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Abstract

Oscillations are a hallmark of brain activity and can be generated by local synchroni-

sation mechanisms. They have been implicated in the communication between brain

areas. An important type of oscillations are θ oscillations (4-12 Hz), which are as-

sociated with different behaviours, such as movements and navigation, but they also

play a crucial role in memory formation and retrieval. One of the major θ rhythm

generators in the brain is the medial septum (MS), which with its different types of

projecting neurons, innervates many cortical areas and synchronises their activity.

I investigated two major projection types of the MS: GABAergic (γ-aminobutyric

acid – GABA) and cholinergic (acetylcholine – ACh) projections. Both projections

are known to target the medial entorhinal cortex (MEC) and hippocampus. Parval-

bumin positive (PV+) projections of the MS, which are GABAergic, are known to

synchronise cortical networks via disinhibition often by inhibiting interneurons. In

contrast, cholinergic projections of the MS project to a wide range of cell types in

the MEC and hippocampus and can have substantially different effects on the target

cell (e.g. activation or inhibition). Thus, their function on a network can range from

increasing activity through depolarising excitatory cells, to more inhibition of the

network by activating interneurons, or even modulating synaptic integration. Pre-

vious studies have focussed on identifying projections to the hippocampus and the

MEC but did not consider the parasubiculum (PaS), a major input of the MEC. In

this study, we electrophysiologically characterised cells in the PaS and demonstrated

layer I interneurons to be distinctly different from putative layer II interneurons. The

PaS, with its strong θ rhythmic firing cells, was shown to have the highest density of

MS PV+ fibres in the parahippocampal formation, suggesting that it is an important

target of MS projections and yet MS inputs to the PaS are unknown. Using chan-

nelrhodopsin (ChR2), a light sensitive ion channel, expressed in the MS of PV-Cre

and ChAT-Cre (choline acetyltransferase) mice in-vivo, I identified GABAergic and
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cholinergic MS connections to the PaS in-vitro and demonstrated cell type specific

projection patterns. I found that PV+ MS projections mainly inhibit interneurons in

the PaS, including layer I interneurons, representing a novel cortical target of PV+

MS cells. On the other hand, cholinergic projections depolarise layer I interneurons

and have multiple effects on deeper cells of the PaS, leading to a depolarisation

or hyperpolarisation. To investigate a potential role of GABAergic projections in

θ generation, I recorded local field potentials (LFP) in awake head-fixed mice and

entrained oscillations in the PaS by stimulating with light in the MS. In contrast,

local stimulation of fibres in the PaS could not entrain oscillation, suggesting that

increased activity in the PaS might be required for MS PV+ cells to entrain θ. Taken

together, stimulation of PV+ cells in the MS is sufficient to drive oscillations in the

PaS, likely via disinhibition in line with other areas as the MEC and hippocam-

pus. However, novel targets in layer I could be involved via cholinergic activation

and GABAergic entrainment. Whether cholinergic activation by itself can entrain θ

remains to be further investigated.
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Zusammenfassung

Oszillationen sind ein Kennzeichen von Gehirnaktivität und können durch lokale

Synchronisationsmechanismen generiert werden. Sie spielen eine wichtige Rolle bei

der Kommunikation zwischen Gehirnarealen. Ein wichtiger Typ von Oszillationen

sind θ Oszillationen (4 − 12 Hz), welche mit verschiedenen Verhalten wie Bewegung

und Navigation assoziiert sind und eine wichtige Rolle in der Gedächtnisbildung

und -abrufung spielen. Einer der wichtigen θ Generatoren im Gehirn ist das Medi-

ale Septum (MS), welches mit seinen verschiedenen projizierenden Neuronen viele

kortikale Regionen innerviert. Ich habe zwei Typen von Projektionen des MS un-

tersucht: GABAerge (γ-Aminobuttersäure – GABA) und cholinerge (Acetylcholin

– ACh) Projektionen. Beide Typen projizieren zum Medialen Entohinalen Kor-

tex (MEC) und zum Hippocampus. Parvalbumin positive (PV+) Projektionen des

MS können kortikale Netzwerke via Disinhibition, durch inhibieren von Interneu-

ronen, synchronisieren. Im Gegensatz dazu projizieren cholinerge Projektionen des

MS zu verschiedensten Zelltypen des MEC und des Hippocampus und können un-

terschiedliche weitreichende Effekte auf Zellen haben (z.B. Aktivierung und Inhi-

bierung). Folglich können die Konsequenzen von Aktivierung des Netzwerkes via

Depolarisation von exzitatorischen Zellen, über Inhibierung des Netzwerkes via Ak-

tivierung von Interneuronen bis hin zur Modulation von synaptischer Integration

reichen. In der Vergangenheit haben Studien sich auf die Identifizierung von Pro-

jektionen zum Hippocampus und MECs fokussiert, jedoch nicht zum Parasubicu-

lum (PaS), eines der bedeutendsten Eingänge des MEC. In dieser Studie haben wir

elektrophysiologisch Zellen im PaS charakterisiert und konnten herausstellen, dass

Schicht I Zellen sich von anderen vermeintlichen Interneuronen in Schicht II unter-

scheiden. Das PaS, mit seinen im θ Rhythmus feuernden Zellen, hat die höchste

Dichte von MS PV+ Fasern im parahippocampalen Netzwerk, was es als beson-

deres Ziel für MS Projektionen herausstellt. Dennoch sind Projektionen vom MS
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zum PaS nicht untersucht worden. Mit Hilfe von Channelrhodopsin (ChR2), einem

lichtsensitivem Ionenkanal, welcher im MS von PV-Cre und ChAT-Cre Mäusen ex-

primiert wurde, konnte ich GABAerge und cholinerge MS Verbindungen zum PaS

in-vitro detektieren und Zelltyp-speziefische Projektionen identifizieren. Ich kon-

nte herausstellen, dass PV+ MS Projektionen hauptsächlich Interneurone im PaS

inhibieren. Insbesondere Schicht I Interneurone stellen ein neues kortikales Ziel

von PV+ MS Zellen dar. Im Gegensatz dazu werden Schicht I Interneurone des

PaS durch cholinerge MS Projektionen depolarisiert wohingegen Zellen in tieferen

Schichten depolarisiert oder hyperpolarisiert werden können. Um zu zeigen, dass

man mit GABAergen Projektionen θ generieren kann, nahm ich das lokale Feld-

potential (LFP) in Kopf-fixierten Mäusen auf und fand, dass man Oszillationen

mit MS-Stimulation gleichschalten kann, jedoch eine Stimulation der Fasern im

PaS nicht ausreichend ist. Das weist darauf hin, dass eine erhöhte PaS-Aktivität

notwendig ist, um θ Oszillationen im PaS zu generieren. Zusammenfassend zeigt

sich, dass eine Stimulation der PV+ Zellen im MS ausreichend ist, um im PaS Os-

zillationen zu generieren. Disinhibierung im PaS ist, ähnlich wie auch im MEC und

Hippocampus, ein wahrscheinlicher Mechanismus. Weiterhin könnten jedoch neue

Ziele von cholinergen und GABAergen Fasern in Schicht I bei der θ Generierung

involviert sein. Ob θ Oszillationen durch cholinerge Projektionen gleichgeschaltet

werden kann muss jedoch noch durch weitere Studien gezeigt werden.

IV
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1

Introduction

The evolutionary goal of a species is to survive, which is achieved by adapting to

environmental conditions, optimising strategies to live in the specific environment

and reproduce (Darwin, 1859). Higher organisms, therefore, have developed struc-

tures which are able to help with optimising their behaviour on different levels. With

multicellular organisms evolving 570 million years ago, more complex functions such

as mechanosensation (touch, hearing), olfaction based on chemotaxis, and vision de-

veloped (Schlosser, 2018), helping them to learn about their environment. Hence,

the encoding of memories evolved and similar mechanisms to achieve memory on

the synaptic scale were observed in invertebrates and vertebrates (Glanzman, 2010).

Information which is accumulated over the course of time – from being exposed to

sensory stimuli – is stored across different areas of the brain or nervous system

(Mesulam, 1998; Christophel et al., 2017) and can be encoded for longer by protein

synthesis and structural changes in synapses and cells (Hydén and Lange, 1968;

Bourne and Harris, 2012). One mechanism to induce such change is through organ-

ised cellular activity, resulting in an increase of calcium in dendrites and synapses.

Hence, synaptic inputs which occur shortly before postsynaptic activity can increase

calcium concentrations enough to induce spike time dependent plasticity (STDP)

and protein synthesis to stabilise connections (Hebb, 1949; Dan and Poo, 2006).

When different cells strengthen connections based on the same inputs, they become

related and act together in the future. Such an association of cells is often referred

to as “cell-assembly” (Hebb, 1949).

For a distribution network of memory to work, the coordination of areas and

timing of cells is crucial for memory formation and can be achieved by oscillatory
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activity (Bressler et al., 1993; Varela et al., 2001). These oscillations arise in the

brain through changes induced by population activity, synaptic inputs with the

resulting membrane potential changes and can be measured as local field poten-

tials (LFP) (Herreras, 2016). One important higher level function, which does not

represent solely processing of sensory inputs, is computation for spatial navigation.

Navigation strategies can be observed in several species such as ants (Wehner, 2003),

drosophila (Neuser et al., 2008; Kim and Dickinson, 2017), bees (Dacke and Srini-

vasan, 2007), pigeons (Bond et al., 1981; Olson and Maki, 1983), rodents (Morris

et al., 1982), bats (Tsoar et al., 2011), and dolphins (Arranz et al., 2018) and is

essential for finding food, a partner, or avoiding danger. Over the last decades, the

endeavour to understand the “cognitive map” (Tolman, 1948) – how we animals use

the abstract – or internally generated models of space – has driven research and

revealed that several dimensions of space are represented on a cellular or network

level in the brain (place, speed, grid, head-direction, vectors, and borders; for review

see Poulter et al. (2018)). Coding spatial properties can be achieved by different

mechanisms, allowing for a detailed representation of the environment. For instance,

place cells fire at a higher rate in discrete positions of the environment which are

referred to as place fields (O’Keefe and Dostrovsky, 1971; O’Keefe, 1976; O’Keefe

and Conway, 1978). This principle of coding information (in this case, a location),

via the number of action potentials over time, is known as rate code. However,

this is not the only possible method of transferring information. An additional way

an action potential can code space is via the phase code (O’Keefe and Recce, 1993;

Skaggs et al., 1996; Mehta et al., 1997). The phase code is based on the position of a

spike relative to the ongoing LFP and is thought to communicate information about

an animal’s position more efficiently than a rate code alone (Jensen and Lisman,

1996; Reifenstein et al., 2012). This has been found to play an important role in

several areas of the brain (lateral septum (Tingley and Buzsáki, 2018), medial en-

torhinal cortex (Giocomo et al., 2007) and the hippocampus (Skaggs et al., 1996)).

The major neuronal oscillatory frequency band in mammals involved in the spatial

phase code is the θ band.
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1.1 θ oscillations

Theta (θ) oscillations range from 4 to 12 Hz (Buzsáki, 2002) and were observed

for the first time in the hippocampus and septum of rats and cats by Jung and

Kornmüller (1938), as well as later by Green and Arduini (1954) in rabbits and

monkeys. Exposure of rats to different stimuli led to different oscillatory responses,

including oscillations in the θ range in the hippocampal area, and also in the medial

septum. θ oscillations can also be found in humans, where they are associated

with memory and spatial navigation (Arnolds et al., 1980; Sarnthein et al., 1998;

O’Keefe and Burgess, 1999). Mechanistically, θ oscillations can be differentiated

into two different types: atropine-sensitive, “slow” θ (4 − 7 Hz) associated with rest

or anaesthesia, and atropine non-sensitive θ which are slightly faster (7−12 Hz) and

occur during running and exploration (Kramis et al., 1975). This has led researchers

to hypothesise that these oscillations are the product of two distinct networks and/or

cell types.

LFP

θ 4−12Hz

γ 30−90Hz

Figure 1: Schematic of θ oscillation with nested γ in LFP. A scheme of the local
field potential (LFP) (top) with the θ frequency band between 4-12Hz (middle) and nested
γ oscillations (30-90Hz) at the peak of the θ cycle (bottom).

An association of θ oscillations with spatial navigation was first reported by Vander-

wolf (1969). Freely moving rats show synchronised hippocampal activity reflected

in the LFP during exploration (Winson, 1974). Similarly, these oscillations can be

found in mice and also humans: in humans they occur with lower frequency (Ekstrom

et al., 2005; Watrous et al., 2013; Miller et al., 2018) and as burst activity whereas

they are found to be constantly occurring in rodents during movement (Ekstrom et

al., 2005; Watrous et al., 2013). Following the early observations in rodents, there
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has been a consensus among investigators that oscillations are likely associated with

navigation in behaving rodents (Vanderwolf, 1969; O’Keefe and Dostrovsky, 1971).

* Vanderwolf has reported (and we agree) that the former behaviours

are associated with θ activity in the hippocampal EEG, while, during

the latter behaviours, the EEG shows irregular slow waves.

— Footnote by J.O’Keefe & J.Dostrovsky regarding behaviours

involving movement and rest, 1971

Cortical structures can be considered as “current generators” – regions which gener-

ate an LFP response through population activity or synaptic inputs – but as far as

we know, they are not able to generate θ rhythm by themselves in-vivo. In contrast,

the “rhythm generator” of θ is believed to be in deeper non-cortical regions such

as the medial septum (Petsche et al., 1962) which projects to a range of cortical

areas including the hippocampal formation. It is not completely proven whether

some other areas have the potential to generate θ locally. Although there is no

direct evidence for local rhythm generation in-vivo, evidence from in-vitro studies

suggests that connectivity between glutamatergic cells and inhibitory interneurons

in combination with membrane properties of cells could be sufficient to generate θ

in the hippocampus and parasubiculum (Glasgow and Chapman, 2007; Goutagny

et al., 2009). Local interneurons of the hippocampus and the cortex do play an im-

portant role in coordinating θ activity and are a primary target of septal projections

(Freund and Antal, 1988; Stark et al., 2013; Gonzalez-Sulser et al., 2014). Even

though the hippocampus has the capability to generate θ independently of inputs

from the isocortex, synchronisation is coordinated by interacting with the parahip-

pocampal network via a feedback loop through the entorhinal cortex (Bragin et al.,

1995; Kocsis et al., 1999). Pyramidal cells of the hippocampus use θ cycles for the

previously mentioned phase code to represent spatial information more accurately

(O’Keefe and Recce, 1993; Skaggs et al., 1996).

In addition to spatial navigation, an increase of θ band coherence between the

hippocampus and cortical structures can be observed during other memory tasks,

where the increase in coherence is hypothesised to improve learning and memory

formation by synchronising synaptic inputs (Huerta and Lisman, 1995; Markram et

al., 1997; Bourne and Harris, 2012). A possible mechanism could be a coordinated
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depolarisation of dendrites through time-locked synaptic inputs, which can lead to

the strengthening of connections via STDP and establish cell-assemblies (Buzsáki,

1989; Huang and Kandel, 2005). Such a synchronisation has been shown to be crucial

for working memory where θ oscillations are involved in synchronising activity on

the cell level (Jensen and Tesche, 2002; Lee et al., 2005) and across different areas

(Sarnthein et al., 1998; Liebe et al., 2012), and in spatial memory where an absence

of θ will result in memory deficits (Winson, 1978).

A proposed mechanism of how θ oscillations guide memory formation is by mod-

ulating faster γ oscillations (30 − 90 Hz) which are nested in θ cycles (Figure 1)

during the encoding and memory retrieval phases. Since local firing was found to be

elevated during γ (Soltesz and Deschenes, 1993; Bragin et al., 1995; Colgin et al.,

2009), Huerta and Lisman (1995) proposed that, when timed at the peak, nested

action potential bursts during θ cycles can result in enhanced long term potentia-

tion and, thereby, stabilise connections. Furthermore, a phenomenon referred to as

“replay” – the reactivation of cell assemblies actively coordinated during a previous

task – was found to be strongly linked to phases of θ cycles, where an increase in

phase locking during θ oscillations was associated with higher performance of work-

ing memory (Lee et al., 2005; Fuentemilla et al., 2010). An important implication

of these findings is that disruption of θ can lead to a disruption in memory forma-

tion; interfering with θ generated in the medial septum by lesioning indeed impairs

performance in spatial and working memory tasks (Poucet and Herrmann, 1990;

Gerashchenko et al., 2001).

Today, more than 80 years after the first observation of θ, its exact purpose

is still not entirely understood, nor are important interactions between different

cortical and subcortical areas sufficiently known.

1.2 Medial Septum

The medial septum (MS) is a structure located in the forebrain (Figure 2) and, due

to its rhythmic activity, is known to be a central θ generator (Petsche et al., 1962).

Because of its widespread connectivity and the oscillatory properties of medial septal

cells, it is important for entraining θ and synchronising activity in different areas

of the brain (Green and Arduini, 1954; Brücke et al., 1959; Petsche et al., 1962;
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Gogolák et al., 1968; Andersen et al., 1979; Rawlins et al., 1979). Depending on

the brain state, the majority of cells in the MS show a pronounced rhythmic firing

pattern linked to hippocampal θ (Serafin et al., 1996; Dragoi et al., 1999).

A B

Figure 2: Schematic of medial septum. Sagittal (A) and coronal (B) section of the
mouse brain. Blue shows the location of the MS and dark grey fibre bundles. The dashed
line in (A) indicates the position of the section of (B). Modified from Allen Brain Atlas
(Sunkin et al., 2013).

To understand differences between cells in the MS, a substantial amount of work has

been put into further identifying diverse electrophysiological properties and different

cellular markers in septal neurons (Serafin et al., 1996; Sotty et al., 2003; Lüttgen

et al., 2004; Unal et al., 2015). Several important proteins expressed by septal

cells, such as hyperpolarisation-activated cyclic nucleotide-gated non-selective cation

(HCN) channels or serotonin receptors, can change oscillatory behaviour and be

modulated by different network conditions, depending on the brain state (Gaspar et

al., 1987; Aznar et al., 2003; Colom et al., 2005; Lüttgen et al., 2005; Varga et al.,

2008; Koenig et al., 2011).

GABAergic cells in the septum are known to be associated with the hippocampal

θ and fire in bursts at different parts of the θ cycle (Serafin et al., 1996), whereas

cholinergic cells fire less rhythmically and exhibit slower firing rates (Pascale Simon

et al., 2006). The MS is known to project to the hippocampal and parahippocampal

formation, including such target areas as the MEC and the PaS (Raisman, 1966;

Alonso and Köhler, 1984; Gaykema et al., 1990; Groen and Wyss, 1990). These

projections appear to depend on the neurotransmitter identity and preferentially

target specific cell types (Gonzalez-Sulser et al., 2014; Fuhrmann et al., 2015; Unal
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et al., 2015; Fuchs et al., 2016; Desikan et al., 2018), leading to synchronicity and

potential coordination of network activity across different brain regions. Interfer-

ing with this important synchronisation has decisive consequences for learning and

memory (Winson, 1978; Chrobak et al., 1989; Mizumori et al., 1990). For example,

it has been shown that deactivation of the MS leads to a reduction in exploratory

behaviour and impairs working memory (Lee et al., 1988; Poucet and Herrmann,

1990; Brandon et al., 2011; Koenig et al., 2011), making it an integral part of the

memory system. Underlining the importance of the MS in hippocampal θ is the

onset of cell firing in the MS, which occurs shortly before the onset of hippocampal

θ, suggesting that in-vivo the MS is a central part of θ rhythm generation (Bland

et al., 1999).

In this study, I will focus on GABAergic and cholinergic projections of the MS

since they represent the major projecting cell types of the MS (Amaral and Kurz,

1985; Unal et al., 2015). Both groups have been investigated in the past with a

major focus on projections to the hippocampus or MEC. However, it should also be

noted that the glutamatergic cells of the MS can project to other regions (Fuhrmann

et al., 2015; Justus et al., 2017). Early evidence indicated that other regions of the

parahippocampal area are also innervated by the MS and could play important roles

in θ generation (Swanson and Cowan, 1979). Yet, MS interactions with other regions

of the parahippocampal network are rarely investigated even though they heavily

project to the medial entorhinal cortex (Canto et al., 2012). Thus, I hypothesise that

anatomically confirmed projections target specific cell types in the parasubiculum

to entrain θ in the parahippocampal formation.

1.2.1 GABAergic projections

The majority of the MS is made up of GABAergic cells (Freund, 1989) which can

be divided into several sub-classes (Hangya et al., 2009) and are generally thought

to fire rhythmically in θ bursts. Two major groups were identified by Joshi et al.

(2017). One was referred to as “Teevra” cells, a parvalbumin positive (PV+) cluster

firing in strong bursts and targeting PV+ and cholecystokinin positive (CCK+) cells

in the cornu ammonis 3 (CA3). However, Teevra cells were not found to project to

the parahippocampal network, suggesting that they play a role in modulation of the
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hippocampus (Joshi et al., 2017). “Komal” cells, a second group of PV+ cells in the

MS, fire preferentially at the peak of the θ phase, whereas Teevra cells are locked

at the trough. A subset of Komal cells – referred to as “Orchid” cells – projects to

the presubiculum and entorhinal cortex, but the majority of Komal projections have

not yet been identified (Viney et al., 2018). Varga et al. (2008) showed that PV+

cells expressing HCN channels are more likely to fire at the trough of hippocampal

θ, as Teevra cells, and are more likely to exhibit bursty behaviour. Other reports

suggesting the involvement of HCN come from observations by Xu et al. (2004),

where injecting an HCN blocker into the MS lead to reduction of hippocampal θ,

further underlining innate cell properties contributing to the oscillatory behaviour

of the MS.

GABAergic low-rhythmic-firing neurons (LRN), on the other hand, were recently

shown to project to several areas of the hippocampus, make local connections in the

MS and receive inhibitory feedback during hippocampal sharp-waves (Salib et al.,

2019). Salib et al. (2019) postulated that, indicated by molecular markers, PV+

LRNs might be more involved in MS local connectivity opposed to MS PV- LRNs

which target the dentate gyrus (DG) and CA3.

We know from other studies that targets of PV+ cells in the hippocampus or

MEC are mainly interneurons which partially express PV themselves and, in the

case of the MEC, are mainly located in layer II or III (Freund, 1989; Gonzalez-

Sulser et al., 2014; Unal et al., 2015; Fuchs et al., 2016). This target specificity

suggests local disinhibition as a common mechanism of PV+ projections. Calbindin

(CB) positive interneurons – a separate group of GABAergic MS neurons – have

been shown to project to the MEC targeting low threshold interneurons in mice

(Fuchs et al., 2016). However, it was also reported by Unal et al. (2015) that 15%

of CB+ cells in the rat MS express choline acetyltransferase (ChAT) – an enzyme

to synthesise acetylcholine – suggesting that the same molecular markers might

be expressed by distinct cell types with different neurotransmitters. Interestingly

enough, to this day no cortical layer I interneurons have been reported to receive

inputs from PV+ septal projections, highlighting the focus of research on layer II

and III of cortical areas. Recently, several studies have provided more evidence that

strong PV+ projections innervate the parasubiculum, indicating possible inhibition
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of local networks (Unal et al., 2015; Tang et al., 2016).

However, it is not clear whether these fibres have functional connections and to

what extent they preferentially target parasubicular cells as compared to the better-

documented MEC, or if they elevate disinhibition. This is an important question

which could have implications for communication along the parahippocampal axis

(e.g. increased synchronicity) and θ generation.

1.2.2 Cholinergic projections

Cholinergic cells (ChAT+) in the MS are thought to be slowly firing (Manseau et

al., 2008) and project to the hippocampus and MEC (Lamour et al., 1984; Frotscher

and Léránth, 1985; Unal et al., 2015; Desikan et al., 2018). Similar to the PV+

cells in the MS, ChAT+ cells project mainly to distinct areas. For example, only

a few cells (less than 2%) will project to the CA1 and the MEC simultaneously

(Unal et al., 2015). The majority of projection neurons, however, will specifically

target one of the two areas. Cholinergic projections can work in different ways due

to the properties of acetylcholine, which can slowly inhibit, slowly excite by binding

muscarinic receptors or quickly excite a cell via nicotinic receptor binding. All these

mechanisms have been shown to be present in cholinergic projections from the MS

to the hippocampus or MEC.

In the entorhinal cortex, the majority of cells receiving nicotinic inputs were

superficial layer I interneurons and layer II putative 5HT3R+ cells (Desikan et al.,

2018). Hyperpolarisation, due to probable activation of type II muscarinic recep-

tors, was observed in pyramidal cells, stellate cells and their intermediates as well

as putative PV+ interneurons (Desikan et al., 2018). A similar pattern was ob-

served in the lateral entorhinal cortex (LEC). It was also reported that cholinergic

projections to the DG can inhibit granule cells by activating astrocytes which, in

turn, will excite hilar interneurons and mossy cells through glutamate (Pabst et al.,

2016). This suggests that an activation of cholinergic cells can result in complex

interactions in the network. Indeed, when interfering with cholinergic septal cells

using a chemogenetic approach to increase cell firing, θ frequency is reduced in the

MEC but grid cell firing was not affected (Carpenter et al., 2017). In comparison,

optogenetic activation of cholinergic MS cells leads to a reduced power, including in
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the θ frequency band and a slight increase in coherence in the hippocampus, both of

which also seem to be state dependent (Vandecasteele et al., 2014). Taken together,

these experiments show that cholinergic projections can have different targets and

consequences in the parahippocampal formation. Therefore, it is important to col-

lect more cell-specific data on how cholinergic MS cells interact with elements of the

parahippocampal network involved in θ generation.

1.3 Parasubiculum

The parasubiculum (PaS) is part of the parahippocampal formation (Figure 3),

positioned at the posterior part of the brain (Boccara et al., 2015), and is found

across different species (Ding, 2013). There is some disagreement as to whether it

is a three-layered (Mulders et al., 1997; Burgalossi et al., 2011; Tang et al., 2016) or

six-layered cortex (Funahashi and Stewart, 1997; Glasgow and Chapman, 2007; Boc-

cara et al., 2010) and it is sometimes plainly divided into superficial and deep layers

(Sammons et al., 2019). It sits adjacent to the MEC and presubiculum and, there-

fore, has an important position mediating inputs and outputs of the hippocampal

formation (Swanson and Cowan, 1977, 1979; Köhler, 1985; Groen and Wyss, 1990).

In particular, connections from the PaS to the MEC have been found to target layer

II, mainly exciting their postsynaptic partner cells including cells from other layers

(Caballero-Bleda and Witter, 1993; Canto et al., 2012).

It has been shown that the PaS not only has an important role in working

memory, but also in spatial memory (Kesner and Giles, 1998; Liu et al., 2001, 2004).

The relatively small size and orientation of the PaS rendered in-vivo recordings

challenging, but they were recently made possible with the use of more recording

sites and better targeting approaches. The resulting recordings underlined its role in

the processing of spatial information and showed the presence of different spatially-

linked functional cell types, including place cells (Taube, 1995), grid cells (Boccara

et al., 2010; Ebbesen et al., 2016) and head direction cells (Kornienko et al., 2018).

One of the prominent features of PaS cells is the presence of strong rhythmic firing at

θ frequency exhibited by pyramidal cells (Ebbesen et al., 2016; Tang et al., 2016).

These cells are known to express a protein called Wolframin ER Transmembrane

Glycoprotein (WFS1), represent the largest proportion of cells in the PaS (Luuk et
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al., 2008; Kitamura et al., 2014; Ray et al., 2014; Ramsden et al., 2015; Sammons

et al., 2019) and have an intrinsic oscillatory behaviour which can be modulated by

acetylcholine (Glasgow and Chapman, 2013; Salkoff et al., 2015; Sammons et al.,

2019).

An increased interest in the PaS has gained traction in recent years, providing

the first evidence of MS GABAergic projections to the PaS (Unal et al., 2015; Tang

et al., 2016). This further emphasises the prime conditions for the PaS to play a

role in the θ generation as part of the parahippocampal network. Therefore, it is

important to understand the extent of MS projections to the PaS and the possible

effect it has on θ modulation in the context of the parahippocampal formation.

A B
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C

Figure 3: Schematic of parasubiculum. A sagittal (A) and horizontal (B) section.
Turquoise shows the location of the PaS, light grey represents ventricular space and dark
grey fibre bundles. The dark green in (B) represents the pyramidal cell layer II of the
medial entorhinal cortex. The cornu ammonis and the dentate gyrus are marked in light
blue. (C) A horizontal section stained with NeuN, a selective neuronal marker to identify
neurons (top). A high density of cells can be observed in the dentate gyrus and cornu
ammonis 3. The bottom shows the corresponding WFS1 staining. WFS1+ pyramidal cells
can be seen in the PaS, MECII, and CA1 of the hippocampus. Note also stained fibres in
the stratum lacunosum-moleculare, resulting from MEC LII projections.

1.4 Aim of this study

In my thesis, I intend to characterise functional GABAergic and cholinergic MS

projections to the PaS and identify their targets. Both types of projections have

been shown to be important for θ entrainment and modulation in the MEC and

hippocampus. However, up to this point it has been unclear which cell types in the

PaS receive inputs from the MS and how they are modulated. Based on the literature

15



and anatomical studies, it has been assumed that the PaS is strongly innervated by

MS GABAergic projections, which might entrain local θ oscillations. However, most

of the functional studies available were performed in the MEC, which is strongly

innervated by the PaS. Whether or not connections in the PaS are similar to the

MEC is uncertain. Hence, it is important to understand how the PaS is modulated

by MS projections in order to understand the consequences for the parahippocampal

formation.

To address these questions, we analysed functional connections in PV-Cre and

ChAT-Cre animals from the MS to different cell types of the PaS. To probe whether

interneurons were preferentially targeted – as it was shown in the MEC – we recorded

in-vitro cells across all the layers of the PaS and measured synaptic responses induced

by optical stimulation. Using the same approach, we screened connections in ChAT-

Cre animals to identify cholinergic inputs and their effects on different cell types.

Once targets of GABAergic PV+ MS projections were identified, we sought out to

investigate θ entrainment in intact networks in-vivo using silicon probe recordings

and optogenetic stimulation of the MS and projecting fibres.
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2

Materials and methods

2.1 Animals

Animal husbandry and experimental procedures were conducted in accordance with

European guidelines and with permission from local regulatory authorities (Berlin

Landesamt für Gesundheit und Soziales, permits G0092/15 and G0150/17). The

total number of animals used for this study were as follows: 32 transgenic PV-Cre

mice (JAX: 008069) and 25 transgenic ChAT-Cre (MMRRC: 037336). Animals

were housed on a 12 hours reversed day-night cycle with access to food and water

ad libitum.

2.2 Surgical procedures

2.2.1 Stereotactic injections

For all surgical procedures, the mice were anaesthetised with isoflurane (1.5% vol/vol

in oxygen, CP-Pharma, Burgdorf, Germany) and received carprofen (5 mg
kg

) as anal-

gesia in addition to subcutaneous application of lidocaine as local analgesia at the

site of incision. Animals were placed into a stereotaxic frame where they were fixed

and stabilised with ear bars. After disinfecting the place of incision with iodide

(Betaisodana, Mundipharma, Frankfurt, Germany) a 1 cm incision was performed

on the midline. The skin was fixed to the side so that the skull was easily accessible.
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Figure 4: Injection site in medial septum. Schematic of medial septum (blue) and
the injection cannula (black). A 10◦ angle is used to avoid damage to superior sagittal
sinus which is located on the midline on top of the brain surface (not shown).

The skull was virtually levelled using a robot stereotaxic (Neurostar, Tübingen,

Germany) and a craniotomy drilled at the position of entry (in mm from bregma:

0.7 anterior, 0.7 lateral). A NanoFil syringe (World Precision Instruments, Sarasota

County, FL, US) with a 34-gauge needle with adeno-associated virus 1 (AAV1) con-

taining the plasmid for the yellow fluorescent protein (YFP) and channelrhodopsin

(pAAV-EF1α-doublefloxed-hChR2(H134R)-EYFP-WPR at 6.26 · 1011 V G/ml) was

placed with a 10◦ angle through the hole and slowly moved 3.8 mm downwards along

the dorsoventral axis to the MS (Figure 4). The position was held for 5 min before

200 nl of the virus was injected at a rate of 40 nl/min. The needle was left for

a further 5 min and then slowly withdrawn. The animal’s temperature was main-

tained at 37 ◦C during the whole procedure, its eyes were covered with eye-cream

to provide moisture, and anaesthesia was checked regularly. The incision was closed

and the animal was put back into its home cage to recover. Animals generally woke

up in less than 15 min. Animals’ body weight and general wellbeing were checked

daily, and they were allowed to recover for at least 4 weeks.

2.2.2 Head fixation bar implant

Previously injected animals subject to in-vivo awake head-fixed recordings were

given a headbar implant. Surgical procedures were similar to what was described

in section 2.2.1. However, after the incision a craniotomy was made at a more
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anterolateral position (in mm from bregma: 1.2 anterior, 1.2 lateral to the right) to

place a screw for grounding. The screw was fixed without damaging the surface of

the brain. The skull surface was then sealed using OptiBond™ Solo Plus (KerrHawe

SA, Bioggio, Switzerland) and a gold pin attached to the screw was stabilised using

CHARISMA® ABC A1 (Kulzer GmbH, Hanau, Germany). A headbar was placed

over the skull, aligned to midline and fixed with Paladur® dental cement (Kulzer

GmbH, Hanau, Germany). The animal was then released back to the home cage

where it could recover for at least two days before habituation began.

2.3 In-vitro recordings

2.3.1 Slice preparation

To prepare acute slices, animals (n = 19 PV-Cre mice, n = 25 ChAT-Cre mice )

were deeply anaesthetised under isoflurane and then decapitated. The brain was

quickly removed and transferred to ice-cold (∼ 4 ◦C) slicing solution (sucrose artifi-

cial cerebral spinal fluid – sACSF). sACSF contained (mM): 87 NaCl, 26 NaHCO3,

10 Glucose, 50 Sucrose, 2.5 KCl, 1.25 NaH2PO4, 0.5 CaCl2, 3 MgCl2·6H2O. The

forebrain was separated from the rest by making a coronal cut. The posterior part of

the brain was separated with a sagittal cut between the two hemispheres. The two

posterior hemispheres and the forebrain were placed on a vibrating blade microtome

(VT1200S, Leica Biosystems, Wetzlar, Germany) to produce 400 µm horizontal and

coronal slices (Figure 3 B) which were then transferred for storage to an interface

chamber for up to 1-6 hours. Slices were superfused constantly with oxygenated

ACSF (in mM: 119 NaCl, 26 NaHCO3, 10 Glucose, 2.5 KCl, 1 NaH2PO4, 2.5 CaCl2,

1.3 MgCl2·6H2O). All solutions were saturated in oxygen using carbogen (95%

O2 and 5% CO2). To verify channelrhodopsin (ChR2) expression fluorescence was

checked in medial septal coronal sections under a fluorescence microscope (DM3000,

Leica Biosystems, Wetzlar, Germany) prior to recordings.

2.3.2 Slice recordings

Slices were transferred from the interface storage to the recording chamber where

they were constantly superfused (at 3.5 ml/min) with oxygenated ACSF and main-
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tained at 32 − 34 ◦C. Cells were visually identified using an upright microscope

(BX51W1, Olympus, Tokyo, Japan) and infrared differential interference contrast

microscopy through a digital camera (XM10-IR, Olympus, Tokyo, Japan). To record

in the whole-cell patch-clamp configuration, a borosilicate glass electrode (Har-

vard Apparatus, Holliston, Massachusetts, USA) was pulled on a DMZ-Universal-

Electrode-Puller (Zeitz-Instruments, Martinsried, Germany) to 2.5−6 MΩ and filled

with intracellular solution (in mM: 120 K-Gluconate, 10 HEPES, 10 KCl, 5 EGTA,

2 MgSO4·7H2O, 3 MgATP, 1 NaGTP, 5 Phosphocreatine Na, 0.2% Biocytin). Data

was recorded with a Multiclamp 700A/B amplifier (Molecular Devices, LLC., San

Jose, CA, USA) and signals were filtered at 10 kHz, sampled at 20 kHz and then

digitised. Data was digitised by a Digidata 1550 (Molecular Devices, LLC., San

Jose, CA, USA) for use in pClamp. In recordings in IGOR Pro 6.12 (WaveMetrics,

Inc., Portland , OR, USA) or WinWCP V5.3.7 (Dempster, 1997), a BNC-2090 inter-

face board (PCI 6035E A/D Board, National Instruments, Austin, Texas, USA) or

a USB-6229 BNC (National Instruments, Austin, Texas, USA) was used for digiti-

sation. After opening, cells were held in voltage-clamp at −60 mV to measure series

resistance and assess access. As a quality control, cells with more than 25 MΩ series

resistance were excluded from analysis. Pipette capacitance compensation was ap-

plied to cells which were then switched to current-clamp configuration with bridge

compensation to perform a characterisation of somatic properties (current steps of

40-100 pA).

2.3.2.1 Cell characterisation

The parameters we analysed were resting membrane potential (Vm), input resistance

(Rin) determined by a linear fit through the input output curve, the membrane ca-

pacitance (Cm) by determining the time constant τ using an exponential fit during

the hyper and depolarising steps, and the sag ratio i.e. the ratio between the steady

state of a hyperpolarisation step and lowest deflection during the hyperpolarisation.

The medium afterhyperpolarisation (mAHP ) is a value reflecting the difference be-

tween the V m and the voltage during a window of 200 ms after the depolarisation

of the cell. The rheobase was estimated by a linear fit through the linear part of a

spike input output curve and represents the current required to trigger a spike. To
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determine the excitability, we estimated the gain by using the slope of the linear fit.

The maximum spike count before cells saturated was used to estimate the maximum

firing frequency and for the threshold of action potentials the differential of the

membrane potential was determined and the point of 5% of the maximum was used

as threshold. The positve and negative slope were derived from the same differen-

tial as maximum and minimum, respectively, and a ratio of the two was calculated

(slope ratio). The width of action potentials was determined by the full width half

maximum (FWHM). The action potential height (AP − height) was calculated as

the difference between the threshold and the maximum height of the action poten-

tial, whereas the after hyperpolarisation (AHP ) represents the difference between

the threshold and the maximum negative voltage deflection during a 2 ms window

after the action potential onset. Further, the inter-spike-intervals were calculated as

the difference between 2 action potentials (AP 1 and AP 2 - ISI1/2, AP 2 and AP 3

- ISI2/3, AP 9 and AP 10 - ISI9/10) and the ISImin reported as the minimum time

delay between 2 spikes. As adaptation we used the ratio between the ISI2/3 and

ISI9/10. If a cell did not produce the required number of spikes to calculate ISI9/10,

we used the ISI of the last action potentials. Parameters were extracted using a

custom script written in IGOR Pro 6.12.

2.3.2.2 Cell connectivity

To assess septal connectivity to the PaS, channelrhodopsin expressing fibres in the

PaS were activated by 10 ms pulses of blue light (470 nm) from a LED (CoolLED

pE-2, Andover, UK) or a mercury lamp (with a TTL-controlled mechanical shutter

from Uniblitz, Vincent Associates, NY, United States) coupled to the 60x objective.

To elicit inhibitory (IPSPs) or excitatory postsynaptic potentials (EPSPs) and in-

hibitory (IPSCs) or excitatory postsynaptic currents (EPSCs), a range of light pulse

frequencies (10, 20, 40 Hz) was used. Additionally, inputs hidden due to low driv-

ing force or simultaneously occurring synaptic inputs were unmasked by changing

the holding potential of the cell from −60 mV , to −80 mV and then to −50 mV

after at least 10 trials, respectively. To detect inputs, the average of single trials

was calculated and the peak detected based on 3σ differences from the baseline

(100 ms) before stimulation onset. Subsequently, the amplitude was determined
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for all stimulation points in the stimulation train by taking the maximum deflec-

tion. The baseline for every stimulation point was logged as 10 ms prior to onset.

In a subset of recordings, monosynaptic inputs were validated by at first blocking

with 1 µM tetrodotoxin (TTX, Tocris Bioscience, Bristol, UK) – a sodium channel

blocker which abolishes action potentials – and then reinstating inputs by depolar-

ising the terminals with 100 µM 4-Aminopyridine (4-AP, Tocris Bioscience, Bristol,

UK) – a potassium channel blocker. Furthermore, receptor identity was identified by

applying 1 µM GABAA-receptor blocker Gabazine (SR 95531 hydrobromide, Tocris

Bioscience, Bristol, UK), 10 µM NBQX (Tocris Bioscience, Bristol, UK) – an AMPA

receptor antagonist –, 25 µM D-AP5 (Tocris Bioscience, Bristol, UK) – an NMDA

receptor antagonist – or a cocktail made of 10 µM DHβE (Tocris Bioscience, Bris-

tol, UK), 0.1 µM MLA (Tocris Bioscience, Bristol, UK) and 10 µM Mecamylamine

hydrochloride (Tocris Bioscience, Bristol, UK) to block nicotinic receptor activation.

Liquid junction potential was not corrected for. Slices were fixed in 4%

paraformaldehyde (PFA) overnight for immunohistochemistry stainings.

2.4 In-vivo recordings

2.4.1 Head-fixed awake immobile recordings

For head-fixed recordings in immobile mice, animals were habituated to the setup

and trained to stand still in a small paper tunnel whilst being fixed to the headbar.

Animals were trained for 5-7 days with increasing time duration (5 min, 10 min,

30 min, 1 h) until they were able to remain still for up to an hour. After training

sessions, mice were rewarded with a droplet of sweetened condensed milk. After the

training period, animals were anaesthetised as described in 2.2.1. A craniotomy was

performed at 1 mm anterior and 1 mm lateral from bregma and another craniotomy

at 2.5 mm lateral on the left and 0 mm anteroposterior from lambda. The probe

targeting the MS was placed with an angle of 10◦ and lowered 4.3 mm from the brain

surface. Two ISO-3x-tet-lin optrodes (NeuroNexus, Ann Arbor, MI, USA) with 32

channels – distributed over 3 shanks – each were used to record in the MS and

PaS simultaneously and allowed for light stimulation of both regions. The optrode

targeting the PaS was lowered perpendicular to the brain’s surface at a distance of
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2.5-3.5 mm. After the recording session Kwik-Cast (World Precision Instruments

Ltd, Hertfordshire, UK) was applied to the craniotomies to protect the brain from

drying out.

A B

Figure 5: Schematic of probe placement in MS and PaS. (A) Location of sili-
con probe in the anterior part to reach the MS. A fibre attached to the probe allows for
local stimulation of ChR2 expressing cells (green) using blue LED light (blue cone). (B)
Recording side in the PaS with silicon probe. Analogously to the MS, light stimulation can
be achieved to activate projections from the MS (green) to the PaS on the fibre level using
blue light (blue cone).

2.5 Histological processing and immunohisto-

chemistry

Animals from in-vivo recordings were perfused after the final recording session. Each

mouse was deeply anaesthetised using urethane (2.5 g
kg

body weight) and transcar-

dially perfused with phosphate-buffered saline (PBS) followed by 4% PFA. The fixed

brain was removed and stored in 4% PFA at 4 ◦C overnight. After post-fixation,

brains were washed in PBS before they were dissected into two hemispheres and
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a forebrain part. The three parts were blocked onto a vibrating blade microtome

(Leica VT1000S, Leica Biosystems, Wetzlar, Germany) and sliced into 75 µm thick

sagittal (hemispheres containing the PaS) and coronal (forebrain containing the MS)

sections. 400 µm sections from in-vitro recordings were fixed in 4% PFA at 4 ◦C

overnight and then transferred to PBS. All slices were washed 3 times (10 min

each) and subsequently incubated for 3 hours at room temperature in a block-

ing solution containing 5% goat serum (NGS, Biozol, Germany), 0.1% Triton-X

(Sigma-Aldrich, USA) and PBS. Up to 3 primary antibodies were diluted in 2.5%

NGS and incubated with the slices for 48 h at 4 ◦C. The Primary antibodies

used in this study were Anti-NeuN (1:1000, ABN90P, Sigma-Aldrich, St. Louis,

MO, United States, Sigma-Aldrich, St. Louis, Missouri, United States), Anti-Reelin

(1:1000, MAB5364, Millipore, Burlington, MA, USA), Anti-WFS1 (1:1000, 11558-

1-AP, Proteintech Group, Inc, Rosemont, IL, USA), Anti-GFP (1:1000, Chicken,

Abcam, Cambridge, UK) and Anti-Parvalbumin (1:1000, PV235, Swant, Burgdorf,

Switzerland). Following incubation, slices were washed 3 times in PBS (10 min

each) before adding secondary antibodies (in PBS). The secondary antibodies used

were goat anti-rabbit AlexaFluor-405, goat anti-rabbit AlexaFluor-647, goat anti-

mouse AlexaFluor-555 or goat anti-guinea pig AlexaFluor-555, and goat anti-chicken

AlexaFluor-488 (Invitrogen, Waltham, MA, USA). After 3 hours of incubation at

room temperature, slices were washed 3 times in PBS (10 min each) and mounted on

glass using VECTASHIELD® (Vector Laboratories, Burligame, CA, USA). Stained

slices were imaged using a Leica TCS SP5 confocal microscope (Leica Biosystems,

Wetzlar, Germany) and a fluorescence microscope (DM3000, Leica Biosystems, Wet-

zlar, Germany) for images requiring smaller magnification.

2.6 Acquisition and stimulation

Signals for in-vivo recordings were acquired with a sampling frequency of 20 kHz

and digitised using RHD2132 amplifiers and a RHD2000 system (Intan Technologies,

Los Angeles, CA, USA). The light stimulation was performed using an LED (wave-

length: 473 nm, Plexon Inc., TX, USA) with Spike2 coupled to a Power1401-3A

data acquisition interface (Cambridge Electronic Design Limited, Cambridge, UK).

Custom scripts were used to drive pulse stimulations for 5 s at different frequencies
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(1 Hz, 2 Hz, 4 Hz, 8 Hz, 16 Hz, 32 Hz). 1 Hz (2 ms pulse length) stimulation

was used to identify channelrhodopsin expressing cells in the MS, whereas higher

frequencies were used to drive network activity in the MS and the PaS. For pulse

stimulations between 2 and 8 Hz, nested pulse bursts (5 times 5 ms long single

pulse in 16.6 ms intervals) were used to imitate θ burst activity. Pulse frequencies

at 16 and 32 Hz were achieved through sequences of single 10 ms long pulses.

2.7 In-vivo data analysis

For LFP analysis, data was filtered with a finite impulse response (FIR) low-pass

filter (500 Hz) and then downsampled to 1000 Hz. Stimulation blocks were ex-

tracted as 15 s segments including 5 s before onset of stimulation and 5 s after

the stimulation was finished. Filtering and decompositions were performed in R

version 4.0.3 (R Core Team, 2021) using a custom package (https://github.com/

danielparthier/InVivoR). FIR filters were designed using the signal package (sig-

nal developers, 2014) and applied – via convolution – forward and backwards to the

zero-padded signal.

ω = 2πf
fs

(2.1)

a = ω
4π

σ +
√

2 + σ2
(2.2)

ψa,b(t) = 1√
a

(t− b

a
) (2.3)

W (a, b) =
∫ ∞

−∞
x(t)ψ∗

a,b(t)dt (2.4)

Extracted segments were analysed in the time-frequency domain using wavelet de-

composition at 320 different scales (a as shown in (2.2) with f 0.25 − 80 Hz as

angular frequency ω (2.1)). The morlet daughter wavelets were then constructed

given the scales (2.3) with a σ of 6 and then convolved with the extracted time

series segments (2.4). Units were automatically detected with Kilosort (Pachitariu

et al., 2016) and manually curated using Phy (Rossant et al., 2016) and Klusters

(Hazan et al., 2006). Spike autocorrelograms were computed by taking the difference

between spike times for any given spike in a window of 1 s. Then units were checked
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for a clean refractory period to exclude multi-unit activity. To extract the θ or δ

phase and power from the LFP at the time point of a spike, the downsampled LFP

was filtered using a band-pass FIR filter (θ : 4 − 12 Hz, δ : 1 − 4 Hz). The Hilbert

transform was applied to the filtered signal and the phase and power at spike time

points extracted. For the phase analysis of spikes, only spikes with a θ-δ power ratio

of more than 2 were considered.

2.8 Statistical analysis

For comparison of groups, Bayesian hierarchical models were used to estimate the

posterior distributions of parameters such as the mean, standard deviation and

median. In the following section describing parameter estimation, the θ symbol will

be used as any “parameter.”

P (θ|y) = P (y|θ)P (θ)
P (y) (2.5)

The posterior probability (P (θ|y)) represents the conditional probability of a param-

eter (θ) given the observed data (y) and the model specifications. The theorem (2.5)

incorporates the prior knowledge – P (θ) –, the likelihood function representing the

probability of the data given the parameter – P (y|θ) – and the marginal likelihood

– P (y) – as the probability of the data under the prior belief.

P (θ|y) ∝ P (θ)P (y|θ) (2.6)

This can be simplified by dropping P (y) – as shown in (2.6) – where the posterior

distribution is proportional to the product of the prior and likelihood. Every pa-

rameter in a model will be estimated by this approach using the Hamiltonian Monte

Carlo method implemented in Stan (Carpenter et al., 2015). To account for possible

interactions between coefficients, they were estimated via a covariance matrix (Σ)

implemented as Cholesky factorisation Σ = LLT where L is the positive definite

lower triangular matrix.
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Continuous data with positive outcomes was modelled using a log-normal or

gamma error distribution, whereas unbounded data was estimated using the normal

error distribution. For the firing frequency, the number of spikes per second

were estimated directly using the negative binomial distribution. The probability of

connections was estimated using a beta distribution for continuous probabilities.

Oddsp = p

1 − p
(2.7)

LORp1,p2 = log Oddsp1

Oddsp1

(2.8)

ROPE = π/
√

3 · 0.1 (2.9)

For all of the estimated parameters, 95% of the highest density intervals (HDI) were

computed as credible intervals and compared to zero or, in case of the log odds

ratio (LOR) (2.8), to the region of practical equivalence (ROPE – Kruschke (2015))

(2.9). In this study, I used HDI to compare groups and estimate differences between

groups. Plots with population values show the median outcome with credible in-

tervals (HDIs) covering 80%, 90% and 95% of the data. In the text, the median

with 95% HDI is reported. All models were assessed for stability and validity with

leave-one-out cross-validation using Pareto-smoothed importance sampling (Vehtari

et al., 2017; Gabry et al., 2019).

I estimated the parameters of measurements using Bayesian hierarchical models

(Gelman, 2006) to account for nested structures which generally occur in such an

experimental design. It is crucial to account for variability between subjects or

recording sites to avoid inflating type I errors i.e. false positives (Aarts et al., 2014).

Two extreme situations can usually occur: complete pooling where, for example,

all measurements are considered coming from one source – even though that might

not be the case – and no pooling which assumes that every subject generates its

own measurement and is completely isolated from other subjects (Gelman, 2006).

However, this is hardly true for most experiments since cells which are recorded

in one region might show correlated properties given that the expression of ChR2

can differ, measurements from one animal might be different to measurements from

another animal. Hence, dependencies can be considered and accounted for and
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partial pooling can be used where all lower levels originate from an upper level.

Such a model leads to estimates being closer to the pooled model compared to the

no pooling approach, but improves predictions for subject levels (Katahira, 2016).

This weighting to an overall estimate is referred to as shrinkage.

In our in-vivo case, power measurements from the lowest level (single trial) will

inform power estimates for the next level (session). This will in turn contribute to

estimates for the animal and inform in the end estimates of our population param-

eter representing the measurement of interest – power. The “Bayesian” advantage

is that prior information can be included to exclude impossible outcomes. Since we

know that an amplifier will limit our maximum measurements and that previous

recordings inform our knowledge of what magnitude to expect, we can incorporate

such information to increase accuracy of estimates. Finally, estimates will be re-

ported as a whole distribution allowing for quantification of uncertainty. For further

review see (Schoot et al., 2021).

In the case of the present study, estimates should be understood as a summary

and description of the outcomes rather than a binary decision between “significant”

and “not significant”. Quantified uncertainty allows the reader to decide for them-

selves whether a reported effect is relevant. Therefore, I have decided to report ab-

solute differences, ratios or log odds ratios with the associated uncertainty/certainty

given the data. For most readers, this might take time to get used to, but it can

be easier to interpret and less abstract, thus allowing the reader to see the data

properly.

2.8.1 Cell property analysis

For cell properties, linear models were constructed by estimating the distribution pa-

rameters (the mean µ, standard deviation σ, shape α, rate β etc.) with appropriate

link functions.

νk = βk + βk,s + βk,ct + βk,a + βk,m (2.10)

The linear predictor – ν – can be calculated for a given parameter as the sum of βk –

the parameter before applying the link function – and the corresponding coefficients

where s refers to the experimental setup, ct the cell type, a the animal and m the
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mouse line.

µk = νk

Normal(µk, σk) (2.11)

For models using the normal distribution – Normal(µ, σ) – the identity link was

used (2.11). The normal error distribution was used for Vm, AP−heigth, threshold,

AHP and the mAHP .

lnµk = νk

βk = αk

µk

Gamma(αk, βk)

µ = α

β

σ =
√
α

β2 (2.12)

Models with positive continuous outcomes were implemented as gamma distribution

– Gamma(α, β) – using a log link function (2.12), where α represents the shape

parameter and β the rate. This distribution was used to estimate the positive, and

the negative – −Gamma(αneg.Slope, βneg.Slope) – slope, the latency, FWHM , Rin,

rheobase, gain, Cm and the slope ratio.

lnµk = νk

LogNormal(µk, σk) (2.13)

For models implemented as log-normal distribution – Lognormal(µ, σ) – an identity

link function was used (2.13). Note that in a log-normal implementation, the mean of

the distribution is calculated as eµ+ σ2
2 , the median as eµ and the standard deviation

as eµ+ 1
2 σ2√

eσ2 − 1. This distribution was applied to ISIs and the spike adaptation

(µadaptation = µISI9/10 − µISI1/2 where µ is on the log scale).
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logit(µk) = νk

αk = µϕ

βk = (1 − µ)ϕ

Beta(αk, βk) (2.14)

The sag ratio was implemented as beta distribution – beta(α, β) – using a logit link

function (2.14).

lnµk = νk

NegBinomial(µk, ϕk)

σ =
√
µ+ µ2

ϕ
(2.15)

As previously mentioned, the firing frequency was estimated by directly estimat-

ing the action potential count in a 1 s window. A modified negative binomial –

NegBinomial(µ, ϕ) – with a log link (2.15) was used, which is parameterised so

that the mean is µ and the standard deviation as shown in (2.15).

All dispersion parameters – such as σ, ϕ, or the shape parameter α in the gamma

distribution – were estimated using a log link so that lnσ = νdisp, lnϕ = νdisp or

lnα = νdisp. The exception is the log normal distribution where σ is required

to be on the log-scale and therefore requires the use of an identity link without

transformation.

2.8.2 Connectivity analysis

For connectivity, the probability of connections was estimated with a beta distri-

bution as shown in (2.14) with νconnection = Xβ0 + Xβs + Xβa + Xβm where X

represents the cell type model matrix.
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2.8.3 In-vivo power density

I estimated the power density over different stimulation frequencies by taking the

wavelet transform |W (a, b)|, applying a frequency correction (|W (a, b)|f · f) and

computing the density for any given time point of the transform. The average density

for each block (pre-stimulation, stimulation, post-stimulation) was then calculated

at the stimulation frequency.

lnµP owerDensity = βmax − βmaxe
(−βSlopeStimulationF requency) (2.16)

Using an asymptotic regression with βmax as maximum ceiling for ν and a floor of 0.

The dependency of stimulation frequency was incorporated as βslope. As explained

in (2.10), β parameters were estimated as a hierarchical structure with animal (with

nested session and trial), θ burst stimulation,recording site and the stimulation

site as levels.

2.8.4 In-vivo phase lock

To estimate entrainment, ρ was estimated for every time point and frequency of the

wavelet transform.

θ(f, t) = atan2(ℑ(W (a, b)),ℜ(W (a, b))) (2.17)

ρf,t =

√√√√√ 1
trialN

trialN∑
n=1

sinθ(f, t)
2

+
 1
trialN

trialN∑
n=1

cosθ(f, t)
2

(2.18)

The imaginary parts and real parts of the wavelet transform were extracted to

calculate the phase at any given point (2.17) to subsequently calculate ρ as the

strength of phase lock over all trials in a session (2.18). For further analysis, the log

odds ratio between ρ and ρrandom = 1√
trialN

was used.

µLOR = βmax − (βmax − βmin)e(−βSlopeStimulationF requency) (2.19)

Similarly to the previous asymptotic regression for the power density, LOR was

estimated as described in (2.19) where, in addition to the maximum and the slope,

a minimum was estimated (βmin). The LOR could then be compared to the ROPE.
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3

Results

3.1 In-vitro

3.1.1 Cell characterisation

As we described in a previous study, cells in the PaS can be split into three major

clusters which mainly correspond to a split into GABAergic and glutamatergic cells

(Sammons et al., 2019). This was determined by recording cells in VGAT+ (Vesicular

Inhibitory Amino Acid Transporter) mice where we described electrophysiological

properties of pyramidal cells, interneurons, and fast spiking interneurons. I sought

out to collect a wide range of parameters and put them into context with previously

published cell clusters. To get a good estimate for these parameters, it was required

to get a large sample of cells. Hence, we recorded 214 neurons in the PaS (204

published in Sammons et al. (2019) and 10 additional cells) and quantified a total

of 19 cell parameters, giving a rich overview of electrophysiological features. To

determine optimal separation patterns between the 3 major clusters, I integrated

the measured properties in the same hierarchical clustering approach as reported

in Sammons et al. (2019). Briefly, the cell parameters were firstly scaled and

centred by subtracting the mean and dividing by the standard deviation for each

parameter. This was then followed by calculating the euclidean distance matrix

which was used to cluster the cells based on Ward’s method (Ward, 1963). As

demonstrated by Sammons et al. (2019), by using this approach cells, in the PaS can

be divided into 3 clusters which represent putative fast spiking interneurons (FS),

a heterogeneous cluster with mainly regular interneurons (IN) and pyramidal cells,
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which are often WFS1+. Since there is no available information for parasubicular

layer I interneurons, I was additionally interested in differentiating between layer I

interneurons and other cells. Therefore, I further stratified the cells based on the

location determined on confocal images or differential interference images at the

recording setup. We tried to represent classes other than pyramidal cells equally

well, which meant a targeted approach was necessary to increase the samples of the

IN, FS and IN-L1 clusters. Therefore, we visually identified non-pyramidal cells

based on the soma shape, but also according to the orientation and structure of the

dendrites. Cell properties were measured in whole-cell current-clamp configuration

using hyper- and depolarisation current steps (step size of 40pA) (Figure 6A). Only

1 layer I cell was originally classified as belonging to the pyramidal cell cluster and

34 were determined to be in the IN cluster. This classification underlines the notion

that the IN cluster is dominated by interneurons in the PaS. A substantial amount

– 54% of the cells – were putative pyramidal cells (115), whereas a fraction were

classified as interneurons (44 fast spiking basket cell-like interneurons (FS); 20 layer

II interneurons (IN); 35 layer I interneurons (IN-L1)).

Here, we reported a description of electrophysiological properties of often over-

looked layer I cells in the PaS for the first time. Overall, cells showed a similar resting

potential (DS: −69.75 mV [−80.45; −59.08], FS: −69.92 mV [−79.91; −59.71], IN:

−69.55 mV [−79.69; −58.73], IN-L1: −69.73 mV [−80.47; −58.82]) with differences

in the input resistance (Rin) showing lower resistance in FS cells and very high

Rin measured in IN-L1 and IN cells (DS: 96.84 MΩ [41.37; 169.98], FS: 55.78 MΩ

[23.49; 95.01], IN: 142.73 MΩ [51.79; 257.35], IN-L1: 138.09 MΩ [48.67; 253.78])

compared to others. The membrane capacitance (Cm), a proxy for different proper-

ties of the cell such as size or conductance, was very low in IN-L1 cells which usually

had visually a small soma and shorter dendrites than pyramidal cells or FS basket-

like cells (DS: 134.62 pF [51.12; 242.94], FS: 101.20 pF [28.45; 196.49], IN: 71.35 pF

[19.29; 147.84], IN-L1: 50.24 pF [10.83; 105.42]). The strongest mean difference

was measured between DS and IN-L1 cells (FS-DS: −34.82 pF [−50.32; −18.20],

IN-DS: −65.19 pF [−83.19; −46.69], IN-FS: −30.34 pF [−50.06; −9.46], IN-L1-DS:

−86.90 pF [−100.88; −72.64], IN-L1-FS: −52.18 pF [−68.41; −35.97], IN-L1-IN:

−21.73 pF [−41.05; −3.67]). This low Cm corresponded to the Rin except that,
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Figure 6: Cell characterisation. Characterisation of cells in the PaS after current
step injection (A) with the first spike coloured in red and the following in black. Other
current injections are in grey. Scale bars reflect 0.1 s and 20 mV of amplitude. B-G show
the measured cell properties of the 214 cells as point clouds with its median as line and the
bar plot represents the population estimates given the cell type. For each boxplot the black
horizontal line in the box indicates the median, the grey box reflects the 80%, the beginning
of the whisker the 90% and the end of the whisker the 95% credible intervals.
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even compared to cells from the IN cluster, IN-L1 cells had a lower Cm (IN-L1-IN:

−21.73 pF [−41.05; −3.67]). However, the combination of Cm and Rin did not re-

sult in the highest firing frequency for IN-L1 cells (DS: 65.00 Hz [26.00; 120.00],

FS: 196.00 Hz [50.00; 408.00], IN: 121.00 Hz [39.00; 218.00], IN-L1: 81.00 Hz

[37.00; 144.00]). In fact, the cell cluster we termed fast spiking interneurons – FS

– showed the largest mean difference in firing frequency (Figure 6E) compared

to all other clusters and could reach frequencies 2-3 times higher than the other

groups (FS-DS: 141.08 Hz [105.75; 178.08], FS-IN: 84.32 Hz [126.68; 48.18], FS-IN-

L1: 124.80 Hz [161.00; 89.50]). In summary, all cells had a higher firing frequency

compared to putative glutamatergic pyramids (FS-DS: 141.08 Hz [105.75; 178.08],

IN-DS: 55.94 Hz [32.92; 82.11], IN-L1-DS: 16.04 Hz [5.03; 28.06]). A similar rela-

tionship was observed when analysing the sag ratio (Figure 6G). The sag ratio

is a measure of rebound afterhyperpolarisation (DS: 0.87 [0.71; 0.98], FS: 0.89

[0.79; 0.97], IN: 0.91 [0.79; 0.99], IN-L1: 0.91 [0.81; 0.99]) and was higher in all

interneuron classes compared to the DS cluster (FS-DS: 0.03 [0.01; 0.05], IN-DS:

0.04 [0.02; 0.07], IN-L1-DS: 0.05 [0.03; 0.07]). This finding suggests that rebounds

after hyperpolarisations, known to be mediated by Ih, are more pronounced in glu-

tamatergic cells than in interneurons. In contrast, we could not detect differences

in the medium afterhyperpolarisation (mAHP ) – the corresponding response after

a finished longer depolarisation step (DS: −0.03 mV [−0.07; 0.00], FS: 0.00 mV

[−0.01; 0.00], IN: −0.01 mV [−0.03; 0.00], IN-L1: −0.02 mV [−0.04; 0.00]).

To assess the excitability of cells, the rheobase – the current at which the

first spike is triggered – (Figure 7H) was measured and quantified. DS cells and

IN-L1 cells showed the lowest rheobase indicating a high excitability when depo-

larised (DS: 118.96 pA [29.77; 243.87], FS: 384.96 pA [98.42; 762.93], IN: 128.97 pA

[16.68; 309.81], IN-L1: 129.79 pA [19.34; 308.75]). This excitability was mainly

achieved due to the high Rin and not a lower threshold in DS and IN-L1 cells.

On the contrary, a lower threshold was measured in FS cells opposed to DS and

IN-L1 cells (Figure 7B) underlining the potential importance of the Rin as the main

mechanism for excitability in the two classes (DS: −34.82 mV [−41.68; −28.29], FS:

−36.95 mV [−49.35; −25.75], IN: −33.97 mV [−45.16; −22.21], IN-L1: −33.20 mV

[−46.45; −20.53]). A neuron can have different stages of excitation which can be a re-
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sult of fast spike initiation; high firing frequency or sustained firing (see adaptation

in Table 1). Considering the low rheobase of DS neurons in terms of spike initi-

ation, DS cells were overall less excitable than the interneurons when looking at

spiking output over different current injections. To quantify this overall excitability,

I computed the gain for all the neurons (Figure 7I: DS: 0.29 Spikes
pA

[0.06; 0.60], FS:

0.83 Spikes
pA

[0.18; 1.79], IN: 0.56 Spikes
pA

[0.13; 1.26], IN-L1: 0.58 Spikes
pA

[0.12; 1.26]). The

gain represents the increase in spiking relative to the input current (Spikes/pA)

and was substantially higher in interneurons compared to other cell types, with

highest gain values in FS cells (FS-DS: 0.58 Spikes
pA

[0.45; 0.70], IN-DS: 0.30 Spikes
pA

[0.18; 0.43], IN-L1-DS: 0.32 Spikes
pA

[0.22; 0.43], IN-FS: −0.28 Spikes
pA

[−0.45; −0.10],

IN-L1-FS: −0.26 Spikes
pA

[−0.41; −0.10]). This finding translates to a more efficient

input-output relationship in interneurons compared to DS cells, allowing them to

increase spiking activity quickly upon depolarisation. In addition to the initiation

of spiking and the gain, neurons were stimulated as previously mentioned with a

higher current step to induce the maximum firing frequency. Another different

measure of excitability is the latency of a spike (Figure 7D) measured at the cur-

rent injection step with the first occurrence of action potentials. This parameter

refers to the time it takes for the first spike after the onset of current injection and

reflects how instantaneous or filtered a potential input to a cell is relayed further

downstream. Spike latency was, on average lower in all interneurons compared to

DS cells (FS-DS: −0.06 s [−0.08; −0.03], IN-DS: −0.06 s [−0.09; −0.02], IN-L1-DS:

−0.06 s [−0.09; −0.03]), indicating a fast response upon depolarisation. However,

all cell types showed a wide range of possible latencies when spiking. Therefore,

we termed the putative pyramidal cell cluster “delayed spiking cells” or “DS.” This

behaviour suggests an interesting property of DS cells whereby they require more

time to integrate input current until the threshold is reached. As previously men-

tioned, the slower integration (τ) is further supported as a membrane property by

a higher Cm in DS cells (FS-DS: −34.82 pF [−50.32; −18.20], IN-DS: −65.19 pF

[−83.19; −46.69], IN-L1-DS: −86.90 pF [−100.88; −72.64]) where τm = Rm · Cm.

To address possible implications for cell outputs which can be due to action po-

tential shape, I quantified the parameters describing the kinetics of APs (Figure 7A).

Several parameters were included in the analysis such as the FWHM (Figure 7F),
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Figure 7: Action potential properties. (A) Representative examples of action poten-
tials of the four cell clusters with their properties (B-I). The point clouds in B-I represent
measurements of the cells and the corresponding boxplots reflect the estimated cell type
population properties. For each boxplot, the black horizontal line in the box indicate the
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the rising and falling component of the action potential (positive and negative slope

– see Table 1), and the resulting sloperatio (Figure 7G). These kinetic measures often

showed a wider and slower action potential in DS cells opposed to faster interneuron

kinetics (FWHM – DS: 0.59 ms [0.34; 0.86], FS: 0.30 ms [0.10; 0.55], IN: 0.51 ms

[0.21; 0.86], IN-L1: 0.62 ms [0.33; 0.96]; sag ratio – DS: 0.87 [0.71; 0.98], FS: 0.89

[0.79; 0.97], IN: 0.91 [0.79; 0.99], IN-L1: 0.91 [0.81; 0.99]). Other parameters of the

action potential are the action potential height (DS: 72.00 mV [56.72; 85.61], FS:

65.06 mV [41.82; 89.37], IN: 61.75 mV [37.89; 84.89], IN-L1: 60.02 mV [36.06; 82.95])

which showed that on average interneurons had smaller APs than DS cells (FS-

DS: −6.93 mV [−10.72; −3.11], IN-DS: −10.24 mV [−15.93; −4.85], IN-L1-DS:

−12.12 mV [−15.87; −8.18], IN-FS: −3.31 mV [−9.56; 2.83], IN-L1-FS: −5.16 mV

[−10.35; −0.24], IN-L1-IN: −1.80 mV [−7.90; 4.14]) and IN and IN-L1 cells had

the smallest APs (Figure 7E). On the other hand, compared to DS or IN-L1 cells,

FS and IN cells had a larger afterhyperpolarisation (AHP ) directly following the

action potential (FS-DS: 7.23 mV [5.72; 8.69], IN-DS: 3.11 mV [1.05; 5.17], IN-FS:

−4.10 mV [−6.53; −1.85], IN-L1-FS: −5.87 mV [−7.99; −3.92]). FS cells showed an

especially prominent AHP after the action potential (Figure 7C and Table 2). In

contrast, DS cells and IN-L1 displayed minimal hyperpolarising overshoot. A full

list of parameter estimates with all performed comparison can be found in Table 1

of the appendix (Table 2).

3.1.2 Cell connectivity

3.1.2.1 PV+ projections to the PaS

To investigate whether GABAergic PV+ MS cells project to the PaS and which

targets they have, we recorded cells in whole-cell patch-clamp configuration in-vitro

in PV-Cre. I injected Cre mice in the MS with a Cre-dependent AAV to drive

channelrhodopsin expression. Hence, GABAergic PV+ cells in the MS expressed

channelrhodopsin and the yellow fluorescent protein (YFP), so that fibres could be

found in the PaS (Figure 11A) after at least 4 weeks of expression. After the cell

characterisation, we illuminated the septal terminals in the PaS using blue light

and recorded inhibitory postsynaptic currents and potentials at different holding

potentials (−50 mV , resting potential (V m), −80 mV Figure 8). We stimulated
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the cells over several trials (> 10) and averaged the signal to improve signal-to-noise

for detection. In total, we tested 78 cells and received 23 responses, all of which

were hyperpolarising inputs except for one input onto a DS cell. This exception

showed an EPSP and could be abolished by NBQX. The 10 ms stimulation reliably

resulted in a fast hyperpolarisation, which could be reversed when changing the

holding potential (Figure 9A and B).
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Figure 8: Light induced synaptic inputs by activation of PV+ fibres. Panel
A shows a FS and an IN cell receiving GABAergic septal inputs. Panel B inhibitory
postsynaptic potentials at different holding potentials during 10Hz stimulation elicited with
10ms light pulses. Blue lines indicate the timing and length of stimulation. Panel C shows
a FS cell in voltage-clamp configuration held at -45 mV during 4 Hz, 10 Hz, 20 Hz, and
40 Hz stimulation with 10 ms light pulses.

An important feature of synaptic connections is the strength of the connection which

can be quantified as amplitude. A large negative deflection will likely be able to in-

hibit a cell when depolarised. To estimate the reversal potential and the amplitudes

of synaptic inputs, I used a Bayesian hierarchical linear model. These models have

the advantage that accounting for nested structures in the data (cells, animal, ex-

perimental setup) is simple and will result in more unbiased population parameter

estimates. I reparameterised the regular linear regression (y = m ·x+n) to directly

estimate the reversal potential (y = m·x−slope·Vrev) and added an informative prior
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(some restricting soft bounds) with a mean of −68 mV taken from Gonzalez-Sulser

et al. (2014) and 3 standard deviations.
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Figure 9: Reversal input amplitude. Amplitudes of GABAergic medial septal inputs
to FS and IN cells of the PaS given a holding potential of a cell (A). Single dots represent
a single input and the line is the median estimated population mean conditional on the
cell type. The grey shaded area shows the 80% and 95% highest density interval. (B) The
estimated reversal potential for FS and IN cells. (C) A subset of inputs where the baseline
was between −52 mV and −48 mV is shown next to the estimated input amplitude given
the baseline is −50 mV . The line in the point cloud represents the mean of the subset.
(D) A comparison of the FS and IN responses reveal a tendency that IN inputs are larger
but the zero-line is contained in the 80% credible interval.

Since a total of only 5 interneurons from layer I and II were connected, I pooled

them for further analysis. A comparison of the reversal potential showed that there

was no detectable difference (FS: −74.78 mV [−78.17; −71.62], IN: −72.28 mV

[−74.61; −69.92]) between FS and IN/IN-L1 clusters and a calculation of the slope

difference revealed that, even though there might be a trend for IN cells to receive
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stronger inputs at any given holding potential, it did not significantly differ (IN-

FS: −0.03 mVamp/mVhold [−0.09; 0.01]). This was underlined by only extracting

the posterior distribution for −50 mV holding potential to investigate differences

in strongly depolarised cells (Figure 9C and D). As seen in D, the difference in

mean amplitude between cell types −0.54 mV [−1.83; 0.36] again showed a trend

for IN/IN-L1 cells to have slightly larger IPSPs. Considering that Rin and other

passive membrane properties differ between the cell types (Table 2), it is possible

that they could contribute to the variability between FS and IN/IN-L1 clusters.
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Figure 10: Gabazine washin and input latency. (A) Traces of light induced IPSPs
(top) show that after washin of Gabazine IPSPs are abolished (bottom). (B) Gabazine
reduces amplitude of IPSPs to noise level (B). (C) The estimated input latencies (for
instantaneous LED light stimulation) with the raw data points for the inputs (FS: 55/16;
IN: 24/5 – Inputs/Cells).

To establish the identity of GABAergic inputs, we washed in 1 µM Gabazine, a

GABAA blocker in 4 recordings of FS cells. Indeed, we could show that the appli-

cation of the drug abolished inputs (Figure 10A) and reduced the mean amplitude

from −0.81 mV [−1.17; −0.44] in the control to noise level (Gabazine: −0.09 mV

[−0.45; 0.30]) as shown in Figure 10B. This indicates that septal PV+ projections

which elicit IPSPs are mediated by GABAA-receptor activation. To check whether

the responses were directly associated with the stimulation, I analysed the input

latency. We did not observe slow responses indicating GABAB mediated hyper-

polarisations. However, cells in the PaS as in many other areas have GABAB re-
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ceptors and will hyperpolarise when washing in the GABAB agonist baclofen (data

not shown). For analysis of the latency (Figure 10C), I performed a linear hierar-

chical model with log-normal error distribution which is often observed for timing

events. The hierarchical structure allowed me to account for different aspects of

the experimental design such as cell types and LED or shutter stimulation. The

LED, based on a pure electric activation, will give an instantaneous maximum light

power while the shutter will take longer to open completely. This introduces some

artefacts which can be accounted for. I chose inputs measured in current-clamp with

an amplitude of more than 0.2 mV and 3 times the baseline standard deviation to

estimate the cell type specific onsets. As the prior for the mean I relied on data

from Gonzalez-Sulser et al. (2014) where in the MEC a mean latency of 1.54 ms

was observed. On top of the prior latency, I added a larger error (σ) to account for

a large range of values (roughly 0 − 30 ms). The results of this analysis show that

FS cells and IN/IN-L1 cells show very similar latencies (FS: 1.56 ms [1.02; 2.21],

IN: 1.67 ms [1.01; 2.43]), but also revealed that a physical shutter can indeed more

than double the onset times, showing the importance of a thorough analysis (FS:

3.92 ms [2.26; 5.80], IN: 4.16 ms [2.28; 6.65]). The analysis encouragingly captured

the variance and helped to determine that inputs are likely direct.

To understand the implication of the inhibition for the PaS as a network, I quan-

tified the proportions of cells which receive inputs and calculated the connectivity

as a fraction given the cell type. For the quantification of connectivity, I used a

logistic regression with hierarchical structure which allowed me to estimate an over-

all septal connectivity to then further stratify and differentiate between PV+ and

ChAT+ projections. Additionally, possible errors due to the nested structure of

the experiments (cells, animal, and experimental setup) could be accounted for. A

Bayesian approach is a great way to quantify binary data outcomes and was used

to some degree in Desikan et al. (2018), where a beta distribution was used to es-

timate credible intervals for connectivity. In our case, we used the continuous beta

distribution as well. However, I was also able to perform more calculations on the

posterior connectivity distribution since I modelled the experiment with its exper-

imental structure. As weakly informative priors for the mean connectivity, I used

PV+ connections data from Fuchs et al. (2016) and Gonzalez-Sulser et al. (2014)
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Figure 11: Connectivity of PV+ MS cells to PaS. (A) A horizontal section stained
for WFS1 (top) and against YFP (bottom) which is expressed by PV+ fibres coming from
the MS. (B) The estimated connectivity as posterior distribution is shown in grey for
different cell types (from top to bottom: DS, FS, IN IN-L1). The dark grey area represents
the 95% credible interval of the posterior distribution and the light grey show the remaining
tails. The vertical lines show the median of the posterior and the black dots at the bottom
of each distribution the raw frequentist point estimates. (C) Probability distributions can
be compared to each other by calculating the log odds ratio for any given comparison. The
red line indicates the region of practical equivalence.

and added wide enough errors to allow the data to inform the analysis. For DS

cells only 1 of 33 cells responded to stimulation which could, however, be blocked

by NBQX. This translates to a credible interval of 0.02 [0.00; 0.08] (Figure 11B),

indicating that there is little evidence in the data to assume a probability higher

than 8% as an upper bound. In contrast, a high proportion of FS cells (17 of 22)

received GABAergic inputs. They represent, by far, the most likely target of PV+

MS projections to the PaS (0.77 [0.62; 0.91]). This high connectivity is in line with

previous studies and other areas resulting in disinhibition of the network. Due to a

smaller sample size (3 of 8), estimates for IN cells resulted in a wider credible interval

with 0.37 [0.14; 0.64]. Surprisingly IN-L1 cells, which were previously not reported

to receive PV+ inputs from the septum, were inhibited through channelrhodopsin

stimulation (2 of 15). This means that IN-L1 received GABAergic inputs in 0.16

[0.04; 0.33] of the cases. To compare the connectivity of each cell type to each other,

posterior distributions were used to calculate the log odds ratio (see equation (2.8)

for LOR).
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The log odds ratio has the advantage of being, firstly, symmetric, and secondly,

a simpler interpretation when comparing probabilities, since it can be transformed

to the odds ratio (OR) indicating how much more something is likely to happen

over another event. Therefore, a LOR of 0 (OR of 1) would mean that both cell

types have an equal chance of receiving PV+ inputs. In Figure 11C, we can see that

the strongest difference can be found between FS and DS cells with a LOR of 5.13

[3.21; 7.55], meaning the odds of an FS being connected is almost 200 times higher

than for DS cells. The 95% credible interval does not cross 0 nor does it enter the

region of practical equivalence (for equation of ROPE see (2.9)) (Kruschke, 2015)

as indicated by the red line.

The ROPE indicates which LOR values would likely represent equivalence be-

tween the compared groups. Similarly strong was the difference between IN-L1 cells

and FS cells (−2.91 [−4.36; −1.54]), IN and DS cells (3.37 [1.20; 5.86]) and mod-

erately strong between IN and FS cells (−1.76 [−3.12; −0.44]). The connection

probability for DS to IN-L1 cells was comparable, as was the connection proba-

bility for IN to IN-L1 indicated by the credible interval of the LOR crossing the

ROPE (Figure 11C). However, this indicates that interneurons are more likely to be

inhibited than putative glutamatergic DS cells.

Given that fast GABAA responses would allow a high time accuracy due to their

fast kinetics, PV+ cells of the septum could be crucial for timed inhibition of PaS

cells. To test for this possibility, I depolarised a small subset of cells which received

GABAergic inputs so that they were slightly over the spiking threshold, resulting

in continuous spiking of the cell (Figure 12A). The cell was inhibited over several

trials (Figure 12B) and showed that spikes started reliably at similar times over

different trials and fire periodically afterwards until inhibited again (Figure 12B and

C). Considering this timing of spikes, we can represent every spike train for each

single trial as a wave, where a spike represents the peak of the wave and the middle

of the pause the trough. This reparameterisation of a spike train to a sinusoidal

wave allows us to calculate the phase at any given time point (t) for every single

trial. Since a phase can be represented on a unit circle with x = cos θ and y = sin θ,

we can calculate the average vector length ρ for every time point over all the trials

for any given point in time (see equation (3.1)).
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Figure 12: Spike phase reset in-vitro. A depolarised spiking putative interneuron (A)
is inhibited using 10 ms long light pulses at 10 Hz. The raster plot (B) shows spike times
throughout 20 trials over a time of 0.5 s. C ,a closeup of (A), shows complete inhibition
of spikes during stimulation times. D shows ρ a value for phase locking of spikes. The
maximum value of ρ is 1 assuming perfect phase lock and the chance level ρrandom 0.22.
Blue lines indicate the timing and length of stimulation in A-D.

ρt =

√√√√√ 1
trialN

trialN∑
n=1

sinθt

2

+
 1
trialN

trialN∑
n=1

cosθt

2

(3.1)

A ρ value of 1 indicates a perfect alignment whereas a value of 0 indicates none. In

our case, a high value translates to a high alignment in spike timing (Figure 12D)

over all the trials. An increase can be observed close to the stimulation onset and is

carried on for some time before it is lost and ρ returns to a lower value, close to the

expectation of a random distribution (ρrandom = 1√
trialN

), as shown in Figure 12C.

Overall, this illustrates that even when a cell is spiking, GABAergic inputs from the

MS can be sufficient to inhibit the cell enough to lock firing for a brief time. This

observation is crucial for efficient phase locking in an active network.

3.1.2.2 ChAT+ projections to the PaS

The second major group of projections from the MS to other regions comes from

ChAT+ MS cells. Since there is no data on cholinergic septal projections to the

PaS, we investigated functional connectivity. Similarly to the test of connectivity
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in PV-Cre animals, we investigated projections from cholinergic MS cells to the

PaS. Cholinergic projections are much more challenging to detect compared to glu-

tamatergic or GABAergic inputs. The reason for this is, firstly, the often found

smaller amplitude and, secondly, the heterogeneity of possible membrane responses

(Figure 13D).

0.1s

10mV

A

0.1s

1mV

−50mV

−73mV

−80mV

B

0.1s

1mV

10Hz

20Hz

C

0.5mV

1mV

0.1s

0.5mV

Slow

Fast

Hyp/Depol

D

Figure 13: Light induced synaptic inputs by activation of ChAT+ fibres. (A)
The current step characterisation of an IN-L1 cell which receives depolarising inputs with
step triggering the first spike in red and the following step in black. Additional steps
are kept in grey. (B) The inputs are slow and do not sustain continuous stimulation at
higher frequencies (C). (D) Other types of responses can be observed in different cells: top
– a slow hyperpolarisation; middle – a fast hyperpolarisation reminiscent of GABAergic
inputs; bottom – a combination of depolarisation and slow hyperpolarisation. Light pulses
are indicated by blue bars.

GABAergic responses could also be observed in PaS cells (1 in 22 FS, 1 in 12 IN,

and 1 in 82 DS) by stimulating ChAT+ fibres which supports previous evidence by

Desikan et al. (2018) that the medial septal ChAT+ fibres can co-release GABA.

However, compared to PV+ projections, GABAergic inputs account only for a small

proportion of the projection effect (3 in 136 cells). We found a total of 24 in 136

cells responded to stimulation of septal fibres. However, the responses were hetero-

geneous with 10/24 depolarising (FS: 1/22; IN-L1: 6/20; IN: 1/12; DS: 2/82), 12/24

hyperpolarising connections (FS: 7/22; IN-L1: 1/20; IN: 0/12; DS: 4/82), and a com-

bination of a depolarisation followed by a hyperpolarisation 2/24 (FS: 0/22; IN-L1:

0/20; IN: 1/12; DS: 1/82). To estimate the amplitudes of cells, I used an approach

similar to PV+ fibres. However, since it was reported that depolarising choliner-
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gic currents do not necessarily show a reversal, I used a Gamma error distribution

for depolarising potentials (see equation (2.12)) and a normal error distribution for

hyperpolarising potentials, which can exhibit reversal at negative potentials.
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Figure 14: ChAT+ input amplitude. (A) ChAT+ fibres stimulation induced input
amplitude for depolarising cell inputs using different holding potentials. The grey shaded
area shows the 80% and 95% highest density interval. (B) The estimated mean amplitude
at −70 mV holding potential for cells being depolarised by ChAT+ fibre stimulation. (C)
Comparison of mean amplitude at −70 mV between different cell types depolarised by
inputs. (D) ChAT+ fibres stimulation induced input amplitude for hyperpolarising cell
inputs using different holding potentials. (E) The estimated amplitude at −50 mV holding
potential for cells being hyperpolarised by ChAT+ fibre stimulation. (F) Comparison of
mean amplitude at −50 mV between different cell types hyperpolarised by inputs.

The Gamma distribution guarantees positive values and fits the data more appropri-

ately than a normal error distribution, which overestimated the standard deviation.
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As only little information for hyperpolarising reversals was available, I followed a

standard regression with a regular intercept (y = m·x+n). ChAT+ input amplitudes

between cell types did not differ in cells which were depolarised by cholinergic inputs

(Figure 14C and D) and were similar at different holding potentials (Figure 14A)

including for example −70 mV (DS: 0.66 mV [0.16; 1.39], FS: 0.48 mV [0.15; 1.03],

IN: 0.78 mV [0.32; 1.45], IN-L1: 1.09 mV [0.73; 1.51]). Hyperpolarisation occurred

in the majority of FS cells but did not differ in amplitude from other cell types

which were hyperpolarised by inputs (Figure 14D and F). Overall, the mean ampli-

tude of hyperpolarisations was small in all cell types (Figure 14E, DS: −0.40 mV

[−0.64; −0.14], FS: −0.45 mV [−0.64; −0.21], IN-L1: −0.46 mV [−0.79; −0.13]) but

slower than GABAergic connections, from PV+ connections, which could indicate

different roles in inhibition.
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Figure 15: Connectivity of ChAT+ MS cells to PaS. (A) A horizontal section
stained for WFS1 (top) and against YFP (bottom) which is expressed by ChAT+ fibres
coming from the MS. Note the preferential YFP staining in layer I (bottom) (B) The esti-
mated connectivity as posterior distribution is shown in grey for different cell types (from
top to bottom: DS, FS, IN IN-L1). The dark grey area represents the 95% credible interval
of the posterior distribution and the light grey show the remaining tails. The vertical lines
show the median of the posterior and the black dots at the bottom of each distribution
the raw frequentist point estimates. (C) Probability distributions can be compared to each
other by calculating the log odds ratio for any given comparison. The red line indicates the
region of practical equivalence

To quantify the overall connectivity of ChAT+ fibres, we estimated the connectivity

with the same model described in the previous section (3.1.2.1). The projections to
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the PaS were less heterogeneously distributed than the fibres in PV-mice (Figure

11B) and showed dominant projections to the superficial layers (Figure 15A) with

substantial connections to IN-L1 cells (7 of 20), resulting in an estimated connec-

tivity of 0.38 [0.21; 0.56]. Similarly, IN were innervated by ChAT+ projections (3 of

12) and showed a similar proportion of cells responding to light stimulation (0.24

[0.07; 0.46]). Contrastingly, FS cells were less likely to receive inputs from MS cholin-

ergic cells compared to MS PV+ projections (LOR for PV+ vs. ChAT+ connections

to FS cells: 2.02 [0.81; 3.29]) but, with a connectivity of 0.31 [0.14; 0.50], still had

a tendency to be more strongly connected than DS cells (Connectivity of: 0.08

[0.03; 0.14] and LOR of FS to DS: 1.70 [0.54; 2.96]). Even though IN-L1 cells only

represent a very small proportion of the cells in the PaS, they were overrepresented

in terms of cholinergic depolarising inputs. A drive of cholinergic cells in the MS will,

therefore, lead to depolarised IN-L1 cells in the PaS. In contrast, projections to FS,

while being comparatively as probable, will likely hyperpolarise FS cells. DS cells

are one of the groups with the most mixed input types and the lowest connectivity.

3.2 In-vivo

Because of the strong GABAergic projections, targeting a large proportion of in-

terneurons in the PaS which, in turn, inhibit other local cells in a timely manner, I

sought out to investigate the consequences on the local network in-vivo. Compared

to slices, the whole network is intact and can still interact on the dorsal-ventral

axis. Therefore, I thought it crucial to measure whether the accurate and targeted

inhibition we observed in-vitro will effectively entrain θ in the PaS. To test this

hypothesis, I designed an experiment in head-fixed awake mice and recorded in the

MS and the PaS simultaneously with two separate silicon probes which were both

fitted with a glass fibre attached to an LED to illuminate both regions, respectively.

The challenging part of these recordings is the location of each region. Both are

fairly deep and cannot be directly accessed from above without implementing an

angle. Once the target was reached, I waited for 15 minutes to allow the tissue to

readjust and then started recording.
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Figure 16: Overview of in-vivo recordings. (A) shows a coronal section of the MS
with the tracks of the silicon-probe (top) and YFP expression in the injection site of a
PV-Cre animal. (B) A WFS1 labelled sagittal section of the PaS (top) with the visible
track of the second silicon-probe (middle) ends in the PaS where the PV+ fibres terminate
(bottom). (C) A 15 s long single trial with a 5 s long 8 Hz pulse stimulation indicated
with a blue line starting after 5 s. (D) The resulting power calculated from the wavelet
transform of one trial. (E) The power density is derived from the same wavelet transform
but uses a frequency normalisation (power · f).

To reduce a potential deactivation of the ChR2 due to overstimulation, I switched

between MS stimulation and fibre stimulation in the PaS. Since the MEC and the

PaS are in close vicinity, recordings from both areas could be achieved in some
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sessions (4/16), which offered a chance to directly compare the power and phase

locking behaviour in the two structures. This is especially interesting due to the

fact that they both get innervated by the MS, receive inputs via the hippocampal

loop and project to each other. After establishing a baseline, I started to stimulate

the MS and PaS with the LED respectively, using a pulse train stimulation at 2 Hz,

4 Hz, 8 Hz, 16 Hz, and 32 Hz to entrain the network. To identify ChR2-positive

neurons in the MS, I applied 200-300 1 Hz 2 ms pulses. Since background activity

during the recordings is dominated by lower frequencies and frequencies in the θ-

band (Figure 16C and D), I repeated stimulation protocols in a pseudo random

manner up to 20 times and applied a frequency normalisation (power · f), which

removes dominating low frequency activity (Figure 16E).

3.2.1 Power modulation in the parahippocampal network

The MS stimulation drastically increased the power density in the PaS and in the

MEC (Figure 17). The increase was especially strong in the frequencies 8 Hz, 16 Hz,

and 32 Hz and less pronounced during the 2 Hz and 4 Hz stimulation (Figure 17

and 19). In contrast to MS stimulation, stimulation of the fibres in the PaS and MEC

did not change the power in any of the frequencies. This observation has crucial

implications given that a failure to entrain the PaS or MEC using fibre stimulation

could hint towards the higher importance of global MS interactions. To quantify

the dependency on the frequency and location of the stimulation, I estimated the

power using a hierarchical model of the Gamma family.

Since power is limited to only positive values and has a longer tail, a Gamma

distribution (2.12) can capture the properties well. Furthermore, the model was

set up to estimate correlations in the parameters and account for nested structures.

Considering the non-linearity which can be observed in all conditions (see Figure

18), I had to consider including this behaviour in the estimation. The power inde-

pendently of ChR2 stimulation does change with the frequency. Therefore, I decided

to address this trend by using an asymptotic regression which defines power at 0 Hz

to be 0 (see equation (2.16)). It simultaneously assumes that there is a ceiling

and power is finite. By using the formula to estimate µP owerDensity with additional

predictors such as the stimulation, we estimate the effect on betaslope or betamax
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Figure 17: Power density in the PaS and MEC. Power density of 15 s averaged over
multiple trials. The y-axis shows the frequency (Hz) and the x-axis the time. Stimulation
occurs from 5 s to 10 s (blue line). Major columns refer to the recording location (PaS
or MEC) and minor columns to the stimulation location (MS or fibre stimulation). Each
row shows a different stimulation frequency (2 Hz, 4 Hz, 8 Hz, 16 Hz, 32 Hz). Bright
yellow indicates high power density and black low power density. An increase in power
can be observed in stimulation blocks at the stimulation frequency when stimulating in the
MS and is absent during fibre stimulation.

indicating the ceiling for the power density. The asymptotic regression takes care of

the limits which are defined by the network and how much power can be generated,

and the Gamma error distribution with a log-link assures positive values close to 0.

As expected, the analysis confirmed that the stimulation had an effect on the

maximum power in trials where the MS was stimulated directly (PaS-Pre: 0.97

[0.81; 1.15], MEC-Pre: 1.00 [0.83; 1.18], PaS-Stim: 2.34 [1.72; 3.05], MEC-Stim:

2.46 [1.84; 3.20]). However, a stimulation of only the fibres did not show such a

change (PaS-Pre: 1.00 [0.85; 1.18], MEC-Pre: 1.03 [0.88; 1.21], PaS-Stim: 0.97

[0.77; 1.20], MEC-Stim: 1.02 [0.83; 1.24]). In fact, when calculating the absolute

difference between pre- and stimulation phases, the difference was centred around

0 (PaS: −0.03 [−0.26; 0.19], MEC: −0.01 [−0.24; 0.20]). This indicates a com-

plete failure of entrainment when only PV+ fibres try to drive the LFP in the PaS

or MEC. I then calculated the estimated fold change of power density given a fre-

quency (Figure 20B). Since we estimated the complete posterior distribution of the
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Figure 18: Power density spectrum in the PaS and MEC. Power density spec-
trum during different stimulation frequencies (rows) extracted from the wavelet transform
for time blocks before the stimulation (Pre - black line), during the stimulation (Stim -
blue line) and directly after (Post - grey line). The dashed lines indicate the stimulation
frequency whereas continuous lines show the mean power density and the SEM. The two
left columns show responses in the PaS after septal stimulation (column 1) and stimulation
of the fibres in the PaS (column 2). Analogous the two right columns show the response
in the MEC. The frequency on the x-axis is log2 transformed. PaS with MS stimulation:
9 session/4 animals; PaS with fibre stimulation: 9 session/4 animals; MEC with MS
stimulation: 7 session/4 animals; MEC with fibre stimulation: 11 session/6 animals.

power density for the pre-stimulation block and stimulation block, I could calcu-

late the ratio (PowerDensityStim/PowerDensityP re) and compare the effect of the

stimulation area (MS Stimulation and fibre stimulation) and frequency. A clear

fold change in the MS stimulation paradigm could be observed early on (MEC at

3 Hz: 1.26 [1.00; 1.57] and PaS at 4 Hz : 1.36 [1.11; 1.67]). This ratio will change

with higher frequencies and can reach more than two times the power density of the

pre-stimulation block with 32Hz stimulation (MEC: 2.36 [1.81; 3.03], PaS: 2.30

[1.73; 2.96]). A higher change with higher frequencies could possibly be explained

by the generally lower content of absolute power in higher frequencies (Figure 16D)

and can, therefore, result in larger ratios. On the other hand, when looking at the

53



2Hz 4Hz 8Hz 16Hz 32Hz 2Hz 4Hz 8Hz 16Hz 32Hz

PaS

MEC

Pre Post
Stim

Pre Post
Stim

Pre Post
Stim

Pre Post
Stim

Pre Post
Stim

Pre Post
Stim

Pre Post
Stim

Pre Post
Stim

Pre Post
Stim

Pre Post
Stim

0.1

0.3

1.0

3.0

0.1

0.3

1.0

3.0

MS Stimulation Fibre Stimulation
P

ow
er

 D
en

si
ty

Figure 19: Power density is increased during MS stimulation. Power density
before (Pre), during (Stim), and after stimulation (Post) of the MS cells somatically (left)
and fibre stimulation at the recording site (right). Increased power density during stimu-
lation in the PaS (top) and the MEC (bottom) can be observed with MS stimulation but
not using fibre stimulation. PaS with MS stimulation: 9 session/4 animals; PaS with fibre
stimulation: 9 session/4 animals; MEC with MS stimulation: 7 session/4 animals; MEC
with fibre stimulation: 11 session/6 animals.

power density ratio between pre- and stimulation blocks during fibre stimulation, it

is apparent that a stimulation effect on the power was absent (bottom Figure 20B).

The credible intervals over all frequencies included the ratio 1 which means that

the two blocks are likely not different. This can be observed in the PaS and the

MEC, respectively, suggesting similar behaviour of the LFP and, possibly, similar

mechanisms.
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Figure 20: Power density on stimulation frequency. (A) Power density during
different stimulation frequencies. Black represents measurements before stimulation (Pre),
blue during stimulation (Stim), and grey after stimulation (Post). The left half shows
responses in the PaS and the right half in the MEC. The top row were measurements from
MS stimulation and the bottom row from fibre stimulation in the PaS or MEC. Single
dots are values from sessions. The line is the estimated mean population response with
the 95% credible interval indicated as shaded area. The frequency on the x-axis is log2
transformed. (B) The estimated ratio of the power density at the stimulation frequency
during stimulation and pre-stimulation blocks. PaS with MS stimulation: 9 session/4
animals; PaS with fibre stimulation: 9 session/4 animals; MEC with MS stimulation: 7
session/4 animals; MEC with fibre stimulation: 11 session/6 animals.

3.2.2 Phase lock in the parahippocampal network

Given that I observed an increase in power in the higher frequencies during MS

stimulation but no differences when stimulating the fibres locally, the question arises

as to whether fibres are more important to set the phase of the LFP than modulating

the power. The phase represents the time component of periodic signals, whereas

the power represents the strength and amplitude. For every single block I calculated

the wavelet transform W (a, b) for power calculations, as done before, but computed

the phase using atan2(ℑ(W (a, b)),ℜ(W (a, b))). Instead of averaging the power over

trials, I calculated the ρ value for any given point in time and any frequency by

treating the extracted phase of the wavelet transform as shown in equation (2.18).

Thereby, I detected when phases were aligned over different trials. This can be done

for all frequencies of the wavelet transform and is an effective way of quantifying

phase lock using trial based data (Figure 21). The activation of the MS led to

an increase of ρ during the stimulation period and dropped off rapidly after the
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stimulation was finished.
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Figure 21: Phase lock in the PaS and MEC. The phase lock was quantified as ρ
where a value of 1 (yellow) indicates perfect phase alignment over repeated trials and 0
(dark blue) none. The random ρ given N trials is expected to be 1/

√
Ntrial (MS stimula-

tion: 0.2; fibre stimulation: 0.183). The y-axis shows the frequency (Hz) and the x-axis
the time. Stimulation occurs from 5 s to 10 s (blue line). Major columns refer to the
recording location (PaS or MEC) and minor columns to the stimulation location (MS or
fibre stimulation). Each row shows a different stimulation frequency (2 Hz, 4 Hz, 8 Hz,
16 Hz, 32 Hz).

I was able to detect that phases were aligned during MS stimulation at all stimulation

frequencies and phase lock was even pronounced when using the 2 Hz stimulation.

Due to the sensitivity of the ρ value, harmonics picked up by the wavelet transform

are now more pronounced. Peaks of harmonics will appear as the multiple of the

original signal and can be considered artefacts due to the fact that they most likely

have no physiological relevance. The peak of the phase lock was centred around

the stimulation frequency and seemed to change given the stimulation frequency.

Similarly, a stimulation of the fibres in the PaS or the MEC did not appear to be

sufficient to achieve phase lock (Figure 22). To quantify the strength of the phase

lock in relation to pre-stimulus and-post stimulus times, I divided the simulation

blocks into three parts as shown with the power. I then calculated the average ρ

for any given frequency and stimulation block. As previously discussed, the ρ of a

random distribution can be formalised as ρrandom = 1√
trialN

and, therefore, values
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which are true phase lock should be significantly larger than our ρrandom, given

our number of trials. We can think of ρ, similarly, as our connectivity, which was

described by the beta distribution as a continuous value with same limits and similar

interpretation. I calculated the log odds (equation (2.8)) ratio of ρ and ρrandom to

eliminate false positives, which could occur due to a lack of trials. Hence, this

approach allowed me to account for uncertainty in the estimate and transformed

our values from a range of 0 and 1 to normally distributed data with possible values

of −∞ to ∞. Now a value of 0 means that there is no change in locking compared

to ρrandom, negative values will describe the log reduction and positive values a log

increase of phase lock.
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Figure 22: Phase lock spectrum in the PaS and MEC. Log odds ratio of ρ and
the expected random (ρrandom) during different stimulation frequencies (rows) extracted
from the wavelet transform for time blocks before the stimulation (Pre - black line), during
the stimulation (Stim - blue line) and directly after (Post - grey line). The dashed lines
indicate the stimulation frequency, whereas the continuous lines show the mean ρ log odds
ratio with its SEM. The log odds ratio represents a log fold change in phase lock compared to
ρrandom. The two left columns show responses in the PaS after septal stimulation (column
1) and stimulation of the fibres in the PaS (column 2). Analogous the two right columns
show the response in the MEC. The frequency on the x-axis is log2 transformed. PaS with
MS stimulation: 9 session/4 animals; PaS with fibre stimulation: 9 session/4 animals;
MEC with MS stimulation: 7 session/4 animals; MEC with fibre stimulation: 11 session/6
animals.
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Equally to analysis of in-vitro connectivity data the region of practical equivalence

(ROPE) for log odds ratios is π/
√

3 · 0.1 (≈ 0.183). Strong increases of phase lock

can be seen at almost all stimulation frequencies, including their harmonics (Figure

22). The log-transform confirmed our suspicion that the fibre stimulation did not

induce changes of locking.
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Figure 23: ρ log odds dependent on stimulation frequency. Log odds ratio of ρ
indicating phase lock during different stimulation frequencies. Black represents measure-
ments before stimulation (Pre), blue during stimulation (Stim), and grey after stimulation
(Post). The left half shows responses in the PaS and the right half in the MEC. The top
row were measurements from MS stimulation and the bottom row from fibre stimulation
in the PaS or MEC. Single dots are values from sessions. The line is the estimated mean
population response with the 95% credible interval indicated as shaded area. The frequency
on the x-axis is log2 transformed. PaS with MS stimulation: 9 session/4 animals; PaS with
fibre stimulation: 9 session/4 animals; MEC with MS stimulation: 7 session/4 animals;
MEC with fibre stimulation: 11 session/6 animals.

However, to validate and quantify whether there was a change, I used an asymp-

totic regression model with an hierarchical structure to account, not only for variance

due to trials, animals, and sessions, but also recording locations, stimulation loca-

tions, and stimulation blocks (pre/stim/post) and type (burst) given a stimulation

frequency. The estimated µρLOR
during pre and post blocks did not differ from each

other or across stimulation frequencies, recording or stimulation locations (Figure
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23). The asymptotic maximum of the LOR was significantly higher during MS

stimulation trials in the PaS (1.38 [0.68; 2.10]) and the MEC (1.45 [0.73; 2.18]) and

was outside the ROPE completely. In contrast, the stimulation of fibres led to no

detectable change (PaS: −0.86 [−4.28; 1.98] and MEC: −0.80 [−4.13; 2.15]). The

pre-stimulus and post-stimulus blocks showed no change which could suggest that

locking was not carried through for longer than the stimulation period. The stimu-

lation frequency was shown to have an effect early on at 3 Hz PaS: 0.66 [0.22; 1.13],

MEC: 0.69 [0.23; 1.15] and increased steadily until it reached an estimated µρLOR
of

PaS: 1.38 [0.68; 2.10], MEC: 1.45 [0.73; 2.18] at 32 Hz.

3.2.3 PV+ single units of the MS

Considering that the power and the phase was mainly driven by septal stimulation

and not fibre stimulation, I wondered whether PV+ cells in the MS were specially

linked to the PaS or if other PV- cells were similarly set up. Due to the fact that

the silicon probe in the MS was fitted with a light fibre, it was possible to give

short 1 Hz 2 ms long pulses. These pulses were sufficient to drive somatic ChR2,

depolarise the cell and make them spike (Figure 24A). I recorded 45 single units in

the MS, 4 of which had to be excluded from the characterisation since they did not

sufficiently spike during the 1 Hz stimulation (< 1000 APs). Based on 1 ms time

bins a Z-score indicated the standardised difference in spiking and a 10 ms after

stimulation onset window was used to evaluate the Z-score (Figure 24B).

Only cells which had a positive change of at least 8σ were classified as PV+ cells.

The high value was picked to account for low firing rates and sporadic spikes during

the short 1 s window of stimulation. By using these criteria, I was able to identify

9 PV+ cells in the MS.

To see if the identified cells corresponded to a homogeneous group of cells with

similar functional properties, I calculated the spike autocorrelogram (Figure 25A).

The fraction of cells, with simultaneously recorded LFP in the PaS, showed distin-

guishable burst properties and firing frequencies. Bursting cells can be identified by

their sharp peaks close to the refractory period represented by the gap in the spike

correlogram. Some of the cells also had oscillatory firing behaviour whilst others did

not (Figure 25B).
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Figure 24: Identification of PV+ MS cells. (A) Single units were stimulated in the
MS using a 1 Hz 2 ms long pulse of blue light (blue line). Spiking (short lines) was recorded
over at least 300 trials so that regularly triggered spiking during the stimulation could be
observed. (B) From spiking during the 1 Hz stimulation a Z-score could be derived from
the spike count using 1 ms binning. Dark blue indicates a strong positive increase in firing
and red a decrease. The Z-score is in σ from the mean over the whole 1 s time frame. Note
the much stronger excitation (blue) compared to the inhibition after stimulation (red). The
dashed vertical line shows the point of stimulation and the horizontal dashed line the units
which had more than a 8σ increase during a 10 ms window. 41 Units from 14 session/7
animals.

This can be seen by regular bumps in the autocorrelogram which can roughly be

found at 0.2 s intervals (corresponding to ∼ 5 Hz i.e. θ rhythmic firing). When

looking at the spike timing of PV+ cells in relation to the PaS θ phase, cells did not

show a clear coherent phase preference (Figure 25C and D) as a group. However,

individual cells did fire at specific phases of the LFP, with some preferentially spiking

at the peak (270◦) and others at the trough 90◦ with different degrees of locking

(Figure 25D). This data underlines that PV+ in the MS are a heterogeneous group

with distinct firing preferences.
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Figure 25: Diversity in PV+ MS single units. (A) Spike autocorrelogram for
PV+ single units in the MS show refractory period as gap and in two cells dominant
bursting behaviour indicated by the large peaks at the centre. The rate was normalised to
the maximum rate. Inter-spike timings are given in seconds. (B) A larger time window
of the same cells indicates different oscillatory behaviours. (C) The corresponding PaS
θ-phase preference for the units range from the trough of the θ-oscillation (90◦) to the
peak (270◦). (D) An overview of θ phase lock to the MEC and PaS of PV+ cells (red) and
PV- cells (not activated by light, black). Circles indicate the strength of the phase vector
(0.5,1).
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4

Discussion

For over 80 years scientists have been trying to explain the presence of θ oscillations

in the brain (Berger, 1929; Jung and Kornmüller, 1938), attempting to identify

potential locations responsible for generating such activity (Petsche et al., 1962). To

date, we still do not completely understand the exact function of these oscillations

(Buzsáki, 2002; Colgin, 2013; Müller and Remy, 2018). However, significant steps

towards understanding interactions between areas and cells have been achieved and

multiple targets identified to gain further insights into θ function and generation

(Rawlins et al., 1979; Swanson and Cowan, 1979; Gaykema et al., 1990; Dragoi

et al., 1999; Gonzalez-Sulser et al., 2014). Since one of the important regions for

θ rhythm generation is the MS, I addressed the question of whether the PaS – a

formerly, relatively unexplored member of the parahippocampal circuit region which

exhibits strong θ oscillatory activity in-vivo (Ebbesen et al., 2016; Tang et al., 2016)

and on a cellular level (Glasgow and Chapman, 2008) – receives projections from

the MS. Due to the PaS contributing major excitatory inputs to the MEC, it is

well-positioned to relay oscillatory excitation controlled through the MS.

I focused on two groups of septal cells which play an important role in θ gener-

ation in the hippocampus and MEC and are, thus, potentially crucial for the PaS.

Hence, we recorded and classified cells in the PaS in-vitro to map connections from

MS PV+ and MS ChAT+ cells. In addition to this descriptive account of cellular

physiology and in order to establish the potential impact of septal connections in

mediating the oscillatory activity, I then investigated network activity in head-fixed

awake mice in-vivo and quantified the effects of modulating septal projections on the

LFP. I estimated parameters of measurements using Bayesian hierarchical models
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(Gelman, 2006) to account for nested structures which generally occur in such an

experimental design. Additionally, this approach is less likely to negatively bias the

reader and overcomes caveats associated with p-values commonly used in papers

(Buchinsky and Chadha, 2017; Makowski et al., 2019).

4.1 Interneurons have distinct cell properties

Until recently, descriptions of PaS cells in-vitro in the literature were mainly based

on morphology (Funahashi and Stewart, 1997). In our study, we classified cells in

the parasubiculum on a larger scale using electrophysiological properties, immuno-

histochemistry and clustering approaches (Sammons et al., 2019). In the present

study, I therefore employed the same tools including hierarchical clustering to gen-

erate three cell type clusters based on previous data. I then split layer I cells as a

separate group and verified that they, indeed, had distinct cell properties. I found

that, even when a targeted approach to record interneurons is used, a large propor-

tion of cells is still part of the putative pyramidal cell cluster (Sammons et al., 2019).

This group of cells makes up 80% of the PaS population and is the major contributor

to the glutamatergic output of the PaS. However, an important observation I made

is that of the distinction of regular slow firing interneurons in layer II of the PaS and

interneurons in layer I. The two groups were previously characterised as one group

(Sammons et al., 2019), however, IN-L1 cells emerged to be significantly different

in major parameters such as firing frequency, FWHM , Cm and the slopes of the

action potential (Figure 7). This suggests that action potential dynamics might be

distinct from other interneurons and can potentially lead to different computational

consequences. One possible advantage of these dynamics could be that a wider ac-

tion potential can lead to an increase of presynaptic Ca2+ concentration, leading to

a more reliable transmission (Geiger and Jonas, 2000). A relatively low rheobase

and an almost instantaneous initiation of firing upon stimulation could reliably relay

information to downstream partners, which might make IN-L1 cells an important

part of the local network (see for rheobase and latency Table 1).

In contrast, FS cells showed a much higher maximum firing frequency, which

is in line with the behaviour of PV+ interneurons in the PaS, PrS and MEC (Nassar

et al., 2015; Martínez et al., 2017; Sammons et al., 2019). FS cells generally had
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to be more depolarised to initiate spiking, but could sustain a continuously high

firing rate. Recently, it has been shown that the PaS is the area with the highest

density of PV+ cells in the whole mouse brain (Bjerke et al., 2021). This underlines

the importance and potential influence of this cell type in the region. Due to the

inhibition of the local network, which can be mediated by FS spiking cells and

the high connectivity of PV+ interneurons (Hangya et al., 2009; Stark et al., 2013;

Roux et al., 2014; Fuchs et al., 2016) as found in the MEC and hippocampus, I

hypothesised that FS cells could be preferential targets for disinhibition through

PV+ MS cells. This could potentially release a “brake” in the parahippocampal

circuitry and drive θ oscillations.

4.2 PV+ connections to the PaS

In addition to the classification of these cells in-vitro, I also employed an optoge-

netic approach to understand interactions between the MS and PaS. To do so, cells

were recorded in whole-cell configuration in slices and ChR2 expressing fibres were

activated using short light pulses. Measuring connections from the MS to PaS in

PV-Cre mice, we could demonstrate that previously reported anatomical projections

indeed make functional connections (Unal et al., 2015; Tang et al., 2016). Unal et

al. (2015) found that the PV+ fibre density was highest in the PaS, compared to

the hippocampus or other parahippocampal regions, and made putative contacts

to parasubicular PV+ cells and CB+ cells. CB was previously identified as hav-

ing strong overlap with PV+ neurons in the PaS and is mainly a marker for local

GABAergic cells (Sammons et al., 2019).

We presented evidence that interneurons indeed constitute most of the functional

connections confirming previous morphological evidence (Figure 11). Furthermore,

we could show that the proportion of cells being inhibited by GABAergic inputs

was the highest in FS interneurons, which most likely represents a large propor-

tion of parasubicular PV+ and CB+ interneurons (Sammons et al., 2019). Other

studies established an important role of FS cells in θ modulation in the MEC and

hippocampus (Amilhon et al., 2015) and found PV+ cells in the hippocampus and

cortex to orchestrate spike timing during θ phases (Stark et al., 2013; Roux et al.,

2014). The high connectivity of FS cells in the PaS is striking and in line with previ-

64



ous studies investigating septal projections to the MEC or hippocampus where PV+

fibres preferentially target PV+ fast spiking interneurons leading to disinhibition of

the local network (Melzer et al., 2012; Gonzalez-Sulser et al., 2014; Fuchs et al.,

2016). Based on recent local connectivity data of pyramidal cells and interneurons

in the PaS (Sammons et al., 2021), it can be proposed that an inhibition of FS cells

through the MS will also lead to a reduced inhibition of pyramidal cells in the PaS.

The high connectivity and recurrent connection scheme between FS and pyramidal

cells suggest that the PaS is well-positioned to generate oscillatory network activity.

Given the high firing rate of FS cells, a reduction of FS spiking can lead to a release

of strong local inhibition of the network. As I have shown, the inhibition of spiking

and entraining of frequencies via septal fibre stimulation in interneurons suggests

that local θ entrainment via interneurons could be possible and effective (Figure

12). Furthermore, our data shows that regular firing interneurons were also targets

of septal PV+ cells increasing disinhibition of the network and further allowing DS

to be active. A similar proportion of cells was found to be inhibited in the MEC

(Gonzalez-Sulser et al., 2014; Fuchs et al., 2016), further supporting the notion that

PV+ MS projections follow common targeting schemes in the cortex.

To our surprise, IN-L1 cells were inhibited by the activation of PV+ fibres, a

connection not reported in previous studies investigating MS PV+ projections. Due

to the position of IN-L1 cells in cortical circuits, this novel connection could have sig-

nificant new implications for the network. It has been shown in the somato-sensory

and visual cortex of rats and mice that layer I interneurons exhibit recurrent connec-

tions to pyramidal cells of layer II and III, broadly inhibit a vast majority of layer

II and III interneurons and are highly interconnected (Oláh et al., 2007; Wozny and

Williams, 2011; Jiang et al., 2015). This places them in a central position where

they can inhibit a whole interneuron network while also modulating pyramidal cell

activity. Whether or not we have similar connectivity schemes outside of known

sensory cortices in the PaS or MEC remains unknown. This open question could

provide important information about the workings of septal-parahippocampal inter-

actions. Combining these results, I hypothesise that septal PV+ cells contribute to

an accurately timed inhibition of interneurons, which leads to an increase in DS fir-

ing while background activity – not synchronised inputs – might be reduced through
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IN-L1 cells regulating the overall inhibition (Figure 26A). Overall, the increase in DS

activity through disinhibition from septal PV+ cells will increase excitatory output

to the MEC (Canto et al., 2012) and relay information to entorhinal pyramidal cell

clusters known for their spatial coding (Tang et al., 2016). Consequently, excitation

from the PaS could drive grid-cells in the MEC and synchronise other behaviourally

relevant cells across the parahippocampal network. It is not known whether or not

the PaS receives distinct inputs from the MS which are integrated in the parahip-

pocampal network independently of other regions. Studies investigating projection

patterns using juxta-cellular recordings provided evidence that MS PV+ orchid cells

can simultaneously target MEC and PrS cells, although, none of the cells projected

to the PaS (Viney et al., 2018). A failure to detect common projections could arise

due to the limited number of cells which can be labelled using the juxta technique

or suggest, given the high density of projections to the PaS, that the PaS is targeted

by a different cell group which exclusively and with high divergence inhibits the PaS

or other structures. Answering this question could lead to a better understanding

of how MS inhibitory signals are integrated in the parahippocampal network and

could elicit new questions for the future.

4.3 ChAT+ connections to the PaS

Cholinergic projections to the parahippocampal network have been proposed to play

an important role in learning and memory and are implicated in θ generation (Heys

et al., 2012). One of the main regions to provide such cholinergic innervation is the

MS (Záborszky et al., 2018) and lesioning specifically cholinergic MS neurons using

a selective neurotoxin (IgG192-Saporin – SAP) will lead to the impairment of spatial

working memory (Robinson et al., 1996; Walsh et al., 1996; Johnson et al., 2002).

But it should be noted that lesions using SAP do not achieve a complete reduction

of acetylcholine activity (Chang and Gold, 2004). Such strong effects motivated us

to look into the targets of MS ChAT+ projections to the PaS. To map connections,

we used an optogenetic approach specifically targeting ChAT+ fibres from MS cells

and measured synaptic responses in the PaS in-vitro.

Strikingly, ChAT+ connections mostly targeted superficial cells by depolarising

them. This is in line with previous findings in the MEC (Desikan et al., 2018), where
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PV
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Figure 26: Schematic of PaS network for PV+ and ChAT+ inputs. The con-
nectivity scheme for inputs from the MS. Arrows indicate the effect of MS inputs onto
cells. Red cells represent FS cells, pink IN cells, turquoise IN-L1 cells, and blue DS
cells. Synapses are represented as circles for excitatory or cholinergic synapses and lines
for inhibitory GABAergic synapses. Local IN-L1 connectivity is not yet confirmed in the
PaS and is informed from studies in other cortical areas (Oláh et al., 2007; Wozny and
Williams, 2011; Jiang et al., 2015). Septal fibres are presented in green and arrows indi-
cate the MS input effect on the target cells (up +/down -/both ±). DS cells project to the
MEC and have local recurrent connections. The black line at the bottom indicates the pial
surface. Cells connecting to themselves do not necessarily represent autaptic connections
to a single cell but cell type connections to the same cell type. (A) shows the scheme for
PV+ MS fibres and (B) the corresponding scheme for ChAT+.

the connectivity was similar and mainly showed depolarisations of IN-L1 cells as well

(Figure 15). A common pattern could mean that cholinergic activation increases the

activity of layer I interneurons in the parahippocampal network and mediates local

inhibition. Slow depolarisations of IN-L1 cells could lead to increased activity and,

in combination with GABAergic inhibition of IN-L1 through PV+ fibres, synchronise

spike timing. Given that the activity of cholinergic cells in the MS and acetylcholine

release is related to movement and behaviour (Dudar et al., 1979; Nilsson et al.,

1990), it could result in an increased involvement of superficial interneurons during

such behaviours. This could be an important mechanism for network modulation

which might also be found in the MEC in the future. The result of such a combined

effect would provide evidence for an important link between layer I interneuron

activation and behavioural states (Vandecasteele et al., 2014; Ma et al., 2020).

A substantial proportion of layer I cells in the MEC have been shown to display

GABAAR responses (Desikan et al., 2018). I did not observe such a fraction of

hyperpolarisations in the ChAT+ data. However, a larger sample of layer I cells

could reveal similar proportions in the future. Generally, amplitudes of de- and
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hyperpolarisations were small in all cell types (Figure 14A and D), but still large

enough to indicate that cholinergic receptors were active. Hence, different muscarinic

mechanisms which were not detected in this study could effect PaS network activity

(Caruana and Chapman, 2004; Glasgow and Chapman, 2007, 2008).

In particular, FS cells were similarly likely to be connected responded in most of

the cases by hyperpolarisation, suggesting a complementary mechanism to MS PV+

mediated inhibition. Therefore, inhibition of FS cells in the PaS and MEC via MS

ChAT+ cells seems to follow similar rules to previously mentioned PV+ projections.

The inhibition through cholinergic fibres could reduce membrane potential of FS

cells enough to enable PV+ cells in the MS to more efficiently inhibit FS cells with

an increased success rate. In comparison, 25% of the PaS IN clusters were affected

through depolarisation, hyperpolarisation or both simultaneously. Cells of the IN

cluster represent a heterogeneous population expressing somatostatin, reelin and

calbindin. This could potentially explain diverse responses to ChAT+ MS fibre

stimulation (Sammons et al., 2019). In contrast to data from the MEC, I did not

detect a high response rate for ChAT+ fibres stimulation in pyramidal cells (Desikan

et al., 2018). Whereas MEC pyramidal cells depolarise in 40% of the cases upon

ChAT+ fibre stimulation (Desikan et al., 2018), I could only detect a small fraction

of 3 to 14% in DS cells. However, given the cell density of DS cells in the PaS, it

could still reflect a substantial amount of affected cells with potentially large network

effects. Previous studies have shown that the pronounced sag potentials of cells in

the MEC are Ih mediated and can be modulated by carbachol an agonist for nicotinic

and muscarinic receptors (Sparks and Chapman, 2014). Analogous to the MEC cells,

PaS pyramidal cells have similar sag-properties which are mediated by Ih suggesting

the possibility of similar mechanisms (Glasgow and Chapman, 2008). Considering

that the probability of direct effects on hyper- or depolarisation in parasubicular

DS cells after MS cholinergic stimulation was low, it is possible to envisage an

effect which reduces Ih conductance and, therefore, subtly modulates the intrinsic

properties of the cell (Alonso and Klink, 1993; Heys and Hasselmo, 2012; Pastoll et

al., 2012) such as the intrinsic oscillatory frequency (Giocomo and Hasselmo, 2008).

Reaching high enough acetylcholine concentrations using fibre stimulation, however,

can be challenging in-vitro due to circulating ACSF. A potential result of such a
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modulation can be observed in the MEC when activating a sustained release of

acetylcholine from the MS by releasing acetylcholine from cholinergic fibres using a

chemogenetic approach in freely behaving mice (Carpenter et al., 2017). An increase

in acetylcholine will slightly decrease the θ frequency peak without changing the

power. Cholinergic cells in the MS seem to be dependent on the behavioural state

and an artificial activation will, for example, only lead to changes when the animal is

anaesthetised or the network in an inactive state (Vandecasteele et al., 2014; Mamad

et al., 2015). However, Vandecasteele et al. (2014) have shown that the activation

of cholinergic cells during a low activity state, will not lead to an entrainment of θ

in the hippocampus but rather increase power at the already occurring θ frequency

band. In contrast, running animals will not show power changes using the same

stimulation due to potentially increased cholinergic activity.

A different effect of an increase in acetylcholine in the PaS and MEC, is a re-

duction in amplitude of excitatory inputs combined with an increased facilitation

allowing for enhanced temporal summation of inputs, which is especially efficient at

γ-frequency (Glasgow et al., 2012; Sparks and Chapman, 2014). Such a mechanism

could potentially prime PaS pyramidal cells for synaptic modification through in-

creased acetylcholine concentration during MS mediated θ and, therefore, strengthen

relevant synchronously occurring inputs to the MEC and PaS, as was previously

shown in the hippocampus (Huerta and Lisman, 1995). Evidence to support the

hypothesis that the MS could contribute to such an acetylcholine increase was pre-

sented by Hamam et al. (2007), who have shown that facilitation of inputs mediated

by muscarinic receptors in the MEC is larger during movement as opposed to an im-

mobile state. Additionally, Dudar et al. (1979) recorded an increase of hippocampal

acetylcholine concentration during running phases and were able to abolish the in-

crease by lesioning the septal area. Furthermore, a block of muscarinic receptors will

lead to a reduced speed-θ relationship in the MEC and, more importantly, change

the coupling of θ nested γ in the MEC and hippocampus (Hentschke et al., 2007;

Newman et al., 2013). Given the strong excitatory output of the PaS to the MEC,

improved temporal summation could occur during θ nested γ cycles and play an

important role in memory formation (Huerta and Lisman, 1995).

Taken together, this suggests the importance of MS cholinergic projections, es-
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pecially during behavioural states via the activation of layer I interneurons and

disinhibition of the PaS through FS cells, but also a potential impact on memory

formation and strengthening of connections through synaptic facilitation.

4.4 In-vivo MS PV+ activation

4.4.1 MS stimulation drives LFP

Based on the target projection profile of MS PV+ fibres to the PaS, I designed an

experiment in awake mice to establish whether the LFP of the PaS can be mod-

ulated by MS intervention. Further, I wanted to investigate whether the different

anatomical structure of the PaS, in comparison to the MEC, results in different LFP

properties during fibre stimulation (Witter et al., 2014; Tang et al., 2016; Sammons

et al., 2019). The density of pyramidal cells and the organised structure of pyrami-

dal dendrites in the PaS suggests that LFP responses could be pronounced due to

alignment (Herreras, 2016).

Stimulating septal cells in the MS directly led to a drastic increase in power at the

stimulation frequency in the PaS (Figure 18). The power increase was also positively

dependent on the stimulation, which meant that a higher stimulation frequency

increased power more in relation to the baseline (Figure 20B). However, differences

in power between MEC and PaS were not detected. This suggests that the dendritic

organisation did not contribute significantly or that LFP signal was potentially equal

due to volume conductance (Kajikawa and Schroeder, 2011). Future current source

density analysis could address a possible volume conductance and lead to more

insights into PaS-MEC interactions.

Similarly, phase locking was strong over a wide range of stimulation frequencies,

suggesting that stimulation synchronised the network reliably (Figure 22). Even

at the maximum tested 32 Hz stimulation, phase locking was high in the PaS and

MEC. Recent findings in PvalbCre rats showed that direct cell stimulation can also

lead to strong entrainment of the stimulation frequency in freely moving animals

and even abolish naturally occurring θ (Lepperød et al., 2021). A stimulation of

up to 32 Hz still produced reliable entrainment, as also shown by Lepperød et al.

(2021). I, however, observe a reduction in natural occurring θ, which could be due
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to very low power in θ frequencies during immobility (Figure 18) (Vanderwolf, 1969;

McFarland et al., 1975). The MS stimulation led to a synchronisation of the local

MS network but also likely synchronised activity in the hippocampus (Etter et al.,

2019) which could provide excitation to the MEC and PaS (Groen and Wyss, 1990;

Rowland et al., 2013; Zhang et al., 2013).

4.4.2 Fibre stimulation fails to drive LFP

Stimulating the fibre terminals in the PaS and MEC failed to induce changes com-

pared to the MS stimulation alone. In contrast, other studies were able to produce

LFP changes when stimulating terminals in the MEC of freely moving rats and mice

(Lepperød et al., 2021; Schlesiger et al., 2021). In moving animals, PV+ fibres of

the MS seemed to be sufficient to drive LFP responses, even though with slightly

weaker magnitude. This suggests that a higher baseline activity in the network is re-

quired and can, thus, be modulated by fibre stimulation alone. Hence, the difference

between immobile animals and running animals can be described as an excitatory

drive through movement.

The behavioural state of an animal for θ was shown to have significant conse-

quences for the experimental paradigm (Vandecasteele et al., 2014; Mamad et al.,

2015). A potential origin for excitatory drive was presented by Justus et al. (2017)

who showed that during locomotion glutamatergic fibres of the MS projecting to

the MEC are active and increase activity when the animal increases speed. Another

study was able to initiate movement of the animal by stimulating the MS directly

via glutamatergic cells, and could entrain the LFP response in the hippocampus

(Fuhrmann et al., 2015). However, such an entrainment was abolished when a glu-

tamate blocker was applied in the MS to shut down local transmission strengthening

the evidence for the importance of GABAergic projecting neurons for θ long-range

entrainment. It also underlines the important role for V GluT2 (glutamatergic) cells

in the local MS circuit rather than increasing excitation in distant areas. Similar

findings have been produced by Robinson et al. (2016) who could induce entrain-

ment in V GluT2−Cre mice only when stimulating MS cells locally and failed when

stimulating the fibres. Septal glutamatergic cells were proposed to synchronise local

activity in the MS and, therefore, drive GABAergic and cholinergic cell activation
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targeting the hippocampus (Robinson et al., 2016), which in turn can provide ex-

citation to the parahippocampal network. Activation of cholinergic cells in the MS

increases power in the θ and γ band of anaesthetised mice (Vandecasteele et al.,

2014) providing another alternative mechanism. As mentioned in the previous sec-

tion, running could elevate the concentration of acetylcholine (Dudar et al., 1979),

setting up the network for interneuron interventions which can entrain frequencies.

In my case, a lack of local excitation in the PaS (Figure 16E) could mean that PV+

fibre activation is not sufficient to induce LFP changes and, therefore, entrainment.

In contrast, freely moving animals will exhibit increased activity through cholinergic

activation, but also exhibit more activity of the MS during locomotion. Interest-

ingly, Lepperød et al. (2021) shows that activation of PV+ fibres will disrupt phase

precession, suggesting the importance of PV+ cells for setting spike timing in the

MEC. However, Schlesiger et al. (2021) could not detect a change of phase preces-

sion by PV+ fibre stimulation but, instead, found CB+ cells of the septum to be

most important for setting the phase of spiking in the MEC. Previously, septal CB+

were found to target low threshold spiking interneurons with a high connectivity

in the MEC, making them a distinct projection compared to PV+ cells of the MS

(Fuchs et al., 2016). However, there is evidence from the rat suggesting that CB+ is

not a marker selectively expressed in GABAergic cells of the MS (Unal et al., 2015).

A substantial proportion of cells (15%) express ChAT suggesting that these cells

could potentially belong to a population of cells capable of GABA/ACh co-release.

Therefore, more experiments addressing discrepancies between rat and mouse, but

also between interneuron cell types, might be required.

One concern of a direct septal stimulation is that PV+ cells in the MS are not

a homogeneous group, fire at different phases of the θ cycle and might not be θ

modulated under physiological conditions (Borhegyi et al., 2004; Unal et al., 2015;

Joshi et al., 2017). Indeed, some PV+ cells of the MS express HCN channels,

making them more prone to fire bursts or to being active during θ periods (Varga

et al., 2008; Hangya et al., 2009). In this study, I have shown that optogenetically

identified PV+ MS cells show different phase preferences (Figure 25C and D) which

could result in an out of phase activation during optical stimulation. A failure of θ

entrainment in immobile mice and data from freely moving mice and rats suggests
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that fibre stimulation under different state conditions is reliable and results in similar

entrainment, supporting the notion of an overall significance for PV+ projections

(Lepperød et al., 2021; Schlesiger et al., 2021).

Up to this point, not enough data is available to establish excitatory drive from

cholinergic projections of the MS to the PaS or MEC and how they might be able

to modulate the network. Such data could prove useful, providing further insights

into how the MS might set the network state and entrain θ in cortical areas.

4.5 Implications for memory

In the experiments shown here, I have demonstrated that local PaS interneurons

were specifically targeted by GABAergic projections from the MS and that the

activation of MS interneurons generated entrainment even in the slow γ frequency

band. It was shown in a mouse model of alzheimer’s disease that θ-γ coupling is

explicitly impaired, resulting in deficits during spatial learning (Etter et al., 2019).

An intervention using PV+ cell stimulation in the MS, however, could rescue the

deficits and improve learning to the level of wild-type mice. With the known loss

of cholinergic cells in alzheimer’s disease (Davies and Maloney, 1976), the fact that

not only a behavioural improvement, but also the recovery of coupling between θ

and γ was detected, underlines the potential involvement of synaptic summation

achieved by synchronisation. With the identification of septal targets in the PaS

and the resulting outputs to the MEC, I offer a potential mechanism by which this

coupling could be achieved. A synchronisation of θ along the parahippocampal axis

is accomplished by disinhibition and phase locking of interneuron activity, leading to

an environment primed for STDP. FS interneurons present themselves as a primary

target and can generate local θ-γ coupling in cortical areas (Cardin et al., 2009;

Sohal et al., 2009). Hence, deficits in interneuron entrainment could impair memory

formation. Cholinergic projections of the MS, on the other hand, might support such

integration of information in the cortex via disinhibition of FS cells and increased

overall inhibition driven by layer I interneurons. Such a reduction in local network

activity allows for an increased focus on excitatory external inputs. Additionally, I

hypothesise that cholinergic modulation of pyramidal cells in the PaS and MEC can

further mediate synaptic integration and support memory formation (Caruana and
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Chapman, 2004; Glasgow et al., 2012). This hypothesis is supported by data from

the CA1 where previous activation of the MS led to a muscarinic dependent increase

of long term potentiation (LTP) at the basal dendrites (Ovsepian et al., 2004). This

can be observed in running rats but will be absent during immobility (Leung et

al., 2003), underlining the importance of cholinergic cells during behavioural states

(Vandecasteele et al., 2014; Mamad et al., 2015). Interactions between cholinergic

MS cells and GABAergic MS cells are known to be especially important for higher

memory load (Roland et al., 2014), suggesting that an orchestrated interaction of

cholinergic modulation and excitation with GABAergic inhibition by cells of the MS

could play a crucial role in memory function.

Another study by Jacob et al. (2017) revealed that a temporal inactivation of

the MS using muscimol (GABAA agonist shutting down local activity) or lesions in

the MEC will impair spatial learning and distance estimation. This was tested by

rats learning to associate a reward zone at a fixed distance without visual cues. Fur-

ther, it was shown that θ in the MEC was abolished during MS inactivation. They

hypothesised that the MS and MEC are crucial in learning distances to a reward,

which can be impaired by loss of MS or MEC function. This suggests that cod-

ing for the reward zone could be mediated by septal-parahippocampal interactions

and synchronisation. Evidence supporting the importance of the MS for learning

distance estimation were also found in humans where hippocampal θ bursts – corre-

lated to the distance to an object – could be observed before navigating to a target

location visited in the past, suggesting a connection to memory retrieval (Bush et

al., 2017). The MEC and the parahippocampal formation are major cortical inputs

to the hippocampus (Köhler, 1985; Witter et al., 1989), which are important for

the temporal organisation of spiking (Schlesiger et al., 2015). Therefore, setting the

phase between hippocampus and MEC via the PaS by MS neurons might allow for

memory formation through an increased probability of simultaneous inputs (Dick-

son and Curtis, 2002; Adoff et al., 2021). Addressing whether modulation of MS

cells could actively change distance estimation and learning of associations between

reward and locations will play a crucial role in understanding the importance of the

MS and PaS in spatial memory.
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4.6 Limitations of the study and outlook

Despite the insights gained into θ generation and parahippocampal circuits, there

were some limitations to these experiments which should be addressed in the fu-

ture. As previously discussed, recording the LFP in immobile animals in a resting

state will result in less activity in the parahippocampal formation. While such an

approach gives complete control over MS projections without interference of simul-

taneous activation of different proportion of septal cells, I was able to show that

modulation of parahippocampal network activity by inhibition likely requires a ba-

sic level of parahippocampal activity. Similar findings were reported for experiments

investigating cholinergic septal projections (Vandecasteele et al., 2014; Mamad et

al., 2015), where behavioural states can mask potential functions. Therefore, it

might be important to investigate MS GABAergic projections in other behavioural

states by designing tasks in freely moving animals or in head-fixed animals in virtual

reality (VR). This would allow for the same animal to be recorded during movement

and immobile periods, capturing the contribution of behaviours.

Another limitation concerns channelrhodopsin which, depending on the vari-

ant, will show differences in reliability during different stimulation frequencies (Lin,

2011). Here, we used a variant (hChR2(H134R)) – which for our purposes of stimula-

tion in the θ band – was sufficient but might be less reliable at frequencies over 25 Hz

(Lin et al., 2009). Therefore, to further investigate a potential θ-γ coupling with

optogenetic tools, faster variants should be considered. Additionally, a modulation

through the activation of septal projections might not be sufficient to understand

function (Carpenter et al., 2017). Hence, new inhibitory tools could be used to ad-

dress shortcomings from activation using reversible deactivation of synaptic release

(Bernal Sierra et al., 2018).

Similarly, some limitations occur for the in-vitro experiments, such as potential

masking of muscarinic effects during whole-cell recordings due to wash out. Small

changes could be amplified by using different intracellular solutions containing cae-

sium and holding the cell at positive potentials. This would allow for improved

detection of a hyperpolarisation via muscarinic receptors and could unmask hidden

depolarisations occurring simultaneously with hyperpolarisations.

With new insights from this study, new questions can be addressed. Future ex-
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periments should address the role of the MS and PaS interactions in the context

of spatial memory (Poucet and Herrmann, 1990; Kesner and Giles, 1998; Liu et

al., 2001; Pang et al., 2010). A task based on Jacob et al. (2017) was used in

a VR setting (Tennant et al., 2018) and could be utilised to investigate the role

of GABAergic projections during distance estimation. Such an approach could ad-

dress whether GABAergic long-range projections can synchronise activity in the PaS

and MEC in order to learn reward locations, or their involvement in path integra-

tion (Etienne and Jeffery, 2004). Path integration describes a strategy to estimate

distances by integrating over the distances already travelled. This computation is

thought to require different inputs such as self motion detection, including speed

or acceleration and direction. Speed can control θ power (McFarland et al., 1975)

and acceleration was recently shown to be affected by the θ frequency (Kropff et

al., 2021). Tennant et al. (2018) has shown that, on a treadmill, animals will use

motor information even when provided visual cues, suggesting a preferred method

of integration. The MS, as already shown by Jacob et al. (2017), is well-positioned

to relay movement information (King et al., 1998; Zhou et al., 1999), whereas the

PaS, with a high density of GABAergic fibres from the MS as major output to the

MEC, could significantly contribute to computation.

4.7 Conclusion

In the present study, I have demonstrated that PV+ and ChAT+ septal projection

patterns to the PaS are similar to MS projections to the MEC, suggesting that

projection patterns are mainly conserved throughout the parahippocampal network.

They can exhibit nuanced differences such as involvement of layer I cells – a distinct

group of interneurons – in inhibitory regulation of the network, or reduced activation

of pyramidal cells through acetylcholine. We have provided further evidence that

GABAergic MS cells play a major role in organising oscillatory activity in the θ

and γ band in the PaS and MEC, but rely on an excitatory drive from up-stream

regions to entrain local circuits via disinhibition. Whether the excitatory state of

the network can be accomplished by the MS itself through cholinergic modulation

during behavioural states or if inputs from the hippocampus are required, remains

to be shown. By revealing new targets and the required network state interactions in
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the MS-parahippocampal axis, we have provided further insights into understanding

parahippocampal synchronisation and organisation. These insights provide the basis

for new ideas for future projects, which could lead to a better understanding of

parahippocampal computation and memory.
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Appendix

Additional tables

Table 1: Cell Parameters

HDI

Parameter Cell Type 2.5% 50% 97.5%

DS 10.383 16.626 22.989

FS 15.334 23.892 32.977

IN 10.919 19.749 28.516
AHP (mV)

IN-L1 8.497 17.953 27.209

DS 56.718 72.004 85.606

FS 41.815 65.065 89.373

IN 37.891 61.749 84.893
AP-Height (mV)

IN-L1 36.062 60.022 82.952

DS 0.034 0.908 4.596

FS 0.015 0.964 5.357

IN 0.019 0.928 4.787
Adaptation

IN-L1 0.025 0.914 4.431

DS 51.115 134.615 242.936

FS 28.448 101.196 196.491

IN 19.292 71.346 147.839
Cm (pF)

IN-L1 10.829 50.242 105.415

DS 0.343 0.587 0.858

FS 0.105 0.300 0.553

IN 0.208 0.515 0.856
FWHM (ms)

IN-L1 0.330 0.621 0.957

DS 26.000 65.000 120.000

FS 50.000 196.000 408.000

IN 39.000 121.000 218.000
Firing Frequency (Hz)

IN-L1 37.000 81.000 144.000
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Table 1: Cell Parameters

HDI

Parameter Cell Type 2.5% 50% 97.5%

DS 0.063 0.287 0.599

FS 0.182 0.830 1.786

IN 0.128 0.563 1.259
Gain (Spikes/pA)

IN-L1 0.123 0.577 1.263

DS 0.019 0.058 0.118

FS 0.001 0.020 0.080

IN 0.001 0.028 0.123
ISI 1/2 (s)

IN-L1 0.003 0.034 0.117

DS 0.022 0.052 0.093

FS 0.002 0.019 0.063

IN 0.003 0.027 0.090
ISI 9/10 (s)

IN-L1 0.006 0.031 0.080

DS 0.014 0.040 0.085

FS 0.003 0.012 0.027

IN 0.005 0.018 0.044
ISI min (s)

IN-L1 0.006 0.022 0.049

DS 0.027 0.135 0.291

FS 0.000 0.060 0.302

IN 0.000 0.065 0.258
Latency (s)

IN-L1 0.000 0.065 0.239

DS -0.193 -0.120 -0.064

FS -0.705 -0.366 -0.111

IN -0.264 -0.135 -0.044
Negative Slope (V/ms)

IN-L1 -0.153 -0.090 -0.039

DS 0.146 0.314 0.500

FS 0.149 0.440 0.806

IN 0.087 0.249 0.472
Positive Slope (V/ms)

IN-L1 0.091 0.209 0.360

DS 29.774 118.964 243.874

FS 98.417 384.957 762.927

IN 16.675 128.971 309.812
Rheobase (pA)

IN-L1 19.343 129.790 308.746

DS 41.373 96.844 169.976

FS 23.486 55.778 95.013

IN 51.794 142.732 257.349
Rin (MOhm)

IN-L1 48.665 138.088 253.781
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Table 1: Cell Parameters

HDI

Parameter Cell Type 2.5% 50% 97.5%

DS 0.706 0.866 0.984

FS 0.785 0.889 0.967

IN 0.789 0.908 0.990
Sag Ratio

IN-L1 0.808 0.912 0.988

DS 1.344 2.563 4.053

FS 0.705 1.182 1.754

IN 1.026 1.814 2.718
Slope Ratio

IN-L1 1.289 2.284 3.375

DS -41.681 -34.823 -28.289

FS -49.354 -36.950 -25.750

IN -45.156 -33.974 -22.211
Threshold (mV)

IN-L1 -46.455 -33.201 -20.528

DS -80.450 -69.755 -59.076

FS -79.914 -69.919 -59.714

IN -79.689 -69.545 -58.732
Vm (mV)

IN-L1 -80.473 -69.732 -58.816

DS -0.069 -0.027 0.000

FS -0.011 -0.005 0.000

IN -0.033 -0.012 0.000
mAHP (mV)

IN-L1 -0.042 -0.015 0.000

Table 2: Cell Parameter Differences

HDI

Parameter Comparison 2.5% 50% 97.5% non-zero

FS-DS 5.722 7.226 8.693 yes

IN-DS 1.046 3.110 5.166 yes

IN-L1-DS -0.301 1.355 2.945

IN-FS -6.526 -4.097 -1.847 yes

IN-L1-FS -7.991 -5.868 -3.921 yes

AHP (mV) (µ)

IN-L1-IN -4.218 -1.751 0.650

FS-DS -10.722 -6.932 -3.106 yes

IN-DS -15.933 -10.239 -4.850 yes

IN-L1-DS -15.873 -12.119 -8.184 yes

IN-FS -9.563 -3.309 2.827

IN-L1-FS -10.350 -5.164 -0.244 yes

AP Height (mV) (µ)

IN-L1-IN -7.903 -1.798 4.137
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Table 2: Cell Parameter Differences

HDI

Parameter Comparison 2.5% 50% 97.5% non-zero

FS-DS 0.092 0.263 0.514 yes

IN-DS 0.072 0.301 0.661 yes

IN-L1-DS 0.004 0.145 0.335 yes

IN-FS -0.281 0.033 0.417

IN-L1-FS -0.386 -0.113 0.115

Adaptation (µ)

IN-L1-IN -0.539 -0.149 0.103

FS-DS -50.323 -34.819 -18.197 yes

IN-DS -83.189 -65.188 -46.687 yes

IN-L1-DS -100.877 -86.905 -72.644 yes

IN-FS -50.064 -30.342 -9.464 yes

IN-L1-FS -68.405 -52.176 -35.972 yes

Cm (pF) (µ)

IN-L1-IN -41.052 -21.735 -3.673 yes

FS-DS -0.324 -0.283 -0.242 yes

IN-DS -0.133 -0.067 0.002

IN-L1-DS -0.024 0.032 0.086

IN-FS 0.144 0.215 0.287 yes

IN-L1-FS 0.254 0.315 0.375 yes

FWHM (ms) (µ)

IN-L1-IN 0.015 0.099 0.180 yes

FS-DS 105.753 141.081 178.084 yes

IN-DS 32.916 55.940 82.108 yes

IN-L1-DS 5.032 16.037 28.060 yes

IN-FS -126.680 -84.319 -48.185 yes

IN-L1-FS -161.004 -124.802 -89.504 yes

Firing Frequency (Hz) (µ)

IN-L1-IN -67.963 -39.833 -14.465 yes

FS-DS 0.454 0.576 0.703 yes

IN-DS 0.177 0.300 0.434 yes

IN-L1-DS 0.222 0.318 0.425 yes

IN-FS -0.446 -0.276 -0.101 yes

IN-L1-FS -0.408 -0.258 -0.099 yes

Gain (Spikes/pA) (µ)

IN-L1-IN -0.135 0.017 0.173

FS-DS -0.042 -0.035 -0.027 yes

IN-DS -0.033 -0.021 -0.005 yes

IN-L1-DS -0.028 -0.019 -0.009 yes

IN-FS 0.001 0.014 0.030 yes

IN-L1-FS 0.006 0.016 0.027 yes

ISI 1/2 (µ)

IN-L1-IN -0.014 0.002 0.016
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Table 2: Cell Parameter Differences

HDI

Parameter Comparison 2.5% 50% 97.5% non-zero

FS-DS -0.040 -0.034 -0.027 yes

IN-DS -0.033 -0.023 -0.013 yes

IN-L1-DS -0.028 -0.021 -0.013 yes

IN-FS 0.001 0.010 0.021 yes

IN-L1-FS 0.005 0.013 0.022 yes

ISI 9/10 (µ)

IN-L1-IN -0.009 0.003 0.013

FS-DS -0.035 -0.031 -0.027 yes

IN-DS -0.030 -0.024 -0.018 yes

IN-L1-DS -0.025 -0.020 -0.014 yes

IN-FS 0.002 0.007 0.012 yes

IN-L1-FS 0.007 0.011 0.016 yes

ISI min (s) (µ)

IN-L1-IN -0.002 0.004 0.010

FS-DS -0.084 -0.056 -0.025 yes

IN-DS -0.086 -0.055 -0.024 yes

IN-L1-DS -0.089 -0.063 -0.033 yes

IN-FS -0.033 0.000 0.035

IN-L1-FS -0.042 -0.007 0.023

Latency (s) (µ)

IN-L1-IN -0.040 -0.007 0.021

FS-DS 0.709 0.798 0.885 yes

IN-DS 0.112 0.180 0.251 yes

IN-L1-DS -0.032 0.008 0.050

IN-FS -0.729 -0.618 -0.514 yes

IN-L1-FS -0.886 -0.790 -0.698 yes

Negative Slope Slope (V/ms) (µ)

IN-L1-IN -0.255 -0.172 -0.097 yes

FS-DS 0.101 0.141 0.185 yes

IN-DS -0.097 -0.060 -0.022 yes

IN-L1-DS -0.129 -0.105 -0.082 yes

IN-FS -0.252 -0.200 -0.148 yes

IN-L1-FS -0.290 -0.246 -0.201 yes

Positive Slope (V/ms) (µ)

IN-L1-IN -0.087 -0.045 -0.009 yes

FS-DS 232.967 285.973 340.774 yes

IN-DS -19.328 16.469 59.706

IN-L1-DS -11.470 15.654 46.268

IN-FS -335.387 -268.664 -204.478 yes

IN-L1-FS -331.755 -270.182 -212.538 yes

Rheobase (pA) (µ)

IN-L1-IN -47.034 -1.179 45.103
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Table 2: Cell Parameter Differences

HDI

Parameter Comparison 2.5% 50% 97.5% non-zero

FS-DS -51.700 -43.405 -35.010 yes

IN-DS 22.494 46.920 73.665 yes

IN-L1-DS 25.382 43.791 65.136 yes

IN-FS 66.181 90.179 117.085 yes

IN-L1-FS 68.543 87.173 108.053 yes

Rin MOhm (µ)

IN-L1-IN -36.713 -3.071 27.690

FS-DS 0.007 0.028 0.047 yes

IN-DS 0.018 0.045 0.072 yes

IN-L1-DS 0.028 0.050 0.073 yes

IN-FS -0.009 0.017 0.042

IN-L1-FS 0.001 0.022 0.043 yes

Sag Ratio (µ)

IN-L1-IN -0.020 0.004 0.031

FS-DS 0.007 0.028 0.047 yes

IN-DS 0.018 0.045 0.072 yes

IN-L1-DS 0.028 0.050 0.073 yes

IN-FS -0.009 0.017 0.042

IN-L1-FS 0.001 0.022 0.043 yes

Slope Ratio (µ)

IN-L1-IN -0.020 0.004 0.031

FS-DS -3.868 -2.024 0.000 yes

IN-DS -1.412 0.873 3.144

IN-L1-DS -0.464 1.672 3.800

IN-FS -0.033 2.907 5.717

IN-L1-FS 0.683 3.721 6.740 yes

Threshold (mV) (µ)

IN-L1-IN -1.696 0.726 3.559

FS-DS -1.475 -0.051 1.042

IN-DS -0.951 0.093 1.846

IN-L1-DS -1.185 0.026 1.313

IN-FS -0.807 0.154 2.168

IN-L1-FS -1.149 0.066 1.633

Vm (mV) (µ)

IN-L1-IN -1.800 -0.047 0.949

FS-DS -0.001 0.013 0.026

IN-DS -0.002 0.009 0.023

IN-L1-DS -0.002 0.008 0.022

IN-FS -0.008 -0.002 0.002

IN-L1-FS -0.010 -0.003 0.001

mAHP (mV) (µ)

IN-L1-IN -0.007 0.000 0.004
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Table 3: List of Abbreviations

4-AP 4-Aminopyridine

ACSF Artificial Cerebral Spinal Fluid

ACh Acetylcholine

AHP Afterhyperpolarisation

AMPA α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

AP Action Potential

CB Calbindin

CCK Cholecystokinin

Cm Membrane Capacitance

ChAT Choline Acetyltransferase

ChR2 Channelrhodopsin-2

DG Dentage Gyrus

DHβE Dihydro-β-erythroidine hydrobromide

DS Delayed Spiking

EPSC Excitatory Postsynaptic Current

EPSP Excitatory Postsynaptic Potential

FIR Finite Impulse Response

FS Fast Spiking

FWHM Full Width Half Maximum

GABA γ-aminobutyric acid

HCN Hyperpolarisation-Activated Cyclic Nucleotide-Gated Non-Selective Cation Channel

HDI Highest Density Interval

IN Interneuron

IPSC Inhibitory Postsynaptic Current

IPSP Inhibitory Postsynaptic Potential

ISI Inter-Spike-Interval

LEC Lateral Entorhinal Cortex

LFP Local Field Potential

LOR Log Odds Ratio

LRN Low-Rhythmic Firing Neurons

MEC Medial Entorhinal Cortex
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Table 3: List of Abbreviations

MLA Methyllycaconitine citrate

MS Medial Septum

NBQX 2,3-Dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide

NMDA N-Methyl-D-aspartic acid

PBS Phosphate-Buffered Saline

PFA Paraformaldehyde

PV Parvalbumin

PaS Parasubiculum

PrS Presubiculum

ROPE Region Of Practical Equivalence

Rin Input Resistance

SAP IgG192-Saporin

STDP Spike Time Dependent Plasticity

TTX Tetrodotoxin

VGAT Vesicular Inhibitory Amino Acid Transporter

VR Virtual Reality

Vm Resting Membrane Potential

WFS1 Wolframin ER Transmembrane Glycoprotein

YFP Yellow Fluorescent Protein

sACSF Sucrose Artificial Cerebral Spinal Fluid
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