (left), co-localising with anti-TH immunofluorescence (right). Cell nuclei are shown
through counterstaining with DAPI (white). Cell bodies immunopositive for TH are marked with
the white arrows. VTA, ventral tegmental area; SNc, substantia nigra pars compacta; SNr,
substantia nigra pars reticulata; ml, medial lemniscus; MT, medial terminal nucleus.
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3.3 Expression of ChR2-eYFP in dopaminergic neurons after viral

transfection in the midbrain

The stereotaxic coordinates used for injection of the viral vector were located in the centre of
the VTA. This produced greater ChR2-eYFP expression in the VTA than in the substantia nigra
pars compacta (SNc), as can be seen in the top panel of Figure 3.1. Expression of ChR2-eYFP at
the injection site was quantified by, first, identifying the section at bregma -3.25 mm as the
section with the location of the medial lemniscus (ml) and the medial terminal nucleus (MT) in
relation to anti-TH immunofluorescence, matching that seen in Figure 3.1. This section and the
sections on either side of it were then used for quantification, giving a total of 12 sections (3
from each animal). Cell counting was performed in both hemispheres within the region
marked VTA on Figure 3.1. Expression of ChR2-eYFP was nearly exclusively in dopaminergic
neurons with 98.6 + 0.4% (n = 4 mice) of ChR2-eYFP expressing VTA neurons co-expressing
tyrosine hydroxylase (TH). The efficiency of virus transfection near the injection site was also

high with 76 + 7% of TH immunopositive neurons co-expressing ChR2-eYFP.

3.4 Transfected dopaminergic axonal segments were present in

the hippocampal formation

Axons expressing ChR2-eYFP were present in the dorsal hippocampus of all four animals. The
axons were also immunopositive for tyrosine hydroxylase (TH). Co-expression of the two
markers indicated the axons originated from midbrain dopaminergic neurons and were not
resulting from non-specific expression of the viral construct. Four axonal segments in the
dorsal CAl co-expressing ChR2-eYFP and TH are shown in Figure 3.2. Axons expressing
ChR2-eYFP were present in the fornix and continued caudally entering the septal pole of the
hippocampus, entering stratum oriens and beyond as well as continuing in the white matter
tracts of the dorsal fornix, fimbria and alveus towards the ventral hippocampus, occasionally
descending from alveolus into stratum oriens and onwards to more superficial hippocampal

layers.
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Figure 3.2 Transfected axonal segments present in dorsal CA1

Transfected axonal segments present in dorsal CA1 after viral injection in the VTA. Maximum
intensity projection through a dorsal CA1 (dCA1) 70 um coronal section (approximately bregma
-1.6 mm with picture centred 0.6 mm from the midline), showing four transfected axonal
segments expressing ChR2-eYFP in green (florescence was amplified through the application of
antibodies to ChR2-eYFP). Cell nuclei from a single 1 um thick confocal plane through the
middle of the section are shown through counterstaining with DAPI (white). Insets show
maximum intensity projections of anti-TH immunofluorescence in the same axonal segments
(magenta). Or, stratum oriens; Py, stratum pyramidale; Rad, stratum radiatum.

The locations of these fibres within the hippocampus were traced in three dimensions through
successive coronal sections from approximately bregma -1 mm to -2.5 mm in two animals.
Coronal, sagittal and horizontal projections of the traced axons in animal one and two are
shown in Figure 3.3 and Figure 3.6 respectively. The spreading out of the fibres from the septal
pole extending along the rostral caudal axis is evident in these figures. The location of the
fibres with respect to the layers of the hippocampus can be seen in the coronal views of the
individual slice tracings in Figure 3.4 and Figure 3.7. Antibodies to TH were applied to a
number of the sections, and axonal segments verified as co-expressing TH are coloured
magenta in the tracings. Finally, axonal segments matched as continuing from one section to
the next, were spliced together and coloured accordingly. This is shown in Figure 3.5 and
Figure 3.8, along with the reconstructed surface formed by alveus to stratum oriens border.
Two oblique projections provide a view of axons within the surface created by the alveus to
stratum oriens border, while a coronal projection allows visualisation of the axons running in

the alveus and white matter around the outside of the hippocampus.
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Figure 3.3 ChR2-eYFP expressing dCA1 axonal segments (orthographic projection animal 1)
Orthographic projection of ChR2-eYFP expressing axonal segments traced in dorsal CA1 of
animal one. Tracings of axonal segments are shown in green. The alveus to stratum oriens
border is traced in grey. Antibodies against tyrosine hydroxylase (TH) were applied to six of the
sections and axonal segments verified as co-expressing TH are shown in magenta.
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Figure 3.4 ChR2-eYFP expressing dCA1 axonal segments (slice tracings animal 1)

Individual slice tracings of ChR2-eYFP expressing axonal segments traced in dorsal CA1 of
animal one. Tracings of axonal segments are shown in green. The outline of structures
including alveus (alv) and overlying white matter (WM); stratum oriens (Or); stratum
pyramidale (Py); stratum radiatum (Rad); stratum lacunosum moleculare (LMol); and the
molecular (Mo), granule (Gr) and polymorphic (Po) layers of the dentate gyrus (DG) were also
traced (grey). Antibodies against tyrosine hydroxylase (TH) were applied to six of the sections
and axonal segments verified as co-expressing TH are shown in magenta.

70



2 ,/7
\I
.

=T $
%‘
s
/

AL
v

=57 ¢

Right hippocampus A 4 Left hippocampus
oblique projection ) oblique projection

Horizontal projection

SRR Y
N
Dy O

F =

NNy

it
/

S —imm

/7

,

Figure 3.5 ChR2-eYFP expressing dCA1 axonal segments (spliced reconstruction animal 1)
Spliced reconstructions of ChR2-eYFP expressing axonal segments traced in dCA1 of animal
one. Axons matched as continuing from one section to the other were spliced together.
Different colours are used to show the different groupings. Axonal segments extending through
alveus and some segments in the overlying white matter which were not spliced together are
shown in black. The reconstructed surface is the alveus to stratum oriens border with
smoothing applied. The arrows show the angle of the three vertical views with respect to the
horizontal view. In the oblique projections only the near hippocampus is shown.
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Figure 3.6 ChR2-eYFP expressing dCA1 axonal segments (orthographic projection animal 2)
Orthographic projection of ChR2-eYFP expressing axonal segments traced in dorsal CA1 of
animal two. Tracings of axonal segments are shown in green. The alveus to stratum oriens
border is traced in grey. Antibodies against tyrosine hydroxylase (TH) were applied to five of the
sections and axonal segments verified as co-expressing TH are shown in magenta.
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Figure 3.7 ChR2-eYFP expressing dCA1 axonal segments (slice tracings animal 2)

Tracings of axonal segments are shown in green. The outline of structures including alveus (alv)
and overlying white matter (WM); stratum oriens (Or); stratum pyramidale (Py); stratum
radiatum (Rad); stratum lacunosum moleculare (LMol); and the molecular (Mo), granule (Gr)
and polymorphic (Po) layers of the dentate gyrus (DG) were also traced (grey). Antibodies
against tyrosine hydroxylase (TH) were applied to five of the sections and axonal segments
verified as co-expressing TH are shown in magenta.
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Figure 3.8 ChR2-eYFP expressing dCA1 axonal segments (spliced reconstruction animal 2)
Spliced reconstructions of ChR2-eYFP expressing axonal segments traced in dCA1 of animal
two. Axons matched as continuing from one section to the other were spliced together.
Different colours are used to show the different groupings. Axonal segments extending through
alveus and some segments in the overlying white matter which were not spliced together are
shown in black. The reconstructed surface is the alveus to stratum oriens border with
smoothing applied. The arrows show the angle of the three vertical views with respect to the
horizontal view. In the oblique projections only the near hippocampus is shown.
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Axons entering stratum oriens of the CA3 subfield at the septal pole of the hippocampus
continued through CA2 into CA1 while other fibres directly entered CA1 from the alveus. In
relation to the superficial-deep axis, axons extended from stratum oriens through stratum
pyramidale to stratum radiatum. No ChR2-eYFP expressing axon was clearly present in stratum
lacunosum moleculare of the sections featured in the figures provided here; however, in one
of the other animals such an axon was present. Axons expressing ChR2-eYFP were also found
extending from the septal pole of the hippocampus innervating the molecular, granule and
polymorphic layers of the dentate gyrus. It is worth noting that the axon coloured red in Figure
3.5, on entering the hippocampus via the septal pole, branches ventrally and innervates the
molecular, granule and polymorphic layers of the dentate gyrus, as well as, branching dorsally

and innervating strata oriens, pyramidale and radiatum of the hippocampus proper.

3.5 Discussion

Data presented here demonstrate that, in DAT-IRES-Cre”” mice, there is a dopaminergic
projection to the dorsal hippocampus including the CA1 subfield. The density of innervation
was low suggesting that aspects of its mechanism of action, or that of its postsynaptic targets,
are perhaps different to that in densely innervated areas, such as the striatum. The distance of
projection suggests it would be less likely to be evolutionarily preserved across species without
some functional relevance. Further support for the functional relevance of this projection is
the presence of dopamine receptors in the hippocampus. That D5 receptors are the more
prevalent D1-type receptor in the hippocampus, whereas D1 receptors are the prevalent D1-
type receptor in the striatum, is also suggestive of differing aspects in the mechanisms of
action and specialisation of dopamine function between the two brain areas (Ciliax et al., 2000;

Laurier et al., 1994).

There are a number of potential means by which a sparse innervation of a brain area can
provide a large functional impact. The projection fibres could target a specific population of
local interneurons, which could in turn project extensively throughout the network enabling
the projection to exert a greater influence on the hippocampal network. In support of this
idea, other projections have been shown to target interneurons e.g. it has been demonstrated

that GABAergic neurons in the septum selectively project to parvalbumin and calbindin
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expressing interneurons in the hippocampus (Freund and Antal, 1988). Alternatively, reduced
innervation by dopaminergic fibres could also bring reduced dopamine uptake. If the
dopamine signal to the hippocampus is a less time locked, slow transient signal compared to
the striatal dopamine signal, then non-synaptic volume transmission with reduced enzymatic
degradation, reduced recapture, and abundant, highly-sensitive, G-protein-coupled receptors,

may be ideal for such a sustained signal.

Further work is still required to establish additional anatomical facts about the midbrain
derived innervation of the hippocampus. The sparse nature of the innervation means that it
could be derived from a relatively small number of dopaminergic neurons. Given increasing
evidence for diversity among midbrain dopaminergic neurons (Lammel et al., 2014; Morales
and Root, 2014; Roeper, 2013; Yetnikoff et al., 2014), improved retrograde tracers should be
used to investigate the precise origin within the midbrain dopaminergic nuclei of the
projection to the hippocampus. It is possible that these neurons are located away from the
centre of the VTA and | did not achieve complete transfection of this population in these
experiments. This may explain the slight variation in the quantity of innervation seen in the
tracings reported here, and it is possible that the innervation is greater than that shown in the

tracings provided here.

The investigations reported in this chapter represent important verification of a number of
items as present and working correctly within my experimental setup allowing me to proceed
with combined extracellular recording and optogenetic activation of the dopaminergic
projection to the dorsal hippocampus. Firstly, virus transfection was effective; secondly, ChR2-
eYFP expression was specific to dopaminergic neurons; and thirdly, ChR2-eYFP expressing

axons were present in the dorsal hippocampus including in the CA1 subfield.
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Chapter 4 Midbrain dopaminergic nuclei and
spatial novelty

4.1 Introduction

As described in more detail in section 1.9, midbrain dopaminergic neurons show transient
responses to rewarding events or cues predicting rewards often referred to as ‘phasic’
responses (Schultz, 2007; Schultz et al., 1997). This response is considered to code a reward
prediction error since, as an animal learns the relationship between a reward predicting cue
and reward delivery, the phasic excitatory response shifts from the time of reward delivery to
the time of the reward predicting cue (Schultz, 2007; Schultz et al., 1997). Furthermore, if the
reward is omitted a phasic drop in activity occurs. There is also accumulating evidence that a
small subset of midbrain dopaminergic neurons show excitatory responses to aversive stimuli,
with some of these neurons also showing excitatory responses to rewarding stimuli, suggesting
they may signal motivational saliency (Cohen et al., 2012; Matsumoto and Hikosaka, 2009). It is
important to note that bursts of action potentials are not required to produce a phasic
response. Phasic responses are most frequently measured in the firing of a cell over many
repeated trials, and a phasic response can be produced by an increased probability of single
spikes at the time point of interest. While the phasic responses of midbrain dopaminergic
neurons to discrete rewarding and aversive events have been the focus of many studies, much
less is reported on the sustained responses of midbrain dopaminergic neurons to less
temporally discreet events, such as free exploration in a novel environment versus a familiar
environment. Motivated by the idea that dopaminergic neurons may be able to show more
sustained responses capable of coding for less discrete events, in this chapter | investigate the
activity in midbrain dopaminergic nuclei across exploration in a familiar and a novel

environment.
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Two modes of in vivo firing have been associated with midbrain dopaminergic neurons; lower
frequency, pacemaker-like ‘regular firing’, consisting of single action potentials often occurring
with a regular inter spike interval (0.2-1 seconds), and ‘burst mode firing’, featuring transient
bursts of action potentials, consisting of up to as much as ten spikes occurring at short (less
than 80 ms) inter spike intervals (Grace and Bunney, 1984a, b; Overton and Clark, 1997;
Roeper, 2013). The burst firing of dopaminergic cells is thought to support transient release of
dopamine in target structures and contribute to the phasic responses often seen in response
to reward (Roeper, 2013; Zweifel et al., 2009). However, the simultaneous activation of a
number of dopaminergic neurons (as opposed to the burst firing of a single cell) seems to be
required to produce a dopamine transient measurable with voltammetry in the striatum

(Marinelli and McCutcheon, 2014).

Any potential change in the firing patterns and burst activity of midbrain dopaminergic cells,
associated with sustained exploration in familiar compared to novel environments, will be
investigated in this chapter. A number of measures are prevalent in the reporting of burst
mode activity of midbrain dopaminergic neurons. The most straight forward is using a fixed
threshold in the inter spike interval (ISI) to assign spikes as being within bursts or single
isolated spikes (Grace and Bunney, 1984a). The ratio of burst to single spikes (burst ratio) can
then give an indication of the level of burst mode firing of the cell. However, this measure does
not account for different mean firing rates between cells. While a typically used threshold of
80 ms may work well for midbrain dopaminergic cells firing at lower (< 5 Hz) mean rates, for
faster firing rates up to 12 Hz the threshold value is already close to the mean ISl such that a
perfectly regular firing rhythmic cell firing at 13 Hz would have all its spikes classified as within
a burst. The coefficient of variation (CV) is a standard dimensionless statistical measure for the
level of dispersion of a distribution, and is defined as the ratio of the standard deviation to the
mean. A CV value near zero indicates highly regular firing; whereas, higher CV values indicate
greater dispersion of the distribution of inter spike intervals, suggestive of greater burst mode
firing. One problem associated with CV is that the variation measure is applied to the entire
time interval over which it is applied and gradual changes in mean firing rate are reported as
increased variation. The alternative measure CV2 removes this sensitivity by performing the

comparison of variation on adjacent spike intervals (Holt et al., 1996). It also has the added
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advantage of being normalised, such that, a perfectly rhythmic cell has a CV2 of zero and a
Poisson process has a CV2 of one. In addition to these measures to quantify the propensity of
the cell to fire bursts, there are a number of methods to detect individual bursts within a spike
train such as Poisson Surprise (Legendy and Salcman, 1985), Robust Gaussian Surprise (Ko et

al., 2012) or hidden semi-Markov point process models (Tokdar et al., 2010).

4.2 Experimental outline

| performed extracellular recordings using tetrodes in two DAT-IRES-Cre mice (Bdackman et al.,
2006). Mice were first injected in the ventral tegmental area (VTA) with a Cre inducible viral
vector coding for a chimeric protein formed of the light activated ion channel
channelrhodopsin-2 and enhanced yellow florescent protein (see section 2.2). The mice
subsequently received an implant containing four tetrodes and an optic fibre targeted at the
VTA (see section 2.5). These mice also received four tetrodes located in the dorsal CAl. The
CA1 data is presented in Chapter 5. During recordings, mice were allowed to freely explore
familiar and novel open fields in the absence of rewards or laser activation. Photoactivation of
midbrain dopaminergic neurons was enabled during a separate exploration session each day.
Units were identified through the identification of clusters in the combined recordings across
all the recordings taken on a given day, allowing the same cells to be followed across

exploration in the different environments and conditions.

79



Novel mean rate (Hz)

Novel Burst Ratio

Novel CV

120 4

80 1

40

Mean rate s

- Rate selected unit
+ Other unit

e Light responsive unit

0 = v r "
0 40 80 120
Familiar mean rate (Hz)
Burst ratio .o
12 e
7
7
e
rd
. '
7
‘.
/o
. . ’
. 7z
'
tys6 = 4.31
P =2.9x10°
8 EY)
Familiar Burst Ratio
cv e
e
. 4
6 e
d
’
rd
4
2
tis6 = -0.51
P =0.61
0 2 4 6

Familiar CV

Novel mean rate (Hz)

Novel Burst Ratio

Novel CV2

100 1

Mean rate

tys5 = 3.88
P =0.00016
-
10 100
Familiar mean rate (Hz)
4 1 . . ,
Burst ratio s
3 //
] ., ,
. 7/
V4
,
* 7’
31 ° . . //
. L
] . 3 .
L
. 4% :
. I °
21 e 0" °
. : % o .
g '
ve /s .
» .
A
2 3 4
Familiar Burst Ratio
2.04
cv2 e
e
- '
'
7
4
7
7/
tyss = -3.12
P =0.0021
04 08 12 18 20
Familiar Cv2

80



Figure 4.1 Midbrain firing activity in familiar versus novel environments

Scatter plots of firing activity during exploration of familiar versus novel environments. Dashed
lines show the locus of activity in the novel environment equalling that in the familiar
environment. Cells with a mean firing rate between 1 and 12 Hz, enclosed in the dashed square,
are highlighted in red and were used for the statistics reported on the plots. Cells which could
be matched as responding to light in a subsequent recording are highlighted with a blue
surround. (a) Comparison of mean firing rate of each cell plotted with a linear scale. (b)
Comparison of mean firing rate of each cell plotted with a logarithmic scale. (c) Comparison of
the proportion of spikes occurring within low latency bursts (< 50 ms inter spike interval) to
single spikes. (d) Enlarged lower section of (c). (e) Comparison of coefficient of variation (CV).
(f) Comparison of CV2 measure (Holt et al., 1996).

4.3 Firing activity in midbrain dopaminergic nuclei changes in
novel versus familiar environments

After unit isolation, a total of 416 cells were isolated from recordings on midbrain tetrodes.
The scatter plots of Figure 4.1a,b show the mean firing rate of each unit over the first 10
minutes exploration in the familiar (x-axis) and novel (y-axis) environment plotted on a linear
(Figure 4.1a) and a logarithmic scale (Figure 4.1b). The dotted line indicates the line of equal
mean rate between the familiar and novel environments. Note how more of the points are
located above the line than below in Figure 4.1b, signifying that more cells had a higher mean
firing rate in the novel environment compared to the mean rate in the familiar environment.
Points contained within the square on each plot represent cells which had a mean firing rate of
above 1 Hz and below 12 Hz in both the familiar and novel environments, a firing rate range
typical of the expected mean firing rate of dopaminergic neurons (Cohen et al., 2012). A total
of 157 cells fell into this category and analysis in this chapter was performed on these cells.
The mean firing rate increased in the novel environment compared to the familiar
environment (novelty-induced rate change = 0.56 + 0.14 Hz, t;5c = 3.88, P = 0.00016, paired t-
test). Analysis was performed on data from the first 10 minutes of exploration in each

environment.

The ratio of single spikes to spikes occurring in low latency bursts (inter spike interval less than
50 ms) was higher during exploration of the novel environment than the familiar environment
(novelty-induced change in burst ratio = 0.31 + 0.07, t1s¢ = 4.31, P = 2.9x107, paired t-test). This

is shown in the scatter plots of Figure 4.1c,d. However, measures of the extent of variability of
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the inter spike interval independent of the mean rate did not show indication of an increased
propensity to fire action potentials in bursts beyond that capable of being explained due to an
increase in mean firing rate. Pairwise comparison of the coefficient of variation (CV) was not
significantly different between the two conditions (novelty-induced change in CV = -0.021 +
0.04, t156 = -0.51, P = 0.61, paired t-test). The alternative measure CV2 (which is not sensitive to
slow variations in mean rate) showed a slight decrease from exploration in the familiar to
exploration in the novel environment (novelty-induced change in CV2 =-0.013 + 0.0041, t;5¢ = -

3.12, P =0.0021, paired t-test).
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Figure 4.2 Progression of mean firing rate and mean animal speed over time

(a) Time progression of mean firing rate across animals and days during exploration of the
familiar and novel environments. (b) Time progression of mean animal speed across animals
and days during exploration of the familiar and novel environments.

The progression of mean firing rate and mean animal speed over the first 20 minutes
exploration in each environment is shown in Figure 4.2. The mean firing rate starts slightly
higher in the novel environment and drops proportional to the time spent in the environment,
whereas, the mean firing rate in the familiar environment remained constant across time
(linear regression on mean rate values across 2 minute time bins, novel: time zero value = 4.56

Hz, slope = -0.0374 Hz/minute, r = -0.077, P = 0.002; familiar: time zero value = 3.84 Hz, slope =
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-0.0027 Hz/minute, r = -0.0060, P = 0.813). The mean speed of the animals was slightly
elevated for the first moments of exploration of the novel environment and remained steady
thereafter (Figure 4.2, elevated by approximately 3 cm/s for approximately 3-4 minutes). In
contrast, the mean speed grew slightly as a function of time in the familiar environment
(Figure 4.2). Over 20 minutes exploration, the mean speed was not significantly different in the

two environments (t;; = 1.56, P = 0.15, paired t-test).

The distribution of change in mean firing rate from familiar to novel environments is shown in
Figure 4.3. Note how a larger number of cells increase in rate by more than 2 Hz from familiar
to novel (positive axis) compared to the number which increase by more than 2 Hz from novel

to familiar (negative axis).
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Figure 4.3 Distribution of firing rate changes between familiar and novel environments
Cells which could be matched as responding to light in a subsequent recording are highlighted
in blue.

4.4 Light responsive units

Pulses of blue laser light were delivered to the VTA via an optic fibre in a separate exploration,
after the exploration of the familiar and novel environments. Of the units isolated from the
combined recordings across all the conditions, five showed an increased probability of firing
action potentials with low latency (less than 3 ms) to the onset of the laser pulses. These units
are detailed in Figure 4.4. The low latency increased firing probability can be seen in the cross-
correlation with light pulse onset (panel a). Panel b shows spikes recorded during the earlier
exploration alongside those occurring with low latency to laser pulse onset, allowing
visualisation of the level of matching between spontaneous and light induced spikes. Many of

the other recordings in the wider data set showed spikes occurring at low latency to light pulse
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onset, indicating that many more dopaminergic cells are present in the data set beyond those
highlighted in Figure 4.4. Such spikes were often of larger amplitude and had a higher
probability of light induced discharge, suggesting such tetrodes were located closer to the light
source; however, it was not possible to accurately match the light induced spike shape to one
of the multiple units isolated from the same tetrode across all four channels of the tetrode.
This was most likely due to the light induced spike reflecting the simultaneous activation of

more than one transfected cell within the recording range of the tetrode.

The five cells identified as dopaminergic through response to light pulse onset are highlighted
in blue on the scatter plots of Figure 4.1 and in the distribution of Figure 4.3. Four of the cells
showed an increase in firing rate from familiar to novel exploration, with two showing a large
increase (> 3 Hz), while only one cell showed a decrease. When firing at higher rates, these
cells had more action potentials occurring in bursts, with an inter spike interval of less than
50 ms, and this can be seen in the raster plots showing the first 10 minutes of exploration in
each environment where burst spikes are coloured black and single spikes grey (Figure 4.4
panel d). The firing of both burst spikes and single spikes was well distributed throughout the
environment. The location of firing of each identified cell superimposed on the path taken by

the animal is shown in panel c of Figure 4.4.

Interestingly, the firing patterns of these units very closely matched that of a Poisson process
having similar mean rate. Histograms of the inter spike intervals (ISI) for each cell overlaid with
that expected of a Poisson process of the same rate are shown in Figure 4.5a. For each cell, the
ISI histogram scales with the rate difference seen between the novel and familiar environment.
Furthermore, the shape of each ISl distribution, in relation to that expected of a rate-matched
Poisson process, is maintained. The cumulative ISI histograms of Figure 4.5b, expressed as a
proportion of total intervals and normalised in time by the mean firing rate, show near perfect
alignment between the familiar and novel environment, and are aligned to that expected of a
rate-matched Poisson process. Cell 1 shows a slight deviation from this, and is slightly more
likely to fire action potentials at lower latencies than a rate-matched Poisson process. The
dotted lines on each plot mark an ISI of 50 ms illustrating that, with the firing pattern
maintained, an increase in rate produces both a greater proportion and a greater number of

low latency spikes.
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Figure 4.4 Firing of light responsive cells 1-5

One cell is shown per page. (a) Cross correlation with light pulse onset recorded after
exploration of the familiar and novel environments. (b) Spike shape across the four channels of
the tetrode for spikes recorded during exploration of the familiar environment in the absence of
photostimulation (left), and spikes recorded at low latency (< 3 ms) to the onset of the laser
pulse (right), corresponding to the peak in the cross-correlogram in (a). (c) Path of the animal
over the first 10 minutes of exploration in the familiar (left) and novel (right) environments,
with the location of the animal at each spike occurrence superimposed. (d) Raster plots of the
cell for the entire first 10 minutes during exploration in the familiar (top) and novel (bottom)
environments. Note each row represents consecutive 30 second recordings from the same cell.
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Figure 4.5 Inter spike interval histograms of light responsive cells

(a) Inter spike interval histograms (ISl) for each cell compiled from the first 10 minutes of
exploration in the familiar (top) and novel (bottom) environments. The distribution expected of
a Poisson process of the same rate is shown on each plot in green. (b) Normalised cumulative
ISI histograms plotted with the time axis scaled by the mean rate. The x-axis duration on each
plot equals four times the mean ISI. An ISl of 0.5 is shown by the dotted lines.
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4.5 Discussion

Data presented in this chapter indicate that the sustained activity of midbrain dopaminergic
neurons can change in relation to temporally extended events, in this case, exposure to a
novel as opposed to a familiar environment. This finding extends the coding potential and
signalling capability of midbrain dopaminergic neurons, complementing the previously
reported phasic changes in activity levels coding for discrete-in-time events, such as rewarding,
aversive and salient stimuli. | have chosen to use the phrase changes in ‘sustained activity’ as
opposed to ‘tonic activity’ since in many publications tonic activity is used to refer to
pacemaker-like regular firing around a fixed ISI whereas many of the cells recorded here had
firing patterns very close to that expected of a Poisson process. This is true of the light
identified units and also evident in the scatter plot of CV2 values for the larger data set in
Figure 4.1f. Many of the CV2 values are clustered around a value of one and also extending up
towards 1.2 indicating a greater than Poisson propensity to fire bursts. While many of the
recorded cells showed Poisson like firing, the data did also contain cells with regular firing and
others with burst mode firing patterns, evident in the scatter plots of Figure 4.1e&f, and also

evident in manual inspection of the raster plots of the individual cells.

Quantifying changes in the firing of midbrain dopaminergic neurons as having increase
bursting activity can be viewed in two ways. Increased bursting could be interpreted to mean a
change in the pattern of firing such that spikes are more likely to occur in groups than
individually, and it is possible to decipher this change in the relative occurrences of spikes (i.e.
the pattern of occurrence) independent of knowledge of the global time scale of the firing
activity. Put differently, the difference is evident in two raster plots which are scaled in time
such that they are normalised by the mean firing rate. This is perhaps the most appropriate
definition, if bursting is viewed as a pattern of firing. However, depending on the context, it
may be more relevant to define bursting in terms of activity occurring below a fixed temporal
threshold. Consider if the downstream target of such activity responds in a nonlinear fashion,
such that it produces a greater output when action potentials occur in quick succession,
measured in terms of absolute time. This nonlinearity could be due to presynaptic release
sites, postsynaptic receptor activation, neurotransmitter reuptake mechanisms or postsynaptic

second messenger systems. In such cases, an increase in rate without a change in the pattern
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of firing can produce a greater proportion of spikes occurring below a temporal threshold
having an increased effect. The property that an increased rate will produce such an increase is
true of many patterns of firing, including Poisson like firing. The results presented in this
chapter found an increase in rate from the familiar to novel environments, and this was not
accompanied by a change in the pattern of firing (CV and CV2) of many of the cells, including
the light identified units. However, the pattern of firing of these cells was such that the rate
increase did result in an increase in both the number and proportion (burst ratio) of action
potentials occurring in bursts, when a fixed duration ISI threshold criteria was used for burst
detection. This can be visualised in the rate scaled cumulative ISI histograms of Figure 4.5b,
where a 50 ms threshold is marked with a dotted line. The distributions align; however, the
increase in mean rate moves the location of the threshold up the cumulative distribution,
causing an increase in the burst ratio. A 50 ms (20 Hz frequency equivalent) threshold was
used for burst ratio calculations as a conservative choice over the often used 80 ms (12.5 Hz)
start with greater than 160 ms (6.25 Hz) end of a burst criteria established in anaesthetized
rats (Grace and Bunney, 1984a; Ungless and Grace, 2012), in order to allow sufficient clearance
between the burst interval threshold frequency and some of the higher mean rates (11 Hz)
seen in the light identified units from behaving mice (Figure 4.4). However, an 80 ms cut-off

produced similar findings.

Given the growing suggestion of diversity within midbrain dopaminergic nuclei (Lammel et al.,
2014; Morales and Root, 2014; Roeper, 2013; Yetnikoff et al., 2014), it is possible that a
distinct subset of dopaminergic cells better show rate changes in response to environmental
cues and perhaps even other temporally extended events. Note the second peak in the
distribution of Figure 4.3 showing that a number of cells increased in firing rate by more than 2
Hz in the novel over the familiar environment; such a peak is not present on the negative side
which would signify the converse (an increase in the familiar over the novel environment).
These cells could potentially provide a suitable signal to modulate hippocampal dynamics
associated with memory formation. Midbrain dopaminergic cells which show sustained
responses to temporally extended events, including spatial novelty, may also have distinct
projection targets, including the hippocampus, while other cells may better show phasic

responses to discrete events and preferentially project to other targets.
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It is also interesting to note that the stimuli invoking the sustained response seen here
potentially bear some similarity to the stimuli which produce error prediction type phasic
responses, since exposure to a novel environment could be classified as an unexpected or
salient occurrence. Furthermore, since dopaminergic neurons can show responses from stimuli
across different sensory modalities, numerous brain areas must be capable of informing
midbrain dopaminergic activity either directly or indirectly, including visual and auditory areas
(Schultz, 1998, 2007). Equally, environmental related novelty information present in the
hippocampus could inform midbrain dopaminergic activity either directly or through
projections to the nucleus accumbens and ventral pallidum to the VTA (Lisman and Grace,

2005) or via the lateral septum (Luo et al., 2011).
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Chapter 5 Novelty, sleep reactivation and the effect
of midbrain derived dopamine on
hippocampal network dynamics in the
open field

5.1 Introduction

Hippocampal reactivation of waking firing patterns during subsequent sleep is one line of
evidence whereby the spatial map and memory functions of the hippocampus converge.
Hippocampal reactivation is the phenomenon that the environment-specific firing associations
of place cells and other firing which occur during waking experience in an environment reoccur
during subsequent rest and slow wave sleep (O'Neill et al., 2006; Skaggs and McNaughton,
1996; Wilson and McNaughton, 1994). This activity is thought important for the strengthening
of representations formed within the hippocampus (Buzsaki, 1989; Carr et al., 2011; O'Neill et
al., 2010; O'Neill et al., 2008) as well as potentially aiding the creation and strengthening of
neocortical memory representations (Chrobak and Buzsaki, 1996; Chrobak and Buzsaki, 1998;
Clemens et al., 2007; Clemens et al.,, 2011; Isomura et al., 2006; Siapas et al., 2005). In
particular, firing activity during active waking experience, when the LFP in the hippocampus is
showing a prominent theta frequency oscillation, has been demonstrated to reoccur in a
temporally compressed fashion during intermittent LFP events called sharp wave ripples
(SWR), prominent during slow wave sleep (O'Neill et al., 2010; Skaggs and McNaughton, 1996;
Wilson and McNaughton, 1994). One means to measure the strength of this reactivation is to
compare the extent to which co-firing relationships between cell pairs across theta cycles
correlate with co-firing relationships in subsequent SWR events (O'Neill et al., 2006; O'Neill et
al.,, 2008). An intriguing observation in relation to SWR reactivation is that reactivation
strength after exploration of a novel environment is higher than that seen after exploration of

a familiar environment (O'Neill et al., 2008). Guided by this observation, the finding of

94



increased activity in midbrain dopaminergic neurons during exploration of novel environments
(Chapter 4), and the idea that SWR reactivation increases the strength of new memories, in
this chapter, | report the results of experiments investigating a potential role for midbrain
derived dopamine signalling in hippocampal pyramidal neuron firing dynamics associated with

memory formation. In these experiments animals explored both familiar and novel open fields.

5.2 Experimental outline

In order to determine if the midbrain dopaminergic projection to the hippocampus can
modulate hippocampal electrophysiological activity associated with memory formation, |
performed in vivo multichannel recordings combined with optogenetic activation of this
projection. To achieve this, | injected DAT-IRES-Cre mice (Backman et al., 2006) in the VTA with
a Cre inducible viral vector coding for a chimeric protein formed of the light activated ion
channel channelrhodopsin-2 and enhanced yellow florescent protein (see section 2.2). This
resulted in ion channel expression in dopaminergic neurons. These neurons could then be
activated by application of blue light from a laser source through the chronically implanted
optic fibre. Two different optic fibre implant locations were used; two animals had the optic
fibre implanted directly above the VTA to activate the dopaminergic neurons at their cell
bodies (‘VTA-ON’ configuration), whereas, for the other six animals the optic fibre was located
at the top of the dorsal hippocampus (‘dCA1-ON’ configuration) in order to activate at the
transfected dopaminergic fibres in dorsal CA1 (see section 2.5). Note in all cases the viral

construct was injected in the VTA.

During recordings, the mice spontaneously explored an open field in the absence of any food
rewards. Open fields of various geometries were used some of which were novel to the animal
in that they had not been experienced, whereas others were familiar in that the animal had
been previously exposed to the environment several times in the days before the recording. In
order to assess the sleep reactivation of waking firing patterns, recordings were also taken
during rest and sleep sessions before and after each exploration, during which time the mouse
was placed in a small box containing home cage bedding. Photostimulation was only ever
applied during the exploration sessions and never while the mouse was in the rest box.

Photostimulation was delivered as 10 ms light pulses. Burst mode photostimulation consisted
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of bursts of 20 light pulses (inter pulse interval of 50 ms) with bursts delivered every 40
seconds. Tonic mode photostimulation, consisting of the same number of light pulses as burst
except equally spaced (one pulse delivered every two seconds), was applied in separate
recording sessions. In addition, | recorded exploration sessions in the absence of
photostimulation in order to provide a measure of baseline physiology and enable comparison.
Finally, two control conditions were also recorded with the help of colleagues. In the first, two
additional DAT-IRES-Cre mice were injected in the VTA with a Cre inducible viral construct
coding for enhanced yellow florescent protein alone. Recordings were still performed across
conditions, including in the presence of photostimulation. This provided a control for the
illumination caused by the laser light, particularly that traveling through the brain to the back
of the retina, which potentially could have had an effect on the arousal state of the animal. In
the second control condition, animals expressing the light sensitive ion channels received an
intraperitoneal injection of the dopamine antagonist SCH23390 prior to exploration of the
open field, in the presence of burst mode photostimulation. Any effect of photoactivation of
dopaminergic neurons blocked in this condition could then be better ascribed to the action of
the neurotransmitter dopamine. The total number of recording sessions, the total number of
CA1 pyramidal cells isolated from the recordings and the resulting total number of
simultaneously recorded CA1 pyramidal cell pairs broken down per subject across the various

conditions is shown in Table 5.1.
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Table 5.1 Recording sessions and cell counts
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5.3 Exploratory behaviour, CA1 network physiology and the

activation of dopamine

The mice actively explored the various environments covering the entire space well. This may
have been in part due to the recording protocol which consisted of periods in which the mouse
rested in the relatively confined space of the sleep box interspersed with the active periods in
the various open fields. This behaviour pattern was also encouraged in the training days
preceding the recording days which were used to familiarise the mice with the familiar
environments, sleep box and recording head-stage (see section 2.8). Figure 5.1a shows the
instantaneous speed for the same mouse recorded on the same day as it explores a familiar
open field, a novel open field and another novel open field with burst mode photostimulation
enabled. Photostimulation did not alter exploratory behaviour. The mean speed throughout
exploration recorded across animals was not different between exploration in familiar and
novel environments or in the presence of photoactivation of dopaminergic neurons (Fs 143 =

0.44, P =0.72, one-way ANOVA, Figure 5.1b).

As an animal explores or moves through an environment the local field potential recorded
from the hippocampal formation shows a prominent oscillation within the theta (5-12 Hz)
frequency band (Buzsaki, 2002; Green and Arduini, 1954; Vanderwolf, 1969). The mean
frequency of detected theta cycles (see section 2.13) used in the analysis here was 7.5 Hz
(median 7.7 Hz with a quartile range of 6.7-8.6 Hz). Pyramidal neurons in the CA1 subfield of
the hippocampus preferentially discharge action potentials near the trough of theta frequency
oscillations (Csicsvari et al., 1999). The basic properties of CA1 network physiology were
unaltered by photostimulation of dopaminergic neurons. The mean firing rate of hippocampal
pyramidal cells was similar from familiar to novel environments and during exploration
sessions where photoactivation of dopaminergic neurons was enabled (F3 28,0 = 0.088, P =
0.97, one-way ANOVA, Figure 5.2a). Theta frequency oscillations remained present during
exploration in the photostimulation enabled conditions and the mean number of theta cycles
per waking session (5699.6 + 165.5) was not different across conditions (Fs 143 = 1.41, P = 0.24,
one-way ANOVA). The distributions of instantaneous speed across theta cycles during epochs

of theta activity were also similar and corresponded to periods when the animals were actively
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exploring the environment (Figure 5.2b). Theta band activity was measured from the local field

potential recorded in the CA1 pyramidal cell layer.

Familiar

201

301
Novel

Instantaneous speed (cm/s)

] Novel dcat-oN

201

Time (min)

Mean speed (cm/s)

Novel VTA-ON
Novel dCA1-ON

Figure 5.1 Exploratory behaviour in open field environments

(a) Example instantaneous speed plots (820 ms bins) generated from exploration in the familiar
open field and two novel open fields, one without photostimulation and one with
photostimulation targeted at dorsal CA1 (dCA1-ON). (b) The mean speed across animals during
exploration in the familiar, novel and novel VTA/dCA1-ON conditions (means *+ s.e.m.) was not
different (F3 143 = 0.44, P = 0.72, one-way ANOVA).

Furthermore, the coupling of dorsal CA1 pyramidal neuron firing to the theta oscillation
remained in photostimulation enabled conditions, as evidenced in the average autocorrelation
histograms of dorsal CA1 pyramidal neurons. The average autocorrelation histograms for each
condition show a similar level of theta modulation (Figure 5.2c). The distributions of preferred

theta phase of dorsal CA1 pyramidal cells were also similar across conditions (Figure 5.2d),
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showing the phase of this coupling was also unaltered in the photostimulation enabled
conditions. For the preferred phase distributions, the preferred firing phase for each cell was
calculated and the distribution generated with each cell providing a single preferred phase
point. Finally, the presence and phase of dorsal CA1l pyramidal neuron spike coupling to the
theta band oscillation can be seen in the average firing probability theta-phase histograms of
Figure 5.2e. Here, the theta-phase firing probability distribution for each cell was calculated

separately and the distributions were then averaged.
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Figure 5.2 Basic CA1 network physiology and the activation of dopamine

(a) The mean firing rate normalised by the mean in the familiar open field of dCA1 pyramidal
cells during exploration in the familiar, novel and novel VTA/dCA1-ON conditions (means #
s.e.m.) was not different (F3 ;340 = 0.088, P = 0.97, one-way ANOVA). (b) Distributions of the
instantaneous speed (means * s.e.m.) across theta cycles during epochs of theta activity during
exploration in the familiar, novel and novel VTA/dCA1-ON conditions. (c) Average
autocorrelation histograms of dCA1 pyramidal cells (10 ms bins) in the various conditions
(means + s.e.m.). (d) Distributions of the preferred theta phase for dCA1 pyramidal cells. (e)
Average firing probability theta-phase histograms of dCA1 pyramidal cells (means + s.e.m.).
Dashed lines represent ideal theta waves.
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Figure 5.3 Environmental remapping in different open fields

(a) Example of spatial rate maps for a set of dCA1 pyramidal cells from the same recording day
followed across exploration in a familiar open field and two novel open fields, one without
photostimulation and one with photostimulation targeted at dorsal CA1. The peak firing rate in
Hertz is shown for each cell. (b) Distributions of sparsity and coherence spatial tuning measures
across animals in the different conditions. The distribution of spatial tuning measures was
unaltered by photostimulation (sparsity: P = 0.15, coherence: P = 0.80, Kolmogorov-Smirnov
test, novel OFF versus novel ON). (c) Dorsal CA1 pyramidal cell co-firing correlations were
similar within environments (first versus second half) and remapped (were less correlated) for
between environment comparisons (all P < 0.0001, z-test, for each within environment value
compared to each across environment value). The extent of remapping was unaltered by
photostimulation (z = 0.46, P = 0.65, z-test, for familiar versus novel OFF compared to familiar
versus novel ON).
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5.4 Spatial tuning and environmental remapping was unaltered

by DA stimulation

As the mice explored the various open fields many of the dorsal CA1 pyramidal cells showed
place specific increased firing within the environment, with different cells increasing their
firing in different locations. Figure 5.3a shows the firing as a function of the position of the
animal for a number of simultaneously recorded cells from the same animal across exploration
in a familiar open field, novel open field and novel open field in the presence of dorsal CAl
targeted burst mode photostimulation. Note how some cells are more active in one
environment compared to the others, and also how the locations of the firing fields varies
creating differing firing relationships between the cells in the different environments. The
spatial tuning of the firing can be assessed through two measures, sparsity and coherence (see
section 2.18). Sparsity reflects the proportion of the environment in which the cell is active
with a lower value indicating greater place specific firing (Skaggs et al., 1996). Coherence gives
a measure of the ‘consistency’ of the map by assessing the similarity of the firing rate in
adjacent spatial bins with a higher number reflecting greater consistency (Muller and Kubie,
1989). The distributions of sparsity and coherence measures across animals for exploration in a
familiar open field, novel open field and novel open field in the presence of dorsal CAl
targeted burst mode photostimulation is shown in Figure 5.3b. Photostimulation did not alter
the distribution of spatial tuning measures (sparsity: P = 0.15, coherence: P = 0.80,

Kolmogorov-Smirnov test).

Spatial representations remapped between environments and the extent of this remapping
was unaltered by photostimulation. | measured this using a correlation based co-firing
measure by comparing the activity of cell pairs in theta cycle bins during exploration in one
environment with that during exploration in another environment. This measure quantified
the extent to which the firing relationships present in one environment were maintained in the
second environment. Comparison of the first half and second half of exploration revealed that
representations showed similar stability within exploration of a familiar open field, a novel
open field and a novel open field in the presence of dorsal CAl targeted burst mode
photostimulation, whereas, comparison across the different environments showed reduced

stability (P < 0.0001 for each within environment value compared to each across environment
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value, z-tests, Figure 5.3c). The extent of this remapping was not different in the presence of
photostimulation (z = 0.46, P = 0.65, z-test, for familiar versus novel in the absence of
photostimulation compared to familiar versus novel in the presence of dorsal CAl targeted

burst mode photostimulation).

5.5 DA stimulation during waking exploration enhanced

subsequent sleep reactivation

The occurrence of firing activity in hippocampal pyramidal neurons during sleep periods
resembling that which occurred during the previous waking exploration is often referred to as
hippocampal reactivation (O'Neill et al.,, 2010; Wilson and McNaughton, 1994). This
reactivation of waking firing patterns occurs most prominently during high frequency local
field potential (LFP) events called sharp wave ripples (SWR), and best reflects wakening firing
activity which occurred at times of high theta band power in the LFP, when the animal was
moving through the environment. In order to measure the strength of this reactivation, | used
a correlation based co-firing measure (O'Neill et al., 2006; O'Neill et al., 2008) similar to that
used for remapping in the previous section (see also section 2.15). This measure reflects the
extent cells which fire together (correlated) during waking exploration still fire together in later
sleep, and cells which fire separately (anti-correlated) still fire separately in later sleep. Only
CA1 pyramidal cells were included in this analysis. | first calculated for each cell pair their
tendency to co-fire across theta cycles during waking exploration (theta co-firing; Pearson
correlation of instantaneous firing counts in theta cycle bins). | then separately calculated the
tendency of the same cell pairs to co-fire in the following rest period during SWR events (SWR
co-firing; Pearson correlation of instantaneous firing counts in bins alighed to SWR events).
Finally, reactivation strength was calculated as the similarity of the firing associations
expressed during sleep compared to waking and was obtained by calculating the Pearson

correlation between the SWR co-firing values and the theta co-firing values.
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Figure 5.4 Open field enhanced sleep reactivation after activation of dopamine

Grey bars represent sleep reactivation after exploration in the open field across a number of
conditions. White bars establish a baseline correlation level through comparison of waking
activity in the various conditions to sleep recordings at the start of each day before exploration
started. In all conditions reactivation strength was higher than the baseline comparison (all P <
0.0001, z-tests, Table 5.2). Reactivation strength was greater after exploration of a novel open
field compared to a familiar open field (P = 1.7x10°). This was further increased by burst mode
photostimulation of midbrain dopaminergic neurons both at their cell bodies in the VTA (VTA-
ON) and at the afferent dopaminergic fibres in the hippocampus (dCA1-ON), during exploration
of a novel environment (VTA-ON: P = 0.011; dCA1-ON: P = 7.2x10™"). This enhanced
reactivation was not seen in photostimulated control animals injected with a viral construct
lacking the sequence coding for channelrhodopsin-2 (P = 0.70), nor was it present in animals
injected with the dopamine antagonist SCH23390 prior to exploration in the presence of burst
mode photostimulation (P = 0.42). Tonic mode photostimulation produced only a weak trend of
increased reactivation (P = 0.052). Burst mode photostimulation also increased reactivation
strength when delivered during exploration of a familiar open field when compared to the
familiar non-stimulated condition (P = 0.030, ‘+" symbol in figure). z and P values from z-tests
for all possible comparisons between reactivation strength in each of the conditions including
those highlighted in this caption are reported in Table 5.3. All error bars are correlation
coefficient + standard error of the correlation coefficient.

Table 5.2 Baseline correlations (Rest before) versus reactivation strength (Rest after)

Rest before Rest after Rest before vs Rest after

correlation coefficient* correlation coefficient* Z-value  P-value
Familiar 0.066 + 0.007 0.126 £ 0.007 -5.7 1.0E-08
Novel 0.059 + 0.007 0.175+ 0.007 -11.1 9.0E-29
Novel VTA-ON burst 0.032 + 0.037 0.267 + 0.036 -4.6 4.8E-06
Novel dCA1-ON burst 0.068 + 0.012 0.263 + 0.011 -11.9 6.9E-33
Novel dCA1-ON burst eYFP ctrl. 0.052 + 0.010 0.171 +£0.010 -8.2 1.6E-16
Novel dCA1-ON burst SCH23390 0.042 + 0.014 0.143 +0.014 -5.1 3.9E-07
Novel dCA1-ON tonic 0.036 + 0.017 0.210+0.017 -7.3 2.3E-13
Familiar dCA1-ON burst 0.039+0.014 0.159 + 0.014 -6.2 6.2E-10

*Pearson correlation coefficient + the standard error of the correlation coefficient
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Table 5.3 Comparison of reactivation strength (Rest after) across conditions

Z values
Familiar 10.12 3.61 1.10 4.66 2.18
1.7E-06 6.52 -0.38 -2.04 1.94 -1.04
Novel VTA-ON _ K - -
0.00011 0.011 burst 2.62 3.24 147 2.84
Novel dCA1-ON
43E-24  T7.2E-11 0.90 o -6.69 -2.66 -5.91
Novel dCA1-ON
0.00031 0.70 0.0088  8.6E10 | burst eYFP cirl 2.06 -0.67
Novel dCA1-ON 3.10 0.83
0.27 0.042 0.0012 2.2E-11 0.11 burst SCH23390 ' ’
Novel dCA1-ON -2.39
3.2E-06 0.052 0.14 0.0078 0.040 0.0019 tonic :
Familiar dCA1-ON
0.030 0.30 0.0046 3.4E-09 0.50 0.41 burst
P values

Hippocampal reactivation occurred in sleep after exploration under all conditions. When firing
associations present during exploration were compared with firing associations in subsequent
sleep, they always better matched than when the same waking firing associations were
compared to firing associations in sleep recordings taken daily before exploration recordings
began (all P < 0.0001, z-tests, Figure 5.4, Table 5.2). As previously reported in rats (O'Neill et
al.,, 2008) and now replicated in mice, reactivation strength after exploration of a novel
environment was higher than that seen after exploration of a familiar environment (z = 4.79, P
= 1.7x10°, z-test, Figure 5.4, Table 5.3). When applied during exploration of a novel
environment, burst mode photostimulation of dopaminergic neurons both at their cell bodies
in the VTA or at their afferent dopaminergic fibres in the hippocampus produced enhanced
hippocampal reactivation in the subsequent sleep/rest (VTA-ON: z = 2.53, P = 0.011; dCA1-ON:
z=6.52, P =7.2x10"; z-tests, Figure 5.4). Additionally, dCA1-ON burst mode photostimulation
during exploration of a familiar environment resulted in enhanced reactivation in comparison
to the unstimulated condition (z = 2.18, P = 0.030, z-test, Figure 5.4). However, the enhanced
reactivation seen after stimulation in the familiar environment remained lower than that seen
after stimulation in the novel environment (z = -5.91, P = 3.4x10°, z-test, Figure 5.4) and was
similar in strength to that produced by novelty in the absence of stimulation (z = -1.04, P =
0.30, z-test, Figure 5.4). The enhanced reactivation produced by burst mode photostimulation
in the novel environment was blocked when the D1/D5 antagonist SCH23390 was injected
prior to exploration, with reactivation strength reducing to levels more near those seen for the

familiar condition (compared to novel: z = -2.04, P = 0.042; compared with familiar: z=1.10, P

105



= 0.27; z-tests, Figure 5.4). Enhanced reactivation was also not present in photostimulated
DAT-IRES-Cre mice transfected with a viral construct coding for enhanced yellow florescent
protein and lacking the light activated ion channel channelrhodopsin-2 (z = -0.38, P = 0.70, z-
test, Figure 5.4). Finally, tonic mode stimulation consisting of the same number of light pulses
(now equally spaced), when delivered in the novel environment, produced only a weak trend

of increased reactivation (z = 1.94, P = 0.052, z-test, Figure 5.4).

5.6 Broader sleep physiology and associated estimates of arousal

were unaltered post activation of dopamine

When placed in the sleep box during the recording days, mice generally quickly settled into an
immobile state. The hippocampal local field potential recorded from the CA1 pyramidal cell
layer visibly changed, with sharp wave ripples occurring in much greater abundancy being the
most prominent change. Figure 5.5a shows instantaneous speed plots calculated in 820 ms
bins across three recordings from the same day when the animal was in the sleep box, the first
is rest before exploration, the second is rest after exploration of a novel environment in the
absence of photostimulation and the third is rest after exploration of a novel environment
with burst mode photostimulation enabled. Note the animal is mostly immobile with an
instantaneous speed below 2 cm/s represented by the dashed dotted lines. However,
occasionally there are times where the instantaneous speed is above 2 cm/s representing
times where the animal moves its head or moves about within the box. These general
properties of animal state and recorded field potential remained unaltered in sleep sessions
after photostimulation of dopaminergic neurons. The portion of time spent immobile was
similar across the data set for rest before exploration and rest after exploration in the absence
of photostimulation, with VTA photostimulation and with dorsal hippocampus
photostimulation (Figure 5.5b). The number of sharp wave ripples per second was also
unaffected by photoactivation of dopaminergic neurons with rest before exploration, rest after
exploration OFF, VTA-ON and dCA1-ON all having a similar number of SWR per second (Fs 143 =
0.24, P = 0.86; Figure 5.5c). The final electrophysiological measure of arousal presented here is
the theta/delta ratio. When the animal is awake and active in an environment, the local field
potential shows higher power in the theta band (5-12 Hz), whereas during slow wave sleep a

delta band (2-4 Hz) oscillation is present, thus allowing the theta/delta ratio to be used as an
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indication of arousal (Csicsvari et al., 1999). Photostimulation in the previous exploration did
not alter the theta/delta ratio in the subsequent rest session with, rest before exploration and
rest after exploration OFF, VTA-ON and dCA1-ON all producing a similar theta/delta ratio (Fs, 143

=0.24, P =0.86, ANOVA,; Figure 5.5d).
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Figure 5.5 Estimates of arousal state in rest sessions preceding and following exploration

(a) Example instantaneous speed plots (820 ms bins) of a DAT-IRES-Cre mouse during rest in
the sleep box before open field explorations, after exploration of a novel open field and after
exploration of a novel open field with dCA1-ON photostimulation. Note that the animal spent
most of its time immobile (instantaneous speed < 2cm/s; dashed line) in all conditions. (b) The
distributions of the instantaneous speed (means + s.e.m.) across animals. The proportion of
time spent immobile (left of the 2 cm/s dashed line) was similar during the sleep/immobility
rest sessions before exploration and after exploration across conditions. (c) The number of
SWRs per second was similar in rest before exploration and after exploration across conditions
(means * s.e.m.; F3 143 = 0.24, P = 0.86, one way ANOVA). (d) The theta/delta band power ratio
(means £ s.e.m.; F3 143 = 2.10, P = 0.10, one way ANOVA) was not significantly different in rest
before exploration and after exploration across conditions.
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5.7 Dorsal CA1 pyramidal cell discharge during sharp wave ripple

events

During sharp wave ripple events the Schaffer collaterals of groups of CA3 pyramidal neurons
provide a temporally concentrated depolarising glutamatergic input to CA1 pyramidal neurons
(Csicsvari et al., 2000; Sullivan et al., 2011). This depolarisation is evident as a negative
deflection of the LFP (sharp wave component) when recorded from stratum radiatum or the
bottom of the pyramidal cell layer. The firing probability of pyramidal neurons in CAl increases
during SWR events due, in part, to this depolarising input (Csicsvari et al., 2000). Pyramidal cell
firing locked to SWR events is evident in the simultaneously recorded raster plots of isolated
pyramidal neurons in Figure 5.6a which are shown along with the wide band recording from
one of the channels and the same trace band pass filtered in the ripple band (135-250 Hz).
Note the vertical stripes of concentrated pyramidal neuron firing coinciding with the ripple
events. Pyramidal cell participation in SWR events is also evident in the SWR triggered firing

rate histograms of Figure 5.6c.

The mean field potential structure of sharp waves was unaltered in sessions following
photostimulation. Figure 5.6b shows the mean SWR-triggered waveforms from three separate
tetrodes, with waveforms from rest before exploration and rest after exploration with burst
mode photostimulation superimposed. Additionally, broad metrics of CA1 pyramidal neuron
participation in SWR events remained unaltered across rest sessions recorded before
exploration, after non-stimulated exploration and after exploration with photoactivation of
dopamine. The SWR triggered firing rate histograms were similar across conditions (Figure
5.6c¢). Firing rate histograms were calculated using 20 ms bins in reference to the peak ripple
band power. The mean peak SWR firing rate (peak bin of the SWR triggered firing rate
histograms) was not different across conditions (F,, ;89 = 0.86, P = 0.42, one-way ANOVA,
Figure 5.6c insert). Additionally, for each SWR event, the mean proportion of pyramidal cells
discharging at least one action potential was not different in rest sessions before exploration,
after exploration and after exploration with photoactivation of dopamine (F; 1,0 = 0.78, P =

0.46, one-way ANOVA, Figure 5.6d).
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Figure 5.6 Sharp wave ripple firing responses of dCA1 pyramidal cells during rest

(a) Top trace, wide band signal. Bottom trace, 135-250 Hz band pass filtered signal highlighting
ripple frequency events. Raster plots, spike times of simultaneously recorded dCA1 pyramidal
cells (one cell per row). Note the firing synchrony of pyramidal cells during ripple events. (b)
Mean SWR-triggered waveforms from three separate tetrodes recorded during rest before and
after dCA1-ON photostimulation. Traces obtained from the same tetrode (one channel
displayed) are superimposed. (c) SWR-triggered firing rate histograms (means + s.e.m.) of dCA1
pyramidal cells from mice during rest sessions preceding and following exploratory sessions
with or without photostimulation. SWR firing rate histograms were calculated using 20 ms bins
in reference to the SWR peak (i.e., peak of ripple-band power). The mean peak SWR firing rate
was unaltered by photostimulation (F, 559, = 0.86, P = 0.42, one way ANOVA). (d) The
proportion of SWR-active pyramidal cells (i.e., for each SWR the proportion of cells discharging
at least one spike) in rest sessions preceding and following exploratory sessions with or without
photostimulation was similar (means + s.e.m.; F, 1,9 = 0.78, P = 0.46, one way ANOVA). Note
data recorded from DAT-IRES-Cre mice included in the next chapter were also included in this
analysis.
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5.8 Discussion

In this chapter, | report results demonstrating that activation of midbrain dopaminergic
neurons — both at their cell bodies in the VTA or at the afferent dopaminergic fibres within the
hippocampus — during waking experience in an open field resulted in enhanced reactivation in
subsequent sleep/rest of the dorsal CA1l waking firing activity which occurred during
experience in that open field (see section 5.5). Reactivation was measured during LFP events
called sharp wave ripples. This finding reveals a process capable of regulating which
experiences are retained as memories and which are forgotten since hippocampal SWR
reactivation is thought to aid memory consolidation through the strengthening (and perhaps
reorganisation) of representations formed during waking experience (Buzsaki, 1989; Carr et al.,
2011; O'Neill et al., 2010; O'Neill et al., 2008). Additionally, the effect was due to the activation
of light activated ion channels targeted to dopaminergic neurons and not confounds due to
virus transfection or the delivery of laser light to the brain since it was not seen in animals
injected with a viral construct lacking the coding sequence for the light activated ion-channel.
Mice injected with the D1/D5 receptor antagonist SCH23390 also did not show enhanced
reactivation in subsequent rest/sleep indicating that the effect on reactivation was directly
mediated through dopamine receptor activation. Furthermore, enhanced reactivation
measured after photoactivation of dopaminergic neurons could not be explained due to a
change in exploratory activity levels in the photostimulation enabled condition because the
mean speeds of the animals were similar across conditions (see section 5.3). Nor can it be
explained by changes in arousal level during the different sleep/rest periods since the animals
showed similar levels of immobility, the theta/delta ratio was similar and the rate at which
SWR events occurred was also similar, irrespective of whether photostimulation had been
enabled in the preceding exploration (see section 5.6). Furthermore, enhanced reactivation
was not due to a change in the extent of pyramidal cell participation in the SWR events (see
section 5.7). Nor could it be attributed to a change in the waking firing of pyramidal cells
because the spatial tuning properties of dorsal CA1 pyramidal cells and the reorganisation of
dorsal CA1 pyramidal cell co-firing associations between environments was unaffected when

photostimulation was enabled during exploration (see section 5.4).
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It may have been expected that animals would have had increased locomotor activity in the
novel environments or perhaps in exploratory sessions with photostimulation enabled. Mice
did show high levels of locomotor activity in the novel environments. This, however, was not
significantly different to movement levels in the familiar environment since in this study
animals were also active in the familiar environments. The high levels of locomotor activity in
the familiar environments were encouraged as part of the experimental design to remove
differences in movement levels as a confounding factor in the analysis. Two factors potentially
contributed to this. Firstly, it is possible that the mice tended to be more active in the open
fields due to immediately previously being inactive in the relatively confined space of the sleep
box. Secondly, increased locomotion was encouraged during pre-training; during the days
before the recordings began, when the animals were familiarised with the familiar open field
and sleep box, if the animal stopped moving for an extended period in the open field | would
introduce my hand above the environment and this typically caused the animal to move about
again. It is possible that experiments in less active animals or studies with increased duration

of photostimulation would see a difference in locomotor activity across conditions.

The results of this chapter strongly implicate sleep reactivation as a means through which
dopamine signalling capable of coding for value and novelty (see Chapter 4) can affect
hippocampal network dynamics resulting in increased memory persistence, thus allowing
dopamine signalling to modulate memory performance. However, a direct demonstration of
optogenetic activation of dopamine on memory performance and an assessment of the effect
of hippocampal dopamine activation on the stability of dCA1 firing patterns associated with
spatial representations was still lacking and is addressed in experiments reported in the next
chapter. The results of this chapter also raise questions about how enhanced reactivation fits
with theories of hippocampal dopamine receptor activation ‘tagging’ synapses for enhanced
potentiation through the activation of second systems (Redondo and Morris, 2011; Takeuchi et

al., 2014; Wang et al., 2010) and is discussed in the final chapter.
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Chapter 6 Memory persistence and dopamine in
the hippocampus during a spatial
learning task

6.1 Introduction

The open field experiments presented in Chapter 5 revealed that activation of midbrain
derived dopaminergic afferents within the hippocampus during waking exploration resulted in
enhanced reactivation in subsequent sleep. This result coupled with results from behavioural
studies using pharmacological manipulation of dopamine receptors within the hippocampus
(Bethus et al., 2010; O'Carroll et al., 2006; Wang et al., 2010) suggested that optogenetic
activation of dopamine in the hippocampus would result in improved memory performance;
however, a direct demonstration of this was still lacking. Importantly, it also remained unclear
to what extent any effect of dopamine signalling on memory would be due to a direct effect on
the ability or rate of learning as opposed to being aided by upregulation of processes occurring
after acquisition aiding retention. In this chapter | present data addressing these questions
based on recordings from a new spatial learning task developed in collaboration with lab
members. In addition to allowing memory retention to be assessed in a probe test an
important feature of this task is that it also allows the rate of learning to be assessed. This is
because performance improves gradually over a number of learning trials resulting in a
learning curve with potential to show either an increase or decrease in the rate of learning. |
also investigate if changes in behaviourally assessed memory performance are accompanied
by, and reflect changes in, the spatial representations within the brain measured by large scale

recording from the CA1 pyramidal cell layer.

6.2 Experimental outline

To assess the effect of midbrain derived dopamine on hippocampal firing dynamics during

learning, with the help of lab colleagues, we developed a new spatial learning task dubbed the
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crossword maze (see section 2.11) based on a layout used previously by Tolman (1948). The
maze consisted of four start boxes and eight intersecting tracks without side walls as shown in
Figure 2.1. Movable barriers could be introduced across the tracks providing a blockade which
the mouse was unable to pass. There were three stages in the experimental protocol, pre-
learning, learning and probe, which were interspersed with rest periods during which time the
mouse was placed in a small box containing home cage bedding. During the pre-learning stage,
mice were allowed to freely explore the maze in the absence of barriers with the start boxes
closed. For the learning stage the maze was setup with a new configuration each day. Two
start boxes were selected as in use for that day and a reward location was chosen at the end of
one of the tracks protruding from the maze. Barriers were introduced such that there was only
one path from each of the in use start boxes to the reward location. Mice were given twenty
trials to learn the maze configuration and reward location. Finally, in the probe stage a probe
test was performed one hour after the end of the learning stage. For the probe test, the maze
configuration was maintained from the learning stage but no reward was placed at the reward
location and the mouse was placed in one of the in use start boxes and allowed to move freely
on the maze. This was repeated four times to ensure the mouse covered the maze allowing the

calculation of spatial firing rate maps for the probe recording stage.

A total of four DAT-IRES-Cre mice were recorded performing the crossword maze task. Mice
received bilateral injections in the VTA of a Cre activated viral construct coding for
channelrhodopsin-2 fused to enhanced yellow fluorescent protein. Mice also received a
bilateral implant whereby an optic fibre was located at the top of the hippocampus on either
side of the brain, with tetrode recordings also performed from the dorsal CAl of both
hippocampi. On about half of the recording days, burst mode photostimulation (trains of 20
light pulses 20 ms in duration with pulses at 50 ms intervals and a burst train delivered every
20 seconds) was enabled during the learning trials with the other days performed in the
absence of photostimulation serving as a baseline for comparison. Recordings were performed
in four mice providing 12 days (3, 3, 1 and 5 per animal) without photostimulation, yielding
244 pyramidal cells (16, 33, 4 and 191 per animal), giving 6061 simultaneously recorded cell

pairs (52, 361, 6 and 5642 per animal), and 13 days with photostimulation enabled, yielding
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316 pyramidal cells (53, 89, 18 and 156 per animal), giving 6011 simultaneously recorded cell

pairs (598, 1398, 108 and 3907 per animal).
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Figure 6.1 Behavioural performance in the crossword maze task

(a) Recording protocol with example single-day single-animal trajectories for the pre-learning,
learning and probe sessions. Arrows indicate reward location for that day and in-use start
boxes are shown in white. Note the last learning trials are shorter and the mouse remembered
the newly-learned goal location in the first probe test (green). (b) Left, photostimulation did not
alter path shortening to reward across learning trials (means * s.e.m. of per day values across
animals, Fig 405 = 0.40, P = 0.99, between-within repeated ANOVA group x trial interaction).
Right, photostimulation stabilised subsequent performance in the probe test preventing
degradation in path length to reward seen on laser off days (t,; = 4.99, P = 4.8x10”, unpaired t-
test).
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Figure 6.2 Crossword maze spatial maps

(a) Spatial rate maps for a set of dCA1 pyramidal cells from the same recording day followed
across the pre-learning, learning and probe stages. The peak firing rate (Hz) for each map is
shown. The maze configuration for that day is depicted in the top left. Note that most cells
established new firing fields in learning compared to pre-learning and many but not all
reinstated the newly-established maps during the probe test. (b) Left, photostimulation did not
affect the reorganization of dCA1 spatial maps between pre-learning and learning, with the
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pre-learning to learning comparison showing similarly lower correlation levels, in contrast to
the within pre-learning comparison for both the photostimulated and non-stimulated
conditions. Right, photostimulation promoted the reinstatement of newly-established maps
during the probe test since comparison of learning to probe showed a higher correlation on
photostimulated days over non-stimulated days (z = 5.90, P = 3.6x10°°, z-test). Note how in the
presence of dCA1 burst mode photostimulation the correlation levels reached the level seen in
the within pre-learning comparison.

6.3 Behavioural performance

During the pre-learning stage, mice arbitrarily moved throughout the maze in much the same
manner as animals in the open field did, generally covering the entirety of the maze.
Performance during learning trials was assessed by measuring the path length from the start
box to the rewarded location in each trial. During the learning trials, mice gradually learned the
new maze layout and reward location with path length gradually shortening across trials
(Figure 6.1). Photoactivation of afferent dopaminergic fibres within the hippocampus did not
alter the rate of learning (Fyg 405 = 0.40, P = 0.99, between-within repeated ANOVA group x trial
interaction, Figure 6.1). Importantly however, it did enhance memory performance in the
probe test. Path length to the now no longer rewarded reward location was shorter in probe
tests after learning with photoactivation of dopamine, than in probe tests after learning in the
absence of photostimulation (t,; = 4.99, P = 4.8x10”, unpaired t-test; Figure 6.1). Interestingly,
this enhanced memory performance maintained the path length at the level seen in the final
learning trials, preventing the degradation in performance seen on non-stimulated days. Note
photostimulation was only ever delivered during learning trials and not during the probe test

or intervening sleep periods.

6.4 Reorganisation and reinstatement of spatial maps

Figure 6.2a shows spatial rate maps for a selection of simultaneously recorded dorsal CA1l
pyramidal neurons calculated separately for the pre-learning, learning and probe stages. These
maps depict the firing rate of the cell as a function of the position of the animal. Each cell can
be seen to be more active in a sub-region of the environment or preferred firing field. The
combined firing of these cells and the many others not recorded here are thought to
collectively provide a representation of the environment within the brain (O'Keefe and Nadel,
1978). This representation remapped from the pre-learning exploration to the learning trials
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on the introduction of the barriers as can be seen in Figure 6.2a, since the preferred firing
fields of much of the recorded cells moved in location. This new representation was partially
reinstated in the probe test with many of the cells reinstating their preferred firing fields in the

new location established in the learning stage.

| used the population map similarity measure to quantify the similarity of this population
representation of the environment from two different time periods (Dupret et al., 2010;
O'Neill et al., 2008). It is based on comparing how cells which fired in similar regions of space
during the first time period, fire in similar regions of space in the second time period, and how
cells which fire in different regions of space still fire in different regions of space in the second
time period (see section 2.17). In this manner, the relative spatial firing relationships between
the cells can be compared. | first established the similarity expected of a within environment
comparison by comparing the first half to the second half of the pre-learning exploration. The
population map similarity calculated across days between the pre-learning and learning stages
was much lower than the within-environment baseline similarity reflecting the remapping
which occurred between the two stages (Figure 6.2b). The extent to which the population
representation remapped from pre-learning to learning across days was not different when
photoactivation of dopamine was enabled during the learning stage (Figure 6.2b). However,
the reinstatement in the probe test of the newly established spatial maps (second half of the
learning trials) was promoted following photoactivation of dorsal CA1 dopaminergic axons (z =
5.90, P = 3.6x107, z-test, Figure 6.2b). The population map similarity between learning (second
half) and the probe test on days with photostimulation enabled was at level similar to the
within-environment baseline comparison whereas for days without stimulation the similarity

level reflected only partial reinstatement.

6.5 Sleep reactivation

As in the open field experiments, hippocampal reactivation occurred in sleep after each of the
recording stages across conditions (reactivation strength was higher than a baseline level
generated through comparison with sleep recordings taken daily directly before the pre-
learning stage; comparison with sleep after pre-learning: z = 4.1, P = 4.6x107; after learning

with photostimulation off: z = 6.6, P = 3.3x10™; and after learning with photostimulation
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enabled: z = 10.2, P = 1.7x10™"; z-tests, Figure 6.3). Hippocampal reactivation is the
reoccurrence of firing associations between CA1 pyramidal neurons in rest and sleep matching
those which occurred during previous waking activity. | have quantified hippocampal
reactivation strength here as the similarity between waking co-firing of CA1 pyramidal cell
pairs during theta cycles and the co-firing during SWR events of the same cells during
subsequent sleep (see section 2.15). The higher the reactivation strength the better the firing
associations during sleep reflect those which occurred during the previous waking.
Reactivation strength in rest after the learning stage was higher than that observed after the
pre-learning stage (z = 4.23, P = 2.3x10°, z-test, Figure 6.3) suggesting that the introduction of
the barriers or the learning itself may invoke similar mechanisms as recruited to produce
enhanced reactivation in a novel open field compared to a familiar one (see Chapter 5). Similar
to results seen in the open field experiments, photoactivation of dopamine during learning
enhanced the reactivation of firing associations observed during the learning stage above the
reactivation strength seen on days without photostimulation (z = 3.16, P = 0.0016, z-test,
Figure 6.3). Importantly, this enhanced reactivation preceded enhanced memory retention

coupled with better reinstatement of the newly learned maps present in the probe tests.
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Figure 6.3 Crossword maze enhanced sleep reactivation after activation of dopamine

Grey bars represent reactivation strength in sleep/rest recordings after the stage indicated
below the bar. White bars establish a baseline correlation level through comparison of waking
activity in the various conditions to sleep recordings taken at the start of the day, before the
pre-learning stage commenced. In all conditions, reactivation strength was higher than the
baseline comparison (pre-learning: z = 4.1, P = 4.6x10°; learning dCA1-OFF: z = 6.6, P =
3.3x10™"%; learning dCA1-ON: z = 10.2, P = 1.7x10*; z-tests). Reactivation strength seen after
the learning stage was greater than that seen after the pre-learning stage (z = 4.23, P =
2.3x107, z-test). This increased further when burst mode photostimulation of the afferent
dopaminergic fibres in the hippocampus was applied during the learning stage (z = 3.16, P =
0.0016, z-test).
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Figure 6.4 Enhanced reactivation did not extend to recently expressed representations
Pre-learning stage patterns were reactivated in the sleep after the pre-learning stage (grey bar,
z=4.1, P = 4.6x10°, z-test) and also in the sleep after the learning stage (black dashed bar, z =
3.5, P = 5.1x10”, z-test). However, reactivation of the pre-learning representation in the
sleep/rest period after the learning stage was not enhanced by photostimulation delivered
during the intervening learning stage (black dashed bar compared to blue dashed bar, z = 0.21,
P =0.84, z-test).

One additional insight about enhanced hippocampal reactivation due to photoactivation of
dopamine revealed by the protocol used here is that only the actively expressed firing
associations (and hence the active representation) were more strongly reactivated. The effect
of photostimulation did not extend back in time to recently expressed representations despite
those representations still being retained by the network. Consider the firing associations
present during the pre-learning exploration. As stated already these pre-learning firing
associations were reactivated in the subsequent rest period (z = 4.1, P = 4.6x107, z-test, Figure
6.4). Additionally, on days with photostimulation disabled these same firing associations were
also reactivated with similar strength in the later rest after the learning stage (z = 3.5, P =
5.1x10™, z-test, Figure 6.4) indicating that the pre-learning representation was still present in
the hippocampal network during the learning stage despite not being actively expressed.
Interestingly however, on days where the photostimulation was enabled the pre-learning firing
associations were still only reactivated with this same strength in the rest after the learning
stage despite the intervening photoactivation of dopamine during the learning stage (days
with photostimulation compared to days without: z = 0.21, P = 0.84, z-test, Figure 6.4). Thus,

photoactivation of dopamine during waking behaviour produces enhanced reactivation of the
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concurrently actively expressed representations but the effect does not extend back to

recently expressed and still retained representations.

6.6 Hippocampal dependence of the crossword maze task

The hippocampal dependency of the crossword maze learning task was established in a
separate set of experiments as part of the development of the task with lab colleagues. Here
an optogenetic approach was used to disrupt hippocampal function during learning. In these
experiments, a total of five PV-IRES-Cre”* mice were injected bilaterally in the dorsal
hippocampi with the same Cre inducible viral construct used in the DAT-IRES-Cre mice (Figure
6.5). These mice also received a bilateral implant with optic fibres and tetrodes to the dorsal
hippocampi. The injections resulted in expression of the light activated ion channel
channelrhodopsin-2 fused to enhanced yellow fluorescent protein (ChR2-eYFP) in parvalbumin
expressing interneurons in the dorsal CAl. Figure 6.5b shows this expression through the
visualisation of the enhanced yellow florescent protein. The specificity of the expression can
be seen in Figure 6.5¢c which shows immunoreactivity against parvalbumin co-localising with
ChR2-eYFP expression. This approach was used in order to activate parvalbumin expressing
interneurons which in turn inhibited CA1 pyramidal neurons creating an overall disruptive
effect on the hippocampal network. The light pulse triggered raster plots in Figure 6.5d,
isolated from a dorsal CAl recording, show a putative parvalbumin expressing interneuron
firing increased action potentials during application of laser light. The mean firing rate of dorsal
CA1 pyramidal neurons was halved during photoactivation of parvalbumin expressing
interneurons (n = 224, Figure 6.5e), demonstrating the disruptive effect of the

photostimulation on the hippocampal network.
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Figure 6.5 Spatial learning on the crossword maze requires a functional hippocampus

(a) In order to disrupt locally the activity of dCA1 hippocampal pyramidal cells, a Cre-inducible
viral construct coding for channelrhodopsin-2 (ChR2-eYFP) was injected into the dCA1 of
parvalbumin PV-IRES-Cre”* mice. To control and monitor dCA1 pyramidal cell activity these
PVAAL::ChR2-eYFP mice were implanted in dCA1 for combined in vivo multichannel recordings
with photostimulation. (b) Low magnification image showing the expression of ChR2-eYFP
targeted to the dCA1 of a PV-IRES-Cre”* mouse. (c) High magnification confocal image of the
dCA1 showing expression of ChR2-eYFP in PV expressing interneurons (flattened 5 um z-stack).
Cell nuclei stained with DAPI. (d) Raster plot showing the spike times of one dCA1 interneuron
recorded in a PV*::ChR2-eYFP mouse in relation to the onset of 10 ms light pulses in the
dCA1-ON condition. Note the increased spiking activity with short latency (< 3 ms) induced by
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the laser and confined to the duration of the stimulation pulse. (e) Photostimulation of dCA1 in
these PV'™!::ChR2-eYFP mice led to a decrease in firing rate of dCA1 pyramidal cells (t;y; =
5.01, P = 1.1x10°% t-test, n = 224). (f) Left, learning performance, as measured by distance
travelled to reward, was impaired in days when the PV*!::ChR2-eYFP mice received
photostimulation (Fig 354 = 2.08, P = 0.0054, between-within repeated ANOVA group x trial
interaction). Right, photostimulation applied during learning was associated with subsequent
degraded performance during the probe test (t;o = 9.81, P = 7.1x10°, t-test).

The PV-IRES-Cre mice performed the task using the same experimental protocol as the DAT-
IRES-Cre mice. Photostimulation was delivered during the learning phase on some days, while
other days were recorded entirely in the absence of photostimulation. In these experiments
using PV-IRES-Cre mice, when enabled, photostimulation was applied randomly to 80% of the
learning trials using trains of 10 ms pulses every 16 ms. The laser was off during the inter-trial
intervals. On days when photostimulation was disabled (n = 13 days, 12 probe tests) these
mice learned the task in a similar fashion to the DAT-IRES-Cre mice with the path length to the
reward location gradually shortening across learning trials. However, on days when
photostimulation was active (n = 9 days) thus disrupting hippocampal network function, mice
failed to learn the reward location, since path length to first reaching the reward location did
not shorten across trials in the same manner as non-stimulated days (Fyg 354 = 2.08, P = 0.0054,
between-within repeated ANOVA group x trial interaction, Figure 6.5f). The slight drop in path
length in the photostimulated condition evident in Figure 6.5f was due to a drop in the
maximum time allowed before a trial was terminated. This was imposed after trial five for
practicality reasons in conducting the experiment. Unsurprisingly, given the learning stage
result, performance in the probe test was also impaired on days when photoactivation of

parvalbumin expressing interneurons was enabled (t;g = 9.81, P = 7.1x10°®, t-test, Figure 6.5f).

6.7 Discussion

Results presented in this chapter show enhanced retention of learnt performance in the probe
test of a spatial task, when burst mode photoactivation of the dopaminergic projection to the
hippocampus was applied during learning. Enhanced reactivation of the dorsal CAl firing
associations present during learning occurred in the intervening rest/sleep period. In addition,

| demonstrated that enhanced retention of learnt performance was accompanied by better
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reinstatement of spatial maps present during learning, as assessed by the firing locations of

the recorded place cells.

It has previously been shown that pharmacological manipulation of dopamine receptors within
the hippocampus results in increased memory performance (Bethus et al., 2010; O'Carroll et
al., 2006), however it has been recently suggested that the required dopamine may originate
from noradrenergic fibres originating in the locus coeruleus (Smith and Greene, 2012). While
this may also be the case, the demonstration here that photoactivation of midbrain derived
dopaminergic fibres within the hippocampus produces increased memory performance, shows
that midbrain dopaminergic neurons can provide the required dopamine, an insight

pharmacological manipulation was unable to provide.

That enhanced reactivation occurred between the learning stage (when dopaminergic fibres
were activated) and the resulting increased memory performance in the probe test, suggests
that regulation of reactivation is one of the means through which dopamine action within the
hippocampus can regulate memory performance. It must be conceded however, that a link on
the basis of these experiments alone is correlative. However, coupled with findings of reduced
memory performance due to disruption of sharp wave ripples (Ego-Stengel and Wilson, 2010;
Girardeau et al., 2009) it is fair to assert a link. Additionally, the demonstration of enhanced
reinstatement of spatial maps in the probe test further strengthens evidence for dopamine
directly effecting dorsal CA1 pyramidal neurons resulting in firing activity relevant to memory

performance.
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Chapter 7 General discussion

7.1 Overview

The hippocampus (particularly the CA1 and CA3 subfields) and the midbrain dopaminergic
system are among the more extensively studied and better understood brain systems. It is
therefore somewhat surprising that there is limited understanding of whether information
present in one system is used by the brain to inform the other (either directly or indirectly),
and if so how. In particular, it seems that this question is worthy of further investigation since
the roles suggested of each system are somewhat related. The error prediction signal
produced by dopaminergic neurons of the ventral tegmental area (VTA) is believed to inform
learning (Schultz et al.,, 1997; Steinberg et al., 2013). It is thought to do this by signalling
mismatches between expectation, based on past experiences, and actual events with
particular emphasis on value, novelty detection, and saliency (Bunzeck and Diizel, 2006; Cohen
et al., 2012; Lak et al., 2014; Schultz et al., 1997). The hippocampus is attributed with the not
too dissimilar property of performing an important role in the retention and recall of
information relating to experiences, thus allowing experiences to guide future behaviour
(Eichenbaum and Cohen, 2014; Moser et al., 2015; O'Neill et al., 2010; Squire et al., 2004). The
hippocampus is also associated with novelty detection particularly in relation to context
(Knight, 1996; Lisman and Otmakhova, 2001; O'Neill et al., 2008). However, there are also
many differences between the midbrain dopaminergic system and the hippocampus.
Dopaminergic signalling is associated with an ongoing expectation mismatch signal (Schultz et
al., 1997). In contrast, the hippocampus is associated with the more detailed representation of
information relating to the current experience such as location (O'Keefe and Nadel, 1978)
within the environment, as well as odours (lgarashi et al., 2014; Manns et al., 2007), tactile
information (Young et al., 1994) and the tracking of time (Hampson et al., 1993; MacDonald et
al., 2013). It nonetheless seems as though information sharing between the two systems

would be advantageous. In this thesis, | have focused on establishing improved understanding
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of the projection of dopaminergic neurons to the hippocampus with a focus on spatial novelty

and learning.

Through the experiments presented in this thesis | demonstrated:

e sustained increased firing of VTA neurons in response to spatial novelty in the absence
of rewards,
e that midbrain dopaminergic neurons do project to the dorsal hippocampus,
e and that stimulation of these afferent dopaminergic fibres within the hippocampus
leads to
— enhanced reactivation in subsequent sleep,
— better reinstatement of newly learnt spatial representations,

— and enhanced memory assessed through behavioural performance.

These data support the idea that (1) dopaminergic signalling facilitates mechanisms which
increase retention of information in the hippocampal network aiding future recall and (2) that
in addition to more short term responses, the VTA is capable of providing sustained signalling

to drive such an upregulation in hippocampal memory function.

Although not the focus of this thesis, it is also likely that VTA novelty responses are informed
by hippocampal processing. A direct projection from the hippocampus to the VTA has not been
reported. However, many areas which receive projections from the hippocampus do project to
the VTA including, the medial prefrontal cortex, the nucleus accumbens, the lateral septal

nucleus, and the amygdala (Lisman and Otmakhova, 2001; Luo et al., 2011).

7.2 Technical limitations

A number of the techniques used in this study come with some small technical limitations
which it was important to make sure were properly considered when interpreting the data.
Data acquired by large scale extracellular recording using tetrodes requires many careful steps
of data processing described in section 2.12, in order to isolate the spiking activity of individual
neurons. The isolated activity representing a cell is often referred to as a unit to reflect that
the spike times generated from the recording are an accurate sampling of the action potential

firing of the cell, but not necessarily a perfect measurement of this; some action potentials can
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be missed and other spikes in the recordings can be misclassified due to natural variations in
spike shape and spikes of multiple cells occurring at the same time (Harris et al., 2000).
However, only well-isolated and stable units over the entire recording day (based on the
criteria of section 2.12) were used in the subsequent analysis. A further drawback of this type
of recording is that it is not fully possible to determine the identity of the recorded cells. The
analysis of hippocampal recordings in this thesis was limited to principal cells. This was
performed on the bases of their auto-correlogram and firing rate. While this is generally a
good criteria for separating principal cells and interneurons and has been used previously
(Csicsvari et al., 1999), it is likely that a number of low firing interneurons may have been
included in the data set. It should be noted however, that any limitations in relation to unit
isolation and cell type identification equally apply across all conditions and as such should have
a minimal effect on the conclusions of this work since comparisons were made between

conditions.

Using tetrodes allows for a large number of recording sites with minimal tissue damage.
However, this comes with the drawback that the exact location of all of the recording sites is
not precisely known to the same extent as is the case when labelling is performed after single
cell recordings. To achieve a high level of accuracy, tetrode implantation was guided by a
stereotaxic frame. Furthermore, in the case of recordings from the hippocampus, it was
possible to have reasonable confidence that the tetrode tip was located in the pyramidal cell
layer due to the profile of sharp wave ripple events and the presence of a large number of
units. In Figure 5.6b, the negative deflection in the bottom mean SWR trace is indicative that
the tetrode was located towards the bottom of the cell layer, whereas, the slight positive
deflection in the top trace is suggestive of a tetrode located higher in the layer. If the tetrode
was to be located further from the layer, the sharp wave deflection would be greater and the
ripple less pronounced. In the VTA, there is no such laminar structure to guide electrode
placement. However, since the expression of channelrhodopsin was specific to dopaminergic
cells, the spiking and local field potential (LFP) response produced on the tetrode in response
to pulses of laser light gave an indication that the tetrode was located near the

channelrhodopsin expressing cells, and hence the dopaminergic cell groups.
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A number of the recorded cells could be identified as dopaminergic on the basis that they had
an increased probability of firing action potentials at low latency (< 3 ms) to laser pulse onset.
It was only possible to confidently isolate five such cells from the recordings. This number is
quite low and it may have been possible to isolate more cells if some aspects of the
experiment were further optimised. The primary difficulty in obtaining such single units was
that while many of the recordings showed low latency spiking it was not possible to match the
light induced spike shape with spikes from other units in the recording. The problem being that
in such cases it appeared as though the light pulse was consistently causing more than one cell
within the recording range of the tetrode to discharge simultaneously, resulting in a spike
shape reflecting the summed spike shape of the multiple cells. Indeed, the cases where it was
possible to isolate a light driven unit, were instances where the probability of inducing a spike
was relatively low, indicating that the cell was located towards the edge of the illuminated
area. In order to improve the yield of light driven single units, it may have been possible to
adjust the laser intensity in order to activate fewer cells allowing the recording of a single light
responsive unit. However, for these experiments the goal was to consistently activate a large
proportion of midbrain dopaminergic neurons in order to capture the effect on hippocampal
network activity, so the laser intensity was not reduced. An additional approach, which may
help in conjunction with adjusting the laser intensity in order to isolate individual light
responsive cells, is to glue the tetrodes to the side of the optic fibre, thus allowing a fixed

relationship between the light source and the recording sites.

Activation of midbrain dopaminergic neurons using channelrhodopsin-2 is a very advanced and
effective way of achieving targeted activation with minimal side effects. Nonetheless, this
approach is not without limitations. The virus did not transfect all midbrain dopaminergic cells
and, more significantly, the light is not delivered with even intensity to all channelrhodopsin
expressing cells. This means that cells near the tip of the optic fibre were more strongly
activated than cells further from the light source. An even more important, and not often
mentioned drawback of this type of activation is that, the population of cells is simultaneously
activated, something which does not occur in the natural state. Given how much emphasis is

placed on phasic responses in dopaminergic neurons, the simultaneous firing of many of the
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cells could be considered a phasic event of very large magnitude. The exact implications of this

remain unclear.

7.3 How might dopamine release in the hippocampus promote

subsequent activity and enhance memory performance

There are potentially a number of possible means by which dopamine release within the
hippocampus during active experience can affect the hippocampal network to produce an
increase in subsequent reactivation and memory persistence. The presence of different types
of dopamine receptors within the hippocampus (Ciliax et al., 2000; Goldsmith and Joyce, 1994;
Kwon et al., 2008; Lemon and Manahan-Vaughan, 2006; Levey et al., 1993; Li et al., 2014;
Meador-Woodruff et al., 1992; Savasta et al., 1986; van der Weide et al., 1987) allows for the
idea that multiple molecular pathways may be activated by dopamine release. Changes in
synaptic efficacy through long term potentiation (LTP) are thought to underlie network
plasticity and memory formation (Bliss and Collingridge, 1993; Hebb, 1949). Induction of LTP
activates numerous cell signalling cascades (Lynch, 2004). In broad terms, LTP can be viewed as
having an early phase and late phase. In the early phase pre-synaptic and post-synaptic spiking
with the required timing activates kinases, including aCaMKIl, which drive specific AMPA
receptor phosphorylation and insertion of GluR1-containing AMPA receptors into synapses
(Malinow and Malenka, 2002). This is, in the main, triggered by calcium influx from
postsynaptic NMDA receptors and does not require the synthesis of new protein. In the late
phase, maintenance of the increased synaptic efficacy occurs through the capture of plasticity-
related proteins and is dependent on the synthesis of new proteins (Frey et al., 1996; Frey and
Morris, 1997; Nguyen et al., 1994; Rogerson et al., 2014). There is evidence that dopamine can

have an effect on both early and late-LTP.

Pharmacological activation of D1/D5 type receptors at CA1l synapses in hippocampal slice
preparations have been shown to lower the threshold required to produce LTP and increase
the magnitude of early-LTP (Otmakhova and Lisman, 1996). Additionally, in an elegant set of
experiments which directly speak to the work in this thesis, Li and colleagues (2003)
demonstrated that five minutes exposure to a novel environment lowered the threshold

required to produce LTP at CA1 synapses in freely behaving rats. This direct demonstration of
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novelty exposure on early-LTP was also demonstrated to be dependent on dopamine receptor
activation, as it was prevented by injection of a D1/D5 receptor antagonist. Furthermore,
injection of a D1/D5 agonist mimicked novelty exposure in that it was sufficient to induce LTP
at the lower threshold without exploration of the novel environment. Taken together, these
experiments suggest that dopamine release in the hippocampus could facilitate the formation
of new connections in the hippocampal network reflecting the structure of the incoming
activity associated with the new event or environment. These new connections, enhanced by
dopamine action at the time of formation during experience, can then be further strengthened
by subsequent offline network activity during SWR events. The known structure of the SWR
events seems suited to achieving this. Strong bursts of excitatory activity arises in the
recurrent CA3 network (Csicsvari et al., 2000; Sullivan et al., 2011), providing excitatory drive
to CA1 which could reactivate the recently potentiated synapses, further strengthening them
through reactivation of early-LTP mechanisms. This activity is further facilitated during the
SWR event by the changes in the distribution of inhibitory tone by interneurons across the
different subcellular compartments (Klausberger and Somogyi, 2008) e.g. removal of inhibition
to the axon initial segment allowing spiking at a lower threshold potentially allowing

postsynaptic spikes aiding additional early-LTP.

The second mechanism through which dopamine action at the time of experience during the
initial LTP events can enhance the persistence of memory is by setting a molecular state or
‘tag’ in potentiated synapses, which upregulates the capture of plasticity-related proteins
(PRPs), thus enhancing late-LTP mechanisms (Rogerson et al., 2014; Takeuchi et al., 2014).
Frequently cited evidence for this comes from behavioural studies using infusion of a D1/D5
receptor antagonist into the hippocampus and observing the time scale of the effect in relation
to the memory performance of the animal (Bethus et al., 2010; O'Carroll et al., 2006; Wang et
al.,, 2010). Such experiments found that the drug induced a decrease in the persistence of
memory performance over longer time scales (e.g. 24 hours), yet encoding of the memory
tested at short delay (e.g. half an hour) remained intact. Studies using hippocampal slice
preparations have also shown indication of D1/D5 receptor activation as affecting late-LTP
(Frey et al., 1991; Wang et al., 2010). It is difficult to fully interpret the results of these

experiments investigating late-LTP due to the fact that it is difficult to remove the potential
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effect of D1/D5 receptor activation on early-LTP as a confound. However, these studies do

appear to show an effect size beyond that explained by the early-LTP component.

Data presented in this thesis adds a further dimension to this. The demonstration that
increased hippocampal reactivation occurs in the time period between the initial learning and
probe test can potentially explain the increased persistence of the memory beyond that arising
through initial encoding. It could arise through reactivation of early-LTP mechanisms. Indeed,
in the crossword maze experiments, enhanced performance in the probe test (Figure 6.1)
could be viewed as evidence for an effect of dopamine on late-LTP if there was no intervening
reactivation since there was no enhancement in the rate of learning. This is because, if initial
memory formation was occurring with greater strength due to increased early-LTP then one
might expect a faster rate of learning; (this would be evident as a sharper decline of the path
length to reward across trials which could have been accommodated in these experiments
given the gradual rate of learning). Importantly however, the demonstration of enhanced
reactivation in the intervening rest period makes this logic unreliable. This is because the initial
dopamine enhanced early-LTP could be amplified through additional activation of early-LTP
mechanisms without the need for enhanced late-LTP to explain the increased memory in the

probe test.

There is one additional piece of evidence for dopamine as acting to upregulate late-LTP. A
possibly evolutionarily adaptive property of two stage LTP is that weakly potentiated synapses
— which themselves were not sufficient to trigger upregulation of PRPs — can benefit from the
capture of upregulated PRP synthesis triggered at a nearby synapse or occurring around the
same time point (Frey and Morris, 1997; Redondo and Morris, 2011; Rogerson et al., 2014;
Takeuchi et al., 2014). This can have the effect that superfluous details occurring around the
time of an important event are remembered better due to their proximity to the event. This
property has been demonstrated of dopamine mediated enhanced memory retention (Wang

et al., 2010).

The findings of this thesis taken with the studies mentioned in this section suggest that
dopamine action at the time of experience facilitates memory encoding by facilitating and

lowering the threshold required to induce early-LTP. This plasticity in the hippocampal network
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occurs in a fashion such that later during SWR events, when an excitatory signal spreads
throughout the network, recently potentiated synapses are reactivated in a manner which
further activates LTP strengthening the representation. Additionally, dopamine presence at the
time of LTP induction during experience, enhances changes at the potentiated synapses which
cause the capture of PRPs (late-LTP) also lending to an increase in the long term persistence of

the underlying memory trace.

7.4 The noradrenergic system as a possible secondary source of

dopamine

The observation that the noradrenergic innervation of the hippocampus is more dense than
the dopaminergic innervation (in rodents), has led some to suggest noradrenergic fibres may
be a potential and perhaps even a more relevant source of hippocampal dopamine release
(Smith and Greene, 2012; Takeuchi et al., 2014). This assertion should be treated with caution
as the current evidence is limited. In a mouse hippocampal slice preparation, amphetamine
induced dopamine release from noradrenergic fibres, which was capable of acting on D1/D5
type receptors has been demonstrated (Smith and Greene, 2012). However, this is an artificial
demonstration created by the presence of amphetamine. A potential mechanism through
which this may occur is that amphetamine inhibits vesicular monoamine transporter 2
(VMAT2) and monoamine oxidase (MAOQ) function within noradrenergic fibres, preventing the
timely transport of dopamine into vesicles for synthesis into noradrenalin. The resulting
artificial build-up of dopamine in the cytosol may create a concentration gradient causing the
reverse transport of dopamine by the norepinephrine transporter (NET), allowing it into the
extracellular space where it can bind to dopamine receptors (Smith and Greene, 2012). While
the demonstration that amphetamine can cause this effect provides an interesting insight into
the action of the drug, it is still unclear to what extent, if at all, this can happen in the drug free
brain. Furthermore, if it is demonstrated to occur, that the noradrenergic innervation is more
dense than the dopaminergic innervation does not mean that it is more effective at activating
dopamine receptors. Also, the relative density of the two innervations is more balanced in the
cynomolgus monkey (Samson et al., 1990). Nonetheless, the noradrenergic system may
provide a second source of dopamine within the hippocampus, which could mediate similar

effects to those presented in this thesis through activation of dopamine receptors, and should
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be investigated further. To this end, preliminary data presented by Takeuchi (2015) and
colleagues indicated that optogenetic activation of the noradrenergic cells in the locus

coeruleus can increase the persistence of a spatial memory.

7.5 Open questions and possible future investigations

Much is still to be understood about the extent to which reactivation is important for memory
consolidation. Beyond the correlative evidence that the activity at this time reflects the
previous waking experience the causal evidence to date has been provided by closed loop
electrical stimulation locked to SWR onset (Ego-Stengel and Wilson, 2010; Girardeau et al.,
2009). Electrical stimulation produces widespread non-specific effects on the network making
the results more difficult to interpret; targeted optogenetic inhibition of principal cell firing
during SWR events is one possible experiment to increase the causal evidence for SWR
reactivation as important for memory stability. The demonstration in this thesis that artificially
induced dopamine release produced enhanced reactivation and this ultimately increased
memory persistence adds to the evidence implicating SWR reactivation as being causal to
enhanced memory persistence. It is unfortunately limited by the fact that dopamine action
may separately increase memory persistence and reactivation strength. Nonetheless, it is the
first demonstration of artificially increased reactivation strength accompanied by increased

memory persistence.

The precise means by which dopamine action at the time of experience causes the later effects
on reactivation patterns, spatial representations and memory persistence require further
investigation. To what extent is this explained as being mediated by stronger LTP at the time of
the experience in the presence of dopamine or is it mediated by molecular pathways activated
by dopamine receptors? The spatial firing properties of CAl principal cells are broadly
maintained when LTP is disrupted in CA1 pyramidal cells through specific knockout of the
NMDAR1 gene in mice (McHugh et al., 1996). In these mice the same spatial representation
was reinstated across repeated exposure to the same environment; however, the resulting
place fields were slightly larger and less coherent. It may be revealing to investigate to what
extent SWR reactivation is present in such mice and, particularly, is it stronger after

exploration of a novel environment compared to a familiar environment. Similar transgenic
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mice are capable of learning in the spatial reference memory water maze task but are
impaired in tasks which involve discrimination of competing cues (Bannerman et al., 2012).
Would optogenetic activation of hippocampal dopamine in such mice cause increased memory

persistence and would this be accompanied with increased reactivation strength?

During these experiments, photostimulation was delivered during waking experience. | did not
manage, in the time allotted, given all the conditions tested, to separately test if
photostimulation delivered during sleep had an effect on memory persistence or indeed
reactivation in the following sleep. Photoactivation of the dopaminergic innervation of the
hippocampus during sleep could act in a similar fashion to that during waking experience,
activating the same pathways resulting in upregulation of the persistence of activity occurring
during the stimulation time window. Given that firing activity during sleep reflects that in
previous waking experience, it could serve to enhance the persistence of the memory for the
waking experience. The effect would perhaps be less specific, since patterns from previous
waking experiences (beyond that of the immediately previous) are reactivated in a given sleep

period (see Figure 6.4). This remains to be tested.

Another possible angle of investigation in relation to these experiments is to optogenetically
inhibit the dopaminergic innervation of the hippocampus with ArchT (Han et al., 2011). This
would allow further elucidation as to the extent to which the novelty induced increase in
reactivation is solely mediated through dopaminergic signalling in the hippocampus. Systemic
injection of D1/D5 receptor antagonist before exploration of a novel environment, in the
presence of photoactivation of hippocampal dopamine, reduced reactivation strength below
that associated with the novel environment reaching levels more close to that associated with
the familiar environment (Figure 5.4, Table 5.3). This suggests that the novelty effect on
hippocampal reactivation is mediated through dopamine action. However, systemic injection
of dopamine receptor antagonist affects dopamine receptors throughout the CNS and body, so
a more specific intervention may add additional evidence in this respect. Optogenetic silencing
of the projection is not without confounds too; it would be difficult to assert full transfection
of the projection and also full exposure of the CA1 with continuous laser light. Together, the
same result shown separately, through pharmacological and optogenetic means, would add

strength to the evidence.
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Finally, it is still unclear how much of a role the activity of dopaminergic neurons plays in
enhancing coupling between target brain areas. Enhanced coupling can be measured as
increased gamma coherence, an increased number of cells showing correlated spiking or an
increase in the strength of correlated firing between the two areas. Such an increase is taken
to reflect increased information sharing and processing. The prefrontal cortex (PFC) is
implicated in brain circuits associated with executive control, rule learning and working
memory (Miller and Cohen, 2001; Wallis et al., 2001). It receives a large dopaminergic
innervation consisting of fibres emanating from the midbrain (Bjorklund and Lindvall, 1984).
There is increased theta frequency coherence between the hippocampus and PFC during
behaviour that recruits spatial working memory requiring a rule based decision (Jones and
Wilson, 2005). Indeed, phase biasing of local gamma oscillations, as well as pyramidal cell and
interneuron firing in relation to hippocampal theta oscillations, has been demonstrated across
numerous cortical areas (Sirota et al., 2008). Cell assemblies in the PFC that are active during
times of high hippocampal-PFC theta coherence are more strongly reactivated during
subsequent sleep (locked to hippocampal SWR events), in comparison to assemblies active at
times of low coherence (Benchenane et al., 2010). Furthermore, local application of dopamine
in the PFC produces increased hippocampal-PFC theta coherence (Benchenane et al., 2010).
Does dopamine action somehow promote this coherence? Can it serve to promote the later
reactivation in slow wave sleep of related associations, not just in the hippocampus but
throughout the brain? Such a distributed representation would be capable of binding many
types of information into a memory. This could be episodic in nature, but the representation
could also share similar substrates to non-episodic declarative information, allowing similar
information to be represented by similar means. Is the coordination across target brain
structures promoted by the specific timed firing of dopaminergic neurons? Alternatively, is
dopamine release without specific timing structure activating mechanisms within the target
structures, which in turn promote the timing required for binding across the structures? To
what extent are some of these functions mediated through co-release of other
neurotransmitters (such as glutamate) from dopaminergic neurons? Also there is a non-
dopaminergic projection from the VTA to the hippocampus (Gasbarri et al., 1994a; Gasbarri et

al., 1994b), how significant is this in producing binding across structures? Fujisawa and
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colleagues (2011) reported a 4 Hz LFP oscillation was present in the VTA and PFC which was
phase coupled to hippocampal theta oscillation (typically 8 Hz). Local gamma oscillations and
the firing of some of the cells recorded in the various structures also showed phase coupling to
the oscillation. It remains for me to investigate such phenomena in the dual site (CA1 and VTA)
recordings collected as part of this work. In the published studies to date, the cross area
coordination was most prevalent during the working memory portion of the tasks involved.
Dual site recordings taken as part of this DPhil were from animals freely exploring open fields
with no particular task requirements so the degree to which cross area coupling is present

remains to be determined.

7.6 Concluding remarks

Determining the network-level processes underpinning the specific stabilization of some
newly-acquired engrams (while others fade) is critical for a comprehensive understanding of
memory. The open field experiments demonstrated that dopaminergic activity at the time of
formation of new hippocampal representations increases the subsequent off-line SWR
reactivation of these representations. Such reactivation is thought to enable the incorporation
of new memory engrams, especially those associated with novel and rewarded outcomes, into
stable representations capable of informing future behaviour (Buzsaki, 1989; Dupret et al.,
2010; Singer and Frank, 2009; Wilson and McNaughton, 1994). Accordingly, the crossword
maze experiments showed that dopaminergic-enhanced reactivation prevents the degradation
of learned behavioural performance while concurrently strengthening the reinstatement of
the newly-acquired spatial representation. The body of work presented in this thesis thus
provides novel insights into the relationship between midbrain dopaminergic neurons,
encoding salient information about an environment (Cohen et al., 2012; Li et al., 2003; Lisman
and Grace, 2005; Luo et al., 2011; Schultz et al., 1997), and hippocampal assemblies, providing
representations of space (Moser et al., 2008; O'Keefe, 1976; Wilson and McNaughton, 1993),

in modulating memory according to the value of the information to be remembered.
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