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The role of cortical layer 6b in local and global brain state control

Abstract

Layer 6b (L6b) is the deepest cortical layer, is found in many species and partially derived from
subplate. Evolutionary conversation of subplate-derived cells into adulthood and abnormalities
in their human homologue, interstitial white matter neurons, in neuropsychiatric disorders
suggest functional importance, but their function is currently unknown. It has been shown in
somatosensory cortex that subsets of L6b receive long-range intracortical input and project
selectively to higher order thalamus. Moreover, L6b subpopulations can be activated by orexin in
vitro. Therefore, L6b could play a role in brain state control, potentially via an orexin-gated
mechanism.

In this project, I performed continuous EEG/EMG recordings in freely moving Drd1la-
Cre;Snap25%/4;TdTom, “L6b silenced” mice, in which regulated synaptic vesicle release is
selectively ablated from a subset of L6b. Distribution of vigilance states and sleep fragmentation
were unchanged, but there was a reduction in theta power during wakefulness and REM, and a
reduction in 3-30 Hz frontal EEG power during NREM. After sleep deprivation, EEG slow wave
activity dissipated at a lower rate. Silencing L6b also changed in vivo responses to orexin. Orexin
A increased maximal wakefulness episodes duration, and this increase was larger in L6b silenced
animals. In NREM, orexin A and B increased sleep-wake attempts in both genotypes, and orexin
A caused a relative increase in 3-30 Hz frontal EEG spectral power in both genotypes, which
extended to 0.5-3.0 Hz only in L6b silenced animals. In an auditory oddball paradigm, I found
increased within-paradigm and decreased between-paradigm adaptation in L6b silenced
animals, as well as an overall reduction of early peak amplitudes.

Altogether, the findings in this project demonstrate that L6b has a role in sleep-wake
regulation, sleep homeostasis and adaptation, and that there is an interaction between L6b and
orexin signalling in vivo. These findings contribute to establishing the role of L6b in brain state

control.
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1 General introduction

1.1 Introduction

A fundamental property of the neocortex or isocortex is its laminated structure, a characteristic
that was already delineated in the anatomical drawings by Ramon y Cajal and Lorente de N6 over
a century ago (Lorente de N6, 1922; Ramon Y Cajal, 1904). Anatomy reflects function, and the
cortical lamination that is visible in histological samples indicates the presence of distinct
functional entities. It is because of historical reasons that we define six cortical layers, from layer
1 (L1) externally to layer 6 (L6) internally, but in early anatomical studies, seven layers were
distinguished (Lorente de N6, 1922; Ramon Y Cajal, 1904). In current descriptions of the cortex,
the innermost “7th layer” is only giving a status of sublayer within layer 6, layer 6b (L6b), and it is
often overlooked in functional schemes of cortical processing. However, L6b is unique amongst
cortical layers, both for its developmental origin, but also in its responsiveness to
neuromodulators and intracortical and subcortical connectivity (Feldmeyer, 2023; Molnar, 2019;
Thomson, 2010). In this thesis, I describe my investigation of the role of the enigmatic cortical
L6b in sleep-wake regulation and brain state control, with electrophysiological recordings in a
mouse model in which the function of L6b is chronically silenced.

In this General Introduction chapter, I first give a general overview of sleep, including the
electrophysiological definitions of different stages of sleep. I next describe the neurobiological
mechanisms known to underly sleep, and brain structures involved in the regulation of sleep and
wakefulness. In the following section, I briefly review the mechanisms that have been implicated

in the regulation of sleep amount, timing, and intensity. After this general introduction into the
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field of sleep, I will focus on cortical L6b, and describe its developmental origin, composition,
connectivity, and responsiveness to specific neuromodulators. I will conclude this chapter with

formulating a hypothesis on the functional role of L6b and stating the aims for this DPhil project.

1.2 Sleep

Sleep is a paradox in evolutionary biology, occurring in one form or another in all organisms
studied so far, but at the same time being evolutionary expensive, increasing the risk of predation
and other dangers, and reducing the time that can be spent in other activities that are important
for survival such as feeding, mating, and learning (Anafi et al., 2019; Campbell and Tobler, 1984).
The function of sleep is a matter of debate, but in all organisms studied so far, control mechanisms
exist to compensate for a lack of sleep (Achermann and Borbély, 2003; Borbély, 1982) and it is
often argued that a complete absence of sleep will have detrimental, eventually fatal,
consequences (Cirelli and Tononi, 2008; Rechtschaffen and Bergmann, 2002).

Sleep can be defined behaviourally, as a reversible state of quiescence characterised by
reduced responsiveness to external stimuli, typically spent in a species-specific posture and
engaged in at a species-specific time of 24h (Campbell and Tobler 1984). A more objective way of
defining sleep in humans and experimental animals requires recording of electrophysiological
signals from the brain, as described below, which allows distinction between wakefulness, NREM
and REM sleep, which will be described below, and can give insights into the mechanisms

underlying the different sleep-wake states.

1.2.1 Recording states of sleep and wakefulness

The electro-encephalogram (EEG) was first recorded in humans by the German Psychiatrist
Berger in 1924 and is a measurement of the electrical potential difference between two
electrodes places resulting from the summation of all ionic processes occurring in the brain tissue
in the proximity of the electrodes (Berger, 1929; Buzsaki et al., 2012). For recording an EEG,

surface electrodes are positioned on the scalp, and electric potentials are recorded at a “global”
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level, i.e., as a sum of signals from large brain regions. EEGs can be recorded in humans or model
animals and show sleep-wake state specific patterns (Berger, 1929; Buzsaki et al, 2012).
Electrical potentials can also be recorded from within the brain, for example, with a silicon probes
in the cortex or a subcortical structure, that have one or more electrodes to record potentials
from a local area, local field potential (LFP). Waveforms can be extracted from these signals,
resulting in a measure of firing of a neuronal population, or multi-unit activity (MUA). Zooming
in further, signals can be recorded intracellularly, with in vivo or in vitro patch-clamp recordings
(Buzsaki et al., 2012).

For the definition of sleep-wake states, it is most common to record global or local field
potentials with EEG or LFP, respectively, in combination with a registration of muscle activity
with electromyography (EMG). With EMG, active movements can be quantified, as well as sleep-
linked atonia, which is detected as an absence of postural tone (Sulaman et al., 2023).

In humans, sleep consists of cycles of three stages of non-rapid eye movement (NREM)
sleep, NREM1-3, and one stage of rapid eye movement (REM) sleep (Adamantidis et al., 2019). In
mice, which are used in the research presented in this thesis, only one stage of NREM sleep is
defined, which can be followed by REM or ended with a transition back to wakefulness
(Adamantidis et al., 2019; Thomas et al.,, 2022; Traut et al., 2023).

Sleep-wake state specific activity patterns can be referred to as brain states in general, as
cortical states when they are recorded from cortex, or as vigilance states or sleep-wake states
when they refer to the global behavioural sleep-wake state of an animal (Harris and Thiele, 2011;
Tantirigama et al., 2020).

The activity pattern linked to wakefulness consists of irregular population activity in
EEG/LFP recordings that shows high-frequency, low-voltage oscillations, and a predominantly
active EMG (Figure 1.1). During NREM sleep, EEG/LFP show low-frequency, high-amplitude
waves; the EMG is quiet, apart from the heart rate that may become apparent in the absence of
skeletal muscle activity. During REM sleep, EEG/LFP show a pattern that resembles wakefulness,

with smaller-amplitude, higher-frequency oscillations. Characteristic of REM sleep are theta-
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frequency (5-10 Hz) oscillations generated in the hippocampus. Theta oscillations can also occur
in wakefulness but the EMG, which shows muscle activity during theta rich wakefulness and is
quiet because of muscle atonia during REM sleep, allowing differentiation between these states.
A deviation from this principle is phasic REM sleep, when regular bursts of muscle activity are
visible on the EMG (Adamantidis et al., 2019).

Vigilance states exhibit the patterns shown below for wakefulness, NREM and REM sleep
at a global, brain wide level. However, with LFP and MUA4, it has been shown that local vigilance
states are not always consistent with global vigilance states. For instance, during wakefulness,
local sleep oscillations have been recorded in rats (Vyazovskiy et al., 2011) and humans (Huber
etal, 2004). Moreover, some animals only sleep with parts of their brain, such as dolphins which
produce delta waves in only half of their brain during NREM sleep (Mukhametov etal., 1977). The
occurrence of local brain states has been explained with local differences in sleep-wake history,
activating sleep homeostatic mechanisms (Krueger et al., 2008), which will be described further
in section 1.2.4.
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Figure 1.1: Electrophysiological patterns across vigilance states. Representative traces from a single
rat. (A) 24-hour hypnogram. (B) EEG and EMG traces in Wake (left), NREM (middle), REM (right). (C) 24-
hour EEG spectral power, with slow wave activity (SWA) in the 0.5-4 Hz range indicated as a shaded
area. (D) raw multiunit activity (E) raster plots of spiking activity. From Vyazovskiy et al 2009.
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1.2.2 Sleep-wake oscillations

Fourier transformation of field potentials reveals their frequency components; defined frequency
bands have been linked to activity in specific neuronal populations. [ will give an overview of the
major oscillations observed during sleep and wakefulness - with an emphasis on the oscillations

detected during NREM sleep.

NREM sleep

Slow waves (0.5-4.0 Hz) are the hallmark electrographical feature of NREM sleep or slow wave
sleep (SWS). Slow waves can be subdivided into slow oscillations (<1 Hz) and delta waves (1-4
Hz) (Steriade et al., 1993a), but their distinction and the underlying mechanisms remain a matter
of discussion, so they are often considered together as “slow waves”.

Slow waves are the result of synchronous firing of populations of cortical and thalamic
neurons and originate more often in the prefrontal and orbitofrontal regions, from where they
travel in an anteroposterior direction (Massimini et al, 2004; Steriade et al., 1993b, 2001;
Vyazovskiy et al., 2009). A slow wave consist of an UP phase, when neurons are depolarised, and
a DOWN phase, during which neurons are hyperpolarised (Poulet and Petersen, 2008), and these
membrane states coincide with the ON phase of neuronal firing and the OFF phase of neuronal
quiescence, respectively (Csercsa et al., 2010; Vyazovskiy et al., 2009)(Figure 1.1D,E).

In search for the origin of the slow wave, signals have been recorded from deafferented
cortical slabs; the detection of slow waves in these samples suggested that slow waves arise from
the cortex (Timofeev et al., 2000). However, blocking the output from the thalamus to the cortex
also markedly reduces the occurrence of slow waves (David et al., 2013), demonstrating that both
thalamic and cortical neuronal populations contribute to the generation of slow waves.
Intrinsically bursting, bistable neuronal populations have been detected in L2/3, L5 and L6b of
the neocortex, and these may initiate or at least participate in slow waves (Le Bon-Jego and Yuste,

2007; Mao et al,, 2001; Wenger Combremont et al,, 2016a). At the thalamic level, midline and
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dorsal thalamic nuclei may have an important contribution in the timing and synchrony of cortical
slow waves (Gent et al., 2018).

Phase-locked with slow waves are sleep spindles (Figure 1.2B). These waxing-and-
waning bursts of activity oscillate at 10-15 Hz, the sigma frequency range, and arise from
interaction between thalamus, reticular thalamic nucleus (TRN) and cortex (Adamantidis et al.,
2019). Sleep spindles are generated in a process involving intrinsically firing inhibitory neurons
in the TRN that send bursts of activity to first order or sensory thalamic nuclei (Crunelli et al,,
2006; Steriade et al., 1993c)(Figure 1.2A). This results in strong hyperpolarization in thalamic
neurons, which triggers a depolarising I, current, leading to opening of T-type Ca2+ channels,
resulting in a low-threshold Ca2+ spike, and a burst of action potentials from the sensory thalamic
neurons to L4 of the cortex. After 0.5-2 seconds, the sleep spindle is ended by input from the

cortex (Bonjean etal., 2011).

i )

Thalamic
Nucleus

Figure 1.2 Sleep spindles.

(A) Sleep spindles are generated by an interaction between inhibitory thalamic reticular nucleus
(in this Figure shown as NRT) neurons, that evoke burst firing in excitatory thalamic neurons.
These neurons activate cortical neurons in L4, which project to TRN and thalamus to terminate
the spindle Figure from Crunelli et al 2006.

(B) Example of a sleep spindle on an EEG recording. Figure from Ventouras et al 2005.
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The functional role of sleep spindles is not fully established. They occur more frequently
around NREM-REM transitions and may contribute to these transitions (Bandarabadi et al,,
2020). They have also been linked to sensory disconnection and memory consolidation, with the
degree of coupling between slow waves and sleep spindles being the most important predictor of
memory consolidation (Hahn et al., 2019; Helfrich et al., 2018). Spindle-slow wave coupling is
thought to involve a prefrontal circuit, and sleep spindle deficits are found in schizophrenia
patients who also have abnormalities in TRN, thalamus and prefrontal cortex (PFC) coupling
(Ferrarelli and Tononi, 2017). It is likely that sleep spindles cannot be regarded as a dichotomous
event with a single function but that their effects are diverse and depend on their
electrophysiological appearance, or ‘oscillatory quality’, which also determines the degree of
coupling of slow waves and spindles (Blanco-Duque et al., 2023). In humans, a classification has
been made between slow (9-13 Hz) and fast (13-16 Hz) sleep spindles, recruiting frontal and
hippocampal areas, respectively (Schabus et al., 2007).

Memory consolidations is also thought to involve sharp wave ripples (SWRs), which
consist of a sharp nonperiodic wave and a fast periodic ripple (150-200 Hz). SWRs play a role in
hippocampus-cortex synchronization, which contributes to the consolidation of declarative
memories (Khodagholy et al.,, 2017).

Infraslow oscillations have a frequency of <0.1 Hz and occur in cortex, thalamus, basal
ganglia, hippocampus, and locus coeruleus (Adamantidis et al., 2019). Infraslow oscillations at
the specific 0.02 Hz frequency show correlation with sleep spindles and contribute to NREM sleep
stability. During the UP phase of 0.02 Hz waves, animals are less likely to wake up from auditory
stimulation, and during the DOWN phase, they are more likely to do so (Lecci et al., 2017).

K-complexes are 9-16 Hz oscillations are irregularly occurring waves that can be elicited
by environmental stimuli and derive their name from the effect of auditory stimuli of ‘knocks’ by
researchers (Adamantidis et al.,, 2019) K complexes are a reflection of coupling between sleep
spindles, slow waves and slow oscillations and are thought to contribute to sleep stability

(Amzica and Steriade, 2002; Loomis et al., 1935).
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REM sleep
REM sleep is also named paradoxical sleep, because of the apparent paradox of a behaviourally
asleep animal with a highly active brain, showing high-frequency, low-amplitude oscillations
(Jouvet, 1959). The characteristic brain waves of this state are theta oscillations, which are 6-9
Hz waveforms (Figure 1.1B) that are generated in an interaction between the entorhinal cortex
and the CA3 region of the hippocampus (Buszaki, 2002) and have been linked to memory
consolidation and emotional processing during REM sleep (Boyce et al.,, 2016; Hutchison and
Rathore, 2015).

Phase-locked with theta oscillations are gamma oscillations that have a frequency
between 30-100 Hz, although in different studies several subdivisions have been made within the
30-100 Hz range. Gamma oscillations are regarded as an expression of neocortical GABAergic

firing and have been linked with higher order cognitive processing (Fellous and Sejnowski, 2000).

Wakefulness

Some of the oscillations that occur during sleep also occur during wakefulness, but the exact
shape of the waveforms and their functional significance can differ between brain states. For
example, theta and gamma oscillations are not only observed in REM but also in wakefulness and
in the latter reflect a substate of exploratory wakefulness and higher cognitive processing,
respectively (Bragin et al., 1995; Buszaki, 2002; Vassalli and Franken, 2017). Other waveforms
recorded during wakefulness include alpha waves (9-12 Hz) which are observed in the absence
of sensory input when awake subjects close their eyes and are linked to perception preparation
(Bazanova and Vernon, 2014; Busch et al., 2009), and beta waves (13-30 Hz), which are linked to

the continuation of ongoing actions (Engel and Fries, 2010).

1.2.3 Neurobiology of brain state transitions
Transitions between wakefulness and sleep are tightly regulated, to ensure rapid and complete

transitions according to environmental demands. Several theoretical models have been proposed
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to explain sleep-wake transitions, which I discuss below, including the brain state stabilizing

influence of orexin.

The “flip-flop” model
In the ‘flip-flop model’, vigilance state control is compared to an electrical switch, and sleep-wake
transitions are regulated by the interplay of subcortical nuclei that are mutually inhibiting, thus
allowing only one state to exist at a time (Saper et al,, 2001).

In this model, wakefulness is initiated with activation of the ascending arousal system. In
foundational experiments, Moruzzi and Magoun observed that electrical stimulation of the
reticular formation in the brainstem results in desynchronization of the cortex such as seen in

wakefulness (Moruzzi and Magoun, 1949). Later on, specific nuclei were identified (Figure 1.3).

A
cerebral cortex

VPAG/TMN

cerebral cortex
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LC/PB/PC/DR
VPAG/TMN

Figure 1.3: The sleep wake switch. (A) Wake active nuclei of the ascending arousal
system, with a branch from LDT/PPT (green) to thalamus, basal forebrain and cortex, and
a branch from the monoaminergic nuclei (aqua) to thalamus, basal forebrain, and cortex.
Orexin further promotes wakefulness. (B) The sleep active VLPO inhibits the ascending
arousal system. (C) The mutually inhibiting nuclei ensure rapid and complete sleep state
switching. Figure from Saper et al 2010.



A first branch of the ascending arousal system starts in the brainstem, in the cholinergic
laterodorsal tegmental (LDT) and pedunculopontine tegmental (PPT) nuclei which project to
thalamus, TRN, lateral hypothalamus (LH), and basal forebrain (Satoh and Fibiger, 1986) (Figure
1.3A, aqua). A second branch starts at the monoaminergic nuclei in the brainstem: the locus
coeruleus (LC) releasing noradrenaline, the tuberomammillary nucleus (TMN) releasing
histamine, the dorsal raphe (DR) nucleus releasing serotonin and the ventrolateral
periaquaductal grey (VIPAG) releasing dopamine (Figure 1.3A, green). The monoaminergic nuclei
innervate the LH, basal forebrain, and cerebral cortex (Saper et al., 2010). Next, the LH releases
orexin and melanocortin-concentrating hormone (MCH), and the basal forebrain releases
acetylcholine (Saper et al., 2010). Thus, the cortex is innervated directly but also indirectly, via
the basal forebrain and LH, and this indirect route provides an amplification mechanism (Saper
et al, 2010). The side branches to the TRN and midline thalamic nuclei also activate the cortex
(Moruzzi and Magoun, 1949; Saper et al., 2010).

During sleep, the ventrolateral preoptic nucleus (VLPO) becomes most active (Figure
1.3B, magenta). It is located at the anterior side of the hypothalamus and produces both GABA
and galanin, which inhibit the nuclei of the ascending reticular arousing system, both the
PPT/LDT branch and the monoaminergic branch (Sherin et al, 1996, 1998). The VLPO
predominantly promotes NREM sleep, but experimental lesioning of the VLPO in rats leads to a
robust reduction of both NREM and REM sleep (Lu et al,, 2000; Sherin et al., 1996). At the end of
asleep episode, PPT/LDT and monoaminergic nuclei inhibit the VLPO and promote the transition
back to wakefulness (Saper et al., 2010)(Figure 1.3C)..

Within sleep, transitions between NREM and REM sleep are regulated with another
reciprocal switch system. With cFos labelling it has been shown that the extended VLPO promotes
the onset of REM sleep (Lu et al., 2002). Within the extended VLPO, the GABAergic neurons in the
VvIPAG, LPT and sublaterodorsal region (SLD) play a key role (Figure 1.4A). To stay in NREM sleep,
the vIPAG and LPT fire and inhibit the SLD, while during REM sleep, the SLD fires and inhibits the

vPAG and LPT. NREM-REM transitions are further influenced by activity in the VLPO, orexin
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neurons, LC and DR and the LDT/PPT (Figure 1.4B). REM sleep atonia is established by the effect
of glutamatergic neurons of the SLD on spinal and medullary interneurons, and the transition to
an EEG theta rhythm through ascending projections from glutamatergic SLD neurons to
parabrachial nucleus and basal forebrain that drive cortical desynchronisation (Figure

1.4C)(Saper et al,, 2010).
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Figure 1.4 The regulation of transitions between NREM and REM sleep.

(A) REM-on neurons in the SLD/PC (red) and REM-off neurons in the vIPAG/LPT (gold) mutually inhibit
each other, ensuring complete transition between NREM and REM.

(B) LC/DR, orexin, LDT/PPT, VLPO influence the switch to be towards REM-on or REM-off.

(C) a distinct population of glutamatergic neurons in the SLD (red) activates inhibitory neurons in the
brain stem, leading to REM sleep atonia. Ascending glutamatergic projections from PC cause cortical
desynchronisation and generation of theta rhythm. Figure from Saper et al 2010.
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Orexin as a stabiliser of sleep wake states

The risk with a prompt sleep-wake switch is the possibility of unwanted and frequent transitions,
which can occur when one side of the switch is broken, as each state will be closer to the pivot
point (Saper et al.,, 2005). For instance, animal with VLPO lesions do not only exhibit less sleep,
but also more frequent transitions between sleep and wake (Lu et al., 2000).

Orexin (also named: hypocretin; [ use orexin throughout this DPhil thesis for no particular
reason) neurons promote wakefulness, but also project to both sleep and wake active nuclei and
in this way stabilize the ‘flip-flop’ switch (Figure 1.3). The effects of orexin on state stabilisation
become apparent in narcolepsy patients, who often have a reduced number of orexin neurons in
the lateral hypothalamus and in 90% of cases have reduced orexin A levels in the cerebrospinal
fluid (Nishino et al., 2000; Peyron et al., 2000; Thannickal et al., 2000). Narcolepsy symptoms
consist of excessive daytime sleepiness, sudden onset of sleep from wakefulness, cataplexy
(sudden loss of muscle tone during wakefulness), sleep paralysis and hypnagogic hallucinations.
A secondary diagnostic criterium is a lower concentration of orexin A in cerebrospinal fluid
(Sakurai, 2007). Since narcolepsy patients do not experience a change in the total daily time spent
awake or asleep, but rather suffer from unwanted transitions between sleep-wake states,
narcolepsy is regarded as a disease of state instability (Sakurai, 2007).

The stabilizing function of orexin neurons is related to their connectivity. There are
mutual projections between the VLPO and orexin neurons, but the VLPO does not express orexin
receptors (Chou et al,, 2002; Marcus et al., 2001; Sakurai et al., 2005; Yoshida et al., 2006). This
causes the sleep promoting VLPO neurons to inhibit wakefulness through orexin but does not
allow orexin neurons to promote sleep. The resultant consolidated wakefulness will then via

sleep homeostatic mechanisms result in consolidated sleep (Saper et al., 2005).

The thalamocortical model
The ‘flip flop model’ describes how prompt and brain wide transitions between states of sleep

and wakefulness can be established, but cannot explain how sleep-wake history plays a role in
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likelihood of transitions, nor does it explain how local sleep or at least slow waves can occur in
an otherwise awake brain (Krueger et al., 2008; Vyazovskiy et al,, 2011).

It has been suggested that sleep may not be regulated by the interplay between
subcortical nuclei, but that it is governed at a local level, by interactions between thalamus and
cortex. In the thalamocortical model of sleep-wake regulation, it is postulated that local
thalamocortical network activity determines the necessity of a state transition (Krueger and Ob4l,
1993; Krueger et al,, 2008; Thomas et al.,, 2020). L5 neurons could be a driving factor for the
initiation of local and consecutively global sleep, supported by the observation that mice with a
functionally silenced population in L5 pyramidal neurons sleep markedly less than their control
littermates (Krone et al, 2020). Moreover, two recent studies have assigned an important
contribution in sleep regulation to PFC, both by driving sleep preparatory behaviours and by
initiating REM sleep (Hong et al.,, 2023; Tossell et al,, 2023). Whether thalamocortical network

activity or subcortical neuromodulation is determining in state transitions is an open question.

1.2.4 Homeostatic and circadian regulation of sleep

After periods of prolonged wakefulness, the following sleep shows an increase in SWA and is
more consolidated. The electrophysiological signature of this process is an exponential increase
in low frequency activity during wakefulness and a consecutive exponential decline in SWA
during NREM sleep (Guillaumin et al., 2018a; Krone et al., 2021; Milinski et al., 2021; Thomas et
al,, 2020; Vyazovskiy and Tobler, 2005; Vyazovskiy et al., 2009). The process is referred to as
sleep homeostasis, or process S, and possible underlying mechanisms are still under active
investigation (Borbély, 1982; Borbély et al., 2016; Daan et al., 1984).

The sleep homeostat could be set by the levels of brain energy stores (Scharf et al 2008),
such as, adenosine, the metabolic end product of adenosine triphosphate (ATP) hydrolysis
(Krueger et al.,, 2008; Obal and Krueger, 2003; Porkka-Heiskanen et al., 2004). Another theory
suggests that the mechanism behind sleep homeostasis lies in cellular metabolism (Vyazovskiy

and Harris, 2013). According to a third theory, the synaptic homeostasis hypothesis, the function
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of sleep is to reduce the number of synapses formed during wakefulness, in order to only preserve
essentials connections. In this explanation, sleep intensity is an expression of the number of
synapses, which will diminish over time with the duration of sleep (Cirelli and Tononi, 2008). A
fourth theory suggests phosphorylation as a sleep debt tracking mechanism (Tone et al.,, 2022).

Whether homeostatic control of sleep is based on metabolic, cellular, or synaptic
processes (or all), sleep need is not only controlled by preceding sleep-wake history but also by
the circadian rhythm, or process C (Daan et al., 1984). Several circadian oscillators are found in
different organs throughout the body and serve a local pacemaker function, but these eventually
rely on the ‘master clock’ of circadian pacemaker cells which is located in the suprachiasmatic
nucleus (SCN) in the hypothalamus (Reppert and Weaver, 2002).

The molecular mechanism of the intrinsic pacemaker properties of the fly analogue of the
SCN received the 2017 Nobel prize in Physiology or Medicine (Bargiello et al., 1984; Hardin et al.,
1990; Liu et al., 1992; Price et al.,, 1998; Siwicki et al., 1988; Vosshall et al., 1994; Zehring et al,,
1984). The core molecular clock is a transcriptional-translational loop and consists of the
transcription factors CLOCK-BMAL1 that induce the expression of their own negative regulators
Period (PER) / Cryptochrome (CRY). Once PER/CRY levels drop, CLOCK/BMAL1 can induce
another round of expression, continuing the molecular cycle (Patke et al., 2020). The SCN receives
input from specialised retinal ganglion cells during the light phase and projects to the
subparaventricular zone (SPZ). The SPZ innervates the ventral dorsomedial hypothalamus
(DMH) which promotes wakefulness by inhibiting the VLPO, and by stimulating orexin neurons
in the LH (Deurveilher and Semba, 2005; Lu et al,, 2001). Process S and process C interact
extensively to allow dynamic adaptation to a changing environment, with experimental
manipulations of circadian clock genes directly affecting sleep-wake regulation (Borbély et al,,

2016; Laposky et al., 2005; Maywood et al.,, 2021; Wisor et al,, 2002).
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1.3 Cortical layer 6b
In this second part of the introduction, I describe the development, connectivity, responsiveness

to neuromodulators, and a putative role in deviance detection of cortical Léb.

1.3.1 Developmental origin of L6b

Subplate neurons are amongst the earliest generated neurons in the cerebral cortex (Kostovic
and Rakic, 1980, 1990). They are components of the subplate zone, which contains an extensive
extracellular matrix and is therefore anatomically distinguishable in some species including
human and mice (Kostovi¢, 2020) (Figure 1.5). Cortical plate neurons are formed in the
ventricular zone and migrate outwards via radial glial cells, which moves the subplate inwards
(Bystron et al., 2008; Hoerder-Suabedissen and Molnar, 2015). During development, subplate
neurons have an important role in the establishment of thalamo-cortico-thalamic networks,
through the formation of transient connections with thalamocortical axons and also by forming a
waiting compartment for afferent axons (Allendoerfer and Shatz, 1994; McConnell et al., 1989;
Molnar and Blakemore, 1995; Molnar et al., 1998). When cortical development is completed, most
subplate neurons die, but 10-20% survive and remain present as functional neurons into
adulthood (Allendoerfer and Shatz, 1994; Price et al., 1997; Torres-Reveron and Friedlander,
2007). In mice, the remaining subplate neurons form a condensed cell layer at the bottom of the
cortex named L6b; regarded as the human homologue are cell bodies interspersed between the
white matter fibres below the cortex, interstitial white matter neurons (IWNs) (Duque et al,,
2016; Kostovi¢ and Judas, 2010; Kostovic and Rakic, 1980). Not all neurons in L6b are derived
from the subplate; some neurons are formed later in cortical development (Marx and Feldmeyer,
2013).L6b or IWNs have been identified in many different species and this conservation suggests
and evolutionary advantage of the survival of subplate neurons into adulthood (Bhagwandin et

al,, 2020; Reep, 2000; Swiegers et al., 2019, 2021a, 2021b).
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Figure 1.5: Development of the neocortex in mice and humans. (top) schematic representation of
cortical development at 24 weeks post conception in humans. (bottom) histological images showing the
changes in the composition of the neocortex in the course of development in macaque (a) and mouse
(b). From Hoerder-Suabedissen & Molnar 2015.
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1.3.2 Cellular composition of layer 6b

L6b, historically also referred to as multiform layer, is a heterogenous layer, with excitatory and

inhibitory neurons that are diverse in their developmental origin, gene expression, morphology,

connectivity, and responsiveness to various neurotransmitters (Kanold and Luhmann, 2010).
Most neurons in L6b are excitatory and with electrophysiology and biocytin filling

followed by reconstruction and cluster analysis, five excitatory cell types have been described in

L6b of rat somatosensory barrel cortex: pyramidal cells, inverted pyramidal cells, horizontal

pyramidal cells, tangential pyramidal cells, and multipolar cells (Marx et al., 2017)(Figure 1.6).

Figure 1.6: Excitatory cell types in layer 6b. Examples of individual neurons of each subgroup
(rows) in three perspectives (columns). (A) pyramidal neuron, (B) inverted neuron, (C)
tangentially oriented neuron, (D) horizontal neuron, (E) multipolar neuron. Dendrites shown in
red, axons shown in blue. Coloured reconstructions, neuron at its location within the cortex with
axonal projection shown. Black reconstructions, somatodendritic segment of same neuron
depicted with a two-fold magnification. Scale bar: 300 um (A1-E2), 200 um (A3-E3), 150 um
(somatodendritic magnification A1-E2), 100um (somatodendritic magnification A3-E3).

From Marx & Feldmeyer 2003.
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Inhibitory cell types have also been studied in somatosensory cortex, albeit in the entirety
of L6 and not in L6b in specific. Based on electrophysiological properties, dendritic morphology,
and marker gene expression, four inhibitory neuron types have been identified: neuropeptide Y
(NPY), parvalbumin (PV), somatostatin (SST) and vasoactive intestinal protein (VIP) expressing
interneurons. NPY expressing neurons take up half of all inhibitory neurons in L6 and are
especially concentrated in the lower part of L6, presumably L6b (Perrenoud et al,, 2013). While
during development the subplate provides a permissive environment for the tangential migration
of GABAergic interneurons and contains a large number of them, the adult L6b contains the

smallest proportion of GABAergic interneurons (Boon et al,, 2019).

1.3.3 Genetic markers of L6b
Several genetic markers have been identified for L6b. Connective tissue growth factor (Ctgf)
seems the most specific, at least in sensory cortices (Heuer 2003). Other markers that have been
identified are orphan nuclear receptor 1 (Nurrl), Neurexophillin 3 (Nxph3), Lysophosphatidic
acid receptor 1 (Lparl), Transmembrane protein 163 (Tmem163), Complexin 3 (Cplx 3) and
monooxydase Dbh-like 1 (moxD1) (Arimatsu et al., 2003; Beglopoulos et al., 2005; Hoerder-
Suabedissen and Molnar, 2013; Hoerder-Suabedissen et al.,, 2009). Based on marker expression,
L6b takes up about 15% of L6, but based on morphology and projection pattern the L6b
component of L6 may be larger (Hoerder-Suabedissen et al., 2018; Lorente de N6, 1922; Marx
and Feldmeyer, 2013; Perrenoud et al,, 2013; Valverde et al., 1989) and based on projection
pattern too (Hoerder-Suabedissen et al, 2018). In entorhinal cortex, which is part of the
evolutionary older archicortex, Ctgf and Cplx3 label the full width of L6 and not just L6b; L6b in
that part of the cortex may take up the full width of L6 (Ben-Simon et al., 2022).

Single cell transcriptomic analysis of L6b neurons has identified 6 glutamatergic
subgroups within L6b, but currently there is no consensus on how these subgroups match up
with the subgroups identified based on somatodendritic morphology or based on connectomics

(Henning et al., 2023).
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1.3.4 Cre lines to study subpopulations of projection neurons in cortical L6b

Specific Cre driver lines to target subpopulations of cortical L6b have only recently been
developed. In my study, I used a dopamine receptor la (Drdla) Cre line, (Tg(Drdla-
cre)FK164Gsat/Mmucd)(Hoerder-Suabedissen et al., 2018). In this mouse line, Cre expression is
mostly restricted to its cortical expression pattern, with only limited expression in subcortical
areas including only scattered cells in striatum, and some expression in hippocampus, medial
pretectal area and cerebellum (Hoerder-Suabedissen et al., 2018)(Supplementary Figure S3.2).
In the FK164 Drd1a-Cre line, Cre expression starts during the first postnatal week, beginning in
medial and anterior cortex at P1 and continuing more caudally and laterally until P8, when the
expression in cell bodies reaches the adult pattern (Hoerder-Suabedissen et al., 2018). Of the
neurons in L6bin S1, 25% or even 40% are Drd1a-Cre positive (Hoerder-Suabedissen et al., 2018;
Zolnik et al., 2020); the percentages of Drd1a Cre cells in areas other than S1 and M1 may be lower
(Mueller, Szab6, Molnar, unpublished). The expression of Drdla-Cre is restricted to L6b in
primary somatosensory (S1), primary visual (V1) and primary motor (M1) cortex (Hoerder-
Suabedissen et al., 2018; Zolnik et al., 2020) and restricted to deep layers in PFC (gensat.org).

In terms of co-expression of other subplate markers, Drd1a-Cre positive cells do not
express Lparl (Hoerder-Suabedissen and Molnar, 2013) but do express Golli-tau (Jacobs et al.,
2007), whereas not all Golli-tau expressing cells co-express Drd1a-Cre (Hoerder-Suabedissen et
al, 2018). Of the Drd1a-Cre expressing cells, about one-third expresses Ctgf, Neuroserpin or
Cplx3 (Hoerder-Suabedissen et al., 2018; Zolnik et al., 2020). Drd1a-Cre neurons are excitatory
neurons and are a mix of pyramidal and non-pyramidal cells (Zolnik et al.,, 2020). Henning et al.
suggested that only one of the 6 transcriptomic clusters of excitatory L6b neurons expresses
receptors for orexin (Henning et al., 2023) and in vitro electrophysiological recordings from
Drdla-Cre+ cells indicated that a large proportion of the Drd1a-Cre+ neurons in L6b are orexin
sensitive (Tim Zolnik, unpublished observations in S1 and Rajeevan Therpurakal, unpublished

observations in PFC). This made the Drd1a-Cre line particularly suitable for my own studies.
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Another Cre driver line that can be used for selective targeting of L6b is the Ctgf-Cre line
(CtgfTg2-Cre line). In this line, Cre expression is restricted to L6b and subplate during
development (Heuer et al., 2003). In the PFC in adulthood, however, Cre expression is localized
to cortical L2/3 (Hoerder-Suabedissen, Szabd, Berry, Sharott, unpublished; gensat.org).
Moreover, since Ctgf is expressed in the embryonic ventricular zone within cortical neuronal
progenitors (Wang et al., 2010), a direct cross with this driver line is not possible for achieving
selective reporter gene expression. With an inducible Ctgf-Cre line, Zolnik et al. have been able to
target L6b cells in adult mice and they found that Ctgf-Cre expressing neurons form 25% of

neurons in L6b, are excitatory neurons, and are mostly non-pyramidal cells (Zolnik et al., 2020).

1.3.5 Connectivity of L6b
Consistent with the cellular, morphological, transcriptomic, and developmental variations in L6b,
multiple projections patterns have been reported for L6b (Feldmeyer, 2023).

At the most local, within-layer and within-area, level, connections may be stronger for
inhibitory than for excitatory neurons. Excitatory neurons can form connections with other L6b
excitatory neurons and interneurons, but these have relatively low efficacy (Marx et al,, 2017).
Similarly, Drd1a-Cre positive and Ctgf-Cre positive neurons in S1 receive input from other L6b
neurons but this input is sparse and weak (Zolnik et al., 2020). Based on morphology, deep L6
inhibitory neurons in S1 and prefrontal cortex (PFC) seem well-suited for local connectivity,
having dense axonal collaterals (Ding et al., 2021; Marx & Feldmeyer, 2013).

At the cortical column level, there are anatomical projections from L6b in S1 to all other
cortical layers, although these may vary in density and strength (Marx and Feldmeyer, 2013;
Viswanathan et al., 2017). Functionally, in S1, local L4 input to L6b is strong but indirect, L2/3
input is present, and local L5 input elicits responses in L6b but those are much weaker than long-
range connections (Zolnik et al., 2020). Inhibitory neurons from L1 also connect to L6b (Zolnik et
al 2020) and vice versa, L6b neurons project to local L1 (Clancy and Cauller, 1999; Ledderose et

al, 2023; Marx and Feldmeyer, 2013; Zolnik et al, 2020). Recent findings suggest that a
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subpopulation of Drd1a neurons in L6b projects to L1, while another subpopulation of Drd1a
neurons in L6b projects to L5 and higher order thalamus and that these subpopulations have
different functional roles (Zolnik et al., 2023).

Long-range connectivity of L6b can be divided in two categories, cortico-cortical and
cortico-thalamic (Figure 1.7). Cortico-cortical connections became apparent in autoradiography
and histological studies and are thought to be formed by horizontally and tangentially oriented
excitatory neurons in L6b (Prieto and Winer, 1999; Valverde et al., 1989). Retrograde tracing
confirmed long-range cortico-cortical projections from L6b (Vandevelde et al, 1996). With
combined immunohistochemistry and retrograde tracing, it was found that Nurrl positive cells
in L6b project to corticocortical rather than subcortical targets and that this population of L6b is
restricted to interhemispheric connections. It was suggested that different subpopulations of L6b
may be involved in different circuits (Arimatsu et al., 2003). The specific anatomic and functional
connectivity in different subpopulations of L6b was studied with monosynaptic rabies tracing
and channelrhodopsin-assisted circuit mapping from Ctgf-Cre and Drd1a-Cre from S1 (Zolnik et
al,, 2020). Here it was found that the predominant long-range input to L6b in S1 is L5 in ipsilateral
motor cortex, but that there are also considerate connections from S2 and from the collateral S1.
Input from all areas is mostly from neurons in deeper cortical layers, such as from contralateral
pyramidal neurons in L5 (Hay et al., 2015; Zolnik et al., 2020). Zolnik et al. found that 13.2% of
long-range connections to Drdla positive and Ctgf positive neurons was derived from the
contralateral hemisphere, which disagrees with the earlier study on Nurrl positive neurons
(Arimatsu et al., 2003; Zolnik et al.,, 2020). This inconsistency in interhemispheric connectivity
could be explained by the different subpopulations of L6b that were studied.

L6b is also integrated in thalamocortical networks. Drd1a-Cre positive neurons in L6b
project to thalamus, but selectively to higher order nuclei of the thalamus, which are involved in
higher order processing and brain state control (Hoerder-Suabedissen et al., 2018; Viswanathan
et al,, 2017). Non-pyramidal neurons in L6b innervate thalamus only sparsely, suggesting a cell

type specific innervation pattern (Prieto and Winer, 1999).
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In the other direction, there are few direct projections from VPM or POm to L6b in S1
(Meyer et al., 2010; Wimmer et al,, 2010). Likewise, monosynaptic rabies tracing showed that
subcortical input to L6b contributes only 1% of long-range input to L6b, as opposed to cortico-
cortical input which forms 95% of long-range input to L6b (Zolnik et al., 2020).

The sparsity of thalamocortical projections does not exclude the possibility of functionally
important cortico-thalamo-cortical loops involving L6b, such as the one proposed by Hay et al. in
which L6b potentiates thalamocortical projections in L6a in the presence of orexin (Hay et al,,
2015). Also, it should be noted that amongst the sparce long-range subcortical input to L6b, input
from higher order thalamus is the predominant one (Zolnik et al., 2020). Moreover, recent
findings show that L6b can activate L5 and higher-order thalamus in vitro, indicating that L6b
may be involved in activating higher-order cortico-thalamo-cortical loops in vivo (Zolnik et al.,
2023). The dynamics of these loops require further study, such as whether thalamus-L6b
projections synapse in L6b apicals in L5a or elsewhere.

Lastly, L6b projects to hippocampus and may be part of a network involved in spatial
learning and memory. In entorhinal cortex, an evolutionary old area of the cortex, the entire width
of L6 shows characteristics of L6b and these neurons project to all areas of hippocampus, most
strongly to CA3. When these L6b neurons are optogenetically activated, EPSCs recorded from
hippocampus suggest functional significance, and when they are optogenetically silenced,
animals show reduced spatial learning and memory, suggesting that these differences are
behaviourally relevant (Ben-Simon et al., 2022).

Altogether, L6b is embedded in various direct cortico-cortical, transthalamic cortico-
cortical, and cortico-hippocampal networks. It is likely that these projection patterns reflect
different L6b populations, and that L6b populations are differentially integrated depending on

cortical area.
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Figure 1.7: Simplified schematic of transthalamic and direct cortico-cortical networks involving layer
6b. Sensory information reaches the cortex via first order thalamic nuclei and arrives in L4 (light blue).
From L4, it is transmitted to other layers for further processing including L5, the main output layer of
the cortex (light blue). L5 sends powerful driver projections that end in large boutons in higher order
thalamus (orange) and this projection is reciprocal, forming a transthalamic cortico-cortical loop (navy
blue). There are some projections from higher order thalamus to L1 and L6a (navy blue) and sparse
projections from higher order thalamus to L6b (thin navy blue). L6a projects to both first order and
higher order thalamic nuclei and modules thalamocortical transmission (green). L6a projections give
side branches to TRN in contrast to L6b and L5 projections. Only frontal cortical layer 5 projections give
some collaterals to TRN. TRN GABAergic neurons inhibit both first order and higher order thalamus,
providing a mechanism for sensory decoupling (red). L6b receives intracortical input, predominantly
from L5 (orange) and L6a (dark green) but also other cortical layers. L6b projects to L1, near and distant
other layers, with a large component to L5, and to higher order thalamus (magenta). For clarity,
projections from L6b to other layers than L1 and long-range L5 are not shown; neither are the
projections to local and secondary cortex, such as local projections to L6a and L6b interneurons.
Projection patterns of individual neurons depend on L6b cell type, and there may be two broad
categories of cortico-cortically projecting and thalamocortical L6b neurons. L1-L6b, cortical layer 1 —
6b. TRN, thalamic reticular nucleus.



1.3.6 Neuromodulation of L6b

Neurons in L6b are responsive to various neurotransmitters and neuropeptides, with a cell type
dependent response, and for some combinations, interactions between multiple
neuromodulatory systems have been observed. This may enable L6b to sense and integrate

homeostatic information (Feldmeyer, 2023).

Orexin

In Chapter 4, I describe orexin expression, orexin receptor expression and orexin effects on sleep
and wakefulness in more detail, but below I give a short overview of the in vitro effects of orexin
on L6b. Orexin, is mostly known for its subcortical effects (see also Chapter 4), but its receptors
are expressed in cortex too and in corte, its effects are thought to be area specific.

In PFC, orexin 1 receptor (OX1R) is most strongly expressed, and orexin A (ORXA) can
powerfully activate layer 2/3 and layer 5 (Lambe and Aghajanian, 2003; Li et al., 2010; Song et
al,, 2006; Xia et al., 2005; Yan et al., 2012a).

In somatosensory cortex, motor cortex, primary visual cortex and cingulate cortex, on the
other hand, robust activation by both subtypes of orexin, ORXA and orexin B (ORXB), have been
demonstrated for L6b but no other cortical layers and this is thought to result from activation of
orexin type 2 receptors (OX2R) (Bayer et al., 2004; Wenger Combremont et al., 2016b, 2016a).
The effect is postsynaptic and dependent on closure of a potassium conductance.

Within L6b, orexin can activate multiple cell types. A population of multipolar,
spontaneously slow bursting non-pyramidal neurons has been identified that are spontaneously
slow bursting (Wenger Combremont et al., 2016a). These neurons can be activated by orexin and
other neurotransmitters of arousal, including histamine and noradrenaline, which decreases
burst firing and promotes cortical synchronization, which could be a mechanism for sleep-wake
transitions (Wenger Combremont et al., 2016a). Fast-spiking PV interneurons in L6b are only
indirectly activated after orexin bath application, possibly in response to directly excited L6b

pyramidal neurons projecting to interneurons (Wenger Combremont et al., 2016b).
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Moreover, orexin can depolarise and excite the nonspecific centromedial and rhomboid
thalamic nuclei, which are involved in promotion of wakefulness through widespread cortical
projections (Bayer et al, 2002). Optogenetic activation of thalamocortical rhomboid nucleus
neurons in rat brain slices results in excitatory currents in L6 neurons in the parietal cortex, the
main recipient cortical area of rhomboid nucleus. Interestingly, the responses of L6a neurons to
photoactivation of thalamocortical rhomboid nucleus axons are enhanced by bath application of
orexin, not only with an increase in number of action potentials but also in timing precision. Since
L6b but not Lé6a is thought to be activated by orexin, this finding suggests that orexin activation
of L6b promotes responsiveness of L6a to thalamocortical input (Hay et al., 2015).

Lastly, thalamocortical terminals in the PFC can be presynaptically activated by orexin
and elicit antidromic bursting in the thalamus during wakefulness, which may contribute to

attention and vigilance (Lambe and Aghajanian, 2003).

Acetylcholine

Acetylcholine (ACh) is a prominent neurotransmitter of the arousal system and is produced
predominantly by the basal forebrain (Saper et al., 2005). Direct effects of nicotine on L6b have
been observed, although only in synergism with orexin. Nicotine applications leads to prolonged
firing of L6b neurons and potentiates the response of these neurons to orexin, but at the same
time nicotine is dependent on orexin to elicit activation of L6b (Hay et al., 2015). Fast-spiking
interneurons in L6b are not dependent on orexin and can be activated by acetylcholine directly

(Wenger Combremont et al., 2016b).

Neurotensin
Neurotensin plays a role in various homeostatic behaviours including sleep, locomotion, food and
fluid intake, and the regulation of body temperature. It does this via two GPCRs, the neurotensin

receptor 1 (NTSR1) and 2 (NTSR2). The Ntsrl receptor is expressed in L6 corticothalamic
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neurons that project to the ventroposterior medial (VPM) nucleus of the thalamus, which
identifies a population of L6a neurons and is therefore used as marker for L6a (Bortone et al,,
2014; Guo etal., 2017; Olsen et al., 2012). Neurotensin can excite both slow-bursting neurons and
fast-spiking interneurons in L6b (Wenger Combremont et al., 2016b, 2016a). In corticothalamic
slices, neurotensin application also reduces the occurrence of slow oscillatory activity and
increases the spike timing precision after thalamocortical stimulation. Whole-cell recordings
showed that neurotensin reduces the activity of excitatory neurons and increases the activity of
inhibitory neurons. Neurotensin colocalizes with tyrosine hydroxylase, which is an enzyme in the
dopamine synthesis pathway, suggesting a potential synergistic role of the dopaminergic and

neurotensin systems (Case et al., 2017).

Dopamine

Dopamine is produced by the substantia nigra - ventral tegmental area complex and
hypothalamus and dopaminergic axons project widely, including to the neocortex. There are two
types of dopamine receptors, the excitatory D1 like receptors (Drd1, Drd5) and the inhibitory D2
like receptors (Drd2, Drd3, Drd4). D1 like receptors are strongly expressed in the deeper layers
of the neocortex (Berger, 1991). Because of the enrichment of Drd1a specifically in L6b, a Drd1-
Cre mouse line is used as a driver line for L6b research, which is modified to have relatively
specific expression of Drd1a in the cerebral cortex (Hoerder-Suabedissen et al., 2018). It is likely
that the dopaminergic system has a functional effect on L6b neurons. As described before,
neurotensin colocalizes with tyrosine hydroxylase from the dopamine synthesis pathway
suggesting co-release dependent on context (Case et al., 2017). Moreover, dopamine can directly

activate slow bursting neurons in L6b (Wenger Combremont et al.,, 2016a).

Cholecystokinin
Cholecystokinin (CCK) was identified as a gut peptide but was later found to be highly expressed

in the brain, especially in neocortex, including its two receptor types, cholecystokinin receptor 1

38



(CCK1R) and cholecystokinin receptor 2 (CCK2R). Both CCK and its receptors CCK1R and CCK2R
are expressed in the deep layers of the cortex, and CCK can cause robust and long-lasting action

potentials in excitatory L6b neurons in S1 (Chung et al., 2009).

Summarizing, multiple neurotransmitters can activate L6b neurons, directly or indirectly, and all
neurotransmitters that have been investigated in this context so far are arousal-promoting.
Different neuromodulatory systems may be integrated in L6b and promote synergistic effects in

situations where increased attention or arousal is required.

1.3.7 Layer 6b and deviance detection

Sensory information from the environment reaches the cortex via the sensory organs, through
their respective brainstem nuclei, and the modality-specific relay nuclei of the thalamus. The first
order, or relay nuclei project to neurons in L4 in their respective primary sensory cortical area,
which innervate secondary sensory areas for further processing (Harris and Shepherd, 2015).

Not every stimulus should be perceived with the same intensity, as some should carry
more weight, because they are more salient towards survival or other evolutionary needs.
Changes in the environment are especially salient, and therefore different deviant detection
methods are wired in the sensory process via two parallel processes, sensory adaptation in lower
processing steps and top-down prediction error signalling from the cerebral cortex.

In one form of predictive coding, information passes through neuronal nodes that are
organised in a hierarchical order, and only perceptive information that does not match a
prediction is passed on to the following node. Predictive coding is the result of cortico-cortical
and cortico-thalamo-cortical networks and involves suppression of predicted information and
facilitation of deviant information, or error messages (Shipp, 2016). The rationale is that higher
order cortical networks generate prediction models and that these models are compared to
lower-order incoming information. Only incoming information that is different from the

predicted model is passed forward in the hierarchy to the next node of comparison.
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The lowest node in this stream is the input from thalamus to cortical layer 4. Higher-order
models are generated from cortico-thalamic input. In transthalamic cortico-cortical connections,
corticothalamic input is provided by the deep layer neurons of the neocortex in L5 and L6
(Antunes and Malmierca, 2021; Sherman et al,, 2014). L5 pyramidal neurons, the main output
cells of the brain, project to subcortical targets but also send projections to the thalamus. These
projections are specific to higher order nuclei of the thalamus, which are the nuclei that are
involved in higher order processing (Bourassa and Deschénes, 1995; Sherman et al.,, 2014).

L5 corticothalamic boutons are on average large, and they are described as drivers,
referring to their similarities to feedforward projections from the sensory system that can drive
information transmission in the thalamus (Bajo et al., 1995; Sherman and Guillery, 1996).

L6a thalamocortical excitatory neurons, on the other hand, have projections that
innervate both first order or relay thalamic nuclei, and higher order nuclei (Bajo et al., 1995;
Bourassa and Deschénes, 1995). Their axonal boutons are smaller in size, and they are described
as modulators, that do not change the contents of the information, but rather modify the strength
of transmission (Bajo et al., 1995; Bourassa and Deschénes, 1995; Sherman and Guillery, 1996).
L6a CT neurons are excitatory neurons but can exert modulation in either direction, because they
have direct projections to the thalamus for excitatory effects but also parallel projections to the
TRN for inhibitory effects. TRN neurons project to thalamic neurons which allows di-synaptic
inhibition of target thalamic neurons (Antunes and Malmierca, 2021; Guo et al,, 2017).

In transthalamic cortico-cortical networks in predictive processing, it is possible that L6a
neurons take on a prediction error coding role, since they can both enhance and suppress
information transfer through their projections to thalamic nuclei and TRN, respectively. This
allows them to compare information to existing models and modulate whether to pass on the
information or suppress transmission. In such a scenario, L5 neurons, having driving properties
that place them on a lower hierarchical position, are more likely to generate predictive models

rather than to compare them to incoming information (Antunes and Malmierca, 2021).
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A subpopulation of L6b neurons that are labelled in the Drd1a-Cre mouse line form a
different population from either of the above, projecting selectively to higher order nuclei of the
thalamus and not to first order thalamic nuclei or TRN, but having smaller axonal boutons than
L5 neurons (Hoerder-Suabedissen et al., 2018). This makes L6b neurons a unique subpopulation
amongst the infragranular populations.

The sensitivity of L6b to orexin and other neuromodulators might equip L6b with an
additional level of control, in which information about the internal and external environment is
integrated. In S1, optogenetic stimulation of Drd1-Cre thalamocortical neurons increases spiking
activity after whisker deflections in the POm, the higher order nucleus of somatosensory
perception in mice. This happens only to the first whisker deflection of a train of deflections, after
which adaptation occurs rapidly (Ansorge et al, 2020). This finding suggests that the L6b
subpopulation can enhance higher order thalamic activity in specific behavioural contexts. The
photoactivation of the Drd1a-Cre positive Layer 6b neurons in S1 had little effect on activity in
other cortical areas, suggesting a more important role of transthalamic circuits rather than
corticocortical circuits in this context (Ansorge et al, 2020). A possible advantage of
transthalamic circuits for predictive processing could be the integration of input from both
distant cortical areas and from different modalities in multimodality thalamic nuclei (Antunes
and Malmierca, 2021).

On the other hand, cortico-cortically projecting L6b neurons could also play a role in
detecting changes in the environment. There are several subtypes of L6b neurons. Some L6b
neurons project to L1 in somatosensory barrel cortex, in visual cortex, in sensory, motor, and
frontal cortex (Clancy and Cauller, 1999; Zolnik et al., 2020). At least in S1, the L6b neurons
engaging in this projection are the Drdla-Cre expressing neurons (Zolnik et al, 2020). L1
inhibitory neurons have been demonstrated to be key mediators of generating a ‘mismatch
response’ to deviant stimuli (Lakatos et al., 2020). However, it would be unclear which neuronal

populations would innervate L6b in this scenario.
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The mismatch response to a deviant auditory stimulus in the prefrontal cortex is likely to
be based on prediction error signalling (Casado-Roman et al., 2020). Narcolepsy patients show
altered frontal evoked responses in pre-attentive and attentive tasks (Naumann et al., 2001) and
orexin administration enhances performance in attention tasks in rats (Lambe et al., 2005). Since
L6b is the main cortical population responsive to orexin (Bayer et al., 2004), the effect of orexin
on pre-attentive processing and attention in prefrontal and frontal cortex could be, at least
partially, mediated through L6b. Altogether, arole of L6b in signalling changes in the environment
could be possible based on its projection pattern and would be consistent with the vigilance

promoting effects of neuromodulators.

1.3.8 (Clinical implications of studying L6b

Some of the susceptibility genes of autism and schizophrenia are transiently expressed in
subplate during development (Hoerder-Suabedissen and Molnar, 2015; Hoerder-Suabedissen et
al, 2009). Abnormal distribution and numbers of IWNs have been described in autism and
schizophrenia (Akbarian et al., 1996; Bailey et al., 1998; Casanova, 2015; Duchatel et al., 2019).
Detection of sensory stimuli and brain state control are altered in these conditions (Adler et al.,
1982; Bailey et al., 1998; Boutros et al., 2004; Casanova, 2015; Duchatel et al., 2019; Miano and
Ferri, 2010; Shelley et al., 1999; Siegel et al., 1984; Waite et al., 2016), and it is an interesting
possibility that the abnormal subplate remnant circuits are responsible for the altered
perception, state control and sleep in autism and schizophrenia. This translational potential
provides additional motivation to further understand the role of these circuits in normal and

pathological development.
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1.4 Hypothesis and project aims

L6b is comprised of neurons that can be considered as the remnants of the subplate, a key
structure in cortical development. In all species studied (Bhagwandin et al., 2020; Swiegers et al.,
2019, 20214, 2021b), some subplate cells survive into adulthood as L6b (rat and mouse) or as
interstitial white matter neurons (primates and carnivores)(Kostovic and Rakic, 1980). This
evolutionary conservation suggests a functional benefit of survival of subplate cells into
adulthood. L6b has several subtypes; some are well-connected, both with long-range projections
to other cortical layers, and some with projections selectively to higher order nuclei of the
thalamus. Moreover, multiple cell types in L6b can be directly activated by orexin in vitro(Bayer
et al,, 2004; Hay et al, 2015; Wenger Combremont et al,, 2016b, 2016a) . These properties
combined make L6b a suitable player in the regulation of brain state transitions, since it can
integrate information over large cortical areas and from the presence of orexin and signal the
integrated message to higher order thalamic nuclei, which can initiate cortical arousal and brain
state transitions. This could place L6b in networks of brain state control, in sleep wake regulation
and possibly also in deviance detection. Multiple cell types of L6b can be activated by orexin in
vitro, suggesting that orexin also has an effect on L6b in vivo, and in line with this, some of the

effects on to the cerebral cortex of orexin could be mediated through L6b.

Project aims
1. To investigate the sleep-wake phenotype of mice with a chronic manipulation of
neocortical layer 6b Drd1a-Cre pyramidal neurons
2. To investigate the effects of orexin on sleep-wake regulation in mice with a chronic
manipulation of neocortical layer 6b Drd1a-Cre pyramidal neurons
3. To investigate deviance detection in an auditory oddball paradigm in mice with a chronic

manipulation of neocortical layer 6b Drd1a-Cre pyramidal neurons
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2 General methods

In this Chapter, I describe the general methods for in vivo continuous electrophysiological
recordings, offline signal processing, and statistical approaches that were used in the research
presented. Methods specific to subprojects are described in the methods’ sections of the
respective chapters.

All experiments were performed in accordance with the United Kingdom Animal (Scientific
Procedures) Act 1986 and local ethical review under personal license (PIL) and Vyazovskiy and
Molndr project licences (PPL) granted by the United Kingdom Home Office. Ethical approval was
provided by the Ethical Review Panel at the University of Oxford. Animal holding and

experimentation was located at the Biomedical Sciences Building (BSB), University of Oxford.

2.1 Animal housing and husbandry

Mouse breeding was performed at the dedicated breeding facility in the BSB. The breeding
scheme of the layer 6b silenced mouse (Drd1a-Cre:Snap25%/1:TdTom) colony is described in the
methods section of Chapter 3 (3.2.1). Briefly, Tg(Drdla-cre)FK164Gsat/Mmucd (Drdla-Cre;
MMRRCQ)) and Snap25f1/fl were crossed to B6;129S6-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/]
(Ai14) mice. The Ail4 reporter strain has a STOP-floxed copy of a CAG-promoter driven red
fluorescent protein gene (TdTomato), which allows selective visualisation of Cre expressing cells
(Hoerder-Suabedissen et al., 2019)

Animals were group-housed and kept on a 7AM-7PM light dark cycle, with water and food
available ad libitum. Animals that were assigned for surgery followed by electrophysiological
recordings were transferred to Level 1 of the BSB when they reached an age of 6-10 weeks. On
Level 1, animals were kept on a 9AM-9PM light-dark cycle. Three days before surgery, animals

received non-medicated mash and jelly, to allow habituation to mash for postoperative food
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intake and jelly for postoperative drug administration. On the day of surgery, animals were
transferred to the surgery room on Level 3. After surgery, animals were returned to Level 1 for
postoperative care and management. After recovery, animals were transferred to the recording
setup on Level 3. On all levels of the BSB, room temperature and humidity were maintained at 20

*1°Cand 60 * 10%, respectively.

2.2 Surgical procedures and postoperative care

Surgical implantation of EEG/EMG recording electrodes was carried out as previously described
(Krone et al., 2021; McKillop et al., 2021). Immediately prior to surgery, animals were weighed
for preparation of the surgical analgesics Metacam (meloxicam, 5 mg/kg, Boehringer Ingelheim
Ltd., Bracknell, UK) and vetergesic (buprenorphine, 0.1 mg/kg, Sogeval UK Ltd., York, UK). At the
start of surgery, mice were anesthetized with isoflurane (3-5%), mixed with oxygen (3-4 L/min)
in an induction chamber. When the righting reflex was lost, animals were transferred to a heat
mat, with anaesthesia via a nose mask (2-3% isoflurane, 1-1.5L/min oxygen), where the skin on
the head was shaved with clippers, and metacam and vetergesic were administered
subcutaneously (s.c.). Next, the animal was positioned in the stereotactic frame (David Kopf
Instruments, California, USA; Model 900 Small Animal Stereotaxic Instrument) and anaesthesia
administered through a nose mask at maintenance dose (isoflurane 1-2.5%, oxygen 1-1.5 L /min).
A rectal thermometer linked to a feedback heat map system was inserted for maintenance of body
temperature (35-36 °C) (Homeothermic monitoring system, Harvard Apparatus, Cambridge, MA,
USA), and the eyes were protected with lubricating eye gel (Viscotears, Alcon Laboratories
Limited, Hemel Hempstead, UK). Hydration was provided through s.c. injection of sterile saline
(0.1 ml at the start of surgery). Breathing rate, temperature and depth of anaesthesia were
monitored constantly, and anaesthesia was adjusted if needed. Surgical instruments were laid out
in a sterile area and the animal was covered with sterile drapes. The skin on the head was cleaned
with three consecutive washes of povidone-iodine and 70% ethanol. Next, an incision was made

over the midline skin of the head of the mouse. The skin was retracted, and connective tissue was
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removed, through carefully scratching, and application of etching gel, which was washed off with
sterile saline. Bregma was localized and the positions of the electrodes were marked with a
sterilized marker, with the frontal EEG 2 mm anteroposterior (AP), +2 mm to the right of the
midline (ML), occipital EEG -3.5mm AP and +2.5mm ML. At the marked positions, with a
microdrill a hole was created in the skull without entering the brain. A third hole was made above
the cerebellum for the reference screw. Next, the EEG/EMG headstage was positioned with the
bone screws into the holes using a small screwdriver. The headstage was secured with dental
cement (Super bond, Prestige Dental Products Ltd, Bradford, UK). After the dental cement had
solidified, the EMGs were implanted into the nuchal muscles and the EMGs were secured to the
rest of the headstage with acrylic dental cement (Simplex Rapid, Associated Dental Products Ltd,
Swindon, UK). If needed, the skin was closed with a suture (Ethicon-W9915, Henry Schein,
Gillingham UK). Animals received additional saline (0.1ml/hour of surgery) and were weighed
immediately after the surgery; the headstage weight was <10% of presurgical body weight in all
animals. The animal was transferred to a heated recovery box, where it was monitored until it
showed a righting reflex which took usually less than 10 minutes. The animal was then
transferred to a preheated IVC with white surgical bedding and placed on a heat mat during the
first night.

During the first five days after surgery, animals were examined and weighed daily. Their
condition was recorded on a score sheet, including body weight, spontaneous behaviour,
provoked behaviour, breathing, and the mouse grimace scale. Postoperative analgesia was
provided through jellies mixed with oral Metacam (meloxicam, 5 mg/kg, Boehringer Ingelheim
Ltd., Bracknell, UK) where needed, and animals that required analgesia based on postoperative
scores but did not show interest to medicated jellies were injected with injectable Metacam. In
the first days after surgery, food was enriched with mash and plain jelly, trail mix and water-
soaked pellets. When general condition and body weight had returned to baseline, food was
reverted to regular pellets, that were supplied ad libitum on the floor of the cage until the end of

the experiment.
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2.3 Electrophysiological recordings

2.3.1 EEG/EMG head stages

[ custom-made EEG/EMG head stages. For the EEGs, three 2cm-long stainless-steel wires were
stripped at the ends and soldered onto the three anterior pins on the right side of an 8-pin 90
degrees connector (Pinnacle Technology Inc, Kansas, USA, model 8415-SM). At the other ends,
0.5cm of the wire was stripped and wrapped 2-3 times tightly around a stainless-steel bone screw
(Fine Science Tools, 19010-10, InterFocus Ltd, Cambridge, UK) that had been clipped off and
sanded with sandpaper to limit penetration into the brain. For the EMGs, two 2.5cm long wires
were stripped at the ends and soldered onto the posterior two pins of the 8-pin connector. At the
other ends, the wires were folded into a loop and the loops were soldered into a smooth blob.
Connections were conductivity-tested and electrically isolated with a layer of dental cement

(Simplex Rapid dental acrylic cement (Associated Dental Products Ltd, Swindon, UK) (Figure 2.1).
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Figure 2.1: EEG/EMG recording in mice.

A) Headstage, consisting of 3 EEG recording electrodes and 2 EMG recording electrodes connected
via stainless steel wire and solder to an 8-pin connector. B) Location of EEG and EMG electrodes
after implantation, coordinates with reference to Bregma. AP, anterioposterior direction, ML,
midline direction. C) Example traces of EEG/EMG recordings (in uV) in a mouse.
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2.3.2 EEG/EMG Cables

Custom-made EEG/EMG recording cables consisted of two parts which together formed a
recording cable pair for each animal. The first part consisted of small plug cables that were
plugged into the splitterbox for recording four derivations per animal (frontal to cerebellar,
occipital to cerebellar, frontal to occipital (backup, in case of damage to cerebellar connection),
and EMG1 to EMG2). The plugs were soldered onto a rainbow cable (612-6372, RS Components,
London UK) which connected to the second part of the cable set. The second part consisted of a
rainbow cable with a complimentary end (612-6423, RS Components), soldered onto a silver
cable. The silver cable was soldered onto a headstage with straight pins (Pinnacle Technology Inc,

Kansas, USA, model 8415), that fit into the headstage implanted in the animal.

2.3.3 Recording setup

After recovery from surgery, animals were transferred to the recording room, with a constant
light-dark cycle (9AM light on, 9PM lights off). In the recording room, animals were housed in
individual custom-made Plexiglas cages (35x35x50cm3) with bedding, nesting material and a
water bottle. Food was supplied ad libitum on the floor of the cage. Two Plexiglas cages were
placed in each sound-attenuated recording chamber (Campden Instruments, Loughborough, UK).
The recording chambers were lit with an LED strip attached to the top of the chamber (light levels
120-180 lux), which was connected to a timer on the same light-dark schedule as the room.
Chambers were ventilated through a fan mounted on the side wall of the chamber that was
electrically shielded with aluminium foil. A hole in the top of the chamber allowed insertion of
EEG/EMG cables and positioning of webcams (Logitech, C270, Lausanne, Switzerland) for remote

monitoring.

2.4 Experimental timeline
After animals were moved to the recording room on level 3, they were first left undisturbed for a

day, for habituation to the cage and the chamber. The following day, they were connected to
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EEG/EMG cables and the signals were checked in the Synapse recording software setup (Synapse,
Tucker Davis Technologies, Florida USA). If the signals were not of sufficient quality, other
headstage cables or splitterbox cables were tested in a systemic order, and grounding of the
chamber and its components were checked to reduce noise. Once signals were deemed of
sufficient quality, several days of test recordings followed. Throughout the experiment, animals
were closely monitored for signs of distress and for having twisted cables. A few days later, when
animals were habituated to the cables, a baseline recording followed. During this recording,
animals were briefly checked at 9AM, just before starting the recording, and the rest of the day
the chamber was left closed and the animals undisturbed. The recording was ended the next day
at 9AM, and the animals were checked again and intermittently through webcam view. Typically,
experiments lasted 1-3 weeks, and had 2-3 days in between experimental days other than
baseline recording days. When the experiment had been completed, the integrity of recording
files was verified, the animals were disconnected from the EEG/EMG cables, animals were
terminally anesthetised and perfused (see section 2.7) and brains were obtained for histology.
Splitterbox cables were typically reused, for headstage cables I generally made a new set for every

block of recordings.

2.5 Data acquisition

Data was acquired with a 128-channel neurophysiology recording system with an RZ2 processor
(Tucker Davis Technologies (TDT), Florida, USA), connected to a computer installed with the TDT
Synapse software (Tucker Davis Technologies) and stored locally. The EEG/EMG cables were
connected to a splitterbox in a configuration for analogue referencing (frontal-cerebellar,
occipital-cerebellar, a backup derivation frontal-occipital, and EMG1-EMG2). EEG/EMG signals
were preamplified by a PZ5 preamplifier and sampled at a sampling rate of 305 Hz (Chapter 4)
or 1017.3 Hz (Chapter 3, 5) and filtered with an anti-aliasing filter at 45% sampling rate.

EEG/EMG recordings were continuous, apart from a brief manual restart at 9AM every morning.
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2.6 Signal processing

EEG and EMG signals were processed offline with custom-written Matlab scripts. First, signals
were resampled to 256 Hz. Next, signals were filtered with a Chebyshev type II filter, 0.3 Hz-100
Hz for EEG signals and 3-100 Hz for EMG signals. The resampled, filtered signals were then
converted into European Data Format (.edf) files and blinded for manual assignment of vigilance
states in 4-seconds epochs in SleepSign (Kissei Comptech Co Ltd, Nagano, Japan). Vigilance states
were scored as non-rapid eye movement (NREM) sleep, rapid eye movement (REM) sleep or
Wakefulness, based on visual inspection of the frontal and occipital EEG and the EMG (Figure 1).
Brief episodes of movements during sleep (up to 4 epochs) were scored as movement rather than
wakefulness. Episodes of NREM and wakefulness were considered as uninterrupted if
interruptions were 16s or shorter, episodes of REM were considered as uninterrupted if
interruptions were 8s or shorter. Epochs with large movement and other noise were scored as
artefacts of the respective vigilance state, which were included in vigilance state analysis but not
spectral analysis.

For spectral analysis, two methods of calculating spectra were compared. First, spectra
were calculated within SleepSign software. After sleep scoring was completed, continuous Fast
Fourier Transforms (cFFT) were computed within the software, using a Hanning window and
0.25 Hz resolution, and cFFTs were exported with a 0-30 Hz window. The second method

involved calculating spectra directly from raw data in Matlab, applying the PWelch function:

[pxx f] = pwelch(data, window , noverlap , NFFT, Fs, ‘spectrumType’ )

- window: Hanning and number of samples per window (sampling rate / frequency bin size)
- noverlap: overlap between adjacent windows, 0

- NFFT: length of a window

- Fs:sampling rate

- spectrumType: power spectral density (PSD)
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In the output, pxx is the power spectral density that is estimated for each frequency bin, and fis
the centre frequency for each frequency bin.

The PWelch method is provisionally most accurate, because it divides the signal into
shorter fragments of which the results are averaged, reducing variance. With my data, I found
that PWelch generated spectra with higher absolute power but with a similar shape compared
to the SleepSign-generated spectra (Figure 2.2). For all spectral analysis presented in this thesis,

I used the PWelch function in Matlab.

For examining temporal dynamics of spectra around NREM-REM transitions and after
sleep deprivation (Chapter 3), spectra were also calculated with PWelch in Matlab, but instead
of using as data input a matrix of all epochs of a vigilance state combined, power spectral
density was calculated per epoch, resulting in a matrix with dimensions epochs x frequency

bins.
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Figure 2.2: Comparison of two methods of calculating Fast Fourier transforms.

Fourier transforms calculated in SleepSign (black trace) and with the PWelch function in Matlab
(magenta) in a single animal during Wake, NREM and REM sleep for the frontal and occipital EEG.
The PWelch method results in higher EEG power estimates but the shape of the spectra is
comparable between both methods.
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For calculating EEG power in frequency bands, the Matlab function bandpower was used:
Bp = bandpower(pxx, f, freqBand , spectrumType )

- pxx: spectral power density with 0.25 Hz bins

f: spectral bins in spectrum loaded, 513 frequency bins from 0-128 Hz

freqBand: frequency band limits, e.g. [1 4] for 1-4 Hz delta power

spectrumType: power spectral density (PSD)

Theta peaks were calculated by plotting the spectrum pxx, finding the maximum value within
the defined theta peak window (3.5-9 Hz for wakefulness, 4.5-9 Hz for REM) and determining

the frequency at which the maximum value occurred.

2.7 Statistics

Data was analysed with Matlab and GraphPad Prism. Unless otherwise indicated, all reported
averages are mean * standard error of the mean (SEM) values, and for all statistical tests, alpha
was set at 0.05. Throughout this thesis, the applied statistical test is stated in the text and numbers
of animals contributing to the data are stated in the figure legends.

Differences between L6b silenced and WT animals were investigated with unpaired two-
tailed t tests if there was a single value per animal. One exception to this was the NREM latency
that was calculated for sleep phenotyping in Chapter 3, where values were obviously not normally
distributed, and a Mann Whitney U test was performed instead.

When there were multiple values per animal, genotypes were compared with two-way
Analyses of Variance (ANOVAs) with genotype as column factor and sleep architecture
parameters, epochs, or EEG frequency bin as row factor. When there were missing values, a Mixed
Effects ANOVA was applied instead of a two-way ANOVA. Equal variability of differences between
the groups was not assumed, and therefore the Geisser-Greenhouse correction was applied for
all two-way ANOVAs and mixed effects analyses. Significant two-way interactions were followed
up with post-hoc comparisons, with Bonferroni correction (0.05/number of observations),

except for post-hoc comparisons of EEG spectra, where no correction was applied, as adjusting
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for 119 frequency bins (0.25 Hz bins between 0.5-30 Hz) would be too conservative (Krone et al
2021). When there were more than two conditions compared, three-way ANOVA was applied.
For EEG spectral analysis, EEG spectra of individual animals were either log transformed or
normalised to baseline or vehicle spectra before statistical testing.

For the preliminary survival analysis in Chapter 4, the maximal duration of wakefulness
episodes was determined per animal and per condition, and the difference in maximal
wakefulness between conditions (orexin and vehicle) was compared between genotype groups

with a log rank test in GraphPad Prism.

2.8 Histology

After completion of the experiment, animals were deeply anaesthetised with a lethal dose of
pentobarbitone (obtained from the BSB) and after the toe pinch reflex and corneal reflex had
disappeared, perfused with 0.1 M Phosphate Buffered Saline (PBS), followed by 4% formaldehyde
(F8775; Sigma-Aldrich) in 0.1 M PBS. Headstages were pulled off and brains were extracted, post-
fixed in 4% PFA for 24 hours at 4 °C, and transferred to 0.05% PBS-azide (PBSA) for long-term
storage at 4 °C. Brains were sectioned into 50um-thick coronal sections using a vibroslicer (Leica
VT1000s). Free floating sections were collected and stored in PBSA. Nuclei were stained with 4’,6-
diamidino-2- phenylindole (DAPI) for visualisation of tissue structure. The sections were
mounted in mounting medium (Fluorsave, VWR, Lutterworth UK) on a microscope slide
(Thermoscientific superfrost, RF12312108, Loughborouw, UK) and covered with a cover slid
(VWR coverglasses, 24 x 50mm, 531-0146, Lutterworth UK). The brain sections were imaged
with an epifluorescence microscope mounted with a camera (Leica Digital Module R, (DMR) with
DFC500) or confocal microscope (Zeiss LSM710). Images were processed in Fiji is Just Image]
(FIJI, Schindelin et al 2012) by background subtraction, brightness, and contrast adjustments, and
merging of images from different fluorescent channels. Further processing, such as adding labels
and indicating histological or anatomical boundaries, were carried out in Adobe Illustrator

(Adobe lustrator 2021, San Jose, California, USA).
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3 Sleep architecture and sleep regulation in ‘layer 6b

silenced’ mice

3.1 Introduction

In this Chapter, | describe my investigation of sleep-wake architecture, EEG oscillations and
homeostatic sleep regulation in Drd1a-Cre;Ai14;Snap25%/1, or ‘layer 6b (L6b) silenced’ mice. In
the L6b silenced mouse, there is a selective elimination of regulated synaptic vesicle release from
around birth in a subpopulation of excitatory neurons in cortical L6b, which allows the study of
the functional role of these neurons (Figure 3.1).

[ performed continuous EEG/EMG recordings in freely moving L6b silenced and control
animals during an undisturbed 24-h baseline day, followed by sleep deprivation (SD), to
investigate whether L6b silencing results in changes in sleep architecture and the homeostatic
regulation of sleep. In addition, circadian phenotyping was undertaken to address whether any

sleep-related changes are mediated by the circadian clock.

3.1.1 SNAP25

Synaptic vesicles can be released from neurons through spontaneous (Dagani and D’Angelo,
1992; Katz and Miledi, 1963) and regulated (Siidhof and Rothman, 2009) synaptic vesicle release,
and each of these processes is facilitated through a specific set of proteins. Regulated synaptic
vesicle release, which follows depolarisation of the presynaptic terminal, is mediated by the N-
ethylamide-sensitive factor attachment protein receptor (SNARE) complex that has components

in the synaptic vesicle membrane and in the cell membrane of the presynaptic terminal. After
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depolarisation of the presynaptic neuron, voltage gated calcium channels open, leading to calcium
influx. This causes SNARE proteins associated with the synaptic vesicle to interact with SNARE
proteins in the plasma membrane, promoting and fuelling the fusion of the respective membranes
and the release of neurotransmitter from the synaptic vesicle. The neurotransmitters then bind
to receptors on the postsynaptic neuron, transmitting the signal downstream (Rizo and Siidhof,
2012; Sollner et al., 1993).

SNAP25 (Synaptosomal Associated Proteins of 25 kiloDalton) proteins are SNARE
complex proteins that are associated with the plasma membrane, and they mediate regulated
synaptic vesicle release, by forming a complex with synaptobrevin in the synaptic vesicle
membrane and syntaxin-1 in the plasma membrane (Hanson et al.,, 1997; Poirier et al., 1998;
Sutton et al,, 1998). In culture, genetic deletion of Snap25 leads to condensation of the cis-Golgi
system, which results in cell death from the third division onwards, although some cells survive
past the first week (Santos et al., 2017). Moreover, loss of Snap25 in vitro reduces neuronal
arborisation and completely eliminates regulated synaptic vesicle release (Bronk et al,, 2007;
Delgado-Martinez et al., 2007; Tafoya et al., 2008; Washbourne et al., 2002). Spontaneous vesicle
release was found to occur with a reduced frequency in cultured Snap25 KO neurons in vitro but
in vivo was unaltered in Snap25 KO mice (Bronk et al., 2007; Delgado-Martinez et al., 2007; Tafoya
etal, 2008; Washbourne et al., 2002). In vivo, the absence of regulated synaptic vesicle release at
the neuromuscular junction in Snap25 KO mice results in lethality at birth (Washbourne et al,,
2002).

Whereas in vivo whole-mouse manipulation of Snap25 is impossible because of the
perinatal lethality, Snap25 can be targeted in specific cell populations without causing lethality.
Elimination of functional Snap25 from specific populations of cortical projection neurons by Cre
mediated excision in cortical L5 (Rbp4-Cre), L6a (Ntsr1-Cre) and L6b (Drd1a-Cre) reduces fusion
of synaptic vesicles with the presynaptic terminal and shows normal initial cortical development
(Hoerder-Suabedissen et al., 2019; Korrell et al., 2019). Eventually, this manipulation results in

neuronal degeneration, with the time course of degeneration varying per targeted neuronal
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population. In the L5 silenced (Rbp4-Cre;Ai14;Snap25%/f) mouse, degeneration starts at the
earliest age, from 8 months of age, whereas in the L6b silenced (Drdla-Cre;Ail4;Snap25%/1)
mouse, there is synaptic loss and fibre loss, but no degeneration was observed until 9 months of
age, the oldest time point investigated (Hoerder-Suabedissen et al., 2019). Thus, in my study,
Drdla-Cre neurons are present in L6b and are expected to show no signs of neurodegeneration,
but have no functional synaptic transmission, effectively eliminating these neurons and their

downstream effectors, a situation we refer to as ‘synaptic silencing’.

3.1.2 The Drdla-Cre driver line

In the Tg (Drd1la-cre)FK164Gsat/Mmucd mouse (Drd1la Cre) line, Cre recombinase is expressed
relatively selectively in neocortical L6b from the time of birth (Gerfen et al., 2013). Expression is
specific to cortical excitatory neurons and is observed in 25-40% of neurons in L6b (Hoerder-
Suabedissen et al., 2018; Zolnik et al., 2020). Drd1a-Cre cells often have a pyramidal shape, but
are also observed with other morphologies, such as multipolar and with a tangential orientation
(Hoerder-Suabedissen et al., 2018). Monosynaptic rabies virus tracing experiments in primary
somatosensory cortex using Drdla-Cre neurons as starter cells showed that they receive
predominantly long-range intracortical input (Zolnik et al., 2020) and anterograde Cre dependent
adeno associated virus tracing indicated that they project to L1 and L5 of the cortex, and
selectively to higher order (e.g. lateral posterior (LP) and posterior (Po) nuclei) but not first order
(e.g. dorsal lateral geniculate nucleus, ventrobasal nucleus, medial geniculate nucleus) nuclei of
the thalamus (Hoerder-Suabedissen et al.,, 2018). The L6b projections do not form collaterals to
the thalamic reticular nucleus (TRN), and they form small boutons at their targets (Hoerder-
Suabedissen et al., 2018). Cortically, expression of Drd1a-Cre is most prominent in L6b but also
observed in L6a and occasionally in L5, especially in anterior and medial cortical areas (Hoerder-
Suabedissen et al., 2018). Subcortically, sparse expression is found in hippocampus and striatum,
and denser expression in several midbrain nuclei and in the cerebellum (Hoerder-Suabedissen et

al,, 2018)(Supplementary Figure S3.2).
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Figure 3.1 The ‘layer 6b silenced’ mouse. (A) Cre expression in Drd1a-Cre;Snap25fl/fl;TdTom (‘L6b
silenced’) mice express is mostly restricted to cortical L6. Cre expressing cells co-express TdTomato,
allowing visualisation of these cells. (B) When Cre is present, exon 5a/5b of the Snap25 gene are excised
, resulting in a truncated, non-functional variant of Snap25. (C) In the absence of functional Snap25,
synaptic transmission is blocked.

3.1.3 Hypothesis

L6b might have a unique role in cortical processing and brain state regulation that is different
from L6a and L5. The selective projections from Drd1a-Cre neurons to higher order but not first
order thalamic nuclei and the lack of collaterals to the TRN distinguishes L6b from L6a neurons,
which project to both first order and higher order nuclei with small projections that have a
modulating effect, and also have collaterals in TRN (Bajo et al., 1995; Bourassa and Deschénes,
1995; Guo et al,, 2017; Hoerder-Suabedissen et al., 2018; Sherman and Guillery, 1996). Based on
its thalamic projection pattern, L6b is more comparable to L5 than to L6a, but axonal projections
from L6b are on average not as large as L5 boutons, and the responsiveness to neuromodulators

is also dissimilar between L6b and L5 (Bayer et al., 2004; Hoerder-Suabedissen et al., 2018).
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In vitro, L6b can be directly activated by orexin, and because of this, L6b has been
suggested to stimulate arousal and wakefulness via an orexin-activated gated mechanism (Bayer
etal,, 2004; Hay et al., 2015; Wenger Combremont et al., 2016a).

Orexin neurons have widespread projections to the brainstem nuclei of the ascending
arousal system, thalamus, and cortex and promote wakefulness (Peyron et al.,, 1998). In PFC,
orexin can activate L2/3 and L5 (Li etal,, 2010; Song et al.,, 2006; Xia et al., 2005; Yan et al,, 2012a),
but in primary somatosensory, primary visual, motor, and cingulate cortex selectively activates
L6b (Bayer et al,, 2004; Wenger Combremont et al., 2016b, 2016a). In thalamus, orexin more
powerfully activates higher thalamic nuclei, which are a projection target of L6b (Bayer et al,,
2002; Hoerder-Suabedissen et al.,, 2018; Lambe and Aghajanian, 2003).

Orexin does not only have a wake-promoting but also a state-stabilizing effect, since
genetic removal of orexin or orexin receptors leads to sleep fragmentation in laboratory animals
(Chemelli et al., 1999; Hara et al,, 2001; Lin et al,, 1999). Moreover, decreased orexin levels are
correlated with narcolepsy in humans, which is a disease of sleep-wake instability characterised
by rapid-onset sleep attacks intruded into wake and frequent arousals from sleep (Nishino et al.,
2000; Peyron et al,, 2000; Thannickal et al., 2000).

If activation of cortical L6b is important for the effects of orexin on sleep-wake regulation,
silencing L6b could mimic or partially mimic the effects of orexin or orexin receptor deletion in
cortex, with a reduction in arousal behaviour and impaired sleep-wake consolidation.

Since the L6b silenced mouse is a unique model not used by any other group, the study
was exploratory in nature, using group size comparable to studies in literature. I performed
continuous EEG/EMG recordings in freely moving L6b silenced (n=9) and Cre negative control
(n=7) animals. I analysed the distribution of vigilance states across 24 hours, not limited to but
with attention to parameters of sleep fragmentation. I conducted EEG power spectral analysis for
each vigilance state. The animals were subjected to SD to investigate homeostatic regulation of
sleep. Lastly, I reanalysed an existing data set for a circadian screen that has been performed in a

seperate cohort of L6b silenced animals.
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3.2 Methods

3.2.1 Layer 6b silenced mice breeding

For the establishment of the colony, C57BL6-Snap25tm3mcw (Snap25%/1) mice were crossed
with C57BL6;129S6-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/] (Ail4) mice until both alleles
were present homozygously. In the homozygous animals, exon 5a/5b of the Snap25 gene is floxed
and excised in cells that express Cre, rendering a truncated, dysfunctional protein, and omitting
regulated vesicle release (Figure 3.1)(Hoerder-Suabedissen et al., 2018). Concomitantly, a stop
sequence is excised, and the reporter TdTomato is expressed, for visualisation of silenced
neurons (Figure 3.1). Snap25%/%;Ai14/Ai14 mice were crossed with the driver line (Tg(Drd1a-
cre)FK164Gsat/Mmucd (Drdla-Cre::MMRRC)), where Cre is expressed predominantly in L6b
starting from the time of birth (Hoerder-Suabedissen et al., 2018). [ maintained the colony by
crossing Cre/+::Ail4/Ail14::Snap25%/f females to Ail4/Ai14::Snap25%/1 males.

For colony maintenance, the genotype of pups was determined by assessing TdTomato
expression in young (~P14) animals with fluorescent goggles in the breeding facility. For
experimental animals, the genotype was confirmed by polymerase chain reaction (PCR) from ear
clips in-house or through Transnetyx (Transnetyx Inc, Cordova, Tennessee, USA). For the
experimental EEG/EMG cohort, young male animals were used (L6b silenced (n=9), Controls
(n=7)), where possible littermates. Only male animals were used, because the role of L6b may
vary with sex, and therefore group sizes would need to be much larger than desired from an
initial, exploratory study. Although the age at the start of the recording was comparable between
the genotypes (controls 11+0.48 weeks vs L6b silenced 10.6£0.39 weeks t(14)=0.6966,p=0.4974),
the L6b silenced animals had a lower body weight (controls 23+0.67 g vs L6b silenced 21+0.47 g,
t14=2.530, p=0.024). A lower body weight compared to Cre negative control animals has also
been observed in Rbp4-Cre;Snap25%/8;TdTom, or ‘L5 silenced’ mice (Hoerder-Suabedissen et al.,
2019). Implant weights were surprisingly comparable (controls 0.94+0.04g, L6b silenced

0.94+0.04g).
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3.2.2 Experimental procedures
A detailed description of the surgical implantation of EEG/EMG devices, electrophysiological
recording setup, data acquisition, sleep state annotation, data analysis, statistical procedures, and

histology can be found in the in Chapter 2 - General Methods.

3.2.3 Sleep deprivation procedure

For sleep deprivation (SD), animals were kept awake from light onset for the duration of 6 hours,
during the time when mice in laboratory conditions are predominantly asleep. At light onset
(9AM), the chambers were opened, and nests were removed from the cages. Next, animals were
continuously observed by an experimenter for the full 6 hours, and when an animal seemed to be
falling asleep based on posture and/or online EEG/EMG traces, a novel object was introduced
into the cage. This is a common procedure for SD in rodents, and keeps animals awake
successfully in an ethologically relevant manner that is less stressful than other methods of SD
(McKillop et al,, 2018). After 6 hours, the objects were taken out of the cages, the nests were

reintroduced, and the chambers were closed.

3.2.4 Data analysis

Data analysis is described in Chapter 2 - General methods. In the current section, I specify the
mode of spectral calculations. For state-specific spectral analysis, Fourier transforms were
generated in Matlab with the PWelch function, across all epochs with the same vigilance state
assignment (Chapter 2 - General Methods). For analysis of spectra around the NREM-REM
transition and analysis of sleep homeostatic regulation, Fourier transforms were also generated
in Matlab with the PWelch function, but calculated per epoch, to allow investigation of temporal
dynamics. Spectra were either log transformed (24-hour spectra) or normalised (NREM-REM
transition spectra normalised to 24-hour NREM baseline spectra, SD spectra normalised to 24-

hour NREM/Wake baseline spectra) before statistical comparison.
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3.2.5 Excluded EEG/EMG data from pilot experiment

In 2015, a pilot EEG sleep study was performed by Associate Professor Tomoko Yamagata, in a
small cohort of L6b silenced animals (n=2) and a control animal (n=1). In the pilot, no major
effects on distribution of vigilance states were identified, but the cohort size was too small to
conduct spectral analysis and no detailed investigation of the effects of SD was undertaken. Yet,
the foundations for the study of sleep wake regulation in L6b silenced were laid, and we decided
to revive this project and repeat the experiment with a cohort size conventional in
neurophysiological rodent sleep studies at the start of my DPhil. To decide whether I could
include the previously recorded data, I compared the spectra exported from SleepSign from the
2015 cohort and my current 2022 cohort. I found that the spectra of the 2015 study were
significantly different from the current 2022 study (Supplementary Figure S3.1). For the 2015
animals, there was also not sufficient data for control animals, and inclusion of just L6b silenced
animals’ data would lead to unbalanced group sizes. Considering these aspects, | decided not to

include the data from the 2015 pilot study in my analyses and focus only on the current cohort.

3.2.6 Excluded EEG/EMG data from the current experiment

For the current cohort, the occipital EEG channel in one control animal (C7) was of low quality
and excluded from spectral analysis for both baseline and SD day. The occipital EEG channels of
one additional control animal (D6) and a Léb silenced animal (D5) were excluded only for SD. In
two (different) animals, the EMG signals were of insufficient quality to reliably score bouts of
movement, so these animals were excluded from analysis of brief awakenings. The reduced
quality of some channels was most likely due to impaired conduction in the head stage wires after
multiple days of implantation; especially the EMG wires, which are implanted in the neck muscles,
are prone to deterioration over time. Artifact 4s-epochs were scored as artifact of their respective
vigilance state and included in sleep-wake architecture analysis but excluded from EEG spectral
analysis. The percentage of artifact epochs across the 24-hour file was comparable between

genotypes (Controls 2.80+1.43%, L6b silenced 2.09+0.729, t(14=0.4706, p=0.65).
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3.2.7 Circadian screen
This experiment has been performed in 2015 by Dr Luiz Guidi and Professor Peter Oliver in a
separate cohort of L6b silenced animals that was generated by Dr Anna Hoerder-Suabedissen. I

received the blinded raw data from Luiz and reanalysed the data.

Experimental setup

For the circadian experiment, young adult male L6b silenced (n=6) and control animals (n=7)
were used, that had been raised in 12h:12h light-dark schedules with food and water ad libitum.
Upon start of the experiment, they were moved to individual cages inside light-tight chambers to
allow better control of the light-dark schedule. Home cage activity was assessed with running
wheels, of which rotations were recorded with a 1-minute resolution in ClockLab (ActiMetrics

Inc, Wilmette, Illinois, USA, version 6.1.02).

Experimental schedule

Baseline rhythmicity was investigated with a 12h:12h light-dark schedule, with lights on at
5:00AM (Figure 3.2). After 21 days, the light schedule was changed to constant darkness for 10
days, for assessment of the innate active period, alpha. Next, animals were kept in constant light
for 16 days, aimed at characterising properties of the circadian clock in constant conditions.
Lastly, a 6-hour phase-advance protocol was applied, in which lights were turned off at 11:00AM,

corresponding to 6h after light onset, and on at 11:00PM, and recordings continued for 10 days.

Excluded data

During the 12h:12h light-dark condition, the first two days were excluded for all animals because
the animals were not stably entrained yet, and the last day was excluded for all animals because
the data was missing as a result of a computer crashes. For both the constant dark and the
constant light paradigm, one day was excluded for all animals because of missing data. For the

constant light condition, data from one control animal was excluded for technical reasons.
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Data analysis
[ received raw data blinded per genotype as ‘cat’ and ‘dog’. Unblinding was performed after
completion of analysis and verified with the original investigators. [ reanalysed all raw data in

Clocklab and further processed the results in Matlab and GraphPad Prism.

Statistics

All comparisons in the circadian screen report the results of a two-tailed unpaired t test, except

for the phase advance paradigm, where the genotypes are compared with a two-way ANOVA.
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Figure 3.2: Schematic overview of the circadian experiment.

Each bar shows two consecutive days of 24 hours. The number of bars per condition is kept
constant for ease of visualisation and does not precisely correspond to the exact number of days
per condition. First, animals were exposed to a 12:12h light-dark schedule for 21 days (LD). Then,
animals were kept in constant darkness for 10 days (DD). Next, the lights were constantly turned
on for 16 days (LL). The animals were then exposed to a few days of a 12:12h light dark schedule
again (LD), after which the phase of the light schedule was advanced for 6 hours and kept on
this schedule for another 10 days (phase advance).



3.3 Results
In this experiment, [ conducted continuous EEG/EMG recordings in L6b silenced mice, in which
regulated synaptic transmission is ablated from Drdla-Cre positive cortical neurons by Cre

dependent deletion of exon 5a/5b of the Snap25 gene (Hoerder-Suabedissen et al., 2019).

3.3.1 Baseline sleep-wake regulation in L6b silenced mice

Blinded scoring of vigilance states was performed manually in 4s-epochs following convention in
EEG sleep studies (Yamagata et al., 2021). Epochs with irregular low-amplitude EEG activity and
low or high EMG activity were scored as wakefulness; epochs with high-amplitude, low-frequency
EEG waves and heartbeat-only EMG activity, were scored as NREM; epochs with regular low-
amplitude, 4-10 Hz EEG activity and heartbeat-only EMG activity were scored as REM (Figure
3.2). NREM episodes interrupted by short bouts of movement on the EMG (<16s) were considered
as single episodes and these brief awakenings were scored as ‘movement’. Raw traces were
comparable between genotypes, facilitating unbiased scoring (Figure 3.3).

Hypnograms show that during the light phase, more time is spent asleep, and during the
dark phase, wakefulness predominates, as is expected from nocturnal animals (Figure 3.4). The
time course of NREM sleep slow wave activity (SWA, 0.5-4 Hz) in the frontal EEG showed a typical
build-up and decline of SWA during sleep. EMG activity is high during wakefulness, and low
during sleep (Figure 3.5A). During NREM sleep, EEG power is increased in the lower frequencies
(0.5-4 Hz), and during wakefulness, EEG power becomes more prominent in the theta-frequency
range (4-10 Hz), especially in the occipital EEG (Figure 3.5B,C).

In all animals, the EEG spectral power density showed a typical pattern of high SWA (0.5-
4 Hz) during epochs scored as NREM sleep, a prominent theta peak (4-10 Hz) during epochs
scored REM sleep, and mixed frequencies during epochs scored as wakefulness (Figure 3.5C). The
high levels of SWA during NREM sleep are most pronounced in the frontal EEG, reflecting more
frequent occurrence of slow waves in anterior brain areas. The theta peak is most pronounced in

the occipital EEG, as the occipital EEG electrode is closest to the hippocampus in rodents.
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Figure 3.3: Example EEG/EMG traces in a L6b silenced and control animal. An 8 second trace is shown for
the frontal EEG, occipital EEG and EMG during Wake, NREM and REM in a representative control (A) and
a L6b silenced animal (B).

A

Figure 3.4: Hypnograms of all animals. Hypnograms across 24 hours show no obvious differences in the
distribution of wakefulness (green), NREM sleep (blue) and REM sleep (red) between control animals (A)
and L6b silenced animals (B).
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Figure 3.5: Spectral characteristics in example animals.
(A) Representative SWA, hypnogram and EMG variance in a representative control (left) and L6b
silenced (right) animal. SWA shows a typical pattern of exponential increase and decrease during
NREM, visible by the comparison of SWA and the hypnogram plotted below. EMG activity is highest
during wakefulness and lowest during NREM and REM.
(B) Power spectral density across 24 hours in a representative control (left) and L6b silenced

(right) animal.

(C) Power spectral density per vigilance state averaged over 24 hours in a representative control
(left) and L6b silenced (right) animal.
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3.3.2 Daily sleep-wake architecture

On visual inspection of all hypnograms, no major differences were apparent between the two
genotypes (Figure 3.4). Across 24 hours, L6b silenced and control animals spent comparable time
in wakefulness (controls 42.5+1.30% vs L6b silenced 41.3+1.82%, t(14=0.5059, p=0.6208), NREM
(controls 45.0+£0.799% vs Léb silenced 46.6+1.55%, t14=0.8672, p=0.4005) and REM sleep
(controls 7.97+0.710% vs L6b silenced 7.41+£0.407%, t(14)=0.7262, p=0.4797)(Figure 3.6C).

The hourly time courses of Wake, NREM and REM showed a typical pattern for nocturnal
animals, with most time in NREM sleep during the light phase and most time in wakefulness
during the dark phase with no difference between genotype-grouped averages (Figure
3.6A)(Time x Genotype interaction, Wake F(23322=0.8239 p=0.7008; NREM F(23,322)=0.8173
p=0.7094; REM F(23322=0.6488, p=0.8925). The hourly time course of REM sleep as a percentage
of total sleep was also not different (Time x Genotype interaction, F(23322)=1.133, p=0.3075),
indicating that L6b silencing does not selective suppress or enhance REM sleep (Figure 3.6B).

If sleep-wake states are unstable, total time spent in each of the vigilance states can be
unchanged whereas episodes will be shorter in duration and occur more frequently. The
genotypes showed comparable hourly episode counts in each of the vigilance states throughout
the day (Time x Genotype interaction, Wake F(23322=0.8667, p=0.6440; NREM F(,33,2)=0.9279,
p=0.5609; REM F(23322=1.092, p=0.3527) (Figure 3.5D). The average duration of individual
episodes of Wake (controls 14.3+x1.29 min vs L6éb silenced 14.7+1.43 min, tu14=0.1663,
p=0.8703), NREM (controls 4.28+0.200 min vs L6b silenced 4.50+0.298 min, t14=0.5671,
p=0.5796) and REM sleep (controls 1.04%+0.0344 min vs L6b silenced 1.10+0.0523 min,
t14=0.9792, p=0.3441) were also unchanged (Figure 3.6E), as was the number of brief
awakenings (<16s) from NREM sleep (controls 51.1+2.04 h-! vs L6b silenced 51.6+3.97h-1,
t(12)=0.1205, p=0.9061)(Figure 3.6F). Lastly, the NREM latency was not different between the
genotypes (controls median 1.2 min, L6b silenced median 0.13 min, Mann Whitney U 26.50,
p=0.6156)(Figure 3.6G). Altogether, these findings indicate that L6b silencing does not affect

sleep-wake stability.
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Figure 3.6: Daily sleep architecture.

(A) Hourly time course of wakefulness, NREM and REM sleep was not different between L6b silenced
(n=9) and control (n=7) animals.

(B) Hourly time course of REM as a percentage of total REM sleep was also not altered in L6b silenced
animals, indicating no selective suppression of REM sleep.

(C) Total percentage of time spent in Wake, NREM and REM over 24 hours was similar in L6b silenced
and control animals.

(D) The number of episodes of wake, NREM and REM per hour was not affected by silencing L6b.

(E) Average episode duration was not changed in L6b silenced animals.

(F) The number of brief awakenings per hour of NREM sleep was not different between L6b silenced
(n=7) and control (n=7) animals.

(G) The latency to NREM sleep was highly variable and therefore tested with a nonparametric test,
that showed no significant differences between L6b silenced (n=9) and control animals (n=7).
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3.3.3 Spectra during wakefulness

After examining daily sleep-wake architecture, I investigated the effect of L6b silencing on EEG
spectra. L6b silencing did not alter spectral power density in the frontal EEG during wakefulness
although there was a decrease in the theta power range in posthoc comparisons (Two-way
ANOVA, Genotype x Frequency, F117,1638=0.399, p>0.9999, posthoc comparison significant for
8.0-11 Hz, 12-12.75 Hz) (Figure 3.7A). When band power in the theta frequency range (4.5-10
Hz) was calculated, there was no significant difference between genotypes (absolute EEG power,
taz71=1.494, p=0.1579, as percentage of total 1-30 Hz power (t(1352=0.7057, p=0.4924, unpaired
Welch'’s t test)(Figure 3.7E,F).

In the occipital EEG, L6b silencing significantly changed spectral power density during
wakefulness, due to a reduction in the theta frequency range (Two-way ANOVA, Genotype X
Frequency, F117,1521)=2.176, p<0.0001, posthoc comparison significant for 8.75-13.5 Hz, 14.0-15.0
Hz). Yet, when band power was calculated for the frequency range (4.5-10 Hz), there was no
significant difference between the genotypes (absolute band power: t(298=1.406, p=0.1833; as
percentage of total 1-30 Hz power tx11.97=1.146, p=0.2742), Welch’s t test)(Figure 3.7 G,H).

The difference in spectral power that was observed between occipital EEG spectra (Figure
3.7B) may result from a slowing of theta oscillations (Figure 3.7], theta peak frequency WT
7.42+0.300 Hz vs L6b silenced 5.78 + 0.485 Hz, Welch’s t test, t(12.40)=2.873, p=0.0136) since the
theta peak amplitude was not different (Figure 3.71, t(10.78)=0.9218, p=0.3768).

EEG spectral power in the gamma range (30-100 Hz) originates from activity in cortical
networks and the amplitude of gamma oscillations is phase-locked with the phase of theta
oscillations and this coupling is stronger during REM sleep (Scheffziik et al,, 2011). To test
whether changes occurred in the gamma frequency range, [ analysed the EEG spectral power
across the full spectrum recorded (up to 128 Hz), instead of using an upper limit of 30 Hz as I did
in other analyses (Figure 3.7B,D). The 49-51.5 Hz frequency range was excluded from spectral
analysis. I found that L6b silencing did not change gamma frequency spectral power density in

the frontal or occipital EEG derivation during wakefulness.
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Figure 3.7: Spectral power density during wakefulness.

(A) EEG spectral power in the frontal EEG in L6b silenced (n=9) and control (n=7) animals. Black asterisks
indicate frequency bins that were significantly different in posthoc comparison between the genotype
groups. (B) EEG spectral power in the occipital EEG in L6b silenced (n=9) and control (n=6) animals. Inset
shows changes in theta frequency range in more detail. (C) EEG spectral power in the frontal EEG with
frequency range extended to 128 Hz. (D) EEG spectral in the occipital EEG with frequency range extended
to 128 Hz. (E) Frontal EEG spectral power in the theta frequency band (4.5-10 Hz), absolute power and
(F) power relative to total power in the 1-30 Hz spectrum. (G) Occipital EEG spectral power in the theta
frequency band (4.5-10 Hz), absolute power and (H) relative to total power in the 1-30 Hz spectrum.

(1) Peak value in the theta frequency range (4.5-10 Hz) in the occipital EEG and (J) peak frequency.
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3.3.4 Spectra during REM sleep

REM sleep is also called paradoxical sleep because it is behaviourally characterised as sleep, but
the EEG shows a pattern of cortical activation. L6b silencing affected EEG spectra during REM
sleep, with a reduction in frontal EEG spectral power density in the theta and beta frequency
ranges (Two-way ANOVA, Genotype x Frequency, F(117,1638=4.300, p<0.0001, posthoc comparison
significant between 8-10 Hz and 14.75-30 Hz), which led to an overall spectral power reduction
in the frontal EEG (Two-way ANOVA, Genotype, F(1,14=4.775, p=0.0464)(Figure 3.8A).

When [ performed comparisons across the entire 0.5-128 Hz range, I found that frontal
EEG power in the gamma frequency range was decreased in L6b silenced animals during
wakefulness (Two-way ANOVA, Genotype x Frequency, F(s00,7000=1.563, p<0.0001, posthoc
comparison significant between 8-10 Hz, 14.75-107.5 Hz)(Figure 3.8C).

The decrease in theta power that was seen in the frontal EEG was also observed in the
occipital EEG (Two-way ANOVA, Genotype x Frequency, Fa171521)=4.455, p<0.0001, posthoc
comparison significant between 8.5-10 Hz)(Figure 3.8B), as well as a decrease in gamma power
(Two-way ANOVA, Genotype x Frequency, F(so06500=6.284, p<0.0001, posthoc comparison
significant between 8.5-10 Hz, 69.75-128 Hz)(Figure 3.8D).

The EEG power decrease in the occipital EEG that was detected in the 8.5-10 Hz frequency
range was the result of a slowing of theta power (Figure 3.8 B, G-H)(theta peak frequency controls
7.58 £ 0.0833 Hz vs L6b silenced 7.11 * 0.0735 Hz, t1147=4.250, p=0.0012, Welch’s t test) rather
than an absolute decrease in theta power, which was not difference between genotypes (Welch’s

t test of absolute 4.5-10 Hz power in the occipital EEG, t(1237=0.7076, p=0.4923)(Figure 3.8E,F).
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Figure 3.8: Spectral power density during REM sleep.

(A) EEG spectral power in the frontal EEG in L6b silenced (n=9) and control (n=7) animals. Black
asterisks indicate frequency bins that were significantly different in posthoc comparison between
the genotype groups.

(B) EEG spectral power in the occipital EEG in L6b silenced (n=9) and control (n=6) animals. Inset
shows changes in theta frequency range in more detail.

(C) EEG spectral power in the frontal EEG with frequency range extended to 128 Hz.

(D) EEG spectral in the occipital EEG with frequency range extended to 128 Hz.

(E) EEG power in the theta frequency range (4.5-10 Hz) in the occipital EEG in L6b silenced and
(n=9) and control (n=6) animals.

(F) EEG power in the theta frequency range (4.5-10 Hz) in the occipital EEG in L6b silenced and
(n=9) and control (n=6) animals, expressed as a ratio of total 1-30 Hz occipital EEG power.

(G) EEG power at the peak theta frequency (4.5-10 Hz) in the occipital EEG in L6b silenced (n=9) and
control (n=6) animals.

(H) Frequency of the theta peak (4.5-10 Hz) in the occipital EEG in L6b silenced (n=9) and control
(n=6) animals.
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3.3.5 Spectra during NREM sleep

During NREM sleep, L6b silencing caused a marked reduction in frontal EEG spectral density
across nearly the entire frequency range, between 3-30 Hz (Two-way ANOVA, Genotype x
Frequency, F117,1638=8.105, p<0.0001, posthoc comparison significant between 3-30 Hz), causing
an overall genotype effect (Two-way ANOVA, Genotype, F1,14=10.42, p=0.0061)(Figure 3.9A).
The frontal EEG power reduction extended into the gamma frequency range (Two-way ANOVA,
Genotype x Frequency, F(500,7000)=5.566, p<0.0001, posthoc comparison significant between 3-
67.75 Hz)(Figure 3.9C).

At closer inspection, no change in absolute frontal EEG band power in the delta frequency
range (1-4 Hz) became apparent in L6b silenced animals (ta120=1.321, p=0.2130, Welch’s t
test)(Figure 3.9E). When power in the delta range was normalised to the total 1-30 Hz power, the
contribution of delta power seemed increased in L6b silenced animals (t(3.80=2.626, p=0.0201,
Welch'’s t test(Figure 3.9F)), likely resultant from changes in other oscillations in the slower
frequency range. Indeed, sigma EEG power (10.5-16 Hz) was reduced in L6b silenced animals,
both when examined absolute frontal EEG power in this range (tq333=3.735, p=0.0024, Welch’s
t test)(Figure 3.9G) and when examined as a fraction of total 1-30 Hz frontal EEG power
(tao.0n=3.471, p=0.0060, Welch’s t test) (Figure 3.9H).

In the occipital EEG (Figure 3.9B,D), L6b silencing had an interaction with the EEG
spectral power distribution but this was not localized to a specific frequency range (Two-way
ANOVA, Genotype x Frequency, Fn17,1521)=3.847, p<0.0001, no significant differences in posthoc
comparison)(Figure 3.9B). When the frequency range was extended, a significant decrease in
high gamma power was observed in L6b silenced animals (Two-way ANOVA, Genotype X
Frequency, F(o006500=1.131, p=0.0274, posthoc comparison significant between 84.25-128

Hz)(Figure 3.9D).
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Figure 3.9: Spectral power density during NREM sleep.

(A) EEG spectral power in the frontal EEG in L6b silenced (n=9) and control (n=7) animals. Black
asterisks indicate frequency bins that were significantly different in posthoc comparison between

the genotype groups.

(B) EEG spectral power in the occipital EEG in L6b silenced (n=9) and control (n=6) animals.

(C) EEG spectral power in the frontal EEG with frequency range extended to 128 Hz.

(D) EEG spectral in the occipital EEG with frequency range extended to 128 Hz.

(E) EEG power in the delta frequency range (1-4 Hz) in the frontal EEG in L6b silenced (n=9) and
control (n=7) animals.

(F) EEG power in the delta frequency range (1-4 Hz) in the frontal EEG in L6b silenced (n=9) and
control (n=7) animals, expressed as a ratio of total 1-30 Hz frontal EEG spectral power.

(G) EEG power in the sigma frequency range (10.5-16 Hz) in the frontal EEG in L6b silenced (n=9)
and control (n=7) animals.

(H) EEG power in the sigma frequency range (10.5-16 Hz) in the frontal EEG in L6b silenced (n=9)
and control (n=7) animals, expressed as a ratio of total 1-30 Hz frontal EEG spectral power.
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3.3.6 Spectra around NREM-REM transitions

The frequency range in which EEG spectral power density was reduced after L6b silencing
included the sigma frequency range (10-16 Hz), the frequency range of sleep spindles. Because
sleep spindles are observed with a higher density around NREM-REM transitions (Bandarabadi
etal,, 2020), I further examined EEG spectral changes around these transitions. [ combined EEG
spectra surrounding all NREM-REM transitions on baseline day per genotype (Figure 3.10A-D)
and calculated spectra in L6b silenced animals as a ratio of spectra in control animals (Figure
3.10E,F). L6b silenced animals showed a pronounced reduction in 10-25 Hz frontal EEG spectral
power in NREM epochs preceding the NREM-REM transition. The power reduction appeared as
two hotspots on the spectrogram, which may reflect an underlying effect on infraslow
oscillations.

Although the EEG power reduction in the sigma frequency range was distinctly visible
around the NREM-REM transition, it was not specific to NREM episodes before NREM-REM
transitions. When the EEG spectral power in the 32 seconds of NREM preceding NREM-REM
transitions was normalised to overall NREM spectral power density on baseline day, no difference
between genotypes was observed anymore (Figure 3.10G)(Two-way ANOVA, Frequency x
Genotype: Fr181652=1.183, p=0.0942).

In the occipital EEG, an increase in spectral power density during the 32 seconds of NREM
sleep immediately preceding the transition to REM sleep was visible around 6-7 Hz, which was
statistically significant (Figure 3.10H)(Two-way, ANOVA, Frequency x Genotype, F(1181652)=1.235,
p=0.0492). During subsequent REM sleep, an increase between 6-8 Hz and a decrease between
8-10 Hz spectral power density became apparent (Figure 3.10F), which is consistent with the

theta peak shift that was observed when the full day was analysed (Figure 3.8B).

Figure 3.10: Spectral changes around the NREM-REM transition. (next page)

Spectral changes from 2 minutes before until 1 minute after the NREM-REM transition.

(A) Spectral power density in the frontal EEG in control animals (n=7) (B) Spectral power density in
the occipital EEG in control animals. (C) Spectral power density in the frontal EEG in L6b silenced
animals (n=9). (D) Spectral power density in the occipital EEG in L6b silenced animals. (E) L6b silenced
spectral power normalised to controls’ spectral power in frontal EEG and (F) in occipital EEG. (G)
Spectral power in the 32s before the NREM-REM transition normalised to total baseline NREM
spectral power in the frontal EEG and (H) in the occipital EEG.
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3.3.7 Response to sleep deprivation

In the second part of this experiment, [ investigated homeostatic sleep regulation in L6b silenced
animals, by performing SD, a widely used tool to investigate the effects of physiologically
increased sleep pressure and the dynamics of the homeostatic process that compensates for this
manipulation. Typically, longer waking time leads to reduced sleep latency, longer and more
consolidated sleep, and increased levels of SWA, which dissipate gradually over the following
hours (see Chapter 1, section 1.2.5). SWA is regarded as an electrophysiological measure of sleep
debt and its build-up and decline as markers of the sleep homeostatic process, or Process S
(Achermann and Borbély, 2003; Borbély, 1982; Daan et al., 1984; Guillaumin et al., 2018b).

In this experiment, SD was performed for 6 hours starting from light onset, which
corresponds to a relatively inactive phase in laboratory mice. SD was successful in all animals,
with only minimal sleep observed during the 6 hours SD procedure (controls 15.0£3.73 min vs
L6b silenced 14.3£3.97 min, t14=0.1240, p=0.9030). Animals fell asleep soon after the end of SD
and the latency to the first consolidated NREM sleep was not significantly different between the

genotypes (controls, 6.75+2.92 min, L6b silenced 11.2+2.56 min, t14=1.153, p=0.2680).

Time course of NREM SWA after SD
A typical time course of increased SWA after SD that dissipated in subsequent NREM sleep was
seen in both L6b silenced and control animals, but the rate of SWA dissipation was clearly
attenuated in L6b silenced animals (Figure 3.11A). When I plotted the time course of SWA during
recovery sleep in individual animals and fitted an exponential curve (Figure 3.11C), I found that
the time constant of NREM SWA dissipation was indeed significantly lower in L6b silenced
animals compared to controls in the frontal EEG (controls -0.57 = 0.060 h-1 vs Léb silenced -0.28
* 0.029 h'1, t(g723)=4.286, p=0.0022, unpaired Welch'’s t test)(Figure 3.11D).

As expected, the rate of SWA dissipation was lower in the occipital EEG compared to the
frontal EEG (Figure 3.11B). Occipital EEG SWA dissipation rate was not different between

genotypes (controls -0.33 £ 0.026 h-! vs L6b silenced -0.34 * 0.029 h-1, t(10.73)=0.2732, p=0.79).
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Figure 3.11: Homeostatic regulation of sleep.

(A) Decline in SWA (0.5-4.0 Hz) in the frontal EEG from the end of SD for the next 6 hours, in half hour
bins. SWA is normalised to SWA averaged across all NREM epochs on baseline day.

(B) Decline in SWA (0.5-4.0 Hz) in the occipital EEG from the end of SD for the next 6 hours, in half

5 10 15 20
Frequency (Hz)

25 30

hour bins. SWA is normalised to SWA averaged across all NREM epochs on baseline day.

(C) Example in one animal of how the SWA decline rate was estimated. The time course of SWA

was plotted for a single animal (blue), the minimum and maximum value were automatically
identified, and an exponential fit was determined based on these two coordinates (red).

(D) Comparison of decay constant in L6b silenced and control animals. Decay constant was negative
but here plotted as absolute values to emphasize the reduction in decay rate in L6b silenced mice.

(E) EEG power during the first 30 min of NREM in the frontal EEG and (F) in the occipital EEG.
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Spectra during NREM after SD

Normalisation of frontal EEG spectral power density during the first 30 min of NREM sleep
following SD to frequency bin-wise averaged NREM sleep on baseline day indicated that SD
caused a relative increase in frontal EEG spectral power density in the delta frequency range, as
expected. However, in L6b silenced animals the relative increase in delta range frontal EEG power
appeared blunted for the lower frequencies (Figure 3.11E)(Two-way ANOVA, Genotype x
Frequency, F(is1652)=1.502, p=0.0006, posthoc comparison not significant differences for
individual frequency bins), although there was no overall reduction in frontal EEG spectral power
density in L6b silenced animals (Two-way ANOVA, Genotype, F1,14=0.1606, p=0.9009). These
results indicate that the reduction in 3-5 Hz frontal EEG spectral power density that was found in
L6b silenced animals during baseline recordings persisted after SD but was not further affected
by SD. There were no differences between the genotypes in relative occipital EEG spectral power
density during the first 30 min of NREM sleep following SD (Figure 3.11F)(Two-way ANOVA,

Genotype x Frequency, F(1181208)=0.6552, p=0.9981; Genotype, F(1,11)=0.04015, p=0.8448).

Slow wave energy

To further investigate the dynamics of sleep regulatory mechanisms, I calculated Slow Wave
Energy (SWE), which is the cumulative sum of delta power over all epochs scored as NREM sleep
(Figure 3.12). I found that the time course of SWE on SD day was not changed by silencing L6b,
neither when SWE was calculated for the frontal EEG (two-way ANOVA, Genotype x Time,
F(23322=1.326, p=0.1472, although posthoc comparison showed a lower SWE at 8-9 hours, which
corresponds to 2-3 hours after the end of SD), nor for the occipital EEG (two-way ANOVA,

Genotype x Time, F(23253=0.6169, p=0.9157, no significant differences in posthoc comparisons).
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Figure 3.12: Slow wave energy.

(A) Cumulative SWE (SWA x Time) in the frontal EEG across the baseline day (left) and sleep
deprivation day (right) in L6b silenced (n=9) and control (n=7) animals.

(B) Cumulative SWE in the occipital EEG across baseline day (left) and sleep deprivation day (right)
in L6b silenced (n=8) and control (n=5) animals.
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Intensity of wakefulness during sleep deprivation

Build-up and decline of sleep debt are related to the intensity of wakefulness, so I also explored
the intensity of wakefulness during SD by comparing EEG spectra (Vassalli and Franken, 2017;
Vyazovskiy and Tobler, 2005; Yamagata et al., 2021). When wakefulness spectra during SD were
normalised to wakefulness spectra during the baseline day, a relative increase in theta frequency
EEG power was visible in both the frontal and occipital EEG (Figure 3.13), with no significant
difference between genotypes when comparisons were made across the full frequency range
(Frequency x Genotype, F1181652=0.8614, p=0.8517, although significant differences for 9.5-
10.25 Hz in posthoc comparison). Band power comparisons for the high theta range (7.5-10 Hz)
however, revealed significant differences ((Baseline vs SD) x Genotype interaction, F(1,14)=24.46,
p=0.0002). In the occipital EEG, theta power changes were also not picked up by ANOVA
(Occipital EEG: Two-way ANOVA, Frequency x Genotype, F(i181208)=1.928, p<0.0001, posthoc
comparison only significant for 0.75-1.25 Hz, likely artefactual). Band power calculations
indicated that the high theta power increase was significantly smaller in L6b silenced animals

((Baseline vs SD) x Genotype interaction, F(1,11)=14.12, p=0.0032)(Figure 3.13C,D).
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Figure 3.13: Spectra during sleep deprivation. (A) Spectral power density in the frontal EEG in L6b
silenced (n=6) and control (n=7) animals. (B) Spectral power density in the occipital EEG in L6b silenced
(n=8) and control (n=5) animals. (C) Band power in high theta (7.5-10 Hz) frequency band in the frontal
EEG. (D) Band power in the high theta frequency band in the occipital EEG. BL, wake episodes during 24-
hour baseline; SD, wake episodes during 6-hour sleep deprivation.
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3.3.8 Circadian screen

To start my examination of circadian regulation in L6b silenced animals, I assessed Cre
expression in key centres of circadian regulation in Drd1a-Cre;Snap25%/1;TdTom animals. It has
been reported before that there are no Drd1a-Cre expressing cells in the eyes and retina of the
mouse line that was used in this study (Hoerder-Suabedissen et al., 2018). I also did not find Cre

expressing cells in the suprachiasmatic nucleus (SCN) (Figure 3.14)(Paxinos and Franklin, 2003).

1000 pm

Figure 3.14: Absence of Cre expressing cells in the suprachiasmatic nucleus of L6b silenced animals.
Images show representative images from a single Cre positive animal. There are no Cre expressing
cells in the SCN of Drd1a-Cre;Snap25™"":TdTom animals, indicated by the absence TdTomato reporter
expression in the SCN. A, overview of section with 1.6X fluorescence micrograph, the white square
indicates the magnified area in B which shows the SCN. B, there is no TdTomato expression in the
SCN. The upper right image shows the SCN area at this anteroposterior level from the Paxinos mouse
brain atlas. Scale bar, A, 1000y, B, 500 um.
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To investigate circadian regulation in L6b silenced animals functionally, a circadian screen has
been performed in a separate cohort of young, male wildtype (n=7) and L6b silenced (n=6)
animals using running wheels and varying light-dark conditions. The screen has been performed

by Dr Luiz Guidi and Professor Peter Oliver and I reanalysed the raw data.

Light-dark

First, a 12:12 light-dark schedule was applied, to assess baseline circadian entrainment (Figure
3.15A,B). As expected, the period was close to 24h in both genotypes (wildtypes 24.0 = 0.006 h,
L6b silenced 24.0 £ 0.01 h, t11)=0.1422, p=0.8895). The amount of time spent actively, Alpha, as
counted by engaging in wheel running, was significantly longer in L6b silenced animals
(wildtypes 12.5 = 0.156 h vs L6b silenced 13.4 * 0.349 h, t(11)=2.463, p=0.0315). The number of
activity bouts per day, the duration of activity bouts and number of activity counts per bout were
not changed by L6b silencing. However, the number of activity counts per day appeared reduced
in L6b silenced animals and this effect was nearly significant when examined across the entire
day (t11)=2.108, p=0.0588), significant when examined across the light phase only (t11,=2.988,

p=0.0124) and not significant for the dark phase only (tx11)=1.804, p=0.0987).

Constant darkness

Next, animals were kept in constant darkness, to study the main active period duration, Alpha, in
the absence of Zeitgebers such as a light-dark schedule (Figure 3.15C,D). In constant darkness,
the period was shorter than 24h and not different between genotypes (wildtypes 23.8 £ 0.0605
h vs L6b silenced 23.6 + 0.0626 h, t11)=1.721, p=0.1133). Alpha increased with constant darkness
and was not significantly different between the genotypes (wildtypes 16.2 + 0.583 h vs L6b
silenced 14.9 * 0.737 h, tu1)=1.457, p=0.1731). The number of bouts per day, the duration of
individual bouts and the number of activity counts per bout were not different between the
genotypes, but the number of activity counts per day again showed a trend towards lower activity

in L6b silenced animals (t(11)=2.045, p=0.0656).
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Constant light

The following schedule was constant light (Figure 3.15E,F). Constant light increased the period,
and this increase was significantly larger in L6b silenced animals (wildtypes 25.3 + 0.191 h vs
L6b silenced 24.8 + 0.137 h, t10)=2.350, p=0.0406). L6b silenced animals showed fewer activity
bouts per day (t10=2.291, p=0.0449) and again fewer activity counts per day (tuo=2.257,

p=0.0476).

Phase advance

Finally, a jet lag paradigm was applied, in which light offset was advanced by 6 hours, to study the
rate of adjustment to the new light schedule (Figure 3.15G,H). The rate of adjustment was
comparable between the genotypes (two-way ANOVA, Time x Genotype, F(999=0.4807,

p=0.8845).

In summary, L6b silenced animals showed an increased active phase duration in 12:12h light-
dark conditions and were less active across all light conditions. A constant light schedule led to

an increase in period length and this increase was larger in L6b silenced animals.

Figure 3.15: Circadian screen in layer 6b silenced and wildtype animals (next page).

The experiment started with a 12:12 light-dark schedule, (A1) an example wildtype animal and (A2) an
example L6b silenced animal. (B1-B8) measures of circadian regulation during 12:12h light-dark schedule.
Constant darkness, (C1) in an example wildtype animal and (C2) in an example L6b silenced animal. (D1-
D6) measures of circadian regulation during constant darkness.

Constant light, (E1) in an example wildtype animal and (E2) in an example L6b silenced animal. (F1-F5)
measures of circadian regulation during constant darkness.

6-hour Phase advance, (G1) in an example wildtype animal) and (G2) in an example L6b silenced animal.
(H) Phase adjustment from the onset of the phase advance schedule.

Comparisons show the result of a two-sided unpaired t test with alpha 0.05 or a two-way ANOVA (phase
adjustment, H) between wildtype animals (n=7) and L6b silenced animals (n=6). When an effect was nearly
significant, instead of n.s., the p value is indicated.

In the example actograms shown (A1-2,C1-2,E1-2,G1-2), activity counts in the L6b silenced animal appear
clustered at the start of the active phase compared to the example control animal. In future analysis, this
will be further explored at a genotype-grouped level.

84



Al

1
0,
T

J— T

[T

fm

(T T

:

;—
£
=

rEE

FREpEES
1y
[TrE
=

A2

S ERES

T
U

C1 DD - CTL

bl
Ml A 1IN

E%

Hlt T
DD - L6b silenced
i

e

E 1 MR AL i i 1 s uk

il Itk
T Y alli i

il L
i ll{lillw A

i [
LTI il
il N

o
it I

I It il
i [ i
o Ll L ud
1 il L it "
I PR 11T

F
LL - L6b silenced

=R

i
il b

G1 Phase advance - CTL

= B -

[T, i T

g g - &

o T T T o

premry TR T

R — T il ]
T 4 R
B, i T T
e Al

G2 Phase advance - L6b silenced

| - -
T e T
= BT — A
| BT T s o mn
T 1
- a8

P T — e

T

Phase (h)

Period (h)
N
3

B5

Period (h)

>
. 3
3 1000 5
F- Q
8 2
g T
3 3
3

38 500} 8

B3

Period Bouts per day

Alpha (h)

23.

N
bl

Counts per bout  Counts per day

0.0588

Counts Light

1500) ns

24.

T

o

24

Alpha (h)

23.

23,

Counts per bout Counts per day

0.0656

Counts/bout

F1 F2 F3

Period Bouts per day Bout length

25m= * 15=

20+ . = i

s god | s 4
“ 5d &
V;T L6b V‘;T L6b
F5
Counts per bout Counts per day
*

5000
400 ns
3 4000
« 300 * s
3 M 5 3000
% a
£ 200 8
H £ 2000
5
S ]
© 100 )
1000

o
°

—e— Controls
—o— L6b silenced

2 3 4 5 6 7 8 9 10
Dark period following shift

85

B4 Bout length

Bout length (min)

B8

Counts Dark

0.0987

Wildtypes

. L6b silenced



3.4 Discussion

3.4.1 Summary of results

In this experiment, [ investigated sleep-wake regulation in mice with a conditional ablation of
Snap25 from the Drdla positive subset of cortical L6b neurons, resulting in dysfunctional
synaptic transmission from these neurons. [ performed continuous EEG/EMG recordings on a
baseline and an SD day and assessed daily sleep architecture and homeostatic regulation of sleep.

[ found that there were no differences in the diurnal distribution of vigilance states, the
frequency and duration of wakefulness, NREM and REM episodes, and the number of brief
awakenings from NREM sleep, suggesting that sleep stability was not affected by L6b silencing.

However, EEG spectral power was reduced in specific frequency bands in L6b silenced
animals. In baseline recordings, there was a reduction in theta power in wakefulness, a reduction
in theta and gamma power during REM sleep, and a reduction in 3-30 Hz and the gamma
frequency range during NREM sleep. In wakefulness during SD, there was a blunted increase in
theta power, and after SD, SWA dissipated at a lower rate in L6b silenced animals.

In a separate cohort of L6b silenced and control animals, a circadian screen was
performed, and it was found that L6b silenced animals had an increased active phase during a
12:12h light-dark schedule and showed a decrease in wheel-running activity during a 12:12h
light dark schedule, constant darkness, and constant light. Constant light increased the period
duration and did so to a greater extent in L6b silenced animals. L6b silencing did not affect

adaptation to a phase advance paradigm.

3.4.2 Implications

Our initial interest for investigating the role of L6b in sleep-wake regulation was based on its
sensitivity to orexin (Bayer et al, 2004; Wenger Combremont et al,, 2016b, 2016a). Orexin
promotes arousal and stabilizes sleep wake states (Chemelli et al., 1999; Hara et al,, 2001; Lin et

al,, 1999; Nishino et al.,, 2000; Peyron et al., 2000; Thannickal et al., 2000). If cortical L6b would
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be important for orexinergic sleep-wake regulation, L6b silencing would result in a phenotype
mimicking reduced orexin signalling, with impaired arousal and sleep-wake stability (Chemelli
etal,, 1999; Hara et al.,, 2001; Lin et al., 1999; Nishino et al., 2000; Peyron et al., 2000; Thannickal
etal,, 2000). The absence of such a phenotype in L6b silenced mice is not surprising, since orexin
neurons project to multiple nuclei that are important in sleep-wake regulation, such as locus
coeruleus, the nuclei of the reticular activating system and higher order thalamus and these
projections may have a stronger effect on global brain state (Horvath et al., 1999; Peyron et al,,
1998; Van Den Pol, 1999)(Figure 4.1B).

Even though it is impossible to identify orexin-mediated effects in the spectral changes
observed in L6b silenced animals, an involvement of orexin is conceivable. It has been shown that
orexin is required for the expression of theta-rich wakefulness in mice (Vassalli and Franken,
2017). In my findings, across all vigilance states, EEG spectral power was reduced in the theta
range, and this could be a result of an impairment of orexin signalling through L6b. Whether
silencing Drd1a-Cre L6b neurons changes the effects of orexin administration on EEG spectra in
vivo, is the topic of the next chapter (Chapter 4 - In vivo effects of orexin in L6b silenced mice).

It is unlikely that changes in theta oscillations in L6b silenced animals are caused by off-
target expression of Drdla-Cre in hippocampus, since Drdla-Cre cells are at most sparsely
expressed in hippocampus (Hoerder-Suabedissen et al., 2018). Interestingly, excitatory neurons
in the deepest layer of the entorhinal cortex, that are likely of the same population as L6b, project
to and can drive hippocampus (Ben-Simon et al., 2022). Moreover, silencing these L6b neurons
in entorhinal cortex prevents spatial learning, implying functional significance of this L6b-
hippocampal circuit. The study by Ben-Simons et al. was carried out with an inducible Ctgf-Cre
driver line and not the Drd1a-Cre driver line (Ben-Simon et al., 2022). However, these two L6b
populations partially overlap, at least in somatosensory cortex, where it was found that one-third
of Drd1a-Cre neurons also express Ctgf (Zolnik et al., 2020).

Changes in theta-frequency EEG oscillations in L6b silenced animals could relate to

changes in coupling with other oscillations. In L6b silenced mice, there was a reduction in power
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spectral density in the 3-5 Hz frequency range and oscillations in this range have been linked to
entrainment to respiration (Biskamp et al,, 2017; Chi et al., 2016; Jessberger et al,, 2016). A
breathing-related rhythm expressed in the PFC, the prefrontal respiratory rhythm, is phase-
locked with hippocampal theta-activity and modulates prefrontal gamma oscillations (Biskamp
etal, 2017). The reduction in delta, theta, and gamma frequency EEG spectra in L6b silenced mice
could reflect L6b involvement in a breathing-related circuit, although I have not investigated
breathing rate in my experiment. A direct effect of non-brain expression of Drdla Cre on
respiration seems unlikely since in Drd1a-Cre;Ai40 animals, Cre expression has been observed in
lungs but only in small patches, and not in the intercostal muscles involved in the mechanics of
respiration (Hoerder-Suabedissen et al., 2019).

Another finding was that the theta peak frequency was reduced in L6b silenced animals
during wakefulness and REM sleep. Interestingly, such changes have also been observed with
hyperdopaminergic states (Dzirasa et al., 2009). Since the L6b silenced mouse is effectively a
knockout of dopamine receptor expressing neurons (Drdla Cre line FK164) from the time of
birth, this finding may indicate a change in dopaminergic signalling in the cortex, with a possible
compensatory increase resulting from a reduction in receptor signalling.

The reduction in the 3-5 Hz frontal EEG power during NREM sleep, along with the reduced
SWA dissipation rate following SD, could also reflect a reduced build-up of sleep pressure,
suggesting an involvement of L6b in the homeostatic regulation of sleep (Achermann and
Borbély, 2003; Borbély, 1982; Daan et al., 1984; Guillaumin et al., 2018b). Changes in sleep
homeostatic regulation occurred at the EEG level but studying L6b activity with LFP recordings
in different cortical areas could shed light on area-specific effects and the link between global
brain state control and local cortical dynamics. Another possibility is that L6b plays a role in low
frequency oscillations and that these are affected by silencing L6b without affecting sleep
homeostatic mechanisms.

Decreased NREM SWA in L6b silenced animals could, in theory, be a result of a nonspecific

reduction in the number of active synapses which would, according to the synaptic homeostasis
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hypothesis of sleep (see Chapter 1 - General Introduction), lead to a decrease in sleep intensity.
However, since L6b neurons are relatively few in number, the decrease in the number of active
synapses is unlikely to result in pronounced changes in EEG spectra. Moreover, the effects of L6b
silencing were very different from the effects of L5 silencing, which led to a marked decrease in
time spent asleep, impaired sleep homeostatic regulation and changes in layer-specific dynamics
in LFP recordings rather than changes in spectral EEG power (Krone et al., 2021). Therefore, it is
more likely that a specific network dysfunction causes the sleep phenotype in L6b silenced
animals rather than a nonspecific reduction in the number of synapses.

The reduction in the sigma frequency range during NREM sleep could indicate that L6b
has a role in a sleep spindle-generating or regulating network. Sleep spindles are generated by
mutual inhibition and rebound excitation between thalamus, the TRN and cortex (see Chapter 1,
General Introduction). Whereas Drd1a-Cre L6b neurons do not project directly to TRN, they do
project to L5 (Hoerder-Suabedissen et al 2018; Zolnik et al 2023 in revision) and some L5
subpopulations such as Rbp4-Cre project to segments of TRN (Carroll et al., 2022). Moreover,
Drdla Cre neurons project to higher order thalamic nuclei which project to and receive
projections from TRN (Hoerder-Suabedissen et al., 2018).

The power reduction in the sigma range appeared to occur in two hot spots, which could
reflect an underlying effect on infraslow oscillations (Lecci et al.,, 2017). The sigma-frequency
reduction did not show specificity to NREM-REM transitions; the way in which L6b might
modulate sleep spindles, and whether this modulation is specific to certain types or phases of
sleep spindles in different sub-states of NREM sleep remains to be investigated.

Drd1la-Cre is not expressed in the retina and eye (Hoerder-Suabedissen et al., 2018), or
SCN, yet a circadian phenotype could still be present. In a circadian screen in a separate cohort of
young male L6b silenced animals, the duration of the active phase Alpha was increased in L6b
silenced animals during a regular 12:12h light-dark schedule. Moreover, L6b silenced animals
showed a reduction in activity counts during a 12:12h light-dark schedule, constant darkness,

and constant light. A constant light schedule increased the period in L6b silenced animals to a
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larger degree than in wildtype animals. Variations in circadian rhythms have been observed
between different mouse strains and between mice of different ages (Banks et al., 2015; Schwartz
and Zimmerman, 1990). Circadian rhythm differences have been correlated with genes related to
schizophrenia, dopaminergic transmission, arousal and connectivity which are all factors that
have been linked to L6b as well (Banks et al., 2015). More research is needed to understand the
relationship between the current findings and to examine whether these are the result of
biological variation in small group sizes, genetic changes unrelated to L6b, expression of Cre

outside of L6b, or an involvement of L6b networks in circadian rhythm.

3.4.3 Limitations

There are several limitations to this experiment. First, the expression of Cre recombinase in the
Drdla Cre line starts from postnatal day 1 (Hoerder-Suabedissen et al., 2018). At that time,
cortical development has not been completed in the mouse brain, and therefore, compensatory
network changes may develop. This means that the mouse model is not an absolute ‘adult’ model
for the function of L6b, but rather a ‘chronic silencing’ model in which effects are a combination
of changes in postnatal development and non-functional cells in the adult brain.

The strategy of silencing specific neuronal populations through interfering with SNARE
proteins has been used for conditional silencing of L5 neurons (Krone et al, 2021) and
somatostatin-positive interneurons in L5b (Marques-Smith et al., 2016). This approach that does
not require the administration of drugs or light stimulation is an innovative technique to
chronically silence a neuronal population of interest. However, it is important to note that SNARE
proteins are not exclusively involved in regulated synaptic vesicle release but also in transport of
hormones and growth factors, and cellular functions such as cell migration and cell division
(Vadisiute et al., 2022). Therefore, expression of manipulated constructs can have effects that
range further than single-neuron synaptic silencing and those effects should be considered when

interpreting results.
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Lastly, Drd1a Cre cells represent only a subset of neurons in L6b (Hoerder-Suabedissen
et al reported 25% and Zolnik et al 40%)(Hoerder-Suabedissen et al., 2018; Zolnik et al., 2020).
Other neurons in L6b may have different functions or may have similar functions but may be not
included when using this Cre line, reducing sensitivity. Moreover, even though the Drd1a Cre line
FK164 is relatively specific for L6b, some off-target expression is still observed, including sparse
expression in hippocampus and striatum, and more dense expression in some midbrain nuclei
and in the cerebellum. No labelled cells have been described in the eye, retina or SCN, which are

key to circadian regulation (Hoerder-Suabedissen et al., 2018).

3.5 Conclusion

In this experiment, I observed that selective ablation of regulated synaptic vesicle release from a
Drdla-Cre expressing subpopulation of excitatory neurons in L6b has marked effects on state-
specific EEG oscillations, even though the L6b cell population that is targeted is relatively small.
Moreover, sleep homeostatic regulation is affected and changes in circadian rhythm are observed.
Since these results indicate that L6b cannot be omitted without consequences, L6b may have a

unique function in sleep-wake regulation.
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4 In vivo effects of orexin in ‘layer 6b silenced’ mice

4.1 Introduction

Orexin/hypocretin neurons in the hypothalamus project widely, to numerous subcortical nuclei
and also to cortex (Peyron et al., 1998) . In Chapter 1 - General Introduction, I reviewed the brain
state stabilizing effects of orexin and the in vitro effects of orexin on cortical L6b. In vitro studies
showed that excitatory neurons in L6b can be directly activated by orexin (Bayer et al., 2004; Hay
etal, 2015; Wenger Combremont et al., 2016a) and inhibitory neurons in L6b indirectly (Wenger
Combremont et al., 2016b). Moreover, a projection target of L6b, higher order thalamus, can be
directly activated by orexin too (Bayer et al., 2002; Hoerder-Suabedissen et al., 2018). Despite
these consistent effects of orexin on L6b in vitro, the in vivo effects of orexin on the function of
L6b have not been investigated yet.

In the current chapter, I investigated the in vivo effects of orexin on L6b, by
administration of orexin in L6b silenced (Drd1a-Cre::tdTom::Snap25%/1) and control mice. Orexin
activity has been implicated in a variety of homeostatic and emotional regulatory circuits, such
as food intake, metabolism, sleep and wakefulness, motivation, anxiety, and addiction
(Adamantidis and de Lecea, 2009; Johnson et al., 2010; De Lecea et al., 1998; Sakurai, 2007, 2014;
Sakurai et al., 1998; Tsujino and Sakurai, 2013). I focused on sleep-wake behaviour and gathered
pilot data on food intake.

[ first give an overview of the two orexin isoforms, orexin receptors and orexinergic
projections. [ then describe the in vivo effects that have been described for orexin on food intake
and sleep-wake regulation. I conclude this introduction with stating the hypothesis that I tested

with the experiments presented in this chapter.
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4.1.1 Nomenclature

Orexin/hypocretin was discovered by two independent groups in the same year. De Lecea et al.
extracted mRNA from the hypothalamus, demonstrated its brain wide expression pattern and its
likely function as a neurotransmitter. Because of similarities to the secretin family of proteins and
the exclusive production in the hypothalamus, they named the protein hypocretin (Lecea et al,,
1998). Sakurai et al. identified the two related peptides orexin A and B as ligands of a previously
orphan G-protein coupled receptor (GPCR) and found that injection of the peptide into the
intracerebral ventricle (ICV) in rats led to an acute increase in food intake. Because of this effect,
they called the peptide orexin, after the Greek word orexis, meaning appetite (Sakurai et al., 1998).
In literature, the names hypocretin and orexin are used interchangeably; in this thesis, | use the
orexin nomenclature for no particular reason. Two iso-proteins of orexin are produced from the
mRNA precursor prepro-orexin, the 33-amino acid orexin A (ORXA) and the 28-amino acid orexin

B (ORXB) (Sakurai et al., 1998) (Figure 4.1A).

4.1.2 Orexinreceptors

Orexin peptides can bind to two GPCRs, the orexin receptor 1 (OX1R) and 2 (OX2R). OX1R has a
tenfold higher affinity for ORXA than for ORXB, whereas OX2R has a similar affinity for both
peptides (Sakurai et al,, 1998). OX1R and OX2R are widely expressed throughout the brain, in
partly overlapping but mostly different areas, suggesting complementary functions (Figure 4.1B).
In an initial study on orexin receptor mRNA expression in rat brain, the focus was on
hypothalamus, but it was also observed that there was weak OX1R expression in cingulate cortex
and high density OX2R expression in L6 of the neocortex (Trivedi et al., 1998). In a later study,
also in rat brain, low OX1R mRNA expression was reported in L6 and L5 of the neocortex, and
moderate OX1R expression in L3 of the cingulate cortex, infralimbic cortex and prefrontal cortex;
OX2R was found to be expressed in low levels in infralimbic cortex, and moderate levels in the
piriform cortex, and L2 and L6 of the neocortex (Marcus et al., 2001) (Figure 4.1C). In mice,

similar patterns of OX1R and OX2R mRNA were observed (Ikeno and Yan, 2018).
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Figure 4.1 Orexin structure, orexin receptor expression and orexinergic projections.

(A) pre-pro-orexin mRNA is translated into 33-amino acid ORXA and 28-amino acid long ORXB. Note
two disulphide bonds in the ORXA tertiary structure. OX1R and OX2R are both GPCRs; OX2R binds
ORXA and ORXB with equal affinity, but the OX1R has a ten-fold higher affinity for ORXA over ORXB.
(B) Orexinergic efferent projections and orexin receptor expression throughout the brain, based on
descriptions in (Peyron et al. 1999) and (Marcus et al. 2001), both in rats. Distribution of OX1R and
OX2R mRNA is comparable in mice (lkeno & Yan 2018).

(C) Orexin receptor expression pattern in the neocortex, based on the descriptions in (Marcus et al.
2001). Expression in prefrontal, piriform and infralimbic cortex were reported separately without
laminar specification and are excluded here.

OX1R, orexin 1 receptor; OX2R, orexin 2 receptor; Hippo, hippocampus; PVT, paraventricular nucleus
of the thalamus; vIPAG, ventrolateral periaqueductal grey; DR, dorsal Raphe; PPT, pedunculopontine
tegmental nucleus; LDT, laterodorsal tegmental nucleus; LC, locus coeruleus; VTA, ventral tegmental
area; ORX, orexinergic neurons in the lateral hypothalamus; TMN, tuberomammillary nucleus; PVN,
paraventricular nucleus of the hypothalamus; Amy, amygdala; NAc, nucleus accumbens; BNST, bed
nucleus of the stria terminalis.
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4.1.3 Orexin neuron connectivity

Retro- and anterograde tracing studies have shown that afferents to orexin neurons are found in
the lateral hypothalamus, posterior hypothalamus, dorsomedial hypothalamus, the preoptic area,
the lateral septum, amygdala, bed nucleus of the stria terminalis, and cortical areas related to
emotion and autonomic functions such as infralimbic cortex, claustrum, and medial orbital cortex
(Sakurai etal.,, 2005; Yoshida et al., 2006) (Figure 4.1B). In addition to this wide range of afferents,
orexin neurons are sensitive to various humoral factors, including direct regulation by glucose,
ghrelin, and leptin (Burdakov et al., 2005; Sakurai, 2007; Yamanaka et al., 2003).

Orexinergic projections are similarly extensive, comprising various brainstem nuclei such
as locus coeruleus and the nuclei of the reticular activating system, thalamus, cortex, and spinal
cord (Horvath et al,, 1999; Peyron et al., 1998; Van Den Pol, 1999)(Figure 4.1B). The diverse input
and output connections give orexin neurons the possibility to integrate metabolic, circadian,

sleep-wake, emotional and autonomic signals and translate these into widespread arousal.

4.1.4 Food intake
Initially, orexin was identified as a neuropeptide involved in food intake, being produced in the
food-regulatory area in the lateral hypothalamus (Edwards et al., 1999; De Lecea et al,, 1998;
Sakurai et al., 1998). The findings that intracerebroventricular ICV infusion of ORXA in rats leads
to an increase in food intake (Sakurai et al., 1998), and administration of an ORXA antagonist
decreases food intake in rats (Haynes et al., 2000) and ob/ob mice (Haynes et al., 2002) confirmed
this hypothesis. Orexin does not only increase food intake but also metabolic rate, and orexin
neuron ablated mice are hypophagic and also have a decreased metabolic rate (Hara et al,, 2001).
The cerebral cortex, particularly the orbitofrontal and prefrontal cortex, has also been
linked to food intake, and mostly with cognitive aspects of feeding behaviour such as motivation,
association, and memory (Petrovich et al., 2007; Rolls, 2023). An orexinergic stimulation of food
intake could be (partially) mediated through cortical effects. OX1R is expressed in infralimbic and

prefrontal cortex (Marcus et al., 2001), and Drd1a-Cre is also expressed in these areas.
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4.1.5 Sleep and wakefulness

Orexin promotes wakefulness, for instance through activation of locus coeruleus, TMN and basal
forebrain (Akanmu and Honda, 2005; Hagan et al., 1999; Huang et al., 2001; Piper et al., 2000;
Sasaki et al., 2011; Thakkar et al,, 2001).

Besides promoting wakefulness, orexin plays a stabilizing role on sleep wake states, as
described in Chapter 1. When there is a deficiency of orexin, sleep-wake states become instable
with frequent transitions between sleep and wakefulness and direct wake-to-REM transitions
which are both symptoms of the disorder narcolepsy (Adamantidis et al., 2020; Bassetti et al,,
2019). When there is also sudden loss of postural stability during wakefulness comparable to
REM sleep atonia, the condition is referred to as narcolepsy-cataplexy (Adamantidis et al., 2020;
Bassetti et al., 2019). A mutation in the OX2R causes narcolepsy in dogs (Lin et al.,, 1999), and a
similar phenotype is observed in mice with a complete orexin knockout (Chemelli et al., 1999) or
with a genetic ablation of orexin neurons (Hara et al.,, 2001; Tabuchi et al., 2014). In human
narcolepsy patients, orexin levels in the cerebrospinal fluid (CSF) are abnormal (Nishino et al,,
2000), and the number of orexin neurons is reduced (Thannickal et al., 2000). When ORXA is
administered to orexin genetically ablated mice, symptoms improve (Mieda et al., 2004), and
orexin supplementation as treatment for human narcolepsy patients is under active investigation,
for instance in a recent phase Il clinical trial that reported improvement of narcolepsy symptoms
in narcolepsy patients from an oral OX2R agonist but unfortunately also hepatotoxicity
(Dauvilliers et al., 2023).

The effects of orexin on sleep-wake regulation are regulated by both OX1R and OX2R with
a predominant role for OX2R: the wake promoting effects of ORXA are somewhat attenuated in
OX1R knockout mice, and further attenuated in OX2R knockout mice, demonstrating the
predominant role of OX2R. In double receptor knockout mice, ORXA effects are further
suppressed, suggesting that there is an additional role of OX1R (Mieda et al., 2011). Moreover,
OX2R and double receptor knockout mice show distinct narcolepsy symptoms, also indicating

that OX1R plays a complementary role in sleep-wake regulation (Willie et al., 2003).
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Orexin neurons in rats fire most actively during wakefulness, fire less actively during
NREM sleep and become inactive during REM sleep (Hassani et al, 2009; Lee et al, 2005;
Mileykovskiy et al., 2005), in line with the dynamics of cFos expression (Estabrooke et al., 2001)
and fluctuation of extracellular ORXA levels across sleep-wake states (Yoshida et al., 2001).
Constitutive activation of orexin neurons in CAG/orexin mice promotes wakefulness (Willie et al.,
2011), pharmacogenetic activation of orexin neurons increases wakefulness, and
pharmacogenetic inhibition reduces wakefulness (Sasaki et al., 2011). Acutely activating orexin
neurons through optogenetics promotes the transition from NREM and REM sleep to wakefulness
(Adamantidis et al., 2007), although increasing sleep pressure with SD abolishes this effect, due
to diminished activation of TMN and LC, downstream targets of orexin neurons (Carter et al,,
2009).

Orexin increases the amount of wakefulness but also affects brain oscillatory activities
during wakefulness. Orexin is critical for sustaining a substate of wakefulness that is rich in theta
and gamma oscillations, and it is this theta-enriched wakefulness that drive sleep pressure
(Vassalli and Franken, 2017; Vyazovskiy and Tobler, 2005). Orexinergic signalling also seems to

play a role in the establishment of REM sleep oscillations (Bastianini et al.,, 2016).

4.1.6 Hypothesis

Since orexin is wake promoting and state stabilizing, I expected that administration of orexin
would lead to more time spent in wakefulness and potentially less transitions between
wakefulness and sleep in control animals. I expected that food intake might be increased,
although other studies with orexin in mice usually report outcomes within the first hours after
administration. I hypothesized that the effects of orexin could be partially mediated through a
network involving cortical L6b, since L6b and one of its targets, higher order thalamic nuclei, can
be directly activated by orexin in vitro (Bayer et al, 2002, 2004; Hay et al,, 2015; Wenger
Combremont et al., 2016b, 2016a). Single cell transcriptomic analysis and single cell patch

recordings both demonstrated that the Drd1a-Cre+ neurons are orexin sensitive (Henning et al.,
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2023) (Zolnik et al., 2023 in revision and unpublished observations in primary somatosensory
cortex; Therpurakal et al., unpublished observation in prefrontal cortex). Therefore, I reasoned
that eliminating a subset of L6b, the Drd1a-Cre+ population that is orexin sensitive, from the
circuit by chronic silencing might impair the response to orexin in L6b silenced mice. This is the
first study investigating in vivo effects of orexin on cortical L6b, so I started this study with an

open perspective.
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4.2 Methods

4.2.1 Animals and surgeries

Colony breeding, husbandry, and care of the Drdla-Cre::tdTom::Snap25%/f colony, the L6b
silenced colony, is described in Chapter 3. For the current experiment, n=8 adult (2-3 months)
male L6b silenced animals, and n=5 adult male littermate control animals were used, following
conventional group sizes in similar studies (Yamagata et al., 2021).

Pre- and post-surgical care were carried out as described in Chapter 2; the surgeries itself
were extended with the unilateral implantation of a cannula in the right lateral cerebral ventricle.
The procedure was as described in Chapter 2, with some additional steps from the moment of
marking the positions of electrodes, including an extra mark for the position of the prospective
canula (Figure 4.2A for EEG and canula coordinates; canula coordinates based on (Suzuki et al.,
2005)). Holes were drilled through the skull for the EEG screws and the cannula, with minimal
damage to the dura. Next, the guide cannula (C315G/Spc, Plastics1, Protech International Inc.,
Boerne, Texas, USA) was inserted into the holder in the stereotactic frame and slowly positioned
on the dura. The cannula was then lowered to 2.3 mm below the dura. If needed, silicone
elastomer (Kwik-Sil, World Precision Instruments Inc., Sarasota, FL, USA) was applied to close
the craniotomy. The guide cannula was secured with dental cement (Super bond, Prestige Dental
Products Ltd, Bradford, UK), and when the cement had solidified, the holder was removed, and
the dummy cannula (C315DC/Spc, Plastics1) was inserted into the guide cannula. After this, the
screws of the EEG headstage were secured with additional dental cement. Lastly, the EMG
electrodes were placed bilaterally into the nuchal muscles and attached to the headstage with
acrylic dental cement (Simplex Rapid, Associated Dental Products Ltd, Swindon, UK). If required,
the skin was closed with a suture (Ethicon-W9915, Henry Schein, Gillingham UK). The animal
received additional sterile saline (0.1 ml/hour of surgery), was removed from the stereotactic
frame, and weighed. It was placed in a recovery chamber until it was able to maintain postural

stability, upon which it was moved to a recovery cage and monitored daily for at least 5 days.
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4.2.2 Preparation of drug solutions

ORXA (Orexin A (human, mouse, rat) Trifluoroacetate salt, 4028262.0500, lot no 1068668,
Bachem AG, Switzerland) was dissolved in sterile saline to a concentration of 0.3 nmol/ul or 0.15
nmol/pl, and ORXB (Orexin B (human) Trifluoroacetate salt, 4028263.0500, lot no 1000056801,
Bachem AG) to a concentration of 0.3 nmol/pl, under sterile conditions in a flow cabinet. Solutions
were divided in 20 pl aliquots which were immediately frozen at -200C. Saline aliquots were also
frozen for the vehicle condition. On the day of infusion, aliquots were taken from the freezer and
administered within one hour. Doses were determined based on previous studies with orexin
infusion in mice (Mieda et al., 2011; Mobarakeh et al., 2005; Suzuki et al., 2005) and reported

dissolvability of orexin in the product information of the compound.

4.2.3 Experimental procedure

The first day was a baseline recording day, on which animals were only briefly disturbed for
inspection and handling at 9AM. Food intake was monitored for several baseline days to obtain
an average 24-hour food intake value. On infusions days, the chambers were opened at 9AM, after
which the animals were connected to the cannula system. The infusions started within 55 min
after light onset and animals were infused with 2 pl of orexin or vehicle, at a rate of 1 pl/min.
After the infusion was completed, the infusion system was left in place for an additional 5 minutes
to allow diffusion of remaining solution from the internal needle. In the meantime, food
measurements were done (see ‘Food intake’ in methods below), and animals were monitored.
When no signs of distress were observed, the chambers were closed, and the mice were

undisturbed until the next light onset.
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4.2.4 Experimental schedule

After 5-7 days recovery, the dummies were moved in the cannulas every few days, to habituate
the animals to the procedure and to keep the cannulas accessible. The animals were moved into
tall Plexiglas cages in the recording room and connected to EEG/EMG cables a day later. The
signals were inspected for entrainment of the light-dark cycle of the recording room (9AM lights
on, 9PM lights off) and when entrainment was deemed sufficient, the experiment was started.
ORXA at the higher dose was expected to give the strongest effect, so this infusion and a vehicle
infusion were prioritised for the first two infusions in counterbalanced order. As all cannulas
remained accessible, additional infusions were administered. For the third and fourth infusion,
ORXB was counterbalanced with a half dose of ORXA. For one animal, H2, infusion order was

swapped for technical reasons (Table 4.1).

Table 4.1: Order of infusions.

F1 ORXA-high VEH ORXB ORXA-low
F2 VEH ORXA-high ORXA-low ORXB

G1 ORXA-high VEH ORXA-low ORXB

G2 VEH ORXA-high ORXA-low ORXB

G3 VEH ORXA-high ORXB ORXA-low
H1 VEH ORXA-high ORXB ORXA-low
H2 ORXA-high ORXB ORXA-low VEH

H3 ORXA-high VEH ORXB ORXA-low
H4 VEH ORXA-high ORXB ORXA-low
11 ORXA-high VEH ORXA-low ORXB

12 VEH ORXA-high ORXB ORXA-low
13 ORXA-high VEH ORXB ORXA-low
14 VEH ORXA-high ORXA-low ORXB

ORXA high, orexin A (0.6 nmol).
VEH, vehicle (saline).

ORXB, orexin B (0.6 nmol).
ORXA low, orexin A (0.3 nmol).
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4.2.5 Cannula system

Each mouse had a separate tubing system, with an internal needle (C315I/SPC, Plastics1)
inserted into the implanted guide canula, connected with transparent tubing (C313CT, C313C,
Plastics1), to a Hamilton syringe (SYR 5 ul 75N, Hamilton company, Nevada, USA) in a
microinjector pump (Pump 11, Elite, Harvard Apparatus, Massachusetts, USA). The tubing was
back-filled with saline and front-filled with 3-4 pl drug solution. In the saline phase, two air
bubbles were introduced, to allow monitoring of fluid movements (Figure 4.2B). After infusion,
infusion success was verified by the movement of the Hamilton plunger, the bubbles, and the fluid

level of the drug solution, with respect to the markings made preceding the infusion procedure.

4.2.6 Data acquisition and offline processing

EEG/EMG signals were recorded continuously in 24-hour blocks as described in Chapter 2, with
a sampling rate of 305 Hz with an anti-aliasing filter at 45% of the sampling rate and were stored
locally. Signals were resampled offline and further processed in Matlab as described in the

General Methods in Chapter 2, section 2.5.5: Signal Processing.

4.2.7 Food intake

To assess 24-hour food intake, food pellets were weighed before introducing them into the cage
at 9AM. The next morning, food pellets were weighed again and the difference in weight was
taken as a proxy for food consumed in 24 hours. To facilitate quick retrieval of pellets, the number
of pellets per cage was limited (3-4) and the bedding was changed from regular brown bedding

to white bedding for ease of pellet visualisation.

4.2.8 Histology
At the end of the recordings, animals were culled with an overdose of pentobarbitone and
perfused transcardially with 0.1 M PBS followed by 4% paraformaldehyde as described in

Chapter 2. After removal of the headstage including the canula, the brains were extracted,
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postfixed in 4% paraformaldehyde, cut into 50 pum sections with a vibroslicer, stained with DAPI

and inspected for localization of the cannula tract in the lateral cerebral ventricle.

4.2.9 Statistics

All statistical analyses were conducted with GraphPad Prism (version 10.0.2 for Mac, GraphPad
Software, Boston, Massachusetts USA). Parameters of sleep architecture were compared with
two-way ANOVAs or mixed effects models when there were missing values. The time window for
analysis of sleep architecture was from the infusion end for the following 3 hours (2700 epochs
of 4 seconds each). Numbers of animals contributing to each outcome measure are reported in
the respective figure legends and tables in the Appendix.

For spectral power analyses, offline processing and statistical analysis were performed
according to the description in Chapter 2, and for every sub analysis of spectral power, the
number of animals that contributed is reported in the respective figure. Time windows for the
acute effects of orexin on wakefulness, NREM and REM are described along with the respective
results paragraphs. All spectra were inspected for technical quality before selection for inclusion;
if less than 140 4-second epochs contributed to the spectrum, it was excluded. Frequency bins
<0.5 Hz and >30Hz were excluded from analyses. Comparison of absolute power spectra between
orexin vs vehicle was performed with two-way ANOVAs. Absolute spectra were first log-
transformed, and only spectra of animals that would contribute to relative spectral comparisons
were included. Comparisons of relative spectra were also performed with two-way ANOVAs. The
exception was the comparison of relative occipital EEG wake spectra after ORXB, where in two
L6b silenced animals, frequency bins <1 Hz and <0.75 Hz were excluded, respectively, after visual
inspection because of artefacts, which led to missing values and therefore a Mixed Effects analysis
was done. Posthoc differences in frequency bins are only reported if two or more consecutive
bins showed a difference (a range of >0.5 Hz), and a range of significantly different frequency bins
was only considered interrupted if two or more bins were not significantly different or if one bin

showed a large agreement between the spectra that were being compared (p>0.10).
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4.3 Results

The baseline characteristics were comparable between L6b silenced (n=8) and control (n=5)
animals, both concerning animal characteristics and experimental details (Table 4.2). Histology
at the end of the experiment confirmed that the cannula was positioned in the right lateral
ventricle in all animals (Figure 4.2A), and TdTomato expression confirmed the genotype of the
animals labelled as L6b silenced (Drd1a-Cre;TdTom;Snap25fl/fl) based on PCR testing.

On visual inspection, the EEG and EMG traces looked comparable in both genotypes after
the respective infusions (Figure 4.2C), allowing unbiased, blinded scoring of the 24-hour files in
4-second epochs, following conventions (Yamagata et al., 2021).

After sleep scoring, for each animal and each vigilance state, 24-hour spectra were
calculated, and the shape of the respective spectra confirmed acceptable sleep scoring (Figure
4.2D, see Chapter 3 for a description of spectral patterns across vigilance states).

As a further quality control, EEG slow wave activity (SWA) was plotted aligned with a 24-
hour hypnogram for all animals after every treatment condition. The distinct pattern of high SWA
during periods scored as NREM sleep, and low SWA during periods scored as REM or Wakefulness

indicated the validity of scoring (Figure 4.3).

Table 4.2 Baseline table

Age (days) 95.75 + 6.364 98.60 + 6.618 0.4551
Body weight (g) 24.89 £ 1.902 27.04 £ 2.946 0.0840
Implant weight (g) 0.7875 +0.1727 0.7800 +0.2168 0.9496
Time light onset to start infusion (min)
Vehicle 22.00 £ 7.946 20.60 £9.633 0.7805
Orexin A, low dose 26.13 £ 8.643 26.60 + 10.36 0.9302
Orexin A, high dose 21.50+7.635 21.20 £9.365 0.9506
Orexin B 26.75+9.114 26.00 £12.57 0.9026
Time start infusion to closing chambers (min)
Vehicle 18.50 + 2.563 18.60 + 2.702 0.9477
Orexin A, low dose 21.13 £5.643 18.80 +1.643 0.3952
Orexin A, high dose 19.00 £ 2.726 19.40 £ 2.702 0.8010
Orexin B 18.88 + 1.642 22.60 £ 7.092 0.1720

All values are expressed as mean * SD. All characteristics compared with unpaired, two-tailed t-test.
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Figure 4.2: In vivo orexin administration with continuous EEG/EMG recording.
(A) The cannula was positioned in the right lateral ventricle, evident from the trace of the headstage
that has been removed at the end of the experiment. For this example, a Cre positive animal was
chosen, that expresses TdTomato and is L6b silenced. Magenta cells can be seen at the bottom of L6.
The stereotactic coordinates of the canula and the EEG/EMG electrodes are indicated by the drawing.
The middle drawing is from the Paxinos mouse brain atlas (Paxinos & Franklin, 2001).
(B) Infusion system with air bubbles and marking to verify the success of the infusion.
(C) Example traces from one animal during Wake, NREM and REM, after vehicle and ORXA infusion.
After both infusions, the vigilance states are clearly identifiable by the potentials recorded in the
frontal EEG (top traces), occipital EEG (middle traces), and EMG (bottom traces).
(D) 24-hour spectra during Wake, NREM and REM after vehicle and ORXA infusion in WT animals
showing distinctive patterns in the frontal EEG (top) and occipital EEG (bottom). Frontal EEG, n=7,

Occipital EEG n=6.
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Figure 4.3 Slow wave activity and hypnogram in example animals.

Slow wave activity (SWA, 0.5-4.0 Hz) expressed as a percentage of average slow wave activity on
vehicle day. SWA is shown for the first 3 hours after infusion of vehicle and orexin A (0.6 nmol), in an
example control animal and an example L6b silenced animal. It is visible that SWA is low during
epochs scored as wakefulness and REM sleep and high during epochs scored as NREM sleep.

(A) Example control animal

(B) Example L6b silenced animal
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Figure 4.4 Hypnograms of all animals after the different infusions.

Each line with a mouse name in front of it (e.g., ‘F1’) represents a 6-hour hypnogram from light onset for
an individual animal. Red arrowhead: infusion start. Black arrowhead: closure of recording chamber.

(A) Vehicle

(B) ORXA (0.3 nmol)

(C) ORXA (0.6 nmol)

(D) ORXB
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4.3.1 Sleep architecture

Orexin was injected at light onset, which is normally the beginning of the inactive phase in mice,
with more time spent in NREM sleep and less time spent in wakefulness. However, after ORXA
injection, animals of both genotypes stayed awake for a larger proportion of the time, which is
apparent in hypnograms of individual animals (Figure 4.4).

When the hourly time courses of vigilance state are plotted, it is visible that effects are
most strong in the first three hours after administration (Figure 4.5A). Based on these findings
and reports in literature (Huang et al., 2001; Mieda et al.,, 2011; Piper et al., 2000) on the duration
of action of orexin, the time frame for analysis of sleep architecture was defined as the time from
the end of the infusion for the duration of three hours.

In the first three hours, ORXA markedly increased the time spent in wakefulness in both
L6b silenced and control animals, without a difference in response between the genotypes
(Figure 4.5B, left)(ORXA Dose, F(131611.18=27.56; p=0.0001). In line with the increase in time
spent in wakefulness, ORXA significantly decreased the time spent in NREM (ORXA Dose,
F(1.6291466)=22.30, p<0.0001) and REM (ORXA Dose, F(1057,9516)=21.23, p=0.001). Unlike the
distinct effects of ORXA, ORXB did not influence the amount of time spent in the respective
vigilance states (Figure 4.5, right)(Compared to vehicle; Wake, F(1,0)=0.02874, p=0.8691; NREM,
F(1,9=0.00898, p=0.9266; REM, F(120=1.193, p=0.2878).

The latency to onset of consolidated NREM sleep was significantly increased after infusion
of ORXA (ORXA Dose, F(222=50.10, p<0.0001)(Figure 4.5C), and consistent with this, the
occurrence of the first episode of REM sleep was also delayed (Figure 4.5D)(ORXA Dose,
F(16551489=7.656, p=0.0071)). ORXB did not influence the latency to NREM

(F(1,9=0.1050,p=0.7534) or REM sleep (F(19=2.339, p=0.1605).
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Figure 4.5: Orexin increases wakefulness in the first three hours after infusion.
(A) Time course of wake, NREM, REM, and REM as a percentage of sleep, after injection of vehicle (magenta),
0.3 nmol ORXA (light blue), 0.6 nmol ORXA (navy blue), 0.6 nmol ORXB (yellow) in control animals (left

column) and L6b silenced animals (right column).

VEH 03 06

0.6
ORXB dose

VEH 0.6

ORXB dose

[l Controls
¥ Leb silenced

(B) Time spent in wake, NREM and REM within the first three hours after injection of ORXA (left column) or
ORXB (right column) in controls (purple) and L6b silenced animals (orange).
(C) Latency to first consolidated NREM sleep after ORXA or ORXB.

(D) Latency to REM after ORXA or ORXB.

Controls n=7, L6b silenced n=9.
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Increased wakefulness after ORXA administration could be the result of an increase in the
number of wake episodes, an increase in the duration of wake episodes, or both. Wake episodes
were defined as 21 min scored as Wake or Wake artefact with <16s interruptions. Whereas the
number of wake episodes per hour did not change after infusion of ORXA (F(1.399,1259)=0.6447,
p=0.4878) or ORXB (F(1,9)=0.2753, p=0.6125) in either genotype, the average duration of wake
episodes increased significantly after ORXA infusion (ORXA dose, F(2,22)=8.995, p=0.0014) (Figure
4.6A). Interestingly, the increase in average wake episode duration was significantly greater in
L6b silenced animals (ORXA dose x Genotype interaction, F22)=4.376, p=0.0251).

To investigate whether the increased average wake duration was a result of more
frequent, relatively longer wake episodes or a single, prolonged wake episode, I plotted the
distribution of wake episode duration after vehicle and ORXA (0.6 nmol) administration for both
genotypes. [t became apparent that after ORXA infusion, extended wake episodes (>1024s or >17
minutes) occurred, that are not observed after vehicle infusion (Figure 4.6B). Indeed, the
maximum duration of wake episodes was significantly increased after ORXA infusion (ORXA dose,
F(1.730,1557)=46.65, p<0.0001), and this effect was stronger in L6b silenced animals (ORXA dose x
Genotype interaction, F218=3.759, p=0.0432)(Figure 4.6C). An exploratory survival analysis of
the differential maximal episode duration showed a similar trend (delta (maximal wake episode
duration ORXA - maximal wake episode duration vehicle), Genotype groups, log rank test, Chi
square 3.410, df 1, p=0.0648)(Figure 4.6D).

Lastly, ORXA increased the number of brief arousals (<16s) from NREM sleep
(F1.460,8759=7.907, p=0.0149) in both genotypes (Figure 4.6E). ORXB also increased the number
of brief arousals in both genotypes (Fu,7=6.431, p=0.0389).

Overall, these results indicate that ORXA promotes prolonged wakefulness and postpones
the onset of NREM sleep. Moreover, after administration of ORXA there is an increase in the
duration of wakefulness episodes, and this effect is stronger in L6b silenced than in control
animals. In addition, both ORXA and ORXB increase the number of brief arousals from NREM

sleep, suggesting an increased tendency to transition from sleep to wakefulness.
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Figure 4.6: Orexin A prolongs wake episodes and increases brief arousals.

(A) Number of wake episodes in the first three hours after infusion after ORXA (left) and ORXB (right).
WT n=5, L6b silenced n=8.

(B) Distribution of wake episode duration in control (Ctl) and L6b silenced animals (cKO), over
duration categories, with the number on the x axis indicating the lower border of the episode
category in seconds. (top) number of episodes in each category and (bottom) how much time is spent
in every wake episode duration category. WT n=5, L6b silenced n=8.

(C) Maximal wakefulness episode duration in the first three hours after infusion of ORXA (left) or
ORXB (right). WT n=5, L6b silenced n=8.

(D) Survival analysis of differential maximal wake episode duration after ORXA infusion (maximal
wake episode duration after ORXA — maximal wake episode duration after vehicle, first calculated as
a single value per animal and then averaged across genotype groups in GraphPad Prism).

(E) Number of brief awakenings per hour of NREM in the first three hours after infusion. WT n=4, L6b
silenced n=5.

111



4.3.2 EEG power spectra

Next,  investigated whether ORXA and ORXB affect state-dependent EEG oscillations during sleep
and wakefulness. First, the overall quality of the spectra was verified, by visual inspection of 24-
hour spectra. Since the effects of orexin are strongest in the first hours after administration as
apparent from my own findings and literature, subsequent analysis was performed on earlier
time windows (Huang et al., 2001; Mieda et al., 2011; Piper et al.,, 2000). Time frames were
selected in such a way that on the one hand, the acute effects would be visible, and on the other
hand, a sufficient number of epochs would contribute to spectral power calculations. I
administered two doses of ORXA (0.3 nmol and 0.6 nmol), and often the effects with the low dose
of ORXA were consistent with the effects with the high dose of ORXA. For clarity, I will limit my
description to the higher dose of ORXA, and ORXB (only administered at higher dose). For
readability, I included the results of all statistical tests in a table in the appendix (Appendix,

Supplementary Table S4.2-4.4).

Wakefulness

As time frame for wakefulness, the end of the infusion was selected as the lower limit and the
onset of the first consolidated NREM sleep (NREM episode of 21 min with <16s interruptions) as
the upper limit. Wakefulness was divided into two sub periods: an early wake frame, when the
recording chamber was still open, to investigate the most acute effects of the infusion, and a later
frame, after the recording chamber had been closed, to get a signal that is less affected by
electrical noise and get a behaviour that may be less affected by external factors in the recording
room. Every wakefulness episode within the time with a 21 min duration and <16s interruptions
was included in the analysis. In the wakefulness sub period immediately following infusion
(‘Wake 1), most data had to be excluded because animals spent insufficient time in artefact free
wakefulness to perform meaningful spectral analysis (Supplementary Table S4.1: number of
epochs contributing to spectra). Moreover, some data had to be excluded for technical reasons.

Therefore, I will focus on the wakefulness spectra from the EEG recorded after closing the
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recording chambers (‘Wake 2’); spectra and statistical outcomes of both windows can be found
in the appendix (Supplementary Table S4.1,S4.2 and S4.3).

[ first investigated the effects of orexin on absolute power spectra during wake in control
animals only and here, both ORXA (Figure 4.7A) and ORXB (Figure 4.7B) seemed to enhance theta
power in both derivations at visual inspection, but with statistical comparisons, no effects were
observed from ORXA or ORXB infusion on wakefulness spectra in control animals (Table S4.2).

In L6b silenced animals, ORXA infusion led to a significant decrease in 2.0-6.0 Hz and 9.75-
23.25 Hz frontal EEG power; theta range power seemed increased by initial visual inspection
(Figure 4.7A), but the latter effect was not significant (Table S4.3). In the occipital EEG, after ORXA
there was a reduction in 3.25-4.0 Hz, 4.5-6.5 Hz and 9.75-16 Hz EEG power and an increase in
7.25-8.0 Hz and 20.75-30 Hz EEG power. After ORXB administration there was a reduction in 3.5-
4.0 Hz, 4.75-5.25 Hz,11.5-19.5 Hz and 20.5-21 Hz and an increase in 7.5-9.0 Hz frontal EEG power.
ORXB visually seemed to result in increased theta power in the occipital EEG as well, but this was
not significant (Figure 4.7B).

[ then compared the responses between the genotypes, by normalising spectra on orexin
day to spectra on vehicle day and subsequently comparing genotype-grouped relative spectra
(Table S4.3). On vehicle day, several animals fell asleep soon after infusion, which was reassuring
in terms of the infusion procedure being stress-inducing but made it impossible to calculate a
vehicle wakefulness spectrum to normalise to (see Figure 4.4). Therefore, initial wakefulness
orexin spectra (typically across ~1,5 hours after ORXA infusion and across ~35 minutes after
ORXB infusion but the duration varied per animal depending on individual NREM latency) were
normalised to 24-hour wakefulness vehicle spectra.

For relative wake spectra after ORXA administration in L6b silenced versus control
animals, there was a significant Frequency x Genotype interaction in both the frontal and occipital
EEG, but not at a specific frequency range. Comparison of occipital EEG power in the theta
frequency range did not reveal differences between genotypes (Absolute: t(023=1.683, Relative

to vehicle: ts.781)=1.215, p=0.2715)(Figure 4.8 A,B).
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Figure 4.7: EEG spectral power density during wakefulness.

(A) Spectra after ORXA infusion. The left column shows absolute EEG power in WT animals after vehicle
(grey) and orexin (blue). The middle column shows absolute EEG power in L6b silenced animals after
vehicle (grey) and orexin (red). The right column shows the relative orexin/vehicle EEG power in WT (blue)
and L6b silenced animals (red). Number of animals contributing: WT, frontal EEG n=5, occipital EEG n=5;

L6b silenced, frontal EEG n=8, occipital EEG n=8.

(B) Spectra after ORXB infusion. The left column shows absolute EEG power in WT animals after vehicle
(grey) and orexin (blue). The middle column shows absolute EEG power in L6b silenced animals after
vehicle (grey) and orexin (red). The right column shows the relative orexin/vehicle EEG power in WT (blue)
and L6b silenced animals (red). Number of animals contributing: WT, frontal EEG n=3, occipital EEG n=3;

L6b silenced, frontal EEG n=6, occipital EEG n=6.
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The normalised spectra after ORXB infusion showed a significant Frequency x Genotype
interaction only in the occipital EEG, with a larger increase in 14.25-15 Hz EEG power in control
animals (Figure 4.7B, right column). This could be interpreted as a larger increase in EEG alpha
power (8-12 Hz) during wakefulness, but there were no significant differences in occipital EEG
power in the alpha frequency range between the genotypes (absolute: tz.175=0.2845, p=0.7936,
relative to wakefulness on vehicle day: tpes5=1.243, p=0.3115, Welch’s t test)(Figure 4.8EF).
There were also no differences between genotypes in EEG theta power (4.5-10 Hz) after ORXB
infusion (ts.037=1.056, p=0.3390)(Figure 4.8C). With theta power after ORXB infusion
normalised to theta power after vehicle infusion (as in Figure 4.7 panel B, right column), theta
power was lower after ORXB infusion in both genotypes and the reduction was larger in L6b
silenced animals (tws29=2.833, p=0.0409)(Figure 4.8D). The effect of normalising to 24-hour

theta power needs to be considered when looking at this difference in future analysis.
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Figure 4.8: EEG power in the theta and alpha frequency range during wakefulness.

All band power calculations shown are for the occipital EEG. Theta power was defined as 4.5-10
Hz and alpha power as 8-12 Hz. The same animals were included as those included for spectra
comparisons in Figure 4.7.

(A) theta power, absolute. (B) theta power, relative to VEH infusion (full day 24 hours)

(C) theta power, absolute. (D) theta power, relative to VEH infusion (full day 24 hours)

(E) alpha power absolute. (F) alpha power, relative to VEH infusion (full day 24 hours)
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NREM sleep

Next, I assessed whether the administration of orexin affected subsequent NREM sleep spectra.
The time frame for NREM sleep spectral analysis was defined to begin at the onset of the first
consolidated NREM sleep episode (21 min with <16s interruptions) and end 3 hours later.
Because there were sufficient epochs spent in NREM sleep in the 3-hour time frame after vehicle
infusion (see Figure 4.4, Table S4.1), [ compared 3-hour NREM spectra after orexin infusion with
3-hour NREM spectra after vehicle infusion.

[ first compared orexin to vehicle absolute spectra in control animals (Figure 4.9, left;
Table S4.2). After ORXA infusion, the frontal EEG power was increased between 4.0-9.5 Hz, 11-
11.5 Hz, 12-12.5 Hz, 14.5-18.75 Hz, 19.25-26 Hz, and 26.75-30 Hz. In the occipital EEG, there was
no significant change in the spectrum. After ORXB compared to vehicle, there was a significant
overall Treatment effect in the frontal EEG, but the Treatment x Frequency bin interaction was
not significant. In the occipital EEG, there was no overall Treatment effect, but there was a
significant Treatment x Frequency bin interaction, with ORXB resulting in significantly lower
occipital EEG power between 1.25-1.75 Hz and 2.0-2.5 Hz, and higher occipital EEG power
between 4.5-5.5 Hz, 9.25-9.75 Hz, 10.25-15.75 Hz, and 17.5-20.5 Hz.

In L6b silenced animals (Figure 4.9, middle; Table S4.3), there was a significant overall
increase in both frontal and occipital EEG power after ORXA, without a Treatment x Frequency bin
interaction. ORXB also resulted in a significant overall increase in frontal EEG power, which
appeared to show on the occipital EEG too, but in the occipital EEG the effect was not significant.

Next, I compared relative EEG spectra between the genotypes (Figure 4.9, right; Table
S4.4), with orexin spectra normalised to vehicle spectra. After ORXA infusion, there was an
increase in frontal EEG power at 3-30 Hz in both genotypes, but only in L6b silenced animals this
extended to 0.75-2.75 Hz. There was no difference in frontal EEG power in the delta frequency
range between the genotypes (absolute: t(9422)=0.7441, p=0.4750; relative to vehicle spectra,

tr088)=1.320, p=0.2141, Welch'’s t test)(Figure 4.10A,B).
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Figure 4.9: EEG spectral power density during NREM sleep.

(A) Spectra after ORXA infusion. The left column shows absolute EEG power in WT animals after vehicle
(grey) and orexin (blue). The middle column shows absolute EEG power in L6b silenced animals after
vehicle (grey) and orexin (red). The right column shows the relative orexin/vehicle EEG power in WT (blue)
and L6b silenced animals (red). Number of animals contributing: WT, frontal EEG n=5, occipital EEG n=5;

L6b silenced, frontal EEG n=8, occipital EEG n=8.

(B) Spectra after ORXB infusion. The left column shows absolute EEG power in WT animals after vehicle
(grey) and orexin (blue). The middle column shows absolute EEG power in L6b silenced animals after
vehicle (grey) and orexin (red). The right column shows the relative orexin/vehicle EEG power in WT (blue)
and L6b silenced animals (red). Number of animals contributing: WT, frontal EEG n=5, occipital EEG n=5;

L6b silenced, frontal EEG n=7, occipital EEG n=7.
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After ORXB infusion, there was also an increase in 3-30 Hz EEG power, this time in both
the frontal and occipital EEG; again, the power increase extended to lower frequencies only in
L6b silenced animals. Yet, when comparing frontal EEG power in the delta range (1-4 Hz), there
was no difference between genotypes (absolute: tiss75=1.403, p=0.1946, relative to vehicle
spectra: tg3s1)=1.146, p=0.2837, Welch’s t test) (Figure 4.10C,D). In the occipital EEG, delta power
was significantly higher in L6b silenced animals (t(.972)=2.639, p=0.0248, Welch’s t test)(Figure
4.10E), but when spectra were normalised to vehicle, the difference disappeared (tss71)=1.412,
p=0.1921, Welch'’s t test)(Figure 4.10F). There were also no significant genotype differences in
theta frequency range power, neither in the frontal EEG (absolute: t(g020)=0.3154, p=0.7605,
relative to vehicle t(1046=0.8036, p=0.4395)(Figure 4.10G,H) nor the occipital EEG (absolute

t(1090)=1.837, p=0.0936, relative to vehicle t(o.365=1.292, p=0.2275, Welch’s t test) (Figure 4.10H,1).
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Figure 4.10: EEG power in the delta and theta frequency range during NREM sleep. The delta frequency
range was defined as 104 Hz, theta frequency as 4.5-10 Hz. Abs=absolute, Rel=relative to 3-hour vehicle
spectra. Animals contributing: WT n=5, L6b silenced n=9. (A) ORXA high, EEG1 delta abs. (B) orxa high eegl
delta rel. (C) ORXB eegl delta abs. (D) orxb eegl delta rel. (E) orxb eeg2 delta abs. (F) orxb eeg2 delta rel.
(G) orxb eegl theta abs. (H) orxb eegl theta rel. (I) orxb eeg2 theta abs. (J) orxb eeg2 theta rel
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REM sleep

For REM sleep, the same time frame was used as for NREM sleep, from the first epoch of
consolidated NREM sleep for the consecutive 3 hours, and REM sleep episodes of 216 seconds
with <8s interruptions were included in the analysis. Nearly all animals spent a sufficient number
of epochs in REM sleep across treatment conditions to calculate reliable spectra (Table S4.1), so
comparisons are made for spectra calculated from comparable time windows between vehicle
and the respective orexin treatments, similarly to the comparisons made for NREM spectra.

In control animals, comparison between orexin and vehicle spectra showed that ORXA
did not have any effects on EEG spectra in REM sleep, neither in the frontal nor the occipital EEG
(Figure 4.11, left column; Table S4.2). There was also no change in occipital EEG theta peak value
(t(7.225=0.5341, p=0.6093) or theta peak frequency (t(.702=0.5657, p=0.5900)(Figure 4.12A,B).
After ORXB infusion, there was a significant change in spectra in both EEG derivations, but the
posthoc analyses did not reveal specific frequency ranges at which differences occurred (Table
S4.2); by visual inspection, it appeared like ORXB shifted the theta peak frequency to a higher
frequency (Figure 4.11, left). However, analysis of the theta peak did not reveal changes after
ORXB infusion compared to vehicle in control animals (peak value: t(7815=0.1891, p=0.8548; peak
frequency: t;5.882)=0.7171, p=0.5008)(Figure 4.12E,F).

Comparison between orexin and vehicle spectra in L6b silenced animals (Figure 4.11,
middle column; Table S4.3) gave similar results to control animals. The Treatment x Frequency
bin effect was only significant in the occipital EEG in L6b silenced animals. In L6b silenced
animals, occipital EEG theta peak characteristics were not significantly affected by orexin A
compared to vehicle (peak value: tn120=0.6734), p=0.5134, peak frequency: tu241)=2.152,
p=0.0517)(Figure 4.12C,D), although there was a trend towards a slowing of the theta rhythm.
ORXB infusion did not result in a significant change in occipital EEG theta peaks in L6b silenced
animals compared to vehicle infusion (peak value: t(7.675=0.01774, p=0.9863, peak frequency:

t(6.669):1-397, p=0.2072) (Figure 4.12G,H).
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Figure 4.11: EEG spectral power density during REM sleep.

(A) Spectra after ORXA infusion. The left column shows absolute EEG power in WT animals after vehicle
(grey) and orexin (blue). The middle column shows absolute EEG power in L6b silenced animals after
vehicle (grey) and orexin (red). The right column shows the relative orexin/vehicle EEG power in WT (blue)
and L6b silenced animals (red). Number of animals contributing: WT, frontal EEG n=5, occipital EEG n=5;
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Insets show theta frequency range in more detail. L6b silenced, frontal EEG n=7, occipital EEG n=7.

(B) Spectra after ORXB infusion. The left column shows absolute EEG power in WT animals after vehicle
(grey) and orexin (blue). The middle column shows absolute EEG power in L6b silenced animals after
vehicle (grey) and orexin (red). The right column shows the relative orexin/vehicle EEG power in WT (blue)
and L6b silenced animals (red). Number of animals contributing: WT, frontal EEG n=5, occipital EEG n=5;
Inset show theta frequency range in more detail. L6b silenced, frontal EEG n=4, occipital EEG n=4.
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Interestingly, the absolute theta peak value after ORXB infusion was higher in L6b
silenced compared to control animals (te.949=6.881, p=0.0002)(Figure 4.12I), although in
baseline condition, no difference was observed in theta peak value between L6b silenced and
control animals (Figure 3.8G).

Lastly, REM spectra after the orexin infusions were normalised to those after vehicle
infusion and the resultant relative spectra were compared between the genotype groups (Figure
4.11, right column; Table S4.4). No significant differences were detected between L6b silenced

and control animals.
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Figure 4.12: Theta peak characteristics during REM sleep after ORX infusion.

Theta was defined as 4.5-10 Hz, all calculations performed on occipital EEG spectra.

(A) VEH vs ORXA ctl, peak value n=5 (B) VEH vs ORXA, CTL, peak frequency n=5. (C) VEH vs ORXA L6b
silenced, peak value, n=8. (D) VEH vs ORXA L6b silenced, peak frequency, n=8. (E) VEH vs ORXB CTL, peak
value n=5 vs n=5. (F) VEH vs ORXB CTL peak frequency, n=5 vs n=5. (G) VEH vs ORXB L6b silenced, peak
value n=7 vs n=4. (H) VEH vs ORXB L6b silenced, peak frequency n=7 vs n=4. (1) Absolute ORXB CTL vs L6b
silenced, peak value n=5 vs n=4. (J) Absolute ORXB CTL vs L6b silenced, peak frequency n=5 vs n=4.
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4.3.3 Homeostatic regulation of sleep

Since orexin promotes wakefulness, its administration at light onset in light phase-inactive mice
can be regarded as pharmacological induction of sleep deprivation. Whereas ORXA caused a
significant increase in the time spent in wakefulness in the first 3 hours, wakefulness was back to
normal levels from the third hour onwards, and 24-hour percentages in the respective vigilance
states were comparable after ORXA and vehicle infusions in both genotypes (Wake, F(222)=0.7016,
p=0.9556; NREM, F(1674,1841)=1.715, p=0.2092; REM, F(1686,1855=2.235, p=0.1409) (Figure 4.13).
The total 24-hour time spent in REM sleep was reduced in Lé6b silenced compared to controls
(Genotype effect, F1,11)=13.99, p=0.0033). This was unexpected, because in the baseline sleep
phenotyping of L6b silenced animals, no change in total REM time was observed (Chapter 3).

After infusion of ORXA, the dissipation of SWA in the first 3 hours (in 30 min bins) after
the onset of consolidated NREM sleep was not different between L6b silenced and control animals
(Frontal, Time x Genotype F(555=0.4621, p=0.8027, Occipital, Time x Genotype, F55=1.373,
p=0.2485)(Figure 4.13C). However, SWA in the occipital EEG during the first 3 hours of NREM
after ORXA was decreased in L6b silenced animals (Genotype, F1,11)=6.818, p=0.0242). ORXB did
not increase the duration of wakefulness, and consequently, the accumulation and subsequent
release of SWA was less evident.

Slow wave energy (SWE) is the cumulative sum of EEG delta power across all artefact-
free epochs scored as NREM sleep (Figure 4.13D,E). After administration of vehicle, SWE was not
significantly different between genotypes (Mixed effects F(23230=0.2968, p=0.9994). When
frontal EEG SWE after orexin infusion was normalised to SWE after vehicle infusion, it looked like
ORXB did not change SWE (Figure 4.13E) but ORXA increased SWE in control but not L6b silenced
animals (Figure 4.8D). However, there was no difference between the genotypes in normalised
SWE after ORXA (Genotype, F(1,9=1.168, p=0.3080), neither was the time course of normalised
SWE (Genotype x Time, F(23207=0.3333, p=0.9985).

These results indicate that, although the homeostatic rebound sleep is delayed in L6b

silenced mice, homeostatic regulation of sleep after ORXA-induced wakefulness is not changed.
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Figure 4.13: Homeostatic regulation of sleep after orexin infusion.

(A) Time spent in wake, NREM and REM after ORXA infusion (dose 0.3 nmol and 0.6 nmol
respectively) and vehicle infusion.

(B) Time spent in wake, NREM and REM after ORXB (dose 0.6 nmol) and vehicle infusion.

(C) Slow wave activity rebound during NREM after infusion of ORXA (0.6 nmol) in the frontal EEG
and occipital EEG.

(D) Slow wave energy (SWE) after vehicle (left) and ORXA (0.6 nmol) infusion, with SWE on ORXA
day normalised to SWE on vehicle day.

(E) SWE after vehicle (left) and ORXB infusion, with SWE on ORXB day normalised to vehicle day.
Controls n=5, L6b silenced n=8.

123



On inspection of the plots of time course of SWA aligned with hypnograms (Figure 4.3),
it appeared like there might be a change in the duration and SWA during the initial NREM
episode after prolonged wakefulness following ORX infusion. However, closer analysis of the
first NREM episode following ORXA infusion revealed that duration (t(1052=0.5481, p=0.5947)
and SWA (absolute: t(gs73)=1.080, p=0.3093), relative to vehicle (tq051)=0.3370, p=0.7427) were
similar between genotypes (Figure 4.14A-C). There were also no genotype differences in
duration (t(e.626)=1.020, p=0.3327) or SWA (absolute: tess2=1.226, p=0.2616, relative to vehicle:

t(s.235)=1.594, p=0.1693) of the first NREM episode after ORXB infusion (Figure 4.14D-F).
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Figure 4.14: Characteristics of the first NREM episode after orexin infusion.

Slow wave activity (SWA) was defined as 0.5-4.0 Hz and calculated for the frontal EEG. Number of
animals included: controls n=5 vs L6b silenced n=8.

(A) Duration of the first NREM episode after ORXA infusion. (B) SWA during the first NREM episode
after ORX infusion. (C) SWA during the first NREM episode after ORXA infusion relative to SWA in the
first NREM episode after VEH infusion. (D) Duration of the first NREM episode after ORXB infusion.
(E) SWA during the first NREM episode after ORXB infusion. (F) SWA during the first NREM episode
after ORXB infusion relative to SWA during the first NREM episode after VEH infusion.
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4.3.4 Food intake
Orexin was initially identified as a promoter of food intake (Sakurai et al., 1998). If the food intake
stimulating effect of orexin would be at least partially mediated through cortical L6b, one would
expect that silencing L6b would reduce the food intake promoting effect of orexin.

In this exploratory analysis I assessed 24-hour food intake after the infusion of vehicle,
ORXA and ORXB, together with Marissa Mueller, a rotation student from the MRC program in
Neuroscience. We found that ORXA did not change 24-hour food intake (Treatment,
F1.612,11200=2.071, p=0.1751) and that there was no genotype difference in the response to ORXA
(Treatment x Genotype, F(1.5893.178)=1.769, p=0.7946) (Figure 4.15). Similarly, ORXB did not affect
24-hour food intake (Treatment, F(1,20)=1.800, p=0.1948) nor did it elicit a genotype-dependent

response (Treatment x Genotype, F(1,20)=0.2495, p=0.6229).
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Figure 4.15: Food intake after orexin infusion.

Food intake was tracked by weighing the food pellets on the floor of the cage at the time
of infusion and 24 hours later. Food intake was then compared to food intake across
baseline days (ORXA/ORXB dose=0 nmol) and no differences were observed.

(left) 24-hour food intake after ORXA infusion.

(right) 24-hour food intake after ORXB infusion.

Controls n=5, L6b silenced n=8.
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4.4 Discussion

4.4.1 Summary of findings

In this experiment, I administered ORXA, ORXB, and vehicle ICV to L6b silenced and control mice
and recorded EEG/EMG for 24 hours continuously. I found that after ORXA but not ORXB there
was an increase in the amount of wakefulness and a decrease of NREM and REM in the first three
hours after infusion. The increase in the amount of wakefulness was the result of the occurrence
of prolonged wake episodes. Along with the promotion of wake maintenance, the incidence of
brief awakenings during subsequent NREM increased and the latter occurred both after ORXA
and ORXB infusion. The wakefulness promoting effects were seen in both genotypes, but the wake
episode prolonging effect was stronger in L6b silenced compared to control animals.

Normalised spectra for wakefulness immediately following ORXA and ORXB
administration were significantly different between genotypes but not at a specific frequency
range. ORXB visually had a greater effect on EEG oscillations. After ORXB infusion, both genotypes
showed a decrease in theta range (4.5-10 Hz) EEG power and an increase in alpha range (8-12
Hz) EEG power in both derivations. The decrease in theta power was larger in L6b silenced
animals; the alpha frequency increase was comparable between genotypes.

In the first three hours of NREM sleep following ORXA and ORXB infusion, there was an
increase in frontal EEG power in the 3-30 Hz range in both genotypes, which extended to lower
frequencies only in L6b silenced animals. Since low frequency oscillations visually appeared most
clearly affected, | compared EEG band power in the delta (1-4 Hz) and theta (4.5-10 Hz) frequency
ranges and found no differences between genotypes in either EEG.

REM sleep spectra were not clearly affected by ORXA or ORXB infusion and there were
also no differences between genotypes in normalised REM spectra. The only statistically
significant difference was a higher theta peak value in L6b silenced animals compared to control

animals after ORXB infusion.

126



SWA dynamics in NREM sleep after ORXA-prolonged wakefulness were comparable
between L6b silenced and control animals, with the exception of a lower maximal SWA in L6b
silenced animals in the occipital EEG.

Lastly, 24-hour food intake after orexin and vehicle treatment were not significantly

different and there was no effect on genotype on this measurement.

4.4.2 Comparison of findings to literature
The finding that ICV administration of ORXA increases the time spent in wakefulness is well-
described, and the duration of wakefulness promotion is also in line with previous reports in mice
and rats (Mieda et al.,, 2011; Piper et al,, 2000).

The increase in brief arousals after ORXA and ORXB administration suggests a
potentiation of sleep-wake transitions. Photostimulation of orexin neurons has been shown to
reduce the latency from NREM to wakefulness, which agrees with this sleep-wake transition
promoting effect (Adamantidis et al., 2007). Moreover, CAG/orexin mice, in which orexin is
constitutively expressed, show fragmentation of NREM sleep, which indicates that the presence
of a high orexin tone during NREM sleep disrupts NREM sleep stability (Willie et al., 2011).

Besides this effect on sleep-wake promotion, I found a substantial prolongation of
wakefulness episodes, reflecting stimulation of wakefulness maintenance. This is a key effect of
orexin that has been demonstrated in several other studies.

First, when the BNST is stimulated chemogenetically, there is prolongation of
wakefulness and this effect is blocked by the dual orexin receptor antagonist DORA-22, indicating
that orexin is required for sustained wakefulness. In the same study it was demonstrated that
optogenetic stimulation of BNST in mice leads to direct sleep-wake transitions and that this effect
is not inhibited by DORA-22, which made the authors conclude that orexin is more important in
wakefulness maintenance than in sleep-wake transitions (Kodani et al., 2017).

Second, orexin knockout mice and human narcolepsy patients are not able to maintain

wakefulness and repeatedly fall asleep, but they can be aroused from external stimuli such as the
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sound of an alarm, again supporting a predominant role of orexin in wakefulness maintenance
(Sakurai, 2014).

Exogenous ORXA or ORXB infusion caused a decrease in low theta power and an increase
in high theta power during wakefulness in L6b silenced animals. This is in line with the finding in
orexin knockout mice that orexin promotes a substate of wakefulness that is enriched in theta
power (Vassalli and Franken, 2017). However, these findings are not identical, as I did not assess
what percentage of time the animals were in a ‘theta enriched’ state, a state that was defined by
specific criteria in the orexin knockout study (Vassalli and Franken, 2017). It is unexpected that
ORXA and ORXB caused less spectral changes during wakefulness in control animals than in L6b
silenced animals, but this could be due to a statistical power issue rather than a biological effect.
There were few genotype differences in the comparison of relative EEG spectra.

Along with the increase in 7-9 Hz in the occipital EEG, L6b silenced animals also showed
a decrease in 3-6.5 Hz EEG power in the occipital EEG following ORXA infusion. This is
unexpected, since ORXA infusion can be regarded as ‘pharmacological sleep deprivation’ and
elevations in delta and low theta power that are most prominent in the occipital EEG are linked
to an increase in sleep pressure during wakefulness and have also been observed during acute
and chronic sleep deprivation (Leemburg et al., 2010; Vyazovskiy and Tobler, 2005). Whether
there is deficit in the build-up of sleep pressure in this experiment, should be explored in future
analysis.

To my knowledge, only one study has reported on the effects of ORXB on sleep-wake
regulations. In that study, in rats, it was shown that ORXB increases wakefulness, but besides the
species difference, experimental conditions were also different to mine, with a continuous
infusion and considerately higher doses for ORXB than for ORXA (Akanmu and Honda, 2005). A
variant of ORXB was also examined with a higher affinity for the OX2R and the authors found that
this compound increased wakefulness to a similar level as (lower doses of) ORXA (Akanmu and

Honda, 2005).
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With OX1R, OX2R and dual receptor knockout mice, it has been demonstrated that the
sleep-wake regulating effects of orexin are probably mediated by a synergy of the two receptors,
with a dominant role for the OX2R (Mieda et al.,, 2011; Willie et al., 2003). This suggests that ORXA,
which can activate both receptors, has the strongest effects on sleep-wake states and this is in
line with my findings. In vitro, it has been shown that ORXA or ORXB can both directly activate
L6b in multiple cortical areas and because the effects of ORXA and ORXB were comparable in
vitro, it was concluded that orexinergic activation of L6b is probably OX2R-mediated (Bayer et
al, 2004). I also administered ORXA and ORXB on separate days, and I found that ORXA had
stronger wake-promoting effects than ORXB, which is probably mostly mediated through
stronger activation of the reticular ascending arousal system by the former (Figure 4.1).

The effects of orexin on sleep homeostasis have been investigated in orexin knockout
animals, where it was shown that the absence of orexin reduces the time spent in spontaneous
theta-enriched wakefulness and that this is correlated with a reduction in EEG SWA in subsequent
NREM sleep (Vassalli and Franken, 2017). Consistent with these findings, | found an increase in
high theta power after ORXA during wake, and an increase in delta power during subsequent
NREM in L6b silenced but not control animals. However, when I plotted the time course of SWA
during NREM sleep (normalised against 24-hour vehicle NREM SWA), [ found that NREM SWA in
the occipital EEG was higher in control animals. This could be related to the different methods of
normalisation.

The absence of an effect of orexin infusion on food intake could be explained by the low
time resolution of the current measurement or by a genuine absence of a direct effect of orexin
on food intake. With the development of new methods of assessing food intake with a higher

temporal accuracy, such questions can be addressed in the future.

4.4.3 Implications for understanding of neuronal circuits
Based on my findings, it seems like ORXA and ORXB both increase the number of brief arousals,

which could be regarded as sleep-wake transition attempts, but only ORXA promotes
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wakefulness maintenance. Although in physiological situations, these peptides might be released
at the same time, making this finding less applicable, it is a novel finding that has not been
reported before and could be interesting from a mechanistic point of view.

The main implication of my study is that some of the effects of orexin may be mediated
through cortical L6b since there were significant differences in sleep-wake architecture
parameters and in spectral power distribution between the two genotype groups, implying that
the expression of orexin receptors in L6b is not just a remnant feature of development or
evolution but functionally relevant. The finding that cortical L6b silenced animals stay awake
longer than control animals is unexpected. Beforehand, I had reasoned that L6b may play a role
in orexin-induced wakefulness and that silencing L6b may reduce the wakefulness inducing
effects of orexin. However, | observed the opposite effect, which could suggest that there may be
a di-synaptic mechanism in play, in which cortical L6b is part of a circuit involving inhibitory
interneurons that results in the inhibition of cortical arousal; in this hypothetical model, silencing
L6b would lift this inhibitory loop, resulting in stronger or longer cortical arousal.

It is important to consider that silencing through the conditional KO of Snap25 from a
selected group of cortical neurons is a chronic process that starts from the time of Cre
recombination, that is estimated to start from birth (Hoerder-Suabedissen et al.,, 2018). The
subsequent development of intracortical and cortico-thalamic circuits is altered in these
chronically silenced animals (see Vadisiute, Meijer et al., 2023). There are changes in synaptic
and myelin maintenance, distribution if microglia, astrocytes, and even GABAergic interneurons.
The responsiveness of such altered circuits could change, and they should not simply be

considered as an acutely silenced system that otherwise indistinguishable from WT animals.

4.4.4 Clinical implications
Modulation of the orexin system has been an area of interest for clinical application from the
moment the neuropeptide was identified, illustrated by the author list of one of the two

foundational papers - the second half of the list is affiliated with a pharmaceutical company
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(Sakurai et al.,, 1998). The major clinical targets for intervening with the orexin system are
narcolepsy, by orexin agonism, and insomnia, by orexin antagonism. The administration of orexin
agonists has proved challenging, with only one trial with an OX2R agonist, TAK-925, showing
efficacy in human narcolepsy patients (Evans et al,, 2023), and a recent phase Il clinical trial that
reported improvement of narcolepsy symptoms but also hepatotoxicity (Dauvilliers et al., 2023).
More advances have been made in the development of orexin antagonists for insomnia, and three
dual orexin receptor antagonists (DORAs) have been approved by the FDA, suvorexant,
Lemborexant and daridorexant (Herring et al., 2019; Park et al., 2023).

Other clinical focuses for intervention in the orexin system are neuropsychiatric
disorders, such as schizophrenia, depression, anxiety, addiction, eating disorders and
neurodegenerative disorders (Ten-Blanco et al,, 2023). For multiple psychiatric disorders, one of
the symptoms is sleep-wake disruption, and other symptoms can be evoked or exacerbated by
certain sleep-wake behaviours. In this respect, the link between L6b and orexin is potentially
interesting, since for multiple neuropsychiatric disorders, abnormalities in interstitial white
matter cells in human (the equivalent cells of L6b in mouse) have been described, such as in
autism (Bailey et al., 1998) and schizophrenia (Akbarian et al.,, 1996; Eastwood and Harrison,
2003; Kirkpatrick et al., 2003).

The finding that high orexin levels have a particularly strong wake-promoting effect in
L6b silenced animals could indicate that abnormalities in L6b might make individuals especially
sensitive to orexin tone. In this speculative model, when a threat has disappeared, but orexin is
still present, L6b might counteract this and signal that no vigilance is needed anymore. Patients
with sleeping problems such as insomnia and L6b abnormalities would in this speculation

especially benefit from orexin-targeting treatments.

4.4.5 Limitations
The difference in orexin responsivity between L6b silenced and control animals could be

explained by the difference in genotypes, but there are potential confounders. First, the control
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group was smaller, due to breeding issues, which limits statistical power of this study (n=5, and
in some analysis animals had to excluded vs n=8 L6b silenced animals). Second, I do not have pre-
infusion EEG spectra for all animals, which makes it impossible to validate whether sleep-wake
history is comparable between the groups in all conditions. The mostly consistent findings with
the two doses of ORXA, which were administered at different treatment days, are reassuring.

[ found fewer wake-promoting effects of ORXB than of ORXA. This is probably
physiological but there are other possible explanations. First, ORXA has two intramolecular
stabilizing disulphide bonds which ORXB does not have, making ORXB less stable (Sakurai 1998),
so theoretically, ORXB could have been denatured in my experiment. A positive control was the
use of the same preparation for in vitro experiments by Dr Rajeev Therpurakal (Molnar and Mann
Laboratories) who found clear effects of orexin B bath application. Albeit this indicates that the
solution contained orexin B, it does not include denaturing of the protein within the infusion
system that [ used. Moreover, I used a solution of 0.3 nmol/ul for both ORXA and ORXB, based on
the solubility limits, infusion volume limits and previous studies. This was an effective dosage for
ORXA but might have been insufficient for ORXB, especially since the only study that reported
ORXB effects on wakefulness used higher doses for ORXB (Akanmu and Honda, 2005). Moreover,
the time frame was selected based on visible ORXA effects on the distribution of time spent in
different vigilance states, which might not be optimal for ORXB effects.

In general, the doses, localization and timing of orexin administration used in this study
are not physiological and therefore, the neuropharmacology might be different from endogenous
orexin effects. In my study, orexin levels were high during the light phase, whereas normally,
orexin neurons are active during wake, especially active wake, less active during NREM and
inactive during tonic REM (Lee et al., 2005; Mileykovskiy et al., 2005). High orexin levels that peak
at the beginning of the inactive phase are therefore an unnatural situation.

Another strategy to investigate orexin effects on L6b could be to administer an orexin
receptor antagonist. Based on the higher expression of OX2R in L6, administration of an OX2R

selective antagonist would be logical, and could shed light on the role of OX2R signalling in L6b
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for mediating the effects of endogenous orexin. This was my initial plan for this experiment, but
due to the low pH of the solution of the compound than I had selected, YNT-185, | was not able to
use this substance in vivo (Irukayama-Tomobe et al., 2017).

Patch-clamp recordings by Dr Rajeev Therpurakal confirmed that Drd1a cells in L6b are
activated by orexin. Ideally, experiments would be repeated in the presence of tetrodotoxin (TTX)
to confirm monosynaptic activation of Drdla-Cre L6b neurons by orexin. Moreover, in Dr
Therpurakal’s experiments, fluorescent (tdTom+) L6b cells have been compared to non-
fluorescent L6b cells in prefrontal cortex and eventually, it would be important to also record
neurons in other cortical layers, especially those that express orexin receptors, and repeat
recordings in other brain areas, as effects may strongly vary with specific cell types and with area.

Lastly, the analysis of food intake was preliminary, and other studies that measure food
intake after orexin infusion use a higher temporal resolution. In this study, this was however not
possible since animals needed to be undisturbed for 24-hour EEG/EMG recordings. While
recording 24-hour food intake, Marissa Mueller started working on a device to track food intake
automatically at high temporal resolution. This novel method is under development and a

promising tool for future studies (Mueller et al., 2022).

4.5 Conclusion

In this experiment, I investigated the in vivo effects of orexin on L6b, by administering ORXA and
ORXB to L6b silenced and control animals. I found that the wake episode prolonging effects of
ORXA are stronger in L6b silenced than in control animals. Moreover, ORXA and ORXB had
different effects on spectral EEG power density in the two genotypes. The differential effects in

L6b silenced and control animals suggest that chronic silencing of L6b affects orexin responsivity.
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5 Auditory perception in ‘layer 6b silenced’ mice

5.1 Introduction

Transitions between brain states mark alterations in perceptiveness to internal and external
stimuli (McGinley et al., 2015). At the same time, internal and external stimuli can cause
transitions from one brain state to another. Stimuli that cause brain state transitions tend to be
those that indicate change, since changes in the environment can signify danger. The perception
of change is governed by an interplay between sensory cortical areas of the modality in play and
the prefrontal cortex, which is a key change detector (Bastos et al,, 2012; Casado-Roman et al,,
2020; Keller and Mrsic-Flogel, 2018). In section 1.3.7, I outlined the thalamocortical networks
that may play a role in deviance detection. In the current chapter, I describe my investigation of
deviance detection in “L6b silenced” mice (Drdla-Cre:Snap25%/f) with an auditory oddball
paradigm. I will first give an overview of how auditory perception is measured, what the key
concepts of auditory oddball paradigms are, and how change is thought to be detected by the

brain. I conclude this introduction with the hypothesis that I tested with this experiment.

5.1.1 Auditory evoked potential
An evoked response or event-related potential (ERP) is a potential recorded from a specific part
of the brain following and time-locked with the presentation of a stimulus. When the stimulus is
a sound, the potential is also called an auditory evoked potential (AEP).

The shape of the AEP can be described based on activity in neural populations along the
auditory pathway. The auditory pathway starts at the cochlea and via the cochlear nerve, cochlear

nucleus, superior olivary nucleus, lateral lemniscus, inferior colliculus, and medial geniculate
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body, reaches the auditory cortex (Figure 5.1A). The functioning of the first components of the
pathway can be measured as a potential recorded with electrodes behind the ear, the auditory
brainstem response (ABR) <10ms after stimulus presentation (Figure 5.1B). Processing 210 ms,
which represents signalling from the level of the auditory thalamus onwards, is assessed by
extracting AEPs from EEG or LFP signals. Both techniques are used clinically to assess hearing
function, and in research settings to investigate network connectivity (Modi and Sahin, 2017).

The shape of the AEP is dependent on subject characteristics such as genetic background
and network variations, and experiment characteristics, such as recording electrode
configuration, but some general components can be identified and used for quantifying responses
(Bickel et al., 2008; Ehlers and Somes, 2002; Siegel et al., 2003). I describe peaks and time ranges
in rodents; in humans, latencies are longer because of the larger size of the brain and amplitudes
are usually smaller because of the use of scalp electrodes.

When recording EEG with an electrode placed above the fronto-temporal cortex, a first
peak occurs 20-30 ms after stimulus onset in rodents. It arises from activity in the auditory
thalamus and temporal cortex, and because it is usually a positive deflection, it is referred to as
P1. The next peak follows between 30-50ms and is negative in common recording configurations
and therefore indicated as N1. The N1 reflects activity in primary and secondary auditory cortex.
The following peak, P2, is thought to originate from activity in association cortices, and occurs
between 50-125 ms. A fourth peak has been identified around 125-225ms in rodents and around
300ms in humans; in humans it is commonly referred to as P300 or P3, in rodents as P3. This last
peak is associated with processing in the frontal and parietal cortex and has been linked with
higher order cognitive functions and is consistent across different modalities (Bickel et al., 2008;
Modi and Sahin, 2017; Siegel et al., 2003; Umbricht et al., 2004).

AEPs can be recorded from primary auditory cortex during wakefulness, but also during
sleep, anaesthesia, and comatose states, indicating that sound still reaches the primary auditory
cortex despite the sensory disconnection that occurs during these states (Nir et al.,, 2015). Single-

unit responses recorded from primary auditory cortex are similar in magnitude across vigilance

135



state, but the magnitude of AEPs varies with vigilance state, with larger amplitude AEPs elicited
during NREM sleep compared to those elicited during wakefulness or REM sleep (Colrain and
Campbell, 2007; Hall and Borbely, 1970; Nir et al., 2015; Velluti, 1997). The difference between
single unit responses and evoked potentials has been suggested to arise from the difference in
recording techniques, and the evoked potentials reflecting the recruitment of a larger population

of neurons to respond to the stimulus during sleep (Nir et al., 2015).
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Figure 5.1 Auditory perception in the mouse.

(A) Ascending auditory system in the moue, schematically. Sound arrives at the cochlea and is converted into
an electrical signal by hair cells, from where it is transmitted via spiral ganglion neurons in the cochlear nucleus
(CN), to the superior olivary nucleus (SO) and inferior colliculus (IC). From there, the signal reaches the medial
geniculate nucleus (MGN) and is transmitted to the primary auditor cortex (Al).

(B) Auditory evoked potential. After presentation of an auditory stimulus, a peak appears that can be recorded
from the auditory brainstem as the auditory brainstem response in first 10ms after stimulus presentation. On a
more prolonged time scale, signal progression through the auditory pathway can be recorded as field potentials,
the event-related potential that is similarly time locked with the stimulus. Characteristic peaks correspond with
activity in distinct brain area. The P1 and N1 peaks are related to auditory gating. Note the different time scales
in humans and rodents indicated as different latencies below the x axis. The y axis is not quantitative since peak
amplitudes vary with recording area and technique. Usually, human studies are performed with scalp electrodes
and mice studies with implanted epidural electrodes, and therefore, amplitudes in mouse studies tend to be
larger. From Modi & Sahin 2017.
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5.1.2 The auditory mismatch response

Several mechanisms in the auditory pathway provide context to novel sounds and are responsible
for setting the auditory scene. These processes can be investigated with an oddball paradigm, in
which a sequence of frequently occurring standard tones is interrupted by an infrequently
occurring deviant tone (Naatidnen et al., 1978). This results in the generation of a mismatch
response upon hearing the deviant tone, that can be observed as changes in amplitude in the AEP
and changes in neuronal spiking rates (Naatdnen et al., 1978, 2007).

When field potential responses to standards are subtracted from responses to deviants,
the resultant difference wave shows a negative deflection starting around 50ms and reaching a
peak between 100-300ms or even longer in mice, the mismatch negativity (MMN) (Fitzgerald and
Todd, 2020; Garrido et al., 2009a; Nadtanen et al.,, 1978, 2007). The terms mismatch response and
MMN are often used interchangeably but some have reserved mismatch response for animal
experiments, where polarities and latencies are different, and which can show different dynamics
(Harms et al,, 2016; O’'Reilly and Conway, 2021).

A mismatch responses can be elicited by a deviant of a different frequency, duration,
intensity, or direction but also by deviants that show changes in more complex features of sounds,
such as variations in speech (Dehaene-Lambertz, 1997; Ndatanen et al., 1978) and abstract rules
like grammar and tonal order (Tervaniemi et al., 1994).

The size of the mismatch response depends on stimulus characteristics such as the
probability of standards and deviants in the sequence, the interstimulus interval, and the degree
of difference between standards and deviants but also on subject characteristics such as hearing
function, directed attention, and neural network connectivity (Kurkela et al., 2018; Naatanen et
al,, 2007). The latter is employed in preclinical and clinical research, where changes in MMN are
used as a biomarker for network connectivity (Featherstone et al., 2018).

Oddball experiments are often performed during wakefulness, but an MMN can be
recorded during sleep (Nashida et al,, 2000), anaesthesia (Koelsch et al., 2006), and comatose

states (Fischer et al., 1999; Morlet and Fischer, 2014; Rodriguez et al., 2014). Although the later
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components of the MMN are changed during sleep (Strauss et al., 2015), the early components

are preserved and comparable across vigilance states (Nir et al.,, 2015; Strauss et al,, 2015).

5.1.3 Neurobiology of the mismatch response

The detection of change in a mismatch response is the result of suppression of repeated standard
stimuli on the one hand, and model adjustment on the other hand. The latter is also referred to as
‘genuine deviance detection’ (Casado-Roman et al.,, 2020).

At the level of single neurons, the high probability of standard tones leads to adaptation
specific to the standard tones, stimulus-specific adaptation (SSA) (Jadskeldinen et al., 2004; May
and Tiitinen, 2010; Ulanovsky et al., 2003). SSA has been recorded at different levels along the
auditory pathway, starting from the level of inferior colliculus ranging to the auditory cortex, and
the higher up in the hierarchy the more complex the patterns of adaptation (Duque and
Malmierca, 2015; Pérez-Gonzalez and Malmierca, 2014).

At amore global level, the responses to standard tones are also diminished in the process
of repetition suppression (RS), which differs from SSA in that it is less specific to the exact
properties of the stimulus and instead more general to the associated meaning of sounds. RS is a
component of the predictive processing framework, which is a model that explains how the brain
matches incoming perceptual information with existing models in the brain (Auksztulewicz and
Friston, 2016; Garrido et al, 2009a). As described in Chapter 1, section 1.3.8, predictive
processing is a hierarchical process in which ascending incoming sensory information is tested
against descending prediction models to allow efficient change detection in the sensory
environment. When the descending predicted signal is similar to incoming information, the
response is suppressed, in the process of RS. When the two information streams are different,
however, an ascending prediction error signal is generated (Auksztulewicz and Friston, 2016;
Garrido et al,, 2009a).

The MMN can be localized to two generators: one bilaterally in the posterior auditory field

(Parras et al., 2021) linked to pre-attentive processing, and one in the frontal and prefrontal
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cortex, predominantly in the right hemisphere, linked to attention switching (Casado-Roman et
al,, 2020; Naatdnen and Michie, 1979; Naatanen et al., 1978, 2007). According to the adaptation
hypothesis of MMN, MMN is exclusively explained by SSA (Jaaskeldinen et al., 2004; May and
Tiitinen, 2010; Ulanovsky et al., 2003), and according to the memory hypothesis, the MMN is
formed entirely from model adjustment (Naitdnen et al, 1978, 2007). Predictive coding

frameworks suggest that both mechanisms co-exist (Fitzgerald and Todd, 2020).

5.1.4 Practical considerations for auditory oddball paradigms

The auditory system responds differently to tones with different properties, e.g., loud tones, long
tones and tones in a species-specific relevant frequency range are more strongly perceived.
Therefore, when standards and deviants with different physical properties are presented to elicit
a deviance response, part of the MMN will result from differences in physical properties of the
stimuli rather than adaptation or model adjustment (Naatanen et al.,, 2007; O’Reilly and Conway,
2021). Although some have suggested that physical properties of the sound account for the entire
mismatch response in mice (O’Reilly and Conway, 2021), many others report similarities
between the murine mismatch response and the human MMN, and that with adequate controls
the mismatch response can be regarded as the murine analogue of the human MMN (Casado-
Roman et al, 2020; Kurkela et al, 2018; Parras et al, 2021). Moreover, both physical
responsiveness and SSA mostly affect the N1 time range which suggests that differences detected
in later time ranges could be a good indicator of the mismatch response (Kurkela et al., 2018;
Naatdnen et al., 2007).

A common control paradigm is the use of two stimulation blocks, where the standard and
deviant condition are reversed, the ‘flip-flop model’. When an effect occurs in both conditions, it
is likely to be caused by MMN, but when it is only seen in one direction, it is more plausible that
physical properties of the stimuli cause changes in responses (Harms et al,, 2014) (Figure 5.2B,D).

Whereas the flip-flop control is effective to verify the validity of the mismatch response,

it does not give information on the contribution of component mechanisms. A non-repetition
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control was introduced, the ‘many standards’ control paradigm, in which different standard tones
are played, each with the same probability as the deviant tone in the oddball paradigm (Figure
5.2). One of the standard tones in the control paradigm has the same properties of the deviant
tone in the oddball paradigm and therefore, the deviant in the oddball paradigm can be compared
with a physically identical tone with the same probability, with the only difference that it is not a
deviant (Schroger and Wolff, 1996).

A further refinement was presented, the ‘cascade’ control paradigm. This is also a non-
repetitive sequence of control tones with the same probability as the deviant tone, but instead of
in a random order it is played in an ascending or descending cascade (Figure 5.2). Thus, the
context immediately preceding the tone is comparable in the oddball and the control paradigm,
with the only difference between the cascade control paradigm and the oddball paradigm that the
tone in the oddball paradigm is deviant and in the cascade control paradigm is part of a regular

sequence (Ruhnau et al,, 2012).

5.1.5 Hypothesis

In this experiment, I performed an auditory oddball paradigm in L6b silenced and control animals
(Drd1a-Cre+/?;Snap25%/fand Drd1a-Cre/-:Snap25%/1). Since L6b is one of the infragranular layers
and is well connected both to supragranular layers and to thalamus (Hoerder-Suabedissen et al,,
2018), L6b could be involved in the generation of a deviance response (Chapter 1). Only sparse
Drd1la-Cre positive cells in L6b of the auditory cortex are part of the primary ascending pathway,
so it may be more likely that L6b is involved in prediction error signalling and repetition
suppression than in SSA. Within the framework of prediction coding, the excitatory Drd1a-Cre
neurons that lack the ability to communicate with other neurons through regulated synaptic
vesicle release in the L6b silenced mouse are more likely to code predictions than prediction
errors. If L6b is involved in the generation of a mismatch response, | would expect that L6b

silenced animals show a reduced mismatch response to deviant tones.
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5.2 Methods

5.2.1 Animals and surgeries

For this experiment, the same 15 male animals were recorded as for general sleep phenotyping
(wildtype (n=7), age 11+0.48 weeks, body weight 23+0.67 g; L6b silenced (n=9), age 11+0.39
weeks, body weight 21+£0.47 g); at this age, the early age related hearing loss that is seen in
C57BL6 animals has begun but is still limited (Ison and Allen, 2003). After sleep phenotyping,
animals were given at least 2 days recovery prior to starting the auditory stimulation experiment.
EEG/EMG derivations were the same as for baseline sleep phenotyping, with frontal and occipital

EEGs referenced to the cerebellum, and EMGs in the neck muscles.

5.2.2 Electrophysiological recording setup
Electrophysiological recording took place as described in Chapter 2, with the exception that
signals were recorded at a sampling rate of 1017.3 Hz to allow higher resolution of evoked

potentials. Signals were filtered online with an anti-aliasing filter at 45% of the sampling rate.

5.2.3 Free-field auditory stimulation setup

Auditory sequences were programmed in the Ultrasonic stimulation gizmo in the Synapse
software and produced with the RZ2 processor also used for electrophysiological recording
(Tucker-Davis Technologies Inc, Alachua, FL, USA (Figure 5.2). The digital-to-analogue converter
port from the RZ2 was connected via an amplifier (LP-2024A+, Lepai, China) with rodent-
optimized speakers (MF1, Tucker-Davis Technologies) attached to the ceiling of each recording
chamber. The setup was calibrated between 75-90 dB with a microphone (Nor140, Norsonic,
Tranby, Norway) and to further ensure comparable acoustic conditions for both genotype,
genotypes were counterbalanced per recording chamber, with the exception of one obligatory
L6b silenced-only chamber due to the imbalance between the groups (Chapter 3). Animals could

move freely during the experiment.
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5.2.4 Auditory stimulation paradigm

The oddball paradigm consisted of 1000 tones in total, containing 900 standards (p=0.9) and 100
deviants (p=0.1). The sequence was pseudorandom, modified such that there were at least 3
standard tones between consecutive deviant tones. There was an ascending oddball paradigm
(fstp=7.99 kHz, fpev=11.3 kHz), and a descending oddball paradigm (fsrp=11.3 kHz, fprv=7.99
kHz)(Figure 5.2B,D). All tones were 75ms duration pure tones, with an on/off ramp of 5ms. The
interval between consecutive onsets was 1000ms. The amplitude of the generated waveform was
kept constant throughout the experiment. Each stimulation block lasted about 13 minutes (1000
seconds). To investigate the attribution of deviance detection and stimulus specific adaptation,
respectively, a nonrepetitive control block was added after each oddball paradigm (Figure
5.2C,E). A control block consisted of a sequence of 10 logarithmically spaced tones (1.00-22.59
kHz) in either ascending or descending order, including the frequency pair of the oddball
paradigm. Each tone in the control block was played 100 times (p=0.10). In this way, responses
to the deviant tone in the oddball paradigm and the tone of the same frequency in the cascade
control paradigm can be compared, as a proxy of deviance detection through prediction error

signalling (Ruhnau et al., 2012).

5.2.5 Experimental procedure

The chambers were briefly opened just before lights off (9PM) for a quick health and cable check.
Next, the chambers were closed, and the animals were left undisturbed during stimulation. Just
after 9PM, the first stimulation block was started. Each block lasted 13 minutes and was followed
by 10 minutes rest before the next stimulation block. There were 4 stimulation blocks per session
(oddball ascending, cascade ascending, oddball descending, cascade descending) and each animal
experienced one session. The aim was for the animals to be awake during stimulation, to reduce
the influence of vigilance state on AEP amplitudes (Hall and Borbely, 1970; Nir et al., 2015). This
was more successful in the second cohort of animals, as nests were removed, and a novel object

was introduced to the cage (a piece of tissue paper) to keep the animals awake (Figure 5.4).
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Figure 5.2 Free-field auditory stimulation setup.

(A) Stimulation setup. Tones were programmed in Synapse (TDT) and produced by the RZ2
processor, sent to an amplifier, and played through speakers attached to the ceiling of each
recording chamber. Each recording chamber housed a wildtype and a L6b silenced animal. Tone
characteristics are shown in the figure.

(B) In the ascending oddball paradigm, the deviant tone had a higher frequency (f=11.3 kHz) than
the standard tone (f=7.99 kHz).

(C) In the ascending cascade control paradigm, 10 tones formed a regular sequence, including the
oddball pair.

(D) In the descending oddball paradigm, the deviant tone had a lower frequency (f=7.99 kHz) than
the standard tone (f=11.3 kHz).

(E). In the descending cascade control paradigm, 10 tones formed a regular sequence, including the
oddball pair.
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5.2.6 Data analysis

Locally stored data tanks from Synapse were loaded into Matlab (The MathWorks Inc, Natick, MA,
USA, v R2021a) and the stimulation timepoints were extracted from the stimulation channel, as
well as continuous EEG and EMG data from the signal channels. EEG and EMG event epoch
analyses are described separately below. In parallel, EDFs were generated, and vigilance states
were manually blinded annotated in 4s-epochs in SleepSign (Kissei Comtec Co., Ltd., Nagano,
Japan) as described in Chapter 2.

For EEG analysis, event epochs of raw signals were extracted from 0.2 second before tone
onset until 0.5 second after tone onset, and 0.2 second pre-stimulus baseline subtraction was
applied. Then, grand average responses to all tones across all vigilance states were calculated and
plotted for individual animals. Based on this plot, peak windows were determined. I focused on
the frontal EEG derivation because the mismatch response is thought to be mostly frontally
located (Casado-Roman et al., 2020; Naatanen et al.,, 2007) and because the peaks of the evoked
potentials were more consistently identifiable in the frontal EEG in my recordings.

Next, event epochs of tones that were not played during artefact-free wakefulness were
excluded, to avoid vigilance state specific changes in ERP amplitudes (Nir et al.,, 2015). Event
epochs were then categorised as standards or deviants for the oddball paradigm, or subsets of
standards for the adaptation analyses. A grand average waveform per condition within each
paradigm was calculated and plotted for individual animals. Peak amplitudes and latencies were
identified within this waveform by finding the minimum and maximum values in the pre-
determined peak windows with the predetermined polarities. The waveform was plotted for
individual animals including the automatically identified peaks and the quality of signals and peak
detection was assessed by visual inspection and when either was deemed insufficient for either
of the conditions compared, the animal was excluded from the analysis (Figure 5.3). Excluded
animals are listed in Table 5.1 and the number of animals contributing to each analysis is reported

with the respective results.
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For analysis of adaptation, only 20 tones were included per condition, and some of these
had to be excluded because they were not played during wakefulness, and therefore averaged
AEPs were less obvious for individual animals and peak detection did not seem reliable for most
animals, which made statistical testing not possible. Therefore, after excluding one wildtype
animal because of strong electrical noise and one L6b silenced animal because of a large drift,

group averages were plotted, and some patterns occurred.
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Figure 5.3 Example EEG traces with peak detection. (A) and (B) are examples of frontal EEG responses
with detection of P1, N1 and P2 peaks marked with red open circles. Peak detection windows are
shown in light blue. (A) An example of a grand average waveform and peak detection that was
assessed as good quality and (B) an example of a waveform that was judged as insufficient quality
because there were no obvious peaks visible. The animal in (B) was therefore excluded from analysis.

Table 5.1: Excluded animals

Excluded WT Excluded L6b WT included L6b silenced
silenced included
Ascending paradigms
Frontal EEG D4 D3 n=6 n=8
Descending paradigm
Frontal EEG C2 C5,D3 n=6 n=7

The names of the animals that were excluded are shown per animal, and the number of animals
that was included per genotype is also shown. Ascending refers to both the ascending oddball
paradigm (faeviant > fstandara), and the ascending control sequence and descending to both the
descending oddball paradigm fgeviant < fstandard) and the descending cascade. For the ascending
paradigms, only n=2 L6b silenced animals could be included for EMG analysis.
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For comparison of EEG peak amplitudes, peak-to-peak amplitudes were calculated, i.e.,
P1-N1 and N1-P2, to limit the effects of deviations from the baseline. For the oddball paradigm, a
(deviant - standard) difference wave was calculated.

In the EMG signal, the acoustic startle reflex was examined. This reflex can be observed in
response to suprathreshold stimuli within 5-12 milliseconds after stimulus onset, and its
magnitude varies with stimulus properties and subject characteristics(Fendt and Koch, 2013;
Pantoni et al,, 2020). In mouse models of neuropsychiatric diseases, the acoustic startle response
is often altered, and therefore it is frequently used in preclinical research and drug development
settings (Fendt and Koch, 2013).

For EMG analysis, the raw data from the EMG channel was resampled to 256 Hz and
filtered between 3-100 Hz. Next, event epochs were extracted 0.2 seconds before tone onset until
0.5 seconds after tone onset. Event epochs were categorized into standards and deviants for the
oddball paradigm, or subcategories of standards for the adaptation analyses, and event epochs
around tones that were not played during artefact-free wakefulness were excluded. The root
mean square (RMS) was calculated across all event epochs for a condition (standard, deviant,
control) for individual animals, and normalised to the average signal in the 0.5 seconds before
stimulus onset, to facilitate the distinction between background muscle activity and responses to
tones. For the acoustic startle reflex, a time window of 0-12 ms after tone onset was examined,
which was based on literature on the acoustic startle reflex (Pantoni et al., 2020). The resulting
normalised acoustic startle reflexes of individual animals were evaluated by visual inspection but

of insufficient quality for quantification. Therefore, they were compared visually.

5.2.7 Statistics

Responses to deviant tones were compared to responses to standard or control tones. If the
response to either condition was excluded for an individual animal, the animal was excluded from
both conditions of the analysis. Peak-to-peak amplitudes and peak latencies were compared with

a two-way ANOVA with genotype (wildtype vs L6b silenced) and condition (standard or control
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vs deviant) as independent variables. For posthoc comparisons, comparisons within each factor
were tested separately and no correction was applied. For significance testing of the difference
wave calculated in the oddball paradigm, multiple two-tailed t tests were performed for all time
points for the difference wave at the original sampling rate (1017.3 Hz) for comparison to zero.
All statistical analyses were conducted in GraphPad Prism (version 10.0. 2 for MacOS; GraphPad
Software, San Diego, CA, USA) except for statistical testing of the difference waves which was done

in Matlab.
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5.3 Results

The experiment started at lights off, with the aim of performing the experiment when animals
were awake. When [ started the experiment with the first cohort of animals, I verified whether
animals were still awake at the end of the first stimulation block and noticed that some animals
had fallen asleep, which I had not expected because of the intensity of the sounds. To ensure that
the animals were all awake during the rest of the experiment, I removed the bedding and
introduced a novel object (a piece of tissue paper) during the 10-minute break at the end of the
first stimulation block in this first cohort of animals. In the second cohort of animals, I followed
this ‘sleep deprivation’ procedure from the start, which successfully kept the animals awake as
can be seen from the hypnograms plotted for the hours during which the auditory stimulation
experiment was performed (Figure 5.4).

After sleep scoring, I aligned the tones with the vigilance state assignment, and excluded
the event epochs corresponding to tones that were not played during artefact-free wakefulness.
The number of tones played during wakefulness is summarized for each paradigm in each animal
in Table 5.2. For excluded animals, the number of event epochs during wake around standard and

deviant tones is reported in Table 5.1.

Oddball up Casc up Oddball down Cascade down Oddball up Casc up Oddball down Cascade down

C1l 572 60 0 0 D1 48 12 28 72

Cc2 68 412 312 156 D2 136 156 44 192

Cc3 916 56 156 0 D3 88 8 0 24

Cc4 4 12 8 4 D4 0 0 60 4

C5 8 8 0 0 D5 40 8 0 0

Ccé6 4 0 0 0 D6 0 56 20 4

c7 108 180 88 0 D7 0 0 0 336

Cc8 612 0 36 0 D8 4 48 0 4

Table 5.2: Excluded tones. For each animal (C1-C8 for first cohort and D1-D8 for second
cohort), the number of tones that is not played during an epoch of artefact-free wakefulness
is indicated. Note that during the first stimulation block (‘Oddball up’), many tones had to be
excluded (see also top panel in Figure 5.1) for the C cohort. In the D cohort, animals were kept
awake from the start, which successfully reduced the number of tones that had to be excluded.
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Figure 5.4: Hypnograms of all animals aligned with stimulation blocks. Each row is a
hypnogram from an individual animal. Hypnograms show distribution of time spent in vigilance
states: wake (green), NREM (blue), REM (red). Bar below shows stimulation sequence, starting
from 9PM (lights off). Shaded light blue represent the stimulation blocks: ascending oddball
paradigm, ascending cascade control sequence, descending oddball paradigm, descending
cascade control sequence. In between stimulation blocks, there was a ~10 min break.
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5.3.1 Peak windows evoked potential

The responses to all tones across all vigilance states were averaged per animal, to define time
windows to extract peak amplitudes and latencies from. The evoked response in my experiment
showed a negative deflection in the P1 time range (20-30 ms), a positive deflection in the N1 time
range (40-50 ms) and a negative deflection in the P2 time range (75-125 ms). This is a reversed
polarity to what is reported in most studies in literature, which could be related to the positions
of the electrodes in my experiment: the frontal electrode was referenced to a cerebellar electrode,
whereas in classic experiments, frontocentral electrodes are referenced to a nose or mastoid
electrode (Naitdnen and Michie, 1979; Nadtdnen et al.,, 1978, 2007).

[ refer to the deflection in the P1 time range as P1 (despite its negative polarity) with P1
time window 16-24 ms after tone onset, the deflection in the N1 time range as N1 (despite
positive polarity), with N1 window as 24-51 ms and the deflection in the P2 time range as P2
(despite negative polarity), with P2 window 51-125 ms after tone onset. There was no evident

peak in the P3 time range (125-300ms), so no time window was set for this peak.

Frontal EEG
60 T T T

40 .

-60 .

_80 1 1 1 1 1
-200 -100 0 100 200 300 400 500

Figure 5.5: Auditory evoked response averaged across all tones. Traces are shown for individual
animals, averaged across all 4000 tones that were played (4 stimulation blocks of 1000 tones each).
The black line at t=0 represents tone onset. The shaded areas indicate the time windows that were
defined for peak extraction, in chronological order, P1: 16-24 ms, N1 24-51 ms and P2 51-125 ms.
P3is expected to occur around 200-300ms but since this deflection was not clear, this peak was not
further analysed. n=16 animals, L6b silenced (n=9), Controls (n=7).
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5.3.2 Mismatch response
For investigating the mismatch response, AEP peak-to-peak amplitudes after standard tones

were compared to deviant tones.

Ascending oddball paradigm

In the ascending oddball paradigm (faeviant > fstandard), the P1-N1 amplitude was larger after deviant
tones than after standard tones (STD vs DEV, F(1,12=7.857, p=0.0160), but this difference between
responses to standards and deviants was only present in L6b silenced animals (posthoc
comparison, L6b silenced, STD vs DEV, p=0.0028) and not control animals (WT, STD vs DEV,
p=0.6496)(Figure 5.6A), which resulted in a statistical trend of a different STD vs DEV response
between the genotypes (Genotype x (STD vs DEV), F1,12=4.716, p=0.0577). This seemed to be
based on a smaller response of L6b silenced animals to standards (posthoc comparison, STD, WT
vs L6b silenced, p=0.0078) rather than a larger response of L6b silenced animal to deviants, since
responses to deviants were not different between the genotypes (posthoc comparison, DEV, WT
vs L6b silenced, p=0.6678).

The N1-P2 amplitude was also significantly larger after deviant tones than after standard
tones (STD vs DEV, F(1,12=21.35, p=0.0006)(Figure 5.6B). The larger N1-P2 after deviant tones
was strongly significant in L6b silenced animals (posthoc comparison, L6b silenced, STD vs DEV,
p<0.0001) but not significant in control animals (posthoc comparison, WT, STD vs DEV,
p=0.3132), resulting in a significantly different STD vs DEV response between the genotypes
(Genotype x (STD vs DEV), F(1,12)=9.174, p=0.0105). The difference between genotypes in STD
vs DEV response was the result of a stronger response of L6b silenced animals to deviant tones
(posthoc, DEV, WT vs L6b silenced, p=0.0196) with comparable response amplitudes to standard
tones between genotypes (posthoc, STD, WT vs Léb silenced, p=0.3145). Peak latencies were not
affected (Figure 5.6C).

In the EMG, a stronger response to deviants than to standards was observed, as expected.

This was seen both in L6b silenced and wildtype animals (Supplementary Figure S5.2).
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Figure 5.6: Ascending oddball paradigm.

(A) Frontal EEG responses to deviant tones and standard tones in wildtype (left, n=6) and L6b
silenced (right, n=8) animals.

(B) Comparison between standard and deviant peak-to-peak amplitudes. Time windows from
which P1, N1, and P2 peaks are extracted are indicated with shaded areas in (A).

(C) Comparison between standard and deviant peak latencies.
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Descending oddball paradigm

In the descending oddball paradigm (faeviant < fstandara), the P1-N1 amplitude did not increase after
deviant tones (STD vs DEV, F(1,11)=0.2333, p=0.6386) but the N1-P2 amplitude did (STD vs DEV,
F1,11)=8.127, p=0.0158) (Figure 5.7B). The increase in N1-P2 amplitude in response to deviant
tones was significant in control animals (WT, STD vs DEV, p=0.0189) but not in L6b silenced
animals (L6b, STD vs DEV, p=0.2462). Peak latencies were not affected (Figure 5.7C).

Besides comparing peak amplitudes and latencies, AEPs after standard and deviant tones
can be compared by calculating differences waves, which are especially useful for demonstrating
later MMN responses. Differences were significant at time ranges consistent with, and most likely
reflecting, the changes in P1 and N1 peak amplitudes, but no differences were observed at later
time ranges, consistent with the initial AEP evaluation (Figure 5.5) (Supplementary Figure S5.1).

In addition to the STD vs DEV changes that were observed in the oddball paradigms, there
was also a statistical trend towards smaller P1-N1 amplitudes in L6b silenced animals than in
control animals (Ascending oddball paradigm, Genotype P1-N1, F(,12=4.257, p=0.0614;
Descending oddball paradigm, Genotype P1-N1, F1,11)=4.643, p=0.0542).

Summarizing, in the frontal EEG deviant tones elicit a larger N1-P2 peak amplitude in both
paradigms, but this effect was only significant in the ascending oddball paradigm for L6b silenced
animals and only in the descending oddball paradigm for control animals. In the ascending
paradigm, L6b silenced animals showed a smaller response to standards. Across both standards
and deviants and both the ascending and descending oddball paradigm paradigms, there was a
trend towards smaller P1-N1 amplitudes in L6b silenced animals compared to controls.

In the EMG signal, the response to deviants appeared again larger than the response to
standards in both genotypes. Whether there were genotype-specific effects is not possible to tell

based on these results (Supplementary Figure S5.2).
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Figure 5.7: Descending oddball paradigm.

(A) Frontal EEG responses to deviant tones and standard tones in wildtype (left, n=6) and L6b
silenced (right, n=7) animals.

(B) Comparison between standard and deviant peak-to-peak amplitudes. Time windows from
which P1, N1, and P2 peaks are extracted are indicated with shaded areas in (A).

(C) Comparison between standard and deviant peak latencies.
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5.3.3 Adaptation

Because of the smaller N1-P1 amplitude in L6b silenced animals in the first paradigm, and the
reported effect of adaptation on the N1 time range (Naatinen et al,, 2007), I wondered whether
there was an increase in adaptation in L6b silenced animals.

To assess fast, within-paradigm adaptation, I compared the responses to the first 20
standard tones with the responses to the last 20 standard tones within the ascending oddball
paradigm (Figure 5.8). Peak characteristics could not be determined in individual animals, and
therefore only patterns are described based on inspection of the genotype-grouped graphs (see
Methods - Statistics for description of excluded animals).

In wildtype animals, repeated stimulation seems to reduce N1 latency and to a lesser
degree N1 amplitude. In L6b silenced animals, a strong reduction of the N1 amplitude at the end
of the paradigm is visible for both the ascending and the descending oddball paradigm.

For assessing the degree of adaptation between paradigms, I compared the response to
the first 20 standard tones in the ascending oddball paradigm to the first 20 standard tones in the
descending oddball paradigm. Visual inspection suggested that wildtype mice showed adaptation
between paradigms, with a smaller response at the start of the later paradigm, whereas
adaptation in L6b silenced animals was less pronounced.

When comparing EMG responses visually across the ascending oddball paradigm with
those across the entire descending oddball paradigm (Supplementary Figure S5.2), in wildtypes,
peak EMG amplitudes seemed to reduce from the first oddball paradigm (ascending paradigm) to
the later oddball paradigm (descending paradigm). In L6b silenced animals, it is difficult to
interpret findings because of the technical issues, but the response to standards seemed to reduce

within the first oddball paradigm and not reduce further in the late paradigm.
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Figure 5.8: Adaptation within and between paradigms.
(A) Frontal EEG responses of the last 20 standards of the first paradigm compared with the
first 20 standards of the same paradigm (WT, n=6; L6b silenced, n=8).
(B) Frontal EEG responses of the last 20 standards of the second oddball paradigm
compared with the first 20 standards of the same paradigm (WT, n=6; L6b silenced, n=8).

(C) Frontal EEG responses of the first 20 standards of the descending oddball paradigm
compared with the first 20 standards of the ascending oddball paradigm (WT, n=6; L6b

silenced, n=8).
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5.3.4 Prediction error signalling

To dissect the mismatch response into adaptation and prediction error signalling, [ included
cascade control sequences for both oddball paradigms. The response to the deviant tone in the
oddball paradigm was compared with the response to the tone with the same frequency in the
respective cascade control sequence, the ‘control’ tone. In this way, tones with the same
probability and frequency were compared, between a condition where it was ‘odd’ and a
condition where it was not. An increase in response amplitude between deviants and control
tones can then be regarded as a result of prediction error signalling (Figure 5.9).

The same animals were included for the two control sequences as for the respective
oddball paradigms. In the ascending paradigm, wildtype animals showed a larger P1-N1
amplitude to control tones than to deviant tones (STD vs DEV, F(1,12)=14.66, p=0.0024), which
is opposite from what would be expected if a mismatch response was elicited, which would
enlarge the amplitude to deviant tones compared to control tones. In L6b silenced animals, there
was no significant difference between responses to control and deviant tones. The N1-P2
amplitude was larger for deviants than control tones in L6b silenced animals, which is in line with
expectations, but again larger for control tones than for deviant tones in wildtypes animals. These
are unexpected and unexplained results and are likely to be artefactual, in line with the major
inter-subject variability for both the N1-P1 (Subject, F(12,12)=14.98, p<0.0001) and P1-N2
(Subject, F(12,12)=8.696, p=0.0004) amplitudes.

In the descending paradigm, there were also large and significant inter-subject
variabilities; besides that, no differences between peak-to-peak amplitudes for deviant and
control tones were detected. No differences in peak latencies were observed in either paradigm.

Altogether, the control paradigm was added to the experiment with the aim of dissecting
deviance detection into adaptation versus prediction error signalling effects, but the responses
did not show alogical or explainable effect direction and did show a large inter-subject variability,

so no conclusions can be drawn from this experiment.
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Figure 5.9: Investigation of the role of prediction error signalling. P1-N1 and N1-P2 peak-to-peak
amplitudes are compared for peaks extracted in the blue shaded areas.

(A) Comparison of frontal EEG responses to deviant tones (f=11.3 kHz) in the ascending oddball paradigm
with f=11.3 kHz tones in the ascending control paradigm. WT (n=6), L6b silenced (n=8).

(B) Comparison of frontal EEG responses to deviant tones (f=7.99 kHz) in the descending oddball
paradigm with f=7.99 kHz tones in the descending control paradigm. WT(n=6), L6b silenced (n=7).
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5.4 Discussion

5.4.1 Summary of findings

In this experiment, I performed an auditory oddball paradigm in Léb silenced and wildtype
animals, to investigate whether chronically silencing L6b affects the generation of a mismatch
response to changing stimuli as a result of adaptation and prediction error signalling.

[ found an increase in the N1-P2 peak-to-peak amplitude after deviant tones compared to
standard tones in both an ascending and a descending oddball paradigm. The increase in deviant
N1-P2 amplitude was only observed in the ascending paradigm for L6b silenced animals and only
in the descending paradigm for control animals. In the EMG, the acoustic startle response showed
a higher amplitude to deviants than to standards in both paradigms.

In general, the P1-N1 amplitude tended to be smaller in L6b silenced than in control
animals. Moreover, in L6b silenced animals, P1-N1 amplitudes were larger for deviant tones than
for standard tones, and this effect seemed to depend on an increased adaptation to standard tones
rather than an increased change detection to deviant tones. Consistent with this, when the
responses to the first 20 and last 20 standards within the first paradigms were plotted, L6b
silenced animals showed a more pronounced adaptation than control animals, suggesting faster
or stronger adaptation. On the other hand, slower, between-paradigm adaptation appeared more
prominent in control animals. Acoustic startle reflexes showed adaptation as well, with smaller
amplitudes in tones later within the same paradigm and in a later paradigm.

Finally, an attempt was made to detect prediction error signalling as a contributor of the
mismatch response, but the results were not consistent between paradigms nor with the
underlying assumptions of the control sequence that was used; the inconsistent results can be

explained by the large and significant variation between animals.
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5.4.2 Comparison of findings to literature

Despite the increases in P1-N1 and N1-P2 peak-to-peak amplitude after deviant tones, I found no
consistent increase in amplitude in the later time ranges. This is not in line with studies in rodents
that report that the MMN gradually increases from 50-100ms onwards to reach a peak around
300 ms or even later (Casado-Roman et al., 2020; O’Reilly and Angsuwatanakul, 2021; Ruusuvirta
et al, 1998; Shinba, 1997; Yamaguchi et al, 1993). Other reports on free-field auditory
stimulation in rodents, however, do not find late effects (Nir et al., 2015; Umbricht et al., 2005). It
has been suggested that the absence of P3-like effects in the latter studies may be the result of
stimulation parameters such as probability of deviant tones and duration of interstimulus
intervals, or the use of a passive rather than active paradigm (Nir et al., 2015). The use of an active
paradigm, in which is the deviant tone is associated with a reward or aversive paradigm, is
associated with an increase in the P3 amplitude (Sambeth et al., 2003; Shinba, 1997). However,
P3 potentials have also been detected with passive paradigms including during anaesthesia,
suggesting that association with a rewarding or aversive outcome is not a necessity for eliciting a
P3 response (Casado-Roman et al., 2020; O’Reilly and Angsuwatanakul, 2021; Ruusuvirta et al.,
1998; Shinba, 1997; Yamaguchi et al., 1993).

P3 components in passive paradigms have been reported to have a larger amplitude in
parietal EEG than in frontal and temporal EEG and have a shorter latency than in active paradigms
(Shinba, 1997). In more local recordings of LFP during passive paradigms, it was shown that the
MMN in auditory cortex starts to rise by 40ms and has decayed by 160 ms after stimulus onset,
whereas the MMN in mPFC only rises around 140 ms and decays after more than 600 ms (Casado-
Roman et al., 2020; Parras et al., 2021). Processing in the prefrontal cortex in the later time frame
has been most strongly linked to deviance detection through prediction error signalling (Casado-
Roman et al, 2020), but modelling approaches show that predictive processing may also
contribute to effects in the N1 time range, along with SSA (Garrido et al., 2009b). Concluding, the
absence of a P3 like response in my experiment is in line with several previous reports and does

not invalidate the other differences that were found.
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It is surprising that in control animals, the descending oddball paradigm elicited a change
in N1-P2 amplitude whereas the ascending oddball paradigm did not. The animals, which had a
C57BL6 background, are assumed to have a similar sensitivity to both tones of the oddball pair
(7.99 Hz and 11.3 Hz) or a slightly higher sensitivity to the tone with the higher frequency (Ison
and Allen, 2003). The slightly higher sensitivity to the 11.3 kHz tone could skew the responses to
a stronger response to the deviant tone in the ascending paradigm and a stronger response to the
standard tone in the descending paradigm in the first 100 ms after tone onset in the AEP (O’Reilly
and Conway, 2021). Therefore, it is less logical that the descending but not the ascending
paradigm elicits a stronger mismatch between deviants and standards, albeit the MMN that is
generated in the descending paradigm might be closer related to ‘genuine deviance detection’,
less distorted by differences in physical properties between the tones. Onset of hearing loss is not
an explanation for this effect since the advanced age-related hearing loss in C57Bl6 animals

affects the frequencies in the sensitivity range initially to a lesser extent (Ison and Allen, 2003).

5.4.3 Implications
The absence of an effect in the time range later than P2 and the inconsistency in results between
the ascending and descending paradigms raise questions about whether the oddball paradigms
succeeded at eliciting a ‘genuine deviance response’ in wildtype animals in this experiment which
makes genotypes comparisons difficult. On the other hand, changes in adaptation processes were
visible, with an apparent enhancement of within-paradigm adaptation and an apparent reduction
of between-paradigm adaptation in L6b silenced animals.

Adaptation is the result of both SSA at the single neuron level, and repetition suppression at
a global level. SSA has been reported to occur in single neuron recordings from inferior colliculus
(Ayala and Malmierca, 2012), medical geniculate body of the thalamus (Antunes et al., 2010) and
auditory cortex (Ulanovsky et al., 2003). Drd1a-Cre is expressed in L6b of the auditory cortex in

the FK164 mouse line that was used in the current study, albeit relatively sparsely
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(Http://www.gensat.org, 2023), so there could be a contribution of SSA in L6b neurons in
auditory cortex to the process of adaptation.

An alternative explanation for changed adaptation dynamics is that L6b would be involved in
repetition suppression. L6b is one of the infragranular layers and is well connected with other
cortical layers and higher order thalamic nuclei which could make it a suitable candidate for being
involved in predictive processing (Auksztulewicz and Friston, 2016; Hoerder-Suabedissen et al,,
2018; Zolnik et al.,, 2020).

A study investigating changes in P3 amplitude in an auditory oddball task in humans found
within-session adaptation to the standard tone, and between-sessions adaptation to the deviant
tone. They explained these differences in adaptation by automatic bottom-up habituation
occurring within-session, and higher order top-down attention switching occurring between
sessions (Debener et al., 2002). I was not able to look at P3 effects in my study, but if similar
mechanisms are involved in adaptation within the P1-N1-P2 time range, the differences in within-
and between- paradigm adaptation that I found could indicate that automatic adaptation is
enhanced in L6b silenced animals and top-down higher order adaptation is reduced.

The overall decrease in P1-N1 amplitudes in L6b silenced animals was found not only in the
standards but also in deviants and led to an overall genotype effect on P1-N1 amplitude. The
reduced P1-N1 amplitude could be a result of a general hearing impairment. In the mouse line
used in this study, dense Drdla-Cre expression has been reported in the dorsal cochlear
nucleus(Hoerder-Suabedissen et al., 2018). Since Snap25 is involved in synaptic transmission in
ribbon synapses between hair cells and spiral ganglion neurons (Johnson et al.,, 2019) and ribbon
synapse formation is not completed at P1, when Drd1a-Cre is starting to be expressed (Hoerder-
Suabedissen et al., 2018; Michanski et al., 2019), hearing could be impaired. However, the findings
that the N1-P2 was not reduced in L6b silenced animals and that the acoustic startle reflexes
appeared broadly comparable between L6b silenced and control animals, suggest that the
significant P1-N1 amplitude reduction is a result of effects specific to P1, N1 or both rather than

a general hearing impairment.
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The alternative explanation for the reduced P1 and N1 amplitudes in L6b silenced animals is
that there are changes in auditory gating mechanisms, which affect P1 and N1 (Bickel et al., 2008).
Importantly, abnormalities in auditory gating and adaptation have been described in patients
with neuropsychiatric disorders such as schizophrenia and their first-degree relative and are
thought to reflect impairments in NMDA receptor signalling and changes in network connectivity
(Adler et al., 1982; Boutros et al., 2004; Shelley et al., 1999; Siegel et al., 1984). Histopathological
abnormalities have been found in the human subplate derived neuronal population, interstitial
white matter neurons, in patients with schizophrenia and ASD (Bailey et al., 1998; Casanova,
2015; Duchatel et al,, 2019). Therefore, the abnormalities in gating in L6b silenced mice could
suggest a potential functional link between L6b or interstitial white matter neurons and network

development in neuropsychiatric disease.

5.4.4 Limitations

Ideally, Drd1a-Cre expression would be documented along the auditory pathway, including in the
cochlea. In general, it would have been desirable to start this experiment with a baseline
assessment of hearing function in L6b silenced animals, by measuring ABR for the general
auditory threshold and distortion product otoacoustic emission (DPOAE) for frequency
discrimination, since both are crucial in a frequency-based oddball paradigm. Most studies do not
report these baseline characteristics.

The setup of the experiment could be improved by using dedicated auditory stimulation
equipment. The RZ2 processor that was used to generate tones is a potent processor for recording
continuous electrophysiological signals from multiple animals in vivo but the sampling rate
cannot exceed 50 kHz which reduces the frequency range across which tones can be played and
leads to the generation of ‘tinny’ sounds. This could affect frequency discrimination between the
tones. The recording chambers were soundproof but not as sound isolated as those used in
auditory research settings, for instance they had a hole in the ceiling to allow connection of

EEG/EMG cables. The speakers attached to the ceiling of each chamber were calibrated, but sound
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levels will have varied slightly per chamber, and variation in sound intensity can in itself cause a
mismatch response (Lindin et al., 2005), which can obscure findings. I attempted to correct for
the latter effect by balancing wildtype and L6b silenced animals over the chambers.

In addition, animal movement will have caused slight changes in sound intensity. I tried
to limit movement by offering the novel object in the same corner of the cages for all animals, but,
unsurprisingly, the animals moved the objects. Ensuring equal sound intensity is difficult to
achieve with speakers. For rats, miniature headphones have been developed, ‘ratphones’ (Valente
et al,, 2023), but for mice these do not exist, and the combination with EEG/EMG head stages
would be difficult. Importantly, free-field auditory oddball experiments with speakers have been
successfully carried out in rodents before (Harms et al,, 2014; Jodo et al,, 2019).

With regards to the paradigm, this could be further optimised, which I did not currently
do as [ wanted to limit habituation. Examples of modifications I would try are reducing sound
intensity, varying numbers of standards and deviants, testing different frequency pairs, and
introducing jitter in interstimulus intervals to enhance temporal irregularity (Costa-Faidella et
al, 2011; Naatdnen et al,, 2007). I could also try running the experiment during sleep instead of
during wakefulness, which would reduce the location variability within a paradigm. However, the
amplitude of the AEP can vary with slow wave phase, which may complicate comparison of peak

amplitudes. Moreover, animals may wake up in the course of the paradigm.

5.5 Conclusion

Altogether, in the oddball paradigms, stronger responses to deviants than to standards were
observed, but findings were not consistent between genotypes or paradigms, so results should
be interpreted with caution. Two differences were observed between genotypes: (I) the P1-N1
amplitude was decreased in L6b silenced animals and (II) the timescale of adaptation seemed
altered, with stronger within-paradigm adaptation and less between-paradigm adaptation in L6b
silenced animals. These differences suggest that there are changes in network connectivity in L6b

silenced animals that may have parallels with neuropsychiatric disorders.
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6 General discussion

In this final chapter, | summarize the key findings of my study and describe the implications these
may have for the understanding of sleep-wake regulation, sleep homeostasis, and sensory
processing. [ then outline in which ways my findings may contribute to the understanding of

neurological and neuropsychiatric disorders and I conclude with outlook for future research.

6.1 Implications for the understanding of sleep-wake regulation

In Chapter 3, I assessed the sleep phenotype of mice in which the synaptic protein Snap25 is
ablated in the Drd1la expressing subpopulation of L6b (Drd1a-Cre; Snap25%/%;TdTom), the ‘L6b
silenced mouse’. I found that the daily sleep architecture in L6b silenced mice was not different
from wildtype animals, including the distribution of vigilance states, measures of sleep
consolidation and sleep fragmentation. However, the EEG oscillatory activities were altered.
Specifically, during wakefulness EEG theta-frequency power, which is the signature of active,
exploratory wakefulness (Vassalli and Franken, 2017), was suppressed in L6b-silenced animals.
In REM sleep, also called paradoxical sleep since it is like wakefulness characterized by cortical
activation while the animal is behaviourally asleep, there was also a reduction in theta-frequency
power, along with a reduction in gamma-frequency power. In both wake and REM, there was a
slowing of theta oscillations with a smaller peak amplitude and EEG power in the high theta
frequency range was reduced. Moreover, the increase in high theta power observed during sleep
deprivation was blunted in L6b silenced animals. We posit that silencing L6b leads to a decrease
in alertness, exploratory wakefulness or more generally activated brain state, which suggests that

L6b may have a role in promoting or allowing wakefulness, vigilance, and alertness. This
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conclusion is in line with in vitro studies that have shown that L6b neurons can be activated by
orexin, neurotensin, noradrenaline, histamine and dopamine, all powerful promoters of arousal
(Bayer et al,, 2004; Wenger Combremont et al., 2016b, 2016a).

Anatomically, L6b is in an ideal position to contribute to wakefulness promoting
functions. It receives input predominantly from long-range intracortical projections and projects
selectively to higher order nuclei of the thalamus (Hoerder-Suabedissen et al., 2018; Zolnik et al.,
2020). This means that L6b can integrate inputs from wake-promoting subcortical
neuromodulatory areas as well as information from distant cortical areas and convert this
information into wide-spread cortical activation through activation of higher-order thalamic
nuclei. Higher order thalamic nuclei can themselves also be directly activated by orexin (Bayer et
al,, 2002), and orexinergic activation of L6b can enhance the integration of higher order thalamic
inputs in L6a (Hay et al.,, 2015), further enhancing the wake promoting potency of this proposed
transthalamic corticocortical network.

Notably, new data from Zolnik et al. show that optogenetic activation of the same Drd1la
subpopulation of L6b in head-restrained awake mice can promote the conversion from delta
oscillations to gamma oscillations, thus promoting a state of cortical activation as seen in
wakefulness and REM sleep (Zolnik et al., 2023). The conclusion that acute activation of L6b
causes an activated brain state is consistent with my results that chronic silencing of L6b results
in a reduction in active substates of wakefulness.

What would be the circuit substrate of modulation of fast rhythms by L6b? This cannot be
derived from my results since I only performed EEG recordings after brain-wide manipulation of
L6b. One could speculate that projections from L6b pyramidal neurons to L6b and L6a
interneurons (Tantirigama et al., 2020; Zolnik et al., 2023) could result in the generation of fast
rhythms, such as the stimulation of PV interneurons that have been associated with gamma

rhythms (Wenger Combremont et al., 2016b).
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6.2 Implications for understanding the effects of orexin on neocortex

With the finding that a subpopulation of cortical L6b neurons plays a role in regulating state-
dependent brain oscillatory activities, specifically altering EEG patterns characteristic of active
wakefulness, I next asked how the L6b silenced animals respond to the administration of
exogenous orexin.

To this end, in Chapter 4, | investigated the effect of in vivo orexin administration on sleep
and wakefulness in L6b silenced (Drd1a-Cre:Snap25%/1) and wildtype animals. I found that ORXA
significantly increased wakefulness in the first three hours in both genotypes and did this through
promoting sustained wakefulness. The wake maintenance enhancing effect was stronger in L6b
silenced animals, with a longer maximal duration of wakefulness episodes. In subsequent NREM
sleep, both ORXA and ORXB destabilized sleep, as reflected in more frequent brief awakenings in
both genotypes. ORXA and ORXB did not significantly change brain oscillations during
wakefulness in wildtype animals but caused a significant decrease in delta power and increase in
high theta power in L6b silenced animals. After ORXB there was reduction in theta power during
REM sleep and this reduction was greater in L6b silenced than control animals.

These findings are the opposite from what I had expected initially, since I had
hypothesized that orexin would activate L6b and that this would promote cortical arousal;
therefore, silencing L6b would reduce the arousal-promoting effects of orexin in L6b silenced
animals. The stronger effects of orexin in L6b silenced animals can be explained in three ways.

First, the difference between genotypes can be purely accidental, caused, in part by a
difference in group sizes as a consequence of colony breeding difficulties (L6b silenced, n=8 and
wildtype, n=5), which reduced statistical power making the comparison not reliable. While this
possibility is unlikely, future experiments are needed on a larger cohort to reproduce the results.

Second, as the L6b silenced mouse is a model of chronic silencing of L6b, compensatory
remodelling could have taken place, potentially reversing some effects. This possibility is also
unlikely, given that the results of baseline sleep phenotyping was exactly in line with the idea that

L6b has a wake promoting effect.
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A third explanation, which in our opinion is most likely, is that the heterogeneity of L6b
causes different subpopulations to have distinct contributions to specific aspects of state control
and regulation of different oscillatory activities or that L6b subpopulations have different roles
in different vigilance states. It is conceivable that orexin promotes wakefulness by activation of
some populations of L6b but that other populations of L6b counteract the effects of orexin when
wakefulness or vigilance is no longer needed. This would add a higher temporal precision to the
wakefulness promotion by orexin, by quickly balancing wake promotion when the

neuromodulatory tone is still high.

6.3 Arole of cortical L6b in NREM sleep oscillations
Silencing a subpopulation of L6b not only changed oscillations during wakefulness and REM
sleep, but also during NREM sleep, as reflected in a reduction in EEG spectral power density
across a broad frequency range, including delta (0.5-4 Hz), theta (5-10 Hz), sigma (10-15 Hz), and
gamma (30-100 Hz) frequencies, although when analysing absolute band power differences, only
the EEG power in the sigma frequency range appeared significantly different between genotypes.

Activity in the delta frequency range is an expression of the synchronization of neuronal
populations in slow waves (Steriade et al., 1993c, 2001; Vyazovskiy et al., 2009), so the reduction
in delta frequency range in L6b silenced animals suggests that there may be a reduction in
network synchrony. Slow wave activity (SWA, 0.5-4 Hz) is a marker of sleep intensity and reflects
the levels of sleep pressure, which builds up as a function of preceding wakefulness duration
(Achermann and Borbély, 2003; Borbély, 1982). A reduction of delta power during NREM sleep
in L6b silenced animals agrees with a reduction of theta power during wakefulness, since it is the
theta substate of wakefulness that drives the build-up of sleep pressure (Vassalli and Franken,
2017; Vyazovskiy and Tobler, 2005; Yamagata et al., 2021).

The reduction in sigma power (10-15 Hz) was prominent both in overall spectral
comparisons and in band power analysis and is particularly interesting, because this is the

frequency range of sleep spindles. Sleep spindles are waxing and waning bursts of activity that
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are thought to originate from interactions between cortex, thalamus, and the thalamic reticular
nucleus (TRN) (Crunelli et al.,, 2006; Steriade et al., 1993b). Sleep spindles have been linked to a
memory consolidation functions of sleep, facilitating information transformation for long-term
storage (Hahn et al., 2019; Helfrich et al., 2018). L6b has no direct projections to the TRN, but
there are projections from L6b to L5, and subpopulations of L5 innervate segments of the TRN in
an area-specific pattern (Carroll et al., 2022; Hadinger et al., 2023; Hoerder-Suabedissen et al,,
2018). This suggests that the thalamocortical network involved in the generation of sleep
spindles might have an extra layer of complexity, involving an additional influence of a
subpopulation of L6b on the cortical, thalamic or both populations involved in the generation of

spindles.

6.4 An active role for the neocortex in sleep regulation

The findings in the current study not only shed light on the role of L6b in sleep-wake regulation
but also provide further insights into the contribution of the neocortex to global sleep-wake
regulation. The control of sleep-wake state transitions has been described with several models.

The ‘sleep-wake switch’ model regards brain state transitions as a more or less
dichotomous choice that is made when state-specific subcortical nuclei become activated and
through the release of neuromodulators causes the entire brain to convert to a different brain
state, i.e., a transition is made directly at the ‘global’ level (Saper et al., 2001). State transitions
have been found to occur less frequently when network excitability is reduced in mice with a
mutation in the synaptic vesicle protein VAMP2 (Banks et al., 2020). In L6b silenced mice,
synaptic function is selectively suppressed from a subpopulation of L6b neurons.

The thalamocortical model states that brain state transitions are prompted by activity in
thalamocortical networks, begin at a ‘local’ level and then, depending on the requirements of the
situation, converge to a ‘global’ brain state transition (Krueger et al., 2008).

How do my findings align with these models? I found that chronic silencing of a

subpopulation of excitatory L6b neurons causes changes in oscillatory activity during sleep and
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wakefulness, suggesting that L6b is involved in the recruitment of brain networks that generate
these activity pattern. Mice with a chronically silenced cortical L5, however, show a substantial
reduction in time spent asleep without clearly affecting global EEG oscillations (Krone et al,,
2021). Where does this position Léb in relation to L5 in the regulation of sleep-wake states?
Based on connectivity, L6b receives its strongest input from L5 and in return it also projects to
L5 (Hoerder-Suabedissen et al., 2018; Zolnik et al., 2020). Whereas L6b can be activated by
various arousal-promoting neurotransmitters, L5 can be hyperpolarised by adenosine, a
substance that signals sleep debt, which suggests that the interplay between these two lamina is
a balanced system for the control of sleep and wakefulness (Aerde et al., 2015; Radnikow and
Feldmeyer, 2018).

The findings that chronic silencing of L5 and chronic silencing of L6b both markedly affect
sleep-wake regulation, one in terms of the time spent in different vigilance states, the other in
terms of state-specific oscillations, strongly suggests that sleep is not only regulated via
subcortical systems forming a ‘sleep wake switch’ but that the neocortex is also actively involved.
This supports the concept that sleep is regulated in thalamocortical networks in a distributed
pattern (Krueger et al., 2008). Recent work has shown that activity in the PFC contributes to
sleep-preparatory behaviour and regulation of REM sleep (Hong et al., 2023; Tossell et al.,, 2023),
and it is possible that a prefrontal population of L6b neurons is involved in brain state regulation
through thalamocortical networks. However, my findings also suggest an important role of
subcortical nuclei, since orexin released from the lateral hypothalamus is likely to directly affect
the activity in L6éb, as are other neuromodulators released from subcortical nuclei including at
least noradrenaline, dopamine, neurotensin and histamine (Wenger Combremont et al., 2016b,

2016a).

6.5 Implications for the study of sleep homeostasis
After sleep deprivation, EEG SWA during NREM sleep dissipated at a lower rate in L6b silenced

than in wildtype animals. This may be related to the overall lower absolute low frequency EEG

171



power during NREM sleep, suggesting a less intense sleep or a deficit in network synchronisation,
which might affect restorative properties of sleep.

After chronic silencing of a subpopulation of cortical L5, sleep homeostasis was more
drastically affected, with a reduced sensitivity of L5 silenced mice (Rbp4-Cre:Snap25%/1) to the
effects of sleep deprivation (Krone et al., 2021). Based on the synaptic homeostasis hypothesis,
this effect could be purely explained by the reduced number of synapses that are present (Cirelli
and Tononi, 2008). In this reasoning, silencing a subpopulation of L6b would also cause a
reduction in NREM sleep, albeit to a lesser degree because of the size differences between L5 and
L6b subpopulations.

The current findings, however, argue against this possibility since silencing a
subpopulation of L6b had very different effects from silencing a subpopulation of L5 and
therefore support the conclusion from the L5 study, that the specific silencing of a subpopulation
of L5 caused the reduction in time spent asleep (Krone et al., 2021).

Currently ongoing experiments are testing whether the long range or the short-range
cortical L5 projections are responsible for the wake promoting effects, since the Rbp4-Cre
population that was used in the previous study contained both populations. In L6b, Ctgf-Cre and
Drdla-Cre L6b populations are different in their connectivity, and it would be interesting to

explore the Ctgf-Cre:Snap25%/fmodel in the future (Henning et al., 2023).

6.6 Implications for the understanding of sensory processing

In Chapter 5, [ tested auditory processing in L6b silenced (Drd1a-Cre:Snap25%/1) animals with an
auditory oddball paradigm with pure tones that differed in frequency. Mismatch responses were
elicited in both genotypes but in an inconsistent manner, with a mismatch response in the
ascending paradigm in L6b silenced but not in wildtype animals, and a mismatch response in the
descending paradigm in wildtype but not L6b silenced animals. More importantly, changes in
adaptation became apparent, with an increase in within paradigm adaptation in L6b silenced

animals, but a decrease in between-paradigms adaptation in L6b silenced animals.
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Changed adaptation dynamics may reflect changes in the networks that are recruited
during adaptation processes. Adaptation is the result of both single stimulus adaptation and
repetition suppression, and although these processes have been suggested to co-occur at the
same time range after tone onset at the single stimulus level, their influence may vary with
different dynamics during a longer time range (Fitzgerald and Todd, 2020). It is conceivable that
SSA, regarded as a lower order process, is prominent in the early time scale, and causes a reduced
responsiveness to standard tones within the same paradigm in an automatic manner. Repetition
suppression, which is a component of the predictive coding framework, and regarded as a higher
order process, may on the other hand work at a later time range, and be involved in between
paradigm adaptation. A reduction in higher order, between paradigm adaptation in L6b silenced
animals might be partially compensated for with an enhanced SSA in lower order neurons in the
early time range. In line with this hypothesis, L6b projects to L1, which plays a key role in
predictive processing frameworks (Clancy and Cauller, 1999; Ledderose et al.,, 2023).

An alternative explanation for the changes in adaptation in L6b silenced animals could be
that L6b in auditory cortex plays a role in SSA and that this causes compensatory or at least
concomitant changes in repetition suppression. Although the underlying mechanisms remain
speculative at this point, the current findings do establish a role for L6b in sensory processing
and that in itself is a novel finding.

A potential function of L6b in adaptation would align well with a role in wakefulness
promotion, since adaptation serves to reduce responsiveness to repeated stimuli to allow
enhanced responsiveness to novel stimuli, allowing to detect salient information in the
environment.

Apart from the strong connectivity of L6b neurons in motor, somatosensory and visual
cortex to near and distant cortical areas (Hoerder-Suabedissen et al., 2018), L6b neurons in
entorhinal cortex have been reported to project to hippocampus (Ben-Simon et al, 2022).
Silencing these L6b-hippocampus connections results in behavioural impairments, suggesting

functional importance (Ben-Simon et al., 2022).
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The integrative connectivity of L6b allows it to combine information on context, past
experience, and from other modalities and in this way set the scene for the perception of new
information. Disruptions in this network could lead to dysfunctional integration relevant to

neuropsychiatric diseases.

6.7 Clinical implications

The L6b silenced mouse (Drd1a-Cre:Snap25%/1) is a model of chronic silencing of a subpopulation
of L6b from shortly after birth (Hoerder-Suabedissen et al., 2018), and not an acute functional
disruption of L6b, which limits the degree to which conclusions can be drawn on the function of
L6b. On the other hand, chronic silencing of L6b could potentially be a suitable way to model
neuropsychiatric disease, which are often a result of subtle changes in neurodevelopment
resultant rewiring of circuits that have chronic effects on the activity of the brain.

Naturally, since this study involved orexin, its results could open up new possibilities for
investigation of narcolepsy. Narcolepsy is the result of insufficient orexin signalling, probably
from an autoimmune process targeting orexin neurons, and narcolepsy patients suffer from
pathological intrusions of REM sleep and/or NREM sleep into wakefulness, and fragmentation of
sleep and wakefulness (Sakurai, 2007). Importantly, many narcolepsy patients suffer from
daytime sleepiness, hypersomnolence and inability to focus, which could be explained as a result
of a lack of consolidated sleep during the night but could also be a direct result of impaired
executive network function because of impaired orexin signalling in the cortex (Lambe and
Aghajanian, 2003; Lambe et al., 2005; Naumann et al,, 2001; Rieger et al., 2003).

The finding that mice with chronic silencing of L6b have a change in theta-frequency
oscillations, the hallmark of exploratory wakefulness, suggests that orexin may have a direct
effect on cortex. This could be an explanation for the problems with focused attention that
narcolepsy patients suffer from, alternative than linking this straight to a lack of sleep. However,
such an effect of orexin on cortex may not exclusively be mediated through L6b since it has been

shown in prefrontal cortex that also L2/3 and L5 neurons can be activated by orexin (Lambe and
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Aghajanian, 2003; Li et al., 2010; Song et al., 2006; Xia et al,, 2005; Yan et al., 2012b). More
research is needed to investigate how these effects combine and whether there are differential
roles of OX1R signalling, which is mostly expressed in prefrontal cortex, and orexin 2 receptor
OX2R signalling, which seems more important in other cortical areas studied so far (Bayer et al.,
2004; Marcus etal., 2001).

In L6b silenced animals, orexin caused a more robust prolongation of wakefulness, which
can be explained as a statistical artefact, a differential role of different cell types, or a change in
network connectivity by compensatory modelling in the chronic absence of a functional Drd1a
subpopulation of L6b neurons. Changes in network wiring could underpin neurodevelopmental
disorders, such as autism spectrum disorder (ASD) and schizophrenia. Notably, in both ASD and
schizophrenia, subtle histopathological abnormalities have been found in the human homologue
of L6b, interstitial white matter neurons, and sleep-wake symptoms such as insomnia are also
common (Bailey et al., 1998; Casanova, 2015; Duchatel et al., 2019; Miano and Ferri, 2010; Waite
etal,, 2016). These histopathological studies should be continued with more specific markers of
subpopulations of interstitial white matter cell populations and also explore possible areal
differences. In vitro recording experiments from human interstitial white matter cells confirmed
orexin responsiveness (Zolnik et al., unpublished observations). The increased wake promotion
by orexin in L6b silenced mice might reflect neurobiological mechanisms leading to insomnia in
such disorders, and perhaps also in other neuropsychiatric disorders such as anxiety and mood
disorders, i.e., chronic L6b silencing might result in network changes that infer an increased
sensitivity to an elevated orexin tone disrupting the onset of sleep.

There was also an overall reduction in P1-N1 amplitude and adaptation between
paradigms seemed impaired in L6b silenced animals, which could reflect changes in auditory
gating. Auditory gating abnormalities have been described for multiple neuropsychiatric
disorders (Adler et al., 1982; Boutros et al., 2004; Shelley et al., 1999; Siegel et al., 1984). Gating
deficits in schizophrenia have been correlated with NMDA receptor signalling and the auditory

mismatch response is dependent on NMDA receptor signalling too (Shelley et al., 1999). Recent
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in vitro electrophysiology findings showed that L6b triggers spikes in the apical tuft dendrites of
L5 neuron in L1, and that this effect is NMDA receptor dependent (Zolnik et al., 2023, in review).
This makes the link between L6b and perceptual inference even more interesting. Although in my
oddball experiment, a mismatch response was not obviously elicited in either genotype, this
would be an interesting starting question for future research.

Could knowledge on L6b have any therapeutical consequences? If orexin signalling in the
cortex is a component of any disease, this needs to be further identified, to obtain the desired
therapeutical effects more effectively, or to reduce the occurrence of undesired side effects. For
instance, if the cortical effects of orexin are involved in insomnia and anxiety/panic disorders
(Flores et al., 2015), selective inhibition of orexin signalling in L6b could potentially reduce these
symptoms without disrupting the other effects of orexin, which are crucial for homeostasis, such
as sleep-wake regulation and appetite regulation. The other way around, if cortical effects of
orexin are the basis of attention problems in narcolepsy patients, more targeted stimulation
orexin receptors in the cortex may contribute to more focused attention during the daytime,
reducing the burden of disease not only in the realm of psychosocial wellbeing but also in

socioeconomic participation.

6.8 Future directions
The findings in this study open many new questions and potential routes of future research. In
this last section, [ offer some suggestions that would be interesting to further explore.

In my experiments, oscillatory changes in L6b silenced mice became apparent, and it
would be interesting to investigate the functional consequences of these changes. I proposed that
the reduction in theta power in wakefulness is correlated with a reduction in active, exploratory
wakefulness, but based on observation I cannot confirm that the L6b silenced mice are
behaviourally different from their wildtype littermates. Would they perform differently in
attention tests? In pre pulse inhibition tests? Previous efforts have indicated that L6b silencing

causes a reduction in anxiety-like behaviour, and this would be consistent with a vigilance-
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promoting role of L6b (Guidi et al., 2016). Further behavioural examination is important to assess
if chronic silencing of L6b can be an endophenotype of certain neurodevelopmental disorders or
is rather a general altered network development not related to any disease or symptom in
particular.

It would also be important to further characterise the functional role of different cell types
in L6b, historically known as a heterogenous cortical layer. It has been shown that orexin can
activate both pyramidal neurons and interneurons in L6b (Bayer et al, 2004; Wenger
Combremont et al., 2016b, 2016a) but it needs to be established what the functional
consequences are of activation of these different cell types. Moreover, it would be interesting to
investigate the dynamics between L6b activity and glia cells. In chronically L5 silenced models
(Rbp4-Cre:Snap25fl/fl), changes in astrocytes, microglia and PV+ Gabaergic neurons were
observed and changes may occur after L6b silencing as well (Vadisiute et al., 2022).

Not only is it plausible that different cell types in L6b have different functional roles, also
could L6b have different effects in different cortical areas and the contribution of L6b might show
regional differences, based on differences in connectivity and in how many L6b neurons are
present. This is a question that warrants further investigation.

A way to start an investigation of local differences in the role of L6b could be to acutely or
sub acutely stimulate or inhibit L6b in specific cortical areas by optogenetics or chemogenetics.
Not only could this shed light on the role of specific areas but also on the effects of acute
manipulation of L6éb, rather than chronic changes in network connectivity that may have led to
adaptive remodelling in the chronically L6b silenced mice.

A general side note to the interpretation of findings in the L6b silenced mouse model is
that the Cre-dependent functional ablation of Snap25 leads to deficits in synaptic transmission
but could also have other cellular effects. Snap25 is also involved in processes like endocytosis,
so these processes could be affected too, and result in changes in local network function
(Vadisiute et al., 2022). Comparing results between chronic silencing through selective Snap25

ablation and silencing L6b neurons through optogenetics or chemogenetics could give insights
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into the relative contribution of other cellular processes to the phenotype observed.
Chemogenetic manipulation of the L5-Rbp4 subpopulation in mice results in considerable
changes in microglia, astrocytes, and interneurons 90 minutes after CNO administration and it
would be interesting to investigate whether similar changes occur when L6b subpopulations are
manipulated (Vadisiute et al, submitted).

Silencing or activating Léb, chronically or acutely can all be applied to investigate the
function of L6b but arguably it will be unphysiological, and caution is warranted with interpreting
the results. Ideally, L6b activity would be explored in a more naturalistic environment, where
manipulation is as limited as possible. In general, this is difficult to achieve for the investigation
of cortical subpopulations and specifically for L6b it is challenging because of its anatomical
location at the bottom of the cortex. With the development of newer models of recording probes
and analytical software, this might be a possibility in future research.

It would be important to address a major drawback in this study in future research, the
exclusive use of male animals. L6b activity may vary considerably across sexes, especially because
it can be activated by various neuromodulatory influences that can vary between sexes, and
because there are differences in sex-dependent incidence and presentation of neuropsychiatric
disorders that may relate to L6b function (Li et al., 2022; Werling and Geschwind, 2013).

Since L6b or its human counterpart me be involved particularly in higher order cognition,
it would be beneficial to also explore the role of these cells in humans. Psychological research
allows more controlled levels of attention and can further explore executive and emotional effects
that are not straightforward to model in mice. To correlate such outcome measures with L6b
activity, options should be explored to identify proxies of L6b activity, such as quantification of
L6b thickness in imaging modalities like MRI and extraction of L6b multi-unit activity from local
probe recordings in patients who have a probe implanted for a medical indication such as finding
the foci of medication-resistant epileptic seizures.

Once more experimental evidence is obtained on the local and global network

connectivity of L6b, and functional roles of different cell types in L6b, in silico approaches could
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be employed to combine the information obtained from experimental studies and model the

effects of experimental findings into a putative framework of L6b actions.

6.9 Conclusion

Layer 6b is a cortical layer at the bottom of the cortex that is found in many species yet is ignored
in many aspects of cortical processing since its functional role is not clearly established. The
findings in this study suggest that L6b has a role in sleep-wake regulation and in adaptation
mechanisms in sensory processing and that there is a functional link between orexin signalling
and L6b. L6b may have multiple functions, dependent on cellular subtype, cortical area, sex, and
context and some of these functions may be disrupted in neuropsychiatric diseases. The current
findings open up many new questions and with further research, the role, or roles, of L6b in brain
state regulation can be further understood and help to ultimately establish the position of L6b in

schemes of cortical processing.
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Supplementary Figure $3.1: Comparison of current data with pilot data. Fast Fourier transforms were
exported for the frontal and occipital EEG from SleepSign and averaged across epochs scored as artefact
free wakefulness, NREM sleep or REM sleep. For the pilot study (2015), only data from L6b silenced
animals (n=2) was available. For the current study (2022), the group consistent of L6b silenced animals
(n=9) and control animals (n=7).

The 2015 pilot study was performed by Associate Professor Tomoko Yamagata.

Supplementary Table $3.1 Comparison of current data with pilot data

Cohort Frequency x Cohort
F(DFn,DFd) p F(DFn,DFd) p
Frontal EEG
Wake F(1,9)=9.122 0.0145 F(118,1062)=2.459 | <0.0001
NREM F(1,9)=1.873 0.2043 F(118,1062)=5.575 | <0.0001
REM F(1,9)=3.723 0.0857 F(118,1062)=9.843 | <0.0001
Occipital EEG
Wake F(1,9)=5.604 0.0421 F(118,1062)=3.474 | <0.0001
NREM F(1,9)=4.423 0.0648 F(118,1062)=11.02 | <0.0001
REM F(1,9)=6.761 0.0287 F(118,1062)=11.74 | <0.0001

All comparisons are made between L6b silenced animals from pilot study (n=2) and L6b silenced animals
from current study (n=9). Statistical testing was performed on log transformed spectra in GraphPad Prism
v10. Comparisons were tested with 2-way ANOVA, with Geisser-Greenhouse correction applied.
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Supplementary Figure $3.2: Subcortical Cre expression in the Drd1a-Cre driver line.

Cre expression in adult Drd1a-Cre;Ail4+ mice, the same Drd1a-Cre line that was used in my study. Cre
expressing cells are visualised by expression of TdTom+.

(A,A’) Scattered TdTom+ cells in striatum.

(B,B’) Scattered TdTom+ cells in hippocampus (arrows), ventral lateral geniculate nucleus (arrowheads).
Denser TdTom+ cells in medial pretectal area (asterisk).

(C,C’) More caudally, TdTom+ cells are more numerous in subicular pyramidal layer and pyramidal layer
of the hippocampus (arrows).

(D,D’) Dense TdTom+ cells in dorsal cochlear nucleus (asterisk), scattered cells in flocculus (arrows) and
granular layer (arrowheads).

Scale bar =1 mm.

Reproduced from Hoerder-Suabedissen et al. 2018
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VEHICLE Control
Wakel | Wake2 | NREM | REM L6b silenced
F1 1400 338
F2 181 1145 |ECN
Gl 199 1793 247
G2 172 207 1683 237
1622 272
1713 304
2097 354
1652 281
1867 327
2262 175
1647 267
1941 287
1634 317
ORXA Included
low Wake1l Wake?2 NREM REM Included, despite epochs <150
F1 485 1922 223
F2 861 1801 245
Gl 182 553 1908 198
G2 169 574 1767 202
G3 879 1869 154
H1 813 1689 242
H2 1226 2056 281
H3 195 1880 215
H4 202 446 1981 219
11 242 1413 1845 244
12 739 1911 277
13 128 581 1874 292
14 182 676 1961 241

*Third control animal (H3): has a very clear delta peak — maybe some NREM accidentally scored as
wakefulness. Excluded this animal for this reason.

ORXA high

Wakel | Wake2 | NREM | REM
F1 896 1683 208
F2 171 1650 1512 251
G1 193 1333 1607 223
G2 214 1071 1853 169
G3 445 1983 217
H1 797 1558 194
H2 1359 1927 349
H3 176 615 1769 337
H4 232 986 2190 164
11 184 607 1681 192
12 1323 1835 239
13 172 959 1913 225
14 809 1851 276
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ORXB Control
Wakel | Wake2 NREM REM L6b silenced

F1 1714 318

F2 701

Gl 185 1627

G2 203 1761 155

G3 225 1750 143

H1 1746 |5

H2 304 1780 390

H3 200 260 1685 388

H4 251 1719 317

11 158 440 1946 321

12 200 412 1798 322

13 1863 332

14 146 227 1809 249

Included

Included, despite epochs <150

Table S4.1: epochs contributing to spectral power calculations within the defined time frames.
F1-14 are animal names. Epochs are shown for individual animals. The colour of the first column
reflects the genotype of the animal. The numbers in the columns ‘Wake 1’, “‘Wake 2’, ‘NREM’, and
‘REM’ indicate how many 4s-epochs occur within that state in the defined time frame and contribute
to the spectral power. The colour reflects the reason for exclusion, with none: included, red: excluded
because there are too few epochs, orange: just below the 150-epoch cut-off, included after careful
examination of spectrum and recording notes, blue: excluded for technical reasons.

(A) After vehicle infusion (saline).

(B) After the lower dose of ORXA (0.3 nmol).
(C) After the higher dose of ORXA (0.6 nmol).
(D) After ORXB (0.6 nmol).

Note, for wakefulness, for the vehicle spectra within the time frames ‘Wake 1’ and ‘Wake 2’, many
animals needed to be excluded. Therefore, these are not used, and comparisons and normalisation
were performed with 24-hour vehicle spectra instead. The vehicle spectra for the time frames ‘NREM’
and ‘REM’ are used, which leads to exclusion of L6b silenced animal ‘F2’ from REM spectral power
comparisons and normalisations.
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Treatment effect Frequency x Treatment Post-hoc significant bins (Hz)
F(DFn,DFd) p F(DFn,DFd) p

Frontal

ORXA 0.3 | F(1.000, 2.000) = P=0.0360 F (1.620, 3.240) = | P=0.2862 0.75-1.25,11-11.5,11.75-

(n=3) 26.30 1.827 16.25, 17.5-18.75,20.25-
20.75,22.5-23.75

ORXA 0.6 | F(1.000, 2.000) = 1964 | P=0.0005 F(1.471,2.942) = | P=0.4964 10.5-15.5,16-16.5,17-17.75,

(n=3) 0.7796 18.75-20.25,20.75-21.5

ORXB F (1.000, 2.000) = P=0.6398 F (1.602, 3.205) = | P=0.3332

(n=3) 0.2982 1.507

Occipital

ORXA 0.3 | F(1.000, 2.000) = P=0.2923 F (1.738, 3.475) = | P=0.3234

(n=3) 2.007 1.549

ORXA 0.6 | F(1.000, 2.000) = P=0.3083 F (1.601, 3.201) = | P=0.2185

(n=3) 1.835 2.494

ORXB F (1.000, 2.000) = P=0.1702 F (1.493,2.985)= | P=0.2171

(n=3) 4.420 2.589

Wake 2 ‘ ‘

Frontal

ORXA 0.3 | F(1.000, 4.000) = P=0.4306 F(1.993,7.971)= | P=0.1717

(n=5) 0.7671 2.216

ORXA 0.6 | F(1.000, 4.000) = P=0.1324 F (2.520, 10.08) = | P=0.3778

(n=5) 3.556 1.118

ORXB F (1.000, 2.000) = P=0.5938 F (1.353,2.707) = | P=0.1809

(n=3) 0.3953 3.335

Occipital

ORXA 0.3 | F(1.000, 4.000) = P=0.1361 F (1.966, 7.864) = | P=0.3674

(n=5) 3.466 1.137

ORXA 0.6 | F(1.000, 4.000) = P=0.4249 F (2.049, 8.195) = | P=0.2959

(n=5) 0.7879 1.421

ORXB F (1.000, 2.000) = P=0.1792 F (1.655, 3.309) = | P=0.0937

(n=3) 4.128 5.322

NREM | |

Frontal

ORXA 0.3 | F(1.000, 4.000) = P=0.0778 F (2.024, 8.095) = | P=0.2670

(n=5) 5.561 1.563

ORXA 0.6 | F(1.000, 4.000) = P=0.0170 F(3.317,13.27) = | P=0.0469 4.0-9.5,10.5-11.5,12-

(n=5) 15.52 3.385 12.5,14.5-15.5,15.75-
18.75,19.25-26,26.75-30
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ORXB F (1.000, 4.000) = P=0.0046 | F(2.275,9.098) = | P=0.0696 | 4.5-9.5,13.25-14,14.5-

(n=5) 32.69 3.525 16.25,16.75-25.0,25.5-
26,26.75-27.25,28.5-30

Occipital

ORXA 0.3 | F(1.000, 4.000) = P=0.0648 F (3.525, 14.10) = | P=0.0390 11-11.5,12.25-13.25,15-

(n=5) 6.394 3.490 15.5,18.5-19.75,20-20.5,23.5-
30

ORXA 0.6 | F(1.000, 4.000) = P=0.1201 F (2.955, 11.82) = | P=0.2583 3.75-4.75,29.25-29.75

(n=5) 3.882 1.529

ORXB F (1.000, 4.000) = P=0.0683 | F(2.767,11.07)= | P=0.0147 | 1.25-1.75,2.0-2.5,4.5-5.5,9.25-

(n=5) 6.142 5.652 9.75,10.25-15.75,17.5-20.75

REM | |

Frontal

ORXA 0.3 | F(1,8)=0.01113 P=0.9186 | F(118,944) = P=0.9972 |-

(n=5) 0.6648

ORXA 0.6 | F (1, 8) = 0.06660 P=0.8029 | F(118,944) = P=0.9968 | -

(n=5) 0.6684

ORXB F (1, 8) = 0.04837 P=0.8314 | F(118,944)= P<0.0001 |-

(n=5) 1.698

Occipital

ORXA 0.3 | F(1,8)=0.1742 P=0.6874 | F(118,944) = P>0.9999 | -

(n=5) 0.3552

ORXA 0.6 | F (1, 8)=0.2899 P=0.6049 | F(118,944) = P=0.9584 | -

(n=5) 0.7769

ORXB F (1, 8) = 0.03042 P=0.8659 | F(118,944) = P=0.0002 |-

(n=5) 1.571

Table S4.2: Comparison of absolute log-transformed EEG spectral power in Control animals. Orexin
A or orexin B vs vehicle (24h for wakefulness, 3h for NREM and REM).
All spectra were compared with 2-way ANOVA, with Geisser-Greenhouse correction applied, not
corrected for multiple comparisons.
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Treatment effect

Frequency x Treatment

Post-hoc significant bins (Hz)

F(DFn,DFd) p F(DFn,DFd) p
Frontal
ORXA 0.3 | F(1.000, 3.000) = P=0.1763 F(2.713,8.139) = | P=0.3244
(n=4) 3.104 1.340
ORXA 0.6 | F(1.000, 3.000) = P=0.0291 F (2.263, 6.788) = | P=0.1635 4.0-4.75,10-10.5,11-
(n=4) 15.52 2.374 18.75,19.25-20.5,23.25-23.75
ORXB F (1.000, 2.000) = P=0.4426 F (1.839, 3.678) = | P=0.4671
(n=3) 0.9014 0.9149
Occipital
ORXA 0.3 | F(1.000, 3.000) = P=0.0390 F (2.589, 7.768) = | P=0.0884 6.5-7.75,19.25-20.25,20.75-
(n=4) 12.36 3.224 23,23.75-30
ORXA 0.6 | F(1.000, 3.000) = P=0.0039 F (2.026, 6.077) = | P=0.0834 1-1.75,6.5-8.0,16.5-
(n=4) 65.71 3.836 21.5,21.75-30
ORXB F (1.000, 2.000) = P=0.1252 F (1.694, 3.388) = | P=0.5594
(n=3) 6.518 0.6347
Wake 2 ‘
Frontal
ORXA 0.3 | F(1.000, 7.000) = P=0.0018 F(2.847,19.93) = | P=0.0005 3.75-5.75,7.75-8.75,10-26
(n=8) 23.73 9.498
ORXA 0.6 | F(1.000, 7.000) = P=0.0019 F (3.845, 26.91) = | P=0.0002 2-6,9.75-23.25
(n=8) 23.53 8.552
ORXB F (1.000, 5.000) = P=0.1764 F(2.270, 11.35) = | P=0.0435 3.5-4.0,4.75-5.25,7.0-9.0,11.5-
(n=6) 2.476 4.037 19.5,20.5-21
Occipital
ORXA 0.3 | F(1.000, 7.000) = P=0.3518 F (3.503, 24.52) = | P=0.0004 4.0-6.0,7.25-8.75,10.75-
(n=8) 0.9950 8.247 13.25,21.25-22,22.5-30
ORXA 0.6 | F(1.000, 7.000) = P=0.5122 F (3.447,24.13) = | P=0.0006 3.25-4.0,4.5-6.5,7.25-8.0,9.75-
(n=8) 0.4765 7.666 16,20.75-30
ORXB F (1.000, 5.000) = P=0.0698 F (1.921, 9.605) = | P=0.0953
(n=6) 5.286 3.054
NREM |
Frontal
ORXA 0.3 | F(1.000, 7.000) = P=0.0062 F (4.227,29.59) = | P=0.3322 1.75-2.25,4.0-4.5,7.75-
(n=8) 14.91 1.200 10.5,12-30
ORXA 0.6 | F(1.000, 7.000) = P=0.0085 F (5.023, 35.16) = | P=0.1141 1.5-5.0,8.25-10.25,12.5-30
(n=8) 13.08 1.928
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ORXB F (1.000, 7.000) = P=0.0271 | F(1.396,9.775)= | P=0.1103 | 4.0-10,13.50-21.75
(n=8) 7.761 2.945

Occipital

ORXA 0.3 | F(1.000, 7.000) = P=0.0059 F (3.768, 26.37) = | P=0.0929 4.0-6.25,8.5-23.5,25-30
(n=8) 15.20 2.259

ORXA 0.6 | F(1.000, 7.000) = P=0.0012 F (4.066, 28.46) = | P=0.2396 1.5-7.25,8.5-30
(n=8) 27.61 1.461

ORXB F (1.000, 7.000) = P=0.0765 F (1.484,10.39)= | P=0.1615 4.0-5.25,11.25-19
(n=8) 4.313 2.236

REM |

Frontal

ORXA 0.3 | F(1, 13) =0.009503 P=0.9238 F (118, 1534) = P=0.9984 -

(n=7) 0.6515

ORXA 0.6 | F (1, 13)=0.003023 P=0.9570 | F(118,1534)= P=0.1403 | -

(n=7) 1.148

ORXB F(1,9) =0.003456 P=0.9544 F (118, 1062) = P<0.0001 -

(n=4) 1.833

Occipital

ORXA 0.3 | F(1,13)=0.2237 P=0.6441 | F(118,1534)= P=0.9573 | -

(n=7) 0.7817

ORXA 0.6 | F(1,13)=0.07275 P=0.7916 | F(118,1534)= P<0.0001 |-

(n=7) 2.532

ORXB F(1,9)=0.4433 P=0.9758 F (118, 1062) = P=0.0002 -

(n=4) 1.586

Table S4.3: Comparison of absolute EEG spectral power in L6b silenced animals

Orexin A or orexin B vs vehicle (24h for wakefulness, 3h for NREM and REM).

All spectra were compared with 2-way ANOVA, with Geisser-Greenhouse correction applied, not
corrected for multiple comparisons.
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CTL | L6b | Genotype effect Frequency x Genotype Post-hoc significant
n= | n= bins (Hz)
Wake 1 F(DFn, DFd) p | F(DFn, DFd) p
Frontal
ORXA 0.3 2 4 F(1,4)=2.137 0.2176 F(118,472)=2.113 <0.0001 | 2.0-2.5
29.25-29.75
ORXA 0.6 3 4 F(1,5)=3.417 0.1238 F (118, 590) = 0.8091 0.9218
ORXB 3 2 F (1, 3) =0.003232 0.9582 F (118, 354)=0.9174 0.7066
Occipital
ORXA 0.3 2 4 F(1,4)=0.2218 0.6622 F(118,472)=1.364 0.0130 -
ORXA 0.6 3 4 F(1,5)=0.06636 0.8070 F (118, 590) = 1.252 0.0501 -
ORXB 3 2 F(1,3)=0.6076 0.4925 F (118, 354) = 0.5647 0.9998 -
Wake 2 ‘ ‘
Frontal
ORXA 0.3 4 8 F(1,10)=2.170 0.1715 F (118, 1180) = 0.9953 0.4990
ORXA 0.6 5 8 F(1,11)=0.02616 0.8744 F(118,1298)=1.812 <0.0001 | -
ORXB 3 6 F(1,7)=1.324 0.2877 F(116,812)=1.192 0.0949
Occipital
ORXA 0.3 4 8 F(1,10) = 3.567 0.0882 F (118, 1180) = 0.9064 0.7495
ORXA 0.6 5 8 F(1,11)=1.338 0.2718 F(117,1287)=1.462 0.0015 -
ORXB* 3 6 F(1,7)=0.4591 0.5198 F(118,822)=1.841 <0.0001 | 14.25-15.0
NREM | |
Frontal
ORXA 0.3 5 8 F(1,11)=0.2868 0.6029 F(118,1298)=1.086 0.2572 -
ORXA 0.6 5 8 F(1,11) =0.002342 0.9623 F(118,1298)=2.017 <0.0001 | 0.75-1.25,1.5-2.75
ORXB 5 7 F(1,10) =0.3541 0.5650 F(118,1180)=1.320 0.0158 2.5-3.0
Occipital
ORXA 0.3 5 8 F(1,11)=0.1066 0.7502 F (118, 1298) = 0.6286 0.9992
ORXA 0.6 5 8 F(1,11)=0.02265 0.8831 F (118, 1298) = 0.6505 0.9984
ORXB 5 7 F (1, 10) =0.5589 0.4719 F(118,1180) =1.397 0.0047 2.25-2.75
REM | |
Frontal
ORXA 0.3 5 7 F (1, 10) = 0.009936 0.9226 F (118, 1180) = 0.8085 0.9298
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ORXA 0.6 5 |7 |F(1,10)=0.5156 0.4892 | F(118,1180)=0.6911 |0.9944 |-
ORXB 5 4 F(1,7)=0.9620 0.3594 | F (118, 826)=0.8623 0.8436 | 3.0-3.5
Occipital

ORXA 0.3 5 7 F (1, 10) =0.08122 0.7815 F (118, 1180) = 0.6987 0.9931 | -
ORXA 0.6 5 7 F (1, 10) = 0.3620 0.5608 | F(118,1180)=0.6782 0.9961 | -
ORXB 5 4 F(1,7) =0.05951 0.8143 F (118, 826) = 0.4978 >0.9999 | -

Table S4.4: Comparison of relative EEG spectral power between L6b silenced and control animals.
All spectra were compared with 2-way ANOVA except for ORXB Wake 2 occipital (*), which was
compared with a Mixed Analysis because for some animals, artefacts in the lower frequencies

extended to 0.75 Hz or 1.0 Hz — exclusion of those bins in selected animals resulted to ‘missing data’.

For all comparisons, Geisser-Greenhouse correction was applied, no correction for multiple
comparisons was applied for posthoc analyses.
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A WT L6b silenced

Supplementary Figure S5.1 Difference waves oddball paradigms.

Differences waves are calculated by subtraction of the response to the standard tone from the
response to the deviant tone (STD-DEV) for individual animals. Traces show mean + SEM for
genotype groups. The lower graphs show the p values for the comparison of the difference to 0 per
sample number with multiple t tests, with the horizontal line indicating p=0.05.

(A) Ascending oddball paradigm (foey>fstn). Wildtype animals (n=6) show a difference in response in
the early phase of N2. L6b silenced animals (n=8) also show this effect but they show and additional
increase in P1 and N1 ampltiudes. No clear effect of deviant tone presentation is visible in the time
range after P2 in either genotype.

(B) Descending oddball paradigm (forv<fstp). Wildtype animals (n=6) show a difference in response
in the P1 and P2 time ranges. L6b silenced animals (n=7) show a difference in response mostly in
the N1 time range. There is no late (after P2) effect of deviant tone presentation in either genotype.
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Supplementary Figure S5.2: Acoustic startle response.
(A) Ascending oddball paradigm, EMG responses to deviant tones and standard tones in
wildtype and L6b silenced animals.
(B) Descending oddball paradigm, EMG responses to standard and deviant tones.
WT n=7, L6b silenced n=9.
The acoustic startle response seems to appear just before 5ms in WT animals. In L6b silenced
animals, a peak appears around the same time, but a peak is less clearly distinguishable
because of technical issues with the EMG signals in L6b silenced animals.
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