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Summary

This study focuses on the interaction between the medial septum and
hippocampus in freely moving animals. To investigate this circuit, we used

electrophysiological techniques combined with behavioural tasks.

The medial septum exerts a modulatory effect on the entire hippocampal and
parahippocampal formation. However, the role of the medial septum in spatial
processing is still poorly understood. Here, we explore the septohippocampal

circuit, focusing on electrophysiology, spatial processing and behaviour.

Our results suggest that nonselective optogenetic stimulation of the medial
septum induces inhibition of intra-septal neurons and consequently, disinhibition
of hippocampal CA1 interneurons. We also demonstrated that firing rate of medial

septal neurons is inversely proportional to the animal's speed.

Transgenic models were used to investigate the contribution of septal GABAergic
and cholinergic neurons in reward-related behaviour. We showed for the first time
that the firing of medial septal GABAergic neurons can mediate place preference

behaviour.

To investigate if medial septum neurons can modulate hippocampal spatial
processing, we recorded CA1 place cells during septal stimulation. We showed that
medial septum stimulation induces place field remapping. We also showed that
the medial septum stimulation restricted to a region of the arena was able to

induced place preference and shifted the place field assembly towards this region.
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1. Introduction

1.1. Memory

1.1.1.  Types of Memory

'l think, therefore I am’. The most famous philosophical proposition of René
Descartes was related to the capacity of thinking and questioning. However,
neither thinking nor questioning would be possible without memory. Memory is
the capacity of learning and retrieval of information, and it can be considered the
brain's most intriguing faculty and is undoubtedly crucial to life itself. The model
of memory, as we understand today, is relatively recent. It is derived mostly from
studies in amnesic patients and lesioned animals and has been broadly classified
into two distinct systems: 1. short-term memory, i.e., information that amnesic
patients could keep for a short period, and 2. long-term memory, which could be

stored for decades.

Long-term memory can be further subdivided into non-declarative (implicit) and
declarative (explicit). Non-declarative memory refers to unconscious information
stored in the long-term memory, which is difficult to articulate, e.g., riding a bike
or tying a shoelace. While declarative memory, including both episodic
(contextual) and semantic (non-contextual), can be articulated (retrieved) in an

understandable way.



Semantic memories are not bound to a specific time or place. Instead, it is a general
type of information, e.g., knowing what the definition of a word is, or how a
computer works. Episodic memories refer to specific personal experiences,

including information about when and where it occurred (Squire and Zola, 1998).

The model of memory was defined to describe only human memory, but a large
amount of neuronal data related to memory have been derived from animal
studies. Episodic memory is a type of declarative memory, i.e., can be explicitly
described, and includes information relating to time and context. It is usually

mon

described as "what," "where" and "when" memory (Ergorul and Eichenbaum,
2004). Animals cannot describe their memories as humans can, so "episodic-like"
memory was suggested as the capacity to remember where and when specific
events occurred (Clayton and Dickinson, 1998). Although episodic memory is not
easily assessed in animals, an enormous collection of data suggest that animals can
encode and retrieve episodic memories. In both animals and humans, the

hippocampus has been the locus of memory research (Morris, 2001, Crystal, 2009,

Templer and Hampton, 2013, Sluka et al., 2018).



| |

Long-term Short-term
memory
Declarative Implicit

memory
memory memory

Episodic Semantic Procedural

Figure 1. Types of Memory.

Schematic diagram of the classification of memory based on (Squire, 1986).

1.1.2.  The hippocampus as a place for memory

In the early 1950s, memory was considered to be regularly distributed throughout
the brain, mainly by the influence of the pioneering neuropsychologist Carl
Lashley (1890-1958) who published his work called: 'In Search of the Engram the
neural representation of a memory trace’ (Lashley, 1950). The work summarized
thirty-three years of his research in the theory of memory, searching for the brain
area where specific memories were stored. To search for memory areas, Lashley
did a series of lesion studies in rats. First, he trained the rats in a maze, and once
the rats could solve the maze, he systematically removed parts of their cortex. The
objective was to remove the area of the brain which contained the memory of the
maze. If he succeeded, the rats would show a deficit in the task by exploring the

maze as it was its first time. However, the results showed that independent of the



area removed, the lesioned rats could do better than control rats in solving the
maze, suggesting that the lesion failed to remove the memory. Based on an
extended series of similar experiments, he introduced the principle of "mass
action,” which attested that the memory is equally distributed in the brain rather
than being restricted within a single area, and the degree of impairment is

proportional to the brain damage.

However, seven years later, a case study published by (Scoville and Milner, 1957)
of a patient who underwent surgery in an attempt to cure severe drug-resistant
epilepsy, shined a light in the field. After the surgery, the patient known as H.M.
developed profound anterograde amnesia as well as semantic and spatial deficits
(Corkin et al., 1997, Corkin, 2002). The surgery removed parts of the hippocampus
and amygdala from both sides of the brain. Despite the tragic side effect of his
surgery, the studies on H.M. changed the view of how memory is distributed in the

brain and placed the hippocampus at the centre of memory studies.

1.1.3.  Place cells in the hippocampus

In 1971, O'Keefe and Dostrovsky observed that some hippocampal CA1 pyramidal
neurons had a distinct preference for a discrete region of the arena. Outside of this
region, the firing rate of the neuron was close to zero, and as the animal
approached a specific region, the firing rate increased significantly. They named
these cells as 'place cells' (O'Keefe and Dostrovsky, 1971). In the following years

studying properties of place cells, O'Keefe and Nadel published a the book titled



"Hippocampus as a Cognitive Map". In this book, the authors proposed that the
place cells are the essential elements of a cognitive map of the environment, and
the hippocampus would provide the spatial and temporal context to support
memory formation (O'Keefe and Nadel, 1978). Although the discovery of place cells
revolutionized how we understand the hippocampus and earned O'Keefe the
Nobel Prize in physiology, the idea of a cognitive map was first described by
Edward Tolman in 1948. By observing how rats used spatial cues to solve complex
problems, Tolman concluded that rats could encode an allocentric, e.g., based on
relations between external objects, map-like representation of the environment,

which he described as 'cognitive map' (Tolman, 1948).

- CorTain

START FoooBox

Plan of maze

Figure 2. Tolman mazes.

Two examples of mazes used by Edward Toman. A) T-alley maze, food-deprived rats were
allowed to “solve” the maze where error and time were accounted. B) A complex apparatus
to measure “Vicarius”, a term used to describe the time that rats take looking back and

forth before making a choice.



Since the discovery of the place cells, many other components of the spatial
processing system have been described, supporting the idea of a cognitive map.
Furthermore, the neural encoding of spatial location has been found in the
hippocampus and parahippocampal regions of many different species (Yoder and
Taube, 2009, Taube et al., 1990, Finkelstein et al., 2015, Tollin and Yin, 2002,
Robertson et al., 1999, Ekstrom et al.,, 2003). In fact, the integrity of the
hippocampus is crucial to encoding spatial memory i.e., the ability to encode
information about the environment and use this information for navigation and
orientation (Kessels et al., 2001, Eichenbaum, 2013). Spatial memory involves
aspects of declarative and non-declarative, short-term and long-term memories
(Moscovitch et al., 2006, Preston and Eichenbaum, 2013). Before understanding
how place cells are related to memory and spatial processing, a brief description of
the hippocampal anatomy will be given (1.2.1.) to anchor cell types with their

circuits.

1.1.4. Memory formation

The mechanism by which memory could be formed in the brain was proposed by
Donald Hebb in 1949 as a postulate: "When an axon of cell A is near enough to
excite cell B and repeatedly or persistently takes part in firing it, some growth
process or metabolic change takes place in one or both cells such that A's
efficiency, as one of the cells firing B, is increased". His postulate is widely famous
as the Hebbian rule which was simplified as: "Neurons that fire together wire

together” (Hebb, 1938). The Hebbian rule was complemented latter based on



experimental results which considered the decrease of synaptic efficiency when the
presynaptic axon fails to excite the postsynaptic dendrite. The "increase"
(potentiation) or "decrease” (depotentiation) of the synaptic connection can last
for seconds or minutes ("short-term"), or last for hours or days ("long-term") (Bliss

and Lomo, 1973, Wiesel and Hubel, 1965, Stent, 1973).

The two phases of the potentiation of synapse efficacy are commonly described as
early phase potentiation, also called short-term potentiation (STP), and late phase
potentiation, also referred to as long-term potentiation (LTP). Plasticity between
synapses depends on many factors, and the most studied type of LTP is N-methyl-
D-aspartate (NMDA) receptor-dependent. In the CA1, the short-term potentiation
is induced by glutamate neurotransmitters on the presynaptic terminal of the
NMDA receptor, which depolarises the membrane potential of the postsynaptic
neuron inducing an increase in postsynaptic levels of Caz2+. Consequently, the
increase of Ca2+ induce a cascade of reactions which result in phosphorylation of
the NMDA receptor, making the receptor more sensitive to glutamate (Sweatt,
2001, Lynch, 2004). The LTP requires the activation of intracellular signalling and
synthesis of new proteins including AMPA receptor. Consequently, the sensitivity
to glutamate will last for several hours (Linden and Routtenberg, 1989, Kelleher et
al., 2004). The decrease in the efficacy of neuronal synapses is commonly named
as long-term depotentiation (LTD), and it can also occur on the NDMA receptor
(Fitzjohn et al., 2010). However, to contribute to memory, both LTP and LTD have
to be balanced in a coordinated fashion across remote networks. Although the

mechanism of how such large-scale coordination occurs is not yet understood,



several theories suggest neural oscillations as a strong candidate for coordinating

networks, due to its ability to travel to remote brain regions.

Oscillations are voltage fluctuations which are mainly caused by neuronal activity.
They occur at different frequencies and can precisely synchronize local and remote
neuronal populations. The ionic movement across synaptic membranes generates
electric differences which are referred to as local field potential (LFP). In the
hippocampus, the two main frequency bands present in the LFP are the theta (4-
12 Hz) and gamma (25-140 Hz) (Buzsaki and Wang, 2012). In the hippocampal CA1
of anesthetized rats, stimulation bursts delivered at the peak of the theta cycle can
induce LTP, in contrast, the same bursts delivered at the trough can induce LTD
(Hyman et al., 2003). Moreover, just a single burst of 4 pulses at 100 Hz could
induce LTP in CA1 neurons (Huerta and Lisman, 1995). In humans, a recent study
showed that episodic memory formation is increased when the video and audio of
a movie were flickering at theta frequency (4 Hz) compared with slower frequency
(1.7 Hz), faster frequency (10.5 Hz) and non-flickering movies (Clouter et al., 2017).
Showing how human episodic memory may rely on a theta-specific

synchronization mechanism.



1.2. The hippocampus

1.2.1.  Anatomy of the hippocampus

The hippocampal formation comprises three primary structures: the dentate gyrus
(DG), subiculum (SUB) and the cornus ammonis subfields (CA). The cornus
ammonis is subdivided into four subfields named CA1 to CA4, and this region is
usually referred to as the hippocampus proper (to avoid misperception, in this
thesis only the term cornus ammonis (CA) will be used) (Afifi and Bergman, 2005).
The dentate gyrus, cornu ammonis, and subiculum all have a common anatomical
arrangement and are organized in three different layers. The nomenclature of
these layers depends on the area where they are found (Andersen et al., 1971). The
intermediate layer is densely formed by cell bodies of hippocampal glutamatergic
neurons and interneurons. In the CA region, this layer is referred to as the
pyramidal layer, due to the morphology of neurons present in this region. In the
DG it is named the granule layer, again in reference to the granule cells present in
the DG. The hilus in the DG and stratum oriens in the CA are layers formed by
fibres and interneurons. Lastly, in the DG and SUB, the most superficial layer is
called the molecular layer. In the CA area, this layer is further subdivided into
multiple sublayers and houses most of the dendrites of the pyramidal cells. The
sub layers are; the stratum lacunosum-moleculare, formed by the dendrite's
termination of the pyramidal cells; the stratum radiatum, formed by the apical
dendrites of the pyramidal cells; and the stratum lucidum, which receives afferents

from the DG.



1.2.2. The entorhinal cortex

The entorhinal cortex (EC) is the primary input of the hippocampal formation, and
it receives projections from many areas related to sensory processing. Regarding
cytoarchitecture distribution, it is divided into two main subdivisions: lateral EC
(LEC) and medial EC (MEC). The MEC has a defined laminar distribution in six
layers. In contrast, in the LEC the laminar distribution is less characterized
(Burwell and Amaral, 1998b, Burwell and Amaral, 1998a, Witter et al., 2000). Both
MEC and LEC project to the hippocampus, DG and other regions through the
perforant pathway. It is generally accepted that the EC processes both spatial and
contextual information. Indeed, in layer II of the MEC, cells that encode spatial
information of the environment can be found (Sargolini et al., 2006). Curiously,
these cells show a regular spaced triangular or hexagonal grid firing pattern during
navigation. They are called “grid cells” and will be described further in this chapter
(Deshmukh and Knierim, 2011, Yoganarasimha et al., 2on1, Hafting et al., 2005,

Sargolini et al., 2006).

1.2.3.  The tri-synaptic circuit

Information flow in the hippocampus generally follows a single direction through
the primary circuit named the trisynaptic pathway, which is required for learning
and pattern-completion (Nakashiba et al., 2008, Nakashiba et al., 2009). The axons
from layers II and III of the EC constitute the perforant path, which links the EC to

the granule cells of the DG. From the DG, the granule cells project to CA3 forming
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the so-called mossy fibres, and from there, the CA3 then projects to CA1 via the

Schaffer collaterals.

These connections are topographically organized along the transverse axis. The
distal portion of the CA3 neurons targets proximal portions of the CA1 and vice
versa (Ishizuka et al., 1990, Steward, 1976, Witter et al., 1988). CA1 neurons project
back to the EC where the fibres terminate mostly in the deep layers (V and VI),
closing the loop. Axons from CAu1 also project to the subiculum (Amaral et al., 1991,
Berger et al., 1980). Pyramidal neurons of layer III of the EC project directly to CA1
via the temporoammonic pathway (Speed and Dobrunz, 2009). Although the tri-
synaptic path is where most of the information is processed in the hippocampus,
back-projections exist, i.e., CA3 neurons project to each other (Witter and Amaral,
1991), DG granule cells target mossy cells dendrites in the polymorphous layer

which back project to other granule cells in the molecular layer (figure 3).
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Figure 3. Basic anatomy of the hippocampus.

On the left side of the figure, the trisynaptic pathway and dentate gyrus are represented.
The trisynaptic circuit consists of projections from layers II and III of both medial and
lateral entorhinal cortex to dentate gyrus through the perforant path. From dentate gyrus
to CA3 via mossy fibres, and from CA3 to CA1 via Schaffer collaterals. Pyramidal neurons
of the layer III of the EC can also project directly to CA1 via the temporoammonic pathway,
and CA1 neurons project back to the EC to close the loop. The entorhinal cortex receives
polymodal sensory information from perirhinal and postrhinal cortices (Hartley et al.,
2014). The CA area receives modulatory input, mostly in the theta band from the medial

septum (figure adapted from (Neves et al., 2008)).
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1.2.4. Neuronal subtypes

Hippocampal neurons that compose the trisynaptic circuit consist mostly of
excitatory glutamatergic cells. In the intermediate layers in the CA area and
subiculum, these were termed pyramidal cells by Ramon y Cajal due to their
bipolar dendritic arborisation. The principal layer of the DG is also composed of
glutamatergic cells which have elliptical cell bodies, and for this reason, they are

called granule cells (Amaral, 1978, Spruston, 2008, Amaral et al., 1990).

The hippocampal interneurons comprise a heterogeneous group of cells, and many
studies have attempted to characterize the vast subtypes, which are outside the
scope of this introduction. However, a basic description of interneuron subtypes is
presented (Freund and Buzsaki, 1996, Freund, 2003, Klausberger et al., 2003). It is
estimated that ~10-15% of the hippocampal interneurons are GABAergic, these cells
populate all hippocampus layers and establish inhibitory synapses via GABA and
GABAg receptors (Fritschy and Panzanelli, 2014, Benarroch, 2012, Lewis, 2010,
Pelkey et al., 2017). The GABAergic synapses cover almost the entire membrane
surface of pyramidal neurons and have a pivotal role in controlling pyramidal

neurons output (Toth et al., 1997).

The most studied interneuron type is the basket cell, it can be found either
inside/adjacent to the pyramidal layer or inside the dentate gyrus granule layer.
Their axons form basket-like structures (Toth et al., 1997). The hippocampal basket
cells can express parvalbumin (PV+) or cholecystokinin (CCK+). Studies suggest
that PV+ basket cells act as timekeepers for cortical oscillations, while CCK+

interneurons may act to fine-tune synchronous activities related with motivation,
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emotions and autonomic state of the animal (Buzsaki, 1996). Although these cells
have few receptors for subcortical modulatory inputs that carry this type of
information, PV+ cells are driven by local principal cells (Toth et al., 1993, Freund,
2003). Fast spiking GABAergic interneurons, including parvalbumin-positive
interneurons, have heterogeneous firing patterns and are classified as bursting or
regular spiking neurons (Kawaguchi and Kubota, 1996). These neurons can act as
modulators of CA1 pyramidal cells and silencing these neurons result in increase

in firing rate of pyramidal cells (Royer et al., 2012).

Another type of interneurons are the dendritic inhibitory neurons, which target
dendrites of principal neurons and control the excitatory input of pyramidal
neurons, these neurons can receive inputs from the same pyramidal neuron,
resulting in feedback inhibition (Wozny and Williams, 2011, Lacaille et al., 1987,
Tremblay et al., 2016). Some interneurons innervate other interneurons, they are
located in all layers of the hippocampus and can be characterized by the expression
of calretinin (Freund and Buzsaki, 1996, Acsady et al., 1996, Gulyas et al., 1996,

Gulyas et al., 2003).

1.3. Spatial processing in the hippocampus

The understanding of navigation in rodents opened a window towards the
understanding of spatial processing in general. Since the discovery of place cells,
many other spatially modulated cells were also described in different areas of the

brain. Furthermore, many studies were designed to understand the features of
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these cells, and how they are related to navigation and formation of spatial and
episodic memories. This work focused mainly on the hippocampal CA1 place cells.
However, it is essential to understand that spatial processing is spread over many

brain regions (for review (Grieves and Jeffery, 2017)).

1.3.1. Place cells

Place cells are CA1 and CA3 pyramidal cells that show a location-specific firing
preference (O'Keefe and Dostrovsky, 1971). These cells display a maximum firing
rate when the rat is in a discrete region of the environment, which is called the
"place field" of a place cell. It has been proposed that a sufficient number of place
cells would cover all of the environment with their place fields (O'Keefe, 1979,
O'Keefe and Conway, 1978). Place cells fire in intermittent bursts of several action
potentials which decrease in amplitude within a burst, for this reason, they are
referred to as complex-spikes (Ranck, 1973, Muller et al., 1987). Place cell bursting
activity shows an increase in firing rate towards its maximum peak (5 - 30 Hz) when

approximating to its place field (O'Keefe and Burgess, 1996).

15



Figure 4. Hippocampal place cell.

Above is an example of a typical hippocampal place cell. On the left, the black trace
represents the rat’s movement on the arena, the red dots on the left are spikes recorded.
On the right, the smoothed map of firing rate showing 17.6 spikes per second peak

frequency.

The specific position preference with which a place cell will fires seems to be
randomly defined during the first moments of the animal's exploration of a new
environment (Hill, 1978, Wilson and McNaughton, 1993, Frank et al., 2004, Cohen
et al., 2017). Once a place field is formed, it can be stable for days or weeks, i.e.,
during recordings in the same environment, place cells fire in the same sub region
that they were firing before (Lever et al., 2002, Muller and Kubie, 1987, Ranck,
1973). Place cells can also form in entirely dark environments and remain stable
when the light is turned on (Quirk et al., 1990). Since its discovery in 1971, many
additional proprieties of place cells have been described. Position stability refers
to the capacity of place cells to reorganize in relation to each other, and it is one of
the most intriguing properties of these cells due to the similarity to memory

formation (O'Keefe and Conway, 1978, Muller and Kubie, 1987).
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1.3.2.  Place cell remapping

The term remapping was first introduced by studies describing how place fields
changed when spatial cues were altered. If surrounding landmarks or distal cues
of the environment are rotated, the place cell firing fields rotate correspondingly
(O'Keefe and Conway, 1978, Muller and Kubie, 1987). Although place cells can
reorganize, there are distinct types of rearrangements. The terms 'global
remapping’, 'partial remapping' and 'rate remapping' were introduced to describe
different levels in the place fields’ reorganization (Knierim and McNaughton, 2001,

Leutgeb et al., 2005b).

Global remapping refers to when a set of place cells that were active in a defined
environment change position to each other. In this case, cells that were active in
one environment can become silent in a new environment. Equally, cells that were
silent in the first environment could be active in another. These changes are known
as the all-or-none phenomenon (Colgin et al., 2008). Aged rats with memory
impairment can form place fields when they visit the environment for the first
time; however, their place fields are not stable and global remapping can occur in
subsequent sessions without changes in the environment, showing the close

relationship between place cells and memory (Barnes et al., 1997).

Partial remapping, as the name suggests, is used to describe when some place cells
change their firing patterns or positions, and other place cells stay unaltered in
response to spatial or non-spatial changing in the environment (Bostock et al.,

1991, Leutgeb et al., 2005b, Leutgeb and Leutgeb, 2007).
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The term 'rate remapping' is used to describe changes in the firing frequency of the
place cell but not in the position which the set of place cells are active (Leutgeb
and Leutgeb, 2007). As the location and population of place cells remain the same,
the rate remapping suggests that non-spatial information can be encoded by the
pyramidal cells. Indeed, accumulating data indicate that place cells can encode
contextual information. For example, changing the reward location within a single
session can induce place field reorganization (Breese et al., 1989, Smith and

Mizumori, 2006b, Smith and Mizumori, 2006a).

1.3.3. Place cells and reward

There is no doubt regarding the encoding of spatial information by the place cells.
However, in addition to spatial features, motivational factors can also induce
reorganization of place fields. This line of research suggests that place cells could
encode contextual information. In an experiment where rats had to recognize
different odours to retrieve a reward, a statistically significant number of place cells
were not correlated with the position, but with the odour (Wood et al., 1999). In
another study, place cells were recorded stable during a random foraging task and
partially remapped when the food pellets were solely available at discrete regions

of the maze (Markus et al., 1995).

Place fields have been observed to fire closer to reward areas (Dupret et al., 2010).
A study showed that on an annular water maze, the number of place cells near the

hidden platform was more than twice that of the rest of the arena, independently
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of where the maze was positioned in the room (Hollup et al., 2001). Another study
suggested that place cells tend to accumulate in an area where the VTA, a brain
area related to reward processing, has been stimulated using optogenetics (Mamad
et al., 2017). A very recent study described that small populations of CA1, and
subicular neurons are specialized for encoding reward location. In this experiment,
mice navigated in a linear track in a virtual environment with rewards provided at
fixed positions. Accumulation of place fields was observed near reward locations.
In addition, exposing the animals to different virtual environments, resulted in a
majority of the cells being remapped randomly as expected, but the reward cells

were consistently encoding the reward positions (Gauthier and Tank, 2018).

1.3.4. Grid Cells

In 2004, Moser's group published their data from recordings in the medial
entorhinal cortex. They found that allocentric spatial information was encoded by
neurons close to the border with the postrhinal cortex, an area that receives
projections from visual and parietal cortices. These cells were later named grid cells

because of their pattern of firing (Fyhn et al., 2004).

In contrast to place cells in the hippocampus, grid cells in the MEC fire in multiple
discrete and regularly spaced locations (figure 6). Some studies proposed that grid
fields serve as periodic functions that could be combined to result in place fields
in the hippocampus (O'Keefe and Burgess, 2005, Fuhs and Touretzky, 2006,

McNaughton, 2006). Interestingly, the firing of grid cells are also associated to the
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theta frequency oscillations (Mizuseki et al., 2009), and inactivation of the medial
septum (MS) abolishes theta oscillation and a grid pattern of firing (Koenig et al.,

2011).

1.3.5. Head direction cells

Head direction cells are essential to the understanding of the ability of encoding
self-motion. First described in the rodent post subiculum by Ranck, Jr. (1984) and
found in other brain areas including lateral mammillary nuclei (Stackman and
Taube, 1998), retrosplenial cortex (Chen et al., 1994, Jacob et al., 2017), MEC
(Sargolini et al., 2006) and dorsal thalamic nuclei (Taube, 1995). These cells fire at
the maximum frequency when the animal faces a particular direction in the
horizontal plane. The firing frequency is independent of the animal's behaviour,
and different cells fire in different directions (Taube et al., 1990). Data suggests
that head direction cells can rely on visual cues. Recordings in the dark showed
that cells kept a preferred direction which was less precise, and the direction
caused drift over time. Moreover, the rotation of external cues induced the head
direction firing to rotate in the same proportion (Goodridge et al., 1998, Zugaro et

al., 2003).

1.3.6.  Other spatial modulated neurons
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Place cells, head direction cells, and grid cells are the most studied spatially
modulated types of cells and together they are considered the neuronal basis of
the cognitive map. However, many other less understood cells are related to spatial
information. Boundary vector cells for instance, were first proposed as a model to
explain how place cells kept a relative distance from the borders of the maze. It
was observed that when elongating a maze from squared to rectangular, the cells
kept the distance from the border (O'Keefe and Burgess, 1996). In this model,
hippocampal inputs should provide information about the distance and directions
of boundaries. The model previewed a type of cell called "Boundary Vector Cell"
(Barry et al., 2006, Jeffery et al., 1997). Years later the boundary vector cells were
found in the dorsocaudal region of the MEC, approximately 10% of the pyramidal
cells had the firing close to selected geometric borders of the environment (Solstad
et al., 2008). Additionally, cells with the same properties were also found in
another regions including subiculum and parasubiculum (Boccara et al., 2010,
Bjerknes et al., 2014, Solstad et al., 2008). Another example of cells that have
activity closely related to the environment features is the object cells. These are
cells that respond to object locations (Lenck-Santini et al., 2005). In the claustrum,
about 5.5% of the cells fired while the animal was exploring an object and stopped
to firing when the object was removed. Firing of these cells persisted in the
darkness or if the object was replaced by another, indicating that it does not
represent the object itself, but the position of the object in the space (Jankowski

and O'Mara, 2015).
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Grid cells ( Boundary cells |

Figure 5. Spatially sensitive neurons.

The figure shows the firing rate maps of a grid cell, a boundary vector cell, and an object
cell. The polar plot shows the firing rate depends on the direction of the animal head

(adapted from (Grieves and Jeffery, 2017)).

1.1. Hippocampal theta oscillation

Theta band oscillations (5 - 12 Hz) are high amplitude voltage fluctuations that are
tightly related with memory processing and spatial cognition in rodents (Gordon
et al., 2005, Brandon et al., 2011, Buzsaki, 2002). These oscillations can be detected
from extracellular local field potential (LFP) in the hippocampal formation while
the animal performs locomotor behaviour (translational movement) and also
during rapid eye movement sleep (REM) (Vanderwolf, 1969, Oddie and Bland,

1998, Jouvet, 1969). It is additionally present outside the hippocampus, in areas
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related to sensory processing, spatial processing, and memory. For example, the
perirhinal cortex, entorhinal cortex, cingulate cortex and amygdala (Buzsaki,
2002). Moreover, recordings of freely-moving rodents showed an approximately
linear relationship between theta frequency and running speed (Bouwman et al.,
2005, McNaughton et al., 1983a). It still not clear if theta oscillations from different
areas are related. One hypothesis suggests that theta waves may be integrating
information between distinct areas. Indeed, coordination of theta signals between
the hippocampus and connected structures increases with learning (Brandon et
al., 201, Burgess and O'Keefe, 2005, Kleen et al., 201, Backus et al., 2016,
Benchenane et al., 2010). In the hippocampus, theta oscillation can be detected
before the locomotion begins and continues during movement (Fuhrmann et al.,
2015) These theta oscillations travel in waves and gradually shift their phase
moving from septal to ventral pole, potentially coordinating neuronal activity in a

synchronized fashion (Lubenov and Siapas, 2009, Patel et al., 2012).

Although specific theta-frequency firing neurons have been found in slices of the
hippocampus (Manseau et al., 2008, Goutagny et al., 2009, Amilhon et al., 2015), it
is well accepted that the MS is the hippocampal theta generator (Kocsis et al., 1999,
Kang et al., 2015, Tsanov, 2017, Brazhnik and Fox, 1999). The septal area and
hippocampal formation can be considered a unique formation connected by the
fimbria-fornix which is referred to as the septohippocampal system (Risold and

Swanson, 1997b, Sheehan et al., 2004).

23



1.1.1. Place cells and theta

Recordings of CA1 pyramidal cells during navigation showed that place cells have
an interesting relationship with the phase of the theta frequency present in the
LFP. As the animal enters a place field, the burst firing of a given cell occurs in later
phases of the theta cycle, as the animal crosses the place field, a regular phase shift
progressively occurs towards to early phases of successive theta cycles (figure 6).
In this manner, when the animal is exiting the place field, the firing of the place
cell is at earlier phases of the theta cycle. This phenomenon is referred to as ‘phase
precession’ (O'Keefe and Recce, 1993, Skaggs et al., 1996, Foster and Wilson, 2007,

Gupta et al., 2012).
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Figure 6. Theta precession of CA1 place cells.

Place cells in the CA1 region are considered to cover all the extents of the environment.

During navigation, sequences of place cells overlap with each other concerning the

environment position. Moreover, the firing starts at later phases of theta when the animal

enters the place field and successively moves towards earlier phases as the animal moves

out of the place field. (A) Firing rate of neighbour place fields plotted in function of the

space. (B) Each colour represents a place cell, and each point represents the phase of the

cell about the position. (C) The representation of the rat moving on a linear track and cells

sharing the same theta cycle as the rat moves. (D) The firing rate for the neuron plotted

as a function of position and phase. Figure adapted from (Maurer et al., 2006a).
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Theta precession is clearly observed when rodents run along linear tracks, but it
can also be apparent in 2D environments during repeated movement (Skaggs et
al., 1996, Huxter et al., 2008). Although it was first described in pyramidal CA1 cells,
this phenomenon can be observed on hippocampal interneurons (Maurer et al.,
2006b, Ego-Stengel and Wilson, 2007), other hippocampal areas (Skaggs et al.,
1996, Johnson and Redish, 2007, Hafting et al., 2008, Kjelstrup et al., 2008, Royer
et al., 2010), medial prefrontal cortex (Jones and Wilson, 2005) and ventral striatum
(van der Meer and Redish, 2010). Interestingly, as the theta frequency is
proportional to speed, at faster speeds, firing phase can better describe location

than firing rate of the place cell (Jensen and Lisman, 2000, Jones, 2003).

1.1.2.  Origins of hippocampal theta

The MS has been considered the theta generator of the hippocampus since
temporary inhibition or lesion of the MS virtually eliminate hippocampal theta
oscillations. Moreover, disconnection of these areas by fimbria-fornix is also
sufficient to suppress theta in the hippocampus (Andersen et al., 1979, Gray, 1971,

Oddie and Bland, 1998, Sainsbury and Bland, 1981).

Neurons in the MS have been identified to fire in bursts phase-locked in theta
frequency within the hippocampus and entorhinal cortex (Stewart and Fox, 1990).
Moreover, a neuronal subpopulation found in MS have shown tight phase coupling
to hippocampal theta, these GABAergic neurons express hyperpolarization-

activated, cyclic nucleotide-gated non-selective cation (HCN) channels and its
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population partly overlaps with GABAergic parvalbumin-positive neurons. All

neurons expressing (HCN) were found to fire in theta range (Varga et al., 2008).

Apart from the hippocampus, MS projects to several distinct brain areas including
the subiculum, the entorhinal cortex, the amygdala, the lateral hypothalamus, the
mediodorsal thalamus, the habenular nuclei, the mammillary complex, the
supramammillary area, the ventral tegmental area and the raphe nuclei (Swanson
and Cowan, 1979, Meibach and Siegel, 1977, Montagnese et al., 2004). The MS also
receives afferent inputs from diverse brain structures in addition to the
hippocampal formation. These areas include the amygdala, the ventral pallidum,
the lateral septum, the lateral hypothalamus, the supramammillary area, the dorsal
thalamus and from several brainstem nuclei (ventral tegmental area, substantia
nigra, raphe nuclei, locus coeruleus (Swanson and Cowan, 1979, Montagnese et al.,

2004).

1.4. The septohippocampal system

The septum has extensive connections with the hippocampus via the fimbria-
fornix pathway. While the MS has reciprocal projections, the lateral septum (LS)
mostly receives projections from the hippocampus (Raisman, 1966, Risold and
Swanson, 1997b). For this reason, these regions are referred to as the

septohippocampal system (Dutar et al., 1995, Khakpai et al., 2013).

The septohippocampal system has been extensively studied concerning spatial

memory since septal lesions cause learning and memory deficits in both humans
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(Gaffan et al., 1991, Botez-Marquard and Botez, 1992) and animals (Rawlins and

Olton, 1982, Numan and Quaranta, 1990).

The septum area is a subcortical forebrain region located rostrodorsal to the
hypothalamus, situated between the lateral ventricles in rodents. It is functionally
and anatomically divided into two major areas: the lateral septum (LS) and the
medial septal-diagonal band of Broca (MS), each having different function and cell
populations (Leranth and Frotscher, 1989). The MS sends cholinergic,
glutamatergic and GABAergic projections to the hippocampus while receiving
mostly GABAergic fibres. On the other hand, the LS is the main subcortical target
of the hippocampal CA1, CA3 and subicular pyramidal neurons (Swanson and
Cowan, 1979, Risold and Swanson, 1997b). Due to its close anatomical connection
with the hippocampus and areas related to emotions and behaviour response, e.g.,
ventral tegmental area, hypothalamus, and basolateral amygdala, the septum is a
strong candidate for theintegration of spatial and non-spatial information
processed in the hippocampus and these areas. Indeed, the LS has been shown to
have a crucial role in emotional processes and stress responses. It is also related
with feeding suppression and modulation of several cognitive and emotional
processes including learning, memory, anxiety and autonomic responses (Sheehan

et al., 2004, Reis et al., 2010, Singewald et al., 2011).
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1.4.1. The Lateral septum

The LS is the most substantial nucleus of the septum and was historically
anatomically divided into dorsal, intermediated and ventral areas. It is the primary
output of the hippocampus, receiving massive projections from CA and subiculum.
It is also interconnected with motivation centres, which are known to translate
motivational values into motor outputs e.g., lateral hypothalamus, periaqueductal
grey and thalamus (Swanson and Cowan, 1979, Risold and Swanson, 1997b,
Valenstein et al., 1970, Sheehan et al., 2004). It is composed of small and medium-
sized glutamic acid decarboxylase (GAD) positive GABAergic neurons. Double
fluorescence in situ hybridization and immunohistochemistry of calcium-binding
proteins showed that GABAergic neurons in the LS displayed immunoreactivity for
calbindin or calretinin, but not parvalbumin (Colom et al., 2005). There are two
subtypes of GAD enzymes: GAD 65 and GAD 67, consequently GABAergic GAD
65+ and GABAergic GAD 67+ neurons, suggesting two different GABAergic circuits

in the septum (Zhao et al., 2014).

Risold and Swanson's group did an extensive study on the connections and
chemoarchitecture of the LS. They redefined LS subdivisions related to
neurochemical expression and neuroanatomical data and observed that the rostral
area of the LS contains dense enkephalinergic and neurotensinergic neurons.
These neurons receive massive projections from CA1 and are interconnected with
the medial hypothalamic area. The caudal region of the LS expresses somatostatin
and receives projections from CA3 of the hippocampus (Risold and Swanson,

1997b). Furthermore, the hippocampal projections to the LS are topographically
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organized, suggesting a functional pathway between these areas (Risold and

Swanson, 1997a).

Regarding neurotransmitters, the LS receives inputs from monoaminergic and
cholinergic cell groups in the midbrain, including dopaminergic information from
the VTA, serotonergic inputs from the raphe nuclei, adrenergic inputs from the
locus ceruleus, cholinergic inputs from the laterodorsal tegmentum, and
glutamatergic inputs from the hippocampus (Meibach and Siegel, 1977, Sheehan et
al., 2004). Projections from the LS are topographically organized to the
hypothalamus, arranged in dorsoventral to rostrocaudal gradients (Risold and
Swanson, 1997b). Some authors have described a GABAergic connection between
the LS and the MS (Leranth and Frotscher, 1989, Risold and Swanson, 1997b).
However, others have argued against the existence of this connection, suggesting
that LS and MS connections are very sparse (Jakab and Leranth, 1995). Additional
anatomical studies revealed that the hypothesized projection from the LS to the
MS is either very weak or non-existent (Staiger and Nurnberger, 1991, Gulyas et al.,

1991, Leranth et al., 1992).

The LS is also involved in theta-rhythmic regulation of locomotion through
projections from the hippocampus to the lateral hypothalamus, via the dorsal LS
(Bender et al., 2015). Moreover, infusion of muscimol in the dorsal LS increased
theta frequency in the hippocampus. Conversely, infusion of the competitive
GABAA receptor antagonist GABAzine in the dorsal LS abolished theta, suggesting

a relationship with the MS (Chee et al., 2015).
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1.4.1.1. Electrophysiological recordings of the LS

As the main forebrain output of the hippocampus, the LS receives direct
projections from pyramidal cells of CA3 and CA1 which are known by their spatial
firing. Indeed, electrophysiological recordings in freely moving rats have shown
that LS cells encode spatial information. However, the place-related activity
described in the LS is unstable and less representative compared with spatial
hippocampal place cells (Zhou et al., 1999, Leutgeb and Mizumori, 2002, Takamura
etal., 2006). It is well accepted that septal area contributes to memory, and damage
in the septal area can impair memory and spatial learning (Rawlins and Olton,
1982, Numan and Quaranta, 1990, Fraser et al., 1991). Nevertheless, lesions
restricted to LS does not produce severe deficits in goal spatial solving task, a kind

of spatial working memory task (Fraser et al., 1991).

1.4.2. Medial septum

The medial septum is composed of two main areas: the medial septal nucleus and
the nucleus of the diagonal band of Broca, these regions are intimately
interconnected, and for simplification purposes, they will be considered as a single
region called MS for this thesis (Colom, 2006, Dragoi et al., 1999). In terms of
neuronal structure the MS is formed predominantly by three distinct
interconnected neuronal populations which form a dense and complex local
network: GABAergic which are immunopositive for glutamic acid decarboxylase

(GAD), cholinergic which are immunopositive for choline acetyltransferase
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(ChAT) and glutamatergic, which are immunopositive for vesicular glutamate
transporter (VGIuT) type 1 or/and type 2 (Sotty et al., 2003, Colom et al., 2005, Ledo
et al., 2015, Frotscher and Leranth, 1985, Hajszan et al., 2004, Kiss et al., 1990).
Furthermore, the complexity of the circuit is increased by a subpopulation of
neurons which were described to be immunopositive for both GAD and ChAT

(Sotty et al., 2003).

The MS is interconnected with the hippocampus, receiving most GABAergic
projections from hippocampal interneurons (Freund and Antal, 1988, Risold and
Swanson, 1997b, Takacs et al., 2008, Alonso and Kéhler, 1982). On the other hand,
projections from MS to the hippocampus are composed of the three different
subpopulations present in MS and innervate all areas of the hippocampus and

entorhinal cortex (Risold and Swanson, 1997a, Risold and Swanson, 1997b).

The hippocampal GABAergic projections to MS are found in all regions of the
hippocampus: from the CA1 area, they are located in the stratum oriens; in the
dentate gyrus, they are found in the hilar area and the CA3 area they are distributed
in all layers (Jinno and Kosaka, 2002, Totterdell and Hayes, 1987). These projections
mostly target MS parvalbumin GABAergic expressing neurons and cholinergic
neurons in a much less proportion (Toth et al., 1993). These inputs mediate fast
inhibitory response in MS GABAergic neurons (Mattis et al., 2014). Although the
hippocampal to MS projections are not crucial for theta oscillations, they are
believed to have a regulatory function in the network (Téth and Freund, 1992).
Back projections from the hippocampus have been identified to project to the same

GABAergic MS neurons from which they receive inputs (Takacs et al., 2008).
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Although the majority of the MS studies are related to its relation to the
hippocampus, the MS is connected to another region related to reward and
memory processing as described before. The privileged anatomical position
suggests that the MS can be a strong candidate to integrate these processes
(Swanson and Cowan, 1979, Woolf, 1996, Yamano and Luiten, 1989, Vertes, 1992,

Chiba and Murata, 1985).

1.4.3.  Septal projections to the hippocampus

1.4.3.1. MS cholinergic neurons

About 66% of the MS fibres to the hippocampus are cholinergic, and it is the
primary source of acetylcholine in the hippocampus (Sun et al., 2014). The septo-
hippocampal cholinergic fibres are widespread in the hippocampal and can
modulate distinct population of neurons which express ionotropic nicotinergic
and metabotropic muscarinic receptors (Cobb and Davies, 2005). The decrease of
cholinergic modulation of the hippocampus has been described in patients who
have Alzheimer’s disease (Bartus et al., 1982, Whitehouse et al., 1982).
Furthermore, the strength of cholinergic post-synaptic responses in the
hippocampus is diminished during aging, which increased the interest of MS

cholinergic as a target for Alzheimer’s treatment (Chouinard et al., 1995, Shen et

al., 1996).
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The acetylcholine levels in the hippocampus are highly correlated with the
frequency of low-firing rate neurons of MS, these neurons fire at frequencies below
4 Hz in vitro and in vivo (Simon et al., 2006, Sotty et al., 2003, Zhang et al., 2010).
Although cholinergic neurons do not show phase coupling with the hippocampal
oscillations, they increase their activity during hippocampal theta oscillations
(Simon et al., 2006, Zhang et al., 2010). Since the cholinergic neurons fire at low
frequencies, acetylcholine release might increase the general network excitability
and sensory-related drive to the hippocampus, rather than setting the pace of theta

rhythm (Buzsaki, 2002, Vandecasteele et al., 2014).

In the hippocampal CAji, the primary targets of cholinergic terminals are the
proximal dendrites and soma of pyramidal neurons (Frotscher and Leranth, 1985,
Kiss et al., 1990, Sun et al., 2014). The cholinergic fibres also induce different timing
responses in the hippocampal interneurons, which express different cholinergic
receptors to the muscarinic and nicotinergic. The muscarinic receptors have a
slower transient response compared with the nicotinergic receptors. The high
diversity of interneurons increases the complexity of cholinergic actions in the
hippocampus, as described in section (1.2.4), interneurons can innervate different
compartment of pyramidal cells and other interneurons, forming complex
networks (McQuiston, 2014, Miiller and Remy, 2014). Furthermore, selective
lesions of MS cholinergic projections to the hippocampus can impair the formation
of place fields in a novel environment (Wilson et al., 2005) and auditory fear
memory (Staib et al., 2018). Suggesting that MS cholinergic neurons are potent

modulators of memory formation (Maurer and Williams, 2017).
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1.4.3.2. MS glutamatergic neurons

The glutamatergic medial septum neurons are estimated to constitute 25% of the
MS population and to provide 4% of the septohippocampal projections in mice
(Colom et al., 2005, Henderson et al., 2010). In the hippocampal CA1, glutamatergic
projections terminate in both pyramidal cells and inhibitory interneurons;
however, pyramidal cells receive three-fold more glutamatergic projections
compared to interneurons (Sun et al., 2014). Glutamatergic neurons are mutually
connected with cholinergic and GABAergic neurons within the MS (Manseau et
al., 2005, Ledo et al., 2015). Moreover, they form a heterogenic population in the
MS concerning size and firing patterns, including fast-spiking, slow-spiking,
cluster and burst spike patterns (Huh et al., 2010). They are characterized by the
expression of vesicular glutamate transporters (VGIuT) type 1 or VGIuT type 2 and

by the lack of expression of either ChAT or GAD (Sotty et al., 2003).

The activity of MS VGIuT2 is related to movement in rodents, the frequency of
these neurons increases before the movement starts and get higher during running
compared to resting states. Optogenetic activation of MS VGluT2 neurons in the
theta band induces movement. The higher the frequency of the stimulated theta,
the shorter is the time lag between the beginning of stimulation and the resulting
running initiation. Subsequent running speed is also positively correlated to the
stimulation frequency. Furthermore, optogenetic activation of glutamatergic
septal (VGluT2+) neurons in the theta frequency band induced frequency-lock
oscillations in CA1 by regulating feedforward inhibition via septohippocampal

projections onto alveus/oriens interneurons (Fuhrmann et al., 2015, Robinson et
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al., 2016). Even a short stimulation of septal glutamatergic neurons could entrain
self-sustaining hippocampal theta with subsequent running initiation (Fuhrmann

et al., 2015).

1.4.3.3. MS GABAergic neurons

The GABAergic projections from the medial septum target predominately
hippocampal GABAergic interneurons expressing parvalbumin (Freund, 1989,
Freund and Antal, 1988, Sun et al., 2014, Unal et al., 2015). In contrast, hippocampal
projections to MS are predominantly somatostatin-expressing neurons which form
synapses mostly with MS GABAergic parvalbumin, and in smaller proportion with
MS cholinergic neurons (Jinno and Kosaka, 2002). As described before, a
subpopulation of hippocampal projections ends in the same neurons that projects
back to the hippocampus, forming a septo-hippocampal loop (Toth et al., 1993,
Elvander-Tottie et al.,, 2006). Parvalbumin-expressing MS neurons show
hippocampus theta-related firing at different patterns, e.g., theta bursting and
non-bursting, theta modulated and independent theta firing (Gogolak et al., 1968,
Gaztelu and Buno, 1982). Moreover, a subpopulation of parvalbumin neurons
expresses hyperpolarization-activated cyclic nucleotide-gated channels (HCN).
These neurons are likely to induce local theta synchronization in the MS and
provide theta rhythmic drive to the hippocampus since they produce theta
rhythmic activity in the lack of hippocampal theta (Borhegyi et al., 2004, Petsche

and Stumpf, 1962, Wang, 2002, Varga et al., 2008).
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1.4.4. Septal stimulation

The septum was the first area to be associated with intracranial self-stimulation
(ICSS), rats implanted with an electrode into the septal area could learn to press a
lever to receive electric stimulation (Olds and Milner, 1954). In addition,
subsequent studies showed that rodents could press the lever until exhaustion to
receive electrical stimulation in the septum (Ball and Gray, 1971, Cazala et al., 1988).
Since the discovery of the ICSS in the septum, many areas have been described to
induce self-stimulation. Olds experiments showed that stimulation on the lateral
hypothalamic medial forebrain bundle, which is a pathway containing fibres from
the septum, lateral hypothalamus, and tegmentum of the midbrain (including the

ventral tegmental area), induced fast and persistent self-stimulation (Olds, 1958b).

MS self-stimulation has been reported to be phase-locked with hippocampal theta
cycles (Buno and Velluti, 1977). GABAergic septohippocampal projections have
been associated with learning of lever pressing to receive ICSS (Vega-Flores et al.,
2014, Mitoma et al., 2003). Mice have been reported to self-administrate GABAa
receptor agonist muscimol and not GABA4 receptor antagonist bicuculline in the
septum. Moreover, injection of halobenzazepine in the ventral tegmental area
prevented self-administration of muscimol, suggesting that dopamine release in
the VTA may be involved in the acquisition of this behaviour (Gavello-Baudy et al.,
2008). The septum complex also supports the self-administration of a-amino-3-
hydroxyl-5-methyl-4-isoxazole-propionate (AMPA), an agonist for AMPA
receptors which mimics the effect of glutamate, suggesting that MS glutamatergic

neurons could be involved in self-stimulation behaviour (Liu et al., 2008).
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1.5. Objectives

The medial septum is a vital component of the subcortical network which
synchronizes hippocampal oscillations during activity states. This interaction is
required for memory formation and spatial processing. Moreover, the MS has been
associated to reward for over fifty years. Considering the importance of
understanding how the medial septum modulates hippocampus and reward

processing, the work presented in this thesis aims to:

e Determine how the expression of ChR2 by AAV controlled by nonselective
Hsyn promoter affects medial septal theta modulated neurons, which has

been described to control hippocampal oscillations.

e Assess how hippocampal theta and non-theta modulated interneurons are

affected by MS nonselective stimulation.

e Determine if nonselective optogenetic stimulation of the MS could induce
reward-related behaviour, by assessing the place preference during MS

stimulation.

e Investigate the role of MS GABAergic and cholinergic neurons on place

preference behaviour using transgenic animals.

e Examine if medial septal stimulation could exert a modulatory effect on

hippocampal place cells properties and stability

e Investigate if hippocampal place cells can encode MS stimulation.
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Together these results will contribute to furthering our understanding of reward
processing and improving our understanding of medial septum function on the

hippocampal electrophysiology, oscillations and spatial processing.
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2. Chapter

General Methods



“All animal work has been carried out in the Health Products Regulatory Authority
(HPRA) authorised establishment, Trinity College Dublin (establishment
authorisation number: AE19136) ensuring compliance with the requirements of
Directive 2010/63/EU and S.I. No. 543 of 2012. This work has also been approved by
the TCD Animal Research Ethics Committee (AREC) which is a Level 2 ethics
committee responsible for reviewing the proposed use of animals in teaching and

research in line with the Research Ethics Policies in operation in TCD”.

2.1. Housing conditions

Before any experimental procedures, the rats were allowed to acclimatize to their
housing for at least five days, during this time they were handled and habituated
to the laboratory environment and experimenter. They had ad libitum access to
food and water in a temperature-controlled (18-22 °C) laminar airflow unit,
maintained on a 12-hour light (8 a.m. - 8 p.m.) and 12-hour dark cycle. After
surgery, animals recovered at least for seven days having access to food and water
ad libitum. During recording sessions, rats received 10-25g of food as standard each
day and 15-20 mg of food pellets (TestDiet, Formula 5TUL, USA) during each trial.
The recording sessions were conducted during the light phase (10 a.m. - 18 p.m.)

and, in between session the rats were kept in the conditions described above.
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2.1.1. Electrodes and Microdrives

We used platinum-iridium wires which are inert and resistant to corrosion. The
low impedance of these materials results in an excellent signal to noise ratio when
recording. The recordings microdrivers were constructed using eight bundles of
four platinum-iridium wires (total of 32 channels) (90% platinum, 10% iridium;
HM-L insulated, 25um bare wire diameter, (California fine wire Ltd., California,
USA) twisted together. The microdrive (Axona Ltd., UK) was constructed using
moveable screw allowing tetrode advancements in steps of as little as 25 pm. The
wires were carefully inserted into the microdrive 25-gauge guide cannula and
protected by a 21-gauge outer cover. Each wire was manually connected to the
corresponding wire of the microdrive and soldered. To protect and isolate the
wires, the microdrive was covered with several layers of nail polish. On the day of

surgery, the electrodes were measured and cut at an angle of about 10 degrees.

2.1.2.  Electrodes implantation and viral injection

Male adult rats (Lister Hooded, 350-450 gr) were anesthetized using isoflurane via
a gas anesthesia system with an average flow rate of 1.0 + 0.3 litres per minute inside
an anaesthetic chamber. The animal’s head was shaved and returned to the
chamber for 5 min. The anaesthetic gas was then switched to the mask of the
stereotaxic frame, and the animal was fixed by ear bars. lodine was placed on the
animal’s head and eyes protected with eye cream. The animal’s breathing was

monitored, and isoflurane level was adjusted throughout the surgery to ensure the
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correct anaesthetic state. An incision (about 2 cm) was made, followed by cleaning
in order to expose lambda and bregma. Measurements were made to ensure that
the skull was horizontally aligned. Coordinates for injection and electrodes were
marked with a pen for further drilling. Animals were injected with a recombinant
adeno associated virus (AAV) to express channelrhodopsin-YFP. The virus was
injected with a volume of 2 pL at the rate of 0.2 pL/min using a Hamilton syringe.
After injection, the needle was left in place for ten additional minutes, to allow the
virus to disperse inside the brain before it was withdrawn slowly. After virus
injection, an optic fibre (200 pm core diameter, Thorlabs Inc.) was chronically
implanted. For neural recordings, the tetrodes were inserted into the target area.
The scalp was scratched to remove all blood vessels and to create a rough surface
for better adhesion of the dental cement. For stabilization of the microdrive on the
animal’s head, five to six stainless steel screws were inserted on the skull. To reduce
noise, a ground wire was soldered on a screw and connected to the microdrive
ground. The assembly was permanently attached to the skull using dental cement.
Implanted animals were housed individually with ad libitum access to water in a
food controlled stated to keep animals 85-90% their weight at surgery day. Animals

recovered for at least seven days before any experiment.

The table below shows the animals used in the experiment and chapters.
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Table 1 Number of animals used for each experiment/chapter

Rats Tetrodes Virus Procedures Chapters
injection
mMS1 32in MS 2 uLin MS open field 3
mMS2 32in MS 2 uLin MS open field 3
mMS3 32in MS 2 uLin MS open field 3
MSCA1 32in CAl 2 uLin MS open / square 3
MSCA2 32in CAl 2 uLin MS open / square 3/4/5
MSCA3 32in CAl 2 uLin MS open / square 3/4/5
MSCA4 32in CAl 2 uLin MS open / square 3/4/5
MSCAS 32in CAl 2 uLin MS open / square 3/4/5
MSCA6 32in CAl 2 uLin MS open / square 3/4/5
MSCA7 32in CAl 2 uLin MS open / square 3/4/5
MSCAS 32in CAl 2 uLin MS open / square 3/4/5
MSCA9 32in CAl 2 uLin MS open / square 3/4/5
Chatl 32in CAl1 2 uLin MS squared 4
Chat2 32in CAl 2 uLin MS squared 4
Chat3 32in CAl 2 uLin MS squared 4
Chat4 32in CAl 2 uLin MS squared 4
Gad1l 32in CAl1 2 uL in MS squared 4
Gad2 32in CAl1 2 uL in MS squared 4
Gad3 32in CAl1 2 uL in MS squared 4
Gad4 32in CAl 2 uLin MS squared 4
Gad5 32in CAl1 2 uL in MS squared 4
Gadé 32in CAl1 2 uL in MS squared 4

2.1.3. Stereotaxic coordinates

The table below describes the stereotaxic coordinates in relation to bregma. The
table contains the anterior-posterior (AP), mediolateral (ML), dorsoventral (DV)

and angle used for each target area. All implants were unilateral.
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Table 2: Stereotaxic Coordinates

CA1 -3.8 AP -2.5 ML 1.4 DV o ML
MS +0.8 AP -1.4 ML 5.5 - 6.5 DV 10 ¢ ML
LH -2.4 AP +2.6 ML 8.8-9.0 DV -252 ML

2.1.4. Virus construction

All the viral constructions were serotyped with AAVs5 coat proteins which were
demonstrated to express in the MS. Both viral constructions were packaged by
Vector Core at the University of North Carolina. Viral titers ranged from 1.5 to 1.8

x 10" particles per mL.

Table 3 Viral construction

Viral construction Adgene code
AAVs5.EF1a-DIO.hChR2-(E123T/T159C).EYFP.WPRE.hGH 35509
AAV5.hSyn.hChR2(H134R)-eYFP.WPRE.hGH 26973P

2.1.5. Laser stimulation

Blue laser light was provided by a 473nm multimode fibre-coupled diode laser
source (model S1IFC473MM, Thorlabs, USA), the laser module was modulated by a
direct digital synthesizer (JYETech, China). The synthesizer generated squared

waves from 20 - 50 Hz, the power in the tip of the optic fibre was set to 10-12 mW,
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and the stimulation protocols were generated by an internal Basic script on the
recording system. Before stimulation, an optic cable was connected to the cannula
implanted in the animal. To avoid light leakage, two heat shrinkable sleeves
covered the connection. Two laser stimulation protocols were used; during open
arena recordings, the laser was active every 6s using a sequence of 12 pulses of 5 ms
duration and during linear squared recordings, the laser was constantly flashing 5

ms pulses while the animal was on the south west corner of the arena.

2.2. Experimental apparatus

All electrophysiological recordings were conducted in awake rats in two different
environments (open field and linear square maze). Open field was used for
screening of cells and establishing baseline photostimulation responses. Once the
tetrodes were at the pyramidal layer of the hippocampus, the linear squared maze
was used to evaluate the effect of the photostimulation on the animal’s behaviour
(real-time place preference, chapter 5). After the end of the behaviour protocol,
interneurons (chapter 4) and place cells were recorded during MS stimulation

(chapter 6).

2.2.1.  Open field

To assess the effect of the photostimulation on the cells, rats were placed on an

open field arena which consisted of a square (60 cm x 60 cm) made of plywood,
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painted black arena, elevated 30cm from the floor. During sessions, the animals
were placed on the arena and food pellets (TestDiet, Formula 5TUL) were thrown
in every 20 seconds to pseudo-random locations within the open field (“random
foraging” task); in this way, animals moved continuously, allowing for a complete
spatial sampling of the environment (Muller et al., 1987). Each recording sessions
consisted of two back to back 12 min recording (baseline followed by stimulation).
For the stimulation sessions, the laser was controlled by the recording system
software through DACBASIC scripts (Axona Ltd.), the laser was switched on every
6 seconds using the following laser protocol: 12 pulses of 5 ms pulse duration of
blue light 473 nm. During sessions, the rat’s trajectory path was also recorded using

a LED tracking system.

60 cm

60 cm

Baseline Laser on

Figure 7. Pellet chasing task.

A (60 x 60 cm) plywood arena elevated 30 cm from the floor. (A) The rats were recorded
for 12 min without laser stimulation while sugar pellets were thrown on the arena. (B) The
animals were recorded for another 12 min in the same conditions as A, but the laser was

automatically turned on every 6 s.

47



2.2.2.  Rectangular linear track

A squared arena, 85cm x 85 cm and 10 cm wide made of plywood painted black and
elevated 30 cm above the floor was used for place preference discrimination and
place field comparison. During training sessions, animals were free to navigate
between the SW and NE corners, where two food pellets (TestDiet, Formula 5TUL)
were alternated placed on the corners. The animals could navigate in both
clockwise and anticlockwise directions. For place preference assessment, the
experiment was divided into a baseline session, followed by a laser stimulation

session.

A 85cm B

NW NE NW NE

/

SW SE SW SE

85cm

Baseline Laser on

Figure 8. Rectangular-shaped linear track.

The (85 x 85 x 10 cm) arena made of plywood was used to test for place preference and to
record place cells. (A) During the baseline recordings, sugar pellets were presented on
southeast (SE) and northwest (NW) corners. The rats were running towards both sides of
the arena. Both the time and passes on the SW and NE corners were measured. (B) During
the laser on recordings, the conditions were the same as in baseline, except that the laser

was turned on while the rat was positioned on the SE-SW-NW side (blue area).
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For the stimulation sessions, the laser was controlled by the recording system
software through DACBASIC scripts (Axona Ltd.), the laser was switched on while
the animal was on the north arm or the west arm of the maze, with continuous
photo-stimulation trains. The stimulation trains were composed of 12 pulses of 5
ms pulse duration of blue light 473nm followed by 500 ms inter-train interval.
Intercalated sessions were recorded, i.e., baseline followed by photo-stimulation.
The session length was 12 minutes for both baselines and photo-stimulation, the

cells were recorded as well as rat’s trajectory path by a LED tracking system.

2.3. Data acquisition

2.3.1.  Spike recording

Recording sessions started at least seven days after surgery. During sessions, a 32-
channels head stage amplifier was connected between the microdrive and the data
acquisition system (Axona Ltd., UK). Tetrodes were lowered sopm three times a
day until cells were detected. Once waveforms were detected, the lowering was
reduced to 1opm steps in order to improve the signal/noise relation. Signals were
amplified 5000 - 10000 times and bandpass filtered (380 Hz - 6 KHz). To reduce
the amount of data collected, a threshold was set up in relation to the noise and
only waveforms three times bigger than the threshold were captured. Spikes were

stored to disk at 44.1 KHz (50 samples per waveform at 8 bits per sample), with a
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timestamp vector recorded at the same sample. Electroencephalograms (EEGs)
were recorded 32 times, one for each electrode at a sampling frequency of 250 Hz

and stored to disk for offline analysis.

2.3.2. Position tracker

A camera positioned on the room ceiling was coupled with the recording system
to track the position of the infrared LED attached to the head stage, while the
animal moved on the arena. The LED position was converted into X and Y
coordinates at a sampling of 50 Hz and post-hoc synchronized with the neural

signal.

2.3.3. Referencing
Due to the high amplification of relatively low amplitude waveforms, noise poses
a major problem for these types of recordings. In order to minimize noise, each

tetrode with minimal background signal and no cellular activity. The signal from

both tetrodes was then subtracted to eliminate common waveforms.

2.4. Data analysis

2.4.1.  Spike sorting
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Implanted tetrodes pick up extracellular neural activity from all neurons in close
proximity to electrode recording tip. The distance between the source of the signal
(neuron) to each of the four tetrodes wires results in minor differences in the
recorded waveform and was used for cell identification (figure 9.a). To separate the
waveforms recorded from different cells, the neural signal was clustered by the k-
means algorithm, using graphical software (Tint, Axona Limited). Waveforms were
separated based on spike amplitude, duration, maximum and minimum spike
voltages and duration of the peaks In addition, autocorrelation was plotted for

inspection of the clustering quality (figure 9).
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Figure 9 Single-cell isolation.

(a) Examples of waveforms of a neuron recorded in one tetrode. Each waveform is a copy
of the same cell detected by different electrodes. (b) Example of clustered spikes from
different neurons. Spikes were separate in clusters based on spike amplitude, duration,
maximum and minimum spike voltages and duration of the peaks. (c) Autocorrelation
histograms plotted in different times used to check unit isolation and to evaluate

oscillatory properties of the neuron.
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2.4.2. Data exclusion criteria

Following spike sorting, each spike of a given cluster was compared with all other
spikes of the same cluster in a -10 to 10 ms time window and plotted as a histogram
(figure 9.d). This process produces an autocorrelation histogram. The resulting
histogram displays the most frequently occurring spike intervals. Based on the
refractory period of hippocampal pyramidal cells, clusters that presented intervals
less than 2 ms after cell isolation, were excluded from further analysis. Units that
had less than 50 spikes per 12 min session (0.07 Hz) were also excluded. Lastly,
clusters were plotted for a subjective visual examination of the similarity between
sessions. To ensure the same cell was recorded in more than one session, spike
cluster distribution, spike amplitudes, and waveforms were compared in

subsequent sessions.

2.4.3.  Spike properties

To ensure that the same cell was recorded between sessions, for each isolated cell,
the mean and standard deviation of the spike width, height and amplitude were
calculated. Cells with significant changes in these properties were excluded from

the intersession analysis.
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2.44. Place fields definition

The place fields were calculated by synchronizing the information from the
animal’s position (camera) with the spike times of an isolated cell. The resulting
firing map was divided into 2 cm”® square bins. Time spent within the bin was
normalized by the number of spikes in each bin. The rate map was smoothed by a
2-D, five by five bins box filter. The place field was defined as a cluster of g or more
adjacent bins of mean frequency above 0.5 Hz sharing at least one side with

another bin in which the firing rate was higher than 20% of the peak firing rate.

2.4.5. Units classification

To classify units into interneurons or place cells, for each unit we calculated the
spatial information, spatial coherence and sparsity. Spike times were shuffled 300
times and for shuffle, the spatial information, spatial coherence and sparsity were
calculated. A unit was classified as a place cell when all criteria meet the following
requirements: a spatial information value of the unit was greater than the g5™
percentile of the shuffled spatial information distribution; a coherence value was
greater than the 95™ percentile of the shuffled coherence distribution and a
sparsity value was smaller the 5 percentile of the sparsity distribution. Otherwise,

the unit was classified as interneuron.
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2.4.6.  Autocorrelation histograms

Autocorrelation histogram is a standard method to control the quality of the
clustering and single-unit isolation. An autocorrelogram pr (t) is defined for a

discrete time series f(t) with a lag [ as follow:

o= ) ffmn-D

i=—o

1

The autocorrelation histogram was calculated with a time lag of -10 ms to 10 ms
and 50 ms (figure 9.c and 9.d) for control of the cell isolation. Spikes within the
refractory period (2 ms) were excluded. The -1000 to 1000 ms autocorrelation
(Figure 9.e) was used to identify oscillatory patterns, mainly in the theta band

frequency (4 -12 Hz).

2.4.7. Theta index

To estimate if a neuron spikes in theta frequency, a sin wave with a decaying

amplitude was fitted to the 1000 ms autocorrelogram of the neuron.

The sine wave equation is defined as

—t] —t?

y = [A (sin (g— wt)) + b] e™ +cez
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Where t is the time, A, b, 74,7, and w are the fit parameters. The least squares
algorithm was used to fit the parameters to the autocorrelogram. The theta index
is calculated by the ration A:b between the maximum amplitude of the waveform

and the maximum, excluding the first peak (Royer et al., 2010).

2.4.8. Spatial Information

Proposed by Skaggs (Skaggs et al., 1993), the spatial information content of a cell
in bits/spike is a measure of how much a spike can predict a feature, in this case,
the location. The spatial information can be calculated using the equation:

= )3

i

Where p; is the probability of the animal being at the bin i, 4; is the mean
firing rate of the cell in the bin i, 4 is the mean firing rate for the whole trial, and /
is the information content. The change in the spatial information of a place field

between two recordings was calculated as the difference between both recordings.

2.4.9. Bursting units

Burst was defined as a group of two or more spikes having an inter-spike interval
smaller than 5 ms. A propensity to burst, also called burst index, was defined as

the number of bursts divided by the number of spikes. This definition is often used
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to quantify the overall bursting property of a neuron, units were classified as a
bursting cells, if they had a burst index larger than 10% (Ramcharan et al., 2005,

Anderson and O'Mara, 2003).

2.4.10. Grand Rate

The grand rate was defined as the average firing frequency of a cell within its place
field, is also called the infield rate. It is calculated by the sum of all spikes inside

the place field divided by the time spent inside the place field area.

2.4.11. Phase-Locking Value

The phase-locking value is a statistics method first developed to measure
synchrony in brain signals (Lachaux et al., 1999). It measures the phase difference
across trials, if the phase difference variability is small, the resulting measure is
close to 1. Here the method was used as described in (Mamad et al., 2015). To
calculate PLV, the hippocampal LFP signal was filtered using a band-pass filter and
divided into 4s epochs. A Hilbert transformation was used to compute the
instantaneous phase of the epochs. The transformed epochs were summed and
normalized. To calculate the shuffled PLV, the epochs were shuffled 2.000 times.

The result was the comparison between the shuffled and non-shuffled signal.
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2.4.12. Passes score

Passes were defined as the number of times that the animal crossed from SW to
NE or from NE to SW in both directions. The animals could cross from SW to NE
through NW or SE. Passes score between the two sides of the arena was expressed
by calculating a difference/sum score of the passes. The score for a pair (SW, NE)
of each condition was obtained by calculating the unsigned difference (SW - NE)
and dividing by their sum (SW + NE). The results ranged from -1 to 1. A score of o
indicating that the animals equally passed on both sides; an extreme value of -1
indicates that the animals only passed on the NE side, whereas a passes score of 1

indicates that the only passed on the SW side.

2.4.13. Firing rate analysis

The firing rate change between the two sessions was calculated by dividing the

signed difference between the mean firing rates by the sum of the mean rates.

Thase — Tstim

s
Thase + Tstim

3

Where 1y, is the mean frequency of the baseline session, 7y, is the mean
frequency of the stimulation session and R; the diff/sum score. The resulting value
varies from -1 to 1 where o represents no difference between sessions and 1 or -1

indicates that one of the rates were zero.
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2.4.14. Field size analysis

The difference between field sizes was calculated analogue to the firing rate score.

_ fbase — fstim

F. =
* fbase + fstim

4

Where F;, is the field score and f} 45, and fy;;,, are the field size for each respective

session.

2.4.15. Running speed and spike frequency correlation

To identify if the firing frequency of cells was correlated with the animal’s speed,
the animal’s raw speed data values were smoothed by a moving average windows
of 5 samples (100 ms). The session was divided into time bins containing different
speeds, from 1 m/s to 35 m/s. The spikes recorded were classified in relation to the
speed bins. The number of spikes was normalized by the time that the rat spent in
that speed, resulting in a firing rate. The points were fitted in linear regression, and
a Pearson’s correlation coefficient assessed the quality of the regression and only

p<o.oo1 where considered.

2.4.16. Real-time place preference

Real-time place preference (Stamatakis and Stuber, 2012b) was performed using

the linear squared maze described in session (3.2.2). The maze was situated in the
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middle of the recording room where many visual cues were visible. Rats were
allowed to run freely during recordings. Presentation of sugar pellets (TestDiet,
Formula 5TUL) was alternated between the two different corners, i.e., the rat only
received food in the corner when he completed half maze (from SE to NW). For
one week the rats were trained to run in both sides of the maze equally by
controlling the number of sugar pellets and directing the animal when necessary.
The baselines recordings started when the rats began navigating approximately
equally in both sides of the arena without intervention for at least three recordings.
The baselines consisted of three recordings of 12 min followed by three stimulation
recordings. The laser activation was programmed using a “Basic” script which was
running on the recording equipment. The program read location information via
the camera and delivery laser stimulation only when the animal was localized on
the designated side of the maze. Every time the rat entered the designated reward
area, the laser was turned on, delivering the stimulation protocol (5 ms pulse
duration, 12 pulses per train at 50 Hz, 500 ms inter-train interval). As soon as the
rat entered the reward area, the laser was turned on, and the stimulation protocol

was set to be repeating for as long as the animal stayed in the reward area.

2.4.17. Classification of Photo-Responsive Cells

Cells that responded to light were identified by comparing the firing rate before
and during stimulation. The spikes times of each cell were divided into epochs of
maximum length around each stimulation time without superposition to form a

raster plot. Cells were classified as into 2 groups: ‘inhibited” group when the firing
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rate during the stimulation reduced by at least 33% and ‘disinhibited’ group when
the firing rate increased at the same proportion. A Wilcoxon signed-rank test was
applied in a random subpopulation (n=15) of already classified cells to confirm that
rate changes were statistically significant (p<o0.05). The group of non-effected cells
was all the remaining cells that were not classified based on the criteria above

(Schoenenberger et al., 2016).

2.4.18. Centre of mass

Centre of mass (COM) derives from the physical concept, it is the unique point
resulting from the average of all position vectors weighted by the mass. In
neuroscience, the mass is substituted by the spiking frequency and is commonly

used to describe the centroid of a place field (Mamad et al., 2017).

The coordinates of the centre of mass are calculated as follow:

ooy = 2B gy b M) fiy e
coM ZLZ]fl,J bin 2 ’ COM lejfl,] bin 2 i

Where [;, is the length of the edge of the bin, f; is the frequency inside bin i.

To calculate the shift of a place cell between two consecutive recordings in the
open field, we defined the ACOM, which is calculated as the distance between two

coordinates as followed:
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ACOM = (xcoma — Xcomp)? + Wcoma — Ycomn)?

Where (Xcomar Ycoma) are the coordinates of the COM of the place field A and
(Xcomp, Ycomp) are the coordinates of COM of the place field B of the same cell in

two consecutive sessions.

2.4.19. Symmetric COM distance

The ACOM defined above was used for open-field arena analysis; however, the
simple calculation of the Euclidean distance used in the open arena cannot be used
in arenas with complexes topologies. The method used, described in Mamad et al
(2017) uses the symmetric property of the arena to calculate the centre of mass with
reference to the symmetric axis of the arena. The distance between the symmetric

axis and the centre of mass is calculated as:

D,—0, D,—0,
[COMx ~0, COM, — oy]

\/(Dx - Ox)2 + (Dy - Oy)z

det

diStCOM/sym =

62



Where 0, ,, is the x, y coordinates of the NE corner of the arena, considered as the
origin of the symmetric axis, D, ,, the x, y coordinates of the SW corner of the arena

and COM,,,, are the coordinates x, y of the centre of mass.

The distance from the origin to the projection of the centre of mass to the

symmetric axis can be calculated as the vector:

OP = \/(COM,% + COM;) - dl'St(:OM/sym2

The COM distance was normalized by the arena width as below:

dist — OM
# ,0P < —
dist = op-C 2
norm — . A
dist - OM
"M op>—
(OM —0P)-C 2

Where the OM is the diagonal, from the origin O (NW) to M (SE), C is a correction

factor introduced to compensate outliers in the motion tracking.
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2.4.20. COM angle

The COM angle was defined as a form of presenting the COM of a cell in relation
to the axis of symmetry (north-west to the south-east corner), an angle of 45°
represents total symmetry of the firing distribution. The symmetry angle was

calculated as:

o _ 45° - (1 — distporm) , COM, < COM,,
COM ™ 145° - (1 + distyorm) , COM, > COM,,

10

Where dist,,,rm is the COM distance calculated in equation 9.

2.4.21. Spatial Population Vector

The spatial population vector was used to evaluate the influence of the laser
stimulation on the firing behaviour of the whole population of recorded place cells.
The population vector of place fields’ distribution consists of the COM angle of

each place cell, it is calculated as

F- D

SPVweighted = W

1
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Where D is the vector of place fields’ distributions, F is the vector of the firing rate
distributions. The SPV average is calculated as the norm of the population vector

divided by the number of place cells N.

1D

2.5. Post-mortem verification

2.5.1. Transcardial perfusion and tissue fixation

After completion of electrophysiological recordings, brains were removed for
histological verification of the expression of the virus and the localization of the
electrodes and optic fibre. Animals were first anesthetized with isoflurane and
injected with pentobarbital sodium (150 mg/kg) (Euthanal, UK). To remove
intravascular blood, the animal was anesthetized deeply and perfused
transcardially with ice-cold phosphate buffered saline (~200 ml per rat) followed
by paraformaldehyde (4% (w/v)) at 4°C (~250 ml per rat). The entire brain was
removed from the cranium and post-fixed in PFA (4% (w/v) at 4°C). For
cryoprotection, brains were transferred to a sucrose solution (30% (w/v) sucrose
in phosphate buffer) for at least 72h. Before freezing, brains were coated in an
optimum cutting temperature (OCT) medium (TissueTek, VWR International). A

cylinder of aluminium foil (moulded around a tube) was used to hold the brain

65



and coat it in OCT, and these brain cylinders (with OCT) were frozen dry ice and

stored at -20°C for later sectioning.

2.5.2.  Tissue preparation

Before post-mortem verification of the position of the electrodes, brains were
sliced using a cryostat (Leica CM1900). Brains frozen in OCT were transferred to
the cryostat (-20°C) where they were fixed with OCT on a cork disc, which was
inserted in the cryostat. Brain tissue was coronally sectioned at 4opm thickness.
For verification of the electrodes and viral expression, sessions were mounted onto
microscope slides. Once all slices were collected, they were stored in slide boxes

and kept at -20°C until the immunohistochemistry assay or imaging.

2.5.3.  Verification of the virus expression and electrodes position

Sections were examined with an Olympus BXs1 fluorescence microscope in 488
nm for the viral expression of YFP. No quantification of the expression was made,
animals with no green fluorescence were excluded from the analysis. Moreover,
the position of the tetrodes was identified using the rat brain atlas (Paxinos &

Watson, 2007).
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2.6. Statistical analysis

Statistical analysis of all data was performed using GraphPad Prism version 7.02
for Windows (GraphPad Software, San Diego California, USA). Statistical
significance was estimated by using a 2-tailed independent samples t-test for non-
paired or Student t-test for paired data. Repeated measures were evaluated with a
2-way analysis of variance (ANOVA) paired with a post hoc test. Correlations
between datasets were determined using Pearson’s correlation coefficient. The
probability level interpreted as significant was fixed at p < 0.05. All data points are

plotted + SEM.
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3. Chapter

The Effect of Nonselective Optogenetic
Stimulation of The Medial Septum on

Hippocampus Interneurons



3.1. Introduction

It is widely accepted that the hippocampus is crucial for learning, memory and
spatial processing (Burgess et al., 2002, Burgess, 2002). These cognitive functions
depend on synchronized coordination of a significant number of neurons, which
is achieved by network oscillations (Fuentemilla et al., 2010, Lisman, 2010, Bocchio
et al., 2017). The main hippocampal oscillation present in the LFP is the theta band
(412 Hz in rodents), which can be detected during movement and REM sleep
(Buzsaki, 2002). It is well documented that the MS is crucial to cognitive processing
by contributing to theta generation for the hippocampus (Buzsaki, 2002, Berens
and Horner, 2017). Theta bursting MS cells have been described to fire in phase
with hippocampal theta oscillation (Alonso et al., 1987, Stewart and Fox, 1989b,
Brazhnik and Fox, 1999). Likewise, electrolytic lesion of the medial septum
permanently abolished hippocampal theta oscillation (Green and Arduini, 1954,

Leung, 1987).

The hippocampal interneurons are inhibitory GABAergic neurons, which
represent ~10-15% of the neuronal population in rats. They form a heterogeneous
population concerning morphology, anatomy, and connectivity. They also differ in
receptors and synaptic targets specificity from surrounding neurons (Pelkey et al.,
2017). Interneurons are found scattered throughout all layers of hippocampus CA
area, forming highly complex networks with the pyramidal cells and with other
interneurons (Freund and Buzsaki, 1996, Klausberger and Somogyi, 2008, Bezaire

and Soltesz, 2013, Pelkey et al., 2017). They can synchronize local and distal
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networks and are suggested to be a critical component of hippocampal oscillations
(Whittington et al., 1995, Bartos et al., 2007) since many different types of
interneurons have their firing phase-locked to hippocampal theta frequency

(Klausberger and Somogyi, 2008).

The MS is composed of GABAergic, cholinergic and glutamatergic neurons which
project to the hippocampus via fimbria-fornix pathway (Freund and Antal, 1988,
Frotscher and Leranth, 1985, Colom et al., 2005). These fibres terminate almost
exclusively in hippocampal interneurons (Leranth and Frotscher, 1987, Toth et al.,
1997). GABAergic MS neurons have been described to control hippocampal
oscillations, for example, MS parvalbumin-positive (PV+) neurons exhibit theta-
related firing patterns phase-locked with the hippocampus. Additionally, a
subpopulation of MS GABAergic PV+ neurons which project to the hippocampus
expresses HCN channels. These neurons have been described to function as local
oscillators at theta frequency (Gogolak et al., 1968, Gaztelu and Buno, 1982). These
GABAergic HCN positive neurons are likely to induce local theta synchronization
in the MS and provide theta rhythmic drive to the hippocampus since they produce
theta rhythmic activity independently of hippocampal connections (Borhegyi et
al., 2004, Varga et al., 2008, Petsche et al., 1962). A recent study showed that
optogenetic stimulation of MS (PV+) neurons could supersede the endogenous
theta oscillator but had no effect on theta amplitude (Zutshi et al., 2018).
Optogenetic stimulation of the MS has been shown to be an efficient way to entrain
hippocampal oscillation, mainly at theta frequency (Laxpati et al., 2014, Blumberg

et al., 2016, Mamad et al., 2015).
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To understand how septal stimulation can affect hippocampal interneurons and
consequently oscillations, we injected an AAV to express channelrhodopsin
(ChR2) under control of the human synapsin promoter (Hsyn) into the MS. The
Hsyn promoter is expressed exclusively in neurons and has a long-term transgene
expression in the rat brain in vivo when transfected by an adenoviral vector (Kugler
et al., 2003). Additionally, stimulation of the MS neurons expressing ChR2
mediated by Hsyn has been demonstrated to effectively entrain hippocampal
oscillations (Blumberg et al., 2016). Although the use of MS stimulation has a
strong effect on hippocampal theta oscillation, how the septal neurons are affected

by nonselective optogenetic stimulation is still not known.

The first aim of this chapter is to understand how nonselective optogenetic
stimulation of the MS affects theta and non-theta modulated neurons. For this
purpose, we investigated both electrophysiological and firing parameters of the MS
neurons during nonselective optogenetic stimulation. We hypothesized that
nonselective optogenetic stimulation should excite theta-bursting septal neurons,
which has been described to be in phase to the hippocampal theta oscillations

(Freund and Antal, 1988, Toth et al., 1997).

Our second aim was to investigate how hippocampal CA1 interneurons are affected
by MS nonselective stimulation. We hypothesized that theta oscillating
hippocampal interneurons, which receives mostly GABAergic projections from MS
should be inhibited by MS stimulation. The results of this chapter will contribute

to the understanding of the septo-hippocampal interactions in behaving animals.
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3.2. Methods

All animal work has been carried out in the Health Products Regulatory Authority
(HPRA) authorised establishment, Trinity College Dublin (establishment
authorisation number: AE19136) ensuring compliance with the requirements of
Directive 2010/63/EU and S.I. No. 543 of 2012. This work has also been approved by
the TCD Animal Research Ethics Committee (AREC) which is a Level 2 ethics
committee responsible for reviewing the proposed use of animals in teaching and

research in line with the Research Ethics Policies in operation in TCD.

3.2.1. Animals

In this study, a total of 12 male Lister Hooded adult rats (350 - 450 g) were injected
with a recombinant AAV to express channelrhodopsin-YFP under control of Hsyn
promoter into the MS. From these animals, three were used for the MS recordings;
these animals had both optic fibre and electrodes implanted into MS. For the
hippocampal recordings, nine animals had had optic fibre implanted into MS and

electrodes into CA1.

The animals which had electrodes implanted into hippocampus CA1 were also used

in Chapter 5 and Chapter 6.
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3.2.2. Surgery

The surgical procedure was detailed in section (2.1.3.), in brief, rats were
anesthetized with isoflurane and transferred to the stereotaxic frame, and the scalp
was shaved and drilled. Rats were injected with AAV5.hSyn.hChR2(H134R)-
eYFP.WPRE.hGH (Adgene #26973P). A total of 2 pL (0.1 pL/s) using a Hamilton
syringe. The MS coordinated used: AP +0.8; ML 1.4; DV 5.5-6.5; and a mediolateral
angle of 10 degrees for both optic fibre and electrodes. The CA1 coordinates -3.8
AP; -2.5 ML; 1.4 DV were used for both rats implanted with only electrodes and rats
implanted with electrodes and optic fibre. The assembly was permanently attached
to the skull with dental cement. Implanted animals were housed individually with
ad libitum access to water, and in a food-controlled state to keep animals at 85-
90% of their weight for the surgery day. Animals were left to recover for at least

seven days after surgery. The housing conditions were described in section (2.1.)

3.2.3. Protocol

Animals were recorded on the (6o x 60 cm) arena as described in section (2.2.1.).
In brief, animals were connected to the recording equipment (Axona Ltd., UK) and
placed on the arena and food pellets were thrown in every 20 seconds to pseudo-
random locations within the open field. During photostimulation sessions, the
laser was applied every 6 seconds (473 nm, 50 Hz, 12 pulses, 5 ms pulse duration)

and animals were recorded for 12 minutes. A camera positioned on the ceiling

73



recorded the rat's position. On average, the microdrive was lowered 50 pm after a
stimulation section to detect new units. The recording of raw data was stored for

later off-line analysis.

3.24. Data analysis

As described in detail in section (2.4.1.), the waveforms were clustered by the k-
means algorithm, using graphical software (Tint, Axona Limited). Autocorrelation
histograms were used as well as visual inspection to check the quality of the single
unit's isolation. The local field potential (LFP) was sampled at 250 Hz and filtered
using a band-pass filter (0.5 - 12 Hz). The short-time Fourier Transforming was
performed by using a Hanning window of 2 seconds with an overlap of 1 second
and plotted as color-coded using MATLAB's Signal Processing Toolbox (MATLAB,
Natick, MA). Theta index (section 2.4.6) was calculated for each unit as well as the
autocorrelation histograms. Units that responded to light were identified by
comparing the firing rate before and after each stimulation (100 ms before and 100
ms after). The spikes time of each cell were divided into epochs of maximum length

around each stimulation time without superposition to form a raster plot.

3.2.5. Unit classification

In this study, we focused only on septal cells and hippocampal interneurons. The

place cells were analysed in chapter 6. Units which presented less than 200 spikes
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during a recording were excluded from further analysis due to the under-sampling.
The remaining units were classified based on firing and bursting properties
(Tsanov et al., 2011, Ramcharan et al., 2005). The definition of the classification
criteria is defined as follow: Bursting units - these units presented burst pattern of
firing (Anderson and O'Mara, 2003). A burst was defined as a group of two or more
spike having an inter-spike interval < 5 ms. The ‘propensity to burst’ was defined
as an index of the proportion of bursting units (Ramcharan et al., 2005, Anderson

and O'Mara, 2003).

Theta modulated units - were defined as units which presented an oscillatory
pattern on the ISIs. A sine wave was fitted to the autocorrelation, and the theta
index was calculated. This method has been used to quantify theta modulation.
(Royer et al., 2010). In this thesis, it was used for classification. Every unit with

theta index bigger than 0.1 was classified as theta modulated.

The remaining units were classified as regular-spiking units. These units had a

spread ISIs distribution with no apparent peak.
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3.2.6. Post-mortem verification

After the completion of electrophysiological recordings, the brains were removed
for histological verification of the expression of the virus and the localization of
the electrodes and optic fibres as described in section (2.5). Fluorophore images
were collected using an Olympus BXs51 fluorescence microscope in 488 nm for the

viral expression of YFP.

3.2.7. Statistical analysis

Before analysis, all data were tested for normality using SPSS (Version 24.0.
Armonk, NY: IBM Corp) Shapiro-Wilk’s test. Where appropriated, differences
between groups were analysed parametrically using one-way analysis of variance
(ANOVA) or t-tests for independent samples. Most of the data were not normally
distributed, in those cases, groups were tested using the Kruskal-Wallis test and
Dunn’s multiple comparisons test using GraphPad Prism (Version 7.02). For
visualization and simplicity, data were plotted using the mean and standard error

of the mean instead of median and inter-quartile for non-parametric data.
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3.3. Results

3.3.1. Theta modulated medial septal units

We collected a total of 145 units in the MS from three rats during 21 sessions.
Animals were recorded in the open field while searching for sugar pellets. Each
session was 12 minutes length, and blue light (473 nm) was applied into the medial
septum every 6 seconds. We use 12 pulses of 5 ms duration as it was efficient to
affect the cells. The challenge of this study was to develop the surgical techniques
necessary to implant microdrive and optic fibre which had to be stable for over five
weeks, as the virus takes around four weeks to express fully. The tracks of the
electrodes were reconstructed by visual inspection of the brain slices (Figure 10).

The viral expression was observed by green fluorescence in the MS region.
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Figure 10. Track of the electrodes.

Representative histological specimen showing a reconstruction of an electrode track. The
viral expression was limited to the MS and ventral diagonal band of Broca, abbreviated as
VDB. Schematic image adapted from ‘The Rat Brain in Stereotaxic Coordinates’, 5 edition

(Paxinos and Charles, 2007).

3.3.2. Medial septum unit classification
We recorded 145 well-isolated units which were anatomically confirmed by post-

mortem histological verification to be within the MS. These cells were classified
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based on bursting activity and theta modulation. We measured the propensity to
burst (Anderson and O'Mara, 2003) and found that 25 units had had a propensity
to burst > 0.1. These units were grouped as bursting units (25/145, 17.2%). To
quantify the theta modulation of a unit, we fitted a sinusoidal function to the
autocorrelograms, the frequency of the sinusoidal fitted curve was (7.90 + 0.45 Hz),
which is within the theta band (4-12 Hz). Being that, these units were sub classified
as theta-bursting units. From the remainder non-bursting units, 56 were also theta
modulated (56/145, 38.7%), these units were grouped as theta modulated non-
bursting units (Table 3). Units which did not present burst firing or theta
modulation were defined as regular spiking units. Overall, the majority of the

units, including bursting and non-bursting units were theta modulated (55.8%).

Table 4. Electrophysiological characterization of the medial septum in freely

behaving rats

Cell types The:;il:;mt Thetau':::s‘b“mt Reguiz;lfring
Number of cells 25 (17.2%) 56(38.7%) 64(441%)
Average frequency 21.2 +12.8 Hz 11.08 £ 9.54 Hz 2.8 +2.23Hz
Mean spike width 160.97 *+ 42.17 167.91 + 69.74 180.92 + 48.96
Burst propensity 0.154 * 0.06 0.04 % 0.03 0.02 £ 0.01
Theta index 0.51* 0.50 0.39 £ 0.38 0.11t1.90
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We formally compared the spike width and firing frequency from the three classes
and between groups. A Kruskal-Wallis H test between groups revealed
significantly difference X*(2)=8.485, p=0.014. Dunn’s post hoc test showed that
regular spiking had a significantly bigger spike width than theta bursting units
(p<o.05) (figure 11.A). A Kruskal-Wallis H test showed that there was a statistically
significant difference in frequency between the different groups, X*(2)=78.06,
p<o.oo01 (figure 11.A). A Dunn’s post hoc test revealed significant differences
between all groups. The theta bursting units had the highest mean firing rate (21.2
+12.8 Hz), followed by the theta non-bursting units (11.08 + 9.54 Hz) (figure 11.B).

The regular firing units showed the smallest mean firing rate (2.8 £ 2.23 Hz).
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Figure 11. Electrophysiological differences between groups

(A) Comparing the width of the spikes between groups of MS cells. A Kruskal-
Wallis/Dunn’s test detected a significant difference between the theta burst units and
regular units (p < 0.05). (B) Comparison of mean frequency between groups. A Kruskal-
Wallis/Dunn’s test detected a significant difference between theta burst and theta non-
burst (p<o0.05). Theta burst and regular (p<o.001), and theta non-burst and regular groups

(p<o.001).
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Figure 12. Theta Burst unit ISI histogram and autocorrelogram.

(A) A typical ISI of a theta burst unit recorded within the MS with a mean frequency of
53.1 Hz. (B) The autocorrelogram of the same unit showing the fitted decaying sinusoidal
for theta index calculation, theta index of 0.90. (C) A spike waveform average from the

same unit, showing width of 136.24 £ 21.9 ps.
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Figure 13. Theta Non-Burst unit ISI histogram and autocorrelogram.

(A) ISI of a theta non-burst unit recorded within the MS with a mean frequency of 4.51 Hz.
(B) The autocorrelogram of the same unit showing the fitted decaying sinusoidal for theta

index calculation, theta index of 0.53. (C) A spike waveform average from the same unit,

showing spike width of 152.24 + 20.6 ps.
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Figure 14. Regular spiking unit ISI histogram and autocorrelogram.

(A) ISI of a regular spiking unit recorded within the MS with a mean frequency of 0.89 Hz.
(B) The autocorrelogram of the same unit showing the fitted decaying sinusoidal for theta
index calculation, theta index of 0.02. (C) A spike waveform average from the same unit,

showing spike width of 229.55 + 95.6 ps.
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3.3.3.

MS units with firing correlated with running speed

We next investigated the relationship of these neurons with animal’s speed for

each group of cells. A Pearson correlation was used to assess the linear relationship

between speed and firing frequency for each unit. We considered correlated units

which showed Pearson correlation p<o.oo1. The majority of theta burst cells had

the firing frequency modulated by speed (19/25, 76%). Only (3/25, 12%) units had

the firing rate positively correlated with speed, and (16/25, 64%) units were

negatively correlated (figure 15)
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Figure 15. Theta burst unit with firing rate negatively correlated with speed.

An example of a theta burst unit which decreased in firing rate with the increase in the

animal’s speed, Pearson correlation r = -0.84.
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The proportion of units with firing correlated with speed was smaller for theta non-
burst units, (31/56, 55%) of these cells showed a Pearson correlation > |0.5|. From
these cells, (11/56, 20%) were positively correlated and (20/56, 35%) negatively
(figure 16). Lastly, in the regular firing group, the correlation with speed was

proportionally much smaller, only (15/64, 24%) of the cells were positively

Correlated (6/64, 10%) or negatively correlated (9/64, 14%) (Figure 17).
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Figure 16. Theta non-burst unit with firing rate positively correlated with speed.

An example of a theta non-burst unit which increased in firing rate with the increase in

the animal’s speed, Pearson correlation r = 0.80.
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Figure 17. Regular spiking unit with firing rate negatively correlated with speed.

An example of a regular spiking unit which decreased in firing rate with the increase in

the animal’s speed, Pearson correlation r = -0.71.

Taking this together, we found that (65/145, 45%) units had the firing rate
correlated with speed. The majority of the cells were negatively correlated (45/145,
31%) and only (20/145, 14%) positively correlated. The table summarises the

proportion for each group (table 4).
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Table 5. MS units which had firing rate correlated to the animal’s speed

Cell types Theta ?)urst Theta non-burst Regulat.‘ﬁring
units Units units
Number of cells
» 31 15
Positively correlated 6/25, 24% 6/31, 20% 6/15, 40%
Negativel
c:rgrillc:’t;)i, 19/25, 76% 25/31, 80% 9/15, 60%

3.3.4. Nonselective optogenetic stimulation of the MS

To assess the effect of the laser stimulation on the MS cells, the rats were recorded
for 12 minutes receiving light stimulation every six seconds. Only (24/145, 16.6%)
of the cells were not affected by stimulation. We analysed the pre and post-
stimulus time histograms of the affected cells. Based on the pattern of the
histogram, we classified the effect of the light on the cells as excited or inhibited

(figure 18).

Table 6. Effect of non-selective optogenetic stimulation of MS units

Theta burst Theta non-burst Regular firing
Cell types units units units
25 31 15
Excited 5/25, 20% 14/31, 45.2% 7/15, 46.7%
Inhibited 19/25, 76% 12/31 38.7% 5/15, 33.3%
No effect 1/25, 4% 5/31,16.1% 3/15, 20%
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Most of the theta burst units (19/25, 76%) were indirectly inhibited by network
effect as the ChRz2 is a light-gate cation channel and it only depolarises cells. In
contrast, the theta non-burst units were mostly excited (14/31, 45.2%). A similar
pattern was observed for the regular spiking units, which had (7/15, 47.7%) of the
cells excited (table 3). Some excited cells had a post-stimulus inhibitory period
(figure 18.C), the opposite effect was observed in some cells (figure 18.D). To

classify the cells, we compared 100 ms before and during stimulation.
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Figure 18. Effect of light stimulation.
(A) Example of an excited unit. (B) An example of an inhibited unit. (C) Example of an

excited theta bursting unit which presented a post-stimulus transient inhibited phase. (D)
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Example of an inhibited theta bursting during laser stimulation, which presented a post-

stimulus transient peak on the histogram.

3.3.5. Classification of hippocampal CA1 interneurons

We recorded 67 well-isolated CA1 interneurons affected by MS stimulation from
nine rats. Using the same criteria used to classify MS units, we found that all burst
units were also theta modulated. The theta burst units consisted of (19/67, 28%) of
the total units. The units which were theta modulated and had a propensity to
burst lower than o.1, were grouped as theta non-bursting units. These units
composed (25/67, 37%) of the total units. The remaining units were classified as

regular spiking units which consist of (23/67, 34%) of the total (table 4).

Table 7. Characterization of the CA1 interneurons affected by MS stimulation

Cell types Thell;c’lIZ:lrst Thetaur:::s-burst Reguulz:.‘tfsiring
Number of cells 19 25 23
Average frequency 25.2+17.7 Hz 1211+ 8.3 Hz 3.7t3.6 Hz
Mean spike width 198.6 * 41.06 163.6 + 34.0 192.2 £ 49.2
Burst propensity 0.17 0.1 0.07 £ 1.03 0.03 * 0.02
Theta index 0.8t0.1 0.7t 0.1 0.3to0a1
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We use a Kruskal-Wallis test with a Dunn’s post hoc to compare the waveform
width between groups (figure 19). There was a significant difference between theta
bursting units and theta non-burst units X*(2)=8.05, p=0.018. Dunn’s post hoc test
detected a difference between theta burst and regular spiking units (p<o0.05).
Concerning average frequency, there were significant differences between groups
X*(2)=23.57, p<o.oo1. Dunn’s port hoc detected a difference between theta burst

and regular (p<o.001) and between theta non-burst and regular groups (p<o.01).
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Figure 19. Electrophysiological differences between groups.

(A) Comparing the width of the spikes between groups of CA1 interneurons. A Kruskall-
Wallis/Dunn’s test detected a significant difference between the theta burst units and
theta non-burst units (p < 0.05). (B) Comparison of mean frequency between groups. A
Kruskal-Wallis/Dunn’s test detected a significant difference between theta burst and

regular units (p<o0.001), and theta non-burst and regular (p<o.o1).
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3.3.6. CAl interneurons with firing frequency correlated with

speed

We also investigated the correlation between firing frequency and speed for all
interneurons. We used the same analysis used for MS neurons. We considered
units which showed Pearson correlation greater than |o.5|. Most of the units had
the firing frequency linearly correlated with speed (39/67, 58.2%). In the theta
burst group, (14/19, 73%) of the units were modulated by speed. The positively
correlated were the majority (12/19, 63%) while only two units were negatively

correlated (2/19, 10%) (Figure 20).
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Figure 20. Theta burst unit with firing rate positively correlated with speed. (A) ISI
of a theta bursting interneuron with a mean frequency of 56.96 Hz. (B) A spike waveform

average from the same unit, showing spike width of 204.23 * 21.83 ps. (C) The
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autocorrelogram showing the fitted decaying sinusoidal used for theta index calculation,
theta index of 0.8. (D) Autocorrelation (+10) used to verify unit isolation. (E) Firing rate

positively correlated with speed (Pearson r = 0.92).

Most of the units of the theta non-bursting group had the firing rate correlated
with speed (15/25, 60%), where (11/25, 44%) were positively correlated and (4/25,

16%) negatively (figure 21).
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Figure 21. Theta non-burst unit with firing rate positively correlated with speed.

(A) ISI of a theta non-bursting interneuron with a mean frequency of 5.94 Hz. (B) A spike
waveform average from the same unit, showing spike width of 171.15 + 27.50 ps. (C) The
autocorrelogram showing the fitted decaying sinusoidal used for theta index calculation,
theta index of 0.86. (D) Autocorrelation (+10) used to verify unit isolation. (E) Firing rate

positively correlated with speed (Pearson r = 0.74).
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Lastly, the regular firing group had (9/23, 40%) of speed correlated cells. The
majority were positively correlated (7/23, 32%), only two units were negatively

correlated (2/23, 8%) (Figure 22).
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Figure 22. Regular unit with firing rate positively correlated with speed. (A) ISI of a
theta non-bursting interneuron with a mean frequency of 1.01 Hz. (B) A spike waveform
average from the same unit, showing spike width of 172.23 £+ 29.25 ps. (C) The
autocorrelogram without theta modulation, the theta index for this unit was 0.13. (D)
Autocorrelation (+10) used to verify unit isolation. (E) Firing rate positively correlated with

speed (Pearson r = 0.80).

95



Table 8. CA1 interneurons which had firing rate correlate with speed

Theta burst Theta non-burst  Regular firing
Cell types units Units units
19 25 23
Positively correlated 12/19, 63% 11/25, 44% 7/23, 32%
Negatively 0 0 0
correlated 2/19, 10% 4/24,16% 2/23, 8%

3.3.7. The effect of nonselective MS optogenetic stimulation on

CAl1 interneurons

Only affected hippocampal interneurons were analysed, in this experiment. We

found that the majority of the units (52/67, 77.6%) were disinhibited during MS

stimulation. The theta bursting neurons had (12/19, 63%) of the units disinhibited,

and (7/19, 37%) inhibited. In the theta non-bursting group, (20/25, 80%) were

disinhibited, and only (5/20, 20%) inhibited. Lastly, for the regular spiking units,

the majority were disinhibited (20/23, 87%), and only (3/23, 13%) of the units were

inhibited (Table 8).

Table 9. Effect of nonselective optogenetic stimulation of MS on CA1 interneurons

Cell types Theta .burst Theta no.n—burst Regulafﬁring
units units units
Inhibited 7/19, 37% 5/20, 20% 3/23, 13%
Disinhibited 12/19, 63% 20/25, 80% 20/23, 87%
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3.3.8. Medial septal stimulation induced strong theta activity on

hippocampal LFP

Lastly, we examined how MS optogenetic stimulation could affect the hippocampal
LFP in theta frequency. A paired-samples t-test was conducted to compare the
averaged evoked power in the theta band (4-12 Hz) before and after a stimulus.
There was a significant difference in the evoked power before (M = 0.59, SD = 0.19)

and after (M =1.34, SD = 0.52) laser stimulation; t(8) = -6.271, p < 0.001 (figure 23).
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Figure 23. Evoked theta power before and after a stimulus. To confirm that MS
stimulation affects the CA1 LFP, we calculated the difference of the evoked power between
4-12Hz (theta band). A paired t-test showed that the evoked power was significative

higher after the laser stimulation p < 0.001).
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The laser stimulation effect on the LFP can be clearly visualized by the power

spectrogram as exemplified (figure 24).
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Figure 24. Power spectrogram of CAi1 LFP. Example of two color-coded power
spectrograms of hippocampal 4-20Hz oscillations before and after MS stimulation. The
blue arrow indicates the time of the stimulus. The black arrows indicate the peak of the

power around 8 Hz.

We observed that theta bursting units that were strongly affected by the MS
stimulation. Some cells showed an oscillatory pattern after the stimulus that was

easily observed on inhibited units (figure 25).
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Figure 25. Theta bursting units affected by MS stimulation.

(A) Example of a strongly excited unit. The laser stimulation represented by the blue
arrows started at time o seconds. The raster plot and histogram show increase in firing
frequency during MS stimulation. It is possible to observe small peaks on the histogram
after stimulation. (B) Example of an inhibited theta bursting unit represented by its raster
plot and histogram. The peaks after stimulus indicate that this unit is theta modulated

and the phase was reset by MS stimulation.
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3.4. Discussion

This chapter aimed to explore how nonselective optogenetic MS stimulation
mediated by the Hsyn could affect the septohippocampal circuit. We designed two
experiments to address this question. In the first experiment, we expressed ChR2
on MS neurons under the control of Hsyn promoter, and optogenetically
stimulated these neurons while recording extracellular activity locally within the
septum. In the second experiment, we repeated the expression of ChR2 under the
control of Hsyn in the MS and stimulated the MS while recording extracellular
activity in the hippocampal CA1 area. Interestingly, our results showed that the
majority of MS neurons recorded were inhibited by optogenetic stimulation.
Additionally, we investigated the correlation between firing rate and speed
showing that the majority of MS neurons had the firing rate negative correlated to

animal’s speed.

The extracellular recordings used in this study could detect waveforms that come
from neurons relatively close to the tip of the electrodes. The primary advantage
of this technique is the possibility to record several neurons during behaviour, as
the animal can move freely, only attached by a lightweight cable. A downside of
this technique is its limitation to electrophysiological recordings and the
incapacity to identify the chemical profile of the recorded neurons. To have an idea
of the neuronal subpopulations detected by the electrodes, we could compare the
firing parameters of recorded neurons to data available in the literature. For this

reason, units were classified based on their firing properties in an attempt to
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distinguish between groups that have been already described (Stewart and Fox,
1989a, Brazhnik and Fox, 1999, Borhegyi et al., 2004, Henderson et al., 2001, Tsanov

et al., 2011).

The theta-bursting group was first classified by its propensity to burst and later we
observed that these neurons were also theta modulated. The theta-bursting group
showed the highest firing rate and smallest average cell width. In fact, the firing

rate and cell width were inversely proportional for all MS groups.

The core of this chapter was the classification of MS units and later understanding
the effect of the laser stimulation on these groups. Bursting classification comes
from in vitro studies by measuring the neuron response from an electronic current
injection. However, theta index is usually used as a quantifier of theta modulation,
here it was used as a classifier. As the theta index is calculated by a division of two
factors, it always results in a value different from zero, for example, the minimal
theta index calculated for a unit that had absolutely no theta modulation was
0.003. However, it is possible to visually identify that very low-value theta index
resulted from cells that had no oscillation pattern in the autocorrelation. To
overcome this issue, a minimal theta index was defined by visual inspection of the

autocorrelation.

The MS bursting neurons have been described to be GABAergic GAD positive
cells, including parvalbumin-positive neurons that present theta-bursting activity
coupled to hippocampal theta oscillations (Borhegyi et al., 2004, Bassant et al.,
2005, Simon et al., 2006, Joshi et al., 2017). Not only GABAergic, but MS

glutamatergic neurons were also described to exhibit a highly heterogeneous set

101



of firing patterns including fast-firing, burst-spiking and slow-firing (Sotty et al.,
2003). The second group was composed of non-bursting units that presented
oscillation pattern at theta frequency. This group was intermediate in both firing
frequency and waveform width. Theta modulated neurons are likely to be
GABAergic or glutamatergic neurons (Jones et al., 1999, Sotty et al., 2003, Huh et
al., 2010, Hangya et al., 2009). The regular-spiking group showed the smallest firing
frequency and no theta modulation. Slow spiking MS neurons have been described
to be cholinergic and innervate both pyramidal and interneurons in the

hippocampus.

In this chapter, we also analysed the correlation between the speed of the animal
and the firing frequency of MS neurons. Theta frequency has been described to be
linearly proportional to the animal's speed, increasing the firing rate of theta-
modulated neurons in the hippocampus (Ekstrom et al., 2001, McNaughton et al.,
1983b). Interestingly, in this study, we found that the firing rate of the MS neurons
was negatively correlated with the animal's speed. The theta-bursting units were
the most affected by speed (76%), 64% of which were negatively correlated with
speed. Considering that most of the MS connections to hippocampal interneurons
are GABAergic to GABAergic (Freund and Antal, 1988), and hippocampal
interneurons increase their firing rate relative to speed (Czurko et al., 20m1), our
findings should be expected since inhibition of MS GABAergic neurons result in

disinhibition of hippocampal interneurons.

Lastly, we evaluated the effect of optogenetic stimulation on MS neurons.

Beforehand, it is essential to explain that the experiments were based on ChR2
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which are nonspecific cation channels that depolarize the cell membrane when
exposed to blue light, which can only depolarize neurons. Unexpectedly, we
observed more inhibited than excited units within the MS when the light was
applied. The Hsyn promoter is nonspecific and theoretically can be used as a
promoter in all types of neurons when transported by adeno associated virus. One
possible explanation to the inhibited neurons is that the virus expressed in a
subpopulation of MS GABAergic cells and consequently inhibited the majority of
the cells when the light was applied. However, there is not enough anatomical
data about the MS interconnections. Patch clamp recordings showed that
glutamatergic and GABAergic MS neurons make connections within the MS and
cholinergic neurons receive both glutamatergic and GABAergic connections,
forming recurrent networks (Ledo et al., 2015). However, this data is not enough to
determine the precise intra-septal connections and our suggestion of a

subpopulation of GABAergic inhibiting other neurons cannot be proved.

One limitation of this study is that we did not quantify the expression of ChR2
controlled by Hsyn promoter in different cell types. The Hsyn promoter is
nonspecific and theoretically can be used as a promoter in all types of neurons.
However, little is known about the process of the internalization adeno associated
virus by neurons. Viral transduction is determined empirically for each brain
region and cell types (Hammond et al., 2017). So, we cannot determine what
neurons expressed ChR2 without immunohistochemistry techniques. The
quantification is feasible by combining viral expression of fluorophores to
immunohistochemistry and could be proposed as future work. Another point to

consider is that we included the light stimulation periods in the calculation of
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speed to spike rate correlation. The inhibition or stimulation of units certainly
induced more or fewer spikes during the recording, but the laser was applied every
6 seconds for a short duration, which would not have an effect on the overall speed

correlation calculation.

It is important to discuss that classification of units in theta and bursting are
dependent on firing rate because both methods used interspike interval in the
calculations. For instance, bursts were defined as sequences of at least three spikes
having less than 5 ms from one to another. The probability of a fast-spiking cell to
being classified as bursting is higher compared to a slow spiking cell. In both
figures 1B for MS units and 19B for CA1 interneurons, we could observe that
bursting units were the groups with the highest firing rate. The bursting definition
comes from in vitro patch clamp experiments, usually associating the propensity
to burst to membrane properties (Connors et al., 1982). In this thesis, the bursting
classification was an attempt to segregate medial septum PV positive cells, which
have been described as fast spiking theta modulated bursting units (Varga et al.,
2008) and hippocampal interneurons which are both bursting and theta
modulated. These units were suggested to mediate theta modulation in the

hippocampus.

In the second part of this chapter, we analysed the effect of MS stimulation in the
hippocampal interneurons. This study aimed to investigate the effect of MS
stimulation on hippocampal interneurons, for this reason, only affected cells were
included in the analysis. We used the same classification in bursting and theta

modulated units, and as observed in the MS, bursting units were also theta
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modulated. Compared to MS units, hippocampal interneurons firing frequencies
followed the same pattern, theta-bursting units showing the highest firing
frequency, followed by theta modulated and regular spiking units. However,
regarding waveform width, the non-bursting theta group was the smallest, and no
difference was found between the theta-bursting and regular units. Interneurons
have been demonstrated to be positively correlated to an animal's speed, and theta
modulated interneurons showing stronger correlation (Czurké et al., 2011). In
accordance with previous results, we found that most of the hippocampal
interneurons were positively correlated with speed and the correlation was
stronger for theta modulated interneurons. However, we found that a significant
subpopulation of interneurons was negatively correlated with speed. These results
are in agreement with a study which characterized interneurons in the dorsal CA1
and found that a small proportion (8/93, 8.6%) were negatively correlated with

speed. Very close to (6/67, 9%) described here (Gois and Tort, 2018).

Lastly, we evaluated the effect of nonselective MS stimulation on CA1 interneurons.
In the theta bursting group, we had the opposite effect from the MS. In the MS
most of the theta bursting units were inhibited, and in the CA1 the majority were
disinhibited. As described before, the theta bursting MS units are most likely to be
inhibitory GABAergic cells (Morris et al., 1999, Knapp et al., 2000, Borhegyi et al.,
2004, Simon et al., 2006). The inhibitory effect on the majority of theta bursting
MS neurons could explain the increase in firing frequency of the hippocampal

theta bursting interneurons.
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In the non-bursting theta group, most of the interneurons were also disinhibited,
so we would expect an increase in theta power in the hippocampus. Indeed, the
power spectrograms showed a peak in theta power after MS stimulation. MS
GABAergic PV+ neurons were described to project to hippocampal PV+ neurons
including basket cells, which can innervate many pyramidal neurons and are
strong candidates to synchronize MS oscillations to hippocampal oscillations
(Ognjanovski et al., 2017, Hu et al., 2014, Freund, 1989, Freund and Antal, 1988,

Freund and Katona, 2007).

It has been shown that electrical theta bursting stimulation of the MS can reset
hippocampal theta-bursting units (Mamad et al., 2015). We also observed that a
subpopulation of theta-bursting units was strongly affected by MS stimulation.
These units showed peaks on the histogram at theta frequency and the phase
synchronization extended for more than one second after MS stimulation.
Moreover, we observed an oscillatory pattern on the LFP of the event-related

potential (ERP) filtered in both 0-45 Hz and in the theta band.

To summarize, in this study we expressed ChR2 in MS and recorded MS neurons
and interneurons of freely moving rats. We found that most of MS neurons were
inhibited, although ChR2 can only excite neurons. Moreover, we showed that
hippocampal interneurons are mostly disinhibited during MS stimulation. We also
showed a relationship between firing rate and speed, and unexpectedly most of the

MS neurons were negatively correlated with speed.
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Chapter 4

Optogenetic Stimulation of the Medial Septum Induces

Real-Time Place Preference
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4.1. Introduction

Deep brain stimulation (DBS), a surgical procedure involving the implant of a
neural stimulator in target areas, recently re-emerged as a chosen technique for
the treatment of refractory neurological and psychiatric disorders. The septal area
has been known as a “pleasure centre” for over sixty years, and recently it was
considered as a target of DBS for treatment of schizophrenia and epilepsy (Ma and

Leung, 2014, Fisher, 2013).

The septal area is the primary modulator of hippocampal oscillations, and it
provides the hippocampus with GABAergic, cholinergic and glutamatergic fibres
which are intimately related to memory (Amaral and Kurz, 1985, Colom et al.,
2005). Septal lesions have been linked with a reduction in performance on a variety
of learning and memory tasks and decline of hippocampal acetylcholine levels
(Herzog et al., 2000, Givens and Olton, 1990, Kesner et al., 1986, Mizumori et al.,
1990, Morris et al., 1992). Moreover, cholinergic modulation of the hippocampus is
depreciated in Alzheimer's disease or during healthy aging, in both rats and
humans (Gill and Gallagher, 1998, Schmitz et al., 2018). Stimulation of the septum
has been proposed to improve spatial working memory in rats after traumatic brain
injury. Furthermore, DBS in the septal area enhances memory in rats with a
cholinergic deficit and pilocarpine-induced status epilepticus (Lee et al., 2013,

Jeong et al., 2014, Lee et al., 2017).

The septum is intimately related to areas associated with the mesocorticolimbic
dopamine (DA) system, including the lateral hypothalamus (LH) (Risold and

Swanson, 1996, Jakab and Leranth, 1993, Geisler and Zahm, 2005, Oades and
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Halliday, 1987, Gaykema et al., 1990, Sweeney and Yang, 2016). Moreover, the
septum was the first brain region to be observed to elicit intracranial self-
stimulation in rats. Animals were described to compulsively press a lever in order
to receive an electrical stimulation in this area (Olds and Milner, 1954). Within the
septal area, the medial septum displayed higher self-stimulation rates and lower
self-stimulation thresholds. i.e., rats could learn faster to press a lever in order to
receive stimulation when the electrode was close to the midline compared to
lateral regions (Cazala et al., 1988). Furthermore, pharmacological studies showed
that the midline region of the septal complex promotes self-administration of
GABAA receptor agonist muscimol (Gavello-Baudy et al., 2008), suggesting that
medial septal GABAergic neurons could be involved in septal electrical self-

stimulation.

Rewards have substantial importance in life as it can modulate goal-oriented
behaviour for food, water or sex. Indeed, animals can perform better in tasks if a
reward is expected (Wise, 2004). Furthermore, it is closely related to memory and
attention (Watanabe and Sakagami, 2007, Engelmann et al., 2009, Pessoa, 2008,
Pessoa and Engelmann, 2010, Doallo et al., 2013). Accumulated data suggest that
the mesocorticolimbic dopamine (DA) system plays a role in reward and
reinforcement processing, motivation, and goal-directed behaviour. These
functions mediated by dopaminergic release in the VTA and nucleus accumbens
(NAc) (Wise, 2004, Hollerman and Schultz, 1998, Schultz, 1998). The LH also play
a role in reward, GABAergic LH projections to the VTA was suggested to induced
positive reinforcement and place preference while increasing dopaminergic release

in NAc (Nieh et al., 2016).

109



The septum projects to multiple hypothalamic areas including the LH which has
been associated to reward (Stuber and Wise, 2016). Studies have demonstrated that
LH modulates reward via projections to the mesolimbic dopamine system
(Fouriezos et al., 1978, Nieh et al., 2015, Nieh et al., 2016), including GABAergic
projections to the VTA (Barbano et al., 2016). Inhibition of GABAergic interneurons
in the VTA, induces disinhibition of the DA neurons (Johnson and North, 1992,

Szabo et al., 2002, Tan et al., 2012).

Whereas reward dependent behaviour can be acquired by electrical septal
stimulation, how MS neurons mediate this behaviour it is not fully understood.
Here we proposed an experiment to assess real-time place preference (Stamatakis

and Stuber, 2012a) while optogenetically stimulating MS neurons.

The aims of this study were first to, mimic the well-described reward-related
response from septal stimulation using optogenetics. We hypothesized that
nonselective optogenetic MS stimulation would mimic the electrical MS
stimulation. To test the behaviour effect, we use a place preference test adapted
for an optogenetic real-time response. Second, we use a transgenic rat model which
allow for the specific expression of ChR2 in glutamate decarboxylase 1 (GAD1)
positive neurons. These animals were used to test the hypothesis that the MS
GABAergic neurons could be mediating the place preference behaviour. Lastly, we
tested the effect of MS cholinergic stimulation. To specifically stimulate MS
cholinergic neurons, we used a transgenic model which allowed the expression of

ChRz2 in choline acetyltransferase (ChAT) positive neurons.
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4.2. Methods

All animal work has been carried out in the Health Products Regulatory Authority
(HPRA) authorised establishment, Trinity College Dublin (establishment
authorisation number: AE19136) ensuring compliance with the requirements of
Directive 2010/63/EU and S.I. No. 543 of 2012. This work has also been approved by
the TCD Animal Research Ethics Committee (AREC) which is a Level 2 ethics
committee responsible for reviewing the proposed use of animals in teaching and

research in line with the Research Ethics Policies in operation in TCD.

4.2.1. Animals

A total of 18 animals were used in this study: six male (250-350 g) Lister-Hooded
rats (Harlan, UK), four male (250-350 g) Long Evans rats Chat-Cre, strain LE-
Tg(ChAT-Cre)s.1Deis (Rat Resource & Research Centre, RRRC#: 658), which
express Cre-recombinase enzyme under control of choline acetyltransferase
(ChAT) expressed in cholinergic neurons, and lastly, six male GAD1-Cre rats, strain
LE-Tg(Gad1-iCre)30ttc (Rat Resource & Research Centre, RRRC#: 751). These rats
express Cre-recombinase enzyme under control of the glutamate decarboxylase 1
(GAD1) promoter, one of two genes encoding the GAD enzyme that converts

glutamate to GABA.

Before any experimental procedures, the rats could acclimate to their housing for

at least five days, during this time they were handled and habituated to the
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laboratory environment and experimenter. They had ad libitum access to food and
water in a temperature-controlled (18-22 °C) laminar airflow unit, maintained on a
12 hour of light (8 a.m. - 8 p.m.) and 12-hour dark cycle. After surgery, animals
recovered for ten days having ad libitum access to food and water. During
recording sessions, rats received 10-25g of food as standard each day and 15-20 mg
of food pellets (TestDiet, Formula 5TUL, USA) during each trial. The recording
sessions were conducted during the light phase (10 a.m. - 18 p.m.) and, in between

session the rats were kept in the conditions described above.

4.2.2. Stereotaxic surgeries and viral injections

The surgery was described in detail in section (2.1.2). Briefly, rats were anesthetized
with isoflurane, and once the animal was deeply anesthetized, the scalp was
shaved, and rats were placed in the stereotactic apparatus. After skull drilling,
animals were injected with a recombinant AAV. Non-transgenic animals were
injected with AAV5.hSyn.hChR2(H134R)-eYFP.WPRE.hGH (Adgene #26973P). A
total of 2 pL (0.1 pL.s-1). The transgenic animals, both LE-Tg(ChAT-Cre)s.1Deis and
LE-Tg(Gad1-iCre)30ttc were injected with 2 pL (0.1 pL.s-1) of AAVs5.EFia-
DIO.hChR2-(E123T/T159C).EYFP.WPRE.hGH (Adgene #35509) using a Hamilton
syringe. The MS coordinated used: AP +0.8; ML 1.4; DV 5.5-6.5; and a mediolateral
angle of 10 degrees. After virus injection, an optic fibre (200 pm core diameter,
Thorlabs Inc.) was chronically implanted at the same coordinates. To target the
LH, a second optic fibre was implanted at the following coordinates: -2.4 AP; +2.6

ML; 8.8 DV; and mediolateral angle of 25 degrees. For neural recordings, the
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tetrodes were inserted into the hippocampus CA1 area at the following coordinates:
-3.8 AP; -2.5 ML; 1.4 DV. The assembly was permanently attached to the skull with
dental cement. Implanted animals were housed individually with ad libitum access
to water, and in food controlled stated to keep animals 85-90% their weight at

surgery day. Animals were left to recover for at least seven days after surgery.

4.2.3. Viral constructions

All the viral constructions were serotyped with AAVs5 coat proteins which
demonstrated to be strongly expressed in the MS. Vector Core packaged both viral
constructions at the University of North Carolina. Viral titers ranged from 1.5 to 1.8
x 10 particles per ML. Transgenic animals were injected with AAVs5.EFia-
DIO.hChR2-(E123T/T159C).EYFP.WPRE.hGH (Adgene #35509), and non-
transgenic rats with AAV5.hSyn.hChR2(H134R)-eYFP.WPRE.hGH (Adgene

#26973P).

4.2.4. Phase-Locking Value

As described in section (2.4.9) we used phase-locking value (Lachaux et al., 1999)
to assess the effect of MS stimulation on hippocampal CA1 LFP. In short, the
hippocampal LFP signal was filtered using a band-pass filter and divided into six
seconds epochs. A Hilbert transformation was used to compute the instantaneous

phase of the epochs. The transformed epochs were summed and normalized. The
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phase-locking value ranges between o and 1; values close to o means that sum of a
random signal. Values close to 1 meaning that the stimulus-induced a change in

the phase-locking value (Tsanov et al., 2014).

4.2.5. Open field

Before and after the behaviour test, we recorded hippocampal CA1 LFP and single
units during MS stimulation to ensure that the virus was expressed. The rats were
recorded for 12 min on the (60 x 60 cm) arena (see section 2.2.1), and
photostimulation (473 nm, 50 Hz, 12 pulses, 5 ms pulse duration) was applied every
6 seconds. During the recordings, food pellets (TestDiet, Formula 5TUL) were
thrown in every 20 seconds to pseudo-random locations within the open field
("random foraging" task). In this way the laser stimulation tends to be randomly
distributed on all extension of the arena, avoiding the association of the laser with

the position.

4.2.6. Real-time place preference

Real-time place preference (Stamatakis and Stuber, 2012b) was performed using a
linear squared maze, detailed described in section (2.4.14). In short, it was a
squared (85cm x 85 cm and 10 cm wide) made of plywood painted black. The maze
was situated in the middle of the recording room where many visual cues were

visible. Rats were allowed to run freely during recordings. Sugar pellets (TestDiet,
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Formula 5TUL) were alternated presented in two different corners, i.e., the rat only
received food in the corner when he completed half maze (from SE to NW). During
approximately one week the rats were trained to run equally in both sides of the
maze by controlling the number of sugar pellets and directing the animal when
necessary. Once rats were navigating approximately equally in both sides of the
arena without any intervention for at least three recordings, the protocol started.
The recording protocol consisted of 12 min baseline followed by 12 minutes of laser
stimulation. The laser activation was programmed using a "Basic" script which runs
on the recording equipment. The program read the camera information and
delivers the laser stimulation only when the animal was localized on the designated
side of the maze, i.e., when the animal was localized on the NW-SW or SW-NE
arms (figure 10). Every time the rat entered in the designated reward area, the laser
turned on, delivering the stimulation protocol (5 ms pulse duration, 12 pulses per
train at 50 Hz, 500 ms inter-train interval). The stimulation protocol was set to be

repeated for as long as the animal stayed in the reward area.
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Figure 26 Schematic of the linear square arena.

Rats could navigate freely to collect sugar pellets on the opposite corners (SE and NW).
During the 12 min stimulation, the rats receive stimulation only at one side of the area

marked by the blue colour.

4.2.7. Passes score

Passes score between the two sides of the arena were expressed by calculating a
difference/sum score. The score for a pair (SW, NE) of each condition was obtained
by calculating the signed difference (SW - NE) and dividing by their sum (SW +
NE). The results ranged from -1 to 1. A score of o meaning that the animal equally
passed on both sides; the extreme value -1 meaning that the rat only passed on the

NE side; lastly the result 1 meaning that the animals only passed on the SW side.
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4.2.8. Spike sorting

The spiking sorting used in this chapter has been described in section (2.4.1). In
short, the candidate waveforms were clustered by the k-means algorithm using tint
graphical software (Tint, Axona Limited). Waveforms were separate based on spike
amplitude, duration, maximum and minimum spike voltages and duration of the

peaks.

4.2.9. Post-mortem verification

After completion of electrophysiological recordings, brains were removed for
histological verification of the expression of the virus and the localization of the
electrodes and optic fibres as described in section (2.5). In short, animals were first
anesthetized with isoflurane and injected with pentobarbital sodium (Euthanal,
UK) and perfused transcardially with ice-cold phosphate-buffered saline followed
by paraformaldehyde. The brain was removed from and transferred to a sucrose
solution. Brains were frozen and sectioned at 4opm thickness. Fluorophore images
were collected using an Olympus BXs1 fluorescence microscope. Unfortunately, we
lost the frozen brains from the ChAT: Cre transgenic animals due to a freezer

problem over the weekend.
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4.2.10. Statistical analysis

Statistical analysis of all data was performed using GraphPad Prism version 7.02
for Windows, (GraphPad Software, La Jolla California). All data are represented
and expressed as the mean + standard error of the mean (SEM). The analysis was
carried out using both one-way ANOVA (Analysis of Variance) when one factor
was compared among three groups, independent t-test and dependent t-test were
used to compare distributions. When data did not follow a normal distribution,
the adequate non-parametric test was used. The difference was considered

significant when P < 0.05.
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4.3. Results

Place cells and interneurons were recorded from the non-transgenic animals and
described in chapter 4 and chapter 6. We also recorded interneurons and place
cells from ChAT-Cre and GADi-Cre transgenic animals. However, units recorded
from ChAT-Cre animals were not affected by optogenetic stimulation. In contrast,
we recorded place cells and interneurons from GAD1-Cre rats. The 35 place cells
were recorded in only one animal and 24 interneurons from 2 animals. All place
cells recorded during MS stimulation were disinhibited, and 62% of the
interneurons also disinhibited. Due to the low number of animals we decided to

not include this study.

4.3.1. Viral expression in the MS of non-transgenic rats

To test the behavioural effects of MS non-specific optogenetic stimulation, rats
(n=6) received injections of AAV-Hsyn-ChR2-YFP vectors, an optic fibre implant
over the MS and recording tetrodes in the pyramidal layer of dorsal hippocampal
CA1. First, these animals were placed on an open field for a relatively simple
behavioural task, for 12 minutes they were free to move while sugar pellets were
thrown on the arena. The MS was stimulated every six seconds (473 nm, 50 Hz, 12
pulses, 5 ms pulse duration) while the hippocampal LFP was recorded. Phase-
locking value (PLV) (Lachaux et al., 1999, Mamad et al., 2015) was used to evaluate
the degree of the hippocampal LFP synchronization during non-specific

optogenetic MS stimulation (M = 0.60 * 0.15, n = 6) (figure 27A). A post-mortem
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verification of the viral expression and optic fibre position confirmed a strong viral

expression precisely limited to the MS (figure 27B).
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Figure 27. Viral expression in MS.

(A) Example of a phase-locking value (PLV) evaluated on hippocampal LFP for theta band.
The PLV is a statistic to investigate the synchronization of neural activity (Lachaux et al.,
1999). The blue trace is the calculated PLV on the hippocampal LFP epochs while the green
trace is the calculated PLV on the shuffled LFP epochs. Time o indicate the time of
optogenetic MS stimulation. (B) Strong viral expression of the AAV-Hsyn-ChR2-YFP in

the MS, the blue arrow shows where the tip of the optic fibre was localized.

4.3.2. Initial place preference test

Before testing for the effect of the light stimulation on place preference, rats were
placed on the linear squared maze to be tested without stimulation to access the

baseline place preference. For 12 minutes, rats were allowed to move freely on the
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maze were food was presented on southeast (SE) and northwest (NW) corners
(figure 28A). An independent-samples t-test was conducted to compare the time
in seconds spent on NE and SW sides of the maze without laser stimulation
(baseline). There was not a significant difference in the scores for place preference
from the NE (M = 9119, SD = 11.71) and SW (M = 94.14, SD = 12.74) sides t(10) = -
0.417, p = 0.685. The lack of significant differences in time spent by rats on both
sides before stimulation confirmed that both sides were equally attractive for the

animals (figure 28B).
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Figure 28. Rats had no place preference during baseline recordings.

Animals were tested for 12 minutes on the linear squared maze to assess the baseline
preference for one of the sides. There were no significant differences in time spent on
each side during the initial preference test (p > 0.05). Bars are plotted with the Mean +

SEM.
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4.3.3. Stimulation of non-specific MS neurons induce real-time
place preference

To assess the effect of the MS laser stimulation on the real-time place preference,
rats were recorded in the same conditions present during the baseline, except for
the laser, which was turned on automatically every time the rat entered the SW
side of the maze (figure 3.A). A stimulation protocol (5 ms pulse duration, 12 pulses
per train at 5o Hz, 500 ms inter-train interval) was repeated until the rat left the
SW side. A paired-samples t-test was conducted to compare the time in seconds
spent on SW side in the baseline and SW side during stimulation. Statistical
analyses demonstrated that there was a significant difference in the time in
seconds spent on SWaaseline (M = 94.13, SD = 12.73) and SWstimulation (M = 220.23, SD
= 86.49); t(5) = -3.793, p = 0.013. Showing a strong effect on the preference

behaviour during MS stimulation (figure 29B).
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Figure 29. Effect of non-specific MS stimulation on real-time place preference.

(A) Example of stimulation recording. The rat was allowed to move freely for 12 minutes,
sugar pellets were presented on opposite corners (SE and NW), during stimulation
recording, the laser was turned ON while the rat was on the SW side. (B) A paired t-test
compared the amount of time spent on SW side during baseline and SW side during
stimulation. The test showed a significant increase in time spent on the SW side during

septal stimulation, p = 0.013.

To confirm the place preference, we also evaluate how many times the animals
crossed by each side of the arena. We calculated a score based on the signed
difference divided by the sum. The score was used to quantify the number of passes
between baseline and stimulation. It ranges from -1 to 1; where -1 means that the
rat only passed on the NE side, zero means that the animals passed equally in both
sides, and 1 meaning that animals only passed on the SW side (figure 30). A
Wilcoxon matched pairs signed rank test showed a slightly significance (p = 0.031)

when comparing the number of passes score between baseline and stimulation.
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Figure 30. Non-specific MS stimulation induce place preference.

The number of passes was counted for each side during baseline and stimulation. The
passes score ranges from -1 to 1. Where -1 would result from all passes on the NE side; o
meaning an equal number of passes from both sides, and 1 representing all passes on the
SW side. Wilcoxon matched pairs signed rank test showed significant preference for the

passes on SW during laser stimulation (p = 0.031)

4.3.4. Viral expression of Cre-dependent virus on Gad1-Cre rats

To examine if stimulation of MS GABAergic neurons affected the place preference
behaviour, we injected Gadi-Cre (n=6) rats with a Cre-dependent AAV (AAV5 -
EFia - DIO - ChRz2 - Ei23T/Ti59C) which mediates blue light-induced
depolarization on GABAergic GAD1 neurons. The Gadi-Cre rats have been
demonstrated to have a high co-expression of Cre and GAD1 mRNA in the

midbrain (76% + 1%) and LH (80% + 6%) (Sharpe et al., 2017). An optic fibre
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implant over the MS and recording tetrodes in the pyramidal layer of dorsal
hippocampal CA. The PLV showed that stimulation of the MS GABAergic neurons

induced a strong phase-locking value on the hippocampal LFP (figure 31A).
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Figure 31. Viral expression in Gadi-Cre transgenic rats

(A) Example of a phase-locking value (PLV) evaluated on hippocampal LFP for theta band
during MS stimulation. The blue trace is the calculated PLV on the hippocampal LFP
epochs while the green trace is the calculated PLV on the shuffled LFP epochs. Time o
indicates the MS stimulation. (B) Strong viral expression of the Cre-dependent AAV5-
EF1a-DIO-ChR2 - E123T/T159C in the MS, the orange arrows indicate cell bodies.

4.3.5. Initial place preference test for Gadl rats

Following the same protocol, we tested the place preference without laser
stimulation to assess the baseline preference. Baselines were recorded for 12
minutes, and rats were allowed to move freely on the maze were food was
presented on SE and NW corners. An independent-samples t-test was conducted

to compare the time in seconds spent on NE and SW sides of the maze (figure 32).

125



No significant difference was observed in the time spent on NE (M = 98.12, SD =

10.21) and SW (M = 98.74, SD = 14.11) sides; t(10) = -0.088, p = 0.932. The number

of passes on each side was also evaluated during the baseline. There was no

significant difference in the scores for place preference comparing the NE (M =

67.67, SD = 6.89) and SW (M = 63.17, SD = 12.92) sides; t(10) = 0.753, p = 0.469

(figure 32B).
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Figure 32. Transgenic GAD1

recordings.

rats had no place preference during baseline

Transgenic GAD1-Cre rats were tested for 12 minutes on the linear squared maze to assess

the baseline preference for one of the sides. There were no significant differences in time

spent on each side during the initial preference test (p > 0.05). Bars are plotted with the

Mean + SEM.
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4.3.6. Stimulation of GABAergic neurons induced real-time
place preference

We next tested the GAD1 rats on the linear squared maze activating the laser every
time the rats were on the SW side. The stimulation of MS GABAergic neurons
induces a strong in real-time place preference. A paired-samples t-test was
conducted to compare the time in seconds spent on SW side in the baseline and
SW side in the stimulation. There was a significant difference in the time spent on
SWaaseline (M = 98.12, SD =10.21) and SWstimulation (M = 127.49, SD =17.32) sides; t(5)

= -4.247, p = 0.008 (figure 33B).
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Figure 33. Effect of GABAergic MS stimulation on real-time place preference.

(A) Example of stimulation recording of a GAD1-Cre transgenic rat. The laser was ON on
the red side (SW) (B) The amount of time spent on SW side during baseline and SW side
during stimulation. A paired t-test showed a significant increase in time spent on the SW

side during septal stimulation, p = 0.008.
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We also calculated the signed diff/sum score for the passes computed during
baseline and stimulation recordings. A paired-samples t-test was conducted to
compare the passes score between the baseline and the stimulation of MS
GABAergic neurons. A Wilcoxon matched pairs signed rank test showed a slight
preference for the NE side during the baseline and significant preference for the

SW side during laser stimulation on SW (p = 0.015) (figure 34).
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Figure 34. GABAergic stimulation induces place preference.

The number of passes was counted for each side during baseline and stimulation. The
passes score ranges from -1 to 1. Where -1 would result from all passes on the NE side; o
equal number of passes from both sides, and 1 representing all passes on the SW side. A
Wilcoxon matched pairs signed rank test showed a slight preference for the NE side during
the baseline and significant preference for the SW side during laser stimulation on SW (p

= 0.015).
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4.3.7. Stimulation of MS GABAergic fibres in the lateral
hypothalamus

To further investigate a possible pathway by which MS GABAergic neurons could
mediate place preference, we stimulated the MS projections to the LH area. The
LH was also described on early self-stimulation studies to be a locus of reward
(Hoebel, 1979, Huguet et al., 2009). Moreover, the LH GABAergic neurons send
and receive dense projections from VTA (Nieh et al., 2015). The LH area is localized
deep ventrally in the brain, which increases the difficulty to reach by stereotaxic
implantations. A small error on the implantation angle can result in a big error on
the tip of the optic fibre. Moreover, rats implanted in the LH were more susceptible
implantation problems due to the complexity of the surgery. For this reason, only
tree rats were used to investigate the effect of LH stimulation. The same protocol
was used to test for real-time place preference, and a Wilcoxon signed rank test
was used to compare the time in seconds spent on SWaaselineand SWstimulation during
LH stimulation (figure 35). There was no significant difference in the medians of
time spent on SWaaseline and SWstimulation. Moreover, a Wilcoxon matched pairs
signed rank test showed no significant preference for the SW side during laser

stimulation on SW (p = 0.25)
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Figure 35. Stimulation of GABAergic fibres to LH.

(A) There was no significant difference in the amount of time spent on SW side during
baseline and SW side during stimulation MS GABAergic fibres in LH. (B) The passes score
from baseline and stimulation recordings were compared. A Wilcoxon matched pairs
signed rank test showed no significant preference for the SW side during laser stimulation

on SW (p = 0.25).

4.3.8. No place preference was observed during stimulation of
MS cholinergic neurons

In our last experiment, we selectively targeted cholinergic neurons using a
transgenic rat line which expressed the Cre-recombinase enzyme in choline
acetyltransferase expressing neurons (ChAT). In the MS, the (ChAT)::Cre rat line
has been shown to target cholinergic neurons specifically. Around 9o% of the
neurons which expressed yellow fluorescent protein (YFP) also expressed ChAT,
and around 50% of the ChAT neurons expressed YFP (Mamad et al., 2015, Witten
et al., 2011). We injected (ChAT)::Cre transgenic rats (n=4) with a Cre-dependent

AAV (AAVs5 - EF1a - DIO - ChR2 - E123T/T159C) which mediates blue light-induced
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depolarization of the cholinergic neurons. We first tested for place preference for
without laser stimulation. An independent-samples t-test showed no difference in
the time spent on NE (M =107.95, SD = 9.92) and SW (M = 99.70, SD = 6.43) sides;
t(6) = 0.698, p = 0.615 of ChAT-Cre rats during the initial place preference (figure
36A). We also measured the real-time place preference by applying light on MS on
the SW side of the linear squared maze. There was not a significant difference in
the time spent on SWhaaseline (M =107.96, SD = 9.92) and SWstimulation (M = 114.30, SD
= 6.22) sides; t(6) = 0.698, p = 0.541 (figure 36B). The PLV was calculated for MS
stimulation, the measured value was not different from the shuffled data (figure
36C). Finally, we measured the number of passes from each side. A Wilcoxon
matched pairs signed rank test showed no difference between baseline and

stimulation scores (p= >0.05) (figure 36D).
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Figure 36. Stimulation of MS cholinergic neurons

(A) There were no significant differences in time spent on each side during the initial
preference test (p > 0.05) for ChAT-Cre rats (n=4). (B) There was no significant difference
in the amount of time spent on SW side during baseline and SW side during stimulation
of the SW side of the maze. (C) Example of PLV evaluated on hippocampal LFP for theta
band during MS cholinergic stimulation. MS stimulation did not have effect on PLV. (D)
The passes score from baseline, and stimulation recordings were compared. A Wilcoxon
matched pairs signed rank test showed no difference between baseline and stimulation

scores (p= >0.05).

4.3.9. Phase-locking value comparison
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Lastly, we compared the PLV between GABAergic, cholinergic and nonselective
MS stimulation. One-way between subject ANOVA was conducted to compare the
PVL between groups. There was a significant difference of PLV (p<o.0001) for the
three groups [F(2, 13) = 24.23, p < 0.0001]. Post hoc comparisons using the Tukey
HSD test indicated that the mean score for the nonspecific MS stimulation did not
significantly differ from the GABAergic MS stimulation. Moreover, both non-
specific and GABAergic were significantly different from the cholinergic group
(p<0.0001) (figure 37). These results suggest that both non-specific and GABAergic

MS stimulation resulted in strong LFP synchronization.

133



-
o
]

=
' *%k%
*%k%
o
>
c 0.54
£
>
—
(2
0.0-
’16 Q? C)j
2. [ o,
) 9 %,
0, Q Q,
.. /\'9 R 7,
% ° Y%

Figure 37. The phase-locking value between groups.

The comparison between PLV on the hippocampal LFP from the three different rat strains
during MS stimulation. There was a significant effect of MS stimulation on PLV (p<0.0001)
for the three strains [F (2, 13) = 24.23, p < 0.0001]. Moreover, a post hoc test indicated that
there was not a significant difference between nonspecific MS stimulation and GABAergic

stimulation. Both groups were different from cholinergic (p<o.0001).
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4.4. Discussion

In this chapter, we aimed to explore the classically described involvement of the
MS in reward processing (Olds, 1958a, Cazala et al., 1988, Carlezon and Chartoff,
2007). The major advances of this chapter are; first, we demonstrated that
nonselective MS stimulation induced a strong reward-seeking behavioural effect
on rats. Second, we showed that stimulation of MS GABAergic neurons was
sufficient to elicit reward-related behaviour, suggesting that MS GABAergic

neurons could be mediating the reward circuit.

4.4.1. Real-time place preference pathways

As described before, Hsyn is a gene found in all types of neurons and commonly
used as a nonspecific promoter to express channelrhodopsin in neurons (Kugler et
al., 2003). Before any behaviour test, we assessed the viral expression by measuring
the phase locking value (PLV) on hippocampus LFP. The PLV is a statistic that
measures responses to a repeated stimulus and compares latencies where the
phase varied little across trials. The result is close to one if the stimulus causes
changes on the signal or zero otherwise (Lachaux et al., 1999). In this thesis, the
PLV was used to compare phase variations to the laser stimulation, using as a
control, the same LFP shuffled 2000 times as in (Tsanov et al., 2014). During both
nonselective MS stimulation, we observed PLV value close to one, meaning that
MS stimulation effectively entrained hippocampal oscillations. In agreement with

our results, the nonselective MS stimulation based on Hsyn promoter has been
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applied to successfully modulate hippocampal oscillations (Laxpati et al., 2014,

Blumberg et al., 2016).

MS GABAergic neurons are known to exhibit rhythmic bursting phase-locked to
hippocampal theta oscillations (King et al., 1998, Borhegyi et al., 2004, Joshi et al.,
2017), and optogenetic stimulation of MS GABAergic neurons has also been shown
to control the hippocampal LFP frequency (Zutshi et al., 2018). These results
suggest that nonselective stimulation could be affecting MS GABAergic neurons.
To support this hypothesis, in our results we observed positive PLV in GABAergic

Gad-Cre animals, very similar to the result observed on non-selective stimulation.

We found that stimulation of MS cholinergic neurons had no effect on PLV. Similar
experiments using transgenic animals have shown that optogenetic stimulation of
the MS cholinergic neurons had a weak effect on hippocampal LFP during active
exploration (Vandecasteele et al., 2014, Mamad et al., 2015). Although, MS
cholinergic neurons are the primary septal projections to the hippocampus (Dutar
et al., 1995) and lesion or pharmacological blockade of MS cholinergic neurons can
attenuate the hippocampal theta (Yoder and Pang, 2005, Newman et al., 2013).
They are slow-firing neurons and do not contribute to theta frequency (Simon et

al., 2006).

4.4.2. Real-time place preference pathways

Next, we tested if stimulation of the MS expressing ChR2 could induce place

preference. The MS is composed of GABAergic, cholinergic and glutamatergic
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neurons. The behaviour must be mediated by one of these populations or more
than one of these subpopulations at the same time. The reward-behaviour task
used in this study was relatively simple. We hypothesized that rats would spend
more time or return more frequently to the side that light stimulation was applied.
We had designed the task based on the first self-stimulation study which described
that rats would return to the same portions of the environment where they
received electrical stimulation (Olds, 1958a). Similar to Olds experiment, the
optogenetically stimulated animals developed a strong preference for the region of

the arena where the laser was on.

4.4.3. Glutamatergic neurons

MS glutamatergic fibres have been described to project to the ventral tegmental
area (VTA) (Geisler and Wise, 2008, Fuhrmann et al., 2015), which is known to
process the reward prediction error by increasing or decreasing the firing of
dopaminergic neurons (Schultz et al., 1997, Tobler et al., 2005, Ungless et al., 2004).
Indeed, direct stimulation of VTA dopaminergic neurons can induce conditioned
place preference and positive reinforcement (Adamantidis et al., 2011, Tsai et al.,
2009). Another target area to MS glutamatergic fibres is the lateral hypothalamus
(LH), which also sends projections back to the MS while mediates motivational
and reward behaviours (Harris et al., 2005, Stuber and Wise, 2016, Swanson and
Cowan, 1977, Berk and Finkelstein, 1982). Similar to the MS, the LH is classically
known by electrical self-stimulation, in even in higher rates than the MS (Cazala

et al., 1988).
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The LH is densely connected to the VTA and stimulation of LH - VTA GABAergic
pathway causes disinhibition of dopaminergic neurons and consequently place
preference behaviour (Barbano et al., 2016). The LH is also known for its role in
energy balance and food intake, and recently, a study showed that optogenetic or
chemogenetic stimulation of the MS glutamatergic neurons decreased food intake.
Curiously, the stimulation of the MS glutamatergic projections into the LH did not
alter feeding (Sweeney et al., 2017). Data from an in vitro study showed that
glutamatergic and GABAergic neurons are reciprocally connected within the MS
(Ledo et al., 2015). Considering the pathways that glutamatergic MS neurons could
contribute to reward behaviour, they need to be considered as a potential mediator

of reward behaviour.

4.4.4. GABAergic neurons

To assess the effect of MS GABAergic stimulation, we used a transgenic rat model
genetically modified to express Cre recombinase under the control of the GAD1
promoter. GAD1and GAD2, also known as Gad 67 and Gad 65, are the two isoforms
of glutamate decarboxylase enzymes responsible to produce gamma-aminobutyric
acid from L-glutamic acid (Erlander et al., 1991). Characterization of the GAD1-Cre
rat strain showed that Cre and GAD1 were highly co-expressed in the midbrain.
Furthermore, it was also demonstrated a high colocalization of GA1-Cre in the
lateral hypothalamus (Sharpe et al., 2017). Our results revealed that stimulation of

MS GABAergic neurons induces a strong place preference.
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To support this result, it has been already shown that mice learn to self-administer
the GABAA receptor agonist muscimol into the MS. Moreover, systemic injections
of dopaminergic receptor antagonist or local injection of dopaminergic antagonist
in the VTA blocked the self-administration of muscimol, indicating that MS
GABAergic neurons could be indirectly disinhibiting VTA dopaminergic neurons

(Gavello-Baudy et al., 2008). One possible pathway is via the hippocampus.

The hippocampal formation is the primary target of MS GABAergic neurons and
indirectly connects to the VTA through a polysynaptic pathway involving the
subiculum, nucleus accumbens, and ventral pallidum (Nazari-Serenjeh et al., 20m1).
Besides, it has been shown that the activation of MS neurons increases the firing
rate of VTA dopaminergic neurons via ventral subiculum in anesthetized rats
(Bortz and Grace, 2018). Another possible pathway exists indirectly through the
lateral hypothalamus. Anatomical data showed that MS and LH are interconnected
(Hahn and Swanson, 2012). Furthermore, as described before, LH GABAergic
neurons can disinhibit VTA dopaminergic neurons inducing place preference

(Barbano et al., 2016).

During post-mortem verification of GABAergic GAD1-Cre rats, we could observe
fluorescence on the lateral hypothalamic area. We also used data from the Allen
Mouse Brain Connectivity Atlas to confirm the existence of MS GABAergic
projections to the LH (Oh et al., 2014). To test the MS-LH GABAergic pathway, we
attached an optic fibre to stimulate MS fibres into the LH region. Our result could
not measure the difference in place preference during stimulation. In fact,

electrophysiological experiments in the LH are technically challenging as the LH
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is localized in the bottom of the brain. Due to the difficult to assess this region, the
number of animals was low. However, we could observe a slight preference for the

laser stimulation region.

4.4.5. MS cholinergic neurons

Lastly, we assessed the effect of the MS cholinergic stimulation on the place
preference by using a transgenic rat model that express Cre recombinase under the
control of choline acetyltransferase ChAT. This model has been confirmed to be
very specific to cholinergic neurons in MS (Witten et al., 2011, Mamad et al., 2015).
The major intention of this experiment was to understand the contribution of MS
cholinergic neurons to the reward-related behaviour. Our data showed no place
preference during MS stimulation, indicating that MS cholinergic neurons are not
directly related to reward-behaviour. We also did not observe PLV during MS

cholinergic stimulation.

One possible factor omitting the effect is that acetylcholine has been described to
be highly expressed during active behaviour and could be already saturated. It has
been shown, that stimulation of MS cholinergic neurons using the same type of
virus and rats only entrained hippocampal oscillations during resting periods
(Mamad et al., 2015). Although we could observe place preference, cholinergic

animals could be considered a negative control for the experiment.

In experiments involving lasers, is common to have a light leakage that could catch

the attention of the animal. To avoid this, we used two black shrinkable sleeves to
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cover the junction between the optic cable and the cannula. The negative results
in place preference from the cholinergic animals confirm that the place preference

was not caused by the light leaking.

We should also consider two strong limitations for the experiment using
cholinergic transgenic animals: first, viral expression was not verified post-mortem
due to a freezer failure over the weekend, so there is a possibility that the lack of
effect was caused by the lack of viral expression. Second, we use the same laser
stimulation protocol for all animals; cholinergic neurons are much slower than
GABAergic, and perhaps the stimulation frequency should be tuned in an input

response manner for the optimal protocol.
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5. Chapter

Manipulating Hippocampal Spatial Representation
by nonselective Optogenetic Stimulation of The

Medial Septum in Freely Moving Rats
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5.1. Introduction

The ability to understand and interact with the environment is a fundamental
capacity of all animals and notably present in humans. Mammals are capable of
efficient navigation in complex environments to fulfil all essential needs for life
and memory plays a vital role in this process. The capacity to learn and retrieve
information gave these animals a crucial advantage in the evolutionary process.
Among others, episodic memories are defined as the human faculty to remember
and describe events in the context which they occurred. The hippocampus is
crucial for the processing of episodic memories, which is commonly referred to as
'where', 'what and 'where memory (E Tulving and Madigan, 1970, Tulving, 2002).
The discovery of place cells almost five decades ago revolutionized the way that we
understand the brain, revealing that single neurons can encode the spatial

information in the dorsal hippocampus (O'Keefe and Dostrovsky, 1971).

Place cells have the distinct attribute of becoming active only in a specific location
of the environment, which was named place field (O'Keefe, 1976). The place field
can be formed during the first minutes during the initial exploration of a new
environment (Hill, 1978, Wilson and McNaughton, 1993, Frank et al., 2004, Geiller
et al., 2017). Once a place field is formed, it can remain stable for weeks if the
animal is exposed to the same environment conditions (Muller and Kubie, 1987,
Frank et al., 2004). Besides, the set of place cells collectively represents the
environment, providing a substrate of the 'cognitive map' proposed by O'Keefe

(O'Keefe and Nadel, 1978).
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Since the discovery of place cells, a vast amount of studies have focused on
understanding how manipulation of the environment could change the
representation maps (O'Keefe and Conway, 1978, Muller et al., 1987, Gothard et al.,
19964, Save et al., 2000, Knierim et al., 1998). For example, exposing the animals to
a new environment or significantly changing the environment which they are
habituated can induce a dramatic reorganization of the set of the place fields; this
process is called global remapping (Muller and Kubie, 1987, Bostock et al., 1991).
While global remapping is likely to occur when the animal is exposed to new
environments, changes in the surroundings can induce partial alterations in the
set of place cells, which was named partial remapping (Bostock et al., 1991, Leutgeb
et al., 2005a). Concerning firing frequency, changes in the firing rate of a place cell,

but not its position was described as rate remapping (Anderson and Jeffery, 2003).

Global remapping generates a unique set of place cells for each new environment,
which is in accord with the idea of memory formation, providing a distinct
combination for every context (Skaggs and McNaughton, 1998, Colgin et al., 2010,
Knierim et al., 1998, Fuhs et al., 2005). However, the notion that hippocampus is
involved in the encoding of episodic memories requires the encoding of diverse
types of information in addition to the spatial data. A growing amount of evidence
indicates that place cells can encode non-spatial information. For example, the
firing rate of place cells can be modulated by frequency tones (Aronov et al., 2017).
Additionally, place cells can fire in a different location if the animal goes in distinct
directions in the same environment, indicating that different context has different

encodings (McNaughton et al., 1983a, Ferbinteanu and Shapiro, 2003).
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Further evidence that place cells can encode non-spatial information is the recent
finding of a dedicated subpopulation of place cells that encode reward location
(Gauthier and Tank, 2018), these results are in accordance with several
experiments showing that the simple presence of a goal, can alter the map
representation (Gothard et al., 1996a, Hollup et al., 2001, Hok et al., 2007, Dupret
et al.,, 2010, McKenzie et al., 2013, Danielson et al., 2016, Sarel et al., 2017).
Additionally, optogenetic stimulation of the VTA, an area related to reward
processing, has been shown to change the field assembly towards the local field

where the stimulation was applied (Mamad et al., 2017).

In this chapter, we hypothesized that MS stimulation could exert a modulatory
effect on the hippocampal spatial representation by the indirect impact on the
interneurons, which were described to be affected by nonselective MS stimulation
in chapter 4. We also investigated how MS stimulation could affect the basic
properties of the place fields during simple behavioural tasks. Additionally, we
hypothesized that nonselective MS stimulation, which induced reward-related
behaviour, described in chapter 5, should induce place field remapping by
changing the contextual information through the introduction of the laser

stimulation.
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5.2. Methods

All animal work has been carried out in the Health Products Regulatory Authority
(HPRA) authorised establishment, Trinity College Dublin (establishment
authorisation number: AE19136) ensuring compliance with the requirements of
Directive 2010/63/EU and S.I. No. 543 of 2012. This work has also been approved by
the TCD Animal Research Ethics Committee (AREC) which is a Level 2 ethics
committee responsible for reviewing the proposed use of animals in teaching and

research in line with the Research Ethics Policies in operation in TCD.

5.2.1. Animals

Male adult rats (Lister Hooded, 350-450 gr) were used in this study. All the animals
were the same as used in chapter 4 and chapter 5. The surgery details described in
section (2.1.2). In short, the animals were injected with 2pL of
AAV5.hSyn.hChR2(H134R)-eYFP.WPRE.hGH (Adgene #26973P) into the MS. The
stereotaxic coordinates used were AP +0.8; ML 1.4; DV 5.5-6.5; and a mediolateral
angle of 10 degrees. The electrodes were mounted on a microdrive and implanted
on the dorsal hippocampus CA1 area using the coordinates: -3.8 AP; -2.5 ML; 1.4
DV. The assembly was permanently attached to the skull with dental cement.
Implanted animals were housed individually with ad libitum assess to water, and
in food controlled stated to keep animals 85-90% their weight at surgery day.
Animals were left to recover for at least seven days after surgery. The housing

conditions were described in section (2.1)
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5.2.2. Experimental protocol

At least one day after the behavioural test (chapter 5), animals started to be
recorded on the open field arena (60 cm x 60 ¢cm) described in (2.2.1) in the
morning and on a linear square maze arena (85cm x 85 cm and 10 cm wide) defined
in (2.2.2) in the afternoon. Animals were recorded for 24 minutes in the morning
and 24 minutes in the afternoon. The recordings were divided into 12 minutes of
baseline, followed by 12 minutes of MS stimulation. During a session, animals were
removed from the cage and transported to the recording area. The recording
system cable and the optic fibre were plugged, and the animal was placed on the
arena. On the first 12 minutes, the laser was off (baseline), without touching the
animal, on the second 12 minutes the stimulation protocol was applied to the MS.
We avoided touching the animals between baseline and stimulation to ensure the
stability of the recordings. The stimulation protocol used in the morning was

different from the protocol used in the afternoon.

In the morning, the animals were stimulated every six seconds (473 nm, 5 ms pulse

duration, 12 pulses at 50 Hz), which is randomly distributed on the arena.

In the afternoon, the animals were recorded on a linear square maze arena. The
animals were free to navigate between the SW and NE corners, where two food
pellets (TestDiet, Formula 5TUL) were alternated placed on the corners. During
the 12 minutes stimulation, the laser was switched on while the animal was on the
north arm or the west arm of the maze, with continuous photo-stimulation trains

(473 nm, 5 ms pulse duration, 12 pulses per train at 50 Hz, 500 ms inter-train
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interval). During sessions, cells were recorded as well as rat's trajectory path by the

LED tracking system.

5.3. Data analysis

The data analysis was described in detail in section (2.4), in short, waveforms were
separate, and units isolated using the k-means algorithm in a graphical software
(Tint, Axona Limited). Autocorrelation was plotted for inspection of the clustering
quality using -10 to 10 ms time window and plotted as a histogram. Units with less
than 50 spikes per session were removed from further analysis. The place fields
were calculated by synchronizing the animal’s position with the time stamp of each
spike. The arena was divided into squared bins of 2cm* and the time spent within
the bin was normalized by the number of spikes in each bin. The rate map was
smoothed by a 2-D, five by five bins box filter. The place field was defined as a
cluster of 9 or more adjacent bins, i.e., sharing at least one side with another bin,
of mean frequency above 0.5 Hz and firing rate higher than 20% of the peak firing

rate.

5.3.1. Place fields properties

The spikes times of each cell were divided into epochs of maximum length around
each stimulation time without superposition to form a raster plot. The cells were

classified as inhibited, disinhibited or not affected, based on the signed difference
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between the number of spikes 200 ms after laser stimulation minus the number of
spikes 200 ms before laser stimulation, divided by the sum of these values. The
result is a -1 to 1 index where -1 represents total inhibition, o represents no effect,
and 1 represents total disinhibition. Cells were classified by inhibited or
disinhibited if the firing rate increased or decreased by 33% during MS stimulation.
The group of non-effected cells was all the remaining cells that were not classified

based on the criteria above.

To understand how MS stimulation could affect place fields, we measured spatial
information and firing rate inside the place field. The spatial information content
of a cell in bits/spike is a measure of how much a spike can predict the location.
The firing rate inside the place field was defined named grand rate is calculated by

dividing the number of spikes by the time spent inside a place field.

5.3.2. Spatial population vector

The spatial population vector was used to evaluate the influence of the laser
stimulation on the firing behaviour of the whole population of recorded place cells
(Mamad et al. 2017). First, the centre of mass (COM) was calculated for each place
field as an average of all positions vectors weighted by the firing rate (see session
2.4.16). The axis of symmetry was defined as the line between the SE and NW
corners of the arena. For each place field, a vector was calculated from the origin
defined as the coordinates of the SE corner to the COM of the place field, forming

an angle with the symmetry axis, defined as COM angle (see 2.4.18). Two resulting
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vectors were calculated, resulting in a weighted COM angle (weighted by the firing

rate) and an averaged COM angle.

5.3.3. Statistical analysis

Statistical analysis of all data was performed using GraphPad Prism version 7.02
for Windows (GraphPad Software, San Diego California, USA). Statistical
significance was estimated by using a 2-tailed independent samples t-test for non-
paired or Student t-test for paired data. The probability level interpreted as

significant was fixed at p < 0.05. All data points were plotted + SEM.
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5.4. Results

We expressed Channelrhodopsin (ChR2) under control of the Hsyn promoter in
the MS area of 6 rats using an adeno-associated virus. We recorded 97 place cells
from the dorsal hippocampus CA1 area during recordings on the open field and 143

place cells during recordings on the linear squared maze.

5.4.1. Effect of the MS stimulation on the hippocampal place

cells

To explore the effect of nonselective MS stimulation on the pyramidal cells, we
recorded the animals on the open field arena for 24 minutes, 12 minutes baseline
(no stimulation) and 12 minutes applying light in the MS every 6 seconds. Using
this protocol, we recorded 97 pyramidal neurons which were classified as place

cells from hippocampus CA1.

From these 97 units, we observed that (36/97, 37.1%) were not affected by MS
stimulation. From the affected units, (22/61, 36%) were disinhibited and (39/61,
64%) were inhibited. In total, 61 from 97 place cells were affected by MS

stimulation (62.8 %) (Figure 39).

We observed that suppressed pyramidal cells responded with approximately 40 ms
delay after the laser onset, and almost half (19/20) of the inhibited cells showed an

increase of firing rate on the laser onset, followed by inhibition (figures 38A, B).
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Figure 38. Inhibited place cells.

The figure displays examples of four inhibited units. Each unit is represented by the raster
plot and histogram from -2s to 2s before and after MS stimulation (time o). The inhibitory
effect caused by MS stimulation started at around 40 ms after time o. (A) From the 39
inhibited units, 49% showed a peak followed by inhibition, indicated by the orange arrow.

(B) Examples of two place cells which had no peak on the histogram.
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Figure 39. MS stimulation affects place cells firing.

Examples of inhibited (top), disinhibited (middle) and not affected units (bottom). The
graphs show the raster plot and spike counts during the six seconds interval. The laser
stimulation occurred on time o (middle of the figures), represented by the light blue. On
the right of the map and firing map of each unit. We observed that 31.8% were inhibited,

27.3% disinhibited and 40.9% were not affected.
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We classified these cells by comparing the average firing rate 200 ms before and
after the stimulation. To calculate the increase or decrease of firing rate, the index
used was the signed difference divided by the sum (see 2.4.12). A Kruskal-Wallis H
test showed that there was a statistically significant difference in firing frequency
index between the inhibited and disinhibited groups, X*(2) = 25.58, p<0.0001. A
Dunn's post hoc test revealed significant differences between not affected and

inhibited (p<o.05) and also between not affected and disinhibited (p<o.05) (figure

40).
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Figure 4o. Firing rate index before and after MS stimulation.

We compared the firing rate index which varies from -1 to 1. The negative values indicate
that the units were inhibited, and a positive number means that units were disinhibited.
The o represents no change in firing rate before and after stimulation. A Kruskal-Wallis H
test showed that there was a statistically significant difference in firing frequency index

between the different groups, X*(2) = 25.58, p<o0.0001. A Dunn's post hoc test revealed
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significant differences between not affected and inhibited (p<o0.05) and between not

affected and disinhibited (p<o.05).

5.4.2. Medial septum stimulation does not affect place fields

properties

One of our objectives was to understand how MS stimulation could modify the
place fields’ properties of the affected units. We compared the spatial information,
and place field size for the same units during baseline and stimulation. To compare
the place field size, we only considered the biggest place field in case two or more
place fields were detected from a place cell. The spatial information is a statistical
measure that indicates how well a place field can predict the location of the animal
on the arena (Skaggs et al., 1993). The place field size is also a measure of stability
between recordings. A paired t-tests were used to compare the difference between
place field sizes during baseline and during MS septal stimulation. We use paired
t-test and found no significant difference in the spatial information for disinhibited
units t(15) = 0.661, p=0.518, and there was not a significant difference for field size

t(15)=0,666 p=0.516 (figure 41).
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Figure 41. Disinhibited units’ spatial information and field size.

We compared spatial information and field size of disinhibited place cells between
baseline and stimulation. We found no significant difference in the spatial information

(t(15)= 0.661, p=0.518) and field size (t(15)=0,666 p=0.516) for disinhibited units.

Next, we evaluated the same properties for the inhibited units. We found no
significant difference in the spatial information for disinhibited units t(36)= 1.235,
p=0.225, using an independent t-test. We observed that place field sizes had a

slight decrease that was significant t (36) = 2.165, p=0.037 (figure 42).
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Figure 42. Inhibited units’ spatial information and field size.

We use an independent t-test to compare the same place cells during baseline and
stimulation. There was not a significant difference in the spatial information t(36)= 1.235,
p=0.225 for baseline compared to MS stimulation sections. However, there was a

significant decrease in field size during stimulation (laser ON) t(36)=2.165, p=0.037.

5.4.3. Medial septum stimulation induces place field remapping

Next, we investigate how MS stimulation could affect the stability of the place
fields. To consider a remapping place field, we first calculated the absolute
Cartesian difference of the coordinates of the bin of maximum frequency of each
place field between baseline and MS stimulation from each group of cells. The
remapping cells were defined as the cells which had the absolute distance at least
three times the standard deviation of distances of the non-affected group (M=3.535,
SD=2.14). Based on these criteria, 18% of the affected place cells remapped,

including three units in which the place field only appeared during the stimulation.
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During MS stimulation we have not perceived global remapping, only partial

remapping.

Baseline Stimulation Baseline Stimulation

Unit 1 Unit 9

;k

Unit 2 Unit 10

Unit 11

No

Unit 12 .
spikes

Unit4

Figure 43. MS stimulation degrades the stability of the place fields.

The figure shows the firing rate of eight units which were considered remapping cells.
These units correspond to 18% of the total affected place cells. We included two units that

had the firing induced by the MS stimulation (unit 12 and 13).
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5.4.4. Firing rate analysis

Next, we compared the averaged firing rate inside the place fields, defined as grand
rate. The rate index was calculated by subtracting the averaged firing rate of each
place field during stimulation recording from the averaged firing rate of the same
unit during baseline and dividing by the sum of these two values. The resulting
index has extreme values from -1 to 1. Negative values indicate that there was a
decrease in firing rate, zero means no change and positive values an increase. A
one-way ANOVA was used to compare the difference in grand rate index between
not affected, inhibited and disinhibited units. There was a significant effect of MS
stimulation on a grand rate index [F(2,74)=29.32, p<o.001]. Holm-Sidak's multiple
comparisons tests showed a considerable difference between not affected and

disinhibited units (p<o0.001) (figure 44).
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Figure 44. Grand rate index between groups.

For each place cell, we calculate the diff/sum grand rate index between baseline and MS
stimulation. The measure is related to the variation of averaged firing rate inside the place
fields. A one-way ANOVA between groups showed a significant increase in firing rate

during MS stimulation (p<o.001).

5.4.5. MS stimulation did not affect place field properties during

recordings on the linear squared maze

We also examined 143 place cells that were recorded on the linear squared maze.
The idea was the same as before; animals were recorded for 12 minutes without
laser stimulation followed by 12 minutes of light stimulation in the MS. During
analysis, we could observe that place fields were not symmetric concerning the

direction of the movement, and some place fields only appeared in one direction:
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clockwise (CW) or counterclockwise (CCW). To understand if MS stimulation
could affect these cells, we first separated the spikes from each cell in different
directions and then compared the field size, mean firing rate and peak firing rate
between baseline and MS stimulation. First, we examined the field sizes using
independent t-test. No significant differences were found in place fields size on
CCW direction (p=0.973). Furthermore, no significant no significant difference was

found between the baseline and stimulation in the CW direction (p=0.706) (figure

45).
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Figure 45. Place field size comparison between baseline and MS stimulation.

On the left, the field size comparison between baseline and MS stimulation of the spikes
which occurred during the counterclockwise (CCW) movement direction. No significant
differences were found in place fields size CCW (p=0.973). On the left, the comparison

between field sizes recorded on a clockwise direction of the movement. A t-test showed

no significant difference in CW (p=0.706).

We next examined the mean firing rate for the CCW direction and found no

significant difference between baseline and stimulation CCW (p=0.847). We also
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compared the baseline and stimulation for CW side we also found no significant

difference (p=0.790) (figure 46).
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Figure 46. Mean firing rate between baseline and MS stimulation.

The mean firing rate was compared between baseline and stimulation on the linear
squared maze for both CCW and CW. There were no significant differences in the mean

firing rates for both CCW (p=0.973) and CW (p=0.706).

Lastly, we exanimated the peak firing rate of place cells between baseline and MS
stimulation in both directions between baseline and stimulation. No difference

was found for both CCW (p=0.550) and CW (p=0.789).

162



-
>
1
-
S
]

‘NN —

z T

0 S

- [

E 8

o)

£ 2

.é 74 E 74
=< X

@ ©

o 8

3 2

Q o

[&] 0- 0-

Baseline Stimulation Baseline Stimulation

Figure 47. Peak firing rate between baseline and stimulation.

The peak firing rates were compared between baseline and stimulation on the linear
squared maze for both CCW and CW. There were no significant differences in the mean

firing rates for both CCW (p=0.550) and CW (p=0.789).

5.4.6. MS stimulation induce changing on the place fields

assembly

Our last experiment was to evaluate whether the reward induced by the MS
stimulation (see chapter 5) could affect the place field assembly. To test the
hypothesis, we analysed the centre of mass (COM) angle of all place fields recorded
from each animal that showed place preference during MS stimulation. To
calculate de COM angle, we first calculated the 45 degrees diagonal of the arena by
dividing the maze into two equal parts. For each place field, a COM angle was
calculated using the 45° diagonal (SE to NW) as the reference. Place fields on the
SW (side of the stimulation) shifted the angle towards o degree. In contrast, place
fields on the NE side moved the angle towards 9o degrees. Once all the COM angles

were calculated, two spatial population vector angles were calculated: a weighted
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angle, which was weighted by their firing rate, and an averaged angle which all

cells were weighted equally by the number of cells.

First, we used a paired t-test to compare the weighted angle between baseline and
MS stimulation (Laser ON). Interesting, we found a significant shift in the spatial

population vector angle towards the stimulation corner t(5)=3.695, p=0.0141 (figure

48).
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Figure 48. MS stimulation induced a change in the place field assembly measured

by weighted COM angle

(A) Schematic of the baseline and stimulation protocol. The animals could navigate freely
to collect sugar pellets on the SE and NW corners for 24 minutes. On the first 12 minutes
the laser was off, and on the second 12 minutes, the MS was stimulated. (B) An example
of the weighted COM angle calculation for the place cells of one animal. The coloured dots
represent the spikes of each place cell. The COM angle resulted in the place cell
distribution (precisely 45° for baseline recording and 41° degrees during MS stimulation).
(C) A paired t-test showed a significant difference between weighted COM between

baseline and MS stimulus for the six rats recorded t(5)=3.695, p=0.0141.
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Lastly, we compared the averaged angle which is only related to the number of
place cells on each side. Unexpectedly, we found a significant change of the

averaged spatial population vector towards the stimulation side using a paired t-

test t(5)=2.937, p=0.0324 (figure 49).
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Figure 49. MS stimulation induced a change in the place field assembly

distribution measured by the averaged COM angle

(A) An example of COM angle calculation for the place cells of one animal. The coloured
dots represent the spikes of each place cell. The averaged COM angle resulted in the place
cell distribution (precisely 45° for baseline recording and 41° degrees during MS
stimulation). (B) A paired t-test showed a significant difference between averaged COM

angled between baseline and MS stimulation for the six rats recorded t(5)=2.937, p=0.0324.
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5.5. Discussion

In this chapter, we demonstrated that nonselective MS stimulation could induce
transient firing rate increase or decrease in hippocampal place cells. Moreover, we
demonstrated that MS stimulation induced partial remapping on place cells
without affecting the overall spatial information and induced a slight decrease in
field size in inhibited cells. Finally, we demonstrated that the place cells population
COM angle were biased towards the stimulation side of the arena, which has been
associated to the reward-related behaviour in chapter 5, indicating that the

population of place cells can encode reward.

5.5.1. Nonselective MS stimulation can induce both inhibition

and disinhibition of CA1 pyramidal neurons

CA1 pyramidal neurons are entirely covered by GABAergic synapses, from the
thinnest dendritic shafts to the initial axon segments, some GABAergic neurons,
including PV positive basket-cells and cholecystokinin (CCK) basket cells, exert
control of oscillations and network excitability of pyramidal cells (Buzsaki and
Wang, 2012, Miles et al., 1996, Freund and Katona, 2007, Miyoshi, 2018). From the
septo-hippocampal circuit, CA1 interneurons receive in great majority projections
from MS GABAergic neurons (Sun et al., 2014). Thus, stimulation of the MS should

inhibit CA1 interneurons and consequently disinhibit pyramidal cells.
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However, in this study we observed the opposite effect, most of the pyramidal cells
were inhibited during MS stimulation. To understand the inhibitory effect on place
cells, we must return to the results of chapter 4. We showed that MS stimulation
induced an increase in firing rate in the majority of CA1 interneurons, which
certainly includes PV+ basket cells. Therefore, we should expect an inhibitory

effect on pyramidal cells.

We also observed a smaller, but still considerable amount of pyramidal cells that
increased their firing during MS stimulation, which reflects the smaller proportion
of excited interneurons from chapter 4 results. Moreover, CA1 pyramidal cells
receive several excitatory inputs, including cholinergic and glutamatergic from MS

(Sun et al., 2014), which could be contributing to the excitatory effect.

Curiously, half of the inhibited pyramidal cells presented a brief increase in firing
rate followed by inhibition. We could attribute this phenomenon to the inhibitory
feedback caused by a specific type of CA1 interneurons. These interneurons receive
glutamatergic inputs from the pyramidal cell and project back to the dendrite of
the same cell, so they cannot stop the cell from firing, but they can control the time
which the cell will be active (Klausberger, 2009); (Miiller and Remy, 2014, Jang et

al., 2015).

The pyramidal cells receive glutamatergic from CA3 and entorhinal cortex
(Ishizuka et al., 1990, Steward, 1976, Witter et al., 1988, Speed and Dobrunz, 2009)
and dopaminergic from locus coeruleus and VTA connections (Kempadoo et al.,
2016) that contribute to the excitatory signals. Moreover, both cholinergic and

glutamatergic MS projections can excite CA1 interneurons, which in contrast, can
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result in an inhibitory effect on pyramidal cells. For example, oriens-lacunosum
moleculare interneurons receive cholinergic innervation from MS (Leao et al.,
2012). These interneurons can induce a potent inhibition of dendritic tufts of distal

pyramidal cells (Leao et al., 2012).

5.5.2. Analysis of place field properties in the open field

Once we found that MS stimulation had a differing effect on hippocampal place
cells, we divided the units into groups of inhibited, disinhibited and not affected
units. When animals are exposed for the first time to an environment, the CA1
place fields form rapidly (Wilson and McNaughton, 1993, Frank et al., 2004,
Leutgeb et al.,, 2004). In subsequent exposures, as the animal gain experience in
the environment, the place fields get smaller and the spatial information increases.
This process is LTP dependent and essential for memory formation (McHugh et
al., 1996, Jeantet and Cho, 2012, Kentros et al., 1998, Karlsson and Frank, 2008). We
analysed spatial information and place field size to understand the contribution of
the MS stimulation to this process. Our results showed a slight decrease in place
field size for the inhibited group. However, no changes in spatial information were
observed giving the impression that the inhibitory effect on pyramidal cells

provoked the reduction in field.
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5.5.3. MS stimulation induced place fields remapping

The hippocampus is involved in episodic memory and navigation. These processes
are mediated by the capacity of place field formation, which encodes a map of the
environment (Eichenbaum, 2017, Wilson and McNaughton, 1993, Frank et al.,
2004, Cohen et al., 2017). The place fields form rapidly when animals explore the
environment for the first time, and once it is formed, it will remain stable during
consequent exposures to the same environment (Muller and Kubie, 1987, Dupret
et al., 2010). We hypothesized that MS stimulation could disturb the place fields
due to the close relation between place fields and theta oscillations. Interestingly,
we found that 18% of the place cells remapped during MS stimulation, including

two units that were inactive during baseline recording.

A related study showed that inhibition and not excitation of place cells could
induce place field remapping by LTP dependent process (Schoenenberger et al.,
2016). However, in our results, the remapping occurred in both excited and
inhibited place cells. The CA1 pyramidal cells receive projections from several
regions that are directly modulated by MS, including CA3 (Amaral and Witter,
1989) and entorhinal cortex pyramidal cells (Steward and Scoville, 1976, Desikan
et al., 2018). Disturbing the septohippocampal circuit by MS stimulation can
induce an unpredicted effect in all hippocampal and parahippocampal network
responsible for spatial and non-spatial processing (Unal et al., 2015, Muller and
Remy, 2018). Therefore, this suggests that the remapping could be caused by

interactions of the complex hippocampal interneuron network.
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We also observed two place cells which were silent in the first half of the recording
and were active during the second half when the laser protocol was initialized.
Previous data demonstrated that field activity could appear from silent neurons
induced by artificial stimulation (Diamantaki et al., 2018). Direct excitatory inputs

from MS could cause the appearance of these place field from silent cells.

To analyse the distance between place cells, an arbitrary minimal distance was
used. This distance was based on the distribution of distances of non-affected units
because the definition of place field position is not precise. To define the position,
we used the bin in the field with the maximum number of spikes. However, this
number is not the same between recordings, as the animal can walk in a different
manner and this position can vary a few centimetres. To ensure that the cells
remapped due to the stimulation, we measure the distribution of differences in
place cell positions for non-affected cells and used the averaged distances summed
to three times the standard deviation of this distribution. The value is restrictive
to ensure that there was a remapping and not a natural variation from one

recording to another.

5.5.4. Analysis of place fields properties in the linear squared

maze

We showed that MS stimulation did not affect place fields properties on the linear
maze. Before measuring place fields properties, we separated the place fields by

navigation directions in CW and CCW. It has been shown that when animals
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navigate in constrained stereotyped trajectories, the place fields representation of
both directions can be uncorrelated (McNaughton et al., 1983a, Gothard et al.,
1996b). Indeed, we observed that someplace fields only occurred during one
direction of the trajectory. Our results showed no differences between baseline and
stimulation in neither of the navigation directions. However, we should consider
that we did not segregate the place cells by position on the maze. Place fields on
the laser area would be more susceptible being affected by MS stimulation than
place fields that did not receive laser stimulation. The downside of this approach

is that a less restrictive test could include more remapped units to the analysis.

5.5.5. Hippocampal place fields assembly encode reward

Lastly, we demonstrated that the spatial distribution of the place fields could
encode reward. Place fields assembly distribution was biased towards the
stimulation side of the maze, measured by the shift of the COM angle. The COM
angle method used in this study was used to demonstrated that hippocampal place
field assembly encodes the position of the reward induced by optogenetic
stimulation of the VTA (Mamad et al., 2017). Understanding what type of
information is encoded by the hippocampus has been a challenge, since the
discovery of the place cells and many studies have focused on how the
hippocampus encodes goal and reward (Hollup et al., 2001, Hok et al., 2007,
Holscher et al., 2003, Kobayashi et al., 2003). One study showed that place fields

were described to accumulate closer to the escape platform in a water maze,
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suggesting that place fields can represent the emotional value of spatial cues

(Hollup et al., 2001).

In this study, we used optogenetic stimulation of the MS to induce reward to
measured how the place fields were organized. The advantage of intracranial
optogenetic stimulation is that no external reward has to be introduced to the
behaviour test, avoiding that animals encode the spatial representation of the

reward instead of the information itself, causing ambiguity.

The COM angle was measured in two distinct ways: considering the firing rate of
the place fields and by considering only the number of place fields on each side.
We found that in both measures the COM angle was shifted toward the stimulation
side of the maze, indicating that the MS stimulation induced new place fields.
These results could be explained by the activation of silent neurons caused by MS
stimulation as observed in the open field. However, a recent study demonstrated
that a dedicated subpopulation of CA1 place cells encode reward. These cells
represent about 5% of the place field population and could be biasing the COM
angle towards the stimulation side (Gauthier and Tank, 2018). These results
showed for the first time that MS has the potential to modulate spatial
representations. However, more data is necessary to separate the direct network

effect of MS stimulation from reward processing.
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Chapter 6

General Discussion and Conclusion
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6.1. Introduction

In this thesis, we explored the medial septum using optogenetic in behaving rats.
We addressed pertinent questions about the septohippocampal circuit, which is
vital for the understanding of memory processing in the brain. We showed for the
first time how nonselective optogenetic stimulation affects the intra-septal
network and how it reflects on hippocampal interneurons. Likewise, we
investigated using state of the art techniques the classically described reward-
related behaviour elicited via MS stimulation. Finally, we showed that MS
modulates hippocampal spatial processing, a well-described hippocampal function
essential to the encoding of episodic memories. Our results reaffirm the critical
importance of the medial septum to the hippocampal processing and contribute

to the understanding of the septohippocampal system.

6.2. Stimulation of MS neurons and their effect on
hippocampal interneurons

We started in chapter 4 by showing for the first time how the nonselective
optogenetic MS stimulation affects intra-septal neurons. The MS was chosen due
to its crucial importance for hippocampal oscillations and memory. To address our
objectives, we first classified septal neurons by their firing patterns, mainly
focusing on the bursting and theta modulated neurons which have been described
to modulate hippocampal interneurons and pyramidal cells, resulting in

hippocampal theta oscillation (Freund, 2003, Toth et al., 1997, Toth et al., 1993).
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Our classification was based on propensity to burst and theta modulation. Bursting
neurons are found in several brain regions and are close related to theta frequency
and spatial processing in the hippocampus (Zeldenrust et al., 2018). In the CA1
region, place cells fire in bursting when the animal enters the place field, these
bursts are synchronized to the theta frequency present in the LFP, an interesting
phenomenon known as theta precession, which was described in the introduction.
A subpopulation of MS neurons was classified into bursting theta neurons, these
neurons were suggested to be parvalbumin positive, based on MS
electrophysiological classification studies. Using optogenetic manipulation, we
successfully stimulated MS neurons and showed that nonselective MS stimulation
induced a strong inhibitory effect on most medial septal neurons. This inhibitory
effect was most prominent in the fast spiking MS neurons classified as bursting
theta. This result was unexpected since ChR2 can only depolarize the neuronal
membrane and raised an important question about the anatomical organization of
the MS. The answer could be an intrinsic GABAergic - GABAergic network, having
a subpopulation of GABAergic neurons more affected by the laser stimulation.
However, as we described in the introduction, the MS is composed by cholinergic,
GABAergic and glutamatergic neurons which are interconnected, so several intra-
septal configurations could be considered. Unfortunately, anatomical intra septal

data are scarce to approach a conclusion.

A very interesting result was the excitatory effect observed in CA1 interneurons,
mostly on theta modulated interneurons. For example, 76% of the affected MS
theta bursting neurons were inhibited by the MS stimulation, in contrast, 64% of

hippocampal theta burst interneurons increased their firing rate. It suggests that
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disinhibition of fast spiking theta modulated interneurons could be a result of the
inhibition of GABAergic parvalbumin positive in MS. However, caution need to be
taken when observing these results, because with the methods used in this thesis,
we cannot ensure direct connection between these cells, and an in vitro study
would be necessary to elucidate this connection. We also recorded MS neurons
while animals were running and showed that most neurons were correlated with
speed. This correlation was negative for the majority of MS neurons and
correlation was stronger for bursting and theta modulated neurons. Interestingly,
hippocampal interneurons are known to increase their firing frequency
proportionally to animal's speed (Maurer et al., 2005). Our results could be
extrapolated to suggest that hippocampal interneurons are speed modulated by
disinhibition from MS GABAergic neurons. However, this is a strong conclusion
that needs to be examined with more experiments. Recently, a study proposed that
CA1 interneurons encode speed in sub-second time scale, and named these
interneurons as speed cells (Géis and Tort, 2018). A proof that interneurons are
purely modulated by MS neurons would open a wide range of questions about the

origin of this modulation.

6.3. Stimulation of the medial septum induced place
preference

In chapter 5 we examined how MS stimulation could affect place preference
behaviour. The MS area is classically known as a reward area as animals were

described to compulsively press a lever to self-stimulate electricity in this region
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(Olds and Milner, 1954). To test our hypothesis, we used non-selective optogenetic
stimulation. The results showed that stimulation of the MS induced place
preference. Animals would spend more time or cross more times the side of the
arena were the laser was on. After observing this behaviour, we attempted to
understand what type of MS neuron could be mediating this reward effect. To do
so, we used two transgenic rat models: Chat-Cre and Gadi-Cre. The first expresses

Cre enzyme in cholinergic neurons and the second in GABAergic GAD1 neurons.

Stimulation of cholinergic MS neurons was inconclusive; no effect was observed.
In contrast, MS GABAergic neurons induced place preference as strong as non-
selective stimulation. We suggested that stimulation of these neurons could be
indirectly affecting VTA dopaminergic neurons via two distinct polysynaptic
pathways. One possible pathway involves the subiculum, nucleus accumbens, and
ventral pallidum (Nazari-Serenjeh et al.,, 20m), and another via the lateral
hypothalamus (Hahn and Swanson, 2012). We attempted to explore this pathway
by implanting an optic fibre in the lateral hypothalamus. However, the number of

animals was not sufficient for a statistically significant result.

Despite the unknown pathway, this result is important and perhaps the most
important in this thesis, as it reises a set of questions about the role of the MS in
the memory processing. In both humans and rodents, theta power increased in
motivationally significant stimuli (Gruber et al., 2013, Lansink et al., 2016). Is the
MS the link between reward expectancy, theta activity and memory encoding? Our

results reaffirm the importance of MS not only for the hippocampal modulation,
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but as a critical region for the integration of contextual information, behavioural

responses, and memaory.

6.4. Medial septum modulates hippocampal place cells

In chapter 5, we explored how MS stimulation affects the hippocampal place cells,
which are crucial to spatial navigation and memory formation. We started by
evaluating the effect of medial septal stimulation on place cells. We showed that
the majority of place cells were inhibited. This effect could be consequence of
interneuron disinhibition showed in chapter 4, as interneurons are closely
connected to pyramidal cells. We suggested that the inhibitory effect on place cells
could be caused by a cascade effect starting by the inhibition of MS neurons as

showed in chapter three.

To understand the effect of MS stimulation on the place cells, we firstly recorded
place cells on the open arena during MS stimulation. The result showed that a
percentage of affected place cells remapped during stimulation. This result
suggests that MS have strong control over spatial processing, which could be

related to the impairment of memory in MS lesion animals.

The MS excitatory effect on pyramidal cells could be directly via inputs from MS
cholinergic neurons. Although cholinergic stimulation had no effect on PLV in
chapter 4, it is the major excitatory projection from MS to the hippocampus which
terminates in both pyramidal cells and interneurons. Another explanation

involves the CA3 and entorhinal cortex, the two primary inputs to CA1 pyramidal
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cells. Both areas receive MS inputs and are affected by MS stimulation (Mizumori
et al., 1992, Joshi et al., 2017), which could induce desynchronization of the circuit
resulting in instability of place fields. However, due to the complexity of the circuit,

our suggestions are merely speculations, and further experiments are necessary.

We also showed that the MS stimulation restricted to a region of the arena induced
place preference and shifted the place field assembly towards this region. These
results are in accordance with already described studies that showed that a small
proportion of CA1 place cells also encode reward. hippocampus is essential for
episodic memory and it is essential for an animal to remember where the emotion
relevant places are, for example: water, food and predators. We proposed that the
reward-related response from MS stimulation could be recruiting reward cells
(Gauthier and Tank, 2018). However, our data showed that MS stimulation could
induce place field formation and remapping. Therefore, due to the design of the
experiment, we cannot distinguish between the appearing of reward cells from the

disinhibition or excitation caused by MS stimulation.

6.5. Future directions

The results from this thesis have raised some questions about the intra-septal
network. We recorded more inhibited than excited neurons inside the MS. To
explain this phenomenon, we proposed that a subpopulation of GABAergic
neurons could be expressing ChR2, consequently inhibiting the majority of MS

neurons. To approach this problem, would be necessary to co-localize the already
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the expressed YFP by the infected neurons with other colour fluorescence via
immunohistochemistry or as proposed before, by in vitro recordings. The result

would reveal what types of neurons are being affected by photo stimulation.

We showed that stimulation of MS GABAergic neurons was sufficient to induce
place preference. However, our experimental design did not include stimulation of
MS glutamatergic neurons as the animal model was not available. To better
understand the intraseptal circuit and the effect of MS glutamatergic stimulation
on behaviour, a future experiment using a transgenic model that express Cre
recombinase in glutamatergic neurons would be interesting. In mice MS
glutamatergic stimulation induced movement. Animals that were immobile
started to walk when MS glutamatergic neurons were optogenetically stimulated
in theta frequency (Muller and Remy, 2018). As far [ am concern, no experiment

was ever made to test the reward effect of these neurons.

Recently 'speed cells), i.e., interneurons positively correlated to speed, were
identified in the CA1 area that encodes speed in sub-second scale. Would be
interesting to understand if hippocampal ‘speed cells’ are speed dependent of MS
neurons. This experiment is feasible by inhibiting MS neurons during navigation

while recording CA1 speed modulated cells.

In this thesis we attempt to investigate the pathways by which MS mediate
behaviour. The same experiment using lateral hypothalamic area and transgenic

animals could be done using an adequate number of animals.
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6.6. Conclusion

A better understanding of the septohippocampal system could result in new
approaches for the treatment of memory deficits caused by dementia or another
type of hippocampal dysfunction. This work aimed to explore the
septohippocampal system regarding electrophysiology and behaviour. We
revealed that MS GABAergic neurons could induce reward-related behaviour,
suggesting a strong relationship between the hippocampal oscillations and
reinforcement learning. Moreover, our data showed that MS projections could
affect hippocampal place cells and interneurons. We also showed that place cells

assembly encodes reward.

Altogether, our data expanded the understanding of the MS modulation on

hippocampus spatial processing and memory formation.
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