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“Yes. Sometimes we have to do the work even though we don't yet see a glimmer on the horizon
that it's actually going to be possible.”

— Angela Y. Davis






Abstract

Doctoral degree in Biomedicine

Cortical network dynamics in physiological and
pharmacologically induced brain states

by Melodia Torao Angosto

The brain varies its state in accordance with the internal and external context, resulting into
distinct patterns of activity and dynamics. The cerebral cortex and the interactions between
cortical and subcortical areas, have a major role in the establishment and switching between
different brain states.

In the present Thesis research work, we used multiple local field potentials, calcium imaging
recordings and thalamic stimulation to explore different cortical dynamics at distinct brain
states.

First, we investigated the physiological sleep-wake rhythms and spontancous brain
transitions. Secondly, we explored the transitions taking place over different levels of
anesthesia, characterizing from a multiscale perspective, the cortical dynamics when
transitioning from deep anesthesia to wakefulness. Finally, we investigated the impact of
thalamic stimulation on the induction of brain transitions and found that it induces a
transition from deep anesthesia to that equivalent to a higher arousal, a strategy that has been

investigated for its clinical potential.
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Chapter 1

Introduction

1.1. The states of the brain: many brains in one

The brain is dynamic. Congruent with behavioral changes, brain activity varies over time
creating distinct patterns and dynamics according to different factors, such as physiological
or pharmacologically induced origin, external or internal stimulation or the neural
mechanisms involved. However, the specific mechanisms that drive the brain to stay or
switch across all its possible states remain poorly understood. The neural activity produced
in each brain state can be captured from multiple sources: from their electrical changes
(electroencephalography (EEG), electrocorticography (ECoG), local field potential recording
(LEP)) to its metabolic dynamics (functional magnetic resonance imaging (fMRI) and optical
intrinsic signal imaging (CI)). All these types of data provide information from the spatial,
temporal and frequency domains that are applied to measure different phenomena across
multiple scales, allowing us to infer about the underlying brain network dynamics (e.g.
synchrony, complexity or activation/deactivation). The cortex and its interactions have a
major role in different brain states, hence studying the states within distributed cortical areas
could provide very relevant data to the subject. Even with existing principles that allow the
distinction between brain states as sleep, anesthetized or alert wakefulness, there is still a lack
of concordance about their identification, categorization and stages subdivision. From this
scenario, a further characterization of all the measurable elements that distinctively emerge
in each brain state seems necessary in order to create a physiologically based common frame
of reference that could also integrate cognition. This Thesis had the general objective of
exploring from a multi-scale the characterization of physiological and pharmacologically

induced brain states from distinct spontaneous and evoked cortical dynamics.
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1.2. Brain states and transitions in the physiological sleep-

wake cycle

1.2.1. The sleep-wake cycle

The sleep-wake cycle is a physiological process that follows an endogenous homeostasis and
a circadian rhythm. Despite the large amount of time that we spend sleeping, there is not a
clear consensus about its functional meaning. The highest point of agreement between
studies seems to be its restorative function at multiple scales. For instance, sleep reduces
caloric use (Krueger et al., 2016), reestablishes neuronal energy and promotes brain plasticity
and connectivity (Crick and Mitchison, 1983; Krueger and Obdl, 1993; Kavanau, 1994;
Vyazovskiy et al., 2009; Inostroza and Born, 2013; Smith and Peters, 2011; Abel et al.,
2013), and has an impact on cognition (Rosa et al., 1983; Benington and Heller, 1995).

During wakefulness, a progressive reduction in arousal occurs until the organism falls sleep.
Within the sleep and awake cycle, different brain patterns succeed each other in a
characteristic way. Wakefulness is characterized by a low-voltage and high-frequency
electroencephalogram (EEG), an active electromyogram (EMG), as well as a high degree of
consciousness (Horner and Peever, 2017). Sleep is characterized by inactivity of the
organism, a certain degree of loss of consciousness and reduced behavioral responsiveness.
During sleep, voluntary control and awareness of external stimuli is significantly reduced,
although, an internal and subjective experience still exists and manifests itself in the form of
dreams (Warltier, 2005). Sleep is divided into two main stages: slow wave sleep (SWS) and
REM sleep. SWS entails the emergence of a slow oscillatory and synchronous activity pattern
(0.5—4 Hz), alternating active periods of neural activity (Up states) with abrupt decreases of
activity (Down states) (Steriade et al., 1993b; Steriade et al., 2001; Timofeev, et al., 2001).
On the contrary, REM sleep is characterized by rapid eye movements, an awake-like brain
activity pattern with low-amplitude and fast-frequency waves but accompanied by muscle

atonia and the lowest reactivity to external stimuli (Saper et al., 2010, Dang-Vu, 2012).

From a neural scale, it is argued that entering into sleep is a continuum (Ogilvie, 2001), a
gradual process where the neurons involved in the wake state have to change their firing mode
and progressively turn off while the sleep-related neurons gradually turn on (Steriade et al.,
1990; McCormick and Bal, 1997; Merica and Fortune, 2004). This gradual transition is also
evident in the spectral elements that emerge locally (Nir et al., 2011) (e.g. slow, alpha, or

delta waves and spindles) which co-exist at all sleep stages just varying in proportion (Merica
and Fortune, 2004).



Transitions in the physiological sleep-wake cycle

Sleep is initiated at a local level but there is always a transition to engage the whole brain
(Krueger et al., 2013; 2016). According to Gervasoni et al., (2004) these transitions take
place across multiple cortical and subcortical structures requiring transient oscillatory

synchronization of synaptic inputs between all brain areas.

Although the transitions between the different stages of the sleep-wake cycle are gradual, in
cach state there is a particular predominance of neurotransmitters, areas involved, power and
synchrony in different frequency bands, as well as the emergence of different patterns of
spontaneous activity and distinct responses to internal and external stimuli (Livingstone and
Hubel, 1981; Destexhe et al., 1999; Steriade et al., 2001; Massimini et al., 2005; Hennevin
et al., 2007; Esser et al., 2009). The fluctuation of these features allows for the classification

of the different stages of sleep.

1.2.2. Spectral profile of the sleep-wake cycle

Gamma waves are present in all states but are predominant in the spectral profile when the
animal is awake and alert (Maloney et al., 1997; Gross and Gotman, 1999; McGinley et al.,
2015). In fact, corticocortical coherence in the gamma band is used as a reliable neural
correlate of wakefulness (Pal et al., 2016). However, wakefulness is not homogeneous.
Variations in neural activity, information processing and behavioral state have led to the
distinction of different sub-states based on features like the level of arousal, attention,
awareness or the pattern of cortical activation. The most cited sub-states in the literature in
decreasing order are alert wakefulness, relaxed wakefulness and drowsiness (Gervasoni et al.,
2004; Buzsaki, 2006; Crochet and Petersen, 2006; Poulet and Petersen, 2008; Gentet et al.,
2010; Niell and Stryker, 2010; Cohen and Maunsell, 2010, 2011; Vyazovskiy et al., 2011;
Polack et al., 2013; Reimer et al., 2014; Vinck et al., 2015; McGinley et al., 2015).

Alpha waves (8-12 Hz) are maximal during alert wakefulness and gradually decrease their
power as they go through relaxed wakefulness and drowsiness, where alpha power disappears
(Tanaka et al., 1996). On the contrary, in this “drowsy” state the power in the theta range
(4-7 Hz) increases. This power ratio of theta and alpha waves seems to constitute a robust
feature to discriminate between alert and drowsy states of wakefulness (Tanaka et al., 1996).
From the drowsy state, organisms naturally transition towards SWS, which is subdivided into
stages of increasing synchronization of activity and depth of sleep. In humans we find a 4-
stage subdivision while in animals like rodents 2 sub-stages; SWS-I and SWS-II (Oliver and
Datta, 2019). A set of specific transient phenomena constitute the hallmarks of sleeping

onset: vertex sharp waves (exclusively in humans), spindles and K-complexes (Fig. 1)
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(Dement and Kleitman, 1957; Rechtschaffen and Kales, 1968; Tanaka et al., 1996; Iber et
al., 2007). Spindles are transient patterns of sigma band (12-16 Hz approximately) and a
minimum duration of 0.5 s while the K-complexes are composed of a sharp positive
deflection followed by a larger negative one with a minimum duration of 0.5 s. K-complexes
originate from frontal and temporal regions and mark the entrance into a deeper sleeping
phase (Loomis et al., 1937; Agnew and Webb, 1972; Hori et al., 1994; De Gennaro et al.,
2001; Jagannathan et al., 2018).

ALERT  RELAXED Transition  g\yg REM
WAKEF. WAKEF. DROWSINESS SLEEP SLEEP  \WAKEFULNESS

SLOW
01-1H)

DELTA
(1-4H)

THETA
@-7H)

| Spindle

TRANSIENT i
K-co! mpl

PHENOMENA Vertex
I sharp

wave
1

Figure 1. Illustration of the most representative spectral profile in each stage of the sleep-wake cycle based
on the literature (original)

Arrows indicate the dynamics of each stage exhibited by frequency bands. These can be an increase, decrease or
oscillation in power (marked by the orientation of the arrows), or in association with a discrete phenomenon
(e.g. as in the case of the Up states in SWS). The red colored part of the brains indicates a topographical
dominance of that rthythm in that stage: frontal or occipital.

Once the deepest stage of SWS (SWS-II in rodents) is reached, the activity in the beta band
(12-30 Hz) decreases and the oscillation in the slow (<1 Hz) and the delta band (1-4 Hz)

emerges prominently as a result of cortico-thalamo-cortical loops (Merica et al., 1991; 1992;

Steriade and McCarley, 2005) their power being correlated with the depth of sleep (Sinha et
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al., 1972; Feinberg and March, 1988). Gamma is present discontinuously, appearing in peaks
in temporal association with the Up states of the slow oscillatory activity and ending with the
onset of the Down state periods (Steriade et al., 1996; Grenier et al., 2001; Dickson et al.,
2003; Compte et al., 2008; Mena-Segovia et al., 2008; Le Van Quyen et al., 2010).

During the SWS the alpha rhythm starts to progressively increase again (Fig. 1), but with
topographical and functional differences. In wakefulness, both power and coherence of alpha
waves predominate in occipital areas, but its emergence in SWS is produced in frontal areas
(Hori et al., 1998; De Gennaro et al., 2001). Pivik and Harman (1995), argued that the
alpha activity in SWS is associated with the global process of brain synchronization and
unlinked from the existence of behavioral arousal, while the alpha rhythm in wakefulness

instead, is correlated with the existence of an aroused state.

Facing the initiation of REM sleep, the high-amplitude waves from SWS are replaced by the
low-amplitude REM waves which create a desynchronized pattern of activity, highly similar
to that produced in wakefulness. An increase in the beta band in the range of 18-30 Hz, and
a decrease of the delta band amplitude in the occipital cortex, seem to be the spectral trait
that more faithfully reflects the establishment of the REM sleep period (Ursin and Sterman,
1981). Another prominent feature of REM sleep is the presence of a low-frequency theta (4—
7 Hz) activity that is mainly generated in the hippocampus (Vanderwolf, 1969; Shiromani
et al., 1992; Cantero et al., 2004). Gamma band is also present during REM sleep, but
predominantly in the hippocampus and coupled with its robust theta oscillations

(Montgomery et al., 2008).

Towards the spontancous awakening from sleep, a global decline in the beta band occurs
(Ferrara et al., 2006; Marzano et al., 2011). Likewise, the power in theta and delta bands
begins to decrease, while power in the alpha band increases in the occipital orientation
(Ogilvie and Simons, 1992;). According to these authors, this loss of power at low frequencies
is due to the ending of the global hypersynchrony, characteristic of the sleeping stages.
Spontaneous awakening can occur from the REM or SWS stages of sleep, leading to the sleep
inertia period. This has been considered as an intermediate stage between sleep and awake,
with remaining slow activity in theta and delta bands (1-9 Hz) and transient cognitive and
behavioral impairments (Dinges et al, 1985, Ogilvie and Simons, 1992; Naitoh et al., 1993;
Ferrara et al., 2006; Marzano et al., 2011; Vyazovskiy et al., 2014, Peter-Derex et al., 2015),

although the precise dynamics of this awakening period are not yet clear.

These spectral differences are effective for categorizing between stages; nonetheless, they
inform about local measures of the cortical dynamics not revealing anything about the

interactions between different regions.
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1.2.3. Variations in synchronization within the sleep-wake cycle

When two anatomically separated areas are connected and additionally have correlated
activity in time, they are considered to be functionally related (Damoiseaux et al., 2000).
This functional connectivity can be measured by means of their phase synchronization (or
phase coherence) in different frequency bands. High levels of phase synchronization indicate
a strong covariation of the neural oscillation; therefore, this index could give an insight of the
strength into the functional connections between the analyzed areas (Uhlhaas et al., 2009;
Bullock et al., 2009; Rieder et al., 2010; Cavelli et al., 2015; Pal et al., 2016). Many authors
have proposed that the objective of this coordinated activity is to provide a precise temporal
pattern for a large amount of neurons, allowing the performance of specific functions like
processing and binding information, which is the substrate for mental operations, behavior
and consciousness (Hebb, 1949; Buzséki and Chrobak, 1995; Nicolelis et al., 1995; Singer,
1995; Engel and Singer, 2001; Varela et al., 2001; O’Connor et al., 2002; Fries, 2005;
Damoiseaux et al., 2006; Ramachandran, 2015). For this reason, variations in
synchronization are currently being widely investigated in order to find their correlated

functional change.

Synchronization between two areas is influenced by different factors, like variations on the
brain state or the distance separating the areas (von Stein and Sarnthein, 2000; Fries, 2005).
Indeed, wakefulness and sleep show clearly distinct levels of phase synchronization of their
oscillations (Gervasoni et al., 2004). During SWS, a global increase in synchronization at low
frequencies is observed (Steriade et al., 1993; Achermann and Borbely, 1998a; Destexhe et
al., 1999). On the other hand, during wakefulness oscillations occur at many frequency bands
but synchronization is restricted among nearby regions, designated as local coupling (Steriade
et al., 1996; Destexhe et al., 1999). Regarding the distance among areas as a factor in
synchronization, an inverse relation between distance and frequency has been described;
between distant regions the coupling in lower frequencies predominates, whilst among
proximate areas synchronization in higher frequencies is enhanced (Achermann and Borbely,
1998a; Gross and Gotman, 1999; von Stein and Sarnthein, 2000).

In the literature, the gamma band is considered a key measure of inter-regional
communication, but specific results across different studies are often contradictory, making
its precise dynamics unclear. Synchronization in this band among cortical and subcortical
areas is proposed as one possible mechanism through which the brain temporally joins
multiple inputs to create a single perception, which is experienced by the subject at a

conscious level (Gray and Singer, 1989; Llinds, 1991; Singer and Gray, 1995; Tassi and
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Muzet, 2001; Hwang et al., 2019). Several authors described a variety of synchronization
profiles of gamma through the sleep-wake cycle between cortical regions, finding the
maximum values of gamma coherence during wakefulness; a decrease at an intermediate level
during SWS to reach the minimum values during the periods of REM sleep (Castro et al.,
2013; 2014; Cavelli et al., 2015; Pal et al., 2016). Otherwise, other authors agree in the
attribution of the maximum synchronization value between cortical areas in the awake state,
but they refer to a higher value in REM sleep, SWS being the state which exhibits the
minimum coherence (Llinds and Ribary, 1993; Bragin, 1995; Maloney et al., 1997; Gross
and Gotman, 1999) or even reported no differences at all in coherence between SWS and

REM sleep (Cantero et al., 2004).

The interaction between both cortical and subcortical areas is crucial for the generation and
maintenance of sleep, the switch among stages and the emergence of its different activity
patterns. However, the interaction among regions that conform the cortical network seems
to have a relevant role when there are variations in the arousal level. Thus, the study of the
interaction between specific cortical regions can add relevant information about the

underlying mechanisms of the cortical network within the sleep-wake cycle.

1.2.4. Neural responses to auditory stimulus in the sleep-wake cycle

During wakefulness the organism is active and self-aware. The brain is receptive and capable
of monitoring internal and external stimuli which can trigger a neural cascade that ultimately
leads to sensory perception and action. Therefore, whereas wakefulness can be described as a
state for online processing of sensorimotor information, other stages of the sleep-wake cycle
like the REM period can be considered as functionally isolated (Buzsaki, 1989; Chase and
Morales, 1990; Stickgold et al., 2001; Dang-Vu, 2012). Only a few studies demonstrated
behavioral reactivity to environmental stimuli during REM sleep. However, it has been
shown that evoked potentials to multi-sensory stimuli during REM sleep are qualitative
similar to those occurring during non-attentive wakefulness but differing in the areas
involved (Bastuji and Garcia-Larrea, 1999; Portas, et al., 2000; Warltier et al., 2005; Wehrle
et al., 2007).

Although there is a substantial absence of consciousness during SWS, several authors have
claimed that a disconnection from the external world cannot be completely affirmed. SWS
is an active state with discrete and synchronized neuronal activities from specific cerebral

regions that reflect certain processing and give rise to distinct functional features (Portas et

al. 2000; Destexhe et al. 2007; Dang-Vu et al., 2008). It has been hypothesized that reduced



Chapter 1. Introduction

awareness of environmental stimuli during sleep is necessary in order to prioritize the
processing and consolidation of information acquired during the awake state (Fishbein,
1971; Smith et al., 1980; Buzsdki, 1989; Hennevin et al., 1995; Datta, 2000; Laureys et al.,
2001; Stickgold et al., 2001, 2005; Ribeiro et al., 2004; Schabus et al., 2004; Clemens et al.,
2006; Marshall et al., 2006). Both the spectral features and transient phenomena found in
SWS are functionally relevant in this off-line processing, since they seem to modulate cortical
function during this sleep stage (Hebb, 1949; Buzsdki, 1996; Dang-Vu et al., 2008). For
instance, both spindles and Down state periods (produced by the hyperpolarization of
thalamocortical cells) actively promote the disconnection of the cortex from the external
inputs, helping in the maintenance of sleep (Elton et al., 1997; Cote et al., 2000; Massimini
et al., 2003; Steriade and Timofeev, 2003), and conversely, K-complexes could appear as a
pattern of cortical response to salient stimuli (Roth el al., 1956 ; Broughton, 1982), and

therefore seem to be involved in the enhancement of the transmission of external information

(Broughton, 1982; Muzet, 1990; Dang-Vu, 2012).

External sensory stimulation in SWS cannot not elicit a behavioral response but can originate
diverse responses in brain activity (Livingstone and Hubel, 1981; Worgotter et al., 1998;
Massimini et al., 2005). Specifically, it has been proven that auditory stimulation during
SWS produces responses from several cortical regions, but the robust activation of primary
auditory areas evidences the preservation of initial auditory processing (Pefia, 1999; Portas et
al., 2000; Cote, 2002; Issa and Wang, 2008; Strauss et al., 2015). However, further auditory
processing seems altered in comparison to wakefulness, reflected in a lack of activation or
response from secondary auditory regions and more broadly, from regions controlling the
higher processing of sensory information required to achieve conscious perception (Portas et
al., 2000; Nir et al., 2013). Strauss et al., (2015) attribute this effect to decreased long-range
connectivity found in SWS. However, authors such as Issa and Wang (2008) state that there
is a response in both primary and secondary auditory areas, thus excluding the lack of
connectivity as a reason for the absence of further auditory processing.

There are contradictory results regarding state-dependent auditory cortical responses. Some
results show no differences between cortical responses in any of the sleep-wake cycle stages
(Hall and Borbely, 1970; ; Portas et al., 2000; Nir et al., 2013), while others show differences
that can be cither a decreased response during the sleep stages (Czisch et al., 2002) or an
increase (Pefia et al., 1999; Edeline et al., 2001). Within the regime of slow waves, a
modulation between the phases of the wave (Up and Down states) has been described,
modulation that is contingent on the intensity of the stimulation (Reig et al., 2015),

suggesting a multifactorial interaction between brain states and amplitude of the responses.
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There are diverse descriptions from multiple points of view, and it can be extracted that both
the state and the pattern of brain activity have an active role in modulating the auditory
cortical response. Thus, the investigation of these evoked responses within the sleep-wake
cycle from a wider perspective that involves the interaction in the whole cortical network that
is not only restricted to auditory areas, will contribute to a better understanding of this

modulation.
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1.3. Brain states and transitions in anesthetized states

1.3.1. The anesthetic-induced state of unconsciousness

Anesthesia is a pharmacologically induced state where the loss of consciousness is the main
trait. Anesthetic substances act reversibly depressing the central nervous system, altering
neuronal activity and brain metabolism, and disrupting functional connectivity (Imas et al.,
2005; Peltier et al., 2005; Alkire et al., 2008; Barash, 2009; Schrouff et al., 2011; Boly et al.,
2012; Mashour, 2013; Lee et al., 2013; Fagerholm et al., 2016; Gao et al., 2017; Hentschke
et al., 2017). These substances have the capability of inducing unconsciousness along with
other effects like, analgesia and movement suppression (Antognini and Carstens, 2002; Yang
et al., 2009). They also cause a profound impairment in cognition, manifested in amnesia
and hypnosis, which abolish awareness and impairs responsiveness to environmental stimuli
(Campagna et al., 2003; Franks, 2008). Although the appearance of almost all these effects
are common among anesthetics, there is considerable variability subject to the type of
anesthetic or its dosage. It seems possible that unconsciousness can be reached through
diverse mechanisms, evidenced for example, in the variety of different molecular targets that
exist among anesthetics (Cariani, 2000; Rudolph and Antkowiak, 2004). Anesthesia and
sleep share a loss of consciousness as well as other features like the slow oscillatory pattern of
brain activity. This similarity seems supported by the reported existence of a significant
overlap in neurotransmitters and circuitry suggesting that anesthetic substances affect the
same systems involved on sleep (Nelson et al., 2002; Tung et al., 2004; Franks, 2008;
Zecharia et al., 2009). However, the range of action of anesthesia also extends to wake-active
areas from the ascending reticular activating system (ARAS) that sustain arousal and
consciousness (French et al., 1953; Ma et al., 2002; Ma and Leung, 2006; Franks, 2008;
Long et al., 2009; Leung et al., 2014) and they differ substantially in several parameters of
their slow oscillatory dynamics (Akeju and Brown, 2017; Nghiem et al., 2020). This has led
some authors to point out that beyond the similarities that they share, endogenous generated
states and anesthetic induced states of unconsciousness are distinct (Warltier et al., 2005,
Akeju and Brown, 2017). Nonetheless there exists a common agreement in the lack of
comprehension of the precise mechanism by which anesthesia achieves its effects (Brown et
al., 2010; Leung et al., 2014), and there is a complex interplay of variables that hinder a
unitary description of the anesthetic-induced mechanisms of unconsciousness. In this
context, the characterization about what occurs during the transition into the loss and
recovery of consciousness at multiple levels can provide very relevant insight. And further,

the interest of this characterization goes both ways: within the clinical practice, in order to
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improve the anesthesia monitoring system based on the patients’ brain states; and in
neuroscience, to progress in the exploration and understanding of consciousness (Brown et

al., 2011; Cimenser et al., 2011).

1.3.2. Neurophysiology of the anesthetic-induced state of unconsciousness

There has been a thorough search for the molecular basis of the anesthetic effect, among the
repertoire of available anesthetics. Those that are explored more recurrently according to the
literature are propofol (Ishizawa et al., 2016; Chennu, 2016; Pal et al., 2016; Lee et al., 2017;
Paasonen et al., 2018), sevoflurane (Kim et al., 2016; Pal et al., 2016), isoflurane (Hamilton
et al., 2017; Paasonen et al., 2018), ketamine (Lee et al., 2013; Blain-Moraes et al., 2014;
Pal etal., 2015; Bonhomme et al., 2016; Li and Mashour, 2019), medetomidine (Grandjean
et al., 2014; Paasonen et al., 2018) and mixtures of two or more anesthetic substances
(Chander et al., 2014; Grandjean et al., 2014, Magnuson et al., 2014; Akeju et al., 2014).

The main molecular targets of action found are via the influence of the y- aminobutyric acid
type A (GABA,), the N-methyl-D- aspartate (NMDA) receptors as well as two-pore K*
channels, predominantly expressed in cortical neurons (Franks and Lieb, 1994; Franks,
2008). Almost all these cited substances affect these three targets, but the differences lie in
the magnitude of action on each. Propofol and sevoflurane enhance GABAergic inhibitory
transmission (Rudolph and Antkowiak, 2004; Bai et al., 1999; Brown et al., 2011; Chander
et al., 2010) affecting the cortex, the thalamus, the brainstem nuclei from the ARAS and the
spinal cord (French et al., 1953; Alkire et al., 1995; Fiset et al., 1999; Ramachandran, 2015).
In these types of anesthetics, the emergence into consciousness seems to occur when the level
of anesthetic substance decreases, and with it, a decrease in the level of GABAergic
transmission. This allows the aminergic and cholinergic neurons from the ARAS to act and
switch the activity of the brain and the organism to an aroused state, leading to the recovery
of consciousness (Chander et al., 2014). Isoflurane among other volatile anesthetic agents,
activate two-pore K channels causing a general reduction in excitability (Franks and Lieb,
1988; Steinberg et al., 2015), but preeminently depresses the reticular formation that
constitutes the ARAS (Rudolph and Antkowiak, 2004). Ketamine, in the other hand, is an
atypical case, because it mainly antagonizes NMDA receptors, which mediate the slow
components of synaptic transmission (Cull-Candy et al., 2001) and as a result produces a
non-slow oscillatory brain activity pattern (Langsjo et al., 2005). Although ketamine in the
literature is regularly grouped in the category of anesthetics, the administration of ketamine
alone produces deep sedation, not surgical anesthesia (Garfield et al., 1972). According to its

molecular mechanism, it seems to be preferably involved with analgesic effects, suggesting
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that it would need to act on additional targets in order to cause an anesthetic induced state
of unconsciousness (Franks, 2008). For this reason, in order to achieve an anesthetic effect,
a combination of ketamine with medetomidine or xylazine is frequently used. These two
substances are a-2-adrenoceptors agonists, so they act directly in these receptors located in
the brainstem, where the ARAS is originated decreasing the release of norepinephrine and

causing a general suppression of the central nervous system (Brown et al., 2010, 2011).

In terms of anatomy, the thalamus is the most frequently area reported to be inactive after
the administration of most anesthetics (Veselis et al., 1997; Fiset et al., 1999; Alkire et al.,
1998; 2000; Bonhomme et al., 2001; Kaisti et al., 2003; Belelli et al., 2005; Jia et al., 2005;
Laitio et al., etal. 2007; Franks, 2008, Paasonen et al., 2018). Based on neuroimaging studies,
this correlated inactivation observed across numerous anesthetics upon reaching
unconsciousness, led Alkire et al. (2000) to formulate the thalamic switch hypothesis. In this
hypothesis it is assumed that the thalamus functions as a an On-Off switch, therefore, its
activation or deactivation either allows or prevents the emergence of consciousness. This is
coherent, considering that it is the main hub that controls the flow of external sensory
information to the cortex (Steriade et al., 1993), and that through this connection with
cortical areas allows the processing and integration of information, critical for the conscious
experience (Llinds et al., 1998; Van der Werf et al., 2002; Laureys and Tononi, 2009). As a
consequence, the disruption produced of this thalamo-cortical connection by anesthesia, is
considered by several authors a very reliable candidate to be the key feature causing the
anesthetic induced state of unconsciousness (Angel, 1991; Fiset et al., 1999; Alkire et al.,
2000; Hudetz et al., 2012; Guldenmund et al., 2013).

Given the large heterogeneity in the known neurochemical, neuroanatomical and
neurophysiological functioning from distinct anesthetics, it seems necessary to characterize
as many features as possible, during the moments of loss and recovery of consciousness in
order to disentangle solely the mechanisms directly involved in the anesthetic induced state
of unconsciousness. There are several descriptions from multiple levels in the search of a
pattern that defines the anesthetic induced state of unconsciousness (Gugino et al., 2001;
Breshears et al., 2010; Ching et al., 2010; Massimini et al., 2012; Purdon et al., 2013;
Chander et al., 2014; Bettinardi et al., 2015; Mukamel et al., 2015; Ishizawa et al., 2016;
Flores et al., 2017; Pavone et al., 2017; Lewis et al., 2018; Tort-Colet et al., 2019; Dasilva et
al., 2020). However, there is still much unknown information, and the exploration of the
activity from cortical networks involved in conscious perception within the spontaneous
emergence from an anesthetic induced state of unconsciousness seems to contain relevant

information.
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1.3.3. Brain activity dynamics in anesthesia: the spatiotemporal and spectral

profile.

Anesthesia induces a strongly marked slow oscillatory bistable activity pattern (<1 Hz or less)
composed of “Up” states, periods of highly synchronized neuronal firing, that are followed
by intervals of neuronal silence called “Down” states (Steriade et al., 1993; Sleigh et al., 1999;
Tung et al., 2004; Ruiz-Mejias et al., 2011). As exposed in the previous chapter, this slow
oscillatory pattern of activity is not exclusive to anesthetic states, being also present in the
SWS stage of sleep, in altered conditions such as coma (Young, 2000) or in some varieties of
epilepsies (Blumenfeld et al., 2004) and in brain slices (Sanchez-Vives and McCormick,
2000; Reig et al., 2006). The states and conditions in which this type of activity emerges
implies certain degree of unconsciousness or physical isolation of the neural tissue, herby has
been considered as a default activity pattern of the cortical network (Sanchez-Vives and
Mattia, 2014, Sanchez-Vives et al., 2017).

Besides their differences in neuromodulation, the slow oscillation from sleep and anesthetized
states could be considered as distinct types of regimes based also on dissimilarities in their
temporal properties (Nghiem et al., 2020). Moreover, the anesthesia induced slow oscillation
in general terms, tend to be less complex (Casali et al., 2013; Hudetz et al., 2015, 2016;
Sarasso et al., 2015) and more regular than in natural sleep (Niedermeyer et al., 1999, Bruhn
et al., 2000; Akeju and Brown, 2017). Nevertheless, it is worth mentioning that there are
exceptions as ketamine, which despite producing an anesthetic induced state of
unconsciousness, produces fast electroencephalographic activity that contrast with a slow

oscillatory activity (Yamamura et al., 1981; Sakai et al., 1999; Maksimow et al., 20006).

In the transition from this anesthetized state to wakefulness several changes occur at multiple
levels: from the global pattern of activity to dynamics in specific networks, brain regions or
single neurons (Gervasoni et al., 2004). Following this multidimensionality, data of the
neural activity during this anesthetic induced state has been collected from several sources
(electrophysiology, macro and micro-scale functional imaging) allowing the measurement of
different phenomena that provide information about brain dynamics across multiple scales.

Beyond the contribution to the exploration of the underlying mechanisms pursuit by
neuroscience, findings in the temporal and frequency dynamics form an anesthetic induced
state of unconsciousness are also applied in the clinical field to monitor changes in the patient
brain state under anesthesia (Gibbs et al., 1937; Kiersey et al., 1951; Tinker et al., 1977;
Kearse et al., 1994; Billard et al., 1997; Rampil et al., 1998; John et al., 2001; John and
Prichep, 2005).
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The induction and deep stage of an anesthetic induced state of unconsciousness

During an anesthetic induced state of unconsciousness, several phenomena have been
described that, due to their frequency of appearance, could be hallmarks of this state. One of
these features is the variation in power in different frequency bands. Under anesthesia there
is an increase of lower frequencies; slow (>1 Hz), delta (1-4 Hz) and the alpha (8-12 Hz)
bands, against a decrease in the gamma band (30-500 Hz) (Lewis et al., 2012; Ni
Mhuircheartaigh et al., 2013; Purdon et al., 2013; Warnaby et al., 2017). This emergence of
slow rhythms is due to the switch in the firing of thalamic neurons that flip from tonic to
burst mode (Steriade, 1996; Alkire et al., 1998; 2000) while the reduction of the gamma
band seems to be related to the cortical suppression of activity, the principal source of this
rhythm (Crone et al., 2001; Alkire et al., 2008). This power shift has been consistently
reported to be highly remarkable during induction with GABAergic anesthetics (John et al.,
2001; McCarthy et al., 2008; Breshears et al., 2010; Purdon et al., 2013; Lee et al., 2017;
Prerau et al., 2017). Furthermore, the enhancement of delta activity is considered a typical
feature of unconsciousness in both physiological and pharmacologically induced states, and
it has been suggested as the trait that could potentially discriminate the state of transition
into and out of unconsciousness (Vyazovskiy et al., 2009; Wang et al., 2014; Lee et al., 2017).
On the other hand, oscillations in the alpha band are markers of the loss of perceptual

awareness and responsiveness specifically in sleep (Dang-Vu et al., 2011; Supp et al., 2011,
Purdon et al., 2013).

In the transition into an anesthetic induced state of unconsciousness changes also occur in
the location of low-frequency bands predominance. When the anesthetic begins to exert its
effect, delta and alpha activity migrates from the parietal to the frontal region (Gugino et al.,
2001; Lee et al., 2013) leading to the emergence of a generalized phenomenon of
anteriorization or “frontal predominance” (Hudson et al., 1983; Long et al., 1989; Gugino
et al., 2001; John et al., 2001; Cimenser et al., 2011; Lee et al., 2013; Purdon et al., 2013;
Ni Mhuircheartaigh et al., 2013; Vijayan et al., 2013). This contrast with what occurs in the
transition to sleep, where the delta activity propagates inversely from frontal to parietal
regions as a travelling wave (Massimini et al., 2004), suggesting that this could be a
differential factor among a physiological or anesthetic induced state of unconsciousness.
However, opposite effects are observed between delta and alpha on the synchrony of their
oscillation as consciousness fades-out. Delta exhibits a general lack of coordinated activity, in
contrast to an emergence of an alpha frontal hyper-synchronized activity, which is also
originated by the thalamocortical synchrony (Feshchenko et al., 2004; Voss et al., 2006;
Kreuzer et al., 2010; Cimenser et al., 2011; Purdon et al., 2013; Li et al., 2013; Akeju et al.,
2014; Krzeminski et al., 2017). Hypersynchrony implies loss of specificity of each element
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involved, hence in terms of brain activity, this could result in an inability to correctly integrate
the information, critical process for consciousness (Tononi and Sporns, 2003; Fingelkurts et
al., 2012; Mashour, 2004). Through complexity, a measure for the amount of information
that is integrated within a neural system can be obtained (Tononi et al., 1998). From diverse
studies mainly with GABAergic agents, it has also been inferred that the transition to
unconsciousness is also marked by decrease in the complexity of the brain signals (Casali et
al., 2013; Scott et al., 2014; Alonso et al., 2014; Hudetz et al., 2015, 2016; Sarasso et al.,
2015; Schartner et al., 2015; Tajima et al., 2015; Solovey et al., 2015; Hudetz et al., 2016;
Krzeminski et al., 2017; Li and Mashour, 2019). In contrast, the administration of other
agents like ketamine, provokes the opposite pattern, with complex spatiotemporal dynamics
and distinct alterations in connectivity (Liao et al., 2012; Scheidegger et al., 2012; Niesters
et al., 2012; Sarasso et al., 2015; Bonhomme et al., 2016).

When consciousness is fading, anesthesia seems to rapidly disrupt the communication among
connected brain regions, pointing to this as another possible cause that critically impairs the
integration of conscious content (Alkire et al., 2008; Majeed et al., 2009; Pawela et al., 2009;
Ferrarelli et al., 2010; Wilson et al., 2011; Mashour, 2013; Guldenmund et al., 2013;
Magnuson et al., 2014; Muthukumaraswamy et al., 2015; Rivolta et al., 2015; Bonhomme
et al., 2016; Zhurakovskaya et al., 2016; Lee et al., 2017; Mashour and Hudetz, 2017;
Hashmi et al., 2017; Paasonen et al., 2018; Krzeminski et al., 2017; Pal et al., 2019).
Alterations of frontoparietal axis connectivity has been recurrently described in the transition
to unconsciousness (White and Alkire, 2003; Lee et al., 2009; 2011; 2013; Boveroux et al.,
2010; Ku et al., 2011; Schrouff et al., 2011; Boly et al., 2012; Hudetz, 2012; Jordan et al.,
2013; Amico et al., 2014; Blain-Moraes et al., 2014; Palanca et al., 2015; MacDonald et al.,
2015; Bonhomme et al., 2016; Schroeder et al., 2016; Ranft et al., 2016; Sanders et al.,
2018a; Lietal., 2019b) and in specific frequency bands, ranging from the slowest frequencies
such as delta and alpha (Purdon et al., 2013; Chander et al., 2014; Blain-Moraes et al., 2014;
Kim et al., 2016; Chennu, 2016; Lee et al., 2017), to higher ones like beta (Lee et al., 2017)
and gamma (John, 2001; Imas et al., 2005; Pal et al., 2016, Li et al., 2017). The substantial
amount of data from several perspectives linking frontoparietal connectivity with the loss of
consciousness, has led to its proposal as a neural correlate of consciousness (Rees et al., 2002;

Sarter et al., 2001; Naghavi and Nyberg, 2005; Di Perri et al., 2014).

The thalamocortical connection also experiences alterations during the transition to an
anesthetized state, but the results are not homogeneous. In accordance with the thalamic
switch hypothesis, several authors found a clear impairment in the thalamocortical
connection (Alkire et al., 2000; Kochs et al., 2001; Hudetz et al., 2012; Guldenmund et al.,
2013; reviewed: Hudetz and Mashour, 2016; Shin et al., 2016; Hamilton et al., 2017).
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Contrarily, in other studies with GABAergic agents, a preservation of the thalamocortical
connection has been found (Tuetal., 2011; Boly etal., 2012; Liu et al., 2013a; Guldenmund
et al., 2013; Paasonen et al., 2018). This preservation is recurrent in the case of ketamine,
where although the connection is altered, the transfer of information remains active
(Schwender et al., 1993; Moghaddam et al., 1997; Lingsj6 et al., 2003; Lewis et al., 2012;
Bonhomme et al., 2016; Schroeder et al., 20106) or even increased (Ferrer-Allado et al., 1973;
Hoflich et al., 2015). Therefore, sensory information can reach the cortex, but is profoundly
distorted provoking alterations like feelings of dissociation, hallucinations and delirium
(Garfield et al., 1972; Sleigh et al., 2014). Other anesthetics exhibit likewise other types of
connectivity patterns. For instance, isoflurane provokes a pattern of widespread and low
specific connectivity, while medetomidine preserves the connectivity among all cortical and

subcortical specific functional networks (Kalthoff et al., 2013).

However, it is not only the type of agent that influences how connectivity is modulated or
disrupted, functional connectivity is also very dose- dependent (Peltier et al., 2005; Kiviniemi
etal., 2005; Lu et al., 2007; Pawela et al., 2009; Williams et al., 2010; Nasrallah et al., 2012;
Liu et al., 2013a; Jonckers et al., 2014; Grandjean et al., 2014; Bettinardi et al., 2015;
Barttfeld et al., 2015; Hudetz et al., 2015; Hamilton et al., 2017; Paasonen et al., 2018).
Studies with ketamine and isoflurane illustrate this dose-dependency, showing an
enhancement of the network synchrony at moderate doses, and completely disrupting this
activity at higher concentrations (Mackawa et al., 1986; Lenz et al., 1998; Imas et al., 2005;
Becker et al., 2012; Niesters et al., 2012; Driesen et al., 2013; Lissek et al., 2016).

The disruption of long-range connections during the anesthetic induced state of
unconsciousness does not imply that all connections are interrupted. Lewis et al. (2012)
showed that when the anesthetic exerts its effect, local networks do not alter, they remain
intact but become functionally isolated in time and space. More specifically, Lee et al. (2017)
reported an increase in the local connectivity of delta and beta bands in the parietal region
within the transition to the anesthetic induced state of unconsciousness. One possibility is
that anesthesia could be enhancing local connectivity, insufficient to achieve the functional
integration of the information, critical for consciousness (Alkire et al., 2008; Tononi and
Massimini, 2008; Tononi et al., 2016).

However, regardless of the network studied, the synchronization decrease in the gamma range
is a prominent feature in the transition to the anesthetic induced state of unconsciousness
and is also the first frequency to restore its synchrony during the recovery of consciousness
(John, 2002; Mashour, 2006; Pal et al., 2016). Gamma is predominant in the awake state,

when the subject is aware and alert (Maloney et al., 1997; Gross and Gotman, 1999;

16



Transitions in anesthetized states

McCormick et al., 2015), and is modified under diverse cognitive alterations (Ruiz-Mejias
etal., 2016, Castano-Prat et al., 2019; Dasilva et al., 2020). It is the frequency band at which
the binding of information occurs, allowing a unified and conscious experience for the
subject (Rodriguez et al., 1999). Therefore, both the activity and synchrony in the gamma
range has been repeatedly proposed as a correlate of consciousness (Engel and Singer, 2001;
Merker, 2013, 2016). Although, gamma coherence with ketamine again follows a different
dynamic, increasing when is injected at both subanesthetic (Rivolta et al., 2015; Shaw et al.,
2015, Pal et al., 2015) and anesthetic doses (Lee et al., 2013; Li et al., 2019). Ketamine
produces remarkable modulations of gamma in the cortex (Pinault, 2008; Kocsis, 2012;
Schroeder et al., 2016) and subcortical regions (Leung, 1985; Hunt et al., 2000).

Another phenomenon described during the anesthetic induced state of unconsciousness is
the interaction established between distinct frequency bands. Increases have been described
in the coupling of the delta phase with the gamma power, as well as a stable anticorrelated
phase of the theta-alpha and theta-gamma rhythms (Canolty, 2006; Breshears et al., 2010).
Both theta and gamma bands have been permanently related to memory and further
cognitive processes, while the interaction among them could be more involved with the
cortico-hippocampal functional interplay (Buzsdki, 2002; Axmacher et al., 2010). Breshears
et al. (2010) hypothesized that the persistence of an interaction between these rhythms
throughout the anesthetic induced state of unconsciousness could explain the conservation

of the memories acquired prior to the induction with anesthesia.

The fade-out from an anesthetic induced state of unconsciousness

Contradictory results have been described during the fade-out from an anesthetized state
even using the same GABAergic anesthetics. Considering the data obtained from the
induction as a point of reference, some authors have observed a reversal of the same induction
dynamics in the progression towards consciousness (Breshears et al., 2010; Gugino et al.,
2001; Lee etal., 2011; Lee et al., 2013; Purdon et al., 2013; Ni Mhuircheartaigh et al., 2013),

while others found heterogeneity in the trajectories of this emergence (Chander et al., 2014).

This inverse dynamic is reflected in a decrease in power from delta and alpha activity over
the frontal plane, followed by an increase in gamma frequencies as first signs of the emergence
of consciousness (Gugino et al., 2001; Breshears et al., 2010; Purdon et al., 2013; Ni
Mhuircheartaigh et al., 2013; Chander et al., 2014). Some authors also reported a decreased
variability in the power of alpha, beta and gamma bands (Breshears et al., 2010) or even in
all the frequency bands between cortical areas (Chander et al., 2014), a generalized

stabilization of the oscillations, that could indicate the re-establishment of the long-range
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connections. Within the emergence from the anesthetic induced state of unconsciousness, an
increase in corticocortical connectivity specifically in both theta and high gamma bandwidths
also occurs (Li et al., 2017). Also, in contrast to induction, a decrease in the coupling of the
delta phase with the gamma power is produced, while the anticorrelated synchronization in
the phase of theta-alpha and theta-gamma does not vary from induction and remains stable
(Breshears et al., 2010).

The fade-out with other anesthetics shows some similarities with that described for the
GABAergic agents, but there is not such an extent of literature. In isoflurane, for instance,
the evolution from an anesthetized state does not seem gradual, finding discreet fluctuations
in all frequencies produced in multiple steps (Hudson et al., 2014) With the mixture of
ketamine and medetomidine, as with GABAergic agents, the emergence is marked by a
generalized increase in the power of the gamma band. Conversely, an increase of alpha among
functionally related cortical areas also occurs, contrary to the alteration in connectivity in this
band correlated with the fading of consciousness found with GABAergic anesthetics
(Bettinardi et al., 2015).

As exposed above, there seems to be a wide disparity in the spatiotemporal and spectral
patterns found within the loss and recovery of consciousness dependent on the dose (Barttfeld
et al., 2015; Hudetz et al., 2015; Lissek et al., 2016; Hamilton et al., 2017; Paasonen et al.,
2018) or the nature of the anesthetic substances (Aouad and Nasr, 2005; Chen et al., 2010;
Lepousé et al., 2006; Sikich and Lerman, 2004; Brown and Purdon, 2013). Considering this
evidence, it seems necessary to obtain data from the induction and emergence from distinct
anesthetics, with different techniques in order to elucidate if there is a consistency in the way
that the brain regain its functionality that could lead to the underlying mechanisms and

multiscale dynamics.
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1.4. Thalamic stimulation during an anesthetized state

1.4.1. The thalamus

The thalamus is a brain region composed of two structures located in the center of both
hemispheres. It originates in the diencephalon and is constituted by a mosaic of recognizable
groups of cells called nuclei (Jones, 1985). This nuclear division is based on several parameters
as: their cytoarchitecture (Morel et al., 1997), their function (Yuan et al., 2015) and their
connections (Johansen-Berg et al., 2005a). All these nuclei are reciprocally interconnected by
association fibers and linked to subcortical and specific cortical regions by projection fibers,
the thalamocortical projections (Kumar et al., 2017; Jones, 1981; Van Buren and Borke,
1972) that do not establish local excitatory connections (Jones, 1981). Most of the thalamic
nuclei contain exclusively glutamatergic excitatory neurons (Shi et al., 2017), but in those
thalamic nuclei composed by inhibitory neurons, the inhibitory GABA neurotransmitter is

predominant (Arcelli et al., 1997).

From a functional point of view, three basic types of thalamic nuclei can be differentiated:
the relay, the association and the nonspecific thalamic nuclei.

The most widely studied function of the thalamus is as a sensory relay to the cortex. The
group of the relay thalamic nuclei receive information from all the sensory systems, (except
for olfactive information), and sends them to their corresponding primary cortical area. The
medial and lateral geniculate nucleus receive respectively peripheral auditory and visual
inputs tono and topographically organized, and they project that information to a specific
part of the cortex preserving the original topography (Jones, 1991). These primary sensory
nuclei have been fundamental for mapping and understanding a great part of the thalamic
functioning.

Nevertheless, most of the thalamic nuclei do not receive substantial direct sensory inputs,
therefore the sensory relay is not their unique function (Rové et al., 2012). The thalamus
also has a substantial number of association nuclei. The two largest thalamic regions of the
mammalian brain belong to this functional group of nuclei; the pulvinar and mediodorsal
nucleus, which receive their largest input directly from the cerebral cortex. Through this
corticothalamic connectivity they play a relevant role in higher-order cognitive functions
such as attention and consciousness (Jones, 2007; Sherman and Guillery, 20006), specially the
mediodorsal nucleus due to its dense connections with frontal regions like prefrontal, anterior

cingulate and premotor cortex (Goldman-Rakic and Porrino, 1985).
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The nonspecific nuclei of the thalamus comprise two structures: the midline and intralaminar
nuclei. Both macrostructures are located internally, in the medial dorsal part of the thalamus,
embedded in the internal medullary lamina. In the midline formation, five different nuclei
are distinguished: paratenial, paraventricular, intermediorsal, rhomboid and reuniens. In the
intralaminar nuclei there is a first rostro-caudal division, and each orientation comprehend
the distinct nuclei where the principals are: the central lateral, paracentral, central medial and

parafascicular nucleus (PF).

The classification as “non-specific” nuclei were based on their spatially diffuse projections to
large cortical territories (Lorente de No, 1938; Jones, 1998; Kuramoto et al., 2017) which
resulted in a more global influence of the cortical activity, leading to that view of functional
non-specificity. Evidence for this lack of specificity was also supported by the broad cortical
recruiting effect observed after the electrical stimulation of several of these nuclei (Moruzzi
and Magoun, 1949). Current anatomical reconstructions studies suggest that these nuclei
could be clustered more precisely in terms of their patterns of connectivity (Van Der Werf et

al., 2002) going against the old vision of their non-specificity.

1.4.2. The intralaminar nuclei of the thalamus and consciousness

The precise neuroanatomical support of consciousness has not yet been clearly identified
(Alkire et al., 2008, Tononi and Laureys., 2008) but many data support the thalamus as a
possible critical structure, and more specifically its nonspecific thalamocortical circuit,
involving primarily the intralaminar nuclei (Bogen, 1995, Llinds and Ribary, 1998; 2001;
Van der Werf et al., 2002).

These nuclei exhibit diffuse connections to the whole brain, particularly to prefrontal cortex
and basal ganglia (Quiroz-Padilla et al., 2010; Edlow et al., 2012). They intervene in the
regulation of wakefulness through the extensive monosynaptic inputs that they receive from
different brainstem nuclei from the mesencephalic reticular formation (Llinds et al., 2002).
The reticular formation is a diffuse network of neurons constituting the ascending reticular
activating system (ARAS). The ARAS is a system constituted by a network of nerve fibers
ascending from the brainstem and projecting to the cortex through both thalamic and
extrathalamic pathways. The thalamic pathway is composed mainly by cholinergic and
glutamatergic neurons and is directly involved in the regulation of arousal and the active and
desynchronized cortical activity pattern. The extrathalamic pathway contains the

hypothalamus and basal forebrain acting as relays and using amines as neurotransmitters.
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Through this pathway the regulation of the circadian sleep-wake cycle is produced with the

involvement of the hypothalamus (Edlow et al., 2012).

Cortical activation predisposes the organism to receive and process external and internal
information, boosting alertness and attention, and is a fundamental requirement for
consciousness. It has been found that very small lesions in the intralaminar thalamus cause a
loss of consciousness (Bogen, 1995; Schiff and Plum, 2000) and its inhibition during
epileptic seizures causes the emergence of slow oscillatory cortical activity as in a state of deep
sleep or coma (Blumenfeld, 2012). Studies on patients with disorders of consciousness have
reported reductions in functional connectivity restricted to the cortico-thalamo-cortical
networks from the intralaminar nuclei (Laureys et al., 1999; 2000a; 2000b; Cauda et al.,
2009; Boly et al., 2009; Zhou et al., 2011). The opposite dynamic has been found during
the recovery of consciousness, an increase in neural connectivity between the intralaminar
thalamus and the anterior frontal cortex (Jang et al., 2016). Also, studies and clinical trials
involving different types of stimulation within the systems comprising the ARAS repeatedly
reported EEG activation and wakefulness (Moruzzi and Magoun, 1949; Brown et al., 2012).
In particular, the pharmacological or electrical stimulation of different intralaminar nuclei
has proved to be capable of restoring consciousness in anesthetized animals (Alkire et al.,
2007; Redinbaugh ez 4l., 2020), after epileptic seizures (Kundishora et al., 2017) or even in
patients with disorders of consciousness stimulating electrically the centromedian (Cohadon
etal., 1985) or parafascicular nucleus (Tsubokawa et al., 1990; Schiff et al., 2007; Yamamoto
el al.,, 2010).

A variety of physiological effects have been described after the electrical stimulation of nuclei
involved in the ARAS, especially from the nonspecific thalamocortical circuit. Widespread
responses in the cortex have been reported after an electrical stimulation (Morison and
Dempsey, 1942; Jasper, 1949; Hanbury et al., 1954). In some cases, the stimulation has
elicited an enhancement of cortico-cortical synchrony (Redinbaugh et al., 2020), specifically
in the gamma range (Munk et al., 1996; Herculano-Houzel et al., 1999) which is considered
as a relevant rhythm for conscious perception (Gray and Singer 1989; Srinivasan et al., 1999;
Meador et al., 2002; Doesburg et al., 2005; Nakatani et al., 2005; Palva et al., 2005; Hwang
et al., 2019). On the other hand, cortical desynchronization is the most reported change in
the activity pattern after a thalamic electrical stimulation, observed when the stimulation is
delivered during the postictal slow wave state (Kundishora et al., 2017), a state of quiet
wakefulness (Poulet et al., 2012) or anesthesia (Moruzzi and Magoun, 1949). In summary,
intralaminar nuclei lesions result in loss of consciousness and slow oscillatory cortical activity
while several types of stimulation cause enhancement of behavioral arousal and a

desynchronized cortical activity pattern.
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Neuroanatomical and empirical results support the possible central role of the intralaminar
nuclei in consciousness, mainly due to its role as an information integrator between several
systems specialized in sensory information (sensory and motor specific thalamic nuclei), high

order information (prefrontal cortex) and arousal (ARAS) (Mumford, 1991).

1.4.3. Electrical stimulation of the intralaminar parafascicular nucleus of

the thalamus to restore consciousness

The centromedian-parafascicular complex in humans and primates, and the PF in rodents
(Jones, 1985; Macchi and Bentivoglio, 1986; Groenewegen and Berendse, 1994) is
considered the main intralaminar nucleus located in its caudal part. As a part of the
intralaminar thalamus, the PF is related to several functional systems. However, numerous
studies lesioning and stimulating specifically this nucleus, have highlighted its involvement
in higher order functions, like learning, memory, attention, cognition and consciousness
(Delacour 1969; Kinomura et al., 1996; Vale-Martinez et al., 1999; Guillazo-Blanch et al.,
1999; Minamimoto and Kimura, 2002; Raeva, 2006; Quiroz-Padilla, M. F., et al, 2006,
2007; Minamimoto et al. 2009; Bradfield et al., 2013). The modulation of the activity of the
PF nucleus has demonstrated to have prominent effects on cognition, specifically its lesion
has revealed a critical role in the acquisition phase of learning and its stimulation a facilitation
of the memory in a behavioral task (Guillazo-Blanch et al., 1999; Quiroz-Padilla et al.,
2000). These cognitive effects are supported anatomically by its large and specific connection
with the prefrontal cortex and the dorsal striatum (Marini and Pianca, 1996; Quiroz-Padilla
et al., 2010; Bradfield et al., 2013), and points to a convergence in the mechanisms of

consciousness, memory, learning and cognition.

The physiological effects found from the experimental stimulation of the PF nucleus, are the
same observed with the stimulation in other intralaminar nuclei (1.4.2): cortical
desynchronization in the case of high-frequency stimulation and an increment in cortical
responses as well as an increase in neuronal recruitment with low-frequency stimulation

(Jasper et al., 1955; Weinberger et al., 1965; Sasaki et al., 1970).

Based in these experimental results, the electrical stimulation of the PF is being applied in
clinical trials on patients with disorders of consciousness in order to restore cognitive
functions and consciousness (Schiff et al., 2007; Gummadavelli et al., 2015). In the context
of altered consciousness, the stimulation provokes a broad activation of the forebrain,

brainstem and spinal cord systems causing fluctuations in arousal reflected in the
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manifestation of conscious behaviors (Pfaff, 2005; Schiff et al., 2007). The
electroencephalogram of this patients after the stimulation frequently exhibits activity shifts
to a higher-frequency content and a more asynchronous pattern. Nevertheless, the outcomes
of the PF stimulation are heterogeneous. Chudy et al. (2012) found in all the patients a
pronounced arousal behavioral effect restricted to the duration of the electrical stimulation
in the PF nucleus without further effects. On the other hand, Cohadon and Richer (1993)
observed the recovery of some degree of consciousness only in half of the stimulated patients.
The most paradigmatic cases have been observed by Yamamoto et al. (2005) and Schiff et al.
(2007), both obtaining the complete recovery of consciousness of their patients (capable to

interact and communicate).

Mann et al. (2017) postulated that the improvements in behavioral outcomes observed with
chronic electrical deep brain stimulation are probably a combination of physiological changes
that also improve network dynamics between brain regions. However, the specific
mechanism underlying brain circuit modulation by chronic electrical deep brain stimulation

of certain nuclei is still unknown (Yamamoto et al., 2010)
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Chapter 2

Objectives

2.1. Brain states and transitions in the physiological sleep-
wake cycle

Regarding the objectives from this part of the Thesis work focused in the sleep-wake cycle,

these were:

1. To explore the specific spectral profile and cortical network dynamics that

characterizes the distinct stages of the sleep-wake cycle.

2. To use the distinctive features found from each stage of the sleep in the experiments

to develop an algorithm for automatic detection of the sleep-wake stages.

3. To test the experimental design of a protocol for the delivery of distinct auditory
stimuli with multi-cortical site recordings in the chronic animal during its

physiological sleep-wake cycle.

2.2. Brain states and transitions in anesthetized states

Considering the lack of a unitary description of the brain dynamics during distinct levels of
anesthesia and within the loss and recovery of the consciousness, the objectives of this part

of the Thesis work were organized as follow:
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1. To explore the specific spectral profile and cortical network dynamics that

characterize the different stages of an anesthetic state of unconsciousness.

2. To find a method to accurately classify the distinct emergent patterns of activity

during an anesthetized state of unconsciousness.

3. To investigate the multiscale cortical activity dynamics of neural populations from

single-neuron scale during the states of wakefulness and anesthesia.

2.3. Thalamic stimulation during an anesthetized state

The involvement of the intralaminar PF nucleus in consciousness, and its potential to restore
it using electrical stimulation in a state of unconsciousness, has been reported in clinical trials,
together with a wide variety of effects. Nevertheless, there are still few experimental studies
exploring the physiological mechanisms mediating these outcomes. Considering these

findings, the objectives from this part of the Thesis work was:

1. To explore the evoked changes in the cortical dynamics produced by the electrical
stimulation of the thalamic parafascicular nucleus on an anesthetized brain state to

better understand the involved underlying mechanisms.
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Chapter 3

Methods

3.1. Brain states and transitions in the physiological sleep-

wake cycle

3.1.1. Experimental procedure: Recording the cortical activity during the

sleep-wake cycle in the freely moving rat

Subjects

In this experimental protocol, 6 male Lister-Hooded rats (250-450 grs., 6-10 months old)
were used. Until the day of the surgery the animals were placed in polysulfone cages (48,2
cm x 26,7 cm x 21 cm with a floor area of 940 cm?), preferentially in pairs from the same
breed, with access to food and water ad libitum. All the procedures with animals were carried
out in accordance with Spanish regulatory laws (BOE-A-2013-1337), which comply with
the European Union guidelines on protection of vertebrates used for experimentation
(2010/63/EU). All experiments were supervised and approved by the Animal

Experimentation Ethics Committee of the Universitat de Barcelona (287/17 P3).

Surgery for the chronic placement of the electrodes

To obtain LFP recordings in the freely moving rat from their sleep-wake cycles, we performed

surgeries to chronically implant the electrodes.
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For the chronic implants we made a fixed microdrive consisting in a case blank connector
with crimping contacts (Molex, USA) (Fig. 3) to attach the inserted electrodes. The recording
electrodes were handmade twisting stainless steel insulated wires of 100 im (California Fine
Wire Co, California, USA) obtaining two separate tips for each electrode. For the recording

of the EMG from the neck muscle, a single electrode was made with a 125 pm Tungsten
insulated wire (Advent Research Materials Ltd, Oxford, England).

To perform the implantation surgery, first, the rat was placed in an induction chamber at
100% oxygen for 10 min for habituation and the prevention of apnea. The initial exposure
to the isoflurane was performed at the highest concentration (5%) for 5 min (0.6 L/min, 1
bar). Afterwards the concentration was lowered to 3% for 1 min. Immediately after, the rat
was mounted in the stereotaxic apparatus (Kopf Instruments, Tujunga, CA, USA) with an
adapted anesthesia delivering mask (Kopf Instruments, Tujunga, CA, USA) to maintain the
administration of isoflurane (2%) mixed with oxygen during the surgery. The depth of
surgical anesthesia was checked regularly by the absence of reflexes. Before the performance
of the incision, atropine was injected subcutaneously (0.05 mg/kg) to prevent respiratory
secretions, 0.6 ml. of saline solution (0.9%) for hydration and 10 mg/kg intraperitoneal of
methylprednisolone (Urbason) to prevent inflammation. The rectal temperature was
monitored and maintained at 37 °C during the procedure through a probe and an electric
blanket (RWD Life Science Co., Ltd).

After exposing the skull, 5 to 6 holes were made for anchoring screws. One of the posterior
screws acted as ground by means of a soldered wire. The craniotomies for the electrode
insertion were made in all subjects in 4 functionally relevant and distributed cortical
coordinates from the left hemisphere: Prelimbic cortex (PrL) located at 3.7 mm
anteroposterior from bregma (AP), 0.8 mm mediolateral (ML), -2.7 mm dorsoventral (DV),
primary motor cortex (M1) (0.4 mm AP, 1 mm ML, and -1.2 mm DV), primary
somatosensory cortex (S1) (-3.14 mm AP, 5 mm ML, -1.2 mm DV) and the primary visual
cortex (V1) (-7.3 mm AP, 2.2 mm ML, -0.6 mm DV). The stereotaxic coordinates were
obtained from the Paxinos and Watson (2007) rat atlas. The PrL and V1 was recorded from
the 6 animals, M1 in 5 and S1 in 3 of them.
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Figure 2. Map of the recorded areas from different planes.

(A) Dorsal view of the rat skull with the anteroposterior and medial localization of the electrodes marked with
circles in the different (color coded). (B) Sagittal plane of the rat brain showing the depth of the electrodes in
each of its location (color coded). Figure adapted from Paxinos and Watson, 2007.

After the placement of the electrodes, these were fixed to the skull with a first application of
glue (Loctite 406, Henkel, Germany) and then a second layer of glass ionomer luting cement
(Medicaline, Geestland, Germany). Afterward, the electrodes were welded to the contacts of
the case blank connector and in the last step of the surgery the case was attached to the skull
with glass ionomer luting cement. Buprenorphine (0.06 mg/kg) and Enrofloxacin (25
mg/kg) were administered for a minimum of 5 days after surgery for analgesia and the
prevention and treatment of possible infections. After the post-surgical treatment period, 5
days of handling and habituation to the recording chamber were performed in order to

minimize stress and abrupt movements of the animal during the experimental sessions.
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Figure 3. Materials for chronic implants and its placement process

(A) 1. Case blank connector with tinned contacts. 2. Twisted bipolar electrodes. 3. Case connector to the
headstage adapter (custom-made in IMB-CNM (CSIC)). 4. EMG wire mounted in a 26G hypodermic needle
to insert in the neck muscle. (B) Picture of the step of welding the electrodes to the case blank connector in the
implant surgery. 1. Case blank connector. 2. Tips of the implanted recording electrodes welded to the connector
contacts. 3. Tips of the implanted stimulation electrodes (top arrow) and anchoring screws (left arrow). 4. Case
connector for stimulation.

Recording protocol

After the post-surgical recovery period, the rats were recorded daily for several hours during
their natural sleep-wake cycle of sleep for a minimum of 3 days.

To record the LFP from the implanted electrodes in the freely moving rat, the subject was
first connected to the headstage micro preamplifier (Multi Channel Systems, Germany) by
means of a custom-made adapter (IMB-CNM (CSIC)) to the implanted case (Fig. 3A-1).
Then, the animal was placed in a plastic recording cage (57x39x42 cm), while was videotaped
and recorded. Recordings were acquired, digitized at 10 KHz using a data acquisition
interface and Spike 2 software (Cambridge Electronic Design, UK).

The data analysis was performed with the software MATLAB (The MathWorks Inc., Natick,
MA) and Spike 2.

3.1.2. Pilot study. Experimental procedure: Recording the cortical activity
and delivery of auditory stimulation during the sleep-wake cycle in the freely

moving rat

Derived from the experimental work performed in the characterization of cortical dynamics
in physiological states within this Thesis, further objectives were proposed. We also aimed to
explore cortical responses to auditory stimulation in the distinct stages of the sleep-wake

cycle. For this purpose, we designed an experimental protocol for the delivery of auditory
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stimulation while recording cortical activity during the sleep-wake cycle and we tested this
protocol in one subject. For this subject we performed the surgery for the implantation of
the electrodes, using the same coordinates as before to reach PrL, M1 and V1 regions (3.1.1).
In addition we also placed electrodes in the primary auditory cortex (Al) (-4.3 mm AP, 6.6
mm ML, -1.9 mm DV), the secondary auditory cortex (A2) (-3.14 mm AP, 6.1 mm AP, -3
DV) and the parietal association cortex (PtA) (-4 mm AP, 3 mm ML, -0.9 mm DV). We
attached a pair of aluminum earphones holders to the implant as in Abolafia et al. (2011;
2013) for the sound delivery.

Recording protocol

After the recovering period, we performed baseline recordings of the natural sleep-wake cycle
in the freely moving animal for a minimum of three days. We used these baseline recordings
to calculate specific parameters from the signal of this subject, required for the training and
configuration of an online algorithm of stage detection (4.1.2). Then, we proceeded to the
recording and the sound delivery during each stage of the sleep-wake cycle.

The recoding was performed in the plastic recording cage placed inside a double wooden box
(80x80 ¢cm and 60x60 cm). The two wooden boxes were separated by 6 cm thick foam for
acoustic isolation, and the level of isolation was tested with a sound level meter (Labmatrix
Manufacturing LLP, India), finding a maximum level of environmental noise of 35 dB.

We delivered tones of three different frequencies: 4 kHz and 8 kHz as pure tones and white
noise with 110 ms of total duration considering a 5 ms rise/fall cosine ramps. Each type of
stimuli could appear at 45 dB or 60 dB of intensity. The sounds were presented randomly
for the frequency, intensity and time conditions, with an interstimuli interval ranging from
1 to 5 s. The randomization for the presentation time was subject to an exponential
distribution in order to minimize the animal expectancy, with 2 s mean truncated to values
smaller than 1 s and larger than 5 s.

The auditory stimulation was delivered using a pair of earphones (ER-6i Isolator, Etymotic
Research, USA) mounted in the implanted earphone holders, ensuring the direct arrival of
the sound to the animal.

During the recording, the algorithm detected in which state the animal was and delivered the

distinct conditions of the stimuli balanced between the three stages.

The algorithm for online detection was implemented in the software MATLAB (The
MathWorks Inc., Natick, MA) and the creation and delivery of sounds were performed with
the software Spike 2 (Cambridge Electronic Design), the data acquisition interface
(Cambridge Electronic Design) to convert the digital signal to analog and an attenuator to

further control the properties of the sound (Cambridge Electronic Design).
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3.1.3. Data analysis

Manual classification of the sleep-wake stages

We performed a manual classification of the three main stages of the sleep-wake cycle: awake,
SWS and REM. The classification was made offline, by visual inspection of the
electrophysiological features from the recordings. The criteria for the classification was based
on the validated scale for sleep scoring (Iber et al., 2007). Following this scale, we examined
the amplitude, frequency, the presence of slow components and transient phenomena in the
raw signal in addition to the amplitude of the EMG signal and the postural and behavioural

changes observed in the video recording.

Figure 4. Example of the traits exhibited in the three main detected stages from the experimental
recordings

Raw LFP signal and EMG signal (top) and captions from the video tracking (bottom) showing respectively a
representative activity, muscular tonicity, behaviors and posture from each stage.

For the manual classification of the different stages, in addition to the features from the
cortical signals, the context of both brain activity and behaviour must be considered.

The LFP traits exhibited in the awake state were characterized by a low amplitude
and asynchronous signal. The animal could be still causing variations of voltage in the EMG
due to the presence of muscular tone, or could be in motion, in which case the activity was
evidenced in the EMG and the video. This awake pattern of activity could potentially appear
at any time during the cycle, even suddenly interrupting the REM (Fig. 5A) or SWS sleep
(Fig. 5B). Also, if the animal performed an accommodation movement during the SWS with
no recovery of active behaviors, the awake activity emerged simultaneously with a short-lasted

muscular movement for reenter to SWS a few seconds later, what is considered a microarousal

(Fig. 5C).
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Figure 5. Emergence of the awake activity pattern from different sleep stages
Raw LFP signal (top) and EMG signal (bottom) (A) From REM sleep (B) From SWS (C) Microarousal due
to a short postural movement.

In the course of the SWS an oscillatory pattern could be observed. The signal had a highest
amplitude, compared to the signal in the awake and REM sleep stages, and the Up and Down
states were discernible. The EMG could exhibit slight variations of voltage, because the
animal still preserved a certain muscular tone, but to a lesser degree than when the animal
was considered awake. This slow oscillatory pattern generally appeared with a transition from
the awake or the REM sleep. The SWS traits emerged mixed with the awake or REM activity

morphing to the Up and Down states.
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Figure 6. REM phases

Raw LFP signal (top) and EMG signal (bottom). (A) Abrupt transition from SWS (B) Intermediate state in
the transition to the establishment of REM sleep. Spindles marked in in darker blue (C) Stabilization of the
signal in a more synchronous pattern.

When the animal was in REM sleep, the signal exhibited a low amplitude and more
synchronous pattern than in the awake state. REM sleep can only appear after a period of
SWS, and the transition from SWS to REM could be sudden (Fig. 6A), but after a few
seconds of initial REM activity, the so-called “intermediate state” appeared (Fig. 6B)
(Gottesmann, 1973; Sdnchez-Lépez et al., 2018), where large-amplitude sleep spindles
emerged in frontal cortices. After the transition, the signal stabilized in a regular REM pattern
that remained until the end of the stage (Fig. 6C). Compared with the SWS, REM is
relatively short in rats, not usually lasting more than 5 min continuously, could appear several

times in the same uninterrupted period of sleep.

Power spectral density

We first extracted the power of the spectral content exhibited by each recorded cortical area
in every stage. In order to reduce the overall computational cost, each signal, with an original

sampling frequency of 10 kHz, was downsampled to a final sampling frequency of 500 Hz.
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The power spectra were computed by means of a wavelet analysis using the Matlab’s Waveler

analysis toolbox in periods of 60 s with a 1 s shift.

Synchronization: Phase Locking Value

To have an insight of the cortical network dynamics within the different stages of the sleep-
wake cycle, we examined the interaction among the distinct cortical regions. For this, we
computed the Phase Locking Value (PLV) for all the frequency bands, within the signals of
all combinations of area pairs using again the Matlab’s Waveler analysis toolbox in periods of
60 s with a 1 s shift.

The PLV, is the absolute value of the mean phase difference between two signals expressed
as a complex unit-length vector (Lachaux et al., 1999; Mormann et al., 2000). Applied to

our case, each area is considered like an independent oscillator.
17 L -i(piD—pj®
PLV;; = ;|Zt=1e (@i~ j*)

In the above equation 7 and j represent the different areas to compare. PLV can take a value
between 0 to 1, 0 being the case where no phase synchrony exists between both signals and
1 reflecting that both signals are fully phase-synchronized. This value is considered as a
measure of trial-to-trial variability in the relative phases of two signals, providing an insight

into the synchronization among the two specific compared areas (Aydore et al., 2012).

Sleep-wake stages offline classification

Considering our manual classification of the distinct stages as the ground truth, we applied
a classificator based on a multi-class logistic regression (MLR) in order to evaluate the
accuracy shown by distinct activity-related measurements from the dynamics of the cortical
network to differentiate between the three stages of the cycle. This classification method
provided the probability of the brain of being in one specific stage (awake, SWS or REM
sleep) given this set of neuronal activity-related measurements considered as the independent
variables. For this case we used 48 predictor variables, which were the PLV values across the
6 pairs of cortical areas (PrL-M1, S1-V1, M1-S1, M1-V1, PrL-S1 and PrL-V1) and 8
frequency bands (slow (0.1-1 Hz), delta (1-4 Hz), theta (4-7 Hz), alpha (8-12 Hz), beta (12-
30 Hz), low gamma (30-60 Hz), medium gamma (60-150 Hz) and high gamma (150-300
Hz)).

MLR uses a linear combination of the predictors f{k,7) to quantify the aforementioned

probabilities that, given observation 7 of the independent variables the brain is in state 4.

f(k, 1) = Box + Brix1i + Baxxzi + Bakxs,i
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This function fequates the log-odds of the probability P(k|i) of being in state k, that is

( P(kli)
1-P(k[i)

coefficients that define the three boundaries (awake-SWS, awake-REM and SWS-REM) that

separate the three stages by training the classifier with 80% of the manually classified states

)= flk,i). The B are known as the regression coefficients. We found a set of B

for each animal individually. The training set was balanced across stages by using the same
number of samples of the awake and SWS as that of REM data, because REM occurs more
sporadically. Then, the MLR was tested on the remaining 20% of the data. This process was
cross-validated using an iterative procedure by means of a gradient-descent optimization
algorithm that maximizes the likelihood. A z-score normalization of the B coefficients were

performed for each animal individually.

We first used this classifier to obtain the PLV values that characterize the three stages in each
pair of cortical areas. However, we also applied this classifier to find optimal ratios of power
spectral density (PSD) and EMG that allowed an instant classification of the stages, to further

develop an algorithm for the automatic online detection of the sleep-wake stages.
Statistics

When a comparison between multiple independent variables was required in the data analysis
in order to examine the existence of an interaction, a three-way-ANOVA was applied. For

the rest of comparisons, a Wilcoxon sign-rank test was used depending on the distribution

of the data.

The data analysis to study the cortical dynamics in the different stages of the sleep-wake cycle were
performed by Dr. Belén de Sancristébal from our laboratory and the Universitat Pompeu Fabra,
Spain.
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3.2. Brain states and transitions in anesthetized states

3.2.1. Experimental procedure for electrophysiological recordings:
Recording the cortical activity during the loss and recovery of consciousness

with ketamine and medetomidine anesthesia

Subjects and surgery for the placement of the chronic implant

For these experiments 4 male Lister-Hooded rats (250-450 grs., 6-10 months old) were
implanted and recorded, but one of the animals was excluded from the analysis due to the
presence of epileptic activity. Therefore 3 animals with a total of 5 recording sessions of the
induction and fade-out with the anesthetic mixture were included in the analysis. The same
housing protocol previously described in (3.1.1) was followed until the day for chronic
implant surgery. All experiments were carried out in accordance with Spanish regulatory laws
(BOE-A-2013-1337), which comply with the European Union guidelines and were
supervised and approved by the Animal Experimentation Ethics Committee of the
Universitat de Barcelona (287/17 P3).

Both the electrodes and the surgical procedure for its chronic implantation was the same as
in (3.1.1). As in previous experiments, not all the animals had the same implanted and
recorded areas. The 3 analyzed animals had electrodes placed in PrL cortex (3.7 mm AP, 0.8
mm ML, -2.7 mm DV) and in V1 (7.3 mm AP, 2.2 mm ML, -0.6 mm DV) while two of
the subjects had electrodes additionally in M1 (0.4 mm AP, 1 mm ML, and -1.2 mm DV)
and S1 (-3.14 mm AP, 5 mm ML, -1.2 mm DV).

Anesthesia and recording protocol

These set of experiments consisted in the intraperitoneal administration of the anesthetic
mixture of ketamine/medetomidine and the recording of the cortical activity from the
injection (induction), during the slow oscillatory period of deep anesthesia until the complete
fade-out of the anesthetic effect, where consciousness was recovered. The same materials,
software and set-up from the experiments in the sleep-wake cycle were used to obtain the
LFP recordings from the implanted animals (3.1.1). We first injected subcutaneously 0.6 ml.
of saline solution (0.9%) for hydration followed by atropine (0.05 mg/kg) to prevent
respiratory secretions throughout the anesthetized period. The rectal temperature was
monitored and maintained at 37°C during the recording by means of a probe and an electric
blanket. We administered three different doses of anesthesia: One considered as light (20

mg/kg of ketamine and 0.15 mg/kg of medetomidine), and other two doses considered as
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deep (40 mg/kg of ketamine and 0.3 mg/kg of medetomidine and 60 mg/kg of ketamine and
0.5 mg/kg of medetomidine), keeping the ratio of 0.75% of medetomidine per unit of
ketamine. We analyzed as deep two different doses because we considered that the dynamics
of the activity were equivalent. In one animal we injected the light concentration on three
different days and for the remaining two subjects, each one received just one type of dose
from the deep concentration. Immediately after the anesthesia administration, the rat was
placed in a plastic cage and connected to the headstage, recording the fast induction of
anesthesia, until the loss of consciousness is achieved. The fade out from the anesthesia was
considered complete, and the recovery of consciousness was assumed, based in the
observations of voluntary displacement movements, reflected in the video and EMG and

considered a reliable sign of wakefulness.

The data analysis was performed with the software MATLAB, Python (PSF) and Spike 2.

3.2.2. Experimental procedure for calcium imaging recordings: Recording
the cortical neuronal activity during the loss and recovery of consciousness

with isoflurane

This experimental part was performed in the context of an international short-term research
stay in the Bathellier Laboratory (UNIC-CNRS, Paris, France). The implant and imaging
recording were performed on C57Bl6] male and female mice between 8-16 weeks old. A
total of 16 mice were injected and implanted with the surgical procedure, of which 6 subjects
were suitable for imaging and 3 subjects met the criteria for the analysis. All procedures
followed the European Union guidelines and were approved by the French Ethical

Committee (authorization 00275.01).

Neural activity involves movements of calcium ions that can be recorded, allowing the
tracking of specific neural populations. GCaMP®6 is a genetically modified calcium indicator
that can be injected in the brain through a virus and is expressed in specific neurons providing
them with fluorescence (Chen et al., 2013). Changes in fluorescence from each neuron can

be recorded through two-photon laser scanning microscopy.

At least 3 weeks before the calcium imaging recordings, we performed a surgery to inject the
adeno-associated virus (AAV) expressing GCaMP6s (Vector Core, Philadelphia, PA) and
implant a glass window as in Ceballo et al. (2019). For the surgery the animal was first
anesthetized with a mixture of ketamine and medetomidine and placed in the stereotaxic

apparatus. The condition of deep anesthesia was checked regularly by the absence of reflexes
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before the incision. After exposing the skull, the masseter muscle was removed, and the
jawbone peak was filed to have a clear access to Al. A craniotomy of approximately 5 mm
was performed in Al for the injection of the virus. We administered 150 nL of a 30-time
dilution of the virus in 3 to 4 consecutive spots in the cortex. The craniotomy was covered
with a glass window, and a metal post was placed above to restrain the animal during the
image recording. The implant was sealed with cyanolite glue and dental adhesive (Superbond

C&B, Sun Medical co. Japan).

A few days before imaging, the animals were daily habituated to the head-post and rewarded

with jelly, so that they could be still in the moment of the head-fixed awake recording.

After checking with ultraviolet light that the GCaMP6s was expressed, we started the imaging
recording with a two-photon laser microscope (Femtonics, Budapest, Hungary) equipped
with an 8 kHz resonant scanner combined with a pulsed laser (MaiTai-DS, SpectraPhysics,
Santa Clara, CA) tuned at 900 nm. Images were acquired at 31.5 Hz in blocks of 5 min for

each recording.

After a first baseline recording in wakefulness, we delivered the isoflurane at a concentration
of 1.6% recording the transition into the anesthetized state. After some recordings at 1.6%
of isoflurane, the anesthetic was switched off at the beginning of the last recording, capturing
the fade-out and the recovery of consciousness. We were able to record simultaneously among

150-250 cells for each animal in 1x1 mm fields of view.

The calcium imaging recordings were performed with the supervision of Dr. Anton Filipchuck
(CNRS).

3.2.3. Electrophysiological data analysis

Classification of stages and activity patterns at different anesthesia levels

Manual classification of anesthesia functional stages and activity patterns of the

induction

It was observed that subsequent to the injection of the anesthetic mixture, the cortical activity
of the animal underwent across a sequence of distinguishable changes between patterns of
activity within a relatively short period of time, which typically ranged from 5 to 10 min.
This period from the anesthetic injection until the establishment of a regular slow oscillatory

activity was defined as the anesthetic induction stage. Then, the signal from this anesthetic

40



Chapter 3. Methods

induction period was manually classified into the two main observed activity patterns: awake-
like and slow oscillation. The criteria for this division was based in the visually observable
changes from the raw signal, such as the amplitude, frequency and length of the oscillatory

activity.
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Figure 7. lllustration of the pattern of activity detection and functional stages division

Color-coded labeling of the two patterns of activity (awake-like and SO= slow oscillation) and each functional
stage (Induction, steady stage and fade-out) on the raw recording of a subject’s experimental session. Colored
panels show examples of representative activity during each stage in all the cortical recorded areas.

Through several experiments we noticed recurrence in the pattern of temporal appearance of
the two types of activity not only restricted to the induction period. Since there is not a solid
definition for a division into functional stages in a general state of anesthesia, we classified
those periods manually also based in observables changes in activity dynamics. The manual
division performed resulted in three functional stages that contained the two main patterns

of activity: induction, steady stage and fade-out.
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Figure 8. Examples of representative activity during the anesthetic induction
Raw LFP and EMG signal (grey trace) showing, respectively, characteristic features of the signal and muscular
tonicity in different subjects. Numbers depict the temporal appearance of each type of activity.

When the slow oscillatory activity lasted more than 10 min uninterruptedly, this period was
defined as the steady stage, regardless of whether the oscillation regime was derived from a
deep or light depth of anesthetic dose (Fig. 8-5). The steady stage could last among 30 to 75
min and was considered finalized once appeared the first awake-like period of activity. The
completion of this stage implied the start of the fade-out stage; a transitional period marked
by the emergence of awake-like periods of activity within the slow oscillation as a result of
the anesthetic effect fading-out. This fluctuation in the appearance of types of activity
patterns was also observed during the induction and previously described during the
emergence of anesthesia by Tort-Colet et al. (2019). This fade-out lasted from 4 to 5 hours

until wakefulness was reached.
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Considering these observations, we aimed to explore if the cortical dynamics identified in the
activity during the short lapse of the induction was representative of those dynamics that

emerged when the anesthesia was fading-out.

Supervised classification of the activity patterns from the fade-out

From the manually classified awake-like and slow oscillatory activity patterns from the
induction considered as the ground truth (GT), an MLR classifier was applied to build a
logistic regression model. The predictors of the model were based in the spectral content of
the awake-like and slow oscillatory activity patterns from each of the predefined frequency
bands. By computing the same spectral features for the remaining unclassified signal of the
fade-out, the model was able to classify these data into awake-like or slow oscillatory activity
with a given probability. Therefore, this model was a powerful tool for comparing the

dynamics from the distinct stages following a unified classification criterion among stages.

In order to reduce the overall computational cost, raw signals were downsampled from 10
kHz to 1kHz. Then, the PSD from the fade-out signal for each activity pattern and channel
was computed in non-overlapping 2 s time windows by applying Welch’s method with a

Hanning window of equal length (Welch, 1967).

The MLR classificator to use with these spectral features followed the same principles as in
(3.1.3). MLR provides the predicted class (awake-like or slow oscillation) and the probability
of a sample of being correctly classified. In this case, 8 frequency bands were the predictors
to build the model (slow (0.1-1 Hz), delta (1-4 Hz), theta (4-7 Hz), alpha (8-12 Hz), beta
(12-30 Hz), low gamma (30-60 Hz), medium gamma (60-150 Hz) and high gamma (150-
300 Hz)).

The predictor variables incorporated into the model were defined as the average power
spectra in the time window, in dB units within the 8 described frequency band ranges. With
these predictors and the output (GT), an MLR classifier was applied to the GT data in order
to build a model to classify the unlabeled data from the fade-out among the two defined
activity patterns (slow oscillation and awake-like). Python’s scikit-learn package was used to
design a pipeline, first, z-score normalizing the predictor variables and then applying the
classifier. In order to test the accuracy of the model, a K-Fold Cross Validation (K-Fold CV)
(£ = 5) was performed. K-Fold CV splitted the data in 4 folds, and among all folds, one was
selected as the test set and the remaining folds as the training set. All training sets were
balanced by using the same proportion of samples for each activity pattern. The training set
built the model and the test set was used for testing it, obtaining the model’s accuracy. In

this case the accuracy was defined as a confusion matrix. The confusion matrix allowed us to
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know the percentage of points that belonged to a specific class and have really been classified
as that class (percentage of Predicted value vs True value). If the accuracy level was high (more
than 80%), the fitted model was applied to predict the unlabeled data from the fade-out.

The predictions for all recorded areas were obtained and further analysis of cortical dynamics

were then performed.
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Figure 9. Spatial representation of the frequency ratios that best classify among activity patterns

The estimation of the most effective frequencies separating activity patterns was obtained from the 3 highest
absolute B regression coefficients for each model (experimental session). Here, 4 experimental sessions from 2
different subjects are illustrated. Each point is represented in the frequency pairs space together with its label
classification. Solid dots correspond to data from the induction (ground truth data used to build the model)

and the transparent background dots to the labelled data from the fade-out. The convergence in spatial
clustering can be observed.

Synchronization: Phase Locking Value

To further explore the cortical dynamics among stages of the anesthetized state, the

synchronization was estimated by computing the PLV for all the aforementioned frequency
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bands. The same equation as in (3.1.3) was applied. For this data, signals were first band-
pass filtered and the phase of the analytic part of the signal was obtained using the Hilbert
transform (scipy.signal. hilbert) and angle function from numpy package. Then, the PLV was

obtained in time windows of 2 s for every pair of channels and each frequency band.
Statistics

In order to explore the relevance of the variables (activity pattern, frequency band and cortical
area) used to classify stages of an anesthetized state, we build a linear regression model for

cach experimental session:
Ziog(pspy = Po + By - Frequency + B, - Areap,, + P53 - Areay, + B4 Areag, + Ps - Activity pattern

B being the predictor coefficients. With this model, we could input values for the
independent variables obtaining a value for the outcome variable, in this case a prediction for
the PSD values. Applying a linear regression model to the data is equivalent to performing
an ANOVA, but it allows us to input continuous independent variables and not just to be
restricted using categorical variables as in ANOVA. The obtained estimates for each predictor
coefficient in conjunction with their confidence intervals indicated if a predictor can reliably
predict the outcome variable (being statistically significant). The predictor is considered

statistically significant when the range: predictor estimated value + SE - 2 does not contain

0.
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3.2.4. Calcium imaging data analysis
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Figure 10. Examples of calcium imaging recording and data preprocessing

(A) Example of the cortical field in a frame from the recording in 2 different subjects. It can be observed the
neurons expressing GCaMP6 and brighter, the ones firing in that moment. (B) Identification of the ROIs.
(Top, left) Zoom to the image showing the STD of the activity from the whole experiment (Bottom, left)
Selected ROIs by the clustering algorithm from the image above (Top, right) All identified ROIs from the
recorded cortical field (C) Raw calcium traces from the MLSspike algorithm (Deneux et al, 2016) (bottom)
and population firing rate (top) from awake (left) and anesthetized (right) recordings.

First, the data was preprocessed in order to correct motion artifacts, subtract the neuropil
contamination and select the single neurons as Regions Of Interest (ROI). The ROI
detection was made with a semi-automated hierarchical clustering algorithm based on pixel
covariance over time developed by Deneux et al. (2010). The signal within the selected ROI
was extracted to reconstruct time series based in the change in fluorescence (AF/FO0). The

identification of the spikes was estimated from the raw calcium traces using MLSspike

algorithm (Deneux et al., 2016).
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Detection and quantification of Up and Down states during wakefulness and

anesthesia

In these CI recordings during wakefulness we observed synchronous events very similar to
the Up states that we detected during anesthesia. In order to compare the resemblance among
both synchronous events from distinct brain states, we first singled out these periods of
activity from the awake recordings by means of a detection algorithm. Up and Down states
were assumed as the two conditions to detect, defined by the population firing rate (FR).
The FR was calculated using a sliding window approach as the number of spikes generated
by the recorded neurons in a time window of 70 frames shifted by 50 frames. A Gaussian
mixture model was fitted to the FR time series in order to estimate the two states (Up and
Down states). We fitted both a single Gaussian model and a model composed by two
Gaussians and selected the one fitting best our held data. We split the data using a K-Fold
CV with £=0, estimated models parameters on the training set and evaluated the BIC score
on the test set. The selected model was the one with lower BIC value. In the following we
use DeltaBIC = BIC_1 — BIC_2, where BIC_x is the average BIC score for the model with
x components. Values of |DeltaBIC| larger than 10 are usually considered as highly

supportive.
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Figure 11. Up detection on the neural population activity
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Red lines mark the events selected as Up states in the raster plot. Each dot corresponds to a spike onset.

The threshold for the detection of a two-component model (Fig. 11) was fixed at po +

20,9,where g is the standard deviation of the component with the smallest mean.

From the detected Up and Down states in all the recordings from the 3 subjects, we estimated
the FR (from the number of spikes produced by each neuron), the Up and Down state

duration and the size of the Up state as the number of neurons that fire in each UP state.
Statistics

In order to explore the association among the FR and Up states size parameters, we estimated
a linear model as: x§, = w§ + wyx§y + n° where xz; and xs, were the firing rate and size of UP

events respectively and superscript s € indicated the brain state (awake or anesthetized).

The data analysis to study the cortical dynamics in the loss and recovery of consciousness in
anesthesia with electrophysiology were performed by Arnauw Manasanch Berengué and with
calcium imaging by Dr. Andrea Insabato from our laboratory while part of the data preprocessing
was performed by Dr. Anton Filipchuck (CNRS).
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3.3. Thalamic stimulation during an anesthetized state

3.3.1. Experimental procedure: Electrical stimulation of the parafascicular

nucleus and recording the cortical activity in anesthetized rats

Subjects

For these experiments 20 Lister-Hooded and Wistar male rats (250-450 grs., 6-10 months
old) were stimulated and recorded. In 8 of them we successfully targeted the parafascicular
nucleus and achieved the anatomical inclusion criteria for further analysis. The same protocol
for care and housing than in previous described experiments was followed (3.1.1). All the
procedures with animals were carried out in accordance with Spanish regulatory laws (BOE-
A-2013-1337), which comply with the European Union guidelines on protection of
vertebrates used for experimentation (2010/63/EU). All experiments were supervised and
approved by the Animal Experimentation Ethics Committee of the Universitat de Barcelona

(286/17 P2).

Surgery for the recording “in vivo”

In order to obtain the LFP recordings with the animal anesthetized with isoflurane, we first
performed surgery to introduce the electrodes in the target areas. We followed the same
procedure as in (3.1.1). For these experiments, 3 craniotomies were opened in one of the
hemispheres. These were placed in: the PrL (3.7 mm AP, 0.8 mm ML, and -2.7 mm DV),
the PF nucleus (-4.3 mm AP, 1.2 mm ML and -5.3 mm DV ) and in V1 (-7.3 mm AP ,2.2
mm ML and -1.5 mm DV) (Paxinos and Watson, 2005). Then, we inserted single sharpened
tungsten electrodes of < 1 MQ impedance and a tip diameter of 2-3pm (WPI, Sarasota, FL)
in PrL and V1. For the electrical stimulation of the PF nucleus, we inserted a bipolar tungsten
electrode of the same characteristics but with a tip separation of 500 pm. Then, the

experimental protocol was performed.
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O PrL-Prelimbic cortex
() V1-Primary visual cortex

€ PF- Parafascicular nucleus

Figure 12. Recorded and stimulated areas
Illustration of the location and anatomical connection (black arrow) of the recorded areas and the stimulated
nucleus (black ray) in the experiments in vivo.

After the experiments were completed, with the animal deeply anesthetized we administered
an overdose of intraperitoneal sodium pentobarbital to perform a transcardiac perfusion. The
brain was removed for anatomical reconstruction of the electrode placement by histology and

magnetic resonance.

Recording and stimulation protocol

In this experimental protocol, the animal was anesthetized with isoflurane and then,
stimulated and recorded 77 vivo. The recording was made in 2 distinct cortical areas; PrL and
V1. The PrL cortex in rodents is the analogous area of the prefrontal cortex in primates
(Bedwell et al., 2014; 2017) and is likewise innervated by the PF nucleus as previously
described (1.4.3). On the contrary, V1 is not directly connected with the PF nucleus and is

distant from the PrL area, thus it was recorded as a control area.

After a minimum of 30 min of baseline recording, the electrical stimulation was delivered by
means of a A-360 stimulus isolation unit (WPI Sarasota, FL) during 120 s at 60 HA of
intensity. The entire protocol consisted in square pulse trains with a train frequency of 50
Hz and train duration of 500 ms. Each train was composed of 25 pulses of 0.5 ms. duration
cach and 20 ms. of interval inter-pulses. The selection of the stimulation parameters was
based on those reported to elicit behavioral arousal effects and cognitive improvements
(Moruzzi and Magoun, 1949; Cohadon and Richer, 1993; Tsubokawa et al., 1990; Vale-
Martinez et al., 1999; Guillazo-Blanch et al., 1999; Sos-Hinojosa, et al., 2003; Lin et al.,
2007; Andero et al., 2007; Yamamoto et al., 2010; Cervera-Ferri et al., 2016; Redinbaugh et
al., 2020). A post-stimulation recording was made for a minimum of 30 min to track long-

lasting post-stimulation effects.
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For the acquisition and analysis of the recordings we used the same sampling frequency,

equipment and software as in previous experiments (3.1).

3.3.2. Data analysis

The data from the 30 min before and after the electrical stimulation of the PF nucleus were
analyzed in order to obtain a quantification of the changes in the activity in its target (PrL)
and control area (V1). As mentioned before, those areas are not equally connected with the
PF and they differ in function, therefore distinct responses were expected. To assess these
changes, we estimated and compared spectral dynamics, synchronization and several
parameters from the slow oscillation after and before the PF stimulation.

The spectral components of the recorded signals were obtained by means of a PSD analysis
(3.1.3) using the built-in Matlab’s function pwelch with a Hanning sliding window of 1 s
length with a 0.5 s overlap. In addition, wavelet-based spectrograms were also computed to
obtain the spectral representation in the time domain. We measured phase synchronization
between areas by computing the PLV for each of the specific frequency bands using the same
procedure and parameters as in (3.1.3). Regarding the parameters from the slow oscillation,
we computed the FR for the entire signal and for the Up states, the duration of both Up and
Down states and the variance coefficient of the slow oscillation (CV). The CV gives a measure

of the variability for all detected events from the slow oscillation.

Parameters of the slow oscillatory activity

Up

Firing rate | |_I_ _|
The FR is defined as the
number of spikes generated by a

bl e g b ww"WWWWWW

period. Power changes in the
Fourier components at high
frequencies of the LFP provides r ’{*1;:1
an estimation of the population
FR (Mattia and Del Giudice,

2002). The power change in the Figure 13. Up and Down state detection
Black line on top shows the Up and Down state selection and the

og (MUA)

Raw LFP

Fourier components WEIC  pink rectangle indicates the Up state singled out in the raw

estimated at hlgh frequencies extracellular signal (LFP) (blue trace) and the multi-unit activity

expressed in logarithmic scale (log MUA) (middle black trace). The

Up state is detected from the log MUA, after establishing a threshold,

multi-unit activity of the signal a minimum and maximum duration of the Up states all based in the
average level of activity obtained from the log MUA.

(>200 Hz) giving as a result the
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(MUA). MUA was logarithmically scaled resulting in the relative measure of the FR (Reig et
al., 2010).

Up and Down state duration

To estimate the duration of the Up and Down states, first a minimum threshold for both the
amplitude and length of Up and Down states was established to single out both periods.
Under these premises, an Up state was defined as the period where the log (MUA) was over
the amplitude threshold and fitted within the minimum duration criteria. Segments which

did not reach the conditions were considered as Down states. These algorithms have been
validated in several published studies (Ruiz-Mejias et al., 2016; D’Andola et al., 2018).

Coefficient of variation of the slow oscillation

In order to have an estimation of changes in the regularity of the cortical activity after the
stimulation, we computed the frequency of the slow oscillatory as the inverse of the duration
of an Up to Down cycle. Based on this measure, the coefficient of variation of the slow
oscillation was obtained by defining it as the ratio between the standard deviation and the
mean of the slow oscillatory frequencies from Up-to-Down transitions found for all the

analyzed signal.
Statistics

To compare the changes produced in the selected broad time-scale (30 min) after the PF
stimulation on the Up and Down state duration, in the firing rate from Up states and in the
variation of the slow oscillation, we applied the nonparametric Wilcoxon signed-rank test for
dependent samples (p<0.05). All the significant p-values are described in the results and all

mean values are represented graphically in the results.

The data analysis to study the modulation of cortical activity by thalamic electrical deep brain

stimulation was performed by Arnau Manasanch Berengué from our laboratory.

3.3.3. Anatomical reconstruction

After the experiment was concluded, we made an electrolytic lesion to mark the tissue to
visualize placement of the electrodes in the PF nucleus. Thereafter the transcardiac perfusion
and the brain removal, the brain was fixed in paraformaldehyde (4%). First, a magnetic
resonance of the positions of interest was made. If the electrode placement was unclear, the

brain was sliced for Cresyl violet staining. Then 80 pm thick slices were cut with a microtome
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(HM 450, Thermo Scientific) and placed on gelatin-coated glass slides. After drying
overnight, slices were dehydrated with ascending alcohol series followed by an incubation on
xylol and a decreasing alcohol series. Then the slices were immersed in the stain for a few
seconds and dehydrated again. Finally, slices were mounted in DePeX medium. Images were

visualized and captured with a microscope.

Figure 14. Anatomical reconstruction of the trajectory of the stimulation electrodes in the PF nucleus

(A) Central part of a slice with Cresyl violet staining. Marked in black the localization of the right PF nucleus
and the fasciculus retroflexus, structure that guided the identification of the PF nucleus. Marked in red is the
stimulated PF nucleus from the left hemisphere with the electrolytic lesion caused after the stimulation. (B)
Magnetic resonance image from the brain slice with the trajectory of the bipolar stimulation electrode to the

PF nucleus.
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Chapter 4

Results

4.1. Brain states and transitions in the physiological sleep-

wake cycle

4.1.1. Cortical synchronization can discriminate between the distinct stages

of the sleep-wake cycle

The results reported in this chapter of the Thesis show cortical networks emergent properties
within the distinct sleep-wake stages. Synchronization in particular, seems to have an
important role in the dynamics of cognition and behavior across the sleep-wake cycle
(Cantero and Atienza, 2005). Considering these premises, we tested the ability of the
phenomenon of synchronization between cortical areas and the presence of specific frequency

ratios to distinguish among stages and the possible functional implications.

Following the main descriptions in literature that are based primarily in the spectral profile
of the different stages as a critical property to its classification (1.2.2), we first estimated the
PSD of our manually classified LFP signals.

The spectral values among cortical areas were very similar (Fig. 15A); however, between stages
and frequency bands they seemed to vary. A three-way-ANOVA corroborated a significant
interaction only between stage and frequency band (Fig. 15B, p=9.7-10-20). We performed
a Tukey post-hoc analysis to further examine those interactions and we observed significant
changes within the delta, theta and high gamma band. Power in delta was higher in SWS
compared with awake (p=0.001) and REM (p=0.000002), while in theta was higher just in
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SWS compared to awake (p=0.002). In high gamma there is a broader difference in power
between some stages, being significantly higher in awake with respect to SWS (p=0.16x10")
and REM (p=0.39x10"), but not finding significant differences within sleep stages. Both the
prevalence of delta and theta in SWS and of gamma during wakefulness is in agreement with
that described by several previous studies (Sinha et al., 1972; Feinberg and March, 1988;
Merica et al., 1991; 1992; Maloney et al., 1997; Gross and Gotman, 1999; Steriade and
McCatley, 2005; McCormick et al., 2015), validating our manual classification of the three
stages of the cycle.
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Figure 15. Spectral content in the distinct stages of the sleep-wake cycle

(A) Mean of the population data showing the power spectral density in each cortical area and EMG signal per
stage. For cortical areas, the y-axis of power is presented in logarithmic scale. (B) Mean of the population data
comparing the power spectral density from all cortical areas in each stage of the sleep-wake cycle grouped by
frequency bands. The y-axis axis of power is presented in logarithmic scale. Error bars depict the SE *(p<0.05).

The examination of the interaction among cortical regions revealed differences in the PLV
values across stages, frequencies and area pairs, in contrast with the local power. We observed
an overall decrease in the population level of synchrony as the distance among areas increased,
finding the lowest values for the furthest areas. However, the distance also seemed to affect
the PLV specifically depending on the frequency. A representative example is illustrated in
the Fig. 16, for the closest (PrL-M1) and the furthest (PrL-V1) pair of recorded areas in
specific frequencies of the theta (6.38 Hz) and high gamma (163.3 Hz) bands. We could

observe the remarkable changes of PLV among stages over time and the difference in
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Transitions in the physiological sleep-wake cycle

magnitude in the PLV values for PrL-V1 between theta and gamma bands. PLV values
during wakefulness were constantly higher than during SWS in both theta and gamma
frequencies. Although surprisingly, the PLV values for REM sleep in theta were equal and
even higher than the exhibited during wakefulness. In the populational data we observed that
both theta and alpha bands had these highest PLV values for the stages with a high frequency
pattern of activity: Awake and REM, while for the high gamma band this high coupling was

observed exclusively in the awake stage.
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Figure 16. PLV time traces for two pairs of cortical areas (PrL-M1 and PrL-V1) in specific frequencies of
the theta (6.38 Hz) and gamma (163.3 Hz) bands

Representative example of a natural transition from wakefulness to sleep in one subject. Each pair of areas is
marked by the arrows. Black dots correspond to unclassified periods.
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Chapter 4. Results

This effect was not observed in the rest of the analyzed frequency bands. Nevertheless, at
nearby frequencies like delta or medium gamma (Fig. 17), the gradual onset of this increase
in synchronization emerging from anterior regions could be distinguished. These results
suggest that the level of cortical synchrony in specific frequency ranges could constitute a

hallmark that contributes to the differentiation between stages.
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Figure 17. Synchrony among cortical areas in the distinct stages of the sleep-wake cycle

(Top) Matrices of the average PLVs. (Bottom) Spatial representation of the localization of the electrodes (black
dots) and the level of synchronization between the areas (line thickness and color code). (A) Values for the
delta, theta and alpha bands. (B) Values for the low, medium and high gamma bands.

Considering the salient values found in the PLV for several features, we tested if the PLV
could be robust enough to classify the three different stages of the cycle. Then, we used the
MLR to compute the accuracy, defined as the ratio between the correctly classified stages by
just using the PLV index and the total number of manually classified stages. When the

classifier was unable to distinguish between the three states, it randomly assigned PLV values
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to each state. Therefore, the accuracy was equal to V5. If the accuracy was above '3 but below
%5 it meant that the classifier was able to discern one of the states from the other two. An

accuracy above %5, indicated that enough PLV values were unique to each state.
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Figure 18. Accuracy exhibited by the PLV in the differentiation between the three stages of the sleep-wake
cycle in each frequency band and pair of cortical areas

Population data, showing on a scale the potential for distinction between stages. A value above Y5, indicates the

distinguishability of one stage from the rest, while above %5 among the three stages. Both thresholds are marked
by dotted lines, and the black solid lines mark the frequency range where the distinction among the three states
is statistically significant (p<0.05).

These results indicated that, in general, the index of cortical phase synchronization in high
gamma has the potential to distinguish between the three stages of the sleep-wake cycle (Fig.
18). Nevertheless, the highest level of accuracy in the differentiation was exhibited by the
synchronization among any pair of cortical areas that did not contain V1, where the
distinction between the three stages was statistically significant in high gamma (p< 0.05).

In order to distinguish which specific stages contributed more to high accuracy values, we
also computed the ratio of each correctly classified stage and the total number of manually

classified stages (Fig. 19).

59



Chapter 4. Results

PrL— M1 M1-S1

(>
\. K
s\°o\ %‘?‘\%"' R

PrL-S1

ue positives

0‘ G (9 (>
N \?’
> Q ‘be $®® Q\\Q,

IR IR IN IS
e\&«\(\e\ v\éo %é\/o“‘ eb\é\\c‘f (_’\o QPR

Figure 19. Ratio of true positives classifications among the three stages using the PLV

Population data, showing on a scale the potential for classify each stage correctly. A value above 1/2 (top black
dotted line) shows a capacity for distinction above chance. The solid patches mark the frequency range and the
stage (color coded) where the correct classification with the PLV is statistically significant (p<0.05).

The estimation of the classification ratio of true positives confirmed the ability to distinguish
between the three stages by high gamma, finding the highest accuracy in the awake stage of
the cycle. On the other hand, it showed that, in general, theta and alpha frequency had
remarkable accuracy values classifying the stage of SWS by the cortical PLV.

Together, these results suggest that cortical synchronization measured by means of the PLV
in high gamma has the potential to distinguish between behavioral stages of the sleep-wake
cycle (wakefulness versus sleep), while synchronization in the theta and alpha bands could

distinguish between their brain patterns of activity (SWS versus awake and REM stages).

4.1.2. Development of an algorithm for the automatic online classification

of the sleep-wake stages

In parallel to testing the capacity of the index of cortical network synchronization to
distinguish among stages, we also explored features from the electrophysiological signal that
allows the online identification of the stage from the sleep-wake cycle. In this way, the studied
features were the LFP power spectral density ratios among distinct ranges of frequency bands

in combination with data on muscular tension and active displacement of the animal

provided by the EMG.
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Using once more the classifier based in a multi-class logistic regression, we found that the
LEP power ratios of beta (20-30 Hz)-low/medium gamma (30-80 Hz) and theta (5-10 Hz)-
delta (1-5 Hz) in time windows of 60 s could correctly classify and predict each of the stages.
Then, we tested if adding the information of the fluctuations of the EMG recordings from

its standard deviation (EMG) could enhance the precision in the classification.
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Figure 20. Classification of the multi-class logistic regression-based classifier with different number of
variables

(A) Outcome of the classifier for two independent variables, namely the ratio between the PSD in the theta and
delta bands and the ratio between the PSD in the beta and gamma bands. The orange lines are the optimized
boundaries for the three classes. (B) Outcome of the classifier for three independent variables, when considering
the standard deviation of the EMG. The orange planes are the optimized boundaries for the three classes. Each
coloured dot is the average value of the independent variables in a 60 s window.

We further tested the performance of the classifier with different choices of features. In
addition to the EMG fluctuations ((EMG) we also analyzed the mean displacement of the
animal (<R>) during each stage, extracted from the video tracking (Fig. 20).

We observed that the addition of the EMG fluctuations increased the accuracy of the
predictions of the 2D model, while the addition of the mean displacement of the animal had
no effect. As illustrated in Fig. 21 (bottom, right), because the distribution of <R> during
sleep was similar in the SWS and REM stages, the two distributions overlap and did not add
information to the classifier to distinguish between the two stages. Thus, the highest
performance is obtained for a 3D model that combines the spectral content of the LFP and
the fluctuations of the EMG.
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Figure 21. Performance of the multi-class logistic regression-based classifier with different sets of variables
(Top) The bar plot shows the accuracy (percentage of successful predictions) when considering four different
sets of independent variables: 2D is as in Fig. 12A and 3DOEMG (pink) as in Fig. 12B. In the 3D<R> (yellow)
the standard deviation of the EMG is replaced by the mean displacement of the rat. In 4D all variables were
considered. (Bottom) The distribution of GEMG (left, pink) and <R> (right, yellow).

Based on these findings, we developed an algorithm for the online detection of all the stages.
As described before, our online algorithm used three independent variables: the standard
deviation of the EMG, the ratio between the LFP power in the theta/delta bands and in the

beta/gamma (30-80 Hz) bands. Each of these quantities were computed in windows of 60 s.

Derived from these experiments in physiological states our objectives expanded to also
explore how auditory sensory processing is modulated by the particular properties of each
stage of the sleep-wake cycle leading to changes in the cortical network dynamics. This
algorithm allowed us to avoid the online visual scoring to classify the stages during long-
lasting experiments with chronic animals that were time-consuming and subject to errors
(Hamrahi et al., 2001). Moreover, when in addition to the stages classification the
experiment required the delivery of an auditory stimulus in a specific state, performing

everything manually may be inaccurate.
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4.1.3. Pilot study: Auditory evoked cortical responses in the distinct stages
of the sleep-wake cycle

As cited before (1.2.4), there is a variety of results about the level of auditory processing
during the sleep stages, reflected in distinct modulations of cortical responses, or even a lack
of response (Portas et al., 2000; Atienza and Cantero, 2001; Issa and Wang, 2008; Nir et al.,
2013). We designed an experimental protocol in order to investigate the cortical dynamics
at the distinct stages of the sleep-wake cycle in the presence of auditory stimuli of a different
nature. To test this protocol, we recorded 6 cortical areas (3.1.2) comprising primary,
secondary and sensory integration areas, auditory related and non-related. We recorded this
variety of cortical regions to have a broader perspective of the possible effect mediated by the
physiological brain state at a network level. In this section we present some preliminary

results.

Within the testing session with this single subject, we recorded the natural sleep-wake cycle
of the rat for 3 hours along with the delivery of the auditory stimulation. A total of (3596)
trials were presented for all conditions: (1224) 4 kHz (620 at 45 dB; 241 awake, 360 SWS,
19 REM and 604 at 60 dB; 252 awake, 333 SWS, 19 REM), 1237 at 8kHz (605 45 dB; 280
awake, 315 SWS, 10 REM and 632 at 60 dB; 271 awake, 340 SWS, 21 REM) and 1135 in
white noise (565 at 45 dB; 211 awake, 333 SWS, 21 REM and 570 at 60 dB; 202 awake,
339 SWS, 29 REM), performing with the algorithm an equitable distribution of the

conditions of the sounds for its delivery between stages.

We chose to show the results pertaining to the 45 dB intensity condition, while at 60 dB of
intensity the traces in the LFP and the EMG were identical. Therefore, both intensities
seemed to affect the cortical response in a very similar way. Performing an average of the raw
LFP signals we observed that the two pure tones presented seemed to elicit a neural response
in contrast to the presentation of white noise (Figs. 22, 23). More specifically, the auditory
stimulation at 4 kHz evoked in general a clear response very similar across all the recorded
cortical areas and restricted to the SWS period (Fig. 22A). However, a constant early response
of Al could be differentiated, consistent with the many observations of an activation of
primary auditory areas during sleep that supported the preservation of the first steps of the
auditory processing in this stage (Pefia, 1999; Portas et al., 2000; Cote, 2002; Issa and Wang,
2008; Strauss et al., 2015). On the other hand, the presentation of the 8 kHz tone evoked a
broad cortical response that was very similar among all stages (Fig. 22B). This tone had the
particularity of also eliciting a clear behavioral response reflected in the EMG, in the form of
a twitch, that was visible in the video recording. Surprisingly, even with this striking motor

response there were no signs that this type of auditory stimulus evoked a change of stage,
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since brain activity in the LFP stabilized and continued with the same pre-stimulation pattern

and no postural change was observed.
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Figure 22. Evoked cortical responses to auditory stimulation with pure tones in the three stages of the

sleep-wake cycle
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Each trace corresponds to a recorded cortical area showing the average of the responses exhibited in all the trials
in the LFP (left) and EMG (right) raw signals, separated by stages. The dotted black line indicates the moment
of the auditory stimulation. (A) Auditory stimulation at 4 kHz. (B) Auditory stimulation at 8 kHz.
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Figure 23. Evoked cortical responses with auditory stimulation with white noise in the three stages of the
sleep-wake cycle

Each trace corresponds to a recorded cortical area showing the average of the responses exhibited in all the trials
in the LFP (left) and EMG (right) raw signals, separated by stages. The shaded areas represent the standard
error of the mean. The dotted black line indicates the moment of the auditory stimulation.
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Figure 24. Detailed view of the evoked cortical responses with the auditory stimulation in the three stages
of the sleep-wake cycle

Enlarged view of the LFP average signal of the most relevant cortical areas around the moment of the auditory
stimulation. Each row of plots corresponds to a stage of the cycle (color coded). Each trace shows the average
LFP signal from a recorded cortical area (color coded). PrL= Prelimbic cortex, Al= Primary auditory cortex,
A2= Secondary auditory cortex, PtA= Parietal association cortex.

An enlarged view of the most relevant areas for cortical auditory processing showed that Al
was the region with the lowest latency response during SWS, clearly discernible at 4kHz
stimulation. The same occurs at 8 kHz and not only restricted to SWS, during wakefulness
PrL seemed to respond simultaneously with A1, even with an increased amplitude. It should
be mentioned that the responses to 8 kHz stimulation were rather large, and it must be
explored in future experiments if they were influenced by the movement elicited in the

animal.

A general conclusion that could be derived from these preliminary results is that, as expected,
both the frequency of the auditory stimulus and the stage of the sleep-wake cycle play a role
in the modulation of the cortical response. Further experiments are being currently
performed in order to explore in detail the relationship between cortical dynamics, stimulus

properties, and cortical responsiveness.
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4.2. Brain states and transitions in anesthetized states

4.2.1. Spectral-based characterization of the cortical dynamics during

anesthesia

We know that the anesthetized unconscious state is dominated by slow oscillations which
also prevail in the slow wave sleep. It is also known that the awake state has been classically
described as an asynchronous state, although we know that it contains synchronization in
high frequencies as described above. However, how is the transition between these dynamics?
Is it a linear or a nonlinear progression? How is the relation between the local activity and
the global patterns, the multiscale aspects? Is it a unidirectional transition, or is it one with
hysteresis? Is it a continuous transition or are there “jumps” between states? Does the system
need to go through all stages to reach the awake state? When we study physiological cycles
sleep-awake, as in the first part of this Thesis, the system autonomously switches between
states. However, the gradual change in anesthesia levels allows us to experimentally
investigate these different dynamic states, the transitions between them and therefore to

propose the cellular and network mechanisms involved in each level.

The starting point for the cortical dynamic’s characterization was the identification of the
basic elements contained within an entire experimental session. Considering the signal from
all the recorded areas from a global point of view, a recurrence in the pattern of temporal
appearance of the two types of activity patterns (slow wave and awake-like) were observed
among experiments. During the induction there was a fast change of activity patterns (Fig.
8), that then got stabilized into a period that we called “steady-stage” (blue cloud in Fig. 7).
This period generally consisted in slow oscillations that did not alternate with other activity
patterns. After a variable period of time (between 30-75 min) the steady-stage was
abandoned, and the system started transitioning with a continuous back and forth jumping
of the activity between slow oscillations and awake-like periods that followed the same spatial
path of the induction with distinct temporal dynamic (Fig. 25). this period was referred to
as “fade-out”. This recurrent trajectory suggested that this temporal-based division could

have functional mechanisms coinciding with the anesthetic induction.
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Figure 25. Spatiotemporal representation of the cortical dynamics from two spectral predictors during an
experiment with a light dose

The dynamics from most distant cortical regions are illustrated (PrL and V1) with the two frequency bands
that best classify among activity patterns in this experiment (delta and gamma bands). The power values
exhibited in the x and y-axis are normalized by z-scoring. Green dots belonging to the induction period contain
both awake-like and slow oscillatory activity patterns. They are not differentiated in this figure since their
distinction was manual. Differences in the spatial distribution of both activity patterns during the induction
and fade-out are noticeable, while all the stages remain very resembling in the temporal distribution. It can be
also observed that during the induction the same spatial path generated in both the steady-stage and the fade-
out is reproduced in a short lapse.

Moreover, the elemental division was based in the two observable activity patterns: awake-
like and slow oscillation. The induction comprised these two patterns of activity in all its
variants in a relative short period of time. Having the manual classification of the awake-like
and slow oscillatory activity patterns from the induction, a logistic regression model was able
to classify the rest of the experiment into these two main patterns of activity. The logistic
regression model allowed also the comparison of the dynamics established between activity

patterns and further sub-comparisons sorted by frequency bands and cortical areas.

Influence of related variables in the spectral-based characterization of the

anesthetized state

In order to have a first general characterization of the cortical dynamics during the
anesthetized state, we analyzed the relevance of multiple related variables (activity pattern,

frequency band and cortical area) by applying a linear regression model for each experimental
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session. We found that the linear model in each experiment described the data very accurately

(Table 1) and the three predictor coefficients were statistically significant with a p<0.001.

estimate + CI Bo B B B Bs fs R?
Sl.lbj. I-Li,ght 0.201 [0.199-0.203] -0.0056 [-0.006--0.006] 0.286 [0.286-0.290] 0.285 [0.283-0.268] 0.182 [0.180-0.184] -0.169 [-0.171--0.168] 0.767
Sl.ll)j. I-Ligl'lt 0.196 [0.195-0.198] -0.0057 [-0.006--0.006] 0.269 [0.266-0.271] 0.246 [0.244-0.249] 0.136 [0.134-0.138] -0.163 [-0.164--0.161] 0.765
Sl.lbj. I-Light 0.262 [0.260-0.264] -0.0058 [-0.006--0.006] 0.174 [0.172-0.177] 0.163 [0.161-0.165] 0.197 [0.195-0.199] -0.159 [-0.161--0.157] 0.775
Sl.ll)j. Z-DGBP 0.131 [0.129-0.133] -0.0056 [-0.006--0.006] 0.294 [0.282-0.296] 0.199 [0.196-0.201] 0.194 [0.192-0.197] -0.036 [-0.038--0.034] 0.722
Sl.lbj. 5-DeeP 0.2624 [0.260-0.265] -0.0056 [-0.006--0.006] 0.0382 [0.036-0.041] - -— -0.047 [-0.044--0.048] 0.710

Table 1. Predictor coefficient and the coefficient of determination values from all experimental sessions.

This implied that all the evaluated predictors had the capacity to explain the changes that
take place in the spectral content of both activity patterns throughout the experiments.
Furthermore, these results indicated that the PSD comparisons of cortical areas, activity

patterns and frequencies were statistically significant.

These results supported the validity of our supervised classification based in the PSD and
opens the possibility of an additional approach based in several components of the cortical

network for the classification of the potential different stages of an anesthetized state.

Spectral profile of the anesthetized state

In a general view of the PSD values sorted by areas, doses, activity pattern and functional
stages, the most salient differences in power were observed between distinct doses, activity
patterns and functional stages. The overall changes in power seemed more pronounced when

the anesthetic dose was light (Fig. 26).

Examining the differences between the two types of activity patterns we found that in general,
when the cortical areas were in the slow oscillatory regimen of activity, the power levels in
the frequency bands ranging from slow to beta were higher compared to when they were in
the awake-like activity pattern. In the gamma frequencies the trend was reversed, the power
being higher when the cortical activity was in the awake-like regime. The dominance in the
power of low frequencies during slow oscillation and of gamma during the awake-like activity
was consistent with the spectral dynamics described for the induction period with GABAergic
anesthetics (John et al., 2001; McCarthy et al., 2008; Breshears et al., 2010; Purdon et al.,
2013; Lee et al., 2017; Prerau et al., 2017) and during stages of the sleep-wake cycle (Sinha
et al., 1972; Feinberg and March, 1988; Merica et al., 1991; 1992; Maloney et al., 1997;
Gross and Gotman, 1999; Steriade and McCarley, 2005; McGinley et al., 2015).
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Figure 26. Spectral content in each experimental condition

Mean of the population data showing the power spectral density in each cortical area, for the 2 different doses
(light dose N: 1 subject with 3 exp. sessions, deep dose N: 2 subjects with 1 exp. session each), in each activity
pattern and from different moments of the functional stages. PSD from the first and last fragments of signal
with awake-like pattern in the fade-out and initial fragments with SO= slow oscillatory pattern from the steady-
stage and last from fade-out. The power is normalized by z-scoring.

We also observed differences in the PSD from the awake-like pattern at different moments
of the experiment. In the delta, theta, alpha and beta frequency bands from the lighter dose
and just in the theta and alpha frequency bands for the deeper dose the power drops
noticeably in fragments of awake-like activity detected at the end of the fade-out in
comparison to those from the beginning of the transition. Following the same general trend,
in those final awake-like activity fragments the dominance of power was inverted, being

higher in high gamma than in the onset of the fade-out.
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Interestingly, the slow oscillatory activity pattern showed a PSD fairly constant at different
moments of the experiment regardless of the dose, supported by the comparison of fragments
from the onset of the slow oscillation in the steady-stage against fragments of slow oscillation

from the fade-out.

These results suggest that the slow oscillation during an anesthetized state could be
maintained by a robust mechanism, which allows its characteristics to be invariant at any
context. Conversely, the changes found in the awake-like pattern of activity on different
functional stages opened the question of whether they could be distinct patterns and

consequently, their differences and classification should be further investigated.

4.2.2. Cortical synchronization dynamics during anesthesia

For this analysis, the comparison of the results among doses could not be performed due to
the disparity in the number of analyzed subjects for each category. However, there appeared
some differences that could be worth mentioning.

From an overall view it was observed that the level of synchronization between all the areas

decreased progressively as the value of the frequency range increased (Fig. 27).
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Figure 27. Synchrony among cortical areas in several experimental conditions
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Matrices showing the average of PLV values for the 2 different doses (light dose N: 1 subject with 3 exp. sessions,
deep dose N: 1 subject in 1 exp. session), in each activity pattern and from different moments of the defined
functional stages.

The overall lowest levels of synchronization were observed with the deep dosage, which could
be due to the extensive disruption of connectivity characteristic of general anesthesia (Alkire
et al., 2008; Pawela et al., 2009; Mashour, 2013; Bettinardi et al., 2015; Paasonen et al.,
2017; Krzeminski et al., 2017).

From the experiments with a lighter dose, it was found a synchronization pairing among the
anterior (PrL-M1) and posterior pair of areas (S1-V1) that were preserved at all frequency
bands. This phenomenon was consistent with the recurrent description of alterations in the
frontoparietal axis connectivity in the anesthetic-induced transition to unconsciousness,
when the anesthetic is going through different depth levels (White and Alkire, 2003; Lee et
al., 2009; 2011; 2013; Boly et al., 2012; Hudetz, 2012; Ranft et al., 2016; Sanders et al.,
2018a; Li et al., 2019b). This clustering was also in line with the observed enhancement of
local connectivity produced by anesthetic agents (Lee et al., 2017).

On the contrary, with a deeper dose, this clustering was not observed, although the higher

level of synchronization was again grouped among posterior regions.

Synchronization values sorted by activity patterns were substantially different among doses.
Considering all the recorded regions, the higher levels of synchronization were found for the
light dose during the slow oscillatory activity in the slow and delta band, while in the deep
dose the higher synchronization level was observed basically in the slow frequency range
during the awake-like activity. There were no matching dynamics of synchronization
predominance between types of activity, probably due to the lack of samples from the deep

dosage for this specific analysis.

Surprisingly, a peak of synchronization during the awake-like pattern within the theta band
was found, comprising nearby areas in the light dose among and restricted to posterior areas
in the deep dose. A similar pattern of results was obtained in our previous experiments during
physiological states (1.4.1), where it was shown that the cortical PLV from theta and alpha
bands had the potential to discriminate among an active or a slow oscillatory pattern of
activity. Together, these results suggest that cortical synchronization in the theta band could
be distinguishing specific features from an active activity pattern, regardless of the conscious

state.
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4.2.3. Presence of distinct types of Up states during wakefulness and

anesthesia

Recording a section of the auditory cortex with calcium imaging allowed the observation of
both single neurons and population activity. As result, we were able to observe that, even
when awake states are clearly more asynchronous than those anesthetized, we can still detect
in the recordings transient periods of synchronous activity during wakefulness. These events
seemed similar to the clear Up states recorded from the same subjects in anesthesia, but
instead of silent Down states, these awake Up-states were embedded among periods of more

active and asynchronous spiking.
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Figure 28. Raw neural activity from awake and anesthetized states within the same subjects
Each dot corresponds to a spike onset.

The ability to detect these synchronous events during wakefulness was due to the high spatial
resolution of the calcium imaging technique. The visualization of the firing from single
neurons allowed the detection of very local activity patterns of neural interaction, in contrast

to LFP in which is not possible to determine the contribution of each neuron to the recorded

activity, missing these small-scale phenomena.

To further study the dynamics of these two states from the basis of this synchronous and

oscillatory activity, we first detected the synchronous events as Up-states by means of a
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detection algorithm (3.2.4) and then estimated several parameters from the slow oscillation:

Up and Down-state FR, duration and Up-state size.

1004 = Subject
120 52007 .
804 —_ @ 2
Z 604 S 80 g
o = x
il © o 100-
5 “ S 40 @
204 o | Q. 50
48 ° >
04 0 A ‘ - ° —— 04
T T T T N
Awake  Anesthetized Awake  Anesthetized Awake  Anesthetized
604
501
~ ©
< 401 c 401
& S 30
= o
3
= 204 T 204
8 c
a
04 _ <> 04
T T T .
Awake  Anesthetized Awake  Anesthetized

Figure 29. Distribution of the parameters from the slow oscillation for each animal in awake and
anesthetized states
No outlier removal has been performed.

The parameters from the slow oscillation indicated that the Up and Down states from
wakefulness and anesthesia seemed to differ notably in the FR and the Up states duration
(Fig. 29). The Up states duration from wakefulness presented more variability and were
shorter than those occurring during anesthesia. However, surprisingly, in two subjects the
size of the awake Up state indicated in general a slightly higher involvement of a larger
number of neurons. Therefore, although the same type of synchronous event could be
visually and conceptually distinguished, the quantification of its components could reveal
that they differ functionally. However, for further explore this hypothesis a larger sample is
needed. It should also be taken into account that the firing detected with calcium imaging
has lower temporal resolution than electrophysiological firing, and therefore no assumptions

should be made about firing synchrony.
Considering these results, we visualized for each subject a scatter plot with their parameters

distribution by pairs. An interesting relation among the Up FR and size was noted

consistently in the three subjects independently from the brain state.
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Subject 1 Subject 2 Subject 3

mm Awake
1204 1 1 Anesthetized
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Figure 30. Correlation between the FR and size of the Up states in awake and anesthesia

[llustration on each subject data of the regression line and the 95% confidence intervals of the linear model.
No outlier detection and removal has been applied.

Then we estimated the regression line of a linear model for these two parameters (Fig. 30),
finding that the linear model explained the data to a good extent, as shown more

quantitatively in the table below.

Subject  State 99% CI of slope RA2
1 Awake [0.07,0.13] 0.76
1 Anesthetized [0.18,0.30] 0.78
2 Awake [0.13,0.30] 0.61
2 Anesthetized [0.09,0.22] 0.75
3 Awake [0.10,0.26] 0.64
3 Anesthetized [0.31,0.37] 0.97

This high and constant relation between the FR and the size of the Up state could be
indicative of a robust dynamic of activity, where the augmentation in firing of a neuron
during an Up state provokes the recruitment of other sets of neurons in specific and stable

proportions, augmenting the size of the Up state as a result.

4.2.4. Differences in neuronal functional connectivity during wakefulness

and anesthesia

In order to investigate the functional connectivity, we estimated the partial correlation

between each time series of DF/FO using a Gaussian graphical model.
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Figure 31. Neuronal connectivity pattern within the same subjects during wakefulness and anesthesia
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(A) Networks are illustrated with connectivity graphs. Each node represents a neuron in its real position from
the recording and the size of the node indicates its connectivity degree (B)Histogram showing the differences
on the connection weights for the group of active neurons.

During wakefulness in general, an extensive number of neurons are engaged in the
asynchronous activity and consequently multiple connections are established. However, this
number decreases substantially during anesthesia, where connections are sparser and weaker.
Estimating the functional connectivity, we observed this phenomenon in our data (Fig. 31),
but with the exception of a few neurons that during the anesthetized state exhibited a higher
correlation of activity than any neuron during wakefulness (Fig. 31B). This could be coherent
with the intrinsic dynamic of the slow oscillatory activity, where the synchronous firing
produced during the Up state enhances the possibility of coupled activity among the small

amount of active neurons.
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4.3. Thalamic stimulation during an anesthetized state

We evaluated the effect produced by the PF stimulation under anesthesia in the activity of a
PF-connected (PrL) and non-connected (V1) cortical areas by quantifying the changes in the

spatiotemporal and frequency values.

4.3.1. Regularization of the oscillatory activity of the prelimbic cortex after

the stimulation of the parafascicular nucleus

The spectrograms from 30 min before and after the stimulation showed that, although the
PrL activity both prior and post-PF stimulation varies among subjects, in all cases there are
discernible changes after the stimulation compared to its own previous activity (Fig. 32).
Furthermore, those changes did not seem to be restricted to the moment immediately after
the stimulation, but in general, they showed relatively long-lasting effects, with a minimum
duration of 30 min.
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Figure 32. Prelimbic activity before and after parafascicular nucleus stimulation
(A) Extracts of the LEP raw signal from the PrL cortex before (left) and after (right) the PF nucleus stimulation
in two different subjects where the changes in activity are observable. (B) Spectrogram from the LEP recordings
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in the PrL the whole analyzed time: 30 min before and after the PF nucleus stimulation (marked with a black
and white horizontal line and a black ray) in two different subjects.

To quantify the average changes across the population, different parameters of the slow
oscillation were analyzed: the average of the slow oscillation frequency, the slow oscillation
coefficient of variation (CV), the FR over time, the FR cycle, the Up and Down durations,

and their respective FR.
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Figure 33. Modulation of slow oscillation in the PrL cortex by the PF stimulation
Population data showing the changes in the different SO= slow oscillation parameters 30 min before and after
the PF stimulation (A) Parameters that explain the dynamic of the whole signal. (B) Measurements of the Up

and Down states.

Our observed changes following stimulation were compatible with an increase in the
excitability of the cortical network. The FR across the analyzed time increased significantly

(»=0.039063), and the slow oscillation frequency tended to increase, although not
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Chapter 4. Results

significantly (p=0.25). At the level of the slow oscillation components, a shortening of the
duration of the Up (p=0.023438) and the Down states (p=0.039063) was consistent with an
increase in arousal. Besides, the CV decreased significantly (p=0,039063) what seemed to

explain the regularization of the activity shown in the spectrograms (Fig. 32B).
Consistent with previous results, the analysis of the different parameters of the slow
oscillation seemed to suggest that the PF stimulation regularized the activity and had an

activating effect in the PrL cortex, coherent with the innervation received from the PF and

the involvement of this nucleus in the ARAS system, the activation network.

4.3.2. Alterations in the gamma band after stimulation of the PF nucleus

We also explored how the PF stimulation affected the spectral content and the synchrony

between the two cortical recorded areas.

Power spectral density

——— Pre-stimulation

Gamma Gamma

Figure 34. Spectral content in PrL. and V1 before and after the PF stimulation
Mean raw power spectral density changes after the PF stimulation.

These results indicated a decrease in the gamma band (30-100 Hz) after the PF stimulation
produced in both recorded areas. This decreasing trend is consistent with the general idea
that the effects observed after thalamic stimulation are produced widespread in the cortex
(Morison and Dempsey, 1942; Jasper, 1949; Hanbury et al., 1954). However, this descent
in the gamma band was only significant in PrL cortex (p=0.0156) which could be suggesting
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a possible specific effect probably due to the existent innervation from the PF nucleus to the

PrL cortex in opposition to V1.
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Figure 35. Phase synchronization between PrL and V1 before and after the PF nucleus stimulation
0 is the minimum and 1 the maximum value indicating respectively the coupling or uncoupling of the phases
of the signals from the two regions recorded regions.

In addition to the gamma decrease in the spectral content, we also observed a decrease in
phase synchronization at the gamma band between PrL cortex and V1 (p=0.015625) (Fig.
35). Given the global nature of the slow oscillation in the cortex and the anatomical
connectivity of the recorded structures, it seems comprehensible to assume that a
perturbational thalamic stimulus would affect the PrL cortex, as a connected area, and
consequently interrupt the previous cortico-cortical synchronization among non-connected

areas, in this case V1.

Our results suggested that the PF stimulation induces long-lasting effects in the PrL cortex,
reflected in changes that remained 30 min after the stimulation in the spectral content and
in different parameters of the slow oscillation. The two main effects observed were a
regularization of the oscillatory activity, evidenced in the changes in the variance coefficient
of the slow oscillation, and an increase in cortical arousal indicated by an increase in the

relative firing rate. Moreover, in terms of spectral content, a variation in the gamma band
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power in PrL cortex and a decrease in the gamma band synchronization was observed

between two distant cortical areas which differ in their innervation by the PF nucleus.
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Chapter 5

Discussion

The work performed in this Thesis has comprised the study of physiological states of sleep
and wakefulness and pharmacologically induced brain states (with anesthesia) from different
perspectives and scales. The data obtained from the LFP and two-photon calcium imaging
recordings of their spontaneous and evoked brain activity patterns was used to classify those
states into differentiated stages and further analyze their intrinsic cortical dynamics. Finally,
the impact of thalamic -specifically, the parafascicular nucleus- activation on the cortical

state was investigated, as an stratategy that may be relevant also in the clinic.
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Chapter 3. Modulation of cortical activity by thalamic electrical stimulation during an anesthetic-induced state
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Figure 36. Distribution of the different brain states in correlation with the main components of
consciousness: level of wakefulness (or arousal) and awareness (Laureys et al., 2007)

Ilustration of the characteristic activity patterns of the studied anesthetic-induced and non-pathological
physiological brain states. Yellow ray depicts the electrical stimulation delivered.

The potential role of power ratios and cortical synchronization at specific frequency bands to
classify stages in both physiological and pharmacologically induced conditions and to
describe some of their functional aspects was highlighted with this work. An accurate
identification and classification of states and their stages is crucial to unveil stage-specific
phenomena and underlying mechanisms. The relevance of discovering robust indexes able to
categorize stages is not only restricted to the neuroscientific study of the underlying

mechanisms of the brain states, but it also has a clinical application. Evidence of the necessity
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of a unitary and reliable method of brain states classification in the clinical field is the
existence of multiple scorings scales and methods based on numerous features such as
behavioral indicatives of the level of consciousness, in patients with disorders of
consciousness, or diverse traits and rhythms observed in the electrophysiological activity

during physiological states.

5.1. Brain states and transitions in the physiological sleep-

wake cycle

Synchrony within a neural system has been proposed as a potential mechanism for the
integration of information, essential for the emergence of mental processes and behavior
(Hebb, 1949; Nicolelis et al., 1995; Singer, 1995; Engel et al., 2001; Varela et al., 2001;
O’Connor et al., 2002). In particular, the enhancement of synchrony between distributed
cortical regions has been considered a specific mechanism of brain processing directly
dependent of the brain state (Fries, 2005). Furthermore, Gervasoni et al. (2004) affirmed
that wakefulness and sleep specifically exhibit different values of phase synchrony of the LFP
oscillations. However, previous studies have focused on cither a frequency band, large cortical
territories or a small subset of cortical pairs when exploring relevant features that define each

physiological brain state, which can lead to partial and biased conclusions.

Following these premises, we explored synchrony from the perspective of the cortical
network, considering multiple distributed cortical areas and frequency bands simultaneously.
In this context we investigated the efficiency of the PLV as a potential index to differentiate
distinct stages of a physiological sleep-wake cycle. Specifically, we showed that cortical
synchrony in high gamma could accurately differentiate between a state of wakefulness and
sleep while in the theta and alpha range, could classify differentiate between an active or a

slow wave pattern of brain activity.

Cortical oscillations in the gamma frequency band seem to be closely involved in perception,
cognitive binding and consciousness (Gray and Singer, 1989; Llinds, 1991; Singer and Gray,
1995; Rodriguez et al., 1999; Hwang et al., 2019). This is consistent with the fact that the
level of cortical phase synchronization in this frequency band could distinguish between
physiological states that differ in the degree of consciousness.

Previous studies reported divergent dynamics of cortical synchrony in the gamma bandwidth
across the different stages of the sleep-wake cycle; however, all coincided in the description

of a stage-dependent prominent role for this band. Some authors affirmed that gamma
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cortical synchrony was high during those stages with an activated pattern of activity (awake
and REM) and correlated with the presence of cognition (in REM in the form of dream
content) (Llinds and Ribary, 1993; Bragin et al., 1995; Maloney et al., 1997; Achermann
and Borbely, 1998a). Our results were in agreement with the decreases found in gamma
coherence both in SWS and REM stages of sleep that was interpreted as a sign of the decrease
in the capacity for integrate and process information among cortical regions that is produced
in sleep (Gross and Gotman, 1999; Perez-Garci et al., 2001; Cantero et al., 2004; Voss et al.,
2009; Castro et al., 2013, 2014; Cavelli et al., 2015; Pal et al., 2016). Furthermore, within
individual brain states there are differences in the stimulus processing, described both for
different phases of slow waves (Up/Down states) (Reig et al., 2015) or, within the awake
state, depending on the engagement in the task (Abolafia et al., 2011). A further involvement

of gamma phase in these modulations should be taken into account.

On the other hand, our data additionally showed that cortical synchrony in the theta and
alpha frequency range were able to distinguish stages of the sleep-wake cycle according to the
brain activity pattern. The values of synchrony in theta and alpha rhythms accurately
separated between the stage of SWS from the awake and REM stages. Awake and REM have
an active and desynchronized pattern of activity and share some common neural substrates
that promote arousal, such as a cholinergic transmission (Llinds and Pare, 1991; Jouvet,
1999; Steriade, 2000; Pace-Schott and Hobson, 2002). Therefore, the fact that the properties
of cortical synchrony at this frequency range were indistinguishable among these two stages,
could have a functional basis given its common physiology. Pal et al. (2016) showed a
correlation of cortical connectivity in the theta band with the cholinergic tone regardless of
behavioral arousal; therefore, in both awake and REM, the synchronization in theta was
similar, since the transmission of acetylcholine in both states is high. Pal et al. (2016)
emphasized that the value of synchronization in theta does not consider behavior, while we
suggest that synchronization in the theta band distinguishes between distinct patterns of

brain activity.

In conclusion, we observed that cortical synchrony in high gamma can differentiate the stages
of the sleep-wake cycle based on its behavioral level of arousal (wakefulness and sleep), whilst

in theta and high gamma based on the pattern of brain activity (active in wakefulness and

REM against slow in SWS).

In agreement with Lustenberger et al. (2018) which showed that neural responses were
modulated by the physiological state, from our preliminary data we observed that the
auditory evoked responses in primary and secondary auditory areas and in the multimodal

parietal associative cortex depended on the physiological state and in the frequency content
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of the sound. In contrast to white noise, pure tones elicited cortical responses. In particular,
8 kHz tones elicited responses in all physiological state, whereas 4 kHz only produced
noticeable responses in SWS. This does not imply the absence of a response to 4 kHz tones
during wakefulness, but rather that the modulation produced is of lower amplitude. This is
in line with studies reporting that the cortical response to an auditory stimulus is larger during
a state of synchronous activity (dominated by slow oscillations) than during a state of
desynchronized activity (Castro-Alamancos, 2004a; Marguet et al., 2011). It is also coherent
with the fact that the same stimulus induces larger synaptic responses in Down states, than
in Up states (Reig and Sanchez-Vives, 2007: Reig et al 2015), Up states that indeed share
many features with wakefulness (Compte et al 2008; Destexhe et al 2007). Furthermore,
there is a different relationship between intensity of stimulation and amplitude of responses
between Down and Up states (Reig et al., 2015). If we add up the frequency specificity be
location, we find that the responsiveness to sensory stimulation, in this case auditory, is

multifactorial.

Moreover, the 8 kHz tones elicited large-scale responses in all states accompanied by a
constant muscular response. During sleep specifically, this stimulation provoked an adequate
arousal level to elicit a behavioral reaction but not for inducing a switch in the state from

REM to SWS or causing awakening.

In order to further explore how the brain state and the frequency modulates the cortical

response a larger experimental sample is needed, which is currently ongoing work.
5.2. Brain states and transitions in anesthetized states

Even when there are many changes in cortical dynamics during anesthesia, we still lack a
mechanistic understanding of the evolution of network properties of the different levels that
anesthesia goes through. Among the most recurrent traits in the literature that explores those
dynamics are: the variations in power in different frequency bands and its topographical
predominance (Hudson etal., 1983; Long et al., 1989; John et al., 2001; Gugino et al., 2001;
McCarthy et al., 2008; Breshears et al., 2010; Cimenser et al., 2011; Lewis et al., 2012; Ni
Mhuircheartaigh et al., 2013; Purdon et al., 2013; Lee et al., 2013; Vijayan et al., 2013;
Warnaby et al., 2017; Lee et al., 2017; Prerau et al., 2017), alterations in synchrony among
areas, thus disruptions of functional connectivity (Engel and Singer, 2001; Alkire et al., 2008;
Ferrarelli et al., 2010; Mashour, 2013; Guldenmund et al., 2013; Purdon et al., 2013;
Bettinardi et al., 2015; Bonhomme et al., 2016; Chander et al., 2014; Lee et al., 2017;
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Mashour and Hudetz, 2017; Krzeminski et al., 2017; Pal et al., 2019) and the suppression
of activity in specific areas (Fiset et al., 1999; Alkire, 1998; Paasonen et al., 2018).

The search for the establishment of functionally defined stages during anesthesia has the
added difficulty of the wide variety of neurochemical, neuroanatomical and
neurophysiological functioning derived from the use of distinct anesthetics and dosage. Tort-
Colet et al. (2019) described the existence of two activity patterns that alternated during the
decrease in the level of anesthesia with ketamine and medetomidine. Considering these
findings, we used the same mixture of anesthesia at two different doses and based in the
spectral dynamics of the two main detected activity patterns during the anesthetic induction
we build a model able to classify the entire period of anesthesia. However, a critical difference
in the current study is that, being a chronic recording, we did reach a wider range of

anesthesia levels, including from deep anesthesia to fully awake.

With this work, we have proposed a methodology that could be systematically used to classify
anesthetic patterns of activity. From this classification we also suggested a stages division
based on the observation of the pattern of temporal appearance of the two types of activity.
Changes in the PSD of the awake-like pattern at distinct moments of the anesthetic state
supported the viability of this functional classification, which could be a starting point to

further investigate this division criteria at a larger scale.

During this anesthetized-induced state of unconsciousness we found the emergence of
activity patterns that are also characteristic of well-defined physiological stages, as wakefulness
or SWS. The analysis of the spectral content of both patterns revealed that also their dynamics
were convergent. Per contra, wakefulness implies consciousness and SWS absence of
consciousness, leaving a shared pattern of activity and spectral profile among physiological
and pharmacological states, regardless of the conscious state. This could be suggesting that
this spectral dynamic is strongly related with the patterns of activity and not to the same level

with the behavior.

Synchronization during anesthesia with a light dosage was restricted to nearby areas following
an anteroposterior division, while with a deeper dosage no clustering was observed. This
clustering in activity coupling from the lighter dose is consistent with the disruption of the
frontoparietal connectivity (White and Alkire, 2003; Lee et al., 2009; 2011; 2013; Boly et
al., 2012; Hudetz, 2012; Ranft et al., 2016; Sanders et al., 2018a; Li et al., 2019b) and the
enhancement of local connectivity observed with GABAergic agents (Lee et al., 2017).
However, previous studies did not found a consistent pattern of the spatiotemporal dynamics

and alterations in connectivity with the administration of ketamine (Liao et al., 2012;
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Scheidegger et al., 2012; Niesters et al., 2012; Sarasso et al., 2015; Bonhomme et al., 2016).
Our results could be suggesting that the dose of the ketamine and medetomidine mixture

could be important to the trend of the cortical connectivity dynamics.

The synchronization values within the theta band during the awake-like pattern of activity
suggested a relation with the results found in the sleep-wake cycle. Synchronization in the
theta and alpha bands seemed to accurately distinguish between the SWS sleep stage against
wakefulness and REM sleep stages. In the anesthetized state was observed the emergence of
high values in theta contrasting with the progressive decrease experienced by the rest of
frequency bands at each tested dosage. These results showed a convergence in the relevance
of the synchrony in the theta band related with desynchronized and active patterns of activity
in both physiological and anesthetized states. Considering this, cortical synchronization at
this frequency band could be indicating a correlation restricted to features from the activity

pattern regardless of the state of consciousness.

Within this work we also approached the study of the cortical neural population dynamics
in an anesthetized state from a single-neuron scale. We applied definitions and measurements
that are also used in the analysis of LFP data. More specifically, the single-neuron scale
allowed the observation of synchronous events similar to the Up states produced in anesthesia
(Steriade et al., 1993). It has been already described that features such as the spatiotemporal
and membrane potential dynamics from the activity during wakefulness and the Up states in
anesthesia and SWS are also similar (Destexhe et al., 1999; 2007). Although, the
quantification performed of their parameters of the slow oscillation suggested that despite
the dynamics at a single-neuronal scale seemed analogous, the Up states from wakefulness
and anesthesia differed in parameters from the slow oscillation such as the FR and the Up
states duration and functional connectivity. However, in order to further explore both these
similarities and differences is important to increase the sample and to determine the extent
to which a freely-moving animal presents this type of Up-state like synchronization which

we observe in the head-fixed animal.

This study has provided data from different scales of the cortical dynamics that are established
as the level of anesthesia varies among their distinct stages: from wakefulness, within the

induction, maintenance and fade-out all the way to awakening.

Given the large heterogeneity of results described in the scientific literature about this line of
research, it seems necessary to characterize as many features as possible using a common
methodology during the anesthetic period with distinct types of anesthetics and doses. With

these multi-scale data, we can address the search for a consistency in the brain patterns of
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activity over time that allows a functional distinction of stages and eventually clarify how

those correspond to distinct neural mechanisms and their levels of consciousness.
5.3. Thalamic stimulation during an anesthetized state

Electrical stimulation of nuclei belonging or connected to the ARAS resulted in an increase
in behavioral arousal (Moruzzi and Magoun, 1949; Cohadon et al., 1985; Tsubokawa et al.,
1990; Schiff et al., 2007; Alkire et al., 2007; Yamamoto et al., 2010; Brown et al., 2012;
Kundishora et al., 2017). However, the reported consequences on cortical activity have not
been homogeneous, reporting both a cortical desynchronization with a high frequency

stimulation and a reduction of the arousal with a low frequency stimulation (Moruzzi and

Magoun, 1949).

In our experiments we applied the parameters proven to be of functional relevance when were
delivered in the PF nucleus as well as in other intralaminar thalamic nuclei (Moruzzi and
Magoun, 1949; Cohadon and Richer, 1993; Tsubokawa et al., 1990; Vale-Martinez et al.,
1999; Guillazo-Blanch et al., 1999; Sos-Hinojosa et al., 2003; Lin et al., 2007; Andero et al.,
2007; Yamamoto et al., 2010; Cervera-Ferri et al., 2016). We delivered a stimulation
consisted in 120 s of square pulse trains of 500 ms each at 50 Hz of frequency and 60 pA of
intensity. According to the literature, this stimulation is considered as a low frequency which
in rats has not only shown to be able to reverse memory deficits (Sos-Hinojosa et al., 2003)

but even to enhance memory consolidation (Guillazo-Blanch et al., 1999).

With this stimulation we observed a change in the oscillatory activity of the prefrontal cortex
compatible with an increase in the excitability, which according to our studies of cortical
activity in different levels of anesthesia, is compatible with a lower level of anesthesia and
therefore, with a step closer in the state of arousal. Interestingly, in the studies in our group
in lighter levels of anesthesia it was found, as here, a higher slow oscillatory frequency, higher
regularity, decreased duration of Up and Down states, all changes compatible with increased
excitability and a state closer to arousal (D’Andola et al., 2018; Tort-Colet et al, 2019;
Dasilva et al, 2020).

We did not consider that this stimulation evoked a shift in the brain state, as seen in the
aforementioned studies, since the cortical activity never ceased the bistability of the slow
oscillation. Therefore, we suggest that the thalamic stimulation produced an increase in
cortical arousal, reflected in the enhancement of the regularity in the slow oscillatory activity

(Tort-Colet et al, 2019; Dasilva et al, 2020).
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It also should be noted that isoflurane, like other anesthetics severely depressed essential
components of the ARAS, critical for consciousness (Rudolph and Antkowiak, 2004). In this
context of deep anesthesia, even this validated stimulation may not be an enough input to
activate these nuclei at a level required to provoke a complete shift of brain state.
Interestingly, the changes observed in the gamma synchronization are opposite, suggesting
that changes in slow oscillations and gamma components can be dissociated depending on

the underlying mechanism.

As mentioned above, the coupling of gamma oscillations is suggested to have an important
role in cognitive binding and conscious perception (Gray and Singer, 1989; Srinivasan et al.,
1999; Meador et al., 2002; Doesburg et al., 2005; Nakatani et al., 2005; Palva et al., 2005;
Hwang et al., 2019). However, we found a disruption in gamma cortico-cortical synchrony
from distant regions. This is consistent with the results found with multiple other anesthetics,
where they reported a decrease in gamma coherence particularly pronounced across distant
cortical regions (John et al., 2001; Alkire et al., 2008; Lewis et al., 2012). It has been
suggested that this impairment in gamma also affects the transmission and integration of
information, crucial elements of an activated state with conscious perception (Gray and
Singer, 1989; Llinds, 1991; Singer and Gray, 1995; Tassi and Muzet, 2001; Hwang et al.,
2019).
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Chapter 6

Conclusions

1. The PLV of cortical synchronization in the high gamma band distinguishes with high
accuracy between behavioral stages of the sleep-wake cycle (wakefulness versus sleep),
while synchronization within the theta and alpha bands could distinguish between

their brain patterns of activity (SWS versus awake and REM stages).

2. The LFP power ratios of beta (20-30 Hz)-low/medium gamma (30-80 Hz) and theta
(5-10 Hz)-delta (1-5 Hz) together with the information from the EMG fluctuations
precisely predict and allow the online classification of awake, SWS and REM sleep

stages of the sleep-wake cycle.

3. DPreliminary results show that not only the frequency of an auditory stimulus but also
the stage of the sleep-wake cycle plays a role in the modulation of an auditory evoked
cortical response. The online classification of stages will allow a detailed investigation

of stimulus processing in different states.

4. The existence of two distinct patterns of activity (awake-like and slow oscillation)
during different levels of anesthesia, is evidenced by their differences in their PSD

that allows the performance of a supervised classification in unclassified signals.

5. In each of the two defined types of activity (awake-like and slow oscillation) during
different levels of anesthesia, similar dynamics can be observed to those that appear
in distinct stages of physiological states (wakefulness and slow wave sleep), which
consist in an enhancement of the power in low frequencies and a decrease of gamma
during the slow oscillatory pattern and an increase of the gamma band and decrease

of low frequency ranges during an awake-like pattern of activity.
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10.

11.

12.

13.

The anesthetic mixture of ketamine and medetomidine disrupts spatial cortical
synchrony, also called functional connectivity, in all frequency bands more broadly
at a deeper dose compared to a lighter dose. This suggests that in deep anesthesia the
dynamics are more local, even when the temporal synchronization in slow waves is

larger.

A synchronization peak in the theta band during the awake-like activity pattern of an
anesthetized state, further supports the hypothesis that cortical synchronization in
this frequency band could distinguish specific features from a desynchronized and

active activity pattern, regardless of the conscious state.

The recording by means of calcium imaging of neural populations with a single-
neuron resolution reveals the spatiotemporal activity in =300 local neurons in
synchronous vs asynchronous states. In spite of the asynchrony that characterizes the
awake state, this technique allows the detection and measurement of synchronous

oscillatory events during wakefulness (Up states).

The Up states or synchronized events recording in the awake differ from anesthetized
Up states presenting a more variable duration, higher FR and the involvement of a

larger number of neurons, suggesting different underlying network basis.

The linear relation among the FR and the spatial size of the Up state indicates a stable

and balanced neural recruitment dynamic within each Up state occurrence.

Cortical connectivity at a single-neuronal scale during an anesthetized state engages

a lesser number of neurons than during an awake state.

PF electrical stimulation of the thalamic parafascicular nucleus induces long-lasting
changes in the slow oscillatory activity pattern of its innervated PrL cortex. Those
changes are compatible with an enhancement in excitability and an activating effect
during deep anesthesia, therefore inducing the cortical dynamics corresponding to a

more awake state.

Electrical stimulation of the parafascicular nucleus disrupted the synchrony at the

gamma band among the PrL and V1 cortical regions.
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