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“Divide each difficulty into as many parts as is

feasible and necessary to resolve it.”

— René Descartes






Abstract

Doctoral degree in Biomedicine
Mechanisms and modulation of cortical

rhythms and complexity

by Almudena Barbero Castillo

Throughout various brain states, billions of neurons interact simultaneously,
resulting in a variety of cortical rhythms accompanied by switches between consciousness
states and brain complexity. The Perturbational Complexity Index can effectively
distinguish the level of cortical complexity from humans to in vitro cerebral cortex.
Through the modulation of cortical activity in isolated cortical slices, we investigated the
mechanisms underlying cortical network rhythms and the emergence of cortical
complexity in vitro. In this Thesis, we reveal that the relevance of inhibitory transmission,
the excitatory inhibitory balance, or the importance of cortical excitability all the way to
ionic channels, for the maintenance of cortical rhythms and neural complexity at

physiological levels.
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Summary

Doctoral degree in Biomedicine
Mechanisms and modulation of cortical

rhythms and complexity

by Almudena Barbero Castillo

Throughout various brain states, billions of neurons interact resulting in a variety of
cortical rhythms accompanied by switches between behavioral states (Gervasoni et al.,
2004). As a result of the specific (1) structure (layers and columns), (2) connections and
(3) components (excitatory and inhibitory neurons expressing receptors and ion
channels) within the cortical networks, switches in the cortical network state are possible.
From synchronized cortical regimes of slow wave activity (SWA) during deep sleep or
anesthesia (Steriade et al, 2001), global activity can change to irregular and
spatiotemporally complex cortical activity during arousal states (Duarte et al., 2017;
Steriade et al., 2001). If the underlying cellular or molecular regulatory mechanisms of
these transitions are altered, aberrant cortical rhythms and behavioral states may appear
(e.g., epilepsy or consciousness disorders). Thus, healthy and altered patterns of cortical
activity correlate with behavioral states. Many methods have been used to detect the level
of consciousness based on cortical activity (spontaneous or evoked activity). The
Perturbational Complexity Index (PCI) (Casali et al., 2013) can effectively detect the level
of complexity in humans and also in cortical slices in vitro (sPCI) (D’Andola et al., 2017)
based on the cortical evoked responses after electrical stimulation. Because (1) cortical
activity patterns can be simulated in in vitro preparations (Compte, 2003; Sanchez-Vives

et al., 2010), (2) shifting between cortical rhythms can occur independently of thalamic
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inputs, and (3) as a result of neuromodulators acting directly on cortex(Constantinople
and Bruno, 2011), we can specifically activate or inactivate ion channels or receptors in
order to induce changes in the spontaneous or evoked activity (sPCI) and provide insights
into the underlying mechanisms controlling the transition between different cortical

rhythms and complexity.

To investigate these, (1) we replicated SWA and awake-like regimes to validate isolated
cortical slices as a model of brain states and analyzed sPCI as a methodological tool to
quantify network complexity; (2) we studied the contribution of excitatory and inhibitory
components to the different cortical network rhythms and complexity; and (3) we
identified cellular mechanisms underlying the modulation of cortical states by regulating
the levels of different neurotransmitters involved in brain state transitions and

complexity.

The main methods used during this doctoral thesis consisted of an in vitro preparation of
cortical brain slices from ferrets, which spontaneously display SWA. We recorded the
cortical activity with a 16-channel array, and modulated the spontaneous and evoked
cortical activity by the bath application of agonist/antagonists of ion channels/receptors.
We also modulate cortical activity using electrical tools (through direct current

stimulation) or photopharmacology tools.

The results exposed within this thesis revealed that isolated cortical slices can display
different cortical activity patterns and levels of complexity detected by sPCI (D’Andola et
al., 2017). Using this model, we demonstrated that the disruption of inhibitory and
excitatory balances has important effects over the regime of cortical activity and the
cortical complexity. We demonstrated that inhibition (fast and slow) maintains cortical
activity patterns through the modulation of excitability and their oscillatory frequency. In
addition, we demonstrated that certain levels of excitability are required to induce higher
complexity states. When we induced changes in excitability through (1) K* channels or

muscarinic acetylcholine receptors; (2) or with inactivation of K* channels or blocking



inhibition, the network shifts from the bistable response to more heterogeneous responses
(increasing network complexity states) or to a homogeneous epileptic response
(decreasing network complexity states), respectively. Thus, these findings suggest that the
maintenance of cortical rhythms and neural complexity at physiological levels requires
the coordinated contribution of the balance between excitation and inhibition and
excitability, parameters that can be modulated by different mechanisms, like

neurotransmitters, drugs or exogenous stimulation.
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Chapter 1

Introduction

1. Cortical rhythms

Throughout various brain states and subsequent cognitive processes, there is a
complex interaction of billions of neurons, resulting in a collection of cortical rhythms
(Gervasoni et al., 2004). These temporally coexist in the same or different cortical areas,
with reciprocal interactions (Buzsaki and Draguhn, 2004), providing a temporal window
of neuronal population cooperation necessary for cognitive processes (representation,
processing, storage, and retrieval of information) and for switching the behavioral state
(Csicsvari et al., 2003; Fogerson and Huguenard, 2016). Indeed, cortical rhythms are not

pure oscillations. These consists of a combination by a combination of slow (<1 Hz), delta
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(1-4 Hz), theta (4-7 Hz), alpha (7-12 Hz), beta (12-30 Hz), and gamma (30-100 Hz)
rhythms (Mantini et al., 2007). Therefore, different cortical states are defined by distinct
spatiotemporal profiles of spontaneous cortical activity (Casali et al., 2013; Steriade and
Timofeev, 2003; Tremblay et al., 2016) and their alterations are associated with behavioral
and cognitive disorders. Next, we describe the cortical activity during sleep and
wakefulness, and patterns of aberrant cortical activity such as epilepsy or disorders of

consciousness.

1.1. Slow wave activity and Awake states

During deep sleep (Non-rapid eye movement, NREM sleep) or anesthesia, brain
potentials (electroencephalogram; EEG) are characterized by large-amplitude and slow
rhythms, which is known as Slow Wave Activity (SWA) (Steriade et al., 2001) (Figure 1).
This profile of cortical rhythm spontaneously appears with similar properties from the
level of cortical slices in vitro, to the intact neocortex of the sleeping human (Sanchez-

Vives and McCormick, 2000; Sanchez-Vives et al., 2017) (Figure 2). Therefore, SWA has
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Figure 1. From bistable SWA, global activity varies to asynchronous awake states. Examples from a human (A) and
a mouse (B) electroencephalogram (EEG) and electromyogram (EMG) recordings during wakefulness and NREM sleep.
Modified from Nature Review Neuroscience (Weber and Dan, 2016).
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been considered as a multiscale phenomenon which mainly depends on local and
recurrent cortical connectivity of the neocortex (Constantinople et al., 2011; Fernandez
et al., 2016; Massimini et al., 2005; Neske, 2016; Sanchez-Vives et al., 2017; Zagha and

McCormick, 2014).

SWA is a bistable state whose neural population are (1) highly coordinated and
synchronized (Figure 1 and Figure 2) (Constantinople et al., 2011; Duarte et al., 2017;
Hirata and Castro-Alamancos, 2010); and (2) alternates between periods of activity or
neural firing (Up-states), with periods of silence (Down-states), at a frequency of 1Hz
(Sanchez-Vives and McCormick, 2000; M Steriade et al., 1993b; Steriade, 2006) (Figure 1
and Figure 2). Indeed, neural firing during Up-state has a similar temporal structure to
the activity during wakefulness states (i.e. synchronized beta (12-30 Hz) and gamma (30-

100 Hz) rhythms) (Destexhe et al., 2007; Steriade et al., 1996).

From synchronized regimes of SWA during sleep, global activity shifts to widespread
spatiotemporal cortical rhythms during awake states, in which neurons fire irregularly
and nearly independently (Figure 1) (Andalman et al, 2019; Chen et al, 2009;
Constantinople et al., 2011; Duarte et al., 2017; Poulet and Crochet, 2019; Steriade et al.,
2001). Unlike SWA, wakefulness activity is characterized by persistent depolarization,
high frequency activity (gamma band) and low amplitude of EEG signals (Figure 1). These
periods of activity have been related with high-order brain functions (i.e. perception,
attention, sensory binding and storage and recall of information) (Dugladze et al., 2013)

which require the activation of subcortical areas (Lee and Dan, 2012).
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Figure 2. SWA in vivo and in vitro. a-d. Intracellular recording showing depolarization periods (Up-states) and
hyperpolarization periods (Down-states) of a single neuron in the anesthetized cat (a) and in a slice from ferret cortex
(d). Extracellular multiunit activity (D, top). b-e. Up-state examples from a and d. c-f. Periodicity of the oscillation
represented in autocorrelograms of the intracellular recordings. Source from Nature Neuroscience (Sanchez-Vives and
McCormick, 2000).

1.2. Altered cortical activity patterns: Epilepsy and Disorders of
consciousness

Different cortical states are defined by distinct spatiotemporal profiles of
spontaneous cortical activity (Casali et al., 2013; Steriade and Timofeev, 2003; Tremblay
et al., 2016). Alterations in these profiles are associated with disorders such as epilepsy
(Kalemaki et al.,, 2018; Lundstrom et al., 2019; Pinto et al., 2005), or disorders of
consciousness e.g. following stroke or traumatic brain injury (Bodien et al., 2017; Casali

et al., 2013; Malinowska et al., 2013).

While epilepsy is characterized by recurrent unprovoked seizures, caused by
abnormally excessive and synchronous neuronal activity of the brain (Chabolla, 2002;

Devinsky et al., 2018; Pinto et al., 2005), disorders of consciousness have been defined as
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altered states of pathologic consciousness, and may be caused by disconnection of the
thalamocortical system (Bayne et al., 2016; Malinowska et al., 2013; Xia et al., 2018).
Although epilepsy and disorders of consciousness are different behavioral disorders they
have something in common, both are associated with systematic changes in oscillatory
rhythms (Boly et al., 2017; Englot et al., 2010; Fattinger et al., 2015; Lundstrom et al., 2019;
Pellegrino et al., 2017; Wislowska et al., 2017). It has been demonstrated that, (1) during
wakefulness or sleep states, low frequencies are enhanced during epilepsy episodes (Boly
et al., 2017; Englot et al., 2010; Fattinger et al., 2015; Lundstrom et al., 2019; Pellegrino et
al., 2017; Wislowska et al., 2017); (2) disorders of consciousness’ patients show significant
correlation between patients’ behavioral diagnoses and impairment in cognitive
processes, with alterations in EEG patterns including SWA and higher frequencies (Bai et
al., 2017b; Lehembre et al., 2012; Malinowska et al., 2013; Schiff et al., 2014; Wislowska et
al., 2017). Thus, the study of spontaneous cortical activity and their regulatory
mechanisms is relevant for diagnosis of the disorders and could reveal new therapeutic

opportunities for these diseases

2. Cortical excitatory and inhibitory transmission and their

role in cortical rhythms

Interaction of neurons result in a collection of cortical rhythms (Gervasoni et al.,
2004) such as SWA or awake activity. Switches in the cortical rhythms are possible for
three main reasons: (1) Cortical networks form a specific framework, organized in six
layers and columns (Constantinople and Bruno, 2013). (2) Furthermore, there is a
neuronal specificity (excitatory and inhibitory neurons) and specialized connectivity
(local and long range connections) which organizes the flow of information in the cortical

network and subsequent cortical rhythms (Douglas and Martin, 2004; Isaacson and
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Scanziani, 2011). (3) Finally, neurons are sensitive to extracellular or intracellular
molecules (e.g. neuromodulators, ion concentration) through the expression of

membrane proteins (receptors and ion channels) (Spruston, 2008).

2.1. Structure of cortical frameworks

Cortical networks are compounded by thousands of neurons connected between
them by billions of synapses (Lee et al., 2016). Cortical networks constitute a framework
because it is organized in layers (layer 1, 2/3, 4, 5 and 6) and columns (Figure 3A). In
primary somatosensory cortices, such as primary visual cortex (V1), layer 4 is called the
internal granular layer because it is composed of granule cells. Therefore, layers 1 and 2/3
are called supragranular layers (SG), and layers 5 and 6 are called infragranular (IF) layers
(Douglas and Martin, 2004; Yuste, 2015) (Figure 3A). Cortical networks also constitute a
framework because it is divided into functional units (Figure 3B). There is a specialized
connectivity for processing cortical inputs (Figure 3B) (Douglas and Martin, 2004; Yuste,
2015). In summary, layer 4 receives information from thalamus and projects to layer 2/3.
layer 2/3 communicates with layer 5. Then layer 5 projects to Layer 6 and gives feedback
to layer 2/3. Layer 6 finally projects to layer 4. Layer 1 receives input from subcortical
nuclei and feedback connections from other cortical areas (Figure 3B) (Constantinople
and Bruno, 2013; Douglas and Martin, 2004; Markram et al., 2015; Wester and Contreras,

2012).
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Figure 3. Division of layers in the neocortex and their laminar-temporal interactions between main neurons in the
neocortex. A. Illustration of layer division human neocortex. Modified from Sinauer Associates (Blumenfeld, 2010).
Red cortical interneurons and Black marked cortical excitatory neurons. B. Time towards the right displaying 5
consecutive synaptic crossing. Gray circles, pyramidal cells. Black circles, interneurons. P: pyramidal cells. B: basket cells.
Tax: thalamic afferents. L6Pax: Layer 6 pyramidal arbors projecting to layer 4. Reproduced from Annual Review of
Neuroscience (Douglas and Martin, 2004).

2.2. Elements of cortical frameworks: Inhibitory and excitatory

components and their role in cortical rhythms

Within the cortical framework, there is a neuronal specificity (excitatory and
inhibitory neurons) and specialized connectivity (local and long-range connections)
which organizes the flow of information in the cortical network and subsequent cortical
rhythms (Douglas and Martin, 2004; Isaacson and Scanziani, 2011). In summary, cortical
units are classified mainly for glutamatergic excitatory neurons and GABAergic (y-
aminobutyric acid, GABA) inhibitory interneurons, which are functionally specialized

based on their cortical location and distribution.

2.2.1. Glutamatergic excitatory neurons
Glutamatergic neurons form the excitatory connections between layers and are
mainly involved in propagation signals (Figure 3A) (Constantinople and Bruno, 2013;

Douglas and Martin, 2004; Markram et al., 2015; Naka and Adesnik, 2016; Thomson and
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Lamy, 2007; Tremblay et al., 2016; Wester and Contreras, 2012). However, since
excitatory neurons spontaneously oscillate with resonant firing at low frequencies, they
have been also associated with a specific role in SWA. (1) It has been proposed that the
initiation of SWA depends on cortical excitatory neurons from layer 5 and the thalamus
(Beltramo et al., 2013; Gent et al., 2018; Neske, 2016; Sanchez-Vives and McCormick,
2000; Steriade et al., 1996; Wester and Contreras, 2012); and (2) the activation of
glutamatergic ionotropic receptors and recurrent activation of excitatory synaptic activity
is required for the maintenance of Up-states (McCormick et al., 2003; Neske, 2016;

Sanchez-Vives and McCormick, 2000; Shu et al., 2003).

2.2.2. GABAergic inhibitory neurons

While glutamatergic cells mainly form the excitatory connections between layers,
cortical GABAergic inhibitory neurons mainly form synapses within their local layer
(Figure 3A) (Buzsaki et al., 2004; Douglas and Martin, 2004; Thomson and Lamy, 2007).
In fact, excitatory neurons are inhibited by more than 50% of inhibitory neurons located
within ~100 pm (Isaacson and Scanziani, 2011) and they can fire at higher rates than
excitatory cells (Bartos et al., 2007; Cardin, 2018; Jones and Barth, 2002; Konstantoudaki
et al., 2014; Orban et al, 2001; Wright, 1997). Therefore, they play a critical role in
processing information in the neocortex by gating signal flow and sculpting network
rhythms. Among other functions, they have been associated with (1) controlling the
temporal precision of excitatory cell firing, (2) regulation of firing rates and bursting, (3)
synchronization and generation of cortical rhythms, and (4) the maintenance of the
excitatory and inhibitory balance necessary for the transfer of information (Cobos et al.,

2005; Guidotti et al., 2005; Konstantoudaki et al., 2014; Tremblay et al., 2016).
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Figure 4. Neural firing presents different patterns across brain states in humans. Local Field Potential (LFP) traces
(top) and spiking activity from excitatory neurons (blue) and inhibitory neurons (red) (bottom) during SWA (SWS) and
awake states (Wake). From Current Opinion in Physiology (Susin and Destexhe, 2020)

Recent theories (Susin and Destexhe, 2020) proposed that excitatory and inhibitory
neuron activity is persistent during awake states (Figure 4). However, during SWA, while
both neurons are synchronized and almost silent during Down-states, during Up-states
neuronal firing is similar to awake states (Figure 4) (Compte et al., 2009; Susin and
Destexhe, 2020). Moreover, the participation of inhibitory neurons during gamma
oscillation is higher during SWA than during awake states (Compte et al., 2008; Susin and
Destexhe, 2020) and inhibitory neurons increased their activity to induce Up-state
termination (Compte et al., 2003; Sanchez-Vives and McCormick, 2000; Schwindt et al.,

1992; M Steriade et al., 1993b).

Thus, excitatory and inhibitory neuronal interaction constitutes a fundamental
feature of cortical rhythms, required for cognitive processes and this is preserved across
cortical states (Duarte et al., 2017; Poulet and Crochet, 2019; Singer, 1993; Zagha and
McCormick, 2014). If, however, there is an imbalance in the interaction between
excitation and inhibition neurons, aberrant cortical rhythms appear (Sanchez-Vives et al.,
2010). In fact, it has been described that excessive excitation and synchronization during

epilepsy is associated with a decrease in the number of inhibitory interneurons or with
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faulty excitatory cells (Cardin, 2018; Kalemaki et al., 2018; Konstantoudaki et al., 2014;
Marin, 2012; Tremblay et al., 2016; Yang et al., 2012). Therefore, it is fundamental to study
about role of excitation and inhibition in spontaneous cortical activity for diagnosing

these disorders and new therapeutic opportunities for these diseases could be revealed.

3. Endogenous modulation of cortical rhythms

Switches in the cortical network state are possible not only because cortical networks
form a specific framework with specific types of neurons and connections, but also
because neurons are sensitive to extracellular or intracellular molecules (e.g.
neuromodulators, ion concentration) through the expression of membrane proteins

(receptors and ion channels) (Spruston, 2008).

Neuromodulators from neuronal populations of subcortical areas target these
membrane proteins, resulting in modification of several cellular functions (e.g. synaptic
strength, firing rates, firing modes, dendritic excitability and intrinsic and network
oscillations) (Spruston, 2008). Therefore, their liberation in the neocortex contribute in
different ways to the transition into different cortical rhythms (Brown et al., 2012; Ding
et al, 2016; Lee and Dan, 2012; Tremblay et al., 2016; Zhang, 2019) and precise
modulation of activation/inactivation of these receptors and ion channels could be an
approach for the study of the underlying mechanisms of cortical network states and their

transitions.

3.1. GABA

GABA is the main inhibitory neurotransmitter in the neocortex (Wu and Sun, 2015)
and GABAergic cortical neurons play a critical role in processing information (Cobos et

al., 2005; Guidotti et al., 2005; Konstantoudaki et al., 2014; Tremblay et al., 2016). There
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are two main types of GABA receptors in cortical neurons: (1) the ionotropic GABA,
receptor (fast inhibition, ligand-gated ion channel) and (2) the metabotropic GABAs
receptor (slow inhibition, G-protein coupled receptor) (Perez-Zabalza et al., 2020;
Sanchez-Vives et al., 2020; Wu and Sun, 2015). Both are widely expressed in the brain
(Kullmann et al., 2005; Princivalle et al., 2000) and both have an important role during
sleep: (1) GABA4 receptor activation balances the excitation during Up-states (Cardin,
2018; Li et al., 2017; Mann et al., 2009; Sanchez-Vives et al., 2010; Shu et al., 2003) and
progressive pharmacological blockade of this receptor reduces Up-state duration (Mann
et al., 2009; Sanchez-Vives et al., 2010); (2) blocking GABAGs receptor inhibition results in
a continuous increase in Up-state duration (Mann et al., 2009; Perez-Zabalza et al., 2020;
Sanchez-Vives et al., 2020) which demonstrates that it contributes to the persistent
activity during the Up-states (Cardin, 2018; Li et al,, 2017; Mann et al., 2009; Perez-

Zabalza et al., 2020).

Thus, deficits or excess of GABA release, or activation of its receptors, may underlie
the aberrant patterns of cortical rhythms and behavioral states such us epilepsy (Kalemaki
etal., 2018; Lundstrom et al., 2019; Pinto et al., 2005; Ruiz-Mejias et al., 2016), or disorders
of consciousness (Bodien et al., 2017; Casali et al., 2013; Malinowska et al., 2013). While
GABAergic signaling prevents the generation of high-frequency epileptiform bursts
(Cardin, 2018; Mann et al., 2009) and drugs increasing this signaling could restore cortical
activity in disorders of consciousness patients (Brown et al., 2010; Clauss, 2010; Salgado
et al.,, 2011), blocking GABAergic receptor results in acute epileptic discharges (Cobos et
al., 2005; Guidotti et al., 2005; Khazipov, 2016; Sanchez-Vives et al., 2010; Shiri et al.,
2016). Thus, it is important to better understand the underlying mechanisms of GABA

neuromodulation in the cortical rhythms and their transition.

11
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3.2. Acetylcholine

To move cortical activity from one state to another requires neurotransmitter signals
such as acetylcholine (ACh) from subcortical areas. During wakefulness states, this
neuromodulatory system is highly activated, while during sleep, its activity is reduced or
stopped (Jones, 2005; Lin, 2000). Therefore, liberation of this neurotransmitter in the
neocortex contributes in different ways to the transition into different cortical rhythms
(Lee and Dan, 2012) and behaviors. In fact, it has been shown that ACh plays an
important role in several cognitive functions including arousal, working memory, and
attention - all awake state processes. (Arroyo et al,, 2014). ACh in the neocortex is
mediated by two different types of receptors (AChRs), G-protein-coupled muscarinic
AChRs (mAChRs,) and the ionotropic nicotinic AChRs (nAChRs, ligand-gated ion
channel). Both participate in different ways in the sleep/awake transition. For example, it
has been described that cholinergic release to neocortex (1) abolished Up-Down
transitions through mAChRs, but not nAChRs signaling (McCormick and Williamson,
1989); and (2) eradicated SWA by the depression of cortico-cortical synaptic transmission
and/or inhibition of excitatory neurons through the activation of mAChRs (Dasgupta et
al., 2018; Eggermann et al.,, 2014; Poulet and Crochet, 2019). In addition, it has been
described in vitro that activation of mAChRs are highly involved in the induction of
persistent gamma frequency oscillations (Whittington et al., 2000). Thus, it is also

fundamental to study the role of mAChR in cortical rhythms.

Five subtypes of mAChRs are classified in two different groups: M1-type receptors
(M1, M3 and M5 subtype mAChRs), and M2-type receptors (M2 and M4 subtype
mAChRs). The M1, M2, and M4 mAChRs subtypes are expressed in the neocortex and
M1 subtype is the most predominant (Groleau et al.,, 2015; Mufioz and Rudy, 2014;
Radnikow and Feldmeyer, 2018). M1 is the main excitatory mAChR subtype and
enhances glutamatergic drive (Brown, 2010; Groleau et al., 2015; Muioz and Rudy, 2014;

Radnikow and Feldmeyer, 2018). However, M2 is a cholinergic inhibitory autoreceptor,

12
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controlling extracellular levels of ACh and, on GABAergic terminals, it inhibits GABA
release (Bereshpolova et al., 2011; Brown, 2010; Groleau et al., 2015). M2 receptors play a
relevant role in several central nervous system disorders (Scarr, 2012), and regulating
their activity and subsequent effects on cortical neuronal networks, may provide new

therapeutic opportunities for these cholinergic diseases.

3.3. Ionic concentrations

Several of these neuromodulators modify cortical activity by activation of specitfic
ionotropic or metabotropic receptors. Most of them result in a variation of
extracellular/intracellular ion concentrations. Then, if ion concentration can be
modulated, it could affect several cellular functions and modulates the cortical rhythms
(Spruston, 2008). In fact, it has been demonstrated that increasing concentrations of
extracellular K* were observed during arousal in vivo, and in vitro after infusion of a
cocktail of neuromodulators such us carbachol. Indeed, imposing changes in extracellular
ion concentrations alters local activity and behavioral state between sleep and wakefulness

(Ding et al., 2016; Frohlich et al., 2008; Krishnan et al., 2018).

Potassium channel are the most diverse of ion channels, and its expression is
homogeneous among cortical inhibitory interneurons and excitatory neurons, and
mostly underlie functions of neuronal excitability control (Greene and Hoshi, 2017).
Simply raising the extracellular ion concentration increases the frequency of spontaneous
oscillatory activity (Sancristébal et al., 2016). These are also implicated in the modulation
of some phases of the SWA such as Up-state initiation and termination (Compte et al.,
2003; Contreras and Steriade, 1996; Cunningham et al., 2006; Neske, 2016; Phillis et al.,
1975; Schwindt et al., 1992; Steriade et al., 1994). It has been proposed that voltage gated
K* channel 7 (KCNQ or K7) is implicated in the termination of Up-states (Neske, 2016).
Therefore, alterations of ion concentration or activation/inactivation of K* channels
could represent the source of some patterns of aberrant cortical activity such as seizures.

For example, some K* channelopathies include the generation of convulsions, and

13
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activation of K,; has been used as a treatment to alleviate them (Frohlich et al., 2008). In
fact, it has been demonstrated that seizure-like activity can be induced by blocking non-
selective voltage dependent K* channels (K,) (Shiri et al, 2016). Moreover, the
extracellular K* concentration increases during seizures (Frohlich et al., 2008; Somjen,
2002), and in vitro increased the amplitude of gamma burst (Subramanian et al., 2018).
Therefore, it is important for better understanding of the underlying mechanisms of K*

modulation in the cortical rhythms and their transition.

4. Exogenous modulation of cortical rhythms

In addition to subcortical areas sending neurotransmitters to the neocortex to evoke
transition between cortical states, external methods have been used to evoke this
transition such as anesthesia, electrical stimulation of cortical or subcortical networks, or

new optical techniques such as optogenetics or photopharmacology.

4.1. Anesthesia

General anesthesia has been used for many years to stablish unconsciousness states
in patients during surgical interventions. There are several types of anesthesia and they
could affect one or more neuromodulatory systems (Van Dort et al., 2008). For example,
they could enhance chloride current mediated by GABAAx receptors (barbiturates or
propofol) (Brown etal., 2011; Ma et al., 2002; Nelson et al., 2002; Rudolph and Antkowiak,
2004; Voss et al., 2019) or could disrupt the cholinergic neurotransmission (opioids or
propofol). This was also observed in rats. It has been described that propofol
administration to rats decreases cortical ACh release and produces unconsciousness
(Lydic and Baghdoyan, 2005). Interestingly, it has been described that some anesthetics
could have an effect even over K* channels such as Kv channels, which are inhibited by

propofol (Li et al., 2018).
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4.2, Direct current stimulation

As well as anesthetics externally neuromodulating cortical or subcortical circuits to
induce changes in cortical rhythms, modulating altered brain circuits by chronic electric
stimulation, can also induce variations and restore spontaneous cortical activity. For
example, deep brain stimulation has been used as a treatment for motor disorders such as
Parkinson disease, neuropsychological (depression, epilepsy, etc.) and for disorders of
consciousness (Alkire et al., 2008; Freund et al., 2009; Kim et al., 2013; Kringelbach et al.,

2007; Lemaire et al., 2014; Mina et al., 2013; Sankar et al., 2014).

Another way to electrically modulate cortical activity is through transcranial direct
current stimulation (tDCS). tDCS is non-invasive perturbation that can be used to
suppress epilepsy by decreasing cortical excitability in humans (Rahman et al., 2013; San-
juan et al., 2015) and can effectively modulate cortical excitability in patients with
disorders of consciousness (Bai et al., 2018, 2017a). This was also demonstrated in vitro
(Figure 5). Direct current stimulation (DCS) generating homogenous electric field (EF)
perpendicular to the layers (Figure 5A), could modulates the intrinsic properties of the
neurons (such as depolarization/hyperpolarization, firing rate or spike timing) and the
frequency of spontaneous oscillation (D’Andola et al., 2018; Frohlich and McCormick,

2010; Kabakov et al., 2012; Rahman et al., 2013; Reato et al., 2010) (Figure 5B).
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Figure 5. Direct current stimulation in vitro. A. Modulation of network excitability was delivered by two parallel

Raw LFP

aligned silver/silverchlorided electrodes. They were placed parallel to the cortical layers in the slice, such that the direct
current stimulation (DCS) generated homogenous electric field perpendicular to the layers. B. Raw LFP during control
conditions, +5 V/m and -5 V/m DC fields. Source from bioRxiv (D’Andola et al., 2018).
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4.3. Photopharmacology, a new optical modulatory technique

The study of the modulation of cortical or subcortical circuits in neuroscience is
possible thanks to bioactive molecules that have some selectivity to molecular targets.
However, sometimes the interpretation is difficult if we look for high spatiotemporal
precision of activation. Optogenetic substantially increases the selective activation of ion
channels and receptors. It is a tool based on using light to achieve a gain or loss of function
of well-defined events in specific cells of living tissue (Deisseroth, 2011) (Figure 6A). It is
limited by the availability of suitable promoters and requires genetic manipulation. This
problem is solved using photopharmacology (Barbero-Castillo et al., 2020; Riefolo et al.,

2019).

Photopharmacology is based on synthetic ligands that target endogenous proteins,
(Figure 6B). In addition, photoswitchable ligands can generally be used in multiple
species, and their safety and regulation can be established as for other drugs. Indeed, it
also allows to control at the spatiotemporal level (Broichhagen et al., 2015; Lerch et al,,
2016; Riefolo et al., 2019). An important class of photoswitch is azobenzenes: trans-
azobenzene gets converted into cis-azobenzene on exposure to ultraviolet (UV) light and
the process is reversible when exposed to light of visible range (Broichhagen et al., 2015;
Riefolo et al., 2019) (Figure 10). The application fields of photoswitchable molecules start
from antimicrobials, diabetes, cellular toxicity to blocking carcinogenesis (Sarma and
Medhi, 2017). Here we used a novel molecule Phthalimide-Azo-Iper (PAI) (Riefolo et al.,
2019) that has been demonstrated to selectively activate M2 muscarinic ACh receptors

(mAChRs) without requiring electric or genetic manipulation (Figure 10).
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Figure 6. Illustration of light-controlled methods using a cell membrane receptor. Optogenetics requires genetic
manipulations to express light-sensitive receptors or channels. Photopharmacology uses photoswitchable drugs for

interaction with their target receptors or channels.

5. Measurements of cortical regime at different brain states

The effects of endogenous or exogenous modulation of cortical rhythms appear both
in the spontaneous and evoked activity and at multiples scales, all of them with a role
within global cortical activity. For this reason, it is important to study the underlying

mechanisms of cortical rhythms and their transitions at multiple scales.

5.1. Spontaneous cortical activity

Switches of behavioral states are accompanied by changes in the cortical activity in
many brain areas, which can be measured electrophysiologically (Gervasoni et al., 2004;
Taub et al., 2013). Cortical activity under different brain states has been widely described
from healthy human EEG (Figure 1) (Akerstedt et al., 2002; Merica and Fortune, 2004;
Saper et al., 2010), EEG from patients with disorders of consciousness (Wislowska et al.,
2017) and also from in vivo anesthetized and implanted chronic animals in the local field
potential (LFP) and Multiunit activity (MUA) (Fu et al., 2018; Hanrahan et al., 2013; Staba
et al., 2017). While the physiological and electrophysiological changes in brain activity
among different brain states have been well described, the causal mechanisms for the
maintenance and its transitions are poorly understood. However, our in vitro (Figure 2)

model is a good model to study these for three reasons: (1) cortical SWA, as well as awake
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states, can be simulated in in vitro preparations (Markram et al., 2015; McKillop and
Vyazovskiy, 2019; Sanchez-Vives and McCormick, 2000), (2) shifts between cortical
rhythms can occur independently of thalamic inputs (3) and several neuromodulators act
directly on neocortex (Constantinople et al., 2011; Lewis et al., 2015) in our in vitro
preparation. Therefore, we can specifically activate or inactivate these ionic channels or
ionic/metabotropic receptors to induce changes in the spontaneous or evoked activity and
give some insights about the underling mechanisms controlling the transition between

different cortical states.

5.2. Measurements of cortical complexity

Behavioral states can be distinguished based on the consciousness state. One of the
network properties investigated to study the level of consciousness was the complexity,
the level segregation and integration of information in cortical networks (Casali et al.,

2013; D’Andola et al., 2017; Stratton and Wiles, 2015; Tononi et al., 1994).

The study of segregation and integration of information can be analyzed with a wide
collection of tools and methods (Deco et al., 2015; Telesford et al., 2011). One such
method is neural complexity, which is based on spontaneous activity. High levels of
neural complexity correlates when the elements of a network are both functionally
segregated and functionally integrated, as occurs in wakeful individuals (Bartels and Zeki,
2005; Casali et al., 2013; Sanders et al., 2012; Tononi, 2004). Otherwise, global random
activity become either local (suggesting a loss of integration) or global but stereotypical
(suggesting a loss of segregation) during loss consciousness states such as NREM sleep
anesthesia (Gili et al., 2013; Monti et al., 2013) or patients with disorders of consciousness
(Achard et al., 2012; Chennu et al., 2017, 2014). This was observed across multiple spatial
scales, from a macro scale (intra- and inter-areal connections), to small groups of neurons

(Casali et al., 2013; D’Andola et al., 2017; Pigorini et al., 2015).

Neural complexity can be studied based on spontaneous activity (Barbero-Castillo et

al., 2019; Bettinardi et al., 2015; Tononi et al., 1994; Tononi and Edelman, 1998) or
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measured based on a perturbational approach (Figure 7) like the Perturbational
Complexity Index (PCI). It can measure effective connectivity (segregation) and to what
extent subsets of neurons can interact causally as a whole (integration) to produce
responses from a particular perturbation (Casarotto et al., 2016; D’Andola et al., 2017;
Murphy et al., 2009) (Figure 7). PCI can distinguish levels of consciousness states in
healthy and brain-injured patients from EEG response to Transcranial Magnetic
Stimulation (TMS) (Casali et al., 2013) (Figure 7). PCI also distinguishes the level of
cortical network in vitro (slice PCI, sPCI) (D’Andola et al., 2017) and in vivo at different
levels of anesthesia measured through LFP responses to electrical stimulation (Dasilva et
al., under review). sPCI adaptation was highly useful to simulate different regimes of
network activity and their modulation by regulating the tone of different

neurotransmitters involved in brain state transition (D’Andola et al., 2017).

WAKEFULNESS

High Complexity

NREM SLEEP

Low Complexity

Figure 7. Perturbational Complexity Index in humans. EEG responses after Transcranial Magnetic Stimulation
(TMS) are more heterogeneous spatiotemporally during wakefulness states than during NREM sleep. Lempel-Ziv
compression of significant evoked responses reveal high complexity during wakefulness states. Average of EEG responses
following TMS (Red) and maximum current sources (color-coded according to their activation latency: light blue, 0 ms;
red, 300 ms). Yellow cross: TMS target on the neocortex. Source from Neuron (Sanchez-Vives et al., 2017)
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Objectives

The global objective of this Thesis is to better understand the mechanisms underlying
cortical network rhythms and generation of cortical network complexity in vitro and
therefore the underpinnings of brain states. More specifically, the main objectives of this

thesis are:

% To validate isolated cortical slices as a model of brain states and sPCI as a
methodological tool for measuring network complexity.

% To study the contribution of excitatory and inhibitory components to
cortical rhythms and complexity.

% To identify the cellular mechanisms underlying the modulation cortical
states by regulating the levels of different neurotransmitters involved in brain state

and complexity transitions.
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Chapter 2

Material and Methods

We performed 4 different sets of experiments to achieve the objectives illustrated above:

1. We replicated SWA and awake-like activity regimes in vitro to validate isolated
cortical slices as a model of brain states and analyzed sPCI as a methodological tool to
quantify network complexity.

2. We pharmacologically blocked fast and slow inhibition during the abovementioned
regimes of cortical activity in vitro to study the contribution of inhibitory components
to maintenance of cortical rhythms and complexity.

3. We pharmacologically and electrically (through DCS) modulated level of excitability

during the spontaneous SWA and evoked cortical activity in vitro to study the
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contribution of excitatory and inhibitory balance to maintain cortical rhythms and
complexity.

4. We pharmacologically modulated the activation of mAChRs and
photopharmacologically controlled the activation of M2 mAChR during spontaneous
SWA in vitro and in vivo to study their contribution to cortical activity and in vitro

evoked activity to study M2 mAChR role in complexity

The following sections are common throughout all the experimental sets, with the
exception of the modulation of cortical emergent activity section, which will be explained
in separated subsections. All experiments were carried out in accordance with protocols
approved by the Animal Ethics Committee of the University of Barcelona, which comply
with the European Union guidelines on protection of vertebrates used for
experimentation (Directive 2010/63/EU of the European Parliament and the Council of

22 September 2010).

1. Experimental procedure

1.1. The in vitro preparation

Cortical slices were prepared as previously described (Sanchez-Vives, 2012) (Figure
2 and Figure 8). Briefly: adult ferrets (3-7 months old, either sex) were anesthetized with
sodium pentobarbital (40 mg/kg) and decapitated. The entire forebrain was rapidly
removed to oxygenated cold (4-10 °C) bathing medium and cut into 400-um-thick
coronal slices from the occipital cortex containing primary and secondary visual cortical
areas (areas 17, 18, and 19). To increase tissue viability, a modification of the sucrose-
substitution technique developed by (Aghajanian and Rasmussen, 1989) was used during
the preparation. Then, slices were placed in an interface style recording chamber
(Scientific Systems Design, Inc.), and bathed for 30 minutes in an equal mixture of the
sucrose-substituted solution and ACSF (Artificial Cerebro-Spinal Fluid). Afterwards

slices were maintained for 2 hours in ACSF for recovery. Finally, an in vivo-like ACSF
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solution was applied throughout the rest of the experiment. ACSF contained (in mM):
NaCl, 126; KCl, 2.5; MgSOs, 2; NaH,PO,, 1; CaClL, 2; NaHCOs, 26; dextrose, 10. The
modified ACSF had the same ionic composition except for different levels of (in mM):
KCl, 4; MgSO,, 1 and CaCl,, 1. Solutions were aerated with 95% 02, 5% CO, to a final pH
of 74 and temperature during experiment was maintained at 34.5-36°C.

Electrophysiological recordings started after allowing at least 1-hour recovery.

Electrica)
St’mUlann

Figure 8. Experimental set up. A. Typical position of electrodes on a ferret coronal slice from V1 (layer 1, L1; layer 6
L6), white matter WM) for perturbational experiments B. Scheme of A. The recording array (MEA) was placed on the
cortex, with 8 channels covering infragranular layers, and the remaining 8 spanning supragranular layers. Electrical
stimulation was applied in the IF (red asterisk), with a concentric electrode touching the cortex through a hole in the
recording electrode.

1.2. The in vivo preparation

Cortical electrophysiology experiments were carried out in 2-3-month-old
C57BL6/JR mice (n=3). Mice were kept under standard conditions (room temperature,
12:12-h light-dark cycle, lights on at 08:00 a.m.). Anesthesia was induced by
intraperitoneal injection of ketamine (30 mg/kg) and medetomidine (100 mg/kg). After
the reflex was removed, the mouse was placed in a stereotaxic frame, and continuously
oxygenated with air enriched with oxygen. Body temperature was maintained at 37°C
throughout the experiment (Ruiz-Mejias et al., 2011) with a water-circulating heating

pad. All pressure points and tissues to be incised were infiltrated with lidocaine before
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surgery. A craniotomy was performed in each mouse following Paxinos (Franklin and
Paxinos, 2008): AP —2.5 mm, L 1.5 mm (primary visual cortex, V1). At the end of the
experimental protocol, the animals were sacrificed by cervical dislocation (Castano-Prat

etal., 2017).

2. Electrophysiological recordings of emergent activity

LFP recordings were obtained with two different type of electrode, depending on the
experiment. In vitro recordings were obtained with a multielectrode array (MEA) of 16
gold electrodes plated with platinum black disposed on a flexible grid (Figure 8 and Figure
9A). This grid was fabricated using SU-8 negative photoresist or polyamide. It also
included an array of holes which allowed the oxygenation of the slices. Within this array

of holes, two of them were bigger to place the stimulation electrode in the IF layers.

There were 2-3 electrodes in each of the recording points with 200 um of distance
between them in the MEA. This was placed (Figure 8 and Figure 9A) to cover such that
half of them (8 electrodes) would record from supragranular (SG) and the other half (8
electrodes) would record from infragranular (IG) layers (diodes / triodes were 750 um
apart in the vertical axis), as well as from 3 different cortical columns (1.5 mm apart in
the horizontal axis). Each electrode was 50 um in diameter, resulting in an impedance of
|Z|~10 MQ at 1kHz. Neural activity was referenced to an electrode placed at the bottom
of the chamber in contact with the ACSF. The raw signal was amplified by 100 using a
PGA16 Multichannel System (Multichannel System MCS GmbH - Harvard Bioscience
Inc, Reutlingen, Germany) and digitized 10 kHz with the same Power1401. Activity was
collected and monitored online by Spike2 (Cambridge Electronic Design, Cambridge,

UK).
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Spontaneous LFP recordings in vivo were obtained from deep layers of the cortex
(depth: 0.6-0.7 mm) layers with 1-2 MQ single tungsten electrode insulated with a plastic
coating except for the tip (FHC, Bowdoin, ME, USA). The signal was amplified with a
Multichannel System (Multichannel System MCS GmbH - Harvard Bioscience Inc,
Reutlingen, Germany), digitized at 20 kHz with a CED acquisition board and acquired
with Spike 2 (Cambridge Electronic Design, Cambridge, UK) unfiltered (Castano-Prat et

al,, 2017).

3. sPCI protocols

The sPCI protocol consisted of a single-pulse electrical stimulation applied using
concentric electrodes (WPI, Aston, UK). Electrical pulses were triggered using a
Power1401 ADC/DAC (Cambridge Electronic Design, Cambridge, UK) and converted to
a current using a commercial stimulus isolator (360A, WPI, Aston, UK). The stimulation
electrode was placed in IF layers (Figure 9A), following the notion that spontaneous Up-
states are initiated in layer 5 (Sanchez-Vives and McCormick, 2000). Pulses had a
duration of 0.1 ms, an intensity of 150-200 uA, and were applied every 10 s, with a
random jitter from 0.5 to 1.5 s to avoid activity entrainment to the specific frequency of

stimulation (D’Andola et al., 2017) (Figure 9B).

A binary spatiotemporal distribution of significant activity (SS(x,f)) was calculated
from MUA signal and statistical differences from the baseline in response to the electrical
stimulation were assessed by a bootstrap procedure as in D'Andola et al. (2017). The
significance threshold was estimated as the one-tail (1-a) 99" percentile of the bootstrap
distribution. Also, we first low-pass filtered (<10Hz) the trial average computed on the
MUA signal, and considered significant only the periods in which the activity of each
channel lay above the significance threshold for more than 50 ms, then, SS(x,t) = 1 for

significant activity at channel x and time t, SS(x,t) = 0 otherwise (Casali et al., 2013). The
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sPCI was then defined as the normalized Lempel-Ziv complexity of the binary matrix of

significant evoked MUA spatiotemporal patterns (D'Andola et al., 2017) (Figure 9C).

A Electrical Stimulation B
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Figure 9. sPCI protocols. A. Top. Experimental setup. A 16-channel multielectrode array was placed on a neocortical
slice with a spatial distribution spanning infra- and supragranular layers. Electrical stimulation was delivered through a
concentric electrode placed in IF layers (red arrow). Bottom. Representative LFP traces. C. sPCI was calculated from
Lempel-Ziv compression of the significant multiunit activity (SS(x,t)) contained in a binary matrix.

4. Modulation of cortical emergent activity

In order to study the underlying mechanisms controlling cortical rhythms and

complexity, we modulated cortical emergent activity are as follows.

4.1.  Classical pharmacology

In the first section of the results, we induced two different regimes of network
activity. SWA appeared spontaneously as we described previously in the “in vitro
preparation protocol”. To induce awake-like activity we: (a) sequentially bath-applied
AChR agonist Carbachol (CCh, 0.5 uM) and noradrenaline (NE, 50 uM) (D’Andola et al.,

2017); (b) reduced the bath temperature from 36-37°C to 31-32°C (Reig et al., 2010); and
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(c) modified extracellular calcium concentration levels from 1.2 mM to 0.8-0.9 mM

(Markram et al.,, 2015). CCh and NE were obtained from Sigma-Aldrich.

In the second section we investigated the role of inhibition in the SWA and awake-
like rhythms. We progressively blocked fast inhibition (GABAs) with bicuculline
methiodide (BMI: 0.2 uM, 0.4 uM, 0.6 pM, 0.8 pM and 1uM), obtained from Tocris
Bioscience; and SR-95531 hydrobromide (gabazine, GBZ 50 nM, 100 nM, 150 nM and
200 nM), obtained from Sigma-Aldrich. We also progressively blocked slow inhibition
(GABAg) using CGP 55845 (CGP100 nM, 200 nM, 500 nM and 1 uM), obtained from

Tocris Bioscience.

In the third section we examined the role of excitation in cortical rhythms. First, we
increased the extracellular K* concentration ([K*]e: 5 mM, 7 mM) and return to control
condition with ACSF washout. In another set, we progressively blocked non-selective K*
channel using Tetraethylammonium chloride (TEA: 1 mM, 5 mM and 10 mM), obtained
from Sigma-Aldrich. We also gradually blocked non-selective K, channel blocker using
4-Aminopyridine (4-AP: 25 uM and 50 uM), obtained from Tocris Bioscience. Finally, we

blocked M-current usinge XE991 (100 uM) obtained from Tocris Bioscience.

We typically waited more than 1000 s after the application of each drug in order to

let it act and to obtain a stable pattern of electrical activity.

4.2. Photopharmacology

In the last section, we modulated cholinergic effects on SWA in vitro by using novel
molecules called photopharmacological agents (Figure 6B) (obtained from Nanoprobes
and Nanoswitches group, Institute for Bioengineering of Catalonia (IBEC), Barcelona,
Spain). These are bioactive molecules modified with photoswitches; that is, moieties that
change their structure upon irradiation with light (Lerch et al 2016). First, we bath-

applied non-photoresponsive muscarinic agonist Iperoxo (IPX: 10 nM to 100 nM)
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(Riefolo et al., 2019) (Figure 10A). Then we used Phthalimide-Azobenzene-Iperoxo (PAI),
which is a selective M2 mACh receptor agonist. White light was applied to obtain the
trans-PAI (active molecule), which activates M2-mACh receptors and UV light (365nm)
was applied to obtain the cis-PAI, which doesn't activate M2-mACh receptors (inactive
molecule) (Figure 10B,C). PAI can be switched back to its on-state with blue or white light
(Figure 10B,C). The high thermal stability of PAI inactive form (cis-PAI) allowed the
administration of the inactive drug and subsequent activation of M2 receptors in the
target region with white light (Riefolo et al., 2019). We first investigated the efficacy of
PAI in cortical neuronal circuits in vitro by obtaining the dose-response curves of trans-
and cis-PAI solutions applied separately. The more active PAI isomer (trans) was tested
by applying its dark-adapted form (87 % of trans-PAI), and cis-PAI was obtained by
illuminating 1 mM stock solutions with 365 nm light for 10 min (73% of cis-PAI) (Riefolo
et al., 2019) (Figure 10 C). Increasing concentrations of both trans- and cis-PAI (10 nM,

100 nM, 300 nM and 1 uM) were bath applied in order to build up the dose-response

curves.
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Figure 10. Photoswitchable molecule PAI and its photoconversion. A. Phthalimide-Azobenzene-Iperoxo (PAI)
molecules was compounded by Iperoxo as an orthosteric moiety Iperoxo, Azobenzene molecule as photoswithcable
spacer chain and Phthalimide as an allosteric part. Source from American Chemical Society (Riefolo et al., 2019). B. 2D
representations of trans-PAI and cis-PAI isomers (Riefolo et al., 2019). Irradiation of 365 nm was required to convert
trans to cis-PAI and irradiation of 460nm was required to convert cis- to trans-PAI C. PAI photoswitching protocol in
vitro cortical slices. (1). Photoconversion from trans-PAI to cis-PAI with 10 min of UV irradiation; (2). Bath application
of cis-PAL (3). Photoconversion from cis-PAI to trans-PAI with White light irradiation.

30



Chapter 2: Material and Methods

Spontaneous activity in vivo during anesthesia (control) was compared after
application of the pre-illuminated, inactive drug form (cis-PAI) and application of white
light to activate the drug (trans-PAI). Cis-PAI was locally delivered to the cerebral cortex
surface and activity was recorded while applying a commercial red filter on the white light
source to avoid the activation of the drug (Riefolo et al., 2019). The uncovered brain was
illuminated with a white light source (Photonic Optics™ Optics Cold Light Source LED

F1) in order to activate the drug in situ (trans-PAI).

4.3. Direct current stimulation

Electrical modulation of network excitability was delivered by a current between
two parallel aligned silver/silverchlorided electrodes (1 mm diameter, 10 mm length) to
create a constant EF. They were placed parallel to the cortical layers in the slice, such that
DCS generated homogenous EF perpendicular to the layers (D’Andola et al., 2018;
Frohlich and McCormick, 2010) oriented parallel to the apical-dendritic axis of cortical
pyramidal cells (Figure 11A) in order to assume maximum effect on the activity (Radman
etal., 2009). The stimulation was triggered through a Power1401 ADC/DAC (Cambridge
Electronic Design, Cambridge, UK). The applied EF was measured and calibrated before
every experiment. EF intensity was calculated as the voltage gradient between two distant
recording points (V/m). While positive EF induced depolarization by depolarizing fields
oriented from white matter to cortical surface, negative EF hyperpolarized because
depolarizing field went in the opposite direction (D’Andola et al., 2018) (Figure 11). We
consistently alternated positive and negative EF to avoid tissue and electrode damage.
First, 200 seconds of spontaneous activity was recorded, then the DCS was delivered
alternating between +3V/m, +2V/m and +5V/m intensities to exclude effects eventually
coming from progressive current increases (Figure 11B,C). DCS periods were separated
by recovery intervals of the same duration. DCS was applied during sPCI protocols

(Figure 11B,C).
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Figure 11. Direct current stimulation protocols. A. Experimental set up. two parallel aligned silver/silverchlorided
(AgCl) electrodes were place parallel to the cortical layers to create positive and negative EF. Cortical activity was
recorded by 16 channels multielectrode arrays (MEA) and electrical stimulation was performed by concentric electrodes
in the IF layers. White matter (WM), layer 1 (L1) and layer 6 (L6). B. Periods of 200 seconds were applied for each step
of DCS protocol. (1) Control activity, (2) positive EF (red) and sPCI stimulation, (3) recovery interval, (4) negative EF
(blue) and sPCI stimulation and (5) recovery interval. C. Representative LFP traces during above-mention conditions.

Black line in 2. and 4. represents single pulse of electrical stimulation delivered during DCS periods.

5. Data analysis

We analyzed the changes of spontaneous cortical activity from LFP and MUA
(Herreras, 2016). We estimated the MUA from the LFP recordings and quantified Up and
Down-states as previously described (Compte et al., 2008; D’Andola et al., 2017; Reig et
al., 2010). The MUA was estimated from the extracellular recordings as the power change
in the Fourier components at frequencies between 200 and 1500 Hz in 5 ms windows. We
assumed that the spectrum at this band provides a good estimate of the population firing
rate, because Fourier components at high frequencies have densities proportional to the
spiking activity of the involved neurons (Mattia et al., 2010). To obtain MUA time series,
MUA values were logarithmically scaled in order to balance the large fluctuations of the

nearby spikes. The reported firing rate was estimated as the mean power in the Fourier
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components at frequencies between 200 and 1500 Hz across time (in arbitrary units

(a.u.)).

Up-state detection was performed by setting a threshold in the log(MUA) time series
as previously described to quantify frequency of the SWA (Ruiz-Mejias et al., 2016;
Sanchez-Vives et al., 2010). The relative firing rate (FR) of the Up-states was quantified
from the transformed log(MUA) signal as the mean of absolute value of log(MUA). To
study the variability of power spectral densities (PSD) of the local field potential, we used
Welch's method with 50% overlapped Hamming window of 2 s and spectrograms were
computed in 50% overlapping windows of 0.05 s using the LFP signal low-passed at 500
Hz. To estimate periodicity or regularity of the signal, autocorrelograms were performed
from LFP signal and curve fitting was performed by (y= e *) selecting the first three peaks.
Thus, the higher is the a-decay, the lower was the periodicity of the signal (more
asynchronous). All off-line estimates and analyses, including estimation of sPCI, were
implemented in MATLAB (The MathWorks Inc., Natick, MA, USA). All variables in the

experimental conditions were compared with the control (no chemical added) condition.

To assess significant differences between sPCI and changes in the LFP and MUA after
bath application of different drugs, we used the Friedman test and Wilcoxon post-hoc
tests corrected for multiple comparisons (Benjamini and Hochberg, 1995) . In vivo
statistical analysis was performed with the unpaired t-test, significance values were

established with a * p-value < 5 - 10

6. Histology in vitro

Nissl staining was used for visualizing lamination of the cortex and location of the
electrical stimulation performed. Slices were marked where the array was positioned

(Figure 12A,B) and fixed in paraformaldehyde (4%) for later Toluidine blue staining.

33



Chapter 2: Material and Methods

Slices (400 pm) were washed for 4-5 days in 0.1 M PB containing 30% saccharose. Then
80 um thick slices were cut in a Thermo Scientific MICROM HM 450 microtome and
placed on gelatin-coated glass slides. After drying overnight, slices were incubated for 2
hours in 70% ethanol for the subsequent double toluidine staining: first, nuclei were
stained by an incubation of 15 minutes on toluidine blue and afterwards dehydrated with
ascending alcohol series; 5 minutes incubation on xylene was done to clarify the tissue for
the second staining. Second, similar incubations, 10-15 minutes toluidine and different
increasing alcohols, finishing with two xylene incubations were used to stain cytoplasm.
Finally, slices were mounted in DePeX medium. Images were visualized and taken with a
light microscope. Infragranular (IF) and supragranular layers (SG) were limited

according to density and size of the observed cells (Homman-Ludiye et al., 2010).

Figure 12. The electrical stimulation was successfully performed in the IF layers. A. Slices were marked (red arrows)
where the MEA was positioned and electrical stimulation was performed (black arrow). B. Zoom of A. C. Nissl staining
and MEA illustration overlapped. Red arrows in the same position as A demonstrated where the marks were performed.

Black arrow pointed to electrical stimulation position in the IF layers. White dashed line limit IF and SG layers.
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Results

1. Isolated cortical slices display different regimes of network

activity patterns and complexity

Given that isolated cortical slices can spontaneously display SWA (Sanchez-Vives
and McCormick, 2000), it is possible to modulate the cortical activity through in vitro
preparation; and it has been demonstrated that a shift between cortical rhythms can occur
independently of thalamic inputs and due to neuromodulators acting directly on
neocortex (Constantinople et al., 2011; Lewis et al., 2015). Here, we wanted to investigate
whether cortical slices in vitro can display different regimes of network activity patterns

and complexity, and if changes in the complexity can be detected using the sPCI method.
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Spontaneous SWA was characterized as previously described. In summary, neurons
within a local network fired in a bimodal distribution (Figure 13A,B) with neural firing
during the Up-states and near silence during Down-states (Reig et al., 2010; Sanchez-
Vives et al., 2017) (FRs: Appendix I (AI) Table 1, Figure 13C). Indeed, autocorrelograms
demonstrated that this SWA was highly regular and periodical over time (a-decay: Figure
13D, AI Table 1) and with great presence of low frequencies (0.1-1 Hz) compared with

other frequency bands (Figure 13E).
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Figure 13. Cortical slices in vitro demonstrate different regimes of network activity. A. Raw LFP recordings of
spontaneous activity in cortical slices, control SWA (top) and awake-like activity (bottom) (n=20). B. Spectrogram of
spontaneous activity under control SWA (top) and awake-like activity (bottom). C. Histogram distribution of log(MUA)
was modulated from bimodal distribution of neural firing during SWA to homogeneous distribution during awake-like
activity (left). The firing rate per second increased during awake-like activity (color code) (right). D. Autocorrelations of
the LFP demonstrated an increment in the decay of exponential curve (a-decay) after we induced the awake-like activity
(left). Population of values of exponential curve under control SWA and awake-like activity (right). E. Power spectral
density of LFP under control and awake-like activity (color coded) (left). Mean power changes under control and awake-
like activity revealed a decreased in low-frequency band and an enhancement in high-frequency bands. (* p-value <

0.05, **p-value < 0.01).

Because it seemed that the presence of both ACh and NE can induce awake-like
activity from synchronized SWA (Bennett et al., 2013; Constantinople et al., 2011; Reimer

et al., 2016; M. Steriade et al., 1993), we a) sequentially bath-applied ACh agonist, CCh
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(0.5 uM) and NE (50 uM) (D’Andola et al., 2017), b) reduced the bath temperature from
36-37 °Cto 31-32 °C (Markram et al., 2015; Reig et al., 2010) and ¢) modified extracellular
calcium concentration levels from 1.2 mM to 0.8-0.9 mM (Markram et al., 2015) (Figure

13).

Cortical slices (n=20) under awake-like regime led to the extinction of bistability,
where neurons fired near independently (Figure 13 A-C). In addition, during this state,
firing rate per second significantly increased (FRs: Al Table 1, p-value = 8.86 e, Figure
13C) and the decay of the exponential curve of the autocorrelogram significantly
increased, meaning that the oscillations during awake-like state was removed, appearing
as asynchronous oscillations (a-decay: AI Table 1, p-value = 1.6286e ™, Figure 13D)
compared with SWA conditions. Moreover, this kind of activity revealed significant lower
values of low-frequency band (0.1-1 Hz) and with higher significant values of high-
frequency bands compared with SWA rhythms (p-value 0.1-1 Hz = 4.5523e™, p-value
theta (4-7 Hz) = 0.0156, p-value alpha (7-12 Hz) = 0.0057, p-value beta (12-30 Hz) =

6.2920e %, p-value gamma (30-100 Hz) = 4.5523¢™) (Figure 13E).
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Figure 14. Extinction of bistability and regularity of neural firing at awake-like states induces higher complexity
network dynamics. A. Averaged LFP (top) and MUA (middle) responses to electrical stimulation during distinct
regimes of activity. Binary matrix SS(x,t) (bottom) of significant sources of activity following a single electrical pulse. B.
Population sPCI measured during control SWA and awake-like activity demonstrated an enhancement in the

complexity of the spatiotemporal responses to an electrical stimulation (**p-value < 0.01).
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When we induced the awake-like activity, the bimodal distribution of SWA was also
observed in the complexity in vitro. Spatiotemporal distributions of significant evoked
responses were homogeneous and highly stereotypical (Figure 14A). After we induced
the awake-like activity, we detected significant higher complexity values (sPCI: AI Table
2, p-value = 2.9280e "), which was caused by a reduction of bistable responses (Figure
14B), displaying heterogeneous and irregular responses. Overall, these results indicated
that bistable rhythms yield lower levels of neural firing and regular patterns than awake-
like activity in cortical slices. Indeed, these results showed that bistable rhythms yield
homogeneous, regular and uncomplex patterns of cortical activity than awake-like

activity in cortical slices.

2.  The role of inhibition in cortical rhythms and complexity

Switches in the cortical network rhythms are possible because cortical networks form
a framework with excitatory and inhibitory neurons and specific connections. Here, we
wanted to demonstrate whether the modulation of excitatory and inhibitory neurons by
activation/inactivation of these receptors and ion channels can induce switches in cortical
network rhythms and complexity. First, we studied the role of inhibition in cortical

rhythms and complexity.

Given that progressive blockade of GABAA and GABAs modulates the characteristics
of spontaneous SWA (Mann et al., 2009; Perez-Zabalza et al., 2020; Sanchez-Vives et al.,
2010) and several studies demonstrated that GABAergic interneurons are essential for
many cortical functions such as regime range modulation of cortical circuits or temporal
precision of pyramidal cell firing (Tremblay et al., 2016), we decided to progressively
remove GABAA and GABAj inhibition in brain slices displaying different regimes of

network activity (SWA and awake-like).
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From SWA or awake-like states, we bath-applied a range of different concentrations
of Bicuculline methiodide (BMI 0.2, 0.4, 0.6, 0.8 and 1 uM, n=9 from SWA), SR-95531
hydrobromide (Gabazine, GBZ 50 nM, 100 nM, 150 nM and 200 nM, n=10 from awake-
like and n=9 from SWA), to block GABAx receptors, and CGP55845 (CGP100 nM, 200
nM, 500 nM and 1 pM, n=7 from awake-like and n=11 from SWA), to block GABAs
receptors. Under these conditions, we analyzed dynamical changes by studying the
modulation of spontaneous LFP and MUA. We also studied the dynamical changes by

studying the complexity alterations using sPCI.

2.1. Role of fast and slow inhibition in awake-like states and their

control of activity patterns, excitability and complexity

First, we induced awake-like activity as we mentioned in the previous section and then
we blocked either fast or slow inhibition. From the awake-like regime, when GABA, (fast
inhibition) was blocked, the awake-like activity was removed. The decay of the
exponential curve decreased, meaning that cortical activity progressively shifted to
regular and periodical activity (a-decay: AI Table 1, p-value = 0.0107) with a bimodal
distribution of neural firing (Figure 15) and the firing rate per second was as high as
awake-like conditions (FRs: AI Table 1, p-value = 0.0107, Figure 15C). In addition,
blocking GABAaincreased the power in low-frequency bands (0.1-1 Hz, p-value = 0.011)
with increasing power at high-frequency bands (p-value alpha (7-12 Hz) = 0.0148, p-value

beta (12-30 Hz) = 0.0148 and p-value gamma (30-100 Hz) = 0.0149) (Figure 15E).
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Figure 15. Fast inhibition is implicated in the maintenance of this irregular and heterogeneous regime of activity
and controlled the level of neural firing. A. Raw LFP recordings of spontaneous activity during control SWA, awake-
like activity and progressive blockade of GABAa receptors by bath application GBZ (n=10). B. Spectrograms of
spontaneous activity from A. C. Firing rate per second significantly increased and remained at high levels as awake-like
conditions after blocking fast inhibition (+ GBZ 200 nM). D. Autocorrelations of the LFP demonstrated an increment in
the decay of exponential curve after we induced the awake-like activity and significantly decreased after blocking fast
inhibition (+ GBZ 200 nM). E. Power spectral density of LFP (color coded) (left). Mean power of low frequencies
decreased from control to awake-like activity and increased in high-frequency bands. Finally, the power enhanced within
all frequency bands after the bath application of GBZ 200 nM (Awake-like + GBZ 200 nM) (black comparing with
SWA, green comparing with Awake-like) (right). (* p-value < 0.05, **p-value < 0.01).

This shift to bistable and regular activity was not only observed in spontaneous
cortical activity. When we analyzed complexity, from heterogeneous and irregular
spatiotemporal distribution of significant responses during awake-like rhythms,
responses became stereotypical and homogeneous when we blocked GABAx (Figure 16
A), correlating with low complexity values (sPCI: AI Table 2, p-value = 0.0223, Figure 16

B).

In summary, fast inhibition seems to be implicated in maintaining this irregular and
heterogeneous activity and it controls the level of neural firing. Indeed, it seems that

higher levels of neural firing are not required to induce higher complexity states.
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Figure 16. Fast inhibition maintains cortical activity within this irregular and heterogeneous complexity regime. A.
Averaged LFP (top) and MUA (middle) to electrical stimulation during distinct regimes of activity. Binary matrix
SS(x,t) of significant sources of activity following a single electrical pulse (bottom). B. Population sPCI demonstrated an
increase in the complexity of the spatiotemporal responses during awake-like states and stereotypical and reduced

complexity responses after blocking fast inhibition (Awake-like + GBZ 200 nM) (* p-value < 0.05).

After induced awake-like regime, blocking GABA; (Figure 17) removed the awake-
like regime too. The decay of the exponential curve in the autocorrelograms decreased,
showing more and periodical oscillations than awake-like regimes (a-decay: AI Table 1,
p-value = 0.043) and cortical levels of firing rate per second remained at the same levels
as awake-like condition rhythms (FRs: AI Table 1, p-value = 0.043, Figure 17C). In
addition, there was an increment in high-frequency bands compared with the SWA
regime (beta (12-30 Hz) (p-valuecep: = 0.0430) and gamma (30-100 Hz) (p-valuecer: =
0.0430) (Figure 17E) but without significant differences at low frequencies (0.1-1 Hz) and

without significant differences to awake-like conditions.

These changes in the spontaneous activity were also observed at complexity. When
GABAg was blocked, complexity responses became regular and homogeneous (Figure
18A) and sPCI progressively decreased but without significant differences, neither
between SWA and CGP conditions (sPCI: Al Table 2, p-value =1.68) nor awake-like and

CGP groups (sPCI: AI Table 2, p-value = 0.22) (Figure 18A,B).
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In summary, fast inhibition seems to be implicated in maintaining this irregular and

heterogeneous regime of activity and it controls the level of neural firing to a higher extent

that slow inhibition.
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Figure 17. Slow inhibition also maintains cortical activity within this irregular and heterogeneous regimen, and it

controls the level of neural firing. A. Raw LFP recordings of spontaneous activity during control SWA, awake-like

activity and blockade of GABAg receptors by bath application of increasing concentrations of CGP (n=7). B.

Spectrograms of spontaneous activity shown in A. C. From SWA there was an increase in the firing rate per second

during awake-like activity remained as higher values of firing rate per second as awake-like activity. D.

Autocorrelations of the LEP demonstrated an increment in the decay of exponential curve after we induced the awake-

like activity and significantly decreased after blocking slow inhibition (Awake-like + CGP 1 uM). E. Power spectral

density of LFP (color coded) (left). Mean power of low-frequency band decreased from control to awake-like activity and

an increased in high-frequency bands. Finally blocking slow inhibition (Awake-like + CGP 1 uM) induced an increased

in low frequency band, decreased in 1-4 Hzpower and preserved high values of power at high-frequency bands (* p-value
< 0.05).
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Figure 18. Slow inhibition also maintains cortical activity within this irregular and heterogeneous evoked activity
but to a lower extent than fast inhibition. A. Averaged LFP (top) and MUA (middle) responses to electrical stimulation
during distinct regimes of activity. Binary matrix SS(x,t) of significant sources of activity following a single electrical
pulse (bottom). B. Population sPCI demonstrated an enhancement in the complexity of the spatiotemporal responses to
an electrical stimulation during awake-like states and stereotypical, reduced complexity responses after blocking slow
inhibition (Awake-like + CGP 1 uM).

2.2, Both fast and slow inhibition are required to maintain a
physiological SWA regime

We observed that inhibition is important for the maintenance of cortical activity
within this irregular and heterogeneous regime of activity and controls the level of neural

firing and complexity. We therefore decided to block fast (GABA.) and slow (GABAs)

inhibition during SWA regime.

After bath application of increasing concentrations of GABA, blocker BMI (0.2 uM,
0.4 uM, 0.6 uM, 0.8 uM, 1 uM) (n=9) (Figure 19) or GBZ (50 nM, 100 nM, 150 nM, 200
nM) (n=9) (Figure 21) cortical activity remained at the bistable regime and significantly
increased the firing rate per second rate under increasing concentrations of BMI (FRs: Al
Table 3, p-value = 0.0322, Figure 19A-C) and also under increasing concentrations of GBZ
(FRs: AI Table 3, p-value = 0.0215) (Figure 21A-C). This increment in the firing occurred
mainly during Up-states (FR Ups: BMI 1 pM: AI Table 3, p-value = 0.0089, Figure 19C;

FR Ups: GBZ 200 nM: AI Table 3, p-value = 0.0039, Figure 21C) with a gradual shortening
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of Up-states. In addition, the decay of the exponential curve in the autocorrelograms
decreased, meaning that the regularity and periodicity of the oscillations increased under
bath application of BMI (a-decay: AI Table 3, Figure 19D), with significant changes under
bath application of GBZ (a-decay: Al Table 3, p-value = 0.0054, Figure 21D). In addition,
there was also an enhancement in frequency bands from theta band comparing with BMI
1 uM (Figure 19E) (p-value theta (4-7 Hz) = 0.0107) and with GBZ 200 nM (p-value theta

(4-7 Hz) = 0.0054) (Figure 21E).

Under these network regime, progressively blocking fast inhibition induced
spatiotemporal distribution of cortical responses that were more stereotypical than the
SWA condition (Figure 20A and Figure 22A), leading to a significant decreased in the
complexity values at the highest concentration of BMI (sPCIL: AI Table 4, p-value =
0.0117, Figure 20B) and after the bath application of 100nM of GBZ (sPCI: AI Table 4, p-

value = 0.0039, Figure 22B).

In summary, without leaving the bistable regimen, fast inhibition is also required to
maintain the network activity regime and complexity, controlling the levels of neural

firing.
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Figure 19. Without leaving bistable dynamics, fast inhibition is required to maintain the network activity regime
and level of neural firing. A. Raw LFP recordings of spontaneous activity in cortical slices, control SWA and blockade of
GABAA« receptors by bath application of increasing concentrations of BMI (n=9). B. Spectrograms of spontaneous
activity from LFP recordings shown in A. C. Firing rate per second increased (left) after blocking fast inhibition (BMI 0.6
yM and 1 uM) and it mainly increased in the Up-states (right) D. Autocorrelations of the LEP demonstrated a
progressive decrease in the decay of exponential curve blocking fast inhibition (BMI 0.6 uM and 1 uM). E. Power
spectral density of LFP (color coded) (left). Mean power changes from control to progressive blocking fast inhibition
(BMI 0.6 uM and 1 uM) induced enhancement of power within all frequency bands (right). (* p-value < 0.05, **p-value
<0.01).
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Figure 20. Fast inhibition is required to maintain the network activity regime during ongoing SWA. A. Averaged
LFP (top) and MUA (middle) to electrical stimulation during distinct regimes of activity. Binary matrix SS(x,t) (bottom)
of significant sources of activity following a single electrical pulse. B. Population sPCI (right) demonstrated stereotypical
and reduced complexity responses after blocking fast inhibition (BMI 0.6 uM and 1 uM). (* p-value < 0.05).
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Figure 21. Without leaving bistable dynamics, fast inhibition is required to maintain the network activity regime
and level of neural firing. A. Raw LFP recordings of spontaneous activity during control SWA and blockade of GABA4
receptors by bath application of increasing concentrations of GBZ (n=9). B. Spectrograms of spontaneous activity from
LFP recordings shown in A. C. While neural firing measured by firing rate/s (left) remained within bistable levels after

blocking fast inhibition (GBZ 100 nM and 200 nM), relative firing of the Up-states (right) demonstrated higher
significant values. D. Autocorrelations of the LFP demonstrated a progressive decreased in the decay of exponential
curve blocking fast inhibition (GBZ 100 nM and 200 nM). E. Power spectral density of LFP (color coded) (left). Mean
power changes from control to progressive blocking fast inhibition (GBZ 100 nM and 200 nM) induced enhancement of
power within all frequency bands (right). (* p-value < 0.05, **p-value < 0.01).
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Figure 22. Without leaving bistable dynamics, fast inhibition is still required to maintain the network activity

regime. A. Averaged LFP (top) and MUA (middle) to electrical stimulation during distinct regimes of activity. Binary

matrix S8(x,t) (bottom) of significant sources of activity following a single electrical pulse. B. Population sPCI
demonstrated stereotypical and reduced complexity responses after blocking fast inhibition (GBZ 100 nM and 200 nM)
(**p-value < 0.01).
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When we blocked the slow inhibition (GABAs) with the bath application of
increasing concentrations of CGP (100 nM, 200 nM, 500 nM and 1 uM) (n=11) (Figure
23) we also observed the importance of inhibition to maintain cortical rhythms. Equally
to blocking fast inhibition, after removing slow inhibition, cortical activity remained
bistable rhythms (Figure 23A-C) and the firing rate increased (FRs: AI Table 3, Figure
23C). This increase was observed during Up-states but it was just significant at the highest
concentration of CGP (FR Ups: Al Table 3, p-value = 0.0098, Figure 23C) and the Up-
states were longer and followed by prominent Down-states,. Indeed, the decay of the
exponential curve decreased, meaning that it was an increase in the regularity and
periodicity of the signal (a-decay: AI Table 3, Figure 23D) and modulation of low-

frequency band (0.1-1 Hz, p-value = 0.0054) (Figure 23E).

In addition, the responses to the electrical stimulation were stereotypical (Figure
24A), showing lower values of sPCI with increasing concentrations of GABAs blocker

(sPCI: Al Table 4, p-value = 9.7656e ", Figure 24B).

In summary, without leaving the bistable regimen, fast inhibition is also required to
maintain the network activity regime and controls the level of neural firing to a higher
extent that slow inhibition. This also suggests that higher levels of neural firing are not

required to induce higher complexity states.
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Figure 23. During ongoing SWA, slow inhibition is also required to maintain the network activity regime. A. Raw
LFP recordings of spontaneous activity during control SWA and blockade of GABAs receptors by bath application of
increasing concentrations of CGP (n=11). B. Spectrograms of spontaneous activity from LFP recordings shown in A. C.
While neural firing measured by firing rate per second (left) remained within bistable levels after blocking slow
inhibition (CGP 200 nM and 1 uM), relative firing of the Up - states (right) demonstrate increasing significant values. D.
Autocorrelations of the LEP demonstrated a progressive decrease in the decay of exponential curve blocking slow
inhibition (CGP 200 nM and 1 uM). E. Power spectral density of LFP (color coded) (left). Mean power changes from
control to progressive blocking slow inhibition (CGP 200 nM and 1 uM) induced increment of power within low and
gamma band (right). (* p-value < 0.05, *p-value < 0.01).
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Figure 24. Without leaving bistable dynamics, slow inhibition is required to maintain the network activity regime.
A. Averaged LFP (top) and MUA (middle) to electrical stimulation during distinct regimes of activity. Binary matrix
SS(x,t) (bottom) of significant sources of activity following a single electrical pulse. B. Population sPCI demonstrated
stereotypical and reduced complexity responses after blocking slow inhibition (CGP 200 nM and 1 uM). (* p-value <

0.05, *p-value < 0.01).
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3. Excitatory and inhibitory balance to maintain cortical

rhythms

After we observed that inhibition was relevant for the maintenance of cortical
rhythms and complexity, we sought to determine whether the modulation of excitation
can switch cortical rhythms and complexity. To do this, we first decided to modulate the
level of neural firing by the modulation of extracellular K* concentration ([K*]..) or

inactivation of K* channels and then we modulated excitatory cortical neurons using

DCS.

3.1. Activity-dependent K* channels are involved in the

maintenance of cortical rhythms.

Potassium channels are the most diverse of ion channels, and their expression is
homogeneous among cortical inhibitory and excitatory neurons and mostly underlie
functions of neuronal excitability control (Greene and Hoshi, 2017; Sancristdbal et al.,
2016). Indeed, K* channels are implicated in the modulation of some phases of the SWA
such as Up-state initiation and termination (Ashford et al., 1988; Compte et al., 2003;
Contreras and Steriade, 1996; Cunningham et al., 2006; Neske, 2016; Phillis et al., 1975;
Sanchez-Vives and McCormick, 2000; Schwindt et al., 1992; M. Steriade et al., 1993;

Steriade et al., 1994).

Increasing [K']e. (n=9) (Figure 25), without leaving the bistable regime (Figure
25A,B), significantly increased the firing rate per second (FRs: AI Table 5, p-value=
0.0215) and also significantly increased the frequency of oscillation (OF: AI Table 5, p-
value = 0.0215, Figure 25C,D). Higher [K*].. increased the decay of the exponential curve
in the autocorrelograms, meaning that the regularity and periodicity of the oscillations

decreased (a-decay: Al Table 5, Figure 25 E). However, itdid not reveal changes neither at
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the level of relative firing rate of the Up-states (FR Ups: AI Table 5, Figure 25 C) nor in
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Figure 25. Cortical network regimes are modulated by excitability changes. A. Raw LFP recordings of spontaneous
activity during control SWA and increasing [K*].c (n=9). B. Spectrograms of spontaneous activity from LFP recordings
shown in A. C. Firing rate per second increased (left) after the bath application of increasing [K*|.c but firing rate during
the Up-states did not demonstrate significant differences (right). D. Increasing [K*].c induced significant higher values of
oscillatory frequency (right). E. Autocorrelations of the LFP demonstrated a progressive decrease in the decay of
exponential curve after bath application of increasing concentrations of [K*]e.. F. Power spectral density of LEP (color
coded) (left). Mean power changed from control to progressive increased all frequency bands without changes at low

requencies after bath application of increasing concentrations of [K*Jec.(* p-value < 0.05).
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Figure 26. Cortical complexity is modulated by excitability changes. A. Averaged LFP (top), MUA (middle) responses
to electrical stimulation. Binary matrix SS(x,t) of MUA significantly higher than a threshold activity (bottom) under
control, increasing [K*]. and washout. B. Population sPCI demonstrate heterogeneous and high complexity responses

after bath application of increasing [K*]ec. (* p-value < 0.05).
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power of low frequencies band (0.1-1 Hz) (Figure 25F). However, the excitability
increased was reflected in the enhancement of high-frequency bands compared with 7
mM K* (delta (1-4 Hz) p-value = 0.0215; theta (4-7 Hz) p-value = 0.0215; alpha (7-12
Hz) p-value = 0.0215; beta (12-30 Hz) p-value = 0.0215; and gamma (30-100 Hz) p-value

= 0.0430) (Figure 25F).

Regarding the complexity of the responses, they were spatiotemporally
heterogeneous and irregular (Figure 26A), increasing the cortical complexity in higher

potassium concentration (sPCI: Al Table 5, p-value = 0.0215) (Figure 26B).
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Figure 27. Blocking non-selective K* channels remove the cortical rhythms. A. Raw LFP recordings of spontaneous
activity during control SWA and increasing concentrations non-selective K* channel blocker (TEA 1 mM, 5 mM, 10
mM) (n=4). B. Spectrograms of spontaneous activity from LFP recordings shown in A. C. Bath application of non-
selective K* channel blocker increased firing rate. D. Autocorrelations of the LFP demonstrated a decrease in the
exponential curve after bath application increasing concentrations non-selective K* channel blocker. E. Power spectral
density of LEP (color coded) (left). Mean power changed from control to progressive enhanced all frequency bands after
bath application increasing concentrations non-selective K* channel blocker (TEA 1 mM, 5 mM, 10 mM) (right).

Then, we analyzed cortical rhythms and complexity changes after bath application of

increasing concentrations of K* channel blockers (TEA or 4-AP). Bath application of

increasing concentrations of non-selective K* channel blocker (TEA 1 mM, 5 mM and 10
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mM) (Figure 27) (n=4) removed the oscillatory patterns (a-decay: AI Table 6, Figure 27D)
increased the firing rate per second (FRs: AI Table 6, Figure 27A-C) and there was an

enhancement within all frequency bands (Figure 27E).

Those effects were also observed in the stereotypical spatiotemporal distribution of
responses (Figure 28A), decreasing the complexity of the responses (sPCI: Al Table 6,

Figure 28B).
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Figure 28. Network complexity decrease by blocking K* channels. A. Averaged LFP (top), MUA (middle) responses to
electrical stimulation and binary matrix SS(x,t) of MUA significantly higher than a threshold activity (bottom) under
control and increasing concentrations non selective K* channel blocker (TEA 1 mM, 5 mM, 10 mM). B. Population sPCI
demonstrated stereotypical spatiotemporal distribution of responses, losing the complexity of the responses.

Blocking the non-selective K, channel blocker (4-AP 25 uM and 50 uM, n=7) (Figure
29) we observed an increment in the firing rate (FRs: Al Table 6, Figure 29A-C) and the
decay of the exponential curve in the autocorrelograms increased. There was then a
decrease in the regularity and periodicity of the oscillation (a-decay: AI Table 6, Figure 29

D), and higher values in all frequency bands (Figure 29E).

As well as blocking non-selective K* channels, the responses were more stereotypical

(Figure 30A) reducing the complexity of the responses (sPCI: AI Table 6, Figure 30B).
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Figure 29. Cortical excitability increases and oscillations are removed by blocking voltage dependent K* channels.
A. Raw LFP recordings of spontaneous activity in cortical slices, control SWA and increasing concentrations of voltage
dependent K* channels blockers (4-AP 25 uM and 50 uM), (n=7). B. Spectrograms of spontaneous activity from LFP
recordings shown in A. C. From bimodal distribution of neural firing, blocking voltage dependent K+ channels (4-AP 25
uM and 50 uM) induced homogeneous distribution and decreased the firing rate (right). D. Autocorrelations of the LFP
demonstrated a progressive increase in the decay of exponential curve after bath application increasing concentrations of
voltage dependent K+ channels blockers (4-AP 25 uM and 50 uM). E. Power spectral density of LFP (color coded) (left).
Mean power changed from control to progressive enhanced all frequency bands after bath application increasing

concentrations of voltage dependent K* channels blockers (50 uM) (right).
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Figure 30. Network complexity decrease by blocking voltage dependent K* channels. A Averaged LFP (top), MUA
(middle) responses to electrical stimulation and binary matrix SS(x,t) of MUA significantly higher than a threshold
activity (bottom) under control and increasing concentrations of voltage dependent K* channels blockers (4-AP 25 uM
and 50 uM). B. Population sPCI demonstrated stereotypical spatiotemporal distribution of responses, losing the

complexity of the responses.
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In summary, K* channels are involved in the control of the level of neural firing and
increase the complexity in cortical networks. This suggested that certain levels of level of
neural firing are required to induce higher complexity states. However, if this balance is

disproportionally altered, segregation and integration balance is transformed and cortical

complexity decay.
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Figure 31. Kv7 blocking induces near asynchronous activity. A. Raw LFEP recordings of spontaneous activity during
control SWA and blocking M-current (XE991 100 uM) (n=>5). B. Spectrograms of spontaneous activity from LFP
recordings shown in A. C. Histograms of log(MUA) distribution (left). From bimodal distribution of neural firing,

blocking M-current (XE991 100 uM) induced an inverse bimodal distribution of neural firing where the periods of active
states were longer than periods of silence and the average of firing rate didn’t change (right). D. Autocorrelation of the
LFP demonstrated that blocking M-current removed the oscillatory activity from SWA to a similar asynchronous
pattern of cortical activity signal increasing the decay of the exponential curve. E. Power spectral density of LFP (color
coded) (left). Mean power spectral density demonstrated an enhancement within high frequency band (right) but, unlike

the asynchronous-like activity, the low-frequency bands tend to enhance.

Considering these results, we decided to focus on one specific potassium channel, the
voltage gated K* channel 7 (K,;). This channel generates the M-current and is suppressed
by the activation of mAChRs (M1 and M3 subtypes), leading to a transient increase in
excitability and underlies some forms of cholinergic excitation (Brown, 2010; Radnikow

and Feldmeyer, 2018). By blocking M-current with bath application of 100 uM of XE991
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(n=5) (Figure 31 A), we observed that the bimodal distribution of firing submitted to an
inversion, the periods of active states were longer than periods of silence, increasing the
firing rate per second (FRs: Al Table 6, Figure 31C). Blocking M-current, the increase of
the exponential curve in the autocorrelograms demonstrated that periodicity of
oscillatory activity was removed from SWA to a similar awake-like pattern of cortical
activity (a-decay: AI Table 6, Figure 31D), where high-frequency bands were enhanced
but, unlike the awake-like activity, the low-frequency bands tend to be enhanced (Figure

31E).
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Figure 32. Kv7 blocking induce near asynchronous activity but its responses are still spatially uncomplex. A.
Representative LFP signals under SWA and blocking M-current (XE991 100 uM). Green and red lines represent effective
or no effective responses of stimulation pulse respectively. B. Averaged LFP (top), MUA (middle) responses to electrical
stimulation and binary matrix SS(x,t) of MUA significantly higher than a threshold activity (bottom) under control and
blocking M-current (XE991 100 uM). C. Population sPCI demonstrated were mostly stereotypical at the spatial level and

but it didn’t reflect significant differences in cortical complexity.
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These complex patterns of cortical activity were difficult to analyze through sPCI
method because they couldn’t respond properly to the response in several electrical
stimulation (Figure 32A). Probably, the high synchronized rhythms caused by blocking
M-current, complicate the network recruitment to evoke a response. When they evoked
a response, they were stereotypical (Figure 32 A) and it didn’t reflect significant

differences in cortical complexity (sPCI: AI Table 6, Figure 32B,C).

In summary, K* channels are involved in the control of the level of neural firing and
increased complexity in cortical networks. It is difficult to precise exactly what is the
mechanism at play because potassium channels blockers act on the network activity at
many different levels: repolarization of individual action potentials, lengthening of the
action potentials, they increase the entrance of calcium, therefore altering synaptic
transmission, alter mechanisms of termination of Up-states, etc. Unlike the inhibition
section, here we observed that modulation of excitability could induce changes in
complexity. This suggested that certain levels of excitability were required to induce
higher complexity states. However, if this balance is disproportionally altered (as occurred

by blocking inhibition) cortical complexity decays even more than SWA regimes.

3.2. Orchestrated interventions of excitatory and inhibitory

components are important for the maintenance of neural complexity

Given that excitability plays a role in the modulation of cortical rhythms, we decided
to observe the contribution of cortical excitatory neurons. Thus, we decided to use DCS
(n=13) (Figure 11), which mostly affects the excitatory components of cortical networks.
Two parallel aligned silver/silverchlorided electrodes were placed parallel to the cortical
layers in the slice, generating homogenous EF perpendicular to the layers (D’Andola et

al., 2018; Frohlich and McCormick, 2010) (Figure 11A) in the EF order and magnitude
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that we mention in “Chapter 2 Material and Methods, 4.3. Direct current stimulation”

(Figure 11).

Without leaving the bistable activity (Figure 33A,B), DCS proportionally varies the
firing rate per second and significantly increased at +5 V/m of DCS (FRs: AI Table 7, p-
value = 0.0446, Figure 33C). DCS also induced significantly higher values of frequency
comparing with SWA conditions. At 0 V/m, SWA had a mean frequency of 0.30+0.05 Hz
and significantly increased with the amplitude of the DCS as described previously
(D’Andola et al., 2018) (OF: AI Table 7, p-value = 0.0107, Figure 33C). Furthermore,
progressively increasing values of DCS demonstrate lower values of relative firing rate
during the Up-states comparing with SWA conditions (FR Ups: Al Table 7, Figure 33C).
In addition, the decay of the exponential curve increased, then the regularity and
periodicity of oscillation proportionally decreased with the intensity of DCS, and it was
significantly higher compared with +5 V/m (a-decay: AI Table 7, p-value= 0.0446, Figure
33D). Finally, when we observed changes in power components, we detected increasing
significant differences at +5 V/m in almost all frequency bands comparing with 0 V/m of
DCS (p-values comparing 0 V/m Vs +5 V/m: delta (1-4 Hz) p-value = 0.0215; theta (4-7
Hz) p-value = 0.0215; alpha (7-12 Hz) p-value = 0.0215; beta (12-30 Hz) p-value =

0.0215; and gamma (30-100 Hz) p-value = 0.0107) (Figure 33E).
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Figure 33. Mainly activation of excitatory neurons by DCS increases the excitability. A. Raw LFP recordings of
spontaneous activity in cortical slices, under different Electric fields (-3 V/m (n=8), +2 V/m (n=10) and +5 V/m
(n=10)). B. Spectrograms of spontaneous activity from LFP recordings shown in A. C. Progressively, firing rate per
second increased (left), oscillatory frequency increased (middle) and the relative firing rate during the Up-states
decreased. D. Autocorrelations of the LFP demonstrated a progressive increment in the decay of exponential curve under
different DCS. E. Power spectral density of LFP (color coded) (left). Mean power changed from control to progressive
increased all frequency bands under +5 V/m DCS (* p-value < 0.05).

Even under the modulation of cortical excitability by DCS, the spatiotemporal
distribution of responses to electrical stimulation (n=5) were as homogeneous (Figure
34A) as SWA conditions, without significant differences in cortical complexity (sPCI: Al

Table 7, Figure 34B).

In summary, DCS proportionally modulates the neural firing, oscillatory frequency
and controls the periodicity of the oscillation. Even under those conditions, complexity

did not change.
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Figure 34. Activation of excitatory neurons by DCS does not modulate the complexity of the responses. A. Averaged
LFP (top), MUA (middle) responses to electrical stimulation and binary matrix SS(x,t) of MUA significantly higher than
a threshold activity (bottom) under different electric fields (-3 V/m (n=>5), +2 V/m (n=5) and +5 V/m (n=6)). B.
Population sPCI under different electric fields demonstrate similar homogeneous and stereotypical responses than

control conditions

4. Cholinergic neurotransmission results in higher

complexity states

We previously observed that excitatory and inhibitory neurons are required to
stablish and maintain cortical rhythms. The activation of these neurons depends on the
activation/inactivation of different receptors and ion channels expressed in their
membranes which can affect various cellular functions. Neurotransmitters, such as ACh,
are released in the neocortex to activate these channels and receptors, and shift the cortical
activity from one state to another (Lee and Dan, 2012). Muscarinic acetylcholine
receptors (mAChR) are implicated in the modulation of SWA and the transition from
SWA to wakefulness (McCormick and Williamson, 1989; Poulet and Crochet, 2019).
Then, we considered that mAChR activation could participate in the modulation of

cortical rhythms and complexity in cortical networks.

On this basis, we studied in vitro the effect of (1) Iperoxo (IPX), a potent mAChR
agonist (Barocelli et al., 2000), and (2) a novel IPX derivative photoswitchable molecule
Phthalimide-Azobenzene-Iperoxo (PAI), a M2 mAChR agonist (Riefolo et al., 2019). In

addition, because these molecules are a novel tool to modulate cortical activity, we wanted
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to demonstrate whether photopharmacology can be used as a therapeutic tool to
modulate cortical activity in vitro and in vivo, avoiding electric or genetic manipulation.

Most of the following results have been published in (Barbero-Castillo et al., 2020).

4.1. Non-specific activation of mAChRs evokes neuronal

hyperexcitability in cortical slices

First, we bath-applied a range of different concentrations of IPX (M1, M2, M3
mAChR agonist: 1 nM, 10 nM, 100 nM-200 nM) (Figure 35). The activation of mAChRs
by IPX (n=4) resulted in a global change in the network's rhythms to a hyperexcitable
activity (Figure 35A,B). At 100 nM IPX, the oscillatory frequency increased (OF: AI Table
8, Figure 35C), and bath application of the highest concentrations of IPX (100-200 nM)
resulted in a seizure-like discharges (Figure 35A,B). Together with this, the relative firing
rate during the Up-states decreased (FR Ups: Al Table 8, Figure 35D) and also the firing
rate per second (FRs: AI Table 8, Figure 35D), but without significant differences
compared with SWA conditions. Indeed, IPX abolished the periodicity of cortical
oscillations (a-decay: AI Table 8, Figure 35E). Moreover, at concentrations equal or
higher than 100 nM IPX, the oscillatory activity evolved to periods of seizure-like
discharges which were characterized by low (<1 Hz), delta (1-4 Hz) and alpha (8-12 Hz)

frequencies (Figure 35F).

In summary, given that IPX demonstrated an effect of cortical activity in vitro, IPX is
a good design strategy to develop specific photoswitchable molecules for cortical mAChR.
Indeed, activation of mAChR are involved in increasing the excitability of cortical

networks, suggesting that great activation of mAChR underlies the seizure activity.
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Figure 35. Non-specific activation of mAChRs evokes hyperexcitability in cortical slices. A. Representative LFP traces
showing the increasing of the oscillatory frequency during control, 100 nM IPX and periods of seizure-like discharges.
Black square in marks the seizure-like discharge appeared in panel B. B. Spectrogram from the same time recording of
LFP in panel A. C. Population of oscillatory frequency (Hz). D. Relative firing rate of the Up-state decreased (left) and

firing rate per second (left) decreased with increasing concentrations of IPX. E. Non-specific activation of mAChRs
removed periodicity. F. Power spectral density (PSD) values showing an enhancement of low, delta and theta frequency

component.

4.2. M2 agonists-PAI isomers effectively modulate cortical
activity

After observing that cortical activity could be modulated by IPX derivate molecules,
we decided to observe muscarinic neuromodulation using PAI, a photoswitchable IPX
derivative that allows the reversible activation of M2 mAChRs with light (Riefolo et al.,
2019). M2 mAChR plays relevant roles in several CNS disorders (Scarr, 2012), and
regulating their activity and subsequent effects on cortical neuronal networks may

provide new therapeutic opportunities for these cholinergic diseases.
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We first built up the dose-response curves of the two drug forms separately, trans-
(dark-adapted state) and cis-PAI (after UV irradiation) (10 nM, 100 nM, 300 nM, and 1
uM; n=6 for each PAI form, trans and cis) (Figure 36A), in order to find out the
differences in cortical activity between the PAl-isoforms, and to identify the most
convenient concentration range to manipulate cortical rhythms with light. In comparison
to the SWA, the trans-PAI activity already showed alterations in the frequency of
oscillations at 100 nM (OF: AI Table 9, Figure 36B,C). However, in comparison, cis-PAI
displayed significantly weaker effects, in agreement with the reported PAI properties
(Riefolo et al., 2019). At 100 nM and 300 nM, cis-PAI did not alter the spontaneous
activity observed in SWA conditions (OF: AI Table 9, Figure 36C), in contrast to the
strong alterations in oscillatory activity obtained with 100 nM and 300 nM trans-PAI,
leading to significant differences between both isoforms at these concentrations (OF: Al
Table 9, p-value = 0.0087). However, we did not observe significant differences in the
decay of the exponential curve (Appendix II (AII) Figure S1 and Figure S2). The activity
of PAI at 100 nM and 1 uM in cortical slices did not strongly differ between trans (AIl
Figure S1) and cis (AII Figure S2) in terms of oscillatory activity. 100 nM applications of
trans and cis did not mostly produce changes in neuronal firing comparison to the basal
control situation (black line), as it was shown in the autocorrelograms graph (AII Figure
S1 and Figure S2). At 1 uM, both PAI isomers produce strong changes of the oscillatory
activity (AII Figure S1 and Figure S2). Indeed, we did not observe significant differences
in the level of neural firing measured by firing rate per second. However, measuring level
of neural firing by relative FR of the Up-states (FR Ups: AI Table 9, Figure 36D), we
detected significant differences at the highest concentration of both drugs (FR Ups: Al

Table 9, p-value = 0.0087, Figure 36D).

In summary, we demonstrated that PAI can be useful to modulate cortical rhythms
by M2 mAChHR activation. Here we observed that the differences in the physiological

effects between trans- and cis-PAI emerged between 100 nM and 300 nM, and they were
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observed in the OF (Hz) and Up-states relative firing rate (a.u.). We focused on these

conditions in order to photomodulate cortical rhythms using PAIL
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Figure 36. Dose response curve reflect significant differences in excitability between 100 nM and 1 uM of inactive
and active PAIL A. PAI photoswitching protocol. (1) Photoconversion from trans-PAI to cis-PAI with 10 min of UV
irradiation; (2). Bath application of cis-PAIL (3). Photoconversion from cis-PAI to trans-PAI with White light
irradiation. B. Representative local field potential traces showing the increasing of the oscillatory frequency. C.
Population of oscillatory frequency demonstrated significant differences between isoforms at 100 nM. D. Population of
relative firing rate of the Up-states demonstrated significant differences of both isoforms at 1 uM (**<0.01).

4.3. Activation of M2 mAChR trigger activity higher excitable

and complex states in vitro

Once the different oscillatory activity evoked by cis- and trans-PAI was quantified in
vitro, we moved on to controlling cortical rhythms with light. We took advantage of the
thermal stability of both PAI forms to apply initially the inactive one (cis-PAI) at 200 nM
in cortical slices (n=17), in the absence of white light to avoid photoconversion to trans-

PAI during the recordings (Figure 37A). As shown in Figure 37B and Figure 37C, 200
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nM cis-PAI evoked an increase in the oscillatory frequency (OF: AI Table 10, p-value =
0.003), and no significant effects in the relative firing rate of the Up-states (FR Ups: Al
Table 10). Subsequent illumination of the slices with white light produced a robust
increase in the oscillatory frequency (OF: AI Table 10, p-value = 0.001, Figure 37B), and
significantly decreased the relative firing rate of the Up-states (FR Ups: AI Table 10, p-
value = 0.008, Figure 37C). In addition, it showed significant differences of firing rate per
second between cis-PAI and SWA (FRs: AI Table 10, p-value = 0.045) and a robust and
effective increase upon illumination compared with cis-PAI and SWA conditions (FRs:

Al Table 10, p-value = 0.0178, Figure 37D). In spite trans-PAI had a significant effect in
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Figure 37. Modulation of brain waves in vitro using PAI a light-regulated ligand, induces near awake activity. A.
Illustration of protocol activation of PAI (top) (n=17). Representative LFP traces (top) and corresponding raster plots of
relative firing rate under SWA conditions, 200 nM of cis-PAI and 200 nM trans-PAI after light activation (middle).
Representative spectrogram under SWA condition, 200 nM of cis-PAI after light activation (bottom) B. Population of
oscillatory frequency (Hz) under mentioned conditions demonstrated a progressive increase after bath application of cis-
PAI and higher frequency after light activation. C. Population of relative firing rate (a.u.) of the Up-states demonstrated
a great decrease after light activation. D. Population of firing rate per second (a.u.) demonstrate significant higher values
after light activation. E. Autocorrelograms of LFP from one channel and population of a-decay demonstrated no
significant. F. Power spectral density (PSD) under control conditions, 200 nM of cis-PAI and 200 nM trans-PAI after
white light activation (color code) demonstrated higher significant values at delta (1-4 Hz), theta (4-7 Hz) and gamma
(30-100 Hz) comparing with SWA conditions. (* p-value < 0.05, **p-value < 0.01).
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the neural firing, no significant changes in the decay of the exponential curve were
observed, which means that regularity and periodicity of the oscillations did no change
(a-decay: AI Table 10, Figure 37E, AII Figure S3). In any case, here we can also observe
that cis-PAI at 200 nM (pink line) in cortical slices did not evoke strong changes in terms
of oscillatory frequency in comparison to the SWA situation (black line) without PAI
application, as is shown in the autocorrelograms graph (AII Figure S3). After white light
application, PAI switches to its active trans form (blue line), and strong changes in
oscillatory activity are visible (Figure $3). Activation of M2 receptors with trans-PAI
demonstrate higher values at delta (1-4 Hz), theta (4-7 Hz) and gamma (30-100 Hz)

compared with SWA conditions (Figure 37F).

Finally, measuring cortical rhythms by means of cortical complexity, activation of
M2 receptors reflected heterogeneous spatiotemporal responses (Figure 38A), leading to

high-complexity rhythms (sPCI: AI Table 10, Figure 38B).

In summary, here we demonstrate that PAI can be used as tool to modulate cortical

activity in vitro and activation of M2 mAChR induces highly excitable and complex states.
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Figure 38. Modulation of brain waves in vitro using PAI enhances the cortical complexity. A. Averaged LFP (top)
and MUA (middle) to electrical stimulation during distinct regimes of activity and binary matrix SS(x,t) of significant
sources of activity following a single electrical pulse (bottom). B. Population sPCI demonstrated heterogeneous and

higher complexity responses after photoswitching with white light (trans-PAI).

66



Chapter 3: Results

4.4. Photopharmacology tools can modulate cortical activity with
light in vivo

Having established the ability of PAI to alter cortical oscillatory activity with light in
slices, we then aimed to photocontrol cortical activity in vivo. Cortical activity was
recorded in anesthetized C57BL6/JR mice (n=3) with an electrode inserted through a
craniotomy across which we carried out the drug application and brain illumination (see
Methods) (Figure 39A). SWA in anesthetized mice demonstrated an oscillatory frequency
0.63+0.08 Hz and relative firing rate of 0.87+0.29 a.u. As the dose-response curves of cis-
and trans-PAI could be different from the in vitro conditions (Figure 37 and Figure 39),
we tested two different concentrations: 200 nM and 1 pM. 100 pL of 200 nM cis-PAI
solution were initially applied to the brain surface, and the activity was recorded in the
absence of white light, to avoid cis to trans photoisomerization of PAI. The oscillatory
frequency and the frequencies power of the cortical oscillatory activity was not
significantly altered by cis-PAI (OF: AI Table 11, Figure 39B,D) and caused a minor
increase in the relative firing rate (FR Ups: AI Table 11, Figure 39C). Subsequently, we
illuminated the brain using white light in the proximity of the recording electrode, in
order to isomerize PAI to its active form (frans). An increase in the oscillatory frequency
(OF: AI Table 11, Figure 39B) and in the power of the alpha (7-12 Hz) and gamma (30-
100 Hz) frequency bands (Figure 39D) were observed under white light illumination,
without changes in the relative firing rate (FR Ups: AI Table 11, Figure 39C). Applying a
higher concentration of cis-PAI (1 uM), slightly reduced the frequency (OF: AI Table 11,
Figure 39B) and increased power at low frequency band (0.1-1Hz) and decreased the
power of alpha and gamma bands (Figure 39D), while the FR during the Up-states
remained relatively elevated than the SWA condition (FR Ups: AI Table 11, Figure 39C).
At this concentration, illumination significantly increased the oscillatory frequency (OF:
Al Table 11, p-value = 0.042, Figure 39B) and again induced an increment of the alpha

and gamma frequencies band (Figure 39D) while the FR during Up states was decreased
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to the SWA values (FR Ups: AI Table 11, Figure 39C) following the tendency previously
observed in vitro. By using two concentrations of the drug, we observed that the effect on
the oscillatory frequency is nearly saturated at 200 uM, while the decrease of the FR during
the Up-states occurs under 1 puM. This strategy allowed us to repeat twice the
photocontrol of cortical activity by subsequent application of 1 puM cis-PAI and

photoconversion to trans-PAI
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Figure 39. In vivo photomodulation of brain waves. A. Representative raw traces of LFP (top, in mV) and MUA
(bottom, a.u.), showing the differences in oscillatory frequency and FR during the Up-states between the control, 200
nM, and 1 uM cis-PAI (pre-irradiated with 365 nm), and after photoswitching with WL (trans-PAI). B. Individual (left)
and mean (right) quantification of oscillatory frequency (Hz) at different concentrations. C. Mean quantification of FR
during the Up-states (a.u.) at different concentrations. D. Power spectral density (PSD) of oscillatory activity at different

concentrations displays an enhancement at high-frequency bands after WL activation. *p-value < 0.05.
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In summary, first we demonstrated that (1) IPX is a good design strategy to develop
specific photoswitchable molecules for cortical mAChR; (2) non-specific activation of
mAChHR are involved in increasing the level of neural firing of cortical networks; (3) great
activation of mAChR underlie the seizures activity; (4) PAI can be used as tool to
modulate cortical activity in vitro and in vivo; (5) and activation of M2 mAChR induced

highly excitable and complex states.
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Discussion

The aim of this PhD work was to explore the cortical emergent activity patterns
and the mechanisms underlying cortical network complexity and therefore the
underpinnings of brain states. To this end, we have used three approaches. (1) We
replicated SWA and awake-like regimes to validate isolated cortical slices as a model of
brain states and analyzed sPCI as a methodological tool to quantify network complexity.
(2) We studied the contribution of excitatory and inhibitory components to the different
cortical network regimes. (3) We identified cellular mechanisms underlying the
modulation of cortical states by regulating the levels of ionic blockers and different
neurotransmitters involved in brain state transitions. To do this, we modulated the
cortical activity in vitro that spontaneously displays SWA, a hallmark of activity during
deep sleep and anesthesia (Sanchez-Vives, 2020; Sanchez-Vives et al., 2017). It has been

demonstrated that subcortical areas project several neuromodulatory inputs to the cortex
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to induce cortical state switching (Lee and Dan, 2012). These mechanisms have been
manipulated or replicated to externally induce cortical switching between brain states.
For example, many anesthetics increase or decrease neurotransmitter release to the cortex
to induce sedation or sleep states (Lydic and Baghdoyan, 2005). Other studies
demonstrate that deep stimulation of subcortical areas in patients with disorders of
consciousness could induce improvements in responsiveness (Schiff, 2008). Simulation
of different cortical states and the study of spontaneous and evoked activity could provide
insights about the underlying mechanisms controlling the cortical states, cortical
complexity and their transitions. We demonstrated that isolated cortical slices can display
different cortical activity patterns and levels of complexity detected by sPCI, as originally
described (D’Andola et al., 2017). Using this model, we proved the disruption of
inhibitory and excitatory balance has important effects over the regime of cortical activity
and cortical complexity. We demonstrated that inhibition (both fast and slow) maintains
these cortical activity patterns through the modulation of neural firing level and their
oscillatory frequency. In addition, we demonstrated that certain levels of excitability are
required to induce higher complexity states. When we induced changes in excitability
through modulation of extracellular K* concentration or inactivation of K* channels
(which affects both interneurons and excitatory neurons) (Greene and Hoshi, 2017) or
activated M2-mACh receptors, or when we blocked inhibition, the network shifts from
the bistable response to a state of increased excitability that can result in an epileptiform
state (decreasing network complexity) or a more heterogeneous responses (increasing
network complexity), respectively. These results agree with human studies of brain
complexity showing that patients with consciousness disorders showed low complexity
states and awake patients showed high complexity states (Casali et al., 2013). Thus, these
results suggest that the inhibitory component alone or inhibitory and excitatory
components together, are required for the maintenance of cortical rhythms and neural

complexity at physiological levels.
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1. Isolated cortical slices can display different regimes of

network activity patterns and complexity

Given that isolated cortical slices can spontaneously display SWA (Sanchez-Vives
and McCormick, 2000), and it is possible to modulate the cortical activity through in vitro
preparation, we analyzed dynamical changes from spontaneous activity and complexity.
We first observed that spontaneous SWA (Figure 13) was characterized as previously
described in (D’Andola et al., 2017; Sanchez-Vives and McCormick, 2000). Neurons fired
regular and periodically within a bimodal distribution of firing, with neural firing during
the Up-states and almost silent during Down-states (Reig et al., 2010; Sanchez-Vives,
2020; Sanchez-Vives et al., 2017) and with high presence of low frequencies (0.1-1 Hz)
compared with other frequency bands. As we expected, in our awake-like regime (Figure
13) neural firing increased where neurons fired nearly independently and irregularly.
These results were similar to those obtained from in vivo experiments (Poulet and
Crochet, 2019; Reyes-Puerta et al., 2016), therefore, we suggest that our in vitro model

could be used as a model of brain states.

Together with these results, we considered whether we could use sPCI as a
methodological tool to quantify network complexity (Figure 14). As expected, the
spontaneous patterns of cortical activity supported the complex transfer of information
occurring during awake-like states. Following neural complexity theory (Tononi, 2004)
we suggested two possible scenarios: during the SWA regime, the cortical responses were
homogeneous, mostly synchronized and spatially restricted (Pigorini et al., 2015; Tononi,
2004) in which interaction between different locations in the slice was probably reduced.
Alternatively, awake-like regime displayed higher complexity states, perhaps because
cortical network connections spans across other regions (enhancing integration), and
cortical neurons fire nearly independently and irregularly, leading to rich responses by
specific interactions. In fact, it has been proposed that the increase of the information

processing power during awake states is possible because there is a decorrelation of
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membrane potential between excitatory and inhibitory neurons, increasing the
independence of individual neurons to process cortical information (Gentet et al., 2010;
Poulet and Petersen, 2008) and perhaps also due to depolarizing mechanisms too. These
results were in accordance with results obtained from complexity studies in human
patients (Alkire et al., 2008; Casali et al., 2013) or in vivo experiments, where patients or

mice under deep anesthesia, demonstrate lower complexity values than awake patients.

2. Inhibition maintains cortical rhythms through regulation
of excitability and controls the equilibrium in cortical

complexity

After observing that cortical slices in vitro could be used as a model of brain states
and sPCI could detect complexity levels, we explored the role of inhibition (fast and slow
inhibition) and excitation in the control of cortical rhythms and their transition and their

role in the modulation of cortical complexity.

First, we progressively removed inhibition in isolated cortical slices displaying
different regimes of network activity (SWA and awake-like). Removing fast inhibition
(Figure 15) or slow inhibition (Figure 17) during awake-like states, the activity shifted to
highly synchronous regular and periodical cortical activity, with the same levels of level
of neural firing as the awake-like state, but with decreased the complexity (Figure 16 and
Figure 18). However, the effects of blocking fast inhibition were stronger than the effects
of blocking slow inhibition. Indeed, cortical activity shifted to a bimodal distribution of
neural firing after blocking fast inhibition, together with an increment in the power of
low frequencies and high-frequency bands. Meanwhile, blocking slow inhibition during
the awake-like regime, there were no changes in the modulation of low-frequency bands

(0.1-1 Hz).
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Then, blocking fast and slow inhibition during the SWA regime, analogous effects
were observed in previous studies (Mann et al., 2009; Perez-Zabalza et al., 2020; Sanchez-
Vives et al., 2020, 2010). Without leaving the bistable state, blocking fast (under bath
application of BMI (Figure 19) or GBZ (Figure 21)) or slow inhibition (under bath
application of CGP (Figure 23)), cortical levels of neural firing increased, mainly during
Up-states. In addition, the regularity and periodicity of the oscillation increased. When
blocking fast inhibition, a gradual shortening of Up-states was demonstrated, as
previously (Mann et al., 2009; Sanchez-Vives et al., 2010) and blocking, slow inhibition
led to longer Up-states followed by prominent Down-states, similarly to previous studies
(Mann et al., 2009; Perez-Zabalza et al., 2020; Sanchez-Vives et al., 2020). Furthermore,
when blocking fast (Figure 20 and Figure 22) and slow inhibition (Figure 24), cortical

complexity decreased (Sanchez-Vives et al., 2020).

In summary, inhibition seemed to be implicated in maintaining the awake-like or
SWA regimes and controlling the level of neural firing. These coincide with previous
suggestions (Buzsdki and Draguhn, 2004) which described that inhibitory interneurons
in the cortex “clock” the networks oscillations and maintain the excitatory and inhibitory
balance necessary for the transfer of information. Therefore, inhibition might play a
critical role in processing information in the cortex by gating signal flow and sculpting
network rhythms (Cobos et al., 2005; Compte et al, 2008; Guidotti et al., 2005;

Konstantoudaki et al., 2014; Tremblay et al., 2016).

Indeed, we observed that higher excitability levels are not required to induce
higher complexity states. In fact, it seemed that there was a break in the complexity
balance. Following neural complexity theory (Tononi, 2004) we could speculate three
possible scenarios: (1) during complex awake-like states, the network would be
functionally integrated and segregated as we mentioned previously; (2) during low
complexity SWA states, the cortical network would have low integration; however (3), by

blocking inhibition, the network is fully integrated, while weakly segregated, giving rise
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to activation waves that rapidly span the whole network, leading to faster and
stereotypical responses (Sanchez-Vives et al, 2010). This suggests that inhibition,
inducing prominent bistable activity, may break the causal interactions of the cortical
network, decreasing the complexity. That was previously suggested in TMS/EEG studies
(Pigorini et al.,, 2015). They observed that OFF-periods (Down-states) break the causal
interactions among cortical areas, not only during sleep or anesthesia, but also in patients
with disorders-of-consciousness (Casali et al., 2013; Pigorini et al., 2015). In previous
disorders of consciousness studies (Wislowska et al., 2017) unconscious patients correlate
with low complexity values while awake patients are correlated with high complexity
values. Therefore, loss of consciousness can be correlated with a collapse of cortical
connectivity (loss of integration), or with a breakdown of the collection of cortical activity
patterns (loss of segregation), and also a dominance of slow oscillatory cortical activity
(Alkire et al., 2008; Casali et al., 2013; Goldman et al., 2019; Massimini et al., 2009;
Wislowska et al., 2017). Thus, the more prominent the Down-states, the lower the
complexity. Pigorini et al., (2015) also suggested, and we demonstrated, that alterations
in the balance of excitation/inhibition could induce low complexity states. In fact, when
we studied the role of inhibition in complexity using a computational model, we observed
how inhibition could induce changes at the integration/segregation balance in cortical
networks. Furthermore, it has been demonstrated that some types of anesthetic induce
their effect over the GABAergic system (Brown et al., 2011; Ma et al., 2002; Nelson et al.,
2002; Rudolph and Antkowiak, 2004; Voss et al., 2019). Thus, suitable therapeutic targets
for patients with disorders of consciousness such as GABAA and GABAgreceptors might
improve the behavioral responsiveness in vegetative patients. (Brown et al., 2010; Clauss,
2010; Salgado et al., 2011) by removing the bistability and restoring the balance between

segregation and integration in the cortex.
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3.  Orchestrated interventions of excitatory and inhibitory is
required to maintain cortical rhythms and complexity at

physiological levels

After observing that inhibition was relevant to maintain cortical rhythms and
complexity, we investigated some aspects of the excitatory component. To do this, we first
decided to modulate the excitability through the modulation of extracellular K*
concentration or inactivation of K* channels. K* channels are the most diverse of ion
channels, their expression is homogeneous among cortical inhibitory and excitatory
neurons and they mostly underlie functions of neuronal excitability control (Greene and

Hoshi, 2017; Sancristébal et al., 2016).

Increasing [K'].. (Figure 25) increases the neural firing and the frequency of
oscillation and decreases the regularity and periodicity of the oscillations. In addition, the
mean power of high frequencies increased too. However, it did not reveal changes neither
at the level of relative firing rate of the Up-states, nor in the power of the low frequency
bands (0.1-1 Hz). Unlike blocking inhibition, increasing excitability by increasing the
[K*]e., the responses were heterogeneous and irregular, resulting into high complexity

values (Figure 26).

By blocking K* channels (non-selective K* channels (Figure 27), non-selective K,
channels (Figure 29) or K,; channels (Figure 31)), cortical bistability was removed,
decreasing the periodicity of the oscillations and increasing the neural firing. Under these
conditions, cortical complexity was decreased after blocking K* channels (Figure 28,
Figure 30 and Figure 31). Interestingly, K,; channels induced an inversion in the
distribution of neural firing, where periods of neural firing were longer than periods of
silence. It has already been proposed that the persistence of the Up-state depends on the
activation of a specific potassium channel, K7 (Neske, 2016). K, is a voltage-dependent

potassium channel blocked by M1-type muscarinic receptors (Hu et al., 2007) implicated
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in controlling of brain the excitability (Greene and Hoshi, 2017). Here we confirmed that
the persistence of cortical Up-states was longer by blocking this channel. This was also
reflected in the evoked responses, which were irregular but mostly stereotypical at the
spatial distribution, so we would expect a decrease in cortical complexity. However, sPCI
could not detect any changes to the level of complexity because of (1) technical difficulties,
since several responses to electrical stimulation coincide during periods of neural firing
and (2) the high synchronized rhythms caused by blocking M-current, complicate the
network recruitment to evoke a response (Figure 32). Other measures of complexity

should be used to assess how complexity varies after blocking K,; channels.

In summary, K* channels are involved in the control of excitability and modulate
the complexity in cortical networks. Distinct from blocking inhibition, here we observed
that the modulation of excitability could induce changes in complexity. This suggests that
certain levels of excitability are required to induce higher complexity states. However, if
this balance were to be disproportionally altered (as occurred by blocking inhibition or
K* channels) segregation and integration balance would be altered and cortical

complexity would decay.

Given that the control of excitability plays a role in the modulation of cortical
rhythms and complexity, we decided to observe the contribution of cortical excitatory
neurons. Thus, we decided to use DCS (Figure 11), which mostly affects the excitatory
components of cortical networks. Without leaving bistable activity, DCS (Figure 33)
proportionally increased neural firing, the frequency of oscillations and the power of all
frequency bands; and proportionally decreased the relative firing rate during Up-states
and the regularity and periodicity of the oscillations. Even under the modulation of
cortical excitability by DCS, the spatiotemporal distribution of responses to electrical
stimulation were as homogeneous (Figure 34) as SWA conditions, without significant
differences in cortical complexity within the explored range (Barbero-Castillo et al.,

2019).
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All of these results suggest that the inhibitory component alone or inhibitory and
excitatory components together are required for the maintenance of cortical rhythms and
neural complexity at physiological levels for different reasons. On the one hand, the
modulation of excitatory neuron excitability by DCS did not demonstrate changes in
network complexity measured by sPCI (Barbero-Castillo et al.,, 2019); although by
measuring the complexity of propagation patterns (Barbero-Castillo et al., 2019), we were
able to detect that complexity directly correlated with DCS intensity. We explain this by
the fact that the network never left the bistable regime, preventing any detectable variation
in the complexity of the response triggered by the perturbation (Barbero-Castillo et al.,
2019; Pigorini et al.,, 2015). However, when we induced changes in excitability through
activation/inactivation of K* channels (which affects both interneurons and excitatory
neurons) (Greene and Hoshi, 2017), the network shifted from the bistable response to a
homogeneous stereotypical epileptic response (decreasing network complexity state) or a
more heterogeneous responses (increasing network complexity state). Therefore
higher/lower complexity states are not the consequence of merely increasing/decreasing
excitability, the excitatory and inhibitory neuronal interactions constitute a fundamental

feature of switching between cortical rhythms and complexity.

As we mentioned previously, one of our limitations was that slight changes within
the bistable regime might be difficult to detect with sPCI methods. sPCI is a method for
quantifying the level of complexity but is limited by (1) the low number of recording
channels to detect spontaneous and evoked activity; and (2) the fact that in vitro cortical
slices constitute a small piece of the whole cortical network, where changes in the level of
segregation and integration can be difficult to detect suing the sPCI method. In that sense,
other methods for estimating complexity such as the estimation of the entropy of wave
propagation patterns may be more sensitive, as we found in the case of DC fields

stimulation.
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4. Cholinergic neurotransmission results in higher

complexity states

The final objective of this PhD work was to identify some of the cellular
mechanisms underlying the modulation of cortical states by regulating the levels of
different neurotransmitters involved in brain state transitions. This transition depends on
the activation/inactivation of different receptors and ion channels expressed in their
membranes which can affect various cellular functions. Neurotransmitters such as ACh,
are released in the neocortex to activate these channels and receptors, and shift cortical
activity from one state to another (Lee and Dan, 2012). During wakefulness states, this
neuromodulatory system is highly activated while during sleep their activity is reduced or
stopped (Jones, 2005; Lin, 2000). Muscarinic acetylcholine receptors (mAChR) are
implicated in the modulation of SWA and the transition from SWA to wakefulness
(McCormick and Williamson, 1989; Poulet and Crochet, 2019). In summary, we
considered that mAChR activation could participate in the modulation of cortical
rhythms and complexity in cortical networks. Most of the following results have been

already published in (Barbero-Castillo et al., 2020).

First, we bath-applied a range of different concentrations of IPX (Figure 35) resulting
in a global change in the network's rhythms to a hyperexcitable activity (Figure 35A,B).
The oscillatory frequency increased and bath application of the highest concentrations of
IPX (100-200 nM) resulted in seizure-like discharges, which were characterized by low
(<1 Hz), delta (1-4 Hz) and alpha (7-12 Hz) frequencies. In addition, the relative firing
rate during Up-states decreased, as did the estimated neural firing rate but without

significant differences compared with control conditions.

In summary, given that IPX demonstrated an effect of cortical activity in vitro, IPX
was a good design strategy to develop specific photoswitchable molecules for cortical
mAChR. Indeed, activation of mAChR were involved in increasing the excitability of

cortical networks, suggesting that high activation of mAChR underlies seizure activity.
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This correlates with previous studies, which demonstrated that alterations of cholinergic
system could increment the excitability leading to seizures and status epilepticus (Curia
et al., 2008; Zimmerman et al., 2008). Indeed, it has been demonstrated that injections of
the muscarinic agonist pilocarpine has been used to mimic this altered patterns of cortical
activity (Curia et al., 2008; Zimmerman et al., 2008). It has also been observed that the
cholinergic system participates in the control of generalized non-convulsive absence
seizures that occur mainly during quiet wakefulness and transitions between wakefulness
and slow-wave sleep (Danober et al., 1993). IPX derivative molecules could be a good
design strategy to develop specific photoswitchable molecules that can act as cortical

mAChR antagonists and for use it as a treatment against these hyperexcitable states.

After observing that cortical activity can be modulated by IPX derivate molecules, we
decided to observed muscarinic neuromodulation using PAI, a photoswitchable IPX
derivative that allows the reversible activation of M2 mAChRs with light (Riefolo et al.,
2019). M2 mAChR plays relevant roles in several CNS disorders (Scarr, 2012), and
regulating their activity and subsequent effects on cortical neuronal networks may
provide new therapeutic opportunities for these cholinergic diseases. We first built up the
dose-response curves of the two drug forms separately, trans- (dark-adapted state) and
cis-PAI (after UV irradiation), in order to find out the differences in cortical activity
between the PAl-isoforms, and to identify the most convenient concentration range to
manipulate cortical rthythms with light. We demonstrated that PAI can be useful to
modulate cortical rhythms by M2 mAChR activation. Once the different oscillatory
activity evoked by cis- and trans-PAI was quantified in vitro, we moved on to control
cortical rhythms with light (Figure 37). 200 nM cis-PAI evoked an increase in the
oscillatory frequency and estimated neural firing, and no significant effects in the relative
firing rate of the Up-states were seen. Subsequent illumination of the slices with white
light produced a robust increase in the oscillatory frequency and significant decrease in
relative firing rate of the Up-states and the estimated neural firing. In addition, activation

of M2 receptors with trans-PAI demonstrated higher values at higher frequency bands.
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This increment in the cortical level of neural firing was also reflected in the complexity.
Activation of M2 receptor reflected heterogeneous spatiotemporal responses, leading to

high complexity states (Figure 38).

Having established the ability of PAI to alter cortical oscillatory activity with light in
slices, we then aimed to photocontrol cortical activity in vivo (Figure 39). As the dose-
response curves of cis- and trans-PAI could be different from the in vitro conditions, we
tested two different concentrations, 200 nM and 1 uM. By using two concentrations of
the drug, we observed that the effect on the oscillatory frequency was already reached with
200 puM, while the tendency of the firing rate towards a decrease was more evident under

1 uM.

In summary, we demonstrated that (1) IPX was a good design strategy to develop
specific photoswitchable molecules for cortical mAChR; (2) non-specific activation of
mAChR were involved in increasing the excitability of cortical networks; (3) high
activation of mAChR may underlie seizure activity; (4) PAI can be used as tool to
modulate cortical activity in vitro and in vivo; (5) and activation of M2 mAChR induced
high excitable and complex states. It is probably that activation of these receptors is
involved in the induction of awake states in cortex. As we mentioned previously, during
wakefulness states, this neuromodulatory system is highly activated while during sleep
their activity is reduced or stopped (Jones, 2005; Lin, 2000). It has been described that the
presence of ACh is required to induce arousal states, which increases their concentration
in sensory cortices and modulates cortical activity. This modulation is specific for
different types of cells and subcellular mechanisms. For example, it has been described
that ACh enhanced thalamocortical synapsis over pyramidal cortical neurons while
suppressing local inhibitory synapses during arousal states (Bennett et al., 2013; Reimer
et al., 2016; M Steriade et al., 1993a). Indeed, it has been reported that the effect of
anesthetic might be due to their effect over mAChR (Durieux, 1995; Lydic and

Baghdoyan, 2005; Nagase et al., 1999; Van Dort et al., 2008). In summary, it would be
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interesting to further investigate the effect of activation/inactivation of M2 mAChR in
cortical activity in vivo or in human patients with some psychiatric disorders related with
M2 mAChR. In addition, further investigations about other neuromodulatory
mechanisms such as noradrenaline, serotonin and histamine, are required because they
might underlie the of modulation cortical states and brain state transitions, and therefore

cortical complexity.
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Conclusions

Isolated cortical slices can be used as a model for studying of cortical rhythms and

complexity.

Synaptic inhibition is required to maintain the cortical slow oscillatory regime by

regulating firing rates and by sculpting network rhythms.

Orchestrated intervention of inhibitory and excitatory components is required for

the maintenance of physiological cortical rhythms and network complexity.

sPCI reliably distinguishes between different network states. However, slight

changes within bistable regime might not be detectable using this method.

Inhibition is also required to regulate the excitatory/inhibitory balance necessary
to generate cortical complexity. Alteration in this balance, results in a prominent
bistable activity that breaks the causal interactions of cortical networks, resulting

in a decrease in complexity.
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10.

11.

12.

13.

14.

Gradual GABAa-Rs blockade resulted into higher synchronization and
progressively reduced sPCI. Blocking GABAg-Rs also resulted in a reduced sPCI

while in synchronous conditions.

A certain level of excitability is required to induce higher complexity states.
However, if there is a lack of inhibition or excess of excitation, the complexity

balance is disproportionally altered, and the cortical complexity decays.

DCS proportionally modulates the neural firing and controls the frequency of the

cortical oscillation, while sPCI is not affected within the investigated limits.

M-current is implicated in Up-state termination, underlying one of the

mechanisms for the transition to higher complexity states.

Photopharmacology agents, such as PAI, can be used to selectively modulate SWA

in cortical slices in vitro and in vivo.

IPX is a powerful modulator of cortical activity and a good design strategy to

develop specific photoswitchable molecules for cortical mAChR.

mAChR are involved in increasing the excitability of cortical networks of mAChR

and great non-specific activation of mAChR may underlie the seizure activity.

The photo-activation of M2 receptors induces a sudden transition from SWA to a

higher oscillatory frequency both in vitro and in vivo.
Activation of M2-mACh receptors induced high excitable and complex states. It

is probable that activation of this receptor is involved in the induction of awake

states in the cortex.
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Appendix |

Table 1. Mean+SE of estimated FR (FRs) and the decay of exponential curve under SWA, awake-like conditions and
after blocking GABA4 (GBZ) and blocking GABAs (CGP 55845, CGP).

FRs (a.u.) a-decay (a.u.)
SWA 60.46+5.54 0.65%0.13
n=20
Awake - like 232.78+27.63 1.61 +0 .21
SWA 62.61+£7.17 0.54+0.09
=10 Awake - like 203.93£28.67 1.27+0.19
+ 200 nM GBZ 215.57£25.10 0.26+0.04
SWA 55.93+£9.24 0.51£0.15
n=7 Awake - like 213.11+41.73 2.15+0.24
+1 pM CGP 177.94+39.69 0.66£0.17

Table 2. Mean=SE of sPCI after blocking GABAA (GBZ) and GABAs (CGP55845, CGP) during “awake-like” states.

sPCI SWA and “awake-like” state (n=20)

SWA 0,103+0,004
Awake-like 0,141+0,005
+ GBZ sPCI (n=10) + CGP 558845 sPCI (n=7)

SWA 0.107%0.006 SWA 0.104+0.008
Awake-like 0.137£0.006 Awake-like state 0.145£0.008
+ 50 nM GZB 0.128+0.009 + 100 nM CGP 0.129+0.011
+ 100 nM GBZ 0.096+0.014 +200 nM CGP 0.118+0.013
+ 150 nM GBZ 0.086+0.011 + 500 nM CGP 0.115+0.004
+ 200 nM GBZ 0.060+0.006 +1 pM CGP 0.109+0.008
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Table 3. MeantSE of estimated FR (FRs), relative Firing rate during the Up-states (FR Ups) and the decay of
exponential curve (a-decay) under SWA and after blocking GABAA (BMI and GBZ) or GABAs (CGP55845, CGP).

Concentration FRs (a.u.). FR Ups (a.u.) a-decay (a.u.)
SWA 49.54+5.97 1.55%0.15 0.33+£0.04
BMI
(n=9) 0.6 utM BMI 67.57+8.85 2.94+0.11 0.21 £0.02
n=
1 uM BMI 76.13 £1 0.64 3.39+0.16 0.19+0.01
SWA 58.31+14.43 1.92+0.14 0.55+0.07
GBZ
(n=9) + 100 nM GBZ 89.32+16.32 3.04+0.16 0.35+£0.01
n=
+200 nM GBZ 112.37£22.65 4.12+0.36 0.20£0.01
SWA 57.59£11.02 1.64+0.09 0.54+0.09
CGP55845
(n=11) + 200 nM CGP 64.621+9.81 1.75+£0.12 0.30+0.06
n=
+1 pM CGP 72.34+11.83 1.91+0.12 0.29+0.03

Table 4. Mean+SE of sPCI after blocking GABA4 (GBZ and BMI) and GABAg (CGP55845) during SWA.

SWA + Inhibition blockers

GABA 4 blockers GABAG blocker
BMI (n=9) GBZ (n=9) CGP 55845 (n=11)

SWA 0.096+0.004 SWA 0.098+0.006 SWA 0.094+0.004
0.2 uyM 0.086+0.005 50 nM 0.099+0.006 100 nM 0.084+0.004
0.4 pM. 0.096+0.006 100 nM 0.091+0.006 200 nM 0.075+0.004
0.6 pM. 0.076+0.009 150 nM 0.061+0.004 500 nM 0.073+0.005
0.8 uyM. 0.077+0.008 200 nM 0.061+0.007 1 pM 0.066+0.004

1uM 0.066+0.008
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Table 5. MeantSE of estimated FR (FRs), relative Firing rate during the Up-states (FR Ups), oscillation frequency
(OF), the decay of exponential curve under (x-decay) and sPCI under increasing concentrations of [K*].c (n=9).

Concentration FRs (a.u.) FR Ups (a.u.) OF (Hz) a-decay (a.u.) sPCI
SWA 58.71£17.10 0.90+0.16 0.39+0.03 0.49+0.05 0.086+0.030
5 mM K* 98.35+£21.61 0.94+0.84 0.61+0.05 0.65+0.13 0.090+0.050
7 mM K* 152.25+26.88 0.84%0.13 0.93£0.10 1.07£0.16 0.114+0.100
Washout 61.53+11.24 0.76£0.11 0.30£0.05 0.65+0.13 0.087+0.004

Table 6. Mean+SE of estimated FR (FRs), the decay of exponential curve under («-decay) and sPCI under increasing
concentrations of K* channel blockers.

Concentration FRs (a.u.) a-decay (a.u.) sPCI

SWA 37.54+7.29 0.61+0.10 0.087 +0.010
TEA 1 mM TEA 47.78+1.54 0.69+0.08 0.081 +0.010
(n=4) 5 mM TEA 35.26+7.73 0.54+0.13 0.057+0.004
10 mM TEA 44.77+6.37 0.75+0.27 0.062 £0.001
SWA 59.60+8.91 0.44+0.04 0.097+0.010
LAD 25 uM 4-AP 116.43+24.07 0.82+0.07 0.079+0.004
(n=6) Washout 65.09+14.91 0.75+0.15 0.095+0.010
50 uM 4-AP 152.31+36.30 0.89+0.30 0.086+0.010

. SWA 73.95+10.87 0.40+0.11 0.092+0.01
(n=5) XE991 383.52:494.12 1.12+0.06 0.088+0.0139

Table 7. Mean+SE of estimated FR (FRs), relative Firing rate during the Up-states (FR Ups), oscillation frequency
(OEF), the decay of exponential curve under («-decay) and sPCI under growing intensities of DCS.

Intentisy FRs (a.u.) FR Ups (a.u.) OF (Hz) a-decay (a.u.) sPCI
-3 V/m (n=8) 52.67+32.90 0.93+0.08 0.23+£0.04 0.26+0.06 0.10+0.01 (n=>5)
0 V/m (n=13) 73.88+£55.88 1.05+0.06 0.30+0.05 0.41+0.05 0.09+0.01 (n=6)
+ 2 V/m (n=10) 143.88+243.13 0.94£0.06 0.45+0.04 0.46+0.08 0.12+0.01 (n=>5)
+5V/m (n=10) 170.29+278.90 0.75£0.09 0.71£0.06 0.73+0.07 0.10£0.02 (n=6)
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Table 8. Mean+SE of estimated FR (FRs), relative Firing rate during the Up-states (FR Ups), oscillation frequency
(OF), the decay of exponential curve under (a-decay) under bath application non-selective muscarinic agonist
(Iperoxo, IPX) in vitro.

Concentration FRs (a.u.) FR Ups (a.u.) OF (Hz) a-decay (a.u.)
SWA 127.03+ 70.16 1.13+£0.24 0.89+0.12 0.51+0.13
1 nM IPX 151.10+ 77.90 0.75£0.03 0.83%0.08 0.78+0.20
10 nM IPX 256.19£102.89 0.67£0.08 1.11+0.20 0.68+0.02
100 nM IPX 116.03+35.88 0.10+0.02 1.34+0.19 0.38+0.02
Seizure (100 - 200 nM) 73.46£5.16 1.21+0.32

Table 9. Mean+SE of relative Firing rate during the Up-states (FR Ups) and oscillation frequency (OF) under the bath
application of increasing concentrations of PAI isoforms (cis- and trans-PAlI) in vitro.

Condition OF (Hz) FR Ups (a.u.)
SWA 0.58+0.06 0.99+0.11
10 nM 0.5520.06 0.97+0.12
-PAI

frans 100 nM 0.87+0.10 0.72+0.09

(n=6)
300 nM 1.66+0.10 0.50+0.08
1M 1.87+0.13 0.37+0.03
SWA 0.48+0.04 0.8620.04
10 nM 0.4620.05 1.07+0.08

cis-PAI

100 nM 0.5240.07 1.100.14

(n=6)
300 nM 0.88+0.25 0.79+0.19
1M 1.37+0.27 0.74+0.19
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Table 10. MeanzSE of estimated FR (FRs), relative Firing rate during the Up-states (FR Ups), oscillation frequency
(OF), the decay of exponential curve under («-decay) and sPCI under bath application of cis-PAI and upon
illumination (trans-PAI) in vitro.

Condition FRs (a.u.) FR Ups (a.u.) OF (Hz) a-decay (a.u.) sPCI
SWA 84.12+16.73 1.02+0.10 0.53£0.04 0.67£0.04 0.09+0.01
cis-PAI 121.46+25.34 0.88+0.10 1.03+£0.14 0.68+0.07 0.10+0.01
trans-PAI 150.47+23.49 0.52+0.06 1.68+0.11 0.60+0.1 0.12+0.01

Table 11. MeanzSE of relative Firing rate during the Up-states (FR Ups) and oscillation frequency (OF) under the
bath application of increasing concentrations of PAI isoforms (cis- and trans-PAI) in vivo.

Concentration FR Ups (a.u.) OF (Hz)
SWA 0.87+0.29 0.63+0.08
cis-PAI 1.03£0.43 0.60+0.09
200 nM

trans-PAI 1.06+0.38 0.77+0.13

cis-PAI 1.02+0.37 0.64+0.14

1 puM

trans-PAI 0.82+0.27 0.89+0.02
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Figure S1. Autocorrelograms of the rhythmicity of the neuronal oscillatory activity during SWA regime (black line), at
100 nM and 1 uM of trans-PAI (blue lines) applications
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Figure 82 Autocorrelograms of the rhythmicity of the neuronal oscillatory activity during SWA regime (black line), at
100 nM and 1 uM of cis-PAI (pink lines) applications.
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Figure $3. PAI can light-modulate the neuronal oscillatory activity in cortical ferret slices. Autocorrelograms of the
rhythmicity of the neuronal oscillatory activity during SWA regime (black line), under 200 nM cis-PAI application (pink
line) and during white light irradiation (trans-PAIL blue line).
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