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Resumen

La anestesia general comparte importantes caracteristicas con el suefio, siendo la mas evidente, la
perdida de consciencia reversible. Tal es asi, que suele utilizarse la expresion de que un paciente
“estd dormido” para referirse a que alcanz6 un plano anestésico. Estos estados comparten
similitudes electrofisiolégicas y se ha propuesto que son inducidos por los mismos circuitos
neurales. Sin embargo, ain existen muchas interrogantes al respecto. El objetivo principal de esta
tesis fue el de determinar las similitudes y diferencias electrofisiologicas y neurales entre el suefio
y la anestesia general. Para ello, en el capitulo 1 realizamos una detallada caracterizacion
electroencefalografica del suefio y la vigilia para contar con una base para comparar con la
anestesia general. En el capitulo 2, estudiamos las peculiaridades del electroencefalograma bajo
uretano, un anestésico que ha sido propuesto como un modelo farmacoldgico de suefio dado que
es capaz de oscilar entre dos estados, uno similar al suefio No-REM y uno similar al suefio REM.
En el capitulo 3, evaluamos el rol de neuronas glutamatérgicas y GABA¢érgicas de unas de las
principales areas somnogénicas, el area ventrolateral (VLPO) y el nucleo mediano (MnPO) del
area preoptica sobre la anestesia general con isoflurano. Por ultimo, el capitulo 4 surgi6 a raiz de
un hallazgo inesperado encontrado en el capitulo 3, que las neuronas glutamatérgicas del VLPO y
regiones adyacentes generan vigilia, fragmentan el suefio No-REM y suprimen el suefio REM,
desafiando la teoria de que las neuronas del area predptica que regulan el ciclo suefio-vigilia son
exclusivamente somnogénicas. En este capitulo, estudiamos en detalle el rol de estas neuronas en
el ciclo suefio-vigilia y la actividad eléctrica cortical. Con esta tesis hemos podido demostrar que
la potencia y coherencia del EEG durante el suefio varia de acuerdo al ciclo luz-oscuridad y que

es distinta en distintas areas corticales e incluso entre ambos hemisferios. Por lo tanto, al comparar



la actividad eléctrica cortical del ciclo suefio-vigilia con otro estado, es de gran importancia utilizar
la misma disposicion de electrodos y realizar los registros en la misma etapa del dia.
Adicionalmente, si bien durante muchos afios se ha sostenido que la anestesia general comparte
grandes similitudes con el suefio y que actia mediante los mismos circuitos neurales, en este
trabajo hemos colectado evidencia que contradice estas teorias. Por un lado, existen claras
diferencias electroencefalograficas entre la anestesia con uretano (considerada un modelo
farmacoldgico de suefio) y el suefio (tanto No-REM como REM). Por otro lado, la activacion del
area preoptica del hipotdlamo, un area esencial en la generaciéon de suefio no modifica la
sensibilidad al isoflurano (un anestésico general ampliamente utilizado). Por Gltimo, el estudio del
area predptica en el suefio y la anestesia general nos permitio desafiar el concepto de que las
neuronas involucradas en el ciclo suefo-vigilia del é4rea predptica del hipotdlamo son
exclusivamente somnogénicas al comprobar que las neuronas glutamatérgicas del area medial y
ventrolateral de la region predptica generan vigilia, fragmentan el suefio No-REM e inhiben el

sueno REM.



Introduccion

Desde los inicios del siglo XX la ciencia ha tratado de comprender la naturaleza y las bases
neurales de la consciencia. Para ello, muchos estudios han evaluado las diferencias entre el estado
normal de vigilia consciente y estados en los que ocurre perdida de consciencia, como por ejemplo
el suefio o la anestesia general (Mashour, 2011). Desde la primera demostracion de la anestesia en
1846 se han utilizado un gran numero de diversos agentes anestésicos y se han estudiado sus
mecanismos de accion. En los inicios, a partir de la “hipdtesis unitaria” formulada por Claude
Bernard, se consideraba que todos los anestésicos tenian un mecanismo de accidon comun ya que
todos ellos provocaban perdida de consciencia (Bernard, 1875). En la actualidad, esa hipotesis
estd obsoleta ya que se conoce que existen diversos grupos de anestésicos con distintos
mecanismos de accion. En particular, los anestésicos pueden ser divididos en dos clases principales
de acuerdo con su via de administracion; anestésicos intravenosos (usualmente utilizados para la
induccidn anestésica) y anestésicos inhalatorios (utilizados principalmente para el mantenimiento
anestésico). Estos, a su vez pueden clasificarse de acuerdo con su mecanismo de accion. Los
anestésicos actian interactuando con diversos receptores que regulan la transmision sinaptica y
distintos receptores presentan distinta sensibilidad a los anestésicos (Franks, 2008). Muchos de los
agentes anestésicos, como por ejemplo el propofol, el isoflurano y sevoflurano, actian sobre los
receptores GABA, potenciando las corrientes de cloro. Otros, como la ketamina, un anestésico
disociativo, ejercen su accion mediante la inhibicion de receptores NMDA (Alkire et al., 2008).
Sin embargo, mas alla de las diferencias entre los mecanismos de accion, en los ultimos afios se la
neurociencia ha intentado dilucidar los correlatos de inconsciencia comunes de todos ellos, y de

otros estados de pérdida de consciencia reversible, como el suefio (Mashour, 2006).



La anestesia general y el suefio comparten importantes caracteristicas, siendo la principal, la
perdida de consciencia reversible y la baja respuesta a estimulos (Mashour & Pal, 2012). Tal es
asi, que muchas veces es utilizada la expresion de que un paciente “estad dormido” para referirse a
que alcanzé un plano anestésico (Mashour, 2011; Vacas et al., 2013). En 1994 Lydic y Biebuyck
propusieron la hipdtesis de circuitos compartidos (shared circuit hypothesis) entre el suefio y la
anestesia general (Lydic & Biebuyck, 1994). Esta hipdtesis propone que ambos estados comparten
mecanismos neurales y un amplio nimero de investigaciones han sido realizadas con el fin de
corroborala. Por ejemplo, se ha demostrado que la privacion de suefio en la rata disminuye el
tiempo necesario para la induccidon anestésica, asi como también, incrementa el tiempo de
recuperacion de la misma (Tung et al., 2002). Esto demuestra que un aumento en la presion al
suefio incrementa la sensibilidad a los anestésicos. Ademas, se ha visto que, en animales privados
de sueno, la anestesia general tiene un efecto restaurador de suefio, disminuyendo el rebote de
suefio post-privacion lo que hace pensar que la anestesia general satisface, de manera dependiente
de la droga anestésica, la necesidad homeostatica de suefio (Tung et al., 2004; Mashour et al.,
2010; Pal et al., 2011; Pick et al., 2011). Adicionalmente, mediante tomografia de emision de
positrones, se ha observado que tanto el suefio como la anestesia general generan desactivacion

del talamo, giro cingulado y precuineo (Maquet, 2000; Kaisti et al., 2002).

Similitudes electroencefalograficas

En cuanto a la actividad eléctrica cortical, es posible observar grandes similitudes entre la anestesia
general y el suefo, especificamente en la fase de suefio de ondas lentas o suefio No-REM. La
mayoria de los anestésicos generales generan ondas lentas en la frecuencia delta (1-4 Hz) y husos
de suefio (eventos de 0.4 a 2 segundos de duracion, caracterizados por una frecuencia de 7-14

Hz)(Keifer et al., 1996; Gugino et al., 2001; Sleigh et al., 2011), al igual que el suefio No-REM



(Uchida et al., 1994). Es interesante destacar que la administracion de anestésicos GABAérgicos
en la region pontina induce un electroencefalograma que alterna entre un estado caracterizado por
ondas lentas (similar a No-REM) y un estado similar al suefio REM, con un incremento de la
frecuencia theta (4-8 Hz) (Avigdor et al., 2021). Sin embargo, otros estudios han demostrado
diferencias electroencefalograficas entre el suefio y la anestesia general (Murphy et al., 2011;
Akeju & Brown, 2017). Por ejemplo, los husos de suefio durante el sueiio No-REM aumentan
durante la fase positiva de las ondas lentas, mientras que existe muy poca correlacion entre las
ondas lentas y la actividad de husos en la anestesia general (Murphy et al., 2011). Por otra parte,
la anestesia con uretano, ampliamente utilizada en experimentacién animal, es considerada un
modelo farmacologico de suefio (Horner & Kubin, 1999; Clement et al., 2008). Esta, se caracteriza
por dos estados electroencefalograficos que se alternan entre si, un estado de ondas lentas que
recuerda al suefio No-REM, y un estado activado con caracteristicas similares al suefio REM pero
también a la vigilia (Pagliardini et al., 2013; Yagishita et al., 2020). Hasta el momento, las
diferencias y similitudes entre el uretano y el suefio fisiologico siguen siendo no del todo
comprendidas. Incluso, la similitud del estado activado con la vigilia, han llevado a cuestionar si

realmente el uretano provoca perdida de consciencia (Pagliardini et al., 2013; Neves et al., 2018).

Bases neurales

Durante mucho tiempo se consideré que el suefio era un proceso pasivo que no estaba generado
por circuitos neurales especificos si no por una disminucién generalizada de la actividad cerebral
(Reitz & Kelz, 2021). Sin embargo, casi 100 afios atras, durante la epidemia de encefalitis letargica
von Economo propuso la existencia de un centro generador de suefio (el hipotdlamo anterior) y
uno de vigilia (en el hipotalamo posterior). Esta conclusion fue basada en la correlacion entre los

signos clinicos de los pacientes (insomnio o suefio excesivo) y las lesiones anatomopatologicas



(von Economo, 1930). Estudios posteriores demostraron un rol esencial de la regioén predptica del
hipotalamo (POA) en la generacion de suefo, principalmente suefio No-REM (Suntsova et al.,
2007; Szymusiak et al., 2007; Benedetto et al., 2012). Se ha comprobado que existen grupos de
neuronas que se activan durante el suefio en varias subregiones de la POA con una densidad
particularmente alta en la region ventrolateral (VLPO) y el nucleo mediano (MnPO) (Suntsova et
al., 2002; Szymusiak & McGinty, 2008; Torterolo et al., 2009; Gvilia et al., 2011). Las
neuronas GABA¢érgicas del VLPO y MnPO, en particular generan sueiio mediante la inhibicién
de centros activadores (Vanini et al., 2011). De forma analoga, se ha demostrado que
anestésicos generales tanto de  administracion intravenosa (propofol y barbitaricos), como
volatiles (isoflurano), activan neuronas GABAergicas de la POA promotoras de suefio No-REM,
principalmente del VLPO (Tung et al., 2001; Nelson et al., 2003; Moore et al., 2012; Han et al.,
2014). Sin embargo, si bien estos estudios demuestran una correlacion entre la anestesia general y
la activacion de la POA, no han sido capaces de demostrar causalidad. Ademas, si bien el MnPO
es esencial para la generacion y regulacion homeostatica de suefio, su rol en la anestesia general

ha sido poco explorado.

Objetivos y estructura de la Tesis

Debido a que aun existen muchas interrogantes en la relacion entre el suefio y la anestesia general,
el objetivo principal de esta tesis fue determinar las similitudes tanto a nivel del EEG, como en la

actividad neuronal de la POA entre estos estados. Para ello he divido la tesis en 4 capitulos.

El Capitulo 1 consiste en la caracterizacion electroencefalografica del suefio y la vigilia, con el
fin de contar con una base detallada para que luego pueda ser comparada con el EEG durante la

anestesia general. Si bien, existen diversos trabajos que han analizado el EEG durante suefio y



vigilia, la mayoria de ellos no han estudiado el espectro completo de frecuencias, ni han evaluado
diferencias en las diferentes 4areas corticales y hemisferios, asi como la influencia del ciclo

circadiano.

En el Capitulo 2, estudiamos las caracteristicas electroencefalograficas del uretano, el anestésico
general que ha sido propuesto como un modelo farmacoldgico de suefio. En este trabajo
comparamos el suefio fisioldgico y la vigilia con los dos estados caracteristicos de este tipo de
anestesia haciendo especial énfasis en los correlatos electroencefalograficos de perdida de

consciencia.

En el Capitulo 3, nos enfocamos principalmente en la teoria de los circuitos neurales compartidos
entre el suefo y la anestesia, y evaluamos el rol de las neuronas GABA¢érgicas y glutamatérgicas

en el VLPO y el MnPO en el suefio y la induccion y recuperacion anestésica.

Por ultimo, el Capitulo 4 surge como una extension de un hallazgo inesperado encontrado en el
capitulo 3. En este trabajo pudimos demostrar que las neuronas glutamatérgicas del VLPO y
regiones adyacentes generan vigilia, fragmentan el suefio No-REM y suprimen el suefio REM,
desafiando la teoria establecida durante muchos afios de las neuronas de la POA que regulan el
ciclo suefio-vigilia son exclusivamente somnogénicas. En este capitulo, estudiamos en detalle el

rol de estas neuronas en el ciclo suefio-vigilia y la actividad eléctrica cortical.



Capitulo 1. Caracterizacion electroencefalografica del suefio y la vigilia.

El suefio puede ser definido como estado de perdida de consciencia reversible, una disminuida
respuesta a estimulos y una reduccion del tono y actividad muscular. Ademas, a nivel
comportamental, se caracteriza por inmovilidad y la adopcion de una postura tipica que permita
descansar adecuadamente y conservar el calor corporal (Siegel, 2005; Carskadon & Dement,
2011). El ciclo sueno-vigilia en los mamiferos se organiza en 3 estados principales, la vigilia y dos
estados de suefio; el suefo de ondas lentas o suefio No-REM, y el suefio paraddjico o suefio REM
(de sus siglas en inglés, Rapid Eye Movements) (Saper et al., 2010). Cada uno de estos estados
tiene particulares caracteristicas comportamentales, autonomicas y electroencefalograficas

(Torterolo et al., 2019).

El suefio puede ser distinguido de la vigilia por las caracteristicas de la actividad eléctrica cerebral
y muscular mediante el uso de la polisomnografia (Torterolo et al., 2022). En rata y raton, (modelos
animales de esta tesis), la vigilia se caracteriza por un EEG de bajo voltaje y de alta frecuencia
asociado a un tono muscular elevado y movimientos musculares visualizados en la actividad
registrada por el EMG. Al estudiar el espectro de potencias de la vigilia, existe un pico de potencia
de las oscilaciones en la banda de frecuencia theta (4 - 9 Hz) y gamma (> 30 Hz). Las oscilaciones
theta son mas prominentes en las cortezas occipitales. De la vigilia ocurre la transicion al suefio
No-REM vy las oscilaciones neurales se van enlenteciendo mientras que su amplitud se incrementa
debido a una alta sincronizacion local de la actividad neuronal. Las oscilaciones més prominentes
se encuentran en la banda de frecuencia delta (1 —4 Hz) y se observan husos de suefio (oscilaciones
con una frecuencia de 10 — 15 Hz, una duracion de al menos 0.4 segundos y una morfologia de

rampa de ascenso y descenso) Ademas, durante esta etapa del suefio la actividad muscular
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disminuye con respecto a la vigilia (Pace-Schott & Hobson, 2002; Carskadon & Dement, 2011;
Torterolo et al., 2019). Por tltimo, del suefio No-REM se ingresa al suefio REM. La actividad del
EEG durante esta etapa es muy similar a la vigilia, con oscilaciones de baja amplitud y alta
frecuencia y un pico de la actividad theta, por lo cual se lo conoce también con el nombre de suefio
paraddjico. El REM se diferencia de la vigilia por la presencia de atonia muscular (Carskadon &

Dement, 2011).

Ademas de las diferencias visuales del electroencefalograma de los estados de suefio y vigilia, es
posible diferenciar estos estados mediante un andlisis cuantitativo del EEG. En este sentido, uno
de los andlisis mds cominmente realizados es el de la potencia espectral el cual se basa en la
determinacion del peso de cada uno de los componentes de frecuencias en la sefial del EEG. Para
calcularla se utiliza la transformada rapida de Fourier que consiste matematicamente en lo

siguiente:

Px (f) = [x(H)]?
Siendo x(f) = [ x(t)e* U tdt

La potencia de determinada banda de frecuencia refleja el grado de sincronizacion local de

diferentes neuronas a esa frecuencia (Torterolo et al., 2022).

Ademas de la sincronizacion local, es posible estimar la sincronizacion entre diferentes areas de
la corteza cerebral mediante el uso de la coherencia espectral. Este analisis se basa en el calculo
de la correlacion de distintas bandas de frecuencia en dos regiones distintas. Para que dos
oscilaciones neurales de distintas regiones del cerebro a una frecuencia determinada sean
completamente coherentes necesitan tener una fase y relacion de amplitud constantes a esa

frecuencia. La formula para el calculo de la coherencia espectral es la siguiente:

11



|cSD,, ()|

COte () = 5B, ()

Siendo CSD: Cross spectral density también conocido como analisis de Fourier de la covarianza
cruzada. El rango de valores de coherencia va de 0 a 1, siendo O totalmente incoherente y 1

totalmente coherente (Bullock & McClune, 1989; Torterolo et al., 2022).

Determinadas caracteristicas de la potencia y coherencia espectral del EEG son considerados
correlatos de consciencia. Por ejemplo, la potencia de las oscilaciones de alta frecuencia como
gamma (30-100 Hz) y las llamadas HFO (de sus siglas en inglés high frequency oscillations (de
100 a 200 Hz) son caracteristicas de estados en los que ocurre actividad cognitiva, como la vigilia,
pero también como el sueio REM (donde ocurre la mayor cantidad de ensofiaciones) (Cavelli et
al.,2015; Cavelli et al., 2018). Por el contrario, durante el suefio No-REM en el cual practicamente
no hay actividad onirica, la potencia de estas frecuencias es baja (Cavelli et al., 2015). Sin
embargo, para que ocurra un estado de consciencia alerta (como durante la vigilia) es necesaria
una integracion de los eventos neurales que ocurren en diversas areas de la corteza cerebral (Singer,
2006). Es por esto que durante la vigilia la coherencia de las oscilaciones rapidas (gamma y HFO)
es alta, mientras que disminuye considerablemente durante el sueio REM (Melloni et al., 2007;
Cavelli et al., 2017; Castro-Zaballa et al., 2018; Cavelli et al., 2018). Si bien varios estudios han
analizado la potencia y coherencia del EEG durante el suefo y la vigilia, la mayoria se ha centrado
en el analisis de algunas bandas de frecuencia determinadas sin evaluar el espectro completo (desde
delta a HFO), sin determinar si existen diferencias entre distintas areas cerebrales, o entre ambos
hemisferios, asi como tampoco la influencia del ciclo circadiano en las mismas. O a aquellos
trabajos que si lo han hecho, se han basado en una unica de estas variables. (Vyazovskiy & Tobler,

2008; Cavellietal., 2015; Jing etal., 2016; Cavelli et al., 2017; Castro-Zaballa et al., 2018; Cavelli

12



et al., 2018). La hipotesis de este trabajo fue que la potencia y coherencia del EEG para distintas
bandas de frecuencia varia de acuerdo al estado comportamental, las areas corticales y hemisferios
y la fase de luz y oscuridad. Por lo tanto, el objetivo fue realizar un andlisis sistematico y detallado
del efecto del estado comportamental (vigilia, suefio No-REM y suefio REM), las areas corticales
(evaluando también la presencia de lateralizacion), y las fases de luz y oscuridad en la potencia y

coherencia de las distintas bandas de frecuencia del EEG en la rata.
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Abstract: The sleep-wake cycle is constituted by three behavioral states: wakefulness (W), non-REM
(NREM) and REM sleep. These states are associated with drastic changes in cognitive capacities,
mostly determined by the function of the thalamo-cortical system, whose activity can be examined
by means of intra-cranial electroencephalogram (iEEG). With the purpose to study in depth the
basal activity of the iEEG in adult rats, we analyzed the spectral power and coherence of the iEEG
during W and sleep in the paleocortex (olfactory bulb), and in neocortical areas. We also analyzed
the laterality of the signals, as well as the influence of the light and dark phases. We found that
the iEEG power and coherence of the whole spectrum were largely affected by behavioral states
and highly dependent on the cortical areas recorded. We also determined that there are night/day
differences in power and coherence during sleep, but not in W. Finally, we observed that, during REM
sleep, intra-hemispheric coherence differs between right and left hemispheres. We conclude that the
iEEG dynamics are highly dependent on the cortical area and behavioral states. Moreover, there are
light/dark phases disparities in the iEEG during sleep, and intra-hemispheric connectivity differs
between both hemispheres during REM sleep.

Keywords: sleep; REM; slow waves; oscillations; gamma; spindles

1. Introduction

The brain is a complex system, in which parallel processing coexists with serial operations within
highly interconnected networks, but without a single coordinating center. This organ integrates
neural events that occur at different times and locations into a unified perceptual experience [1,2].
Cognitive states are mostly determined by the function of the thalamo-cortical system [3]. Part of
this neuronal processing can be accurately measured by intra-cranial electroencephalogram (iEEG) or
electro-corticogram, which reduces artifacts from non-brain electrical activity, such as eye movement
and muscle or electrode noise, and increases the quality of high frequency oscillations in comparison
to standard surface electroencephalographic recordings (EEG) [4,5].

The sleep—wake cycle is a critical physiological process and one of the most preserved biological
rhythms through evolution [6]. This cycle is composed of wakefulness (W), non-rapid eye movement
(NREM) and rapid eye movement (REM) sleep states, that are distinguished by their behavior and
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electrophysiological signatures, which can be captured by iEEG signals [3,7]. Accompanying these
electro-cortical differences among states, the cognitive capacities drastically change during the cycle.
Fundamentally, consciousness is lost during deep NREM sleep, and emerges in an altered fashion
during REM sleep, when most vivid dreams occur [3,8].

One of the most-studied neural correlates of consciousness are the cortical EEG oscillations [9],
which contain broad and complex frequency spectra that can be examined by means of the fast
Fourier transform. The power of the different frequencies of these signals reflect the local degree
of synchronization of the extracellular potential, which are deeply modified on passing from W to
sleep [10,11]. The power of the frequency components of the iEEG is deeply modified on passing
from W to sleep. While W and REM sleep contain high frequency activity together with theta waves
(5-9 Hz) in the iEEG, during NREM sleep oscillations with slower frequencies (delta band, 0.5 to 4 Hz)
and spindles (sigma band, 11 to 15 Hz) predominate [3,12-14].

Synchronization between oscillations from different areas represent another neural correlate of
consciousness [15]. In this regard, the degree of iEEG coherence between two cortical regions reflects
the strength of the functional interconnections (re-entries) that occur between them [16]. In other
words, the spectral coherence analysis of the iEEG is a valid approach to infer cortical connectivity and
communication between distant brain areas [17]. Siegel et al. (2012) proposed that frequency-specific
correlated oscillations in distributed cortical networks provide indices or “fingerprints”, of the network
interactions that underlie cognitive processes [18]. During W, there is a larger coherence in gamma
(35-100 Hz) and high frequency oscillations (HFO, up to 200 Hz) than during sleep [11,19-21]. A high
degree of delta and sigma synchronization occurs during NREM sleep [22], while theta coherence is
large during REM sleep in the rodent iEEG [21].

Although there are several studies that have analyzed the iEEG during W and sleep, most of them
have not evaluated the whole spectrum of frequencies (from delta to HFO), the differences between brain
areas, lateralization and the phases of the circadian cycle. Additionally, the ones that did, have focused
in just one of these parameters without evaluating the effect of all of them [20,21,23-25]. Therefore,
a detailed and systematic evaluation, that evaluates the impact of behavioral states, cortical area,
lateralization and light/dark phases of power and coherence during behavioral states is still pending.
Hence, the purpose of this study was to provide an examination of power and coherence of the
basal iEEG activity of the adult rat during W and sleep. To this end, we studied the influence of the
cortical site, employing electrodes located on the olfactory bulb (OB), frontal (primary motor or M1),
parietal (primary somatosensory, S1) and occipital (secondary visual, V2) cortex, as well as the impact
of laterality (differences in signals recorded in the right and left hemispheres) and the influence of
dark and light phases. Upon considering this set of factors, we found important patterns of activity
characterizing each sleep state along with state independent modulations of iEEG activity.

2. Results

Polysomnographic recordings, hypnogram and spectrogram (power spectrum as a function of
time) during the light phase of a representative rat are displayed in Figure 1C,D. As it is exhibited in
this figure, the quality of the recordings allowed for an optimal classification of W and sleep epochs.

2.1. Power Spectrum: Effect of Behavioral States and Recording Site

Figure 2 shows the absolute power spectra analysis of the iEEG during W and sleep for the OB
and neocortical areas during the light (resting) phase for the right hemisphere. In order to improve
the visualization of the power differences among states, in the figure we multiplied the power at each
frequency by the frequency itself. It is readily observed that the spectrum is highly variable in function
of behavioral states and electrode sites.
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Figure 1. Sleep—wake states in the rat. (A) Schematic representation of the electrode position in the brain
of the rat. (B) Electrodes’ positions in reference to Bregma [26]. OB, olfactory bulb; M1, primary motor
cortex; S1, primary somato-sensory cortex; V2, secondary visual cortex; r, right; 1, left. (C) Representative
iEEG and the neck electromyogram (EMG) recordings during wakefulness (W, blue), NREM (green),
and REM sleep (red). From top to bottom, olfactory bulb (OBr), right and left primary motor (M1r/M1l),
primary somatosensory (S1r/S1l), and secondary visual (V2r/V2l) cortices. (D) Hypnogram (top)
according to visually scored behavioral states and spectrogram (0.1 to 30 Hz). During W and REM sleep,
theta activity (5-9 Hz) in the spectrogram can be readily observed. During NREM sleep, delta activity
(0.5 to 4 Hz) is more prominent and there are intermittent episodes of sigma activity (10-15 Hz)
which corresponds to the presence of sleep spindles.
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Figure 2. Power spectral profiles. Mean absolute power spectral profiles of the right hemisphere in
wakefulness (W), NREM and REM sleep during the light period (n = 11). The frequency bands used for
the statistical analysis are indicated by different colors in the background of the graphics. Blue arrows
show two small deflections in the HG band during W and red arrows demonstrate a narrow peak
in HFO at =130 Hz that can be appreciated during REM sleep in OB and somatosensory cortices.
OB, olfactory bulb; M1, primary motor cortex; S1, primary somato-sensory cortex; V2, secondary
visual cortex; W, wakefulness; r, right; 1, left; Iy, low gamma or LG; hy, high gamma or HG;
HFO, high frequency oscillations.

The absolute power of all the frequency bands of the iEEG was affected by behavioral states,
localization of electrodes and the interaction of both factors (Table 1). The exceptions were sigma,
beta and low gamma (LG) that were not significantly affected by the interactions between behavioral
states and electrode locations.

Table 1. Absolute power.

Cortex Behavioral State Cortex X State
Frequency
df P Fooonp? df P Fooonp?  df P L
Delta 3,30 0.0010 7.1 0.415 2,20 <0.0001 25.0 0.714 6,57 <0.0001 6.9 0.421
Theta 3,30 0.0003 85 0459 2,20 0.0047 7.1 0415 6,57 0.0010 44 0.316
Sigma 3,30 0.0003 8.5 0.459 2,20 <0.0001 24.6 0.711 6,57  0.0608 2.2 0.188
Beta 3,30 <0.0001 12.6 0557 2,20 0.0488 3.5 0259 6,57 04312 1.0 0.095
LG 3,30 0.0066 4.9 0328 2,20 0.0017 89 0471 6,57 05688 0.8 0.077
HG 3,30 0.0001 9.8 0495 2,20 <0.0001 59.2 0.855 6,57 <0.0001 155  0.620
HFO 3,30 0.0002 9.0 0474 2,20 <0.0001 579 0.852 6,57 0.0007 4.6 0.326

Statistical evaluation of the absolute spectral power in function of cortical regions, behavioral state, and interaction
between both factors. Repeated mixed-effects model. df, degrees of freedom; np2 partial eta squared; LG, low gamma;
HG, high gamma; HFO, high frequency oscillations.

A summary of the power spectrum differences between W, NREM and REM sleep is shown in
Figure 3 (statistics are shown in Supplementary Figure S1A). The most remarkable results are the
following. Delta, theta and sigma power during NREM sleep were significantly higher than during
W and REM sleep in M1 and S1. In the OB, delta was larger during NREM compared to REM sleep,
while sigma was larger during NREM compared to the other states. LG, HG and HFO powers were
higher during W than during NREM in all the cortical areas. Additionally, HG and HFO, during W,
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was higher in comparison to REM sleep in most cortical areas. Finally, HG and LG power was also
larger in REM sleep than in NREM sleep in M1, while in S1 this fact was observed only for LG.

W-NREM W-REM NREM-REM

Delta
(0.5 — 4 Hz)

Theta

(5-9Hz)
Sigma
(10— 15 Hz)

Beta
(15 -30 Hz)

LG
(30 — 48 Hz)

HG
(52 =95 Hz)

HFO
(105 — 200 Hz)

Decrease Increase Decrease Increase
in power in power in z’-coherence in z’-coherence

Figure 3. Summary of the power and z’-coherence. Statistically significant differences in absolute power
and z’-coherence during wakefulness (W), NREM and REM sleep during the light phase. The circles
represent the power for the different electrodes’ positions, while the lines represent the coherence for
the different derivations. The results were evaluated by means of repeated measures mixed-effects
model and Sidak test for multiple comparisons (1 = 11). Blue represents a significantly (p < 0.05)
lower difference between two behavioral states, and red a significantly higher difference. Power data
are from the right hemisphere but are represented as bilateral. The complete statistics of these data are
shown in Supplementary Figures S1 and S8.
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In Supplementary Figure S2, the same tracings of Figure 2 were re-plotted for a more precise
comparison as a function of the electrode location; the statistics of these data are shown in Supplementary
Figure S1B. However, it is important to consider that the variation in the absolute power in the function
of the electrode site is dependent of the distance between the active and the referential electrode
(cerebellum). In this regard, as shown in Supplementary Figure S3, the total power was highly
modified as a function of the electrode site (total power was also affected by behavioral states and
the interaction with electrode localization). Indeed, total power was the lowest in V2 (closer to the
reference electrode) reaching significance during W and NREM sleep. Then, we judged it to be more
adequate to explore the relative instead of the absolute power in the function of the electrode site
(nevertheless, complete statistics of the absolute power in the function of the electrode site are also
provided in Supplementary Figure S1B). The analysis of the relative power in the function of the
electrode site is exhibited in Figure 4 and Tables 2 and 3 (the analysis of the relative power in the
function of behavioral states is shown in Supplementary Figure S4).
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Figure 4. Relative power. Mean relative power profile of each behavioral state of the right hemisphere
during the light period (1 = 11). This approach removes the effect of the distance between the active
and the referential electrode. The analyzed frequency bands are indicated by different colors in the
background of the graphics. OB, olfactory bulb; M1, primary motor cortex; S1, primary somato-sensory
cortex; V2, secondary visual cortex; W, wakefulness; r, right; 1, left; Iy, low gamma or LG; hy, high gamma
or HG; HFO, high frequency oscillations.

Table 2. Relative power. Repeated measures mixed models

Cortex Behavioral State Cortex X State
Frequency
df p F npz df p F npz df p F npz
Delta 3,30 05710 0.7 0.065 2,20 <0.0001 414 0.805 6,57 <0.0001 14.9 0.611
Theta 3,30 <0.0001 357 0781 2,20 0.0009 10.2 0.504 6,57 <0.0001 61.2 0.866
Sigma 3,30 0.0005 8.0 0444 2,20 <0.0001 159 0.613 6,57 02353 14 0.128
Beta 3,30 0.0389 3.2 0242 2,20 0.0084 6.1 0379 6,57 0.0166 29 0.233
LG 3,30 0.0544 28 0219 2,20 <0.0001 26.8 0728 6,57 <0.0001 44 0.316
HG 3,30 0.0162 4.0 0286 2,20 <0.0001 22.5 0.692 6,57 0.0213 27 0.221
HFO 3,30 0.0052 5.2 0342 2,20 <0.0001 33.6 0770 6,57 0.1817 15 0.136

Statistical evaluation of the relative spectral power in function of the cortical region, behavioral state, and interaction
between both factors. Repeated mixed-effects model.
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Table 3. Relative power. Sidak multiple comparison test.

State Comparison Delta Theta Sigma Beta LG HG HFO

OB vs. M1 0.9621 0.8365 0.2279 0.7908 0.0485 0.9294 0.0334
OB vs. S1 0.6436 0.0452 0.0613 0.0274 0.0494 0.0366 0.0014
OB vs. V2 0.2194 0.1459 0.6616 0.7521 0.7853 0.0173 0.9786

w M1 vs. S1 0.9897 0.4926 0.9954 0.4594  >0.9999  0.3488 0.9120

M1 vs. V2 0.7637 0.8360 0.9809  >0.9999  0.5783 0.2254 0.1934
S1vs. V2 0.9919 0.9958 0.7595 0.4585 0.5776  >0.9999 0.0137
OB vs. M1 0.6010 0.9957 0.2926 0.1330 >0.9999  0.9631 0.9925
OB vs. 51 0.0054  <0.0001 >0.9999 0.9986 >0.9999 09711 0.9987

NREM OBvs. V2 0.8876  0.09998 09974  >0.9999  0.9998 0.9986 >0.9999
M1 vs. S1 02591  <0.0001  0.4462 03735 >0.9999 >0.9999  >0.9999
M1 vs. V2 0.9983 0.9957 0.6233 0.0928 0.9998 0.9994 0.9944
S1vs. V2 0.0970  <0.0001  0.9999 09931 >0.9999  0.9996 0.9991
OB vs. M1 0.9979 0.7428 0.0018 0.0698 0.0872  >0.9999 0.2567
OB vs. 51 0.5279  <0.0001  0.0318 0.0130  >0.9999  0.1355 0.4773

REM OB vs. V2 0.2539  <0.0001  0.9989 0.6463 0.0977 0.0106 0.4965

M1 vs. S1 0.8384 0.0001 0.9651 0.9854 0.1181 0.0787 0.9999
M1 vs. V2 0.5548  <0.0001  0.0072 0.8287  <0.0001  0.0051 0.9993
S1vs. V2 0.9994 0.3830 0.0930 0.3875 0.1020 0.9561 >0.9999

p-values of the Sidak multiple comparisons test, comparing the differences in the relative power between the different
cortical region of the right hemisphere. OB, olfactory bulb; M1, primary motor cortex; S1, primary somato-sensory
cortex; V2, secondary visual cortex; df, degrees of freedom; npz partial eta squared, W, wakefulness; LG, low gamma;
HG, high gamma; HFO, high frequency oscillations.

The most remarkable differences in the relative power between the brain regions were noticed
during REM sleep, where V2 and S1 theta power was greater than in OB and M1. Another interesting
finding was that LG and HG in M1 were higher than in V2. During NREM sleep, S1 power was higher
than OB for the delta frequency band, and larger than OB and M1 for the theta band. On the other
hand, the power in the OB was lower than M1 and S1 for LG, but became higher for HG and HFO
during W.

2.2. Power Spectrum: Light vs. Dark Phases

Next, we examined the effects of the light/dark phases on the iEEG oscillatory activity for the right
hemisphere. To simplify, we only show the significant results, while the non-significant effects are
shown in the Supplementary Material. Figure 5 shows the light/dark predominance (see the procedure
in the figure legend; the same approach was used to show the data in the following figures). We can
readily observe that the classic frequency bands show significant differences only during NREM sleep;
beta and LG power were larger during the dark than during the light phase in M1. Employing a more
precise evaluation using the empirical cluster analysis, we determined that during NREM sleep in M1
clusters of frequencies that include sigma, beta, LG, HG and HFO bands were larger in the dark phase.
A cluster of frequencies within the HFO band also increased during the dark phase in the OB during
this behavioral state. Regarding REM sleep, although no changes were found in the classical frequency
bands, we found a specific cluster within theta frequency band which was higher during the day than
during the night in V2.
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Figure 5. Absolute power: light vs. dark phase differences. The blue traces indicate the mean power
difference between light and dark phases. The yellow lines represent the standard deviation of the
mean with respect to zero. The statistical evaluation was performed by the two-tailed paired t-test with
Bonferroni correction for multiple comparisons; * indicates significant differences, p < 0.0071 (n = 11).
We also performed a data-driven approach comparing empirical clusters of frequencies; black lines
represent statistical differences in cluster of frequencies, p < 0.05. In M1 the following frequency
clusters were significantly larger during NREM sleep in the dark phase: 13 to 46 Hz (p = 0.001),
51 to 60.5 Hz (p = 0.016), 87 to 92 Hz (p = 0.038), 93.5 to 100 Hz (p = 0.025), 101 to 111 Hz (p = 0.012),
112.5 to 119.5 Hz (p = 0.024), 124 to 125.5 Hz (p = 0.047), 186.5 to 192 Hz (p = 0.036) and 193 to 200 Hz
(p = 0.029). In the OB during NREM sleep, the power of the frequencies 171.5 to 187.5 and 188.5 to
199.5 Hz were larger during the night (p = 0.018 and p = 0.047, respectively). During REM sleep, the
cluster 4.5 to 7.5 Hz was higher during the day than during the night in V2 (p = 0.038). The analysis
was performed for the right hemisphere. OB, olfactory bulb; M1, primary motor cortex; S1, primary
somato-sensory cortex; V2, secondary visual cortex; ly, low gamma or LG; hy, high gamma or HG;
HFO, high frequency oscillations.



Clocks&Sleep 2020, 2 544

2.3. Power Spectrum: Right vs. Left Hemispheres

iEEG absolute power laterality was analyzed for both the light (Supplementary Figure S5) and dark
(Supplementary Figure S6) phases. Neither ¢-test evaluation of classical frequency bands nor cluster
analysis showed statistical differences between right and left hemispheres, either during W or sleep.

2.4. Coherence: Effects of Behavioral States and Derivations

The z’-coherence during W, NREM and REM sleep for the right intra-hemispheric and the
inter-hemispheric combination of adjacent electrodes during the light period is shown in Figure 6.
In Supplementary Figure 57, the data were re-plotted in order to appreciate the differences in function
of the derivations. The statistical results of the repeated measures mixed-effects model are shown in
Table 4. Interestingly, no significant differences in z’-coherence were observed in the function of the
derivation, except for delta and theta bands. However, behavioral states and the interaction between
localization and behavioral states modified z’-coherence in all the frequency bands (Table 4).
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Figure 6. Z’-coherence. Mean z’-coherence profile of the inter-hemispheric and intra-hemispheric
derivations (between adjacent areas) during wakefulness (W), NREM and REM sleep in the light
phase (n = 11). The analyzed frequency bands are indicated by different colors in the background
of the graphics. OB, olfactory bulb; M1, primary motor cortex; S1, primary somato-sensory cortex;
V2, secondary visual cortex; r, right; 1, left; ly, low gamma or LG; hy, high gamma or HG; HFO,
high frequency oscillations.
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Table 4. Z’-coherence.

Derivation Behavioral State Derivation X State
Frequency
df % F np? df % F np? df r F np>
Delta 5,50 0.0411 25 0200 2,20 <0.0001 23.1 0.698 10,82 0.0121 2.5 0.233
Theta 5,50 0.0423 25 0.200 2,20 0.0015 9.2 0479 10,82 <0.0001 10.7  0.566
Sigma 5,50 0.1992 15 0.130 2,20 0.0221 4.6 0.315 10,82 0.0018 3.2 0.280
Beta 5,50 03609 1.86 0.157 2,20 0.0356 3.9 0.280 10,82 0.0129 24 0.226
LG 5,50 03687 1.1 0.099 2,20 0.0058 6.7 0401 10,82 0.0094 2.6 0.240
HG 550 02258 14 0.123 2,20 0.0004 11.7 0539 10,82 <0.0001 4.3 0.344
HFO 5,50 0.0600 2.3 0.187 2,20 <0.0001 32.1 0.762 10,82 <0.0001 5.5 0.401

Statistical evaluation of the z’-coherence in function of the derivation, behavioral state, and interaction between both
factors. Repeated measures mixed-effects model. df, degrees of freedom; np? partial eta squared; LG, low gamma;
HG, high gamma; HFO, high frequency oscillations.

The spectral z’-coherence of each of the frequency band differences between W, NREM and REM
sleep for each electrode combination is also shown in Figure 3; the p values for each comparison are
shown in Supplementary Figure S8. The most important results are the following. Delta z’-coherence
during NREM sleep was larger than during the other behavioral states in most derivations. Moreover,
sigma z’-coherence had higher values during NREM than W in the intra-hemispheric combination
OB-M1 and the inter-hemispheric motor and somatosensory cortices. Theta z’-coherence increases
during REM sleep in comparison to NREM sleep in the posterior intra and inter-hemispheric
combination of electrodes. HG and HFO intra and inter-hemispheric z’-coherence was larger during W
compared to REM and NREM sleep in most derivations. Additionally, visual inter-hemispheric LG
and HG z’-coherence were lower during REM sleep compared to NREM sleep.

When comparing z’-coherence in the function of the derivation, we could detect very few
differences during W and sleep, and in most of the cases, this included differences between intra and
inter-hemispheric derivations (Supplementary Figure S9). Therefore, we analyzed the differences
between the average inter-hemispheric (right and left M1, S1 and V2 derivations) and intra-hemispheric
z’-coherences (OB-M1, M1-S1 and S1-V2 derivations) during W and sleep (Figure 7). We found
a significant effect of the interaction between the behavioral state and the derivation type for
delta (F 14y = 4.7, p = 0.028, np? = 0.402) and HFO bands (F o,14) = 3.8, p = 0.048, np2 = 0.351).
During NREM sleep, delta inter-hemispheric was higher than the intra-hemispheric z’-coherence
(p = 0.046). In contrast, during REM sleep, HFO intra-hemispheric was larger than the inter-hemispheric
z’-coherence (p = 0.038).
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Figure 7. Z’-coherence differences between intra- and inter-hemispheric derivations. z’-coherence
profile of the mean intra-hemispheric (OB-M1, M1-51 and S1-V2) and inter-hemispheric (right-left
M1, S1, V2) derivations during wakefulness (W), NREM and REM sleep in the light phase (n = 11).
The analyzed frequency bands are indicated by different colors in the background of the graphics.
OB, olfactory bulb; M1, primary motor cortex; S1, primary somato-sensory cortex; V2, secondary
visual cortex; 1, right; 1, left; Iy, low gamma or LG; hy, high gamma or HG; HFO, high frequency
oscillations. Asterisks indicate significant differences, p < 0.05. M1, primary motor cortex; S1, primary
somato-sensory cortex; V2, secondary visual cortex; ly, low gamma or LG; hy, high gamma or HG;
HFO, high frequency oscillations.



Clocks&Sleep 2020, 2 546

2.5. Coherence: Light vs. Dark Phases

The influence of light/dark phases on z’-coherence was also analyzed. There were no significant
differences for the classical frequency bands either for inter (Figure 8) or intra-hemispheric (Figure 9)
z’-coherence between the dark and light phases during either W or NREM sleep. However, during REM
sleep, inter-hemispheric S1 z’-coherence was higher in the dark phase for two clusters of frequencies:
8.5 to 10.5 Hz and 14 to 18.5 Hz (Figure 8). Moreover, REM sleep intra-hemispheric S1-V2 z’-coherence
was higher during the light phase for the cluster 173-200 Hz (Figure 9).
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Figure 8. Inter-hemispheric z’-coherence: light vs. dark phases differences. (1 = 11). The blue traces
indicate the mean coherence difference between light and dark phases. The yellow lines represent
the standard deviation of the mean with respect to zero. The statistical evaluation was performed
by the two-tailed paired ¢-test with Bonferroni correction for multiple comparisons; no significant
differences were observed. We also performed a data-driven approach comparing empirical clusters of
frequencies; black lines represent statistical differences in cluster of frequencies, p < 0.05. During REM
sleep, inter-hemispheric S1 z’-coherence was higher during the dark phase for the clusters 8.5 to 10.5 Hz
(p = 0.008) and 14 to 18.5 Hz (p = 0.005). M1, primary motor cortex; S1, primary somato-sensory
cortex; V2, secondary visual cortex; r, right; 1, left; ly, low gamma or LG; hy, high gamma or HG;
HFO, high frequency oscillations.



Clocks&Sleep 2020, 2 547

Intra-hemispheric z’-coherence
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Figure 9. Intra-hemispheric z’-coherence: light vs. dark phases differences. The blue traces indicate
the mean z’-coherence difference between light and dark phases. The yellow lines represent the
standard deviation of the mean with respect to zero. The statistical evaluation was performed
by the two-tailed paired t-test with Bonferroni correction for multiple comparisons; no significant
differences were observed (1 = 11). We also performed a data-driven approach comparing empirical
clusters of frequencies; black lines represent statistical differences in cluster of frequencies, p < 0.05.
During REM sleep, intra-hemispheric S1-V2 z’-coherence was higher during the light phase for
the cluster 173-200 Hz (p = 0.005). OB, olfactory bulb; M1, primary motor cortex; S1, primary
somato-sensory cortex; V2, secondary visual cortex; r, right; Iy, low gamma or LG; hy, high gamma or
HG; HFO, high frequency oscillations.

2.6. Coherence: Right vs. Left Hemispheres

Neither f-test analysis of classical bands nor cluster analysis showed intra-hemispheric z’-coherence
differences between right and left hemispheres during the light phase (Supplementary Figure S11).

During the dark phase, a cluster circumscribed mainly within the theta band in 51-V2 derivation
was higher in the right hemisphere during REM sleep. In contrast, clusters of frequencies within LG,
HG and HFO were higher in the left hemisphere (Figure 10).
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Figure 10. Intra-hemispheric z’-coherence: right vs. left hemispheric difference during the dark phase.
The blue traces indicate the mean z’-coherence difference between light and dark phases. The yellow
lines represent the standard deviation of the mean with respect to zero. The statistical evaluation
was performed by the two-tailed paired t-test with Bonferroni correction for multiple comparisons;
no significant differences were observed (n = 11). We also performed a data-driven approach comparing
empirical clusters of frequencies; black lines represent statistical differences in cluster of frequencies,
p < 0.05. Coherence was higher in the right hemisphere for the cluster between 6.5 to 9.5 Hz (p = 0.0009)
during REM sleep. In contrast, the clusters between 31 to 34 Hz (p = 0.022), 68 to 70 (p = 0.042), 74.5 to
76.5 (p = 0.048), 114 to 117 (p = 0.027), 118 to 123 Hz (p = 0.015), 124 to 151.5 (p = 0.001), 155.5 to 164
(p =0.008) and 165 to 170 Hz (p = 0.017) were higher in the left hemisphere for the same behavioral
state. M1, primary motor cortex; S1, primary somato-sensory cortex; V2, secondary visual cortex;
ly, low gamma or LG; hy, high gamma or HG; HFO, high frequency oscillations.

3. Discussion

In the present study, we performed a comprehensive analysis of the power and coherence of the
iEEG signal of the rat, as well as the impact of behavioral states, cortical areas, laterality (differences
between hemispheres) and light/dark phases. iEEG power and coherence were largely affected by
behavioral states and recording sites. On the contrary, the influence of the light/dark phases was
detected only during sleep. Finally, while we did not find right/left differences in power either in W
or sleep, we observed that intra and inter-hemispheric coherence differs between both hemispheres
during REM sleep.

3.1. Technical Considerations

We performed monopolar recordings (referenced to the cerebellum) utilizing screws (1 mm
diameter) in contact with the dura mater as recording electrodes. With this recording design,
we observed an important impact of the cortical site. However, as mentioned in the Results Section,
the absolute power is highly dependent on the distance between the recording and reference electrodes.
In order to discern the relative weight of the power of specific frequency bands in each channel, we also
computed the relative power (absolute individual frequencies power normalized by total power).
Hence, although complete analyses are provided in the Supplementary Data, in the description of the
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result, we did not focus on the absolute power as a function of the cortical area or in the total power.
In other words, we emphasized the absolute power in the function of behavioral states, and the relative
power in the function of the electrode site.

However, it is important to note that total power in OB is lower than in M1 and S1 during NREM
sleep (Supplementary Figure S3); this result is not an artifact of the electrode separation (that is the
longest in this case), suggesting that the amplitude of the slow waves during NREM sleep in the
paleocortex is lower than in the neocortex.

The present as well as most of the studies that analyzed the iEEG spectrum focus on
“classical” or “standard” frequency bands, that are associated with behavioral states and cognitive
functions [11,19,21,27-29]. Nevertheless, the effect of different variables such as moment of the day
and laterality on power and coherence could be circumscribed to only a subset of frequencies within a
“classical” band or could include changes that extend over these band limits. In these cases, smaller
changes could remain undetected when analyzing a whole “classical” frequency band [30]. Because of
this, for day/night and laterality analyses, we also performed the result-driven analysis of clusters of
frequencies. This methodology allowed us to unveil changes in the iEEG power that not coincide
exactly with “standard” or “classical” frequency bands.

3.2. iEEG Power

During W, gamma and HFO power reached the maximal level [20,21]; however, although in
our analysis we eliminated the epochs with movements artifacts, we cannot rule out the possibility
that part of the signal corresponds to muscle activity contamination that reaches cortical electrodes
through volume conduction. Interestingly, in the OB, two small deflections in the HG band during
W (signaled by blue arrows in Figure 2) are readily observed. Gamma oscillations in the OB have
been known since the pioneering study of Adrian (1942) [31]; these oscillations are in phase with the
respiratory potentials and significantly increase during active exploration [32,33]. In accordance with
this, we found that HG power was higher in the OB during W than during sleep.

NREM sleep was characterized by a higher power spectrum profile, associated with large absolute
and relative power values in slow frequency bands (delta, theta and sigma), that can be observed
throughout the cortex (Figure 2 and Tables 2 and 3). A remarkable change in the slope is readily
observed at lower frequency bins of the beta band; from this point, there is a marked and constant
decrease in power as a function of the frequency. As mentioned in the Introduction, delta (and low
theta) is related to the cortical and thalamic slow oscillations, while sigma power is related to sleep
spindles; both electrographic features that characterize NREM sleep. As expected, delta and sigma
band power during NREM were larger than during W and REM sleep in most of the cortical areas.
Furthermore, we found that absolute theta power was higher in NREM than in W and REM sleep in the
motor and somatosensory cortices. Hence, even if W and REM sleep exhibit a clear peak at ~7 Hz in
posterior areas, and the relative theta rhythm predominates over other frequency bands, the absolute
theta power (considering the whole band) is not as high as in NREM sleep.

During REM sleep, the relative weight of the theta band is highlighted with the analysis of
the relative power (Tables 2 and 3). The main origin of theta rhythm is in the hippocampus;
this hippocampal theta rhythm modulates cortical neuronal activity [14,21,34,35]. A prominent peak
in theta and relatively large power in gamma and HFO (larger than during NREM sleep) characterize
REM sleep [21]. In fact, in the present study, we found that HG power was higher during REM than
during NREM sleep in the motor cortex. Additionally, as described before [21], a narrow peak in HFO
at ~130 Hz can be appreciated during REM sleep in the OB and sensory cortices (signaled with red
arrows in Figure 2). HFO is implicated in sensory processing [36], and a recent study suggests that the
OB is a source of HFO [37]. However, HFO power was not significantly different between NREM and
REM sleep, probably because the set of frequencies involved in the peak is much narrower than the
whole HFO band.



Clocks&Sleep 2020, 2 550

3.3. iEEG Coherence

The spectral coherence is a tool to examine the functional interactions between different cortices as
a function of the frequency [19,38]. In accordance with previous studies [19-21], during W, large values
of intra and inter-hemispheric coherence were observed for high frequencies (HG and HFO) in almost
all the derivations. Hence, during W, both gamma and HFO power (that reflects local synchronization)
and coherence (that suggest synchronization between areas) are high.

During NREM sleep, delta coherence was higher than during W and REM sleep; thus, large delta
power and coherence characterize NREM sleep. However, Pal et al. (2016) [39] found that, during
NREM, there was a reduction in the cortico-cortical delta coherence in comparison to W. Of note is that
these authors used the mean global coherence (an average of the coherence for the individual channel
pairs), and they only evaluated the inter-hemispheric combination of electrodes. It was interesting that
delta coherence was larger in homologous inter-hemispheric than in intra-hemispheric derivations
(Figure 7); this fact was also demonstrated in humans [22].

Similar to our previous report [21], we found that REM sleep is characterized by large theta
coherence, especially between visual and/or somatosensory electrodes. Another valuable issue
is that HG and HFO coherence during REM sleep is lower than in W. Similar results have been
described in rats [20,39]. Additionally in cats, there are very low gamma coherence values (both LG
and HG) during REM sleep [19,27]. In accordance with Cavelli et al. (2018) [21], HFO coherence
for intra-hemispheric posterior (51-V2, sensory) derivations has a clear “peak” during REM sleep
(indicated by a black arrow in Figure 6); this peak did not reach statistical significance in comparison
to NREM sleep when we analyzed the whole HFO band. In spite of this, it is important to note that
HFO intra-hemispheric z’-coherence was significantly higher than inter-hemispheric coherence during
REM sleep (Figure 7).

3.4. Impact of the Light/Dark Phases

In the present report, we analyzed the iEEG during the subjective day (9 am. to 3 p.m.)
and compared it with the subjective night (9 p.m. to 3 a.m.); the lights were on from 6 a.m. to 6 p.m.
Hence, we evaluated the average of 6 h periods of the light/dark phases in the middle of these phases.
In other words, the 3 h at the beginning and at the end of the phases, that should be more unsteady,
were not analyzed. This is important to take it into account because previous studies showed an
important modification in the hour-to-hour iEEG oscillations [40,41].

Albino rats have short sleep cycles (on average ~11 min) and are more active during the dark
phase; i.e., light phase is their main resting period [42-44]. Interestingly, during REM sleep, there was
a clear predominance of theta power (=5-7 Hz) in the light phase (Figure 5); this effect reached the
maximum in V2, and it was statistically significant between 4.5 to 7.5 Hz. This predominance during
the light phase could be explained by more consolidated REM sleep in the resting phase. In contrast,
during NREM sleep, high frequency powers of the iEEG were skewed toward the dark phase (Figure 5).
These phenomena could be related to a shallow NREM sleep during the active phase.

To the best of our knowledge, the light/dark phases differences in the iEEG spectral coherence
were not studied before. Cluster analysis revealed that there were light/dark phase differences, but only
during REM sleep. We found a dark phase predominance within theta, sigma and beta bands in
S1 inter-hemispheric derivation (Figure 7). In contrast, there was a light phase predominance for
frequencies higher than 173 Hz in 51-V2 intra-hemispheric derivation during this behavioral state
(Figure 8). The functional meaning of these day/night differences in electro-cortical coherence confined
just to REM sleep is unknown, but may be related to the circadian strength of the cognitive function
executed during this behavioral state, such as memory processing [45,46].
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3.5. Right/Left Hemispheric Differences in Electro-Cortical Activity

There were no differences between the right/left hemispheres’ iEEG power either during light or
dark phases during W. Vyazovskiy and Tobler (2008) [24] described iEEG laterality at 4.5-6.0 Hz during
a hand preference task; however, as in our results, the authors did not find differences in naive animals.

During NREM sleep, Vyazovskiy et al. (2002) [41] showed a left-hemispheric predominance of
low-frequency power in the parietal cortex at the beginning of the light period, when sleep pressure is
high. The left-hemispheric dominance changed to a right-hemispheric dominance in the course of the
resting phase when sleep pressure dissipated. Additionally, during recovery from sleep deprivation,
parietal left-hemispheric predominance was enhanced. We did not see hemispheric laterality in any
frequency band, probably because we did not record the first 3 h of the light phase, which seems to be
the time where laterality is mostly developed.

During REM sleep, right-hemispheric predominance in the theta band power was elucidated [41].
Although, no significant differences were observed, in accordance with these authors, there was a clear
tendency for right predominance in the theta band power in M1 and S1 during REM sleep, both during
light and dark phases (Supplementary Figures S5 and S6).

We did not find previous reports that compared the effect of laterality in the iEEG coherence in
rodents; however, changes in iEEG coherence during W have been shown in humans in relation to
their skilled hand [47]. In the present report, right/left significant differences in coherence were found
only during REM sleep in the dark phase (Figure 10). We found a right predominance of frequencies
within the theta range in S1-V2 derivation, and a left predominance for clusters within the gamma
and HFO bands. New experimental approaches are needed to explain these differences between
both hemispheres.

4. Materials and Methods

4.1. Experimental Animals

Eleven Wistar male adult rats (270-300 g) were used for this study. The number of animals was
selected based on previous studies [21,39,48,49]. The rats were determined to be in good health by
veterinarians of the institution. All experimental procedures were conducted in agreement with the
National Animal Care Law (#18611) and with the “Guide to the care and use of laboratory animals”
(8th edition, National Academy Press, Washington, DC, USA, 2010). Furthermore, the Institutional
Animal Care Committee approved the experimental procedures (No 070153-000332-16). Adequate
measures were taken to minimize the pain, discomfort or stress of the animals, and all efforts were
made to use the minimal number of animals necessary to obtain reliable scientific data. Animals were
maintained on a 12-h light/dark cycle (lights on at 6.00 a.m.) and housed five to six per cage before the
experimental procedures. Food and water were freely available. Rats were habituated to be cabled to
the rotating connector in the sleep chamber for four days before the experiments.

4.2. Surgical Procedures

We employed surgical procedures similar to those used in our previous studies [21,50,51].
The animals were chronically implanted with intracranial electrodes. Anesthesia was induced with
a mixture of ketamine-xylazine (90 mg/kg; 5 mg/kg i.p., respectively). Rats were positioned in a
stereotaxic frame and the skull was exposed. In order to record the iEEG, stainless steel screw electrodes
were placed on the skull above the right and left M1, S1 and V2, as well as on the right OB and
cerebellum (reference electrode). A representation of the electrode positions and their coordinates,
according to [26], are shown in Figure 1A,B. In order to record the electromyogram (EMG), a bipolar
electrode was inserted into the neck muscle. The electrodes were soldered into a 12-pin socket and
fixed to the skull with acrylic cement. At the end of the surgical procedures, an analgesic (Ketoprofen,
1 mg/kg subcutaneous) was administered. Incision margins were kept clean and a topical antibiotic
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was applied on a daily basis. After the animals recovered from the preceding surgical procedures,
they were adapted to the recording chamber for one week.

4.3. Sleep Recordings

Animals were housed individually in transparent cages (40 x 30 X 20 cm) containing wood shaving
material in a temperature-controlled (21-24 °C) room, with water and food ad libitum, under a 12:12 h
light/dark cycle (lights on at 6 a.m.). Experimental sessions were conducted during the light (9 a.m. to
3 p.m.) and dark periods (9 p.m. to 3 a.m.) in a sound-attenuated chamber that also acts as a Faraday
box. The recordings were performed through a rotating connector, to allow the rats to move freely
within the recording box. Bioelectric signals were amplified (x1000), filtered (0.1-500 Hz), sampled
(1024 Hz, 16 bits) and stored in a PC using Spike 2 software version 9.04 (Cambridge Electronic Design,
Cambridge, UK).

4.4. Data Analysis

The states of sleep and W were determined in 10 s epochs. W was defined as low voltage fast waves
in frontal cortex, a mixed theta rhythm in occipital cortex and relatively high EMG activity. Light sleep
(LS) was determined as high voltage slow cortical waves interrupted by low voltage fast iEEG activity.
Slow wave sleep (SWS) was defined as continuous high amplitude slow (1-4 Hz) neocortical waves
and sleep spindles combined with a reduced EMG activity. LS and SWS were grouped as NREM
sleep. REM sleep was defined as low voltage fast frontal waves, a regular theta rhythm in parietal and
occipital cortices, and a silent EMG except for occasional twitching. In order to analyze power spectrum
(in each channel) and coherence (between pairs of iEEG channels or derivations) we used procedures
similar to those done in our previous studies [20,21,50]. The maximum number of non-transitional and
artifact-free periods of 30 s was selected during each behavioral state to determine the mean power
and coherence for each rat. Power spectrum was estimated by means of the pwelch built-in function in
MATLAB version R2020a (The MathWorks Inc, Natick, MA, USA) using the following parameters:
window = 30 s, noverlap = [], nfft = 2048, fs = 1024, which correspond to employing 30 s sliding
windows with half window overlap with a 0.5 Hz resolution. Right M1 was excluded in one rat due to
the presence of artifacts.

The coherence between selected pairs of iEEG channels was analyzed in 30 s epochs. We chose
for the analysis all the intra-hemispheric and inter-hemispheric pairwise combination of adjacent
cortices (the distance between adjacent neocortical electrodes was 5 mm; Figure 1B). For each period,
the Magnitude Squared Coherence for each channel (for details about coherence definition see [19,38],
was calculated with the mscohere built-in MATLAB (parameters: window = 30 s, noverlap, nfft = 2048,
fs = 1024). In order to normalize the data and conduct parametric statistical tests, we applied the Fisher z’
transform to the coherence values [19]. The analysis of the data was performed for the classically defined
frequency band in rodents: delta, 1-4 Hz; theta, 5-9 Hz; sigma, 10-15 Hz; beta, 16-30 Hz; low gamma
(LG), 31-48 Hz; high gamma (HG) 52-95 Hz; high frequency oscillations (HFO), 105-200 Hz [21,50].
Frequencies around 50 and 100 Hz were not analyzed to avoid alternating current artifacts. For the
coherence analysis, NREM data were excluded in two rats, and REM data were excluded in one rat,
due to artifacts that made processing unfeasible.

Differences in mean power and coherence among states (W, NREM and REM sleep) and electrode
position or derivation, were evaluated by means of a two-ways repeated measures mixed-effects model,
and Sidak as a correction for multiple comparisons test. We employed a mixed-effects model because
we had to remove the information of noisy iEEG channels in 3 rats. We also computed the relative
power as the absolute power of a specific frequency band/the sum of the power from 0.5 to 200 Hz.
This analysis was performed independently for each state. Statistical significance was set at p < 0.05.
Partial eta squared (npz) was used to evaluate the effect size [52].

In order to determine if power and coherence were different between the time of the day (light vs.
dark phases) or between hemispheres (right vs. left), a paired two-tailed Student test was performed
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for each of the abovementioned bands. As we analyzed seven frequency bands, a Bonferroni correction
for multiple comparisons was applied. With this correction p < 0.0071 was considered statistically
significant. The predominance was calculated by means of the formula: (a — b)/(a + b). “a” represents
the mean power for each frequency in the light phase or in the right side, and “b” the mean power in
the dark period or in the left side. A positive value means that power during the light period (or right
side) was higher than during dark period (or left side) and vice versa.

We are aware that the specific start- and end-points of each frequency band is arbitrary, and vary
between subjects [30,53]. Because of this, for the day/night and laterality analyses we also performed a
second evaluation by means of a cluster-based permutation test, consisting of comparing empirical
clusters of frequencies against a randomized distribution, thus allowing the frequency bands to be
delimited in a statistical approach without the need of a previous convention. This method consisted
of comparing individual frequencies (512 frequencies) in each condition by means of paired t-tests
(alpha = 0.05). Once p values were obtained for each frequency, all consecutive significant frequencies
were grouped into empirical clusters (defining a minimum cluster size of 4 frequency points), and a
new statistic was formed by summing the t-statistic of each frequency inside the cluster. To determine
if a given cluster was significant, a null hypothesis distribution of cluster statistics was constructed by
randomizing labels (day/night or left/right) and repeating the cluster construction method for a total of
10,000 randomizations. The p values of the empirical clusters were obtained by comparing each cluster
statistic to the randomized cluster statistic distribution (X). A one-tailed comparison was employed,
where the p value was calculated as p value = P (X < Xobs) [54].

In summary, as recommended by Simmons et al. (2012), we have reported how we defined our
sample size, all data exclusions, all manipulations, and all measures [55].

5. Conclusions

In the present study, we carried out a thorough analysis of the spectral power and coherence of
the rat iEEG. We found major effects on these parameters in the function of both behavioral states and
cortical areas. We also revealed that there are night/day differences in power and coherence during
sleep, but not during W. Additionally, while we did not find right/left differences in power either in
W or sleep, we observed that, during REM sleep, intra-hemispheric coherence differs between both
hemispheres. We consider that this systematic analysis of the iEEG dynamics during physiological
W and sleep provides a template or reference for comparison with pharmacological, toxicological or
pathological challenges.
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Absolute power: right vs. left hemispheric difference during the dark phase, Figure S7: Z’-coherence in function
of the derivations, Figure S8: Differences in z’-coherence in function of behavioral states, Figure S9: Z’-coherence
in function of the derivation, Figure S10: Intra-hemispheric z’-coherence: right vs. left hemispheric difference
during the light phase.
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Abbreviations

EEG Electroencephalogram

iEEG Intra-cranial electroencephalogram

HFO High frequency oscillations

HG High gamma

LG Low gamma

M1 Primary motor cortex

NREM  Non-REM

OB Olfactory bulb

REM Rapid eye movement

S1 Primary somatosensory cortex

V2 Secondary visual cortex

W Wakefulness
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A

Cortex Comparison Delta Theta  Sigma Beta LG HG HFO
Wvs NREM 06445 0.4622 00123 | 09732 0.0199 <0.0001 <0.0001
OB W vs REM 0.1889 0.7319 0.9566 0.4866 0.0957 <0.0001 <0.0001
NREM vs REM 00138 0.0774 00031 | 0.2634 0.9026 0.8339 0.9684
W vs NREM <0.0001 0.0004 <0.0001 0.2875 0.0006 <0.0001 <0.0001
M1 WvsREM 06163 0.6545 >09999 | 07885 0.1984 <0.0001 <0.0001
NREM vs REM = <0.0001 | <0.0001 = <0.0001 0.0464 0.1231 0.0133 0.3058
Wvs NREM  <0.0001 0.0064 <0.0001 | 0.1379 0.0321 <0.0001 <0.0001
S1 W vs REM 0.8051 0.8555 0.9998 0.9115 0.6745 0.0020 <0.0001
NREM vs REM  <0.0001 0.0474 <0.0001 | 0.0331 0.3065 0.0716 0.9649
W vs NREM 0.1540 0.8113 0.1495 0.9978 0.1898 0.0023 0.0002
V2 WvVsREM 09614 0.7019 09994 | 0.8749 0.1905 0.0451 0.0004
NREM vs REM 0.0562 0.9973 0.1182 0.9398 >0.9999 0.6695 0.9937

B
States Comparison Delta Theta  Sigma Beta LG HG HFO
OBvsM1 | 0974 0.9921 09767 05754 0.2381 0.0723 0.0001
OB vs S1 0.8577 0.2735 0.9494 0.2945 05623 <0.0001 <0.0001
W OB vs V2 - 02606 0.9897 00889 | 0.7840 >0.9999 = <0.0001 <0.0001
M1 vs S1 0.9995 0.6663 0.9999 0.9981 0.9983 0.0375 09171
M1 vs V2 07673 0.7844 06850 | 0.0442 0.1482 <0.0001 0.1486
S1vs V2 0.9533 0.0676 0.6048 0.0146 0.4103 0.0016 0.7756
OBvsM1 00090 0.0062 00124 | 0.0389 0.9557 0.9998 0.8640
OB vs S1 <0.0001 0.0010 0.0095 0.0030 05119 >0.9999 0.9923
NREM OB vs V2 - 09203 0.8132 04517 0.3883 0.9637 0.8570 0.9568
M1 vs S1 0.0468 0.9888 >0.9999 0.9344 0.9664 0.9954 0.9981
M1 vs V2 - 0.0003 <0.0001  <0.0001 | <0.0001 >0.9999 0.9667 >0.9999
S1vs V2 <0.0001 | <0.0001 | <0.0001 | <0.0001 0.9591 0.7301 >0.9999
OBvsM1  >0.9999 0.9977 07833 | 0.2688 0.1028 0.3289 >0.9999
OB vs S1 >0.9999 0.0027 0.6559 0.0636 0.0472 0.3550 0.9946
REM OB vs V2 - 09907 0.7065 >09999 | 0.9922 >0.9999 0.9576 0.8884
M1 vs S1 >0.9999 0.0120 >0.9999 0.9844 0.9994 >0.9999 0.9626
M1 vs V2 09978 0.9490 05088 | 0.0685 0.1408 0.0486 0.7387
S1vs V2 0.9993 0.1208 0.4684 0.0122 0.0664 0.0581 0.9984

Supplementary Figure 1. Absolute power in function of behavioral states and
cortical regions. p values of the Sidak multiple comparisons test, comparing the
differences in the absolute power between behavioral states (A) and cortical regions (B).
Data show in A are summarized in Figure 3. The data are from the right hemisphere
during the light phase. OB, olfactory bulb; M1, primary motor cortex; S1, primary
somato-sensory cortex; V2, secondary visual cortex; W, wakefulness; LG, low gamma;

HG, high gamma; HFO, high frequency oscillations.
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Supplementary Figure 2. Mean absolute power in function of cortical regions.
Mean absolute power spectral profile of each behavioral state during the light period
for all the electrodes of the right hemisphere. The analyzed frequency bands are
indicated by different colors in the background of the graphics. OB, olfactory bulb;
M1, primary motor cortex; S1, primary somato-sensory cortex; V2, secondary visual

cortex; W, wakefulness; ly, low gamma or LG; hy, high gamma or HG; HFO, high

frequency oscillations.



Total Power

Localization Behavioral State Localization x State
Df P F df ‘ P F ‘ df P F
Total power 3,30 0.0001 | 9.6 2,20 <0.0001 | 20.0 6,57 0.0003 5.2
W NREM REM
*
30,000+ %
*
25,0004
a * * 1
> 20000 | !—I]
=
= 15,0001
5 I
2 10,0004 . I 1
0 4 _
OB M1 S1 V2 OB M1 S1 V2 OB Ml S1 V2
State Comparison p value
OB vs M1 0.4853 D
OB vs S1 0.2315
W OB vs V2 0.0005 Cortex Comparison p value
M1 vs S1 0.9991 W vs NREM 0.1968
M1 vs V2 0.1122 OB W vs REM <0.0001
S1vs V2 0.2784 NREM vs REM 0.0312
OB vs M1 0.0163 W vs NREM 0.0144
OB vs S1 0.0004 M1 W vs REM 02855
NREM OB vs V2 0.5393 NREM vs REM <0.0001
M1 vs S1 0.8690 W vs NREM 0.0001
M1 vs V2 <0.0001 S1 W vs REM 0.4712
Sl vs V2 ' <0.0001 NREM vs REM <0.0001
OB vs M1 0.8917 W vs NREM 0.8431
OB vs S1 0.9284 V2 W vs REM 0.6690
REM OB vs V2 [ 0.9800 NREM vs REM 0.2245
M1 vs S1 >0.9999
M1 vs V2 0.4337
S1vsV2 | 0.5000

Supplementary Figure 3. Total power. A. Statistical evaluation of the total power
in function of cortical regions, behavioral state, and interaction between both factors.
Repeated mixed-effects model. B. Mean total power in function of cortical regions.
Total power is lower in the V2 probably because it is closer to the reference electrode
located in the cerebellum. The error bars show the standard error of the mean.
Asterisks indicate significant differences, p <0.05. C. p values of the Sidak multiple
comparisons test, comparing the differences in the total power between the different
cortical localizations of the right hemisphere for each behavioral state. D. p values of
the Sidak multiple comparisons test, comparing the differences in the total power

between the different behavioral states in each right cortex. OB, olfactory bulb; M1,



primary motor cortex; S1, primary somato-sensory cortex; V2, secondary visual

cortex; W, wakefulness.



Cortex Comparison Delta Theta  Sigma Beta LG HG HFO

W vs NREM 0.0032 0.6824 <0.0001 0.0015 0.0314 <0.0001 <0.0001

OB W vs REM 0.0926 0.9053 0.1590 0.8238 0.0068 0.1815 <0.0001
NREM vs REM <0.0001 0.9710 0.0134 0.0165 <0.0001 <0.0001 0.0964

W vs NREM <0.0001 0.8538 <0.0001 0.0001 <0.0001 <0.0001 <0.0001

M1 W vs REM 0.2034 0.8360 0.0066 0.2606 0.0172 0.7641 0.0002
NREM vs REM <0.0001 >0.9999 0.3633 0.0272 <0.0001 <0.0001 0.6090

W vs NREM <0.0001 <0.0001 0.0195 0.1988 <0.0001 <0.0001 <0.0001

S1 W vs REM 0.0677 0.0022 0.1235 0.7243 0.8881 0.4177 0.0049
NREM vs REM <0.0001 <0.0001 0.8450 0.7589 <0.0001 0.0071 0.5565

W vs NREM <0.0001 0.7643 0.0003 0.0294 0.0028 0.0002 <0.0001

V2 W vs REM 0.1089 <0.0001 0.5729 0.7624 0.9970 0.1371 <0.0001
NREM vs REM <0.0001 <0.0001 0.0115 0.2260 0.0049 0.0861 0.6982

Supplementary Figure 4. Differences in relative power in function of behavioral
states. p values of the Sidak multiple comparisons test, comparing the differences in the
absolute power in function of behavioral states for each cortical region (of the right
hemisphere). OB, olfactory bulb; M1, primary motor cortex; S1, primary somato-sensory
cortex; V2, secondary visual cortex; df, degrees of freedom; W, wakefulness; LG, low

gamma; HG, high gamma; HFO, high frequency oscillations.
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Supplementary Figure 5. Absolute power: right Vs. left hemispheric difference
during the light phase. The predominance was calculated by means of the formula: (a-
b)/(atb). “a” represents the mean power for each frequency in the right hemisphere, and
“b” the mean power in the left hemisphere. A positive value means that power in the right
was higher than in the left hemisphere and vice versa. The blue traces indicate the mean
power difference between right and dark hemispheres. The yellow lines represent the
standard deviation of the mean with respect to zero. The statistical evaluation was
performed by the two-tailed paired t-test with Bonferroni correction for multiple
comparisons; no significant differences were observed. M1, primary motor cortex; S1,

primary somato-sensory cortex; V2, secondary visual cortex; ly, low gamma or LG; hy,
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Supplementary Figure 6. Absolute power: right Vs. left hemispheric difference
during the dark phase. The predominance was calculated by means of the formula: (a-
b)/(at+b). “a” represents the mean power for each frequency in the right hemisphere, and
“b” the mean power in the left hemisphere. A positive value means that power in the right
was higher than in the left hemisphere and vice versa. The blue traces indicate the mean
power difference between right and dark hemispheres. The yellow lines represent the
standard deviation of the mean with respect to zero. The statistical evaluation was
performed by the two-tailed paired t-test with Bonferroni correction for multiple
comparisons; no significant differences were observed. M1, primary motor cortex; S1,
primary somato-sensory cortex; V2, secondary visual cortex; ly, low gamma or LG; hy,

high gamma or HG; HFO, high frequency oscillations.
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Supplementary Figure 7. Z’-coherence in function of the derivations. Mean z’-
coherence profile of the intra-hemispheric (A, for the right hemisphere) and inter-
hemispheric (B) derivations during wakefulness (W), NREM and REM sleep in the light
phase. The analyzed frequency bands are indicated by different colors in the background
of the graphics. OB, olfactory bulb; M1, primary motor cortex; S1, primary somato-
sensory cortex; V2, secondary visual cortex; r, right; 1, left; Iy, low gamma or LG; hy,

high gamma or HG; HFO, high frequency oscillations.



Derivation Delta Theta Sigma Beta LG HG HFO
Intra-hemispheric z’coherence
W vs NREM 0.0014 | 0.0287 0.0004 0.6053 0.8309 0.9930 0.0007
rOB — rM1 W vs REM 10.8569 ‘ 0.0778 | 0.1541 ‘ 09999  0.8453 ‘ >0.9999 | <0.0001
NREM vs REM  0.0129 | 0.9520 0.1089 06477 | >0.9999 09935 | 0.7875
W vs NREM 10.0030 ‘ 0.9974 0.9635 ‘ 0.0966 | 0.8563 ‘ 0.0898 | <0.0001
M1 — rS1 W vs REM 1>0.9999 09664  0.7950 0.6974 09471 0.0103 | <0.0001
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Supplementary Figure 8. Differences in z’-coherence in function of behavioral
states. p values of the Sidak multiple comparisons test, comparing the differences in the
z’-coherence in function of behavioral states for each frequency band. OB, olfactory bulb;
M1, primary motor cortex; S1, primary somato-sensory cortex; V2, secondary visual
cortex; r, right; I, left; W, wakefulness; LG, low gamma; HG, high gamma; HFO, high

frequency oscillations.
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Supplementary Figure 9. Z’-coherence in function of the derivation. p values of the
Sidak multiple comparisons test, comparing the differences in the z’-coherence according
to the derivation, during wakefulness (A), NREM (B) and REM sleep (C). OB, olfactory
bulb; M1, primary motor cortex; S1, primary somato-sensory cortex; V2, secondary
visual cortex; LG, low gamma; HG, high gamma; HFO, high frequency oscillations.
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Supplementary Figure 10. Intra-hemispheric z’-coherence: right Vs. left
hemispheric difference during the light phase. The predominance was calculated by
means of the formula: (a-b)/(atb). “a” represents the mean z’-coherence for each
frequency in the light phase, and “b” the mean coherence during the dark period. A
positive value means that z’-coherence in the light period was higher than during dark
period and vice versa. The blue traces indicate the mean z’-coherence difference between
light and dark phases. The yellow lines represent the standard deviation of the mean with
respect to zero. The statistical evaluation was performed by the two-tailed paired t-test
with Bonferroni correction for multiple comparisons; no significant differences were
observed. M1, primary motor cortex; S1, primary somato-sensory cortex; V2, secondary
visual cortex; ly, low gamma or LG; hy, high gamma or HG; HFO, high frequency

oscillations.



Comentarios adicionales a la discusion del articulo

Respecto a las diferencias encontradas entre el dia y la noche, pudimos observar cambios en el
sueflo tanto No-REM como REM. Sin embargo, no fueron evidenciadas diferencias en la vigilia.
Posteriormente, nuestro equipo de trabajo realizd otro estudio mas detallado, evaluando los
cambios de potencia y coherencia hora por hora en registros de 24 horas (Osorio et al., 2020). En
este trabajo, encontramos cambios en la frecuencia de theta en suefio REM entre el dia y 1a noche,
siendo el theta mas lento durante el dia. Esto podria explicar el aumento de theta encontrado en el
Articulo 1 en las frecuencias de 4.5 a 7.5 Hz durante el dia. El articulo de Osorio et al. (2020) ha

sido incluido en la tesis como Anexo 1.
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Capitulo 2. Semejanzas electroencefalograficas entre el suefio y la anestesia
general, ;es realmente el Uretano un modelo farmacologico de suefno?

Como fue discutido anteriormente, existen grandes similitudes en la actividad eléctrica cerebral
durante la anestesia general y el suefio. Pero esta similitud se da principalmente entre algunos
anestésicos generales (principalmente anestésicos inhalatorios y aquellos anestésicos fijos que
actiian sobre receptores GABA como el Propofol y barbitiricos) y el suefio No-REM (Murphy et
al., 2011; Vanini et al., 2011; Vacas et al., 2013; Pal et al., 2016). Otros anestésicos como la
ketamina, un inhibidor de los receptores NMDA provocan caracteristicas electroencefalograficas
distintas del suefio No-REM y que se asemejan mas al suefio REM (Akeju et al., 2016; Castro-
Zaballa et al., 2018). De hecho, se ha demostrado que la administracion intercalada de Propofol y
ketamina imita las dindmicas del suefio fisioldgico con caracteristicas de suefio No-REM y REM
respectivamente (Guang et al., 2021). Sin embargo, el tinico anestésico que es capaz de generar
una actividad electroencefalografica ciclica, entre episodios similares a suefio No-REM vy
episodios similares a suefio REM es el uretano (etil carbamato) (Clement et al., 2008). Sin
embargo, algunos autores proponen que el estado similar al suefio REM, es, en realidad, un estado
semejante a la vigilia (Pagliardini et al., 2013; Neves et al., 2018). La hip6tesis de este trabajo fue
que la anestesia con uretano tanto en su estado de ondas lentas como su estado activado presenta
correlatos electrofisiologicos de inconsciencia y que es similar al suefio natural. En el articulo
evaluamos en detalle diferentes caracteristicas electroencefalograficas presentes durante la
anestesia con uretano y los comparamos con los estados de suefio natural. Ademads, hicimos
especial foco en los correlatos neurales de pérdida de consciencia para determinar si durante el
estado similar al REM o activado bajo anestesia con uretano, existe realmente pérdida de

consciencia. Como mencionamos, a pesar de que diversos anestésicos pueden generar un patron
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electroencefalografico distinto (como por ejemplo el propofol y la ketamina), todos comparten con
el sueno determinados correlatos de pérdida de consciencia (Pal et al., 2016) por ejemplo, la caida
de coherencia y conectividad fronto-parietal de la banda de frecuencia gamma asi como la
disminucion de la complejidad del EEG (Hudetz et al., 2016; Wang et al., 2017, Mashour &

Hudetz, 2018).
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Abstract

Urethane is a general anesthetic widely used in animal research. It is unique
among anesthetics because urethane anesthesia alternates between macroscopically
digtinct €electrographic states: a slow-wave state that resembles NREM sleep
(NREMure), and an activated state with features of both REM sleep and wakefulness
(REMure). However, the relationship between urethane anesthesia and physiological
deep is still unclear. In this study, electroencephalography (EEG) and
electromyography were recorded in chronically prepared rats during natura sleep-wake
states and during urethane anesthesia. We subsequently analyzed the EEG signatures
associated with the loss of consciousness and found that, in comparison to natural sleep-
wake states, the power, coherence, directed connectivity and complexity of brain
oscillations are distinct during urethane. We also demonstrate that both urethane states
have clear EEG signatures of genera anesthesia. Thus, despite superficia similarities
that have led others to conclude that urethane is a model of sleep, the electrocortical
traits of depressed and activated states during urethane anesthesia differ from

physiological sleep states.

Keywords: sleep, NREM, REM, paradoxical sleep, anesthesia, consciousness,

awareness
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[ ntroduction

Urethane is an anesthetic that is widely used in animal research because of its
unique characteristics. It induces long-term narcosis and immobilization with minimal
effect on physiological variables (Maggi & Meli, 1986). Furthermore, it produces a
spontaneous cycle between two different states: one characterized by slow wave
oscillations in the electroencephalogram (EEG), similar to natural non-rapid eye
movements (NREM) sleep, and an activated state with rhythmic activity in the slow
theta range that qualitatively resembles the EEG pattern either of wakefulness (W) or
REM sleep (Détéri & Vanderwolf, 1987; Murakami et al., 2005; Pagliardini et al.,
2013; Yagishita et al., 2020). Because of the resemblance to a sleep cycle, urethane
anesthesia has been proposed as a pharmacological model to study sleep (Horner &
Kubin, 1999; Clement et al., 2008; Pagliardini et al., 2013).

Whether the activated state of urethane anesthesia reflects a wake-like or a REM
sleep-like state remains an open question. On the one hand, some authors have proposed
that this state corresponds to a reduced level of anesthesia (or a W-like state) because
nociceptive stimuli evoke a shift from the NREM-like state to the activated state
(Pagliardini et al., 2013; Neves et al., 2018). Other findings supporting this hypothesis
are that rapid eye movements do not occur during the activated state and increasing
doses of urethane decrease the relative amount of time spent in that state well as that
(Clement et al., 2008). In addition, while midline thalamic neuronal firing increases
during REM sleep (up to five times higher in comparison to NREM sleep), this increase
was less pronounced during the activated urethane state compared to the NREM-like
state (Hay, 2021). On the other hand, there is evidence that this activated state
resembles REM sleep, including: 1) there are no differences between both urethane

states in a withdrawal response to a noxious stimulus (Clement et al., 2008); 2) the
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aternation between the activated and NREM-like state under urethane anesthesia
resembles the natural NREM and REM sleep cycle (Clement et al., 2008; Pagliardini et
al., 2013); 3) muscle tone is reduced during the activated state in comparison to the
NREM-like state (Clement et al., 2008); and 4) there is a similar modulation of
breathing between the REM-like state and REM sleep (Pagliardini et al., 2012).

In the past years, behavior-independent measures of consciousness and
unconsciousness have been developed (Mashour & Hudetz, 2018), providing a novel
opportunity to study urethane states. For instance, neural oscillations differ between
conscious and unconscious states. Specifically, gamma oscillations (30-150 Hz),
hypothesized to relate to cognitive processes, appear during W and REM and are
reduced during NREM or anesthesia (Hudetz et al., 2011; Cavelli et al., 2015; Mondino
et al., 2020). Conversely, delta oscillations (0.1-4 Hz) occur both during NREM and
anesthesia, possibly disrupting the neural interactions supporting consciousness
(Steriade et al., 1993; Pigorini et al., 2015; Tononi et al., 2016; Arenaet al., 2021). In
addition, synchronization between high frequency neural oscillations at different brain
areas is another mgjor correlate of consciousness (Varela et al., 2001; Melloni et al.,
2007). Gamma oscillations are synchronous during alert and awake states, but they
decouple during NREM, anesthesia and even REM sleep (Lee et al., 2013; Cavelli et
al., 2015; Pal et al., 2016; Castro-Zaballa et al., 2018; Mondino et al., 2020). The
directionality of the connectivity is another important feature to consider, as
feedforward and feedback interactions between anterior and posterior cortices decrease
during sleep and different anesthetics (Pal et al., 2016). Finally, the complexity of brain
oscillations changes between conscious and unconscious states, suggesting that complex

neuronal interactions are necessary for awareness (Schartner et al., 2015; Mateos et al.,
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2017; Schartner et al., 2017; Demertzi et al., 2019; Gonzaez et al., 2019; Gonzalez et
al., 2020; Sarasso et al., 2021).

In the present report, we characterize the EEG correlates of urethane anesthesia.
Specifically, we compared electrocortical activity (power, coherence, directionality and
complexity) between physiologic sleep-wake states and NREM-like urethane
(NREMure) and REM-like urethane (REMure) states of anesthesia. We found that the
urethane states show a consistent decline in the EEG correlates of consciousness,
suggesting that—despite the cyclic alternation between EEG profiles—urethane induces
sustained unconsciousness. In addition, we demonstrate well-defined EEG differences
between NREMure and REMure and their correspondent sleep state. Based on these
differences we conclude that, despite superficial similarities, urethane anesthesia is not

an accurate model of sleep.

Materials and M ethods

Experimental animals

Nine Wistar male adult rats (270-300 g) were studied. Veterinarians of the
institution certified that the rats were in good health at the time of the study. All
experimental procedures were conducted in agreement with the National Animal Care
Law (#18611) and with the “Guide for the care and use of laboratory animals’ (8th
edition, National Academy Press, Washington, DC, USA, 2010). Furthermore, the
Institutional Animal Care Committee approved the experimental procedures (No
070153-000332-16). Adequate procedures were taken to minimize animals' pain,
discomfort, and stress.

We utilized the minimum number of animals necessary to acquire reliable

scientific information. The rats were housed in groups of four to five per cage prior to
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the experiments. Before and during the experiments they were kept in a temperature-
controlled (21-24 -C) room, on a 12:12 h light/dark cycle (lights on at 6.00 a.m.) with

food and water available ad libitum.

Surgical Procedures

We employed the same surgical procedure that we used in our previous studies
(Gonzalez et al., 2018; Mondino et al., 2019; Mondino et al., 2020). Anesthesia was
induced with a combination of ketamine and xylazine (90 mg/kg; 5 mg/kg, i.p.,
respectively). Ketoprofen, 1 mg/kg subcutaneous was administered to provide
analgesia. Rats were positioned in a stereotaxic frame; the skull was exposed, and seven
stainless-steel screw electrodes were implanted in the skull in order to record the
intracranial EEG or electrocorticogram. The electrodes were localized above the right
and left primary motor cortex (M 1), primary somatosensory cortex (S1) and secondary
visual cortex (V2). Another electrode was placed in the right olfactory bulb (OB).
Finally, a reference electrode was implanted in the cerebellum. The electromyogram
(EMG) was recorded by means of a bipolar electrode inserted into the neck muscles. A
representation of the electrode positions is shown in Figure 1A. The electrodes were
soldered to a socket and fixed to the skull with dental cement. A topical antibiotic was
applied to the margins of the incision. Animals were allowed to recover from the
surgical procedure for seven days. Thereafter, they were housed independently in
transparent cages (40 x 30 x 20 cm) and habituated for five days to the recording

condition in a sound-attenuated chamber.

Sleep Recordings
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Experimental sessions were performed between 9:00 AM and 1:00 PM. The
recordings were carried out using a rotating connector that allows the rats to freely
move within the recording chamber. Bioelectric signals were amplified (x1000), band-
pass filtered (0.1-500 HZz), sampled (1024 Hz, 16 bits) and acquired using using
DASYlab, (National Instruments, Austin, TX, US).

Baseline polysomnographic recordings were performed for two hours.
Thereafter, the rats were anesthetized with urethane (1.2 to 1.5 g/kg, i.p.), and recorded
for another two hours. During anesthesia, animals were warmed with a heating pad at
37°C. Video recordings were also performed during the recording sessions.

States of W, NREM and REM sleep were manually scored using Spike 2
software version 9.04 (Cambridge Electronic Design, Cambridge, UK) in 5s epochs. W
was defined by low-amplitude, high-frequency EEG activity accompanied by high
EMG activity. NREM sleep was defined by high-amplitude slow waves as well as sleep
spindles associated with a reduced muscular tone, while REM sleep was identified by
low-amplitude, fast waves with a regular theta rhythm, particularly in the posterior
cortex, and by an EMG atonia except for occasional twitches. During urethane
anesthesia two states were defined according to the EEG profile. NREMure displayed
high-amplitude low-frequency EEG similar to NREM sleep, whereas REMure was
characterized by low-amplitude and high-frequency EEG associated with regular theta
rhythm. These states were also scored in 5s epochs. We determined the total time spent

in each state as well as the number and duration of epochs.

EEG signal analysis
We analyzed all EEG epochs without artifacts or state transitions. The frequency

bands were defined as delta (1-4 Hz), theta (4-10 Hz), sgma (10-15 Hz), Beta (15-30
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Hz), low gamma (LG, 30-45 Hz), high gamma (HG, 55-95 Hz) and high frequency
oscillations (HFO, 105-145, and 155-195 Hz). Frequencies around the alternating
current (50 Hz in Uruguay) and harmonics were excluded from the analysis.

The power spectrum was calculated by means of the pwelch built-in function on
Matlab (version 2020a; MathWorks, Inc., Natick, MA) with a 5s window size, half-
window overlap, frequency sample of 1024 Hz and a resolution of 0.5 Hz. Absolute
power values were normalized for each animal as the mean power of each frequency
band divided by the total power (i.e., sum of the power of each frequency band)
(Mondino et al., 2020; Gonzalez et al., 2021). Spectral coherence was determined as a
measure of undirected functional connectivity between EEG electrodes (Bullock &
McClune, 1989), using the same procedure as Mondino et al. (2020). We determined
the coherence between interhemispheric and intrahemispheric adjacent electrodes (the
distance between neocortical contiguous electrodes was 5 mm). The mscohere built-in
Matlab function was employed for this analysis with a 5s window size, half-window
overlap, frequency sample of 1024 Hz and a resolution of 0.5 Hz. Coherence values
were normalized by the Fisher’s z-transform to get the z' coherence. For the power and
coherence analysis, the rOB, rV2, IM1 and IS1 had to be excluded in one rat during the
baseline recordings, and rV2 and IM1 during anesthetized recordings due to artifacts
that made processing unfeasible. Additionally, rS1-rV2 z' coherence of another rat was
excluded from the analysis because it was a clear outlier with extremely high values for
all the frequency bands.

Normalized symbolic transfer entropy (NSTE) was used to determine directed
connectivity between the rM1 (anterior) and rV2 (posterior) cortices (Borjigin et al.,
2013; Leeet al., 2013; Pal et al., 2016). rM1 and rV2 EEG signals were filtered into the

frequency bands described above and segmented into non-overlapped 5s windows. We


https://doi.org/10.1101/2021.09.21.461281

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.21.461281; this version posted September 24, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

used the same strategy for parameter selection asin our previous studies (Li et al., 2017,
Mondino et al., 2021). The embedding dimension was fixed at dE = 3 and we used the
time delay (1) = 128, 51, 34, 17, 11, 5, 3 corresponding respectively to delta, theta,
sigma, beta, LG, HG and HFO. In every window, we examined the transfer time (3) =
1-100 (corresponding to 1-100 ms approximately) and chose the one that generated the
maximum feedback (anterior to posterior) and feedforward (posterior to anterior)
NSTE, respectively.

Finally, we evaluated the complexity of the EEG signal by means of Lempel-Ziv
Complexity (LZC) (Lempel & Ziv, 1976). This is an information theoretic measure
based on Kolmogorov complexity, that calculates the minimal “information” contained
in the sequence (Cover & Thomas, 2006). LZC has been shown to be an important tool
to explore the temporal complexity of brain activity (Schartner et al., 2015; Hudetz et
al., 2016). To estimate the complexity of a time series X'(t) = {x;t=1,---,T}, a
sequence X (t) is parsed into a number of words W by considering any subsequent
series that has not yet been encountered as a new word. The LZC ¢, is the minimum
number of W required to reconstruct the information contained in the origina time
series. Continuous sequences such as an EEG signal, need to be discretized to analyze
LZC. Different methods can be employed for this purpose and could lead to slightly
differing results. In this work, we employed the binarization by mean-value (referred to
as bin LZC) to calculate the complexity of each EEG channel. Although Lempel and
Ziv originally developed the method for binary sequences, this approach can be easily
generalized to multivariate discrete processes by extending the alphabet size (Zozor et
al., 2005). Consider an m-dimensiona stationary process X(m), that generates the

SeqUeNces x, ; = Xq4,...,xr; Withi =1,...,m each one of them from an alphabet of «
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symbols. Let z, = z;,..., z; to be a new sequence defined over an extended alphabet of

sizea,,

e~
=

Using this approach, we also calculated the global complexity of
neurophysiologic activity, referred as joint Lempel-Ziv complexity (JLZC) of the x;-
sequence as the complexity of the new sequences z, C;(x,;) = C;z(z.). In this case,
x;, is the EEG signal per channel and z, is a new sequence that represents the
information from all channels. The JLZC was binarized (« = 2) using the mean value

(Zozor et al., 2005).

Statistical analyses

Statistical analyses were done with PRISM v9.0 (GraphPad Software Inc., La
Jolla, CA). All data were presented as mean + standard error of the mean (SEM).
Comparisons between W, NREMure and REMure were performed by means of a
repeated measures one-way ANOVA and Holm-Sidak as a post hoc test; adjusted p
value < 0.05 was considered significant. Two-tailed paired Student t tests were used to
determine differences between NREM and NREMure as well as REM and REMure. p

values were also corrected for multiple comparisons using Holm-Sidak test.

Results

Rats under urethane anesthesia cycle between two differ ent states
A representative hypnogram, spectrogram (power spectrum as a function of
time), as well as the EEG recordings of baseline and following urethane anesthesia

during two hours of recordings are shown in Figure 1B. During baseline, rats exhibit the
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states of W, NREM and REM sleep, while under urethane anesthesia they cycled
between two different states, a slow wave activity state (NREMure), and an activated
state (REMure). In Figure 1C, the distinctive characteristics of the EEG and EMG of
each state can be observed. Although muscle activity in most of the rats was higher in
REMure than during NREMure, no difference in the EMG power was observed when
the whole population was analyzed (Figure 1D). As can be appreciated in Figure 1E-G
during the baseline recordings rats spent 2702 + 422.6 s (37.52% of the total time) in W,
3977 £+ 367.8 s (55.23%) in NREM sleep and 522 + 76.52 s (7.25%) in REM sleep. If
we consider the total amount of sleep, NREM sleep represented 88.4% while REM
sleep represented 11.6%. In average, the number of bouts of W was 32.78 + 3.79 with a
mean duration of 21.45 + 7.08 s, the number of NREM bouts was 33.78 + 4.15 with a
duration of 24.65 + 1.82 s, and the number of REM bouts was 6.44 + 1.23 and lasted
1758 + 2.36 s. After urethane injection, rats spent a similar amount of time in
NREMure and REMure; 3292 + 434.15 s (45.73% of total time) and 3908 + 434.15 s
(54.27%), respectively [t (8) = 0.708; p = 0.4985]. The number of bouts of NREMure
was 33.78 £ 7.63, and of REMure 33.67 + 7.59 [t (8) = 0.00; p >0.9999]. There was no
difference in bout duration between the two states (35.54 + 37.32 s for NREMure and

42.60 + 14.36 for REMure [t (8) = 1.067; p = 0.3172]).

Urethane increases low and decreases high frequency bands of the EEG

To study brain oscillations, we analyzed the EEG power spectrum from OB, M1,
S1 and V2. We compared both urethane states to the physiological W to identify EEG
features of unconsciousness during urethane (Figure 2A). Detailed statistics are shown
in Supplementary Table 1. We found that delta oscillations increased in all cortical

locations during NREMure compared to either REMure or W. In addition, W had more
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power in the rest of the bands compared to NREMure. This can be fully appreciated
looking a low-gamma, high-gamma and HFO bands, which decrease in al cortical
locations during NREMure. In contrast, the distinction between W and REMure was
less marked, and was evidenced by a power decrease in the frequencies above low-
gamma. In particular, HFOs decreased during REMure in al cortical locations
(significant in OB, M1 and S1), while low and high gamma also significantly decreased
in M1 and S1. We also observed a noticeable decrease in the theta peak frequency
during REMure compared to W and REM [Mean + SEM, 4.75 + 0.16 for REMure, 6.87
+ 0.12 for REM sleep, and 6.94 + 0.15 for W; [F (2,7) = 79.40, p <0.0001]. For this
analysis, we calculated the differences between the maximum value in each state in V2,
where theta oscillations are fully expressed.

Next, we compared both urethane states to study how the various brain
oscillations differ between them; statistics are shown in Supplementary Tables 1 and 2.
Importantly, we found that delta power was higher during NREMure in al locations.
Similar to W, REMure showed higher power in al frequency bands above delta, which
was significant for theta in OB, M1, S1; for sigma in Sl; and for Beta, LG, HG and
HFO in all locations except for HFO in the visual cortex.

To complete the characterization of brain oscillations under urethane anesthesia,
we compared each urethane state to its physiological analog; i.e, NREMure vs NREM,
and REMure vs REM. Statistics are shown in Supplementary Table 3. Comparing each
pair, we found that delta oscillations are larger under both urethane states compared to
their physiological counterparts in al cortical sites. The rest of the frequency bands
showed a tendency to decrease under urethane. For instance, al bands (>delta) were

reduced in NREMure compared to NREM (except for HG and HFO in V2), the same
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occurred comparing REMure to REM; the exception was HFO in the neocortex as well
as beta and gammabandsin V2.
In summary, urethane promotes slow delta oscillations, while reducing higher

frequency bands, especially gamma and HFOs.

Urethane alter s corticocor tical synchronization

For a more complete characterization of urethane’'s neurophysiological
correlates, we analyzed the spatial synchronization between neural oscillations. We first
analyzed the interhemispheric z'coherence comparing between W and the urethane
states (Figure 3A). The complete statistical analysis is shown in Supplementary Table
4A and 5. We found that during NREMure, the inter-hemispheric delta coherence
increased with respect to the other states, which was significant in rM1-IM1 comparing
NREMure to REMure or W, and rS1-IS1 comparing NREMure to W. Moreover, higher
frequency bands were more coherent during W than during both urethane states. For
instance, rS1-IS1 theta and sigma coherences decreased during REMure compared to
W, while rS1-1S1 HG and HFO decreased for both urethane states compared to W.

Comparing each urethane state to its natural analog, we found differences
suggesting that inter-hemispheric synchronization is compromised compared to
physiological sleep states. Details of these statistics are shown in Supplementary Table
7. Comparing NREMure to NREM, we found that theta, sigma and beta coherences
decreased in both rS1-1S1 and rV2-1V2, and that LG and HG coherences decreased in
rS1-I1S1 (Figure 3B). The REMure vs REM comparison showed that theta and sigma
oscillations are also less coherent during REMure in rS1-1S1 and rvV2-1V2 (Figure 3C).

To more fully characterize how urethane alters cortical synchronization, we also

studied the intra-hemispheric z'coherence between adjacent electrodes on the right
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hemisphere. We found that delta coherence increased for both urethane statesin OB-M 1
compared to W. Moreover, HG coherence between M1-S1 and S1-V2 decreased during
NREMure compared to W, while HFO S1-V2 coherence aso decreased during both
urethane states compared to W (Figure 4A). When we compared each urethane state to
its analog, we found no significant differences (Figure 4B and C).

Thus, these results show that urethane promotes synchronized delta waves
between areas, while higher frequency synchronization, such as gamma, decreases

during both urethane states.

Ur ethane compr omises feedback connectivity

To evauate the directed connectivity between the rM1 (anterior) and rV2
(posterior) cortices, we calculated feedback and feedforward NSTE for each frequency
band. As s illustrated in Figure 5, when comparing W to the anesthetized states, both
feedback and feedforward NSTE were affected by behavioral states in the theta
frequency band [F(2,8) = 9.523, p = 0.0081 and F(2,8) = 7.433, p = 0.017 respectively].
NREMure had a lower connectivity than W and REMure in both feedback (p = 0.049
and 0.026, respectively) and feedforward directions (p = 0.029 and 0.002, respectively).
No differences were found between W and REMure for feedback or feedforward
connectivity (p = 0.140 and 0.499 respectively). Additionally, feedback but not
feedforward connectivity was affected by the states in HG frequency band [F(2,8) =
6.620, p = 0.0136 and K(2,8) = 0.783, p = 0.425, respectively]. W feedback NSTE was
higher than REMure (p = 0.049) but not than NREMure (p = 0.140). Lastly, both
anesthetized states did not differ in HG feedback NSTE (p = 0.361). Delta, sigma, beta,
LG and HFO frequency bands did not show differences between W and the anesthetized

states neither for the feedback NSTE [F(2,8) = 4.536, p = 0.055, F(2,8) = 2.436, p =
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0.150, F(2,8) = 1.056, p = 0.348, F(2,8) = 0.344, p = 0.621 and F(2,8) = 3.522, p =
0.078 respectively] nor for the feedforward NSTE [F(2,8) = 0.077, p = 0.827, F(2,8) =
4.479, p = 0.063, F(2,8) = 0.601, p = 0.487, F(2,8) = 0.739, p = 0.459 and F(2,8) =
3.509, p = 0.077 respectively].

When comparing the anesthetized states with its analogous state during sleep,
we did not see any differences in feedback or feedforward connectivity. The statistics

are shown in Supplementary Table 9.

Urethane decr eases EEG complexity

We studied the complexity of the EEG signal during each state by means of the
binarized Lempel Ziv Complexity (LZC). First, we analyzed the complexity of the
whole signal (1-195 Hz). In all the electrode locations the ANOVA showed significant
differences between W and urethane states [rOB. F (2,7) = 25.48 p = 0.0002], [rM1 F
(2,8) = 46.53 p <0.0001], [rS1 F (2,8) = 69.89 p <0.0001] and [rV2 F (2,8) = 64.02p =
<0.0001]. As can be observed in Figure 6A, in rOB, rM1, rS1 and rV2 the complexity
of the EEG signal during NREMure was lower than during W (p = 0.0022, <0.0001 and
<0.0001, respectively) and REMure (p = 0.0036, 0.0004, <0.0001 and <0.0001,
respectively). Additionally, W had a higher complexity than REMure in rOB, rM1 and
rS1 (p = 0.0064, 0.0139 and 0.0042, respectively) but not in rV2 (p = 0.0849). When
comparing the NREMure with NREM sleep, no differences in complexity were found in
any of the electrode locations (rOB p = 0.1038, rM1 p = 0.0691, rS1 p = 0.6627, rV2 p
= 0.0835). The same occurred between REMure and REM sleep (rOB p = 0.4280, rM1
p = 0.5359, rS1 p =0.2824, rV2 p = 0.3638). Because sleep is characterized by slow
oscillations, we measured the LZC for the signal between 1 to 15 Hz. Like the whole

signa analysis, the ANOVA showed significant differences between W and the
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anesthetized states [rOB F (2,7) = 13.75 p = 0.0007], [rM1 F (2,8) = 43.30 p =
<0.0001], [rS1 F (2,8) = 94.97, p <0.0001] and [rV2 F (2,8) = 71.90, p <0.0001]. In all
cortical areas NREMure had a lower complexity than W (rOB p = 0.0027, rM1 p
<0.0001, rS1 p <0.0001, rV2 p <0.0001) and REMure (rOB p = 0.0144, rM1 p =
0.0036, rS1 p = 0.0005 and rV2 p = 0.0007). In addition, W had a higher complexity
than REMurein rM1 (p = 0.0004), rS1 (p <0.0001) and rV2 (p = 0.0001) but not in rOB
(p = 0.5278). Additionally, we compared the complexity during the anesthetized states
and in analogous states during sleep, observing clear differences between them. For
instance, NREMure had lower complexity in the low frequency oscillations than NREM
sleep in al electrode locations (rOB p = 0.0007, rM1 p <0.0001, rS1 p <0.0001 and rV2
p <0.0001). Similarly, REMure had lower complexity than REM sleep (rOB p = 0.0008,
rM1 p <0.0001, rS1 p <0.0001 and rV2 p <0.0001).

Thus, unlike directed connectivity measures, complexity analysis distinguished

between physiological sleep and urethane-induced states.

Urethane disrupts whole-brain complexity

Finally, to understand how the complexity of the EEG signal within the whole
brain varies between states, we computed a joint Lempel Ziv for 1-195 Hz and for 1 —
15 Hz. The results are displayed in Figure 7. ANOVA demonstrated a clear difference
between the complexity during W and the anesthetized states for 1 — 195 Hz F(2,8) =
82.63 p < 0.0001. W had a higher complexity than NREMure p < 0.0001and REMure p
= 0.0099. Also, REMure had a higher complexity than NREMure (p = < 0.0001).
Similar results were found for the 1 — 15 Hz oscillations F(2,8) = 55.27 p < 0.0001. W
had a higher complexity than NREMure p < 0.0001 and REMure p = 0.0099.

Furthermore, REMure had a higher complexity than NREMure (p < 0.0009).
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Differences between sleep states and anesthetized states were seen for the 1 - 15
Hz analysis NREM sleep had higher complexity than NREMure (p = 0.0002), and REM
sleep had higher complexity than REMure (p < 0.0001). For the 1 — 195 Hz analysis
these differences were lost (NREM sleep vs NREMure p = 0.2125, and REM sleep vs

REMure p = 0.1693).

Discussion

We performed an extensive analysis of the EEG signal during urethane
anesthesia. We demonstrated that, in comparison to W, the EEG signa quantified by
different metrics is significantly modified during both urethane-induced states, i.e.,
NREMure and REMure. In addition, while urethane anesthesia resembles natural sleep,
the EEG profiles under urethane anesthesia and sleep are not the same. This brings into

guestion whether urethane can serve as a pharmacological model for sleep.

General features of urethane-induced states

Urethane evokes a cycle between two states that resemble natural sleep states.
However, despite the shared phenotype, our EEG analysis suggests that the underlying
oscillations and neurobiology of sleep and urethane anesthesia are different. REMure
did not show the characteristic muscle atonia that occurs in REM sleep. In fact, no
differences were observed between the two anesthetized states in the total power of the
EMG (Figure 1D). This finding is in disagreement with the finding of Clement et al.
(2008), that observed a decreased EMG signal during REMure in comparison with
NREMure (Clement et al., 2008). Horner and Kubin (1999) demonstrated that the
microinjection of carbachol into the pontine reticular formation potentiates the REM-

like state in rats anesthetized with urethane, evoking clear muscle atonia (Horner &
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Kubin, 1999); however, when those rats were sensory stimulated (pinch in the
hindlimb) they showed an EEG with theta oscillations similar to REM sleep but with an
increase in muscle tone.

We have demonstrated that urethane anesthesia and physiological sleep differ in
the duration of the alternating cycles (Figure 1 E, F and G). In the natural sleep cycle,
REM sleep represented 11.6% of the total time, while NREM represented 88.4%.
During the anesthetized states, the time spent in NREMure and REMure was almost
evenly divided at 45.73% V's. 54.27%, respectively. This was due to equivalent number
and duration of bouts in each state. This is in accordance with other studies that found
similar amounts of REMure and NREMure during urethane anesthesia (Pagliardini et
al., 2012). Interestingly, Clement et al. (2008) found that an increase in the depth of
anesthesia reduces the time spent in REMure while the cyclicity is maintained (Clement

et al., 2008).

EEG during urethane anesthesia

We determined that urethane anesthesia affects the spectral power of the EEG in
different frequency bands. Clear differences were found between W and the
anesthetized states. Compared to the waking state, NREMure had a large increase in
delta power as well as a reduction in power across all other frequency bands (theta,
sigma, beta, LG, HG and HFO). Additionally, W was characterized by a higher power
than REMure, especially in the higher frequency bands (HFO in rOB, rM1, rS1; HG and
LG in rM1 and rS1 and beta in rS1). This is particularly interesting because higher
frequency bands have been associated with consciousness and cognitive processing

(Kucewicz et al., 2014; Pal et al., 2016; Castro-Zaballa et al., 2018).
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The spectral power during NREMure also differs from physiological NREM
sleep. Lower delta was higher in NREMure, while-at approximately 3 Hz, NREM sleep
had similar or even higher power than NREMure. Since EEG oscillations follow a
power-law scaling, by which slower oscillations have higher power values (Miller et al.,
2009), it is possible that during NREM ure there was a shift in the peak frequency of the
delta oscillations, with slower delta waves during the anesthetized states in comparison
with natural NREM sleep. Interestingly, while delta oscillations during anesthesia with
propofol or isoflurane have been shown to have a similar amplitude than NREM sleep
delta oscillations (Murphy et al., 2011; Akegju & Brown, 2017), the frequency of delta
oscillations is slower during anesthesia with ketamine and medetomidine (Torao-
Angosto et al., 2021).

On the other hand, the power of higher frequency bands was higher in NREM
sleep in most cortical locations (see below). Sigma band (10-15 Hz) encompasses the
frequency range of sleep spindles, a characteristic electroencephalographic feature of
NREM sleep. In fact, NREM sleep is characterized by a higher sigma power than W
and REM sleep (Mondino et al., 2020). In this study, NREMure showed lower sigma
power values than NREM sleep (Figure 2B) and lower than REMure (Figure 2A).
Interestingly, Murphy et a. (2011) showed in humans that while NREM sleep and
propofol anesthesia EEG characteristics shared severa similarities, propofol failed to
effectively generate spindles (Murphy et al., 2011). In the present study the number and
duration of sleep spindles was not calculated, but Clement et al. (2008) showed that
sleep spindles did occur during urethane anesthesia (Clement et al., 2008). However,
this study found that spindles occur more frequently during transitions between

NREMure and REMure, which is also seen during spontaneous NREM-REM transitions
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(Bandarabadi et al., 2020). These transitional epochs were not considered in the present
study.

When comparing REMure with REM sleep, we found that delta power was
higher during REMure. It is interesting that in both states of urethane, delta power was
higher than during their analogous state in the physiological sleep. Of note, an increase
in delta oscillations characterizes general anesthesia with GABA agents (Hagihira,
2015; Mondino et al., 2020). On the contrary, the power of most other frequency bands
was larger in REM sleep than in REMure, mainly in anterior locations. This could be
related to the intense cognitive processing associated with sleep and possibly related to
memory consolidation.

We observed a clear decrease of the peak of the theta band frequency under
REMure. In fact, Fenik and Kubin (2009) have aready described that hippocampal
theta-like rhythms had a lower frequency range in rats anesthetized with urethane (3-5
Hz) than in awake rats (6-8 Hz); however, Dringenber and Vanderwolf (1998) and
Vertes (1984), suggested that these rhythms are generated by similar neuronal networks
and that can be triggered by similar stimuli (Vertes, 1984; Dringenberg & Vanderwolf,
1998; Fenik & Kubin, 2009). Clement et al. (2008) found that the spindles under
urethane anesthesia also have alower frequency (=8Hz; i.e., in the theta frequency band
range) than physiological sleep spindles (Clement et al., 2008). However, the
mechanisms of the reduction in the theta or spindles frequency are not understood. Our
results are consistent with previous studies identifying a decreased frequency of
hippocampal theta during isoflurane anesthesia (Perouansky et al., 2007; Mashour et al .,
2010)

Additionally, we observed a decrease in power of the high frequency

oscillations in both NREMure and REMure. This finding is typically associated with
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NREM sleep and general anesthesia with isoflurane, but not with ketamine (a NMDA
receptor antagonist) (Kortelainen et al., 2012; Akegju et al., 2016; Castro-Zaballa et al.,
2018; Mondino et al., 2020). Of note, a clear peak in HFO power, suggesting a true
HFO oscillation during REM sleep have been described in the OB and posterior cortices
(Cavelli et al., 2018; Mondino et al., 2020).

We also analyzed the inter and intra-hemispheric coherence. When comparing
W and both anesthetized states, delta z’' coherence was larger in NREMure, primarily for
interhemispheric derivatives, suggesting the presence of synchronized slow wave
activity in both hemispheres. By contrast, high frequency (HG and HFO) Z' coherence
was larger during W reaching significance for S1 interhemispheric, M1-S1 and S1-V2
(only for gamma) derivatives. Interestingly, high frequency z’ coherence is lost during
both GABA agents and ketamine general anesthesia (Purdon et al., 2013; Pal et al.,
2015), as well as during NREM and REM sleep (Cavelli et al., 2015; Cavelli et al.,
2017; Castro-Zaballa et al., 2018).

We also analyzed the anteroposterior (rM1-rV2) directed connectivity by means
of NSTE. We demonstrated that under NREMure there was a decrease of theta
connectivity both in FF and FB direction. Furthermore, in comparison to W, REMure
showed a reduction of HG band connectivity in the FB directionality but not in the FF,
which is consistent with the reduction or loss in gamma FB transfer entropy during
sleep and anesthesia with different agents (Lee et al., 2013; Pal et al., 2016; Li et al.,
2017).

EEG complexity was also analyzed using the Lempel-Ziv algorithm. Compared
to W, LZC was reduced in most cortical locations in both anesthetized states; the
decrease in complexity was larger during NREMure than REMure, similar to what has

been shown to occur with physiological sleep states (Abésolo et al., 2015). In addition,
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when only low frequencies (1-15 Hz) were analyzed, NREMure and REMure had
reduced complexity in comparison to their analogous natural states. In this regard,
Gonzalez et al. (2019) have shown that complexity, assessed by permutation entropy, is
higher during W than both sleep states (Gonzalez et al., 2019). Furthermore, EEG
complexity decreases under general anesthesia (Zhang et al., 2001; Hudetz et al., 2016).
Notably, in comparison to W, we also found a decrease in complexity during NREMure
and REMure assessed by permutation entropy (data not shown).

We also introduced the novel analysis of JLZC, which provides a broader view
of cortical complexity. For example, homogenous cortical activity results in low JLZC
while the opposite occurs when the activity is differentiated across cortical areas. This
analysis showed that, in comparison to W, JLZC decreases during both anesthetized
states, but the decrease is larger during NREMure (Mateos et al., 2017). Moreover, if
we isolated low-frequency activity, JLZC is lower under urethane in comparison to the
analogous natural sleep states. Interestingly, Mateos et. a (2017) anayzed standard
EEG in humans and found that, at low frequencies (4-12 Hz), JLZC was lower during
NREM than during W, but JLZC during REM sleep was similar or even higher than
during W. This could be associated with the cognitive processes that takes place during
REM sleep (Hobson, 2009). These authors also found that JLZC was exceptionally low
during comatose states and epileptic seizures with loss of consciousness, showing that
JLZC is an important candidate as a correlate of consciousness. According to these
findings, we could assume that the state of consciousness is reduced during urethane
anesthesiain comparison with its analog during sleep. To our knowledge, thisisthe first

report of the effect of an anesthetic on JLZC.

EEG correlates of consciousness are lost in urethane anesthesia
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The concept of “neural correlates of consciousness’ (NCC) represents the
minimal set of neural events and structures sufficient to generate any kind of experience
(Koch et al., 2016; Mashour & Hudetz, 2018; Torterolo et al., 2019; Sarasso et al.,
2021). In a very schematic way, the main EEG correlates of W consciousness, and the
modifications under NREMure and REMure are listed in Table 1. W presents a relative
low delta, as well as high gamma and HFO power and coherence in the EEG. While all
these signatures are atered by NREMure, under REMure high frequency oscillations
power and coherence are lost in most cortical locations and derivates. During REMure
there was a decrease in the HG FB directionality of the signal, a feature that has been
established as a correlate of loss of consciousness (Pal et al., 2016). Interestingly, while
the values during NREMure were lower than during W, significance was not achieved.
Finally, high EEG complexity also characterizes normal W and is decreased during both
NREMure and REMure; high complexity is also considered a marker of consciousness
(Abasolo et al., 2015; Mateos et al., 2017). Hence, EEG features strongly suggest that
urethane produces unconsciousness not only under NREMure, that have similarities
with the EEG effect of GABA anesthetic agents and deep NREM sleep, but also under
the activated state of REMure.

Urethane anesthesia is not a faithful mode of sleep

Despite the superficial similarity of the EEG between NREMure and natural
NREM sleep, as well as between REMure and REM sleep, a deeper analysis shows
strong differences between physiological and pharmacological states.

NREM sleep, especially during deep NREM sleep or N3 where EEG slow
waves are fully developed, is considered a state where oneiric behavior is scarce (Siclari
et al., 2017). However, NREM sleep has a critical function in cognitive functions such

as memory consolidation (Stickgold, 2005; Berner et al., 2006; Wei et al., 2018). The
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EEG profile of NREMure strongly differs from natural NREM sleep. Compared to
NREM sleep, NREMure exhibits a potentiation of delta waves power associated with a
decrease in higher frequency power. In addition, NREMure shows a decrease in thetato
gamma inter-hemispheric coherence in V2 and/or Sl derivates. Finally, considering
only the lower (< 15 Hz) frequency oscillations, we also found that NREMure has lower
LZC and JLZC.

REM sleep is an activated state where the neural activity and neurochemical
milieu create conditions for the emergence of phenomena experience in the form of
dreams (Hobson, 2009; Siclari et al., 2017). The EEG profile under REMure also differs
from the natura counterpart. Compared to REM sleep, REMure showed a clear
decrease in theta oscillation frequency more consistent with an anesthetized state.
Moreover, while delta power was higher in REMure, the power of higher frequencies
decreased in this anesthetized state, mainly in anterior cortices. Decreases in
interhemispheric coherence in theta and sigma band during REMure were also detected
in posterior cortices, while an increase in HFO in S1 interhemispheric coherence was
also observed. Asin NREMure, a decrease in complexity (both LZC and JLZC) was
also detected.

To summarize, these analyses demonstrate that, despite their similarities, the
EEG in urethane-anaesthetized states differs from sleep. Hence it is possible that
cognitive functions that are known to be carried on during sleep, such as memory
consolidation (Stickgold, 2005; Hobson, 2009), are not taking place under urethane
anesthesia. Of note, intense research has been carried out trying to uncover the precise
mechanisms by which anesthetics induce unconsciousness. In the past two decades
there has been a focus on the shared mechanisms between anesthesia and sleep with a

body of correlative suggesting that anesthetics and sleep share the same neural circuits.
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However, in a recent study, we have demonstrated that the activation of GABAergic or
glutamatergic neurons in the preoptic area of the hypothalamus, a key area for sleep
generation, alters sleep-wake architecture but does not modulate the anesthetized state
(Vanini et al., 2020). The results from this paper can be considered as additional
evidence against a strong mechanistic overlap between sleep and anesthesia. This is
especially compelling because urethane was considered to be the only general anesthetic
that could mimic the full spectrum of natural sleep. However, despite the similarities

between urethane anesthesia and sleep, this detailed analysis revealed key differences.

Limitations
Our study has several limitations, first, we have not evaluated different doses of
urethane anesthesia; therefore, lighter or deeper planes of anesthesia could show
different results. Additionally, anesthesia was achieved by a single intraperitoneal
injection of urethane and no supplementary injections were given, therefore, the
anesthetic effects could have been attenuated over time. However, other authors
evauated the effect of additional injections over time and showed that urethane
cyclicity is not affected by the absolute concentration of urethane in blood(Clement et
al., 2008). Finally, this study was performed with male rats, and therefore we could be
losing some sex-differences of urethane anesthesia.
Conclusions

Urethane produces two different aternating electrographic states: a NREM sleep
-like state and an activated state that has features of either REM sleep or waking. Our
study revealed EEG signatures of unconsciousness in both urethane-induced states. In
addition, NREM-like and REM-like states during urethane anesthesia differ from

natural sleep states.
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Figurelegends.

Figure 1. Sleep—wake and urethane states in the rat. (A) Schematic representation of the
electrode postion in the brain of the rat. OB, olfactory bulb; M1, primary motor cortex; S1,
primary somato-sensory cortex; V2, secondary visual cortex; r, right; |, left. (B) Hypnogram
(top) according to visually scored behavioral states and spectrogram (0.1 to 30 Hz) of one
representative animal. Left panel shows baseline recordings and right panel shows recordings
under urethane anesthesia. During W, REM sleep and REMure theta activity (4-10 Hz) in the
spectrogram can be readily observed. (C) Representative electroencephalogram (EEG) of the
somatosensory cortex (S1Cx) and neck electromyogram (EMG) recordings during W, NREM
sleep, REM dsleep, NREMure and REMure. Similarities between the sleep and anesthetized
states can be observed with delta (0.5 — 4 Hz) oscillations characterizing NREM sleep and
NREMure and theta (4-10 Hz) and high frequency oscillations characterizing W, REM sleep
and REMure. Notice that REMure doesn’t show the REM sleep characteristic atonia. (D)
Electromyography power during NREMure and REMure, both states showed no significant (ns)
differences. (E) Mean and SEM of the total time spent in each behavioral state during baseline
recordings (left) and urethane anesthesia (right). (F) Mean and SEM of the number of bouts of
each behavioral state during baseline recordings (left) and urethane anesthesia (right). (G) Mean
and SEM of the duration of bouts of each behavioral state during baseline (left) and urethane
anesthesia (right).

Figure 2. Power spectral profiles. (A) Mean and SEM (shadow) normalized power spectral
profiles of the right hemisphere during wakefulness (W) and the anesthetized states (NREMure
and REMure). Significant diffrerences are indicated by symbols. ¥, W Vs. NREMure; 1, W Vs.
REMure; £ NREMure Vs. REMure; *, differences among all conditions. (B) Mean and SEM
(shadow) of normalized power spectral profiles of the right hemisphere during NREM sleep and
NREMure. *, indicates significant differences. (C) Mean and SEM (shadow) normalized power
spectral profiles of the right hemisphere during REM sleep and REMure. *, indicates
significant differences. The frequency bands used for the dtatistical analysis are indicated by
colors in the background of the chart. OB, olfactory bulb; M1, primary motor cortex; S1,
primary somato-sensory cortex; V2, secondary visual cortex; W, wakefulness; r, right; I, left; I;
d, delta; 9, theta; o, sigma; B, beta; Iy, low gamma or LG; hy, high gamma or HG; HFO, high
frequency oscillations.

Figure 3. Interhemispheric z'coherence. (A) Mean and SEM (shadow) interhemispheric
Z coherence during wakefulness (W) and the anesthetized states (NREMure and REMure).
Significant diffrerences are indicated by symbols. ¥, W Vs. NREMure; t, W Vs. REMure; #,
NREMure Vs. REMure; *, differences among all conditions. (B) Mean and SEM (shadow)
interhemispheric z'coherence during NREM sleep and NREMure. *, indicates significant
differences. (C) Mean and SEM (shadow) interhemispheric z’ coherence during REM sleep and
REMure. *, indicates significant differences. M1, primary motor cortex; S1, primary somato-
sensory cortex; V2, secondary visual cortex; W, wakefulness; r, right; |, l€ft; |, 8, delta; 6, theta;
o, sigma; B, beta; ly, low gamma or LG; hy, high gamma or HG; HFO, high frequency
oscillations

Figure 4. Right Intrahemispheric z'coherence. (A) Mean and SEM (shadow) right
intrahemispheric z’coherence during wakefulness (W) and the anesthetized states (NREMure
and REMure). Significant diffrerences are indicated by symbols: ¥, W Vs. NREMure; 1, W
Vs REMure; # NREMure Vs. REMure; *, differences among all conditions. (B) Mean and
SEM (shadow) right intrahemispheric Z’coherence during NREM sleep and NREMure. *,


https://doi.org/10.1101/2021.09.21.461281

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.21.461281; this version posted September 24, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

indicates significant differences. (C) Mean and SEM (shadow) right intrahemispheric
Z’ coherence during REM deep and REMure. OB, olfactory bulb; M1, primary motor cortex;
S1, primary somato-sensory cortex; V2, secondary visual cortex; W, wakefulness; r, right; |,
left; I, 6, delta; 6, theta; o, Sigma; B, beta; |y, low gamma or LG; hy, high gamma or HG; HFO,
high frequency oscillations

Figure 5. Normalized Transfer Entropy. Feedback (FB) and Feedforward (FF) Normalized
transfer entropy (NSTE) for Theta and HG frequency bands during W and the anesthetized
dates. Frequency bands with no significant differences between states are not shown. *,
indicates significant differences. Comparisons of NSTE between sleep states and its analogous
during anesthesia can be find in Supplementary Table 9.

Figure 6. Lempel Ziv Complexity (LZC). (A) Lempel Ziv Complexity for frequencies
between 1-195 Hz during W and the anesthetized states (Left), NREM sleep and NREMure
(middle) and REM sleep and REMure (right) for each electrode localization in the right
hemisphere. *, indicates significant differences. (B) Lempel Ziv Complexity for frequencies
between 1 -15 Hz (low frequencies, LF) during W and the anesthetized states (Left), NREM
deep and NREMure (middle) and REM sleep and REMure (right) for each electrode
localization in the right hemisphere. *, indicates significant differences. OB, olfactory bulb; M1,
primary motor cortex; S1, primary somato-sensory cortex; V2, secondary visual cortex; W,
wakefulness; r, right; |, left.

Figure 7. Joint Lempel Ziv Complexity (JLZC). (A) Comparison of Lempel Ziv Complexity
for frequencies between 1-195 Hz (top) and 1-15 Hz (bottom) for W and the anesthetized states
(Left), NREM sleep and NREMure (middle) and REM sleep and REMure (right). *indicates
significant differences. OB, olfactory bulb; M1, primary motor cortex; S1, primary somato-
sensory cortex; V2, secondary visual cortex; W, wakefulness; r, right; |, left.
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Table 1. Parameters associated with consciousness/unconsciousness during anesthetized states and
physiological sleep, in comparison to wakeful ness.

NREMure NREM REMure | REM deep
sleep
Delta power T1 T T nic®
Gammaand HFO 11 1B l n/c®
power
Gamma and HFO l e l 1°
coherence
HG FB GamnmaNSTE nic P l l°
LZC l I l n/c®
JL.zC 1 Ik l n/c?

EEG features suggest that urethane produces unconsciousness during both NREMure and REMure.
Increase (+) or decrease (-) in comparison to wakefulness. n/c, no changes. *Mondino et. a (2020), "Pal
et. al (2016), “Abésolo et. a (2015), “Mateos et al. 2017
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Table 1. Normalized Power. Repeated measures one-way ANOVA.

OB M1 S1 V2

Frequency |df |F p df F p df F p df F p

Delta 2,7 | 19.24 0.001* | 2,8 | 4587 <0.001* | 2,8 | 54.90 <0.001* | 2,7 23.04 | 0.001*
Theta 2,7 | 13.77 0.005* |28 | 1226 0.004* |28 | 18.19 0.002* | 2,7 9.28 0.009*
Sigma 2,7 | 3.717 0.053 2,8 |21.00 <0.001* | 2,8 | 56.86 <0.001* | 2,7 19.10 | 0.001%*
Beta 2,7 | 19.12 0.001* | 2,8 | 4545 <0.001* | 2,8 | 57.61 <0.001* | 2,7 19.64 | 0.001%*
LG 2,7 | 31.49 0.001* |28 |90.21 <0.001* | 2,8 | 66.21 <0.001* | 2,7 12.25 | 0.008*
HG 2,7 | 24.63 0.001* |28 | 1152 <0.001* | 2,8 | 74.13 <0.001* | 2,7 26.20 | 0.001*
HFO 2,7 |29.84 0.001* |28 | 4534 <0.001* | 2,8 | 30.43 0.001* | 2,7 20.43 | 0.002%*

Results of the Repeated measures one-way ANOVA comparing W with the anesthetized states (NREMure and REMure).
Data are plotted in Figure 2.



Table 2. Normalized Power. Holm-Sidak post-hoc test.

OB M1 S1 \2

Frequency | W w NREMure | W w NREMure | W w NREMure | W \W4 NREMure

VS. VS. VS. VS. Vs. Vs. VS. VS. VS. VS. VS. VS.

NREMure | REMure | REMure NREMure | REMure | REMure NREMure | REMure | REMure NREMure | REMure | REMure
Delta 0.0070* 0.9570 0.0084* 0.0021* 0.0791 0.0048* 0.0021* 0.0905 0.0021* 0.0021* 0.9288 0.0048*
Theta 0.0198* 0.1191 0.0198* 0.0021* 0.4682 0.0228* 0.0021* 0.0905 0.0088* 0.0107* 0.9288 0.0706
Sigma N/A N/A N/A 0.0027* 0.0220* 0.1244 0.0021* 0.0030* 0.0287* 0.0040* 0.1934 0.0706
Beta 0.0243* 0.3870 0.0088* 0.0021* 0.1244 0.0021* 0.0021* 0.0448* 0.0024* 0.0040* 0.9288 0.0060*
LG 0.0064* 0.5882 0.0018* 0.0021* 0.0098* 0.0021* 0.0021* 0.0287* 0.0024* 0.0040* 0.6448 0.0229*
HG 0.0064* 0.0548 0.0109* 0.0021* 0.0021* 0.0022* 0.0021* 0.0021* 0.0021* 0.0040* 0.1494 0.0104*
HFO 0.0078* 0.0143* 0.0034* 0.0021* 0.0022* 0.0021* 0.0030* 0.0088* 0.0088* 0.0098* 0.0706 0.0706

Adjusted p values from Holm-Sidik multiple comparison test. We analyzed only frequency bands for which ANOVA was significant. The ones not analyzed
are represented by “N/A”. Data are plotted in Figure 2A.




Table 3. Normalized Power. Comparison between anesthetized states and NREM and REM sleep

A. Normalized power adjusted p values NREMure Vs. NREM

rOB rM1 rS1 rv2
Frequency | df |t p df t p df t p df t p
Delta 8 8.566 | <0.001* | 8 7.273 <0.001* | 8 6.491 0.001* |7 6.341 0.002*
Theta 8 7.602 | <0.001* | 8 9.500 | <0.001* | 8 6.983 0.001* |7 4.789 | 0.007*
Sigma 8 8.737 | <0.001* | 8 5.669 0.002* | 8 5.895 0.002* | 7 7.230 | 0.001*
Beta 8 4.604 | 0.010* | 8 4.281 0.011* |8 4.686 0.006* | 7 5.430 | 0.005*
LG 8 2980 | 0.041* | 8 3.287 0.033* |8 4.574 0.006* | 7 1.503 0.007*
HG 8 3.622 | 0.025* | 8 3.197 0.033* | 8 3.806 0.010* |7 0.403 0.8977
HFO 8 2.909 | 0.041* | 8 3.169 0.033* |8 3.340 0.010* |7 0.138 0.8977

B. Normalized power adjusted p values REMure Vs. REM

rOB rM1 rS1 rv2
Frequency | df |t p df t P df t p df t p
Delta 8 3.722 1 0.029* | 8 6.110 0.001* |8 5.581 0.002* |7 4.621 0.014*
Theta 8 0.688 | 0.513 8 1.171 0.475 8 3.404 0.018* | 7 4349 10.017*
Sigma 8 4333 1 0.017% |8 7.396 0.001* |8 8.399 0.001* | 7 10.12 0.001*
Beta 8 5.900 | 0.004* | 8 13.63 0.001* | 8 5.038 0.005* | 7 0.235 0.958
LG 8 6.415 | 0.003* | 8 6.380 0.001* |8 4.255 0.008* | 7 0.440 | 0.824
HG 8 2.808 | 0.077 8 5.528 0.002* |8 4.831 0.005* | 7 0.794 1 0.958
HFO 8 2.681 | 0.077 8 0.923 0.475 8 1.361 0.210* |7 0.307 0.770

Statistical results from two-tailed paired Student t tests comparing NREMure with NREM sleep (A) and

REMure with REM sleep (B). p values were adjusted by Holm-Sidak multiple comparison test. Data are plotted
in Figure 2B and 2C respectively.




Table 4. Inter-hemispheric and Intra-hemispheric z’coherence.

A. Inter-hemispheric z’coherence

rM1-IM1 rS1-I1S1 rv2-1v2
Frequency | df F p df F P df F p
Delta 2,7 14.66 0.001* | 2,7 15.80 0.001* | 2,7 2.876 0.113
Theta 2,7 2.711 0.131 2,7 9.36 0.007* | 2,7 6.458 0.027*
Sigma 2,7 2.515 0.152 |27 26.16 0.001* | 2,7 5.624 0.042*
Beta 2,7 0.353 0.588 |27 8.086 0.005* | 2,7 6.524 0.023*
LG 2,7 1.436 0.270 | 2,7 1.179 0.333 2,7 4.058 0.048*
HG 2,7 2.635 0.141 2,7 37.30 <0.001* | 2,7 10.24 0.012*
HFO 2,7 0.311 0.672 | 2,7 32.77 <0.001* | 2,7 3.789 0.088

B. Intra-hemispheric z’coherence

rOB-rM1 rM1-rS1 rS1-rv2
Frequency | df F p df F P df F P
Delta 2,7 11.77 0.007* | 2,8 3.758 0.067 2,6 3.040 0.123
Theta 2,7 7.756 0.007* | 2,8 0.434 0.564 2,6 4.956 0.046*
Sigma 2,7 7.300 0.007* | 2,8 1.206 0.308 2,6 0.813 0.407
Beta 2,7 3.841 0.071 2,8 0.085 0.794 2,6 0.295 0.639
LG 2,7 1.201 0326 |28 1.034 0.345 2,6 0.286 0.684
HG 2,7 1.158 0325 |28 23.04 <0.001* | 2,6 12.29 0.004*
HFO 2,7 3.217 0.094 |28 85.11 <0.001* | 2,6 7.393 0.012*

Inter-hemispheric and Intra-hemispheric z’coherence. Comparison between wakefulness and
anesthetized states. Repeated measures one-way ANOVA. Data are plotted in Figure 3 and 4.




Table 5. Inter-hemispheric z’coherence between wakefulness and anesthetized states. Holm-Sidak post-hoc.

rM1-IM1 rS1-I1S1 rv2-1v2
Frequency | W w NREMure | W w NREMure | W w NREMure
VS. VS. VS. VS. VS. VS. VS. VS. VS.
NREMure | REMure | REMure NREMure | REMure | REMure NREMure | REMure | REMure
Delta 0.018* 0.732 0.050* 0.002* 0.258 0.205 N/A N/A N/A
Theta N/A N/A N/A 0.087 0.026* 0.772 0.151 0.399 0.814
Sigma N/A N/A N/A 0.064 0.002* 0.288 0.290 0.400 0.814
Beta N/A N/A N/A 0.104 0.104 0.928 0.399 0.241 0.725
LG N/A N/A N/A N/A N/A N/A 0.399 0.399 0.814
HG N/A N/A N/A 0.002* 0.007* 0.894 0.131 0.233 0.814
HFO N/A N/A N/A 0.003* 0.007* 0.737 N/A N/A N/A

Adjusted p values from Holm-Sidédk multiple comparison test. We analyzed only frequency bands for which ANOVA was
significant. The ones not analyzed are represented by “N/A”. Data are plotted in Figure 3.



Table 6. Intra-hemispheric z’coherence. between wakefulness and anesthetized states. Holm-Sidak post-hoc.

rOB-rM1 rM1-rS1 rS1-rv2
Frequency | W w NREMure | W w NREMure | W w NREMure
VS. VS. VS. VS. VS. VS. VS. VS. VS.
NREMure | REMure | REMure NREMure | REMure | REMure NREMure | REMure | REMure
Delta 0.045%* 0.223 0.008* N/A N/A 0.205 N/A N/A N/A
Theta 0.065 0.223 0.223 N/A N/A 0.772 0.154 0.845 0.077
Sigma 0.106 0.785 0.065 N/A N/A 0.288 N/A N/A N/A
Beta N/A N/A N/A N/A N/A 0.928 N/A N/A N/A
LG N/A N/A N/A N/A N/A N/A N/A N/A N/A
HG N/A N/A N/A 0.001* 0.004* 0.045%* 0.077 0.233 0.999
HFO N/A N/A N/A 0.001* 0.004* 0.017* 0.153 0.064 0.996

Adjusted p values from Holm-Siddk multiple comparison test. We analyzed only frequency bands for which ANOVA
was significant. The ones not analyzed are represented by “N/A”. Data are plotted in Figure 4.




Table 7. Inter-hemispheric z’coherence between NREMure and NREM, and REMure and REM

A. Inter-hemispheric z’coherence p values NREMure Vs. NREM

rM1-IM1 rS1-1S1 rv2-1v2
Frequency | df |t P df |t P df |t p
Delta 7 0952 10915 |8 0.913 0.406 7 0.521 ] 0.854
Theta 7 0.114 10991 |8 3.795 0.026 7 4.988 10.011
Sigma 7 0.123 10991 |8 7.540 0.001 7 4.675 10.014
Beta 7 1.022 | 0916 | 8 5.417 0.005 7 3.714 | 0.037
LG 7 0.958 10916 |8 6.142 0.003 7 2.875 10.092
HG 7 1.029 | 0916 | 8 3.806 0.026 7 0.844 | 0.811
HFO 7 1.461 | 0.766 | 8 1.317 0.406 7 0.373 ] 0.854

B. Inter-hemispheric z’coherence p values REMure Vs. REM

rM1-IM1 rS1-I1S1 rv2-1v2
Frequency | df |t p df |t P df |t P
Delta 7 0.120 | 0.907 | 8 2.435 0.169 7 0.127 |1 0976
Theta 7 0.969 | 0.597 |8 6.023 0.003 7 4403 |0.018
Sigma 7 2.309 10323 |8 7.148 0.001 7 5.203 | 0.008
Beta 7 0.157 10.534 |8 0.990 0.584 7 3.089 | 0.085
LG 7 0.227 10.538 | 8 0.060 0.953 7 1.160 | 0.634
HG 7 0.124 1 0.534 |8 1.430 0.480 7 0.204 | 0.976
HFO 7 0.119 1 0.534 |8 3.699 0.038 7 2.000 | 0.301

Statistical results from two-tailed paired Student t tests between NREMure and NREM
(A) and REMure and REM(B). Adjusted p values (Holm-Sidak correction for multiple
comparisons). Data are plotted in Figure 3.



Table 8. Intra-hemispheric z’coherence between NREMure and NREM, and REMure and REM.

A. Intra-hemispheric z’coherence p values NREMure Vs. NREM

rOB-rM1 rM1-rS1 rS1-rv2

Frequency |df | T p df T p df | T p
Delta 7 0.876 | 0.558 | 8 0.199 0.976 6 0.231 0.985
Theta 7 1.288 ] 0.558 | 8 1.150 0.820 6 0.326 | 0.985
Sigma 7 1.053 | 0.558 | 8 1.037 0.820 6 1.331 0.842
Beta 7 2.057 10437 |8 1.144 0.820 6 0.726 | 0.942
LG 7 2.012 | 0.437 |8 0.133 0.976 6 0.836 | 0.942
HG 7 1.608 | 0.483 | 8 1.243 0.820 6 0.297 1 0.985
HFO 7 1.769 | 0473 | 8 1.557 0.700 6 1.128 | 0.885

B. Intra-hemispheric z’coherence p values REMure Vs. REM

rOB-rM1 rM1-rS1 rS1-rv2

Frequency |df | T p df T P df | T p
Delta 7 2.802 | 0.149 | 8 1.072 0.911 6 3.141 0.132
Theta 7 1.475 10456 | 8 0.594 0.985 6 2282 10.321
Sigma 7 3473 1 0.071 |8 0.402 0.992 6 2.035 ]0.369
Beta 7 1.986 | 0.364 | 8 0.204 0.992 6 0.371 0.979
LG 7 0.255 1 0.806 | 8 0.376 0.992 6 0.063 | 0.998
HG 7 1.124 ] 0.507 | 8 0.110 0.992 6 0.021 0.998
HFO 7 1.993 10364 | 8 1.129 0.911 6 1.394 | 0.616

Statistical results from two-tailed paired Student t tests between NREMure and NREM
(A) and REMure and REM(B). Adjusted p values (Holm-Sidak correction for multiple
comparisons). Data are plotted in Figure 4.



Table 9. Normalized transfer entropy between NREMure and NREM, and REMure and REM.

Normalized transfer entropy
A. NREMure vs NREM
FB FF
Frequency |df |t p df |t p
Delta 8 0.298 | 0997 |8 0.572 1 0.970
Theta 8 1.806 | 0.552 |8 1.394 | 0.739
Sigma 8 0.606 | 0984 |8 1.200 | 0.785
Beta 8 0.127 1 0997 |8 0.471 ] 0.970
LG 8 0.140 | 0997 |8 0.074 | 0.970
HG 8 0.205 | 0997 |8 0.571 ] 0.970
HFO 8 0.994 10924 |38 1.613 | 0.667
B. REMure vs REM
FB FF

Frequency |df |t p df |t p
Delta 8 0.371 | 0971 8 0.406 | 0.9863
Theta 8 0.923 | 0.966 |8 0.435 | 0.9863
Sigma 8 0.923 | 0.966 | 8 1.884 | 0.5078
Beta 8 0.962 | 0.971 8 0.181 | 0.9863
LG 8 0.815 | 0.971 8 0.075 | 0.9863
HG 8 0.526 | 0.966 | 8 1.218 | 0.7748
HFO 8 0.403 | 0.966 | 8 1.566 | 0.6385

Statistical results from two-tailed paired Student t tests between NREMure and NREM
(A) and REMure and REM(B). Adjusted p values (Holm-Sidak correction for multiple
comparisons).



Comentarios adicionales a la discusion del articulo

En este trabajo demostramos que la anestesia general con uretano se caracteriza por presentar
correlatos de pérdida de consciencia, refutando la teoria de que el estado similar a REM o estado
activado podria ser un estado similar a la vigilia en el cual el animal podria estar carente de
respuesta e inmovil pero consciente. Adicionalmente, hemos demostrado que, si bien la anestesia
bajo uretano recuerda al suefio fisioldgico, presenta importantes diferencias con el mismo, hallazgo
que se muestra como una evidencia en contra de la teoria de una sobreposicion neurofisiologica
entre el suefio y la anestesia general. En este sentido, la revision de Akeju y Brown (2007) recopila
diversos hallazgos que demuestran diferencias en las oscilaciones neurales entre el suefio y
diversos agentes anestésicos y sedantes (Akeju & Brown, 2017). Por ejemplo, los autores remarcan
que mientras las oscilaciones delta durante el suefio No-REM son sincrénicas, mientras que las
generadas por propofol son asincronicas con periodos de inactividad cortical. En cuanto a la
similitud entre la anestesia con Ketamina y el suefio REM, el tipo de oscilaciones gamma presentes
también son diferentes en estos dos estados ya que durante la anestesia con ketamina existe una
alternancia entre oscilaciones gamma y oscilaciones delta (Akeju et al., 2016). En este sentido,
resulta interesante mencionar que un articulo publicado recientemente desarrolla el concepto de
“anestesia paradojal” refiriéndose con este nombre a un estado similar a REM o vigilia que ocurre
cuando agentes GABAérgicos son inyectados en la region tegmental mesopontina. Estos autores
demostraron que si bien cuando anestésicos como el pentobarbital son inyectados de forma
sistémica, ocurre una actividad electroencefalografica caracterizada por la presencia de ondas
lentas, al inyectarlos directamente en la region tegmental mesopontina ocurre un ciclado entre un
estado de ondas lentas (similar al suefio No-REM) y un estado activado, similar al REM (o a la

vigilia). Sin embargo, estos autores también encontraron diferencias en las caracteristicas
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electroencefalograficas de la anestesia paradojal y el suefio REM, principalmente una mayor
potencia y coherencia delta de la primera con respecto al suefio REM natural, similar a nuestros

hallazgos con uretano (Avigdor et al., 2021).

105



Capitulo 3. Teoria de circuitos compartidos. ;Qué rol juega el area preoptica
del hipotalamo en la anestesia general?

Como fue mencionado anteriormente, Lydic y Biebuyck propusieron, en 1994 la hipétesis de que
la anestesia general actiia en los mismos circuitos neurales encargados de la generacion de sueio
(Lydic & Biebuyck, 1994). Las principales areas generadoras de suefio No-REM en el encéfalo de
mamiferos son el area predptica del hipotalamo (Saper et al., 2005; Benedetto et al., 2012) y un

grupo de neuronas GABA¢érgicas en el prosencéfalo basal (Lee et al., 2004; Xu et al., 2015).

Por otra parte, la generaciéon de REM esta dada principalmente por neuronas ubicadas en el area
tegmental laterodorsal, el nucleo tegmental pedunculopontino y el ntcleo tegmental

sublaterodorsal (Boucetta et al., 2014; Van Dort et al., 2015).

El 4rea preoptica del hipotdlamo puede dividirse en 4 4reas anatomicas principales: El nucleo
mediano (MnPO), el 4rea medial (MPO), el area lateral (LPO) y el area ventrolateral (VLPO)
(Reitz & Kelz, 2021). Dentro de estas areas, las principales involucradas en la generacion del suefio
NREM han sido el MnPO y el VLPO (Gvilia et al., 2011; Suntsova et al., 2002; Szymusiak &
McGinty, 2008; Torterolo et al., 2009). Las neuronas GABAérgicas y galaninérgicas del VLPO y
MnPO generan suefio mediante la inhibicién de centros activadores (Vanini et al., 2011). La
actividad de estas neuronas es diferente entre ambas regiones. Mediante c-Fos se ha visto que
muchas de las neuronas GABAérgicas del MnPO se activan en respuesta a la presion de suefio,
mientras que en el VLPO la descarga de las neuronas GABA¢érgicas incrementa cuando el animal
estd dormido (Gvilia, 2006). Es por esto que, si bien se ha demostrado que ambas regiones son
esenciales en la regulacion homeostatica del suefio, se han sido sugeridos roles diferenciales de la
VLPO y el MnPO (Gvilia et al., 2006). EIl MnPO seria mas importante en promover la transicion

de la vigilia al suefio, mientras el VLPO contribuiria al mantenimiento del suefio NREM (Gvilia,
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2010). Los anestésicos generales tanto de administracion intravenosa (propofol y barbituricos)
como volatiles (isoflurano) activan neuronas GABAergicas de la POA que son presumiblemente
promotoras de suenio NREM (Moore et al., 2012; Nelson et al., 2003; Tung et al., 2001). Sin
embargo, alin quedan elementos por esclarecer. Por un lado, mientras que el rol de las neuronas
GABA¢érgicas o galaninérgicas en el VLPO en el control del suefio y anestesia esta bien
documentado en la literatura, el rol de otros tipos neuronales, como las neuronas glutamatergicas
no ha sido estudiado en detalle (Modirrousta et al., 2004; Kroeger et al., 2018). A su vez, el rol
del VLPO en la anestesia ha sido estudiado mas ampliamente que el del MnPO (Lu et al., 2008;
Moore et al., 2012; Han et al., 2014). Por ultimo, la mayoria de los trabajos se han basado en
correlaciones, pero no existian hasta el momento trabajos que hubieran evaluado un rol causal de
estas areas en la anestesia general.

La hipotesis de este capitulo fue que la activacion de neuronas glutamatérgicas y/o GABAérgicas
del MnPO y VLPO modificarian los tiempos de induccidn y recuperacion anestésica.

El objetivo fue evaluar el rol de distintos subgrupos neuronales (neuronas glutamatérgicas y
GABAérgicas) del VLPO y el MnPO en la induccion y recuperacion anestésica.

Estrategia experimental

Para los trabajos contenidos dentro de este capitulo y el siguiente, fue utilizado el ratobn como
modelo animal. Esto fue necesario ya que para estimular selectivamente determinados grupos
neuronales utilizamos quimiogenética, lo que requirié del uso de lineas de animales genéticamente

modificados y estas lineas estdn mas desarrolladas en ratones que en ratas.

La quimiogenética es una técnica que permite la modulacion selectiva de grupos neuronales
especificos. Consiste en la modificacion de proteinas (en general receptores neuronales) para que

sean capaces de interactuar con ligandos que no eran capaces de reconocer previamente (Roth,
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2016). Actualmente, los Receptores de Disefio Exclusivamente Activados por Drogas de Disefio
(DREADDs — Designed Repectors Activated Exclusively by Designed Drugs), son las proteinas
modificadas mas ampliamente utilizadas (Roth, 2016; Smith et al., 2016). Los DREADDs
consisten en receptores acoplados a proteina G, como por ejemplo los receptores muscarinicos de
acetilcolina, modificados para que pierdan la sensibilidad a su ligando natural y se vuelvan
sensibles a una droga inerte. Una de las drogas mas utilizadas es el CNO (de sus siglas en inglés,
Clozapine-N-oxide). Existen diversas opciones para expresar DREADDs en neuronas, una de las
mas utilizadas, y la que utilizamos en este trabajo, es el uso de vectores virales como, por ejemplo,
virus adeno-asociados (AAV). Estos virus transportan la informacion genética necesaria para
inducir la expresion de los DREADDs en las neuronas que infectan. De esta manera, es posible
reducir la expresion de estos receptores al area de inyeccion del AAV. Sin embargo, para poder
seleccionar Uinicamente determinados grupos neuronales en esas areas, es necesario utilizar AAV
dependientes de Cre-recombinasa (Roth, 2016; Smith et al., 2016; Whissell et al., 2016). La
enzima Cre-recombinasa reconoce secuencias direccionales de 34 pares de bases (sitos Lox-P)
formados por 2 sitios de reconocimiento de 13 pares de bases separados por una secuencia
espaciadora de 8 pares de bases. Al unirse a las secuencias Lox-P la Cre-recombinasa produce una
recombinacion del material genético. Es posible entonces, lograr que la expresion de DREADDs
ocurra solamente en neuronas que expresan Cre-recombinasa, por ejemplo, afiadiendo una
secuencia de STOP entre sitios Lox-P antes de la que codifica para el DREADD; sélo las neuronas
que expresan Cre-recombinasa podran escindir esa secuencia STOP y el gen de interés podra
expresarse (Taniguchi, 2014; Zhou et al., 2017). Existen linecas de ratones modificados

genéticamente que cuentan con expresion de Cre-recombinasa en grupos neuronales especificos.
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En nuestro trabajo utilizamos ratones Vglut2-IRES-Cre y Vgat-IRES-Cre que expresan Cre-

recombinasa en neuronas glutamatérgicas y GABAérgicas respectivamente.
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SUMMARY

The precise mechanism of general anesthesiaremains
unclear. In the last two decades, there has been
considerable focus on the hypothesis that anesthetics
co-opt the neural mechanisms regulating sleep. This
hypothesis is supported by ample correlative evi-
dence at the level of sleep-promoting nuclei, but
causal investigations of potent inhaled anesthetics
have not been conducted. Here, we tested the hypoth-
esis that chemogenetic activation of discrete neuronal
subpopulations within the median preoptic nucleus
(MnPO) and ventrolateral preoptic nucleus (VLPO) of
the hypothalamus would modulate sleep/wake states
and alter the time to loss and resumption of conscious-
ness associated with isoflurane, a potent halogenated
ether in common clinical use. We show that activating
MnPO/VLPO GABAergic or glutamatergic neurons
does not alter anesthetic induction or recovery time.
However, activation of these neuronal subpopulations
did alter sleep-wake architecture. Notably, we report
the novel finding that stimulation of VLPO glutamater-
gic neurons causes a strong increase in wakefulness.
We conclude that activation of preoptic GABAergic or
glutamatergic neurons that increase sleep or wakeful-
ness does not substantively influence anesthetic state
transitions. These data indicate that the correlative
evidence for a mechanistic overlap of sleep and anes-
thesia at the level of an individual nucleus might not
necessarily have strong causal significance.

INTRODUCTION

General anesthetics have been in continuous clinical use for more
than 170 years, but the precise mechanisms by which these drugs
reversibly suppress consciousness remain unknown. Within the
past two decades, there has been increased attention on the
relationship between sleep and general anesthesia, with ample

correlative evidence suggesting that anesthetics act by co-opting
subcortical nuclei that generate sleep and wakefulness [1-4]. To
date, research on the mechanisms underlying the sleep-anes-
thesia connection has focused predominantly on the preoptic re-
gion of the hypothalamus, particularly the medial preoptic area
[6] and ventrolateral preoptic nucleus (VLPO) [2, 4, 6-8]. Consistent
with what has been termed the shared circuits hypothesis, putative
sleep-promoting GABAergic neurons in the VLPO express cFos
during the loss of consciousness induced by isoflurane, which
directly activates these neurons [2]. However, despite biological
plausibility and compelling correlative data, there have been no
causal investigations to date that demonstrate a role for discrete
neuronal subpopulations in the preoptic area of the hypothalamus
in the mechanism of general anesthesia. Additionally, the median
preoptic nucleus (MnPO) of the hypothalamus is critical for both
sleep generation and the regulation of sleep homeostasis [9-12],
but its influence on the anesthetized state remains virtually unex-
plored. In this study, we tested the hypothesis that activation of
neuronal subpopulations within the preoptic area of the hypothal-
amus that promote sleep or wakefulness would modulate the entry
to or exit from general anesthesia induced by isoflurane, a potent
halogenated ether in common clinical use. To test this hypothesis,
we used a chemogenetic approach to examine the role of
GABAergic and glutamatergic neurons of both the MnPO and
VLPO in anesthetic state transitions. We report that, despite
altering sleep-wake states, activation of preoptic GABAergic or
glutamatergic neurons had no substantive effect on the entry to
or emergence from isoflurane anesthesia. These findings prompt
a reconsideration of the hypothesis that general anesthesia is
produced by activating nucleiin the preoptic hypothalamus known
to promote or regulate sleep.

RESULTS

Activation of Neuronal Subpopulations in the Median
Preoptic Nucleus Did Not Alter Anesthetic-State
Transitions

To determine whether activation of GABAergic or glutamatergic
neurons in the MnPO (Figure S4) modulates anesthetic induction
and recovery time, mice were exposed to a clinically relevant
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Figure 1. Chemogenetic Stimulation of GABAergic and Glutamatergic Neurons in the MnPO Did Not Alter Anesthetic State Transitions
(A) Schematic representation of adeno-associated virus (AAV) injection into the median preoptic nucleus (MnPO). mCherry (red) indicates the expression of the

excitatory designer receptor hM3Dq within the MnPO of a Vglut2-Cre mouse.

(B) Time to loss (left) and resumption of consciousness (right) in Vgat-Cre mice exposed to 1.5% isoflurane.
(C) Time to loss (left) and resumption of consciousness (right) in Vglut2-Cre mice exposed to 1.5% isoflurane.
(D and E) Time to loss and resumption of consciousness (left and right panels, respectively) in Vgat-Cre and Vglut2-Cre mice (D and E, respectively) exposed to

1.2% isoflurane.

The asterisk in (C) indicates a significant difference (*p < 0.05) from vehicle control (0 mg/kg CNO). Statistical comparisons were conducted using a Friedman
test followed (when applicable) by a post hoc Dunn’s (B and C) or a two-tailed Wilcoxon test (D and E). Scale bar in (A), 50 um. Data in (B)—(E) are shown as
mean + SEM. aca, anterior commissure; CNO, clozapine-N-oxide; LOC, loss of consciousness; ROC, resumption of consciousness; 3V, third ventricle.

See also Figures S1, S2, and S4.

(1.5%) or a sub-anesthetic (1.2%) concentration of isoflurane for
30 min. Relative to vehicle, activation of GABAergic neurons in
the MnPO (n = 17 mice) prior to exposure to 1.5% isoflurane
did not alter anesthetic induction (p = 0.1256) or recovery time
(p = 0.2198; Figure 1B). Activation of glutamatergic neurons
(n'=18 mice) did not change induction time (p = 0.3577); recovery
time was increased (p = 0.0071) after injection of 0.5 mg/kg
clozapine-N-oxide (CNO) only (p value for saline versus
1.0 mg/kg CNO > 0.9999; Figure 1C). The statistical significance
between 0.5 mg/kg CNO and vehicle was caused by a single
outlier (p value without outlier = 0.2919). The estrous cycle stage
was identified in all female mice after each anesthesia experi-
ment by histological assessment of vaginal smears. Female
mice were used in 78 experiments, 60% of which were conduct-
ed during diestrus, 25% during metestrus, and 15% during
estrous or proestrus. Changes in the cycle stage between con-
trol versus 0.5 mg/kg CNO and control versus 1.0 mg/kg CNO
were observed, respectively, in 18% and 19% of the experi-
ments. Relative to control, there were no significant differences
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in induction and recovery time as a function of sex or estrous
cycle stage. Similarly, activation of MnPO GABAergic and gluta-
matergic neurons prior to exposure to 1.2% isoflurane (a sub-
anesthetic concentration) did not change anesthetic induction
and recovery time (n = 8 Vgat-Cre mice, p = 0.5469 and
0.6406; n = 7 Vglut2-Cre mice, p = 0.6875 and 0.7813; Figures
1D and 1E). Consistent with these behavioral findings, there
was no difference in breathing rates between treatment condi-
tions (p > 0.1) at 1.5% or 1.2% isoflurane. Mice exposed to
1.2% exhibited a few transient wake-like episodes during anes-
thesia, ranging from limb movements to the resumption of right-
ing. Post hoc analysis revealed no differences in the amount of
wake-like episodes between vehicle and CNO (p > 0.9999). To
rule out any non-specific effect of CNO, an adverse effect
from the vector injection (i.e., mechanical and/or inflammatory
tissue damage), or Cre-associated toxicity [13] on anesthetic
induction/recovery time, we conducted additional anesthesia
experiments using the following groups of Vgat-Cre and
Vglut2-Cre mice: (1) mice injected with the vector but without
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Vglut2-Cre, n = 6); (2) sham operated Vgat-Cre (n = 6) and Vglut2-
Cre (n = 5); and (3) naive mice (n = 5 in each mouse line; the re-
sults from both groups are shown in Figure S2). Relative to

vehicle, 1.0 mg/kg CNO administration did not alter anesthetic
state transitions in any of the three control groups.

Activation of Neuronal Subpopulations in the Median
Preoptic Nucleus Altered Sleep-Wake Architecture and
Reduced Core Body Temperature

In a second set of experiments, we tested whether selective acti-
vation of MnPO GABAergic and glutamatergic neurons (during
the same time period during which the anesthesia experiments
were conducted) modulates sleep-wake architecture (n = 6 Vgat-
Cre and n = 7 Vglut2-Cre mice). Figure 2 shows representative ex-
amples of electrophysiological recordings during wakefulness,
non-rapid eye movement (NREM) sleep, and rapid eye movement
(REM) sleep (Figure 2B) and sleep-wake patterns with their
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respective spectrograms after injection of

vehicle (Figure 2C) or 1.0 mg/kg CNO (Fig-

ure 2D) in Vgat-Cre mice. Group data

plotted in Figures 2E-2G revealed that

activation of GABAergic neurons in the

MnPO increased the time spent in NREM

sleep (p = 0.0313) and decreased REM

sleep (p = 0.0156); total time in wakeful-

ness was not significantly different (p =

0.0781). CNO caused a significant reduc-

tion in the number of wakefulness (p =

0.0156), NREM sleep (p = 0.0156), and

REM sleep (p =0.0313) bouts and an increase in NREM bout dura-

tion (p = 0.0156; e.g., more consolidated sleep). Activation of

MnPO glutamatergic neurons decreased REM sleep (p = 0.0391)

but did not alter wakefulness and NREM sleep (p = 0.3438 and

0.5000, respectively). The decrease in REM sleep (695.70 s +

71.95 versus 382.12 s + 72.21) is at the expense of non-significant

increases inthe time spent in wakefulness (3,956 s + 584.70 versus

4,199 s + 434; p = 0.3804) and NREM sleep (6,148 s + 534.50

versus 6,219 s + 423.50; p = 0.4596). To control for potential

adverse effects of the vector injection and non-specific effects of

1.0 mg/kg CNO on sleep-wake architecture, additional studies

were conducted in sham Vgat-Cre (n = 5) and Vglut2-Cre (n = 5)

mice. Duration of wakefulness, NREM sleep, and REM sleep

were not different in sham versus transfected mice, and CNO

administration to sham mice did not alter the duration of sleep
and wakefulness states (Figure S3).

Given the recently identified role of MnPO glutamatergic neu-

rons in regulating both temperature and sleep [9, 10], changes in
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Figure 3. Stimulation of Glutamatergic (but Not GABAergic) Neurons
in the MnPO Produced Hypothermia in Awake Mice

The figure plots the change in core body temperature in awake mice before
and after an intraperitoneal injection of CNO (1.0 mg/kg). Asterisk indicates
significant differences (“p < 0.05) from baseline, and hashtag symbols indicate
significant differences between mouse lines. Statistical comparisons were
conducted using a two-way ANOVA with Bonferroni’s correction for multiple
comparisons. The gray area indicates the time period (60-90 min) during which
the time to loss and resumption of consciousness was assessed in anesthesia
experiments. Data are shown as mean + SEM. See also Figure S4.

body temperature were assessed in a subset of awake mice
before and during 90 min after 1.0 mg/kg CNO administration.
As expected [10], CNO administration to Vglut2-Cre mice (n =
9) induced a sustained reduction in body temperature (treatment
effect; F(1, 170) = 65.41; p < 0.0001), although there was no tem-
perature change in Vgat-Cre mice (n = 10; Figure 3). There was
no significant correlation between the number of mCherry-posi-
tive glutamatergic neurons and the magnitude of temperature
change. In both mouse lines, CNO administration (1.0 mg/kg)
significantly increased cFos expression in MNnPO hM3Dg-posi-
tive neurons (p < 0.0001 in Vgat-Cre and p = 0.0002 in Vglut2-
Cre mice; Figure 4). Together, these data indicate that activation
of MnPO GABAergic and glutamatergic neurons results in the
expected changes of promoting sleep and reducing temperature
but does not alter anesthetic state transitions.

Activation of Neuronal Subpopulations in the
Ventrolateral Preoptic Nucleus Did Not Alter
Anesthetic-State Transitions

The expression pattern of hM3Dq designer receptors in this
study (Figure S5) is consistent with what has been termed the
extended VLPO [14, 15], but we will hereafter refer to it as
VLPO. Given the unexpected finding that selective manipulation
of two neuronal subpopulations within the MnPO did not modu-
late the entry to and exit from the anesthetized state, we con-
ducted the same experiments in VLPO, a hypothalamic nucleus
that is critical for the generation of NREM sleep, as a control site
[15]. Figure 5 shows that activation of GABAergic or glutamater-
gic neurons in the VLPO, prior to exposure to 1.5% (n = 10
Vgat-Cre and n = 6 Vglut2-Cre mice) or 1.2% (n = 4 Vgat-Cre
and n = 4 Vglut2-Cre mice) isoflurane, did not alter anesthetic
induction or recovery time.

Activation of Neuronal Subpopulations in the
Ventrolateral Preoptic Nucleus Altered Sleep-Wake
Architecture

Following anesthesia experiments, we conducted sleep studies
to determine whether similar conditions of activated GABAergic
and glutamatergic VLPO neurons play a role in sleep-wake
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control. These sleep studies were conducted during the same
time period (i.e., 3 h spanning CNO/vehicle injection to emer-
gence) as the anesthesia experiments. Representative examples
of the electrophysiological signatures of wake, NREM sleep, and
REM sleep in Vglut2-Cre mice are shown in Figure 6B. The tem-
poral organization of sleep-wake states and changes in power
spectral density after vehicle or 1.0 mg/kg CNO administration
are depicted in Figures 6C and 6D, respectively. Group data
plotted in Figures 6E-6G demonstrate that activation of glutama-
tergic neurons in the VLPO (n = 4 mice) increases the time in
wakefulness (p = 0.0233; 79% increase) and reduces NREM
sleep (p = 0.0351) and REM sleep (p = 0.0176). There were
no significant changes in the number of bouts or bout duration
in any of the three states. Chemogenetic stimulation of
GABAergic neurons in the VLPO (n = 4 mice) did not alter
sleep-wake architecture (p > 0.1000 for wakefulness, NREM,
and REM sleep). Collectively, activation of GABAergic or gluta-
matergic neurons in the VLPO does not alter state transitions
induced by isoflurane, despite a robust alteration of sleep-
wake architecture induced by activation of glutamatergic
subpopulations.

DISCUSSION

These data show that chemogenetic stimulation of GABAergic or
glutamatergic neurons in the MnPO and VLPO does not substan-
tially alter state transitions related to isoflurane anesthesia. To our
knowledge, this is the first direct assessment of a causal role for
two major sleep-promoting nuclei [9, 10, 15], to the resolution of
a single-cell subtype, in the mechanisms of inhaled general anes-
thesia. Our results are highly relevant—and rather unexpected —
because a prevailing hypothesis in the field posits that general an-
esthetics produce the loss of consciousness by co-opting nuclei
that regulate sleep-wake states [1, 2, 16]. This hypothesis has
been supported by abundant correlative evidence suggesting
that the preoptic region of the hypothalamus, particularly the
medial preoptic area [5] and VLPO [2, 4, 6-8], plays a key role in
the relationship between sleep and anesthesia. Consistent with
the shared circuits hypothesis, previous work using cFos-depen-
dent tagging and selective stimulation of previously active (tagged)
neurons showed that sedation with dexmedetomidine and NREM
sleep are produced, in part, by the same neuronal array within the
preoptic area [17]. Preoptic galanin neurons mediate, in part, sleep
homeostasis as well as the sedative and hypothermic effect of
dexmedetomidine [18]. However, dexmedetomidine is clinically
used in humans as a sedative, and its hypnotic, NREM-sleep-like
effect is readily reversible upon stimulation, unlike general anes-
thesia with isoflurane, a halogenated ether used at clinically rele-
vant concentrations in the current study.

Importantly, our study shows that activation of GABAergic
and glutamatergic neurons in the MnPO and VLPO altered
sleep-wake architecture during a similar time period in which
anesthesia experiments were conducted. Consistent with pre-
viously published work [9, 10], activation of GABAergic neurons
in the MnPO increased the amount of NREM sleep. Another
remarkable finding was that activation of glutamatergic neurons
in the VLPO caused a strong increase in wakefulness and a
reduction in both NREM and REM sleep. These data are novel
because no previous studies have examined the role of VLPO
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glutamatergic neurons in the regulation of sleep and wakeful-
ness. Neurons in the MnPO and VLPO play a dual role in sleep
generation and sleep homeostasis [11, 17, 19]. The modulation
of sleep and wakefulness caused by stimulation of preoptic
neurons is of relevance to our study because of the well-known
relationship between sleep homeostasis and anesthesia. For
example, sleep deprivation or sleep loss caused by chronic
VLPO lesions potentiates the hypnotic effect of propofol and
the inhalational anesthetic sevoflurane [6, 20, 21]. Additionally,
general anesthesia has been shown to satisfy the homeostatic
sleep drive in a drug-specific manner [21-23]. Thus, the dual
role of these preoptic neurons in sleep generation and the regu-
lation of sleep homeostasis strengthened our prediction that
stimulation of preoptic sleep- or wake-promoting neurons
would alter anesthetic induction and recovery time. Contrary
to our prediction, activation of preoptic neurons that increase
sleep or wakefulness did not affect anesthetic state transitions.
An interesting possibility that remains to be explored is whether
increasing the time between CNO injection and behavioral
testing, allowing more time for the sleep/wake drive to accrue,
or varying the circadian time of the experiment (i.e., early morn-
ing versus evening) would yield a different outcome. It is also
important to consider other subcortical nodes that are not clas-
sically considered critical for sleep regulation but might play a
more relevant role in general anesthetic mechanisms. For
example, recent and noteworthy studies showed that glutama-
tergic neurons in the lateral habenula facilitate the hypnotic ef-
fect of the intravenous anesthetic propofol [24], and neuroendo-
crine cells within the supraoptic nucleus promote NREM sleep
and facilitate general anesthesia [25]. These studies, in conjunc-
tion with our complementary findings, should prompt the field to
consider exploring additional brain regions and nuclei beyond
those classically known to regulate sleep and wakefulness.
Furthermore, it is becoming increasingly evident that wide-
spread neural networks encompassing multiple nuclei within

Figure 4. Verification of MnPO Vgat+ and
Vglut2+ Cell Activation by CNO

(A and B) cFos expression (green nuclei) in mCherry
expressing (red) neurons within the MnPO of Vgat-
Cre (A) and Vglut2-Cre (B) mice, 90 min after an
intraperitoneal injection of CNO (1.0 mg/kg) or VEH.
The bar graphs plot the percentage (mean + SEM)
of mCherry-expressing neurons that also express
cFos over the total number of mCherry-positive
cells after vehicle or CNO administration. Asterisk
indicates a significant difference (*p < 0.05) from
vehicle control using a one-tailed Mann Whitney
test. The strong increase in cFos expression in
GABAergic (Vgat+) and glutamatergic (Vglut2+)
neurons provides further validation of hM3Dq re-
ceptors in the MnPO. Scale bars in (A) and (B),
50 um and 20 um (inset). LPO, lateral preoptic area;
MPA, medial preoptic area; VLPO, ventrolateral
preoptic nucleus.
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the rostral hypothalamus orchestrate
the features of complex behaviors and
states, such as sleep, sedation, and
anesthesia [10, 11, 17, 18, 26, 27].

An unexpected finding was that activation of glutamatergic
neurons in the MnPO reduced REM sleep and did not alter
NREM sleep. Harding et al. [10] recently demonstrated that
sleep generation and the reduction of body temperature are
controlled by the same subset of glutamatergic neurons
(Vglut2 and nNOS1) localized within the MnPO and the medial
preoptic area. This is important because we show that activa-
tion of glutamatergic neurons in the MnPO caused a sustained
decrease in body temperature, indicating that we activated at
least a proportion of the glutamatergic cells that also promote
sleep. Contrasting our results with those obtained in control
mice, it seems unlikely that tissue damage caused by the in-
jection procedure or the vector itself [13] selectively lesioned
the sleep-promoting cells, sparing a neuronal group that
causes hypothermia. The fact that VLPO GABAergic neurons
did not increase sleep during the light period is not inconsis-
tent with prior studies. GABAergic neurons in the VLPO that
co-express galanin project to (among other major wake-
promoting centers) the tuberomammillary nucleus of the
hypothalamus [28]. Optogenetic and chemogenetic stimula-
tion of VLPO GABAergic/galaninergic neurons increases
NREM sleep, but chemogenetic activation during the light
period only produces a modest increase [15]. An evident
limitation of our study is that our approach did not allow us
to assess different subpopulations of VLPO GABAergic cells
by targeting, for example, projection-specific or galanin-posi-
tive neurons. However, the discrepancy between our findings
and the evidence reviewed above may also be attributable to
the vast neurochemical and functional diversity of both
GABAergic and glutamatergic neurons in the preoptic area
[9, 10, 29]. It is important to note that the reduction of body
temperature in Vglut2-Cre mice, as well as the changes in
sleep architecture and Fos expression in both Vgat-Cre and
Vglut2-Cre mice, provided functional validation of hM3Dq re-
ceptors in the MnPO and VLPO.

cFos+ ,mCherry+ / mCherry+ (%)

VEH CNO
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Figure 5. Chemogenetic Stimulation of GABAergic and Glutamatergic Neurons in the VLPO Did Not Alter Anesthetic State Transitions
(A) Schematic representation of bilateral AAV injections into the VLPO. mCherry (red) indicates the expression of the excitatory designer receptor hM3Dq within

the VLPO of a Vglut2-Cre mouse.

(B) Time to loss (left) and resumption of consciousness (right) in Vgat-Cre mice exposed to 1.5% isoflurane.
(C) Time to loss (left) and resumption of consciousness (right) in Vglut2-Cre mice exposed to 1.5% isoflurane.
(D and E) Time to loss (left) and resumption of consciousness (right) in Vgat-Cre (D) and Vglut2-Cre (E) mice exposed to 1.2% isoflurane. Statistical comparisons

were conducted using two-tailed Wilcoxon test.
Scale bar in (A), 50 um. Data in (B)—(E) are shown as mean + SEM.
See also Figures S2 and S5.

Collectively, our data suggest that activation of preoptic
GABAergic or glutamatergic neurons that increase sleep or
wakefulness does not substantially influence anesthetic state
transitions. These data also suggest that the correlative evi-
dence for a mechanistic overlap of sleep and anesthesia at the
level of an individual nucleus, or even individual cell subtypes,
might not necessarily have strong causal significance. The pre-
sent study is limited in its restriction to one anesthetic and only
used neuronal stimulation techniques, but the findings bring
into question the long-standing hypothesis in the field that acti-
vation of individual nuclei associated with the promotion of sleep
is a major contributor to the mechanism of general anesthesia.
Furthermore, given the strong biological plausibility and correla-
tive evidence supporting the shared circuits hypothesis, these
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data also suggest that the systems neuroscience of general
anesthesia requires causal investigations and cannot rely upon
a priori or theoretical bases regarding the circuits mediating
anesthetic-induced unconsciousness.
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STARXxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rat monoclonal anti-mCherry
Donkey anti-rat, Alexa Fluor 594
Rabbit polyclonal anti-cFos
Donkey anti-rabbit, Alexa Fluor 488

Fisher Scientific
Fisher Scientific
Milipore Sigma

Fisher Scientific

M11217; RRID:AB_2536611
A-21209; RRID:AB_2535795
ABE457; RRID not available
A-21206; RRID:AB_2535792

Bacterial and Virus Strains

AAV5-hSyn-DIO-hM3D(Gg)-mCherry Addgene 50459-AAV5
Chemicals, Peptides, and Recombinant Proteins

Clozapine-N-oxide Sigma-Aldrich C0832-5MG
Dimethyl sulfoxide Sigma-Aldrich 276855
Isoflurane Hospira, Inc., Lake Forest, IL, USA N/A
Carprofen (Rimadyl®) Pfizer UK N/A

Dental Acrylic GC America, Inc., Alsip, IL, USA 335201
Phosphate Buffered Saline Fisher Scientific BP3994
Formalin (Buffered, 10%) Fisher Scientific SF100-4
Tissue-Plus O.C.T. Compound Fisher Scientific 23-730-571
Sucrose Fisher Scientific S25590
Triton X-100 Sigma-Aldrich X100
Normal goat serum Vector Laboratories S-1000
SlowFade Diamond Antifade Mountant Fisher Scientific S36972
SlowFade Diamond Antifade Mountant with DAPI Fisher Scientific S36973
Experimental Models: Organisms/Strains

Vgat-IRES-Cre: Sic32a1m2(creltowl Jackson Laboratories Stock # 016962
Vglut2-IRES-Cre: Slc17a6m2croltow Jackson Laboratories Stock # 016963
Software and Algorithms

Prism GraphPad Version 7
Spike2 Cambridge Electronic Design Ltd. Version 7
Other

EEG screw electrodes
EMG electrodes
Six-pin electrode pedestal

Plastics One
Plastics One
Plastics One

8IE3632016XE, E363/20/1.6/SPC
8IE36376XXXE, E363/76/SPC
MS363

LEAD CONTACT AND MATERIALS AVAILABILITY

This study did not generate any new unique materials. Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Giancarlo Vanini (gvanini@umich.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

All procedures using animals were approved by the Institutional Animal Care and Use Committee, the Institutional Biosafety Com-
mittee, and were conducted following recommendations from the Guide for the Care and Use of Laboratory Animals. We studied
adult Vgat-IRES-Cre: Sic32a71m2Crellowlj (JAX® mice, Stock # 016962) [9, 10, 30-33], and Vglut2-IRES-Cre: Slc17a6™m2crelowl/
(JAX® mice, Stock # 016963) [31-35] mice (16-20 weeks old, weighing 18 — 25 g at the time of surgery; 27 male, 26 female Vgat-Cre
and 32 male, 22 female Vglut2-Cre). Mice were bred at the institutional breeding colony facility and housed in a 12-h light:dark cycle
with unrestricted access to food and water. All mice were genotyped (Transnetyx) before use.
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METHOD DETAILS

Viral Vector and Chemicals

For selective expression of excitatory hM3Dq designer receptors in Vgat+ (GABAergic) and Vglut2+ (glutamatergic) neurons of the
MnPO and VLPO we used the Cre-inducible adeno-associated viral vector AAV5-hSyn-DIO-hM3D(Gq)-mCherry [36]. The vector was
purchased from the University of North Carolina Vector Core (Chapel Hill, NC, USA) and Addgene (Cat.# 50459-AAV5) and had a titer
concentration of 3.7 to 7.8 X 10'2 genome copies per ml.

Clozapine-N-oxide (CNO) and dimethyl sulfoxide (DMSQ) were purchased from Sigma-Aldrich (St. Louis, MO, USA). CNO was dis-
solved in sterile saline containing DMSO. A stock solution of CNO (0.1 mg/ml in saline and 0.5% DMSO) was made, divided in
aliquots, and stored at —20°C for subsequent use. For each experiment, one aliquot of the CNO stock solution was allowed to
thaw at room temperature protected from the light until use; for the 0.5 mg/kg dose, the CNO solution was diluted in sterile saline
to achieve the desired final concentration. The injection volume was 0.1 mL per 10 g of mouse weight.

Surgical Procedures for Stereotaxic Viral Vector Injection and Sleep Studies

The procedure for vector injection into the MnPO and VLPO was conducted under sterile conditions and general anesthesia. Briefly,
mice were anesthetized in an acrylic induction chamber with 5.0% isoflurane (Hospira, Inc., Lake Forest, IL, USA) in 100% O,. The
delivered concentration of isoflurane was monitored continuously by spectrometry (Cardiocap/5; Datex-Ohmeda, Louisville, CO,
USA). When anesthetized, mice received an injection of carprofen (5 mg/kg, subcutaneous) for preemptive analgesia and were posi-
tioned within a Kopf Model 962 stereotaxic frame fitted with a mouse adaptor (Model 922) and a mouse anesthesia mask (Model 907)
(David Kopf Instruments, Tujunga, CA, USA). The concentration of isoflurane was then reduced to 1.6 to 2.0% for the remainder of the
surgical procedure. Core body temperature was maintained at 37-38°C using a water-filled pad connected to a heat pump (Gaymar
Industries, Orchard Park, NY, USA). Based on pilot microinjection studies, we determined that microinjecting 50 nL of the undiluted
viral vector was optimal for achieving a robust and sustained receptor expression localized to the MnPO. For VLPO experiments,
mice received microinjections of 36 nL of AAV5-hSyn-DIO-hM3D(Gq)-mCherry [15]. For MnPO studies, the vector was microinjected
at stereotaxic coordinates 0.40 mm anterior to bregma, 0.0 mm relative to the midline, and 4.75 mm ventral to bregma (Figures 1A and
2A). For VLPO studies, the vector was microinjected bilaterally at stereotaxic coordinates 0.15 mm anterior to bregma, + 0.5 mm
relative to the midline, and 5 mm below the dura (Figures 5A and 6A). The virus injection (5 nl/min) was performed using a Hamilton
Neuros Syringe 7000 (5 pL; Hamilton Company, Reno, NV, USA) mounted on a microinjection syringe pump connected to a digital
Micro2T controller (Model UMP3T-2; World Precision Instruments, Sarasota, FL, USA). Following the injection procedure, the syringe
was kept in position for an additional 5 minutes to avoid vector reflux. Three weeks after the vector injection, a subset of mice used for
sleep studies was implanted with screw electrodes (8IE3632016XE, E363/20/1.6/SPC; Plastics One, Roanoke, VA, USA) to record
the electroencephalogram (EEG) from frontal (1.5 mm anterior to bregma and + 2.0 mm relative to the midline), and occipital (3.2 mm
posterior to bregma and + 3.0 mm relative to the midline) cortices (Figures 2A and 6A). A screw electrode implanted over the
cerebellum was used as reference for monopolar EEG recordings, and two electrodes (8IE36376XXXE, E363/76/SPC; Plastics
One) implanted bilaterally in the dorsal neck muscles were used to record the electromyogram (EMG). Thereafter, all electrodes
were inserted into a six-pin electrode pedestal (MS363; Plastics One) and cemented to the skull using dental acrylic (Fast Cure
Powder/Liquid, Product# 335201; GC America, Inc., Alsip, IL, USA). Isoflurane delivery was discontinued, and mice were kept
warm and monitored until fully ambulatory. Analgesia was maintained with carprofen for a minimum of 48 h post-surgery. All mice
were housed with their littermates and allowed to recover for at least two weeks before conditioning began.

Experimental Protocols

Quantification of Anesthetic State Transitions

Mice were conditioned to being handled and to the gas-tight testing chamber for 5 days, and were given at least 4 weeks between
vector injection and experimentation. All studies were conducted between 11:30 AM and 3:30 PM (lights on at 6:00 AM). We used a
within-subject study design so each mouse received all treatments and served as its own control in paired-wise comparisons.
Experiments in the same mouse were separated by a wash out period of at least 3 days. On the day of the experiment, mice received
randomized intraperitoneal injections of vehicle solution or CNO (0.5 or 1.0 mg/kg) and were placed back in their home cage until
testing. Thereafter (60 min post-injection, MnPO experiments; 30 min post-injection, VLPO experiments), mice were anesthetized
in a gas-tight acrylic chamber pre-filled with 1.5% or 1.2% isoflurane in oxygen, and anesthesia was maintained for 30 minutes.
The concentration of isoflurane was measured continuously using a B40v3 monitor (GE Healthcare, Datex-Ohmeda, Inc., Pittsburgh,
PA, USA). The temperature at the bottom of the chamber was maintained between 37 — 38°C during the experiment. Anesthetic in-
duction and recovery were quantified, respectively, as the time to loss and resumption of righting response; both are widely used
surrogate measures of loss and resumption of consciousness in rodent experiments [6, 16, 17, 37-44]. Additionally, all the experi-
ments were video-recorded for subsequent analysis by an observer who was blinded to the treatment condition and mouse line.
Agreement in the quantification of loss and resumption of consciousness between experimenters (real time assessment) and blinded
investigator (offline assessment) was greater than 95%. Times to loss and resumption of consciousness from MnPO experiments are
illustrated in Figures 1B-1E and VLPO experiments in Figures 5B-5E (Cre mice expressing hM3Dq receptors) and Figures S1 and S2
(control Cre mice that did not express hM3Dq receptors, sham-injected and naive).
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Measurements of Body Temperature After Activation of GABAergic or Glutamatergic Neurons in the MnPO
Temperature experiments were conducted after MnPO anesthesia and sleep experiments. Vgat-Cre and Vglut2-Cre mice were
briefly and gently restrained for measurements of body temperature using a lubricated mouse rectal probe (Model# 600-1000, Barn-
ant Company, Barrington, IL, USA). Temperature was measured before and after an intraperitoneal injection of CNO (1 mg/kg) in
10-min intervals for 90 minutes [45]. Hypothermic mice were placed back in their cages under a heating lamp between testing inter-
vals. Changes in core body temperature after CNO administration are shown in Figure 3.

Electroencephalographic - Electromyographic Recordings and Analysis of Sleep-Wakefulness States

Three weeks after vector injection, mice were conditioned to tethering in the recording setup for 5 days before sleep experiments
began. Thereafter, mice received an intraperitoneal injection (10:00 AM) of vehicle or CNO (1.0 mg/kg), and EEG/EMG signals
were recorded continuously for 3 hours —the duration of anesthesia experiments— post-injection. Monopolar EEG signals and
EMG signals were recorded and digitized using a Model 1700 AC amplifier (A-M Systems, Sequim, WA, USA), a Micro3 1401 acqui-
sition unit and Spike2 software (Cambridge Electronic Design, Cambridge, UK). Electrophysiologic signals were bandpass filtered
between 0.1 — 500 Hz (EEG) and 10 — 500 Hz (EMG). A video recording time-synchronized with our EEG-EMG recordings was
used for behavioral assessments during sleep/wake analysis. States of wakefulness, non-rapid eye movement (NREM) sleep and
rapid eye movement (REM) sleep were manually scored offline in 5 s epochs using standard criteria (Figures 2B and 6B). Wakefulness
was recognized by the presence of low-amplitude, high-frequency EEG activity, with high muscle tone and active movements. NREM
sleep was identified by the presence of high-amplitude, low-frequency EEG activity with reduced muscle tone. REM sleep was
recognized by low-amplitude, high-frequency EEG activity with prominent theta waveforms, along with sustained muscle atonia.
The total time spent in wakefulness, NREM sleep and REM sleep was compared between treatment conditions in Cre mice express-
ing hM3Dq receptors (Figures 2 and 6) and sham-injected controls (Figure S3).

Identification of Reproductive Cycle Stage

After each anesthesia experiment, female mice were briefly restrained and vaginal smear samples were collected following a
published protocol [46, 47]. The unstained material was immediately observed using low-illumination light microscopy under a
10x objective (Primo Star, Carl Zeiss Microscopy, LLC, Thornwood, NY, USA). The cycle stage was identified as proestrus, estrus,
metestrus and diestrus, according to standard histologic criteria [46].

Immunohistochemistry for Localization of Vector Injection Sites (mCherry) and Assessment of CNO-induced
Neuronal Activation (cFos)

For cFos/mCherry immunohistochemistry (Figure 4), mice received an intraperitoneal injection of vehicle or CNO (1 mg/kg) 90 minutes
before euthanasia. Mice were deeply anesthetized with isoflurane, perfused transcardially with 0.1 M phosphate buffered saline pH
7.4 (PBS) followed by 5% formalin in PBS using a MasterFlex perfusion pump (Cole Palmer, Vernon Hills, IL, USA). The brains were
removed and post-fixed in 5% formalin overnight at 4°C. Thereafter, brains were cryoprotected with 20% sucrose in PBS for 3 to
5 days, frozen in Tissue-Plus (Fisher Healthcare, Houston, TX, USA), and sectioned coronally at 40 um using a cryostat
(CM3050S, Leica Microsystems, Nussloch, Germany). A series of brain sections containing the MnPO were blocked in PBS contain-
ing 0.25% Triton X-100 and 3% normal goat serum (Vector Laboratories, Burlingame, CA, USA) for 60 min at room temperature. Sec-
tions were then processed for mCherry immunolabeling, or sequentially processed for double immunohistochemistry for mCherry
and cFos. For mCherry, sections were incubated in primary antiserum overnight at room temperature. We used a rat monoclonal
anti-mCherry (1:30000; Thermo Fisher Scientific, Cat.#: M11217). The next morning, sections were washed in PBS and incubated
in a donkey anti-rat secondary antiserum (1:500; Alexa Fluor 594, Thermo Fisher Scientific, Cat.#: A-21209) for 2 h at room temper-
ature. For cFos, sections were incubated in a rabbit polyclonal anti-cFos (1:5000; Millipore Sigma, Cat.#: ABE457) overnight at room
temperature. The next morning, slices were washed in PBS and incubated in a donkey anti-rabbit secondary antiserum (1:500; Alexa
Fluor 488, Thermo Fisher Scientific, Cat.#: A-21206) for 2 h at room temperature. Following incubation in the respective secondary
antisera, tissues were washed in PBS, float-mounted on glass slides and coverslipped with SlowFade Diamond (S36972 or S36973;
Thermo Fisher Scientific). All brain sections were examined using fluorescence microscopy (BX43, Olympus America Inc., Waltham,
MA, USA). Only brains in which the expression of the designer receptor hM3Dq was localized to the MnPO or VLPO were included in
the analysis (Figures S4 and S5). A mouse brain atlas [48] was used for reference. The number mCherry-positive neurons that
expressed cFos was quantified as the percentage of total neurons expressing mCherry in the MnPO (Figures 4A and 4B).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analyses were performed using PRISM v7.0 (GraphPad Software Inc., La Jolla, CA). All data were tested for normality and
reported as mean + standard error of the mean. A P value < 0.05 was considered statistically significant. The time to loss and resump-
tion of consciousness is reported as the time in seconds. Differences in the time to loss and resumption of consciousness in MnPO-
anesthesia experiments in which 3 concentrations of CNO were used (data shown in Figures 1B, 1C, and S1) were assessed by a
Friedman test followed, when applicable, by a Dunn’s multiple comparison test. All pairwise comparisons (i.e., vehicle versus
1.0 mg/kg CNO) of time to loss and resumption of consciousness were evaluated by a two-tailed Wilcoxon test. Changes in the
time spent in wakefulness, NREM sleep and REM sleep were assessed by a one-tailed (MnPO Vgat and Vglut2, and VLPO Vgat)
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or two-tailed (VLPO Vglut2) Wilcoxon test. Differences in body temperature as a function of treatment, time and mouse line were
evaluated by a two-way analysis of variance (ANOVA) followed by a Bonferroni’s multiple comparisons test. Last, the percentage
of active cells (cFos+) after vehicle and CNO administration was compared by a one-tailed Mann Whitney test.

DATA AND CODE AVAILABILITY

The datasets supporting the current study have not been deposited in a public repository but are available from the Lead Contact on
request. This study did not generate any code.
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Figure S1. CNO administration to control mice without designer receptor expression did

not alter anesthetic state transitions, Related to Figure 1

Time to loss and resumption of consciousness (left and right panels, respectively) in Vgat-Cre
(panels in A) and Vglut2-Cre (panels in B) mice that received vector injections into the MnPO
but did not express hM3Dq receptors (negative controls). Statistical comparisons were

conducted using a Friedman test. Data are shown as mean + standard error of the mean.
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Figure S2. CNO administration to sham and naive control mice did not alter anesthetic

state transitions, Related to Figures 1 and 5

Time to loss and resumption of consciousness (left and right panels, respectively) in sham (A)
and naive (B) Vgat-Cre mice exposed to 1.5% isoflurane. C and D show the time to loss and
resumption of consciousness in sham and naive Vgat-Cre mice exposed to 1.2% isoflurane.
Time to loss and resumption of consciousness (left and right panels, respectively) in sham (E)
and naive (F) Vglut2-Cre mice exposed to 1.5% isoflurane. G and H show the time to loss and
resumption of consciousness in sham and naive Vglut2-Cre mice exposed to 1.2% isoflurane.
Statistical comparisons were conducted using a two-tailed Wilcoxon test. Data are shown as

mean =+ standard error of the mean.
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Figure S3. CNO administration to sham control mice did not alter sleep architecture,

Related to Figures 2 and 6

Total time in wakefulness, non-rapid eye movement (NREM) sleep and rapid eye movement

(REM) sleep in sham-operated (without AAV injection) Vgat-Cre (panels in A) and Vglut2-Cre

mice (panels in B) after injection of vehicle control (VEH) or clozapine-N-oxide (CNO; 1.0

mg/kg). Data are shown as mean + standard error of the mean.
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Figure S4. Vector injection sites in the MnPQO, Related to Figures 1, 2 and 3

A. Schematic representation of AAV injection into the median preoptic nucleus (MnPO). In the
top panel (low magnification photograph), mCherry immunohistochemical staining (red)
indicates the expression of the excitatory designer receptor hM3Dq within the MnPO of a
Vglut2-Cre mouse. The bottom panel is a representative high magnification photograph
demonstrating mCherry immunohistochemical staining (red) and DAPI nuclear staining (blue) in
the MnPO. B. Color-coded vector injection sites (i.e., area of hM3Dq receptor expression)
within the MnPO of Vgat-Cre mice used for anesthesia, sleep and temperature experiments are
represented on coronal schematics of the preoptic area modified from a mouse brain atlas [S1].

Color-matched identification numbers for each mouse are listed on the right side of each panel.



C. Vector injection sites within the MnPO of Vglut2-Cre mice used for anesthesia experiments.
Abbreviations: aca, anterior commissure; LPO, lateral preoptic area; MnPO, median preoptic
nucleus; MPA, medial preoptic area; 3V, third ventricle; VLPO, ventrolateral preoptic nucleus;
VMPO, ventromedial preoptic nucleus. Calibration bars in A, 200 um (top) and 100 um

(bottom).
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Figure S5. Vector injection sites in the VLPO, Related to Figures 5 and 6

A. The first panel is a schematic representation of AAV injection into the ventrolateral preoptic
nucleus (VLPO). In the center panel (low magnification photograph), mCherry
immunohistochemical staining (red) indicates the expression of the excitatory designer receptor
hM3Dq within the VLPO of a Vglut2-Cre mouse. The third panel is a representative high
magnification photograph demonstrating mCherry immunohistochemical staining (red) and
DAPI nuclear staining (blue) in the VLPO. B. Color-coded vector injection sites (i.e., area of
hM3Dq receptor expression) within the VLPO of Vgat-Cre mice used for anesthesia and sleep
experiments are represented on coronal schematics of the preoptic area modified from a mouse
brain atlas [S1]. Color-matched identification numbers for each mouse are listed on the right
side of each panel. C. Vector injection sites within the VLPO of Vglut2-Cre mice used for
anesthesia and sleep experiments. Abbreviations: aca, anterior commissure; LPO, lateral
preoptic area; MnPO, median preoptic nucleus; MPA, medial preoptic area; 3V, third ventricle;
VLPO, ventrolateral preoptic nucleus; VMPO, ventromedial preoptic nucleus. Calibration bars

in A, 200 pm (center panel) and 20 um (right side panel).
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Comentarios adicionales al articulo

Este trabajo demostr6 que la activacion tanto de neuronas GABAérgicas como glutamatérgicas en
el VLPO y MnPO si bien tienen un rol en el ciclo suefio-vigilia no influencian la induccion o
recuperacion anestésica. Este hallazgo cuestiona la hipdtesis de los mecanismos compartidos entre
anestesia y sueflo, ampliamente apoyada durante muchos afios. Esto llevo a la publicacién de un
articulo editorial titulado “Sleep and Anesthesia: The Shared Circuit Hypothesis Has Been Put to
Bed” (Eikermann et al., 2020). En este trabajo, los autores comentan que su grupo habia
demostrado previamente que las principales neuronas promotoras de suefio del area preodptica no
eran requeridas para la anestesia general con isoflurano (Eikermann et al., 2011). Los autores
comentan que existe mayor evidencia que apoya que los sedantes, pero no los anestésicos, como
por ejemplo la dexmedetomidina actuarian sobre estas areas somnogénicas (Nelson et al., 2003).
En este trabajo, también se utiliz6 una dosis de isoflurano subanestésica (1.2%) ya que a esa dosis
se provoca principalmente sedacion, sin embargo, tampoco se observo un efecto de la activacion
de las neuronas glutamatérgicas en los tiempos de induccién o recuperacion. De todas maneras,
los anestésicos aun podrian estar actuando en otras regiones promotoras de suefio, o inhibiendo
areas (o grupos neuronales especificos) generadores de vigilia (Reitz & Kelz, 2021). De hecho,
recientemente, se ha comprobado que neuronas hipotalamicas del nucleo supradptico y sus
alrededores (conocidas como neuronas activadas por anestésicos) serian un sustrato neural comun
para el suefio y la anestesia. Interesantemente, la mayoria de estas neuronas son principalmente
células neuroendécrinas, productoras de péptidos tales como vasopresina, dinorfina y
galanina(Jiang-Xie et al., 2019). Adicionalmente, neuronas glutamatérgicas de la habénula lateral
son capaces de modular tanto el suefio como la anestesia general(Gelegen et al., 2018; Liu et al.,

2021). Por ultimo, la corteza prefrontal podria ser también una region clave, ya que ha sido
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demostrado que esta area posee un rol clave en la generacion de vigilia, y que estaria inhibida
durante el sueno NREM vy la anestesia (Pal et al., 2018; Parkar et al., 2020). De hecho, la inhibicién
de esta corteza genera un retraso en la recuperacion de la anestesia con sevoflurano (Huels et al.,

2021).

Es importante destacar, que en este trabajo obtuvimos un resultado inesperado; las neuronas
glutamatérgicas del VLPO (un 4rea que ha sido considerada durante mucho tiempo como
somnogénica) producen vigilia, fragmentan el suefio NREM e inhiben el suefio REM. Este
hallazgo nos llevéd a querer estudiar el rol de estas neuronas en el ciclo suefio-vigilia con mas
detalle, particularmente en relacion a las transiciones entre los distintos estados comportamentales
y su rol en la regulacion de la actividad cortical, lo cual ha sido desarrollado en el siguiente

capitulo.
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Capitulo 4. Rol de las neuronas glutamatérgicas del area predptica del
hipotalamo en el ciclo suefo-vigilia.

El 4rea predptica del hipotdlamo es un area compleja que se encarga de diversas funciones ademas
de la regulacion del ciclo suefo-vigilia como, por ejemplo, la termorregulacion, el comportamiento
sexual y maternal y la homeostasis de fluidos en el organismo (Gvilia et al., 2005; Hull &
Dominguez, 2006; McKinley et al., 2021; Rivas et al., 2021; Rothhaas & Chung, 2021; Tsuneoka
& Funato, 2021). Como fue mencionado anteriormente, en cuanto a la regulacion del ciclo suefio-
vigilia, durante muchos afios fue considerada un area exclusivamente somnogénica. Sin embargo,
en el capitulo anterior, demostramos que las neuronas glutamatérgicas del area medial-lateral del
hipotalamo (pero no del nicleo mediano) generan vigilia, fragmentan el suefio NREM y suprimen
el suefio REM. La hipoétesis de este trabajo fue que la activacion de las neuronas glutamatérgicas
del area medial-lateral del hipotalamo, ademas de fragmentar el suefio NREM, afectan la actividad
eléctrica cortical durante este estado, provocando un suefio mas ligero. El objetivo del siguiente
trabajo fue evaluar el rol de estas neuronas en mas detalle, determinando ademas como afectan la

actividad eléctrica cortical durante los estados de vigilia y suefio.
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Glutamatergic Neurons in the Preoptic Hypothalamus
Promote Wakefulness, Destabilize NREM Sleep, Suppress
REM Sleep, and Regulate Cortical Dynamics
Alejandra Mondino,** Viviane S. Hambrecht-Wiedbusch,” Duan Li,"* A. Kane York,'?

Joaquin Gonzalez,* Pablo Torterolo,* George A. Mashour,"** and Giancarlo Vanini'**
1Department of Anesthesiology, University of Michigan, Ann Arbor, Michigan 48109-5615, 2Center for Consciousness Science, University of

Dinesh Pal,’>3

Michigan, Ann Arbor, Michigan 48109, 3Neuroscience Graduate Program, University of Michigan, Ann Arbor, Michigan 48109-2215, and
*Departamento de Fisiologfa, Facultad de Medicina, Universidad de la Reptblica, Montevideo, 11200, Uruguay

Clinical and experimental data from the last nine decades indicate that the preoptic area of the hypothalamus is a critical node in
a brain network that controls sleep onset and homeostasis. By contrast, we recently reported that a group of glutamatergic neurons
in the lateral and medial preoptic area increases wakefulness, challenging the long-standing notion in sleep neurobiology that the
preoptic area is exclusively somnogenic. However, the precise role of these subcortical neurons in the control of behavioral state
transitions and cortical dynamics remains unknown. Therefore, in this study, we used conditional expression of excitatory hM3Dq
receptors in these preoptic glutamatergic (Vglut2™) neurons and show that their activation initiates wakefulness, decreases non-
rapid eye movement (NREM) sleep, and causes a persistent suppression of rapid eye movement (REM) sleep. We also demonstrate,
for the first time, that activation of these preoptic glutamatergic neurons causes a high degree of NREM sleep fragmentation, pro-
motes state instability with frequent arousals from sleep, decreases body temperature, and shifts cortical dynamics (including oscil-
lations, connectivity, and complexity) to a more wake-like state. We conclude that a subset of preoptic glutamatergic neurons can
initiate, but not maintain, arousals from sleep, and their inactivation may be required for NREM stability and REM sleep genera-
tion. Further, these data provide novel empirical evidence supporting the hypothesis that the preoptic area causally contributes to
the regulation of both sleep and wakefulness.

Key words: arousal; consciousness; DREADDs; gamma; sleep fragmentation; slow oscillations

(s )

Historically, the preoptic area of the hypothalamus has been considered a key site for sleep generation. However, emerging
modeling and empirical data suggest that this region might play a dual role in sleep-wake control. We demonstrate that che-
mogenetic stimulation of preoptic glutamatergic neurons produces brief arousals that fragment sleep, persistently suppresses
REM sleep, causes hypothermia, and shifts EEG patterns toward a “lighter” NREM sleep state. We propose that preoptic gluta-
matergic neurons can initiate, but not maintain, arousal from sleep and gate REM sleep generation, possibly to block REM-
like intrusions during NREM-to-wake transitions. In contrast to the long-standing notion in sleep neurobiology that the
\preoptic area is exclusively somnogenic, we provide further evidence that preoptic neurons also generate wakefulness. /
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Introduction

Since the beginning of the last century, the preoptic area of the
hypothalamus has been considered a critical site for sleep genera-
tion. In the early 1900s, von Economo’s work revealed that
patients suffering severe insomnia after encephalitis lethargica
had extensive lesions within the rostral hypothalamus (von
Economo, 1930). Consistent with this observation, subsequent
studies demonstrated that lesioning of the preoptic area causes a
prolonged, severe insomnia in cats (Sallanon et al, 1989) and
rats (Nauta, 1946; John et al., 1994; Lu et al., 2000; Eikermann et
al,, 2011), and transplantation of fetal preoptic cells into the pre-
optic area partially restored sleep quantity in previously lesioned
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insomniac rats (John et al., 1998). Infusion of adenosine (or
adenosine analogs) into the preoptic region increases sleep
and decreases wakefulness (Ticho and Radulovacki, 1991;
Mendelson, 2000), whereas pharmacologic inhibition of this
region reduces sleep (Lin et al., 1989; M. N. Alam and Mallick,
1990; Benedetto et al., 2012). Additionally, evidence from sin-
gle-cell recording and cFos studies confirmed that the median
preoptic nucleus (MnPO) as well as ventrolateral and medial
preoptic area contain neurons that are mainly active during
non-rapid eye movement (NREM) sleep (Koyama and
Hayaishi, 1994; Szymusiak et al., 1998; Suntsova et al., 2002;
Takahashi et al., 2009; Sakai, 2011; M. A. Alam et al., 2014;
Zhang et al.,, 2015; Chung et al., 2017; Harding et al., 2018)
and, to a lesser extent, during rapid eye movement (REM)
sleep (Koyama and Hayaishi, 1994; Lu et al., 2002; Suntsova et
al., 2002; Gvilia et al., 2006; Dentico et al., 2009; Sakai, 2011;
M. A. Alam et al., 2014). Importantly, a subset of these cells
increases its activity during periods of prolonged wakefulness
with increased sleep pressure, suggesting a role in the regula-
tion of both NREM and REM sleep homeostasis (Gvilia et al.,
2006; Dentico et al., 2009; Todd et al., 2010; M. A. Alam et al.,
2014; Gvilia et al., 2017).

Several lines of evidence show that a group of GABAergic
neurons (some of which coexpress galanin) distributed within
the median, medial-lateral, and ventrolateral preoptic area are
sleep-active and innervate monoaminergic arousal-promoting
systems (Sherin et al., 1998; Gaus et al., 2002; Uschakov et al.,
2006; Hsieh et al., 2011; Chung et al., 2017). Activation of pre-
optic GABAergic and galaninergic neurons promotes NREM
sleep (Chung et al., 2017; Harding et al., 2018; Kroeger et al.,
2018; Vanini et al., 2020) and lesion (Lu et al., 2000; Ma et al.,
2019), or neuromodulation of these neurons (Harding et al.,
2018; Kroeger et al., 2018) alters the EEG during sleep-wake
states. Furthermore, a recent study using activity-dependent
tagging and subsequent stimulation of previously tagged neu-
rons showed that a subgroup of glutamatergic neurons within
the median and medial preoptic nucleus of the hypothalamus
promotes body cooling and NREM sleep (Harding et al.,
2018). However, contrary to the prevailing idea in the field
that virtually all preoptic neurons that regulate sleep-wake
states are somnogenic, we recently reported that a region
including the ventrolateral preoptic nucleus (VLPO) and the
ventral half of the medial and lateral preoptic area, collectively
referred in the current study as medial-lateral preoptic region,
contains glutamatergic neurons that promote wakefulness
(Vanini et al., 2020).

Here we used a chemogenetic stimulation approach to
investigate further the role of these preoptic glutamatergic
neurons in the regulation of sleep-wake states as well as state
transitions and cortical dynamics, which have not yet been
examined. We show that stimulation of glutamatergic neurons
in the medial-lateral preoptic region causes a transient
increase in wakefulness and a decrease in both NREM and
REM sleep. Activation of these neurons also produces a high
degree of NREM sleep fragmentation and state instability, a
“lighter” NREM sleep state, and a long-lasting suppression of
REM sleep. Thus, our data suggest that a subset of preoptic
glutamatergic neurons may initiate, but not maintain, arousal
from sleep, and their inactivation might be required for
NREM stability and REM sleep generation. Furthermore,
these results provide novel empirical evidence that the pre-
optic area plays a dual role in the regulation of both sleep and
wakefulness.

J. Neurosci., April 14,2021 - 41(15):3462-3478 - 3463

Materials and Methods

Mice

Vglut2-IRES-Cre (Slc17a6tm2(cre)Lowl/]; stock #016963) mice were
purchased from The Jackson Laboratory, bred at the University of
Michigan animal care facility, and genotyped (Transnetyx) before wean-
ing. Adult male mice used in this study (n=41) were housed in groups
in a 12 h light:dark cycle (lights on at 6:00 A.M.) with free access to food
(PicoLab Laboratory Rodent Diet 5LOD; LabDiet) and water. The tem-
perature in the housing and testing rooms was maintained at 22°C. All
experiments were approved by the Institutional Animal Care and Use
Committee and the Institutional Biosafety Committee, and were con-
ducted in accordance with the recommendations published in the Guide
for the care and use of laboratory animals (Ed 8, National Academies
Press, Washington, DC, 2001).

Viral vector and drugs

For Cre-recombinase-dependent expression of the excitatory designer
receptor hM3Dq in preoptic glutamatergic (Vglut2™) neurons, we used
the adeno-associated viral vector AAV-hSyn-DIO-hM3D(Gq)-mCherry
(Addgene; catalog #50459-AAV5) (Krashes et al, 2011; Vanini et al,
2020). In a separate group of Vglut-Cre mice used for control experi-
ments, we used the Cre-dependent vector AAV-hSyn-DIO-mCherry
(Addgene; catalog #50459-AAV5) that lacked the coding sequence for
the designer receptor and only contained the fluorescent reporter
mCherry. The titer of the viral solutions was 3.7-7.8 x 10'* copies per
ml. DMSO and clozapine-N-oxide (CNO, catalog #C0832-5MG; agonist
at hM3Dq receptors) were purchased from Sigma Millipore. A stock so-
lution of CNO (0.1 mg/ml in saline solution containing 0.5% DMSO)
was prepared and stored in aliquots, and then frozen at —20°C until use.
Before each experiment, an aliquot of the stock solution was thawed at
room temperature protected from the light until injection time. Mice
received 1 mg/kg CNO or a vehicle control solution (VEH, saline with
0.5% DMSO) by intraperitoneal injection; the injection volume was
0.1 ml per 10 g of body weight (Vanini et al., 2020).

Viral injection and electrode implantation for sleep studies

The procedure for vector injection into the preoptic area was performed
as described previously (Vanini et al., 2020). Mice were anesthetized in
an induction chamber with 5.0% isoflurane (Hospira) in 100% O,. The
delivered concentration of isoflurane was monitored continuously
by spectrometry (Cardiocap/5; Datex-Ohmeda). Following anesthetic
induction, mice received preemptive analgesia (5mg/kg carprofen;
s.c.), and were immediately placed in a Kopf model 962 stereotaxic
frame fitted with a mouse adaptor and a mouse anesthesia mask (mod-
els 922 and 907, respectively; David Kopf Instruments). Thereafter, the
concentration of isoflurane was reduced and maintained at 1.6%-2.0%
throughout the surgical procedure. Core body temperature was main-
tained at 37°C-38°C with a water-filled pad connected to a heat pump
(Gaymar Industries). For the medial-lateral preoptic region, vector
injections were performed bilaterally (36 nl on each side at the stock
concentration provided by Addgene); stereotaxic coordinates: AP =
0.15 mm, ML = 0.5 mm and DV = -5.0 mm from bregma (Vanini et
al.,, 2020). Injections were performed at a rate of 5 nl/min using a
Hamilton Neuros Syringe 7000 (5 ml) mounted on a microinjection sy-
ringe pump, driven by a digital Micro2T controller (model UMP3T-2;
World Precision Instruments). After each injection, the syringe was
maintained in position for an additional 5min to avoid vector reflux.
We previously confirmed that this volume, stereotaxic coordinates,
and injection procedure yielded a reliable expression of hM3Dq recep-
tors in the target region (Vanini et al., 2020). The scalp incision was
closed with sutures, and mice were placed under a controlled heat
source until full recovery. Mice were then returned to the vivarium and
group-housed with their respective littermates. Analgesia was main-
tained with carprofen (5 mg/kg every 24 h) for a minimum of 48 h after
surgery.

Three weeks following vector injection, mice were anesthetized with
isoflurane and EEG electrodes (8IE3632016XE, E363/20/1.6/SPC;
Plastics One) were implanted above the right frontal (AP = 1.5 mm,
ML = 2.0 mm from bregma) and occipital (AP = -3.2 mm, ML = 3.0
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mm from bregma) cortices. A reference screw electrode was implanted
over the cerebellum, and a pair of EMG electrodes (8IE36376XXXE,
E363/76/SPC; Plastics One) was inserted bilaterally into the dorsal neck
muscles. All electrode pins were then inserted into an electrode pedestal
(MS363; Plastics One) that was affixed to the skull with dental cement
(Fast Cure Powder/Liquid, Product #335201; GC America). Thereafter,
the delivery of isoflurane was discontinued, and mice were allowed to
recover following the same postoperative care protocol outlined above.
Mice were allowed a minimum of 10 d before experiments began.

EEG/EMG data acquisition

At least 1 week after the surgery for implantation of EEG/EMG electro-
des, mice were conditioned to handling, simulating drug injection and
tethering in the recording setup for 5d. On the day of the experiment,
mice received an injection of VEH or CNO and EEG/EMG signals were
recorded for 6 h. The injection and recording start time was 10:00 A.M.
(ZT04), when homeostatic sleep pressure is high, an optimal time to
study the wakefulness-promoting effect of the targeted neurons.
Monopolar EEG and bipolar EMG signals were amplified (x1000) and
digitized (sampling rate = 1024 Hz), respectively, with a model 1700 AC
amplifier (A-M Systems) and a Micro3 1401 acquisition unit and Spike2
software (Cambridge Electronic Design); notch filters were used for each
mouse recording (both after VEH and CNO) when 60 Hz electrical noise
was present. All signals were bandpass filtered between 0.1 and 500 Hz
(EEG) and between 10 and 500 Hz (EMG). Mouse behaviors were video
recorded, in synchrony with the electrophysiologic recordings in Spike2.

Analysis of sleep-wake states

States of wakefulness, NREM sleep, and REM sleep were manually
scored in Spike2 in 5 s epochs using standard criteria described previ-
ously (Vanini et al., 2020). Wakefulness was defined by low-amplitude,
high-frequency EEG activity accompanied by an active EMG character-
ized by high tone with phasic movements. NREM sleep was recognized
by high-amplitude, low-frequency EEG waveforms along with a low
muscle tone. REM sleep was identified by low-amplitude, high-fre-
quency EEG signals with prominent, regular theta rhythm (particularly
evident in the occipital cortex), and EMG atonia. Total time spent in
wakefulness, NREM sleep, and REM sleep, the average duration and
number of bouts for each vigilance state, was analyzed over the 6 h re-
cording period, as well as in 1 h bins to assess the mean duration of the
treatment effect. The mean latency to NREM sleep and REM sleep onset
was compared between treatment conditions. Additionally, we reana-
lyzed sleep recordings from a group of Vglut2-Cre mice used in a recent
study with confirmed hM3Dq receptor expression within the MnPO of
the hypothalamus (Vanini et al, 2020). The reanalysis extended the
assessment of sleep recordings from 3 to 6 h and was performed by the
same investigator using the same scoring criteria as in the study by
Vanini et al. (2020). Furthermore, the viral vector, surgical procedures,
experimental design, and dose of CNO were identical in both studies.
These mice served in the current study as a site-control group.

Sleep fragmentation analysis

An initial exploratory analysis revealed that chemogenetic activation of
preoptic glutamatergic neurons substantially increased the number and
decreased the duration of wakefulness and NREM sleep bouts, revealing
a robust sleep fragmentation. Therefore, to further characterize this phe-
nomenon, we calculated the stability of wake and NREM sleep states,
between- and within-state transition probabilities, as well as a fragmen-
tation index (FI). First, the mean number of transitions from NREM to
wakefulness was quantified over the 6 h recording period and for every 1
h bin. The stability of each state was calculated using a Markov memory-
less model. This is a regression-like method in which variables are mod-
eled as a function of the previous observations (J. W. Kim et al., 2009;
Perez-Atencio et al., 2018). In this formalism, the probability of being in
one state is determined by the previous state and the transition probabil-
ity from one state to another. The probability of each specific state was
calculated by the number of times that this state was scored over the total
number of epochs recorded and the transition probability was obtained
as the conditional probability P(X/Y), that is, the number of times that
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State Y transitioned to State X in the following epoch, divided by the
number of epochs of the Y state. Next, we calculated an FI for wakeful-
ness and NREM sleep (codes are available at https://github.com/
joaggonzar/Fragmentation_Index). We defined FI as FI=1 - p(X/X),
that is, 1 minus the probability of transitioning from the State X to the
same State X. This implies that FI=1 only if the state is completely frag-
mented, in other words, if the probability of transitioning to the same
state equals 0. Finally, as the sleep-wake cycle is characterized by bouts
of short and long duration, we generated histograms of bout length for
wakefulness and NREM sleep. These plots were obtained by counting
the number of events that occurred in each increment of 10 s for wake-
fulness and 50 s for NREM sleep.

Determination of changes in body temperature after activation of gluta-
matergic neurons in the medial-lateral preoptic region

The effect of the activation of medial-lateral preoptic glutamatergic neu-
rons on core body temperature was evaluated in two different experi-
ments using a separate group of mice. The first set of experiments tested
whether stimulation of these neurons alters body temperature. Mice
were briefly and gently restrained for 10-15 s each time, and core body
temperature was measured using a lubricated mouse rectal probe (model
600-1000, Barnant). After obtaining a stable temperature reading, the
probe was removed and the animal was returned to its cage until the
next measurement. Temperature measurements were obtained before
the injection of VEH or CNO (1.0 mg/kg) and in 10 min intervals for
90 min after injection. If a temperature drop was detected, mice were
placed under a heating lamp in their respective home cages between test-
ing intervals. The second set of experiments was designed to evaluate the
duration of temperature changes after CNO administration, relative to
the duration of the sleep studies. Using the same procedure described
above, temperature measurements were obtained in 30 min intervals for
6 h after CNO injection.

EEG signal processing and analysis

EEG analysis (power, coherence, connectivity, and complexity; 0.1-
115Hz) was conducted on artifact-free, nontransition epochs during
the initial 3 h block after VEH and CNO injection. Digitized, raw EEG
signals in frontal and occipital channels were exported from Spike2
software into MATLAB (version 2019b; The MathWorks) and down-
sampled to 512 Hz (resample.m function in MATLAB signal process-
ing toolbox). Because notch filters were applied to EEG channels in
some recordings (always in VEH/CNO pairs, for consistency), frequen-
cies between 45 and 75 Hz were not considered for the analysis. The
power-line interference (60 and 120 Hz), if present, was removed using
multitaper regression technique and Thomas F statistics implemented
in Cleanline plugin for EEGLAB toolbox (Delorme and Makeig, 2004).
The 3-h-long recording blocks were segmented into 5 s windows with
no overlap. All EEG measures were calculated from » =10 mice (#541
was excluded because of poor signal quality that precluded its use in
these analyses) in each window and then averaged over all available
windows to obtain the mean values for each vigilance state, treatment
condition, and mouse.

Spectral power and coherence analysis. The EEG power spectrum
was estimated using the multitaper method in Chronux analysis toolbox
(Mitra and Bokil, 2008) with a window length=5 s without overlap,
time-bandwidth product =2, and number of tapers = 3. For each mouse
in each treatment group, the mean power spectrum in each behavioral
state (wake, NREM, REM) was obtained by averaging the power spectra
across all available windows in frontal and occipital channels, respec-
tively. Furthermore, the power values were calculated for slow oscilla-
tions (0.5-1Hz) as well as 6 (1-4 Hz), theta (4-9Hz), o (9-15Hz), B
(15-30 Hz), low y (30-45Hz), and high y (75-115 Hz) frequency bands.
Power values were normalized for each mouse as the mean power of
each frequency band divided by the sum of the power in all bands (i.e.,
total power).

Cortical coherence (a measure of undirected functional connectivity)
between frontal and occipital channels was quantified by the multitaper
time-frequency coherence method in Chronux analysis toolbox (Mitra
and Bokil, 2008), with the same parameters described above for the
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Figure 1. Histologic confirmation of hM3Dq receptor expression in the preoptic area of Vglut2-Cre mice used in sleep stud-
ies, and confirmation of neuronal activation caused by CNO administration. A, Left, Right, Examples of low- and high-magni-
fication photographs, respectively, of mCherry immunohistochemical staining (red), indicating the expression of the
excitatory designer receptor hM3Dq within the VLPO of a Vglut2-Cre mouse. B, Color-coded depiction of the area of hM3Dq
receptor expression is represented on coronal schematics of the preoptic area modified from a mouse brain atlas (Paxinos
and Franklin, 2001). Middle, Filled areas of hM3Dq expression highlight mice #437 and #361 (also indicated by underlined
numbers below the brain schematic), which had the largest increase in sleep and wakefulness, respectively. For anatomic ref-
erence, solid red represents the bilateral sites corresponding to the VLPO. Color-matched identification numbers for each
mouse used in the sleep studies (n = 11) are listed below each panel. ¢, Schematic of the preoptic area illustrating relevant
anatomic subdivisions and main area of designer receptor expression (yellow circles). Right, Chart compares the anatomic
subdivisions and functional nomenclature used in this study. Based on the uniform response to chemogenetic stimulation,
different from that observed in MnPO studies (Vanini et al., 2020), the area of hM3Dq receptor expression in the current
study is referred to as the medial-lateral preoptic region. D, cFos expression (green nuclei) in mCherry-positive (red) neurons
in the medial-lateral preoptic region after C(NO (1.0 mg/kg; n =4 mice) and VEH (n = 4) administration. Graph plots the per-
centage (mean = SEM) of mCherry-positive neurons that also expressed cFos over the total count of mCherry-positive neu-
rons. Two-tailed unpaired t test was used for statistical comparison between treatment conditions. *Significant difference
(p << 0.05) relative to control. Scale bars: high-magnification photographs (insets), 20 um. aca, Anterior commissure; 3V,
third ventricle.
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spectral power analysis. The frontal-occipital
coherence as a function of frequency was thus
obtained by averaging the coherence over time
in each behavioral state, for each mouse and
treatment group. Coherence values were nor-
malized by the Fisher’s z-transform (Miranda
de Sa et al,, 2009). The same frequency bands
used in the spectral power analysis were
assessed in the coherence analysis.

Analysis of directed connectivity. We used
normalized symbolic transfer entropy (NSTE)
to assess directed connectivity between frontal
and occipital cortices. NSTE is an information
theoretic measure, and our previous studies
have validated its use to measure cortical con-
nectivity changes in humans (Lee et al., 2013)
and rats (Borjigin et al., 2013; Pal et al., 2016,
2020). In the calculation of NSTE, three pa-
rameters are required: embedding dimension
(dg), time delay (7), and transfer time (5). We
filtered the frontal and occipital EEG signals
into the frequency bands as described above
and segmented the filtered data into nonover-
lapped 5 s windows. We followed the methods
used in previous studies (D. Li et al., 2017; Pal
et al,, 2020) and fixed the embedding dimen-
sion d = 3; as the time delay 7 defines a broad
frequency-specific window of sensitivity for
NSTE (Jordan et al., 2013; Sitt et al., 2014;
Ranft et al., 2016), we used 7 = 64, 28, 17, 9, 6,
2, corresponding to 6 (0.5-4 Hz), theta, o, B,
low- and high-y, respectively. For each win-
dow, we searched the transfer time & = 1-50
(corresponding to ~2-100ms) and selected
the one that generated maximum feedback
(from frontal to occipital) and feedforward
(from occipital to frontal) NSTE, respectively.
For statistical comparisons, the averaged con-
nectivity values were calculated over the stud-
ied behavioral states for each mouse and
treatment group.

Complexity analysis. We used Lempel-Ziv
complexity (LZc) to quantify the dynamic
changes in EEG signals from frontal and
occipital cortices in the different behavioral
states between the two treatment conditions.
LZc is a method of symbolic sequence analy-
sis (Lempel and Ziv, 1976) that has been
shown to be a valuable tool to investigate the
temporal or spatiotemporal complexity of
brain activity (Schartner et al., 2017; D. Li
and Mashour, 2019; Brito et al., 2020; Pal et
al., 2020). Given the limited number of EEG
channels in this study, we assessed only tem-
poral complexity in frontal and occipital
channels; spatiotemporal complexity was not
evaluated. EEG signals were detrended using
local linear regression (locdetrend function
in Chronux analysis software) and a lowpass
filter was applied at 115Hz (but excluding
the frequencies at 45-75Hz) via Butterworth
filter of order 4 (butter and filtfilt functions
in MATLAB signal processing toolbox). The
Hilbert transform of the signal was used to
calculate the instantaneous amplitude, which
was then segmented into 5 s windows with-
out overlapping and binarized using its mean
value as the threshold for each channel
(Schartner et al, 2017). LZc analysis
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estimates the complexity of a finite series of numbers
by computing the number of times that a different
subsequence of consecutive characters, or “word,” is
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the time of perfusion was 2:00 P.M. (ZT08) to mini- Figure 2.  Chemogenetic activation of glutamatergic neurons in the medial-lateral preoptic region increased

mize spontaneous cFos expression in the preoptic area.
After perfusion, the brains were removed and postfixed
in 5% formalin overnight at 4°C. Subsequently, brains
were cryoprotected with 20% sucrose in PBS for 1-2d,
and then transferred to 30% sucrose for an additional
2-3d. Thereafter, brains were frozen in Tissue-Plus
(Fisher Healthcare) and sectioned coronally at 40 pm
using a cryostat (CM1950, Leica Microsystems). Brain
sections that contained the VLPO were collected and
blocked in PBS containing 0.25% Triton X-100 and 3%
normal donkey serum (Vector Laboratories) for
60min at room temperature. Thereafter, sections
were immunolabeled for mCherry, or sequentially
processed for double immunohistochemistry for mCherry and cFos.
First, we incubated the tissues overnight at room temperature in pri-
mary antiserum (rat monoclonal anti-mCherry 1:30,000; Thermo
Fisher Scientific, catalog #M11217). For cFos detection, sections were
incubated in a rabbit polyclonal anti-cFos (1:5000; Sigma Millipore, cata-
log #ABE457) overnight at room temperature. Next, sections were washed
in PBS and incubated for 2 h at room temperature in a donkey anti-rat
secondary antiserum (1:500; AlexaFluor-594, Thermo Fisher Scientific,
catalog #A-21209 for mCherry and 1:500; AlexaFluor-488, Thermo Fisher
Scientific, catalog #A-21206 for cFos). Last, brain sections were washed
with PBS, float-mounted on glass slides, and coverslipped with SlowFade
Diamond (S36972 or S36973; Invitrogen). Brain sections containing the
target region were then examined by means of fluorescence microscopy
(BX43, Olympus America). The brain regions in which the designer recep-
tor hM3Dq were expressed were identified with the aid of a mouse brain
atlas (Paxinos and Franklin, 2001). For stimulation experiments, only
those mice that had reliable expression of designer receptors within the
VLPO and adjacent areas were included in the analysis. The number
mCherry-positive neurons that expressed cFos was visually examined by
an experienced investigator and was quantified as the percentage of
total neurons expressing mCherry in the medial-lateral preoptic region.
Vglut2-Cre mice that received an AAV-hSyn-DIO-hM3D(Gq)-

wakefulness and decreased NREM and REM sleep. A, Time spent in wakefulness, NREM sleep, and REM sleep, aver-
aged across the 6 h recording period, after administration of VEH and CNO (1.0 mg/kg) in n="11 mice. B, Effect
on the number of wakefulness, NREM sleep, and REM sleep bouts. ¢, Changes in the mean duration of wake,
NREM sleep, and REM sleep bouts. Additionally, analyses of sleep-wake parameters were conducted in 1 h blocks
after VEH (lighter color) and CNO (darker color) injection. D, Percent of total time in wakefulness, NREM sleep,
and REM sleep. E, Number of bouts per state. F, Mean duration of wake, NREM sleep, and REM sleep bouts. A-C,
A one-tailed paired t test with Bonferroni correction was used for statistical comparisons. D-F, Two-way,
repeated-measures ANOVA followed by a Sidak test adjusted for multiple comparisons was used to statistically
compare sleep-wake parameters shown as a function of time and treatment condition. Data are mean =+ SEM.
*Significant difference (p << 0.05) relative to control.

mCherry injection but did not express designer receptors were used as
controls in the sleep studies described above.

Statistical analyses

Statistical comparisons were performed with PRISM version 7.0
(GraphPad Software). All data were tested for normality and are pre-
sented as mean = SEM; ¢ test and ANOVA results are reported as “¢
(DF) =...” and “F(DFn, DFd) = ...,” respectively. A p < 0.05 was consid-
ered statistically significant. The effect of stimulation of preoptic gluta-
matergic neurons on total state duration, number of bouts, bout
duration, and number of NREM-to-W transitions over the 6 h recording
period was assessed by a one-tailed paired ¢ test (Bonferroni correction
was used for analysis of the data reported in Figs. 2A-C, 7A-C, and 8A-
C). The directional hypothesis that predicted the nature of the effects of
chemogenetic stimulation of preoptic glutamatergic neurons on these
sleep-wake parameters was based on previously published data (Vanini
et al., 2020). Differences in sleep-wake parameters for each 1 h block
were evaluated by a two-way repeated-measures ANOVA followed by
a Bonferroni multiple-comparisons test. The effect of CNO injection
on the latency to NREM sleep and REM sleep onset was analyzed by a
one-tailed paired t test and by survival analysis. The effect of CNO
administration on core body temperature was assessed by a two-way
ANOVA followed by Dunnett (within-group comparisons) and Tukey
(between-group comparisons) tests. The treatment effect on EEG
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Figure 3.  Chemogenetic activation of glutamatergic neurons in the medial-lateral preoptic region altered sleep-
wake patterns. A, Schematic representation of bilateral injections of a Cre-dependent adeno-associated virus for
expression of the excitatory designer receptor hM3Dq into the medial-lateral preoptic region of Vglut2-Cre mice. Three
weeks after the injection, mice were implanted with electrodes for recording the EEG from the right frontal (purple)
and right occipital (yellow) cortex. A reference electrode was placed over the cerebellum (orange), and two electrodes
were also implanted bilaterally in the neck muscles for recording the EMG. Right, Representative EEG and EMG signals
from a mouse during wakefulness, NREM sleep, and REM sleep. B, Hypnogram pairs illustrate the temporal organiza-
tion of sleep-wake states after VEH (left panels) and 1.0 mg/kg CNO (right panels) for each mouse (n = 11). The height
of the bars (from lowest to highest) represents the occurrence of wakefulness (W), NREM sleep, and REM sleep. Time
0 on the abscissa indicates the time at which the mouse received the injection of VEH or CNO. Mouse identification
numbers are listed between each pair of hypnograms. Individual differences relative to control (% change) in the time
spent in wakefulness (blue), NREM sleep (green), and REM sleep (red) after CNO injection are shown to the right of
each CNO hypnogram. Representative spectrograms and power plots below the top two hypnograms corresponding to
Mouse #559 show, respectively, state- and treatment-specific changes in frontal power density and normalized &
power with median filter across the 6 h recording session.

spectral power, Z’coherence, and NSTE (connectivity measures) for
each frequency band was also assessed by a two-way repeated-meas-
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determined by a Wilcoxon signed-rank test; the
Benjamini-Hochberg correction for multiple-
comparisons with a false discovery rate of 0.05
was used for the hour-by-hour analysis. Differences
between treatment conditions in the distribution his-
tograms were compared by the Kolmogorov-
Smirnov test. Last, the relationship between REM
sleep time (averaged for each mouse across the 6 h
recording period) and the FI or the number of
NREM-wake transitions was estimated using the
Spearman correlation coefficient.

Results

Anatomical localization of designer
receptors and confirmation of neuronal
activation by designer receptors

As described in our previous publication
(Vanini et al., 2020), histologic examination of
vector injection sites revealed that neurons
expressing hM3Dq receptors were localized
within the VLPO and the adjacent region
encompassing (from medial to lateral) the ven-
tral aspect of the medial preoptic nucleus as well
as medial and lateral preoptic area (Fig. 1). As
stated above, in the current study, we refer to
this region collectively as medial-lateral preoptic.
There was no correlation between the area of re-
ceptor expression within the preoptic region and
the stimulation effects on sleep-wake variables.
Importantly, there was no receptor expression in
glutamatergic neurons, nor in fibers, within any
structure of the basal forebrain region (i.e., hori-
zontal limb of the diagonal band of Broca and
substantia innominata), just lateral to the pre-
optic region of the hypothalamus. Analysis of
cFos expression confirmed that, relative to
control, CNO administration activated gluta-
matergic neurons in the medial-lateral preoptic
region (two-tailed ¢ test, ¢y =5.17; p =0.0021).

Activation of medial-lateral preoptic
glutamatergic neurons increased
wakefulness and reduced NREM and REM
sleep

Previously published data validated the viral
vector for stimulation of preoptic neurons and
showed that activation of preoptic glutamater-
gic neurons causes a robust increase in wake-
fulness (Vanini et al., 2020). The present study
used a chemogenetic stimulation method and
thorough analysis to better understand the
role of these neurons in the regulation of be-
havioral states, sleep-wake state transitions,
and cortical dynamics. Figure 2 summarizes
the effect of stimulation of preoptic glutama-
tergic neurons on sleep-wake variables (time
spent in wakefulness, NREM sleep, and REM
sleep as well as the mean number and duration
of bouts for each state) averaged across the 6 h
postinjection period. Compared with VEH,

ures ANOVA followed by a Bonferroni multiple-comparisons test. ~ CNO administration significantly reduced the time spent in
Changes in LZc were analyzed by a two-tailed paired ¢ test. The effect =~ REM sleep ((10)=6.72; p < 0.0001) (Fig. 2A); this state was com-
of CNO administration on the FI over the 6 h recording period was pletely abolished in 6 of the 11 mice studied (Fig. 3). There was
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no significant difference in the time spent in wake- A
fulness (f(10)=10.58; p=0.2870) and NREM sleep
(t(o) =1.27; p=0.1166). Activation of preoptic

glutamatergic neurons significantly increased the 40007
number of wakefulness and NREM sleep bouts 3000 4
(t10y=2.58; p=0.0136 and t(0)=2.53; p=0.0149, >

respectively), and decreased the number of REM g 2000+
sleep bouts (f10)=4.99; p= 0.0003) (Fig. 2B). = 1000 ]

Furthermore, the duration of NREM sleep bouts
was significantly reduced during the 6 h recording 0
period following CNO injection (f(0)=2.56;
p=0.0141); there were no changes in wakefulness

bout duration (f;0y=0.65; p=0.2656) (Fig. 2C). B
Because of the reduced number of mice that had

REM sleep after CNO administration and the scar- > 0754
city of REM sleep bouts in this group, the treatment 2

effect on REM sleep bout duration was not statisti- :‘; 0-509
cally analyzed (VEH vs CNO: 13.98 =0.86 vs & 0251
10.64 + 2.75; Fig. 2C). .

Figure 2D illustrates hour-by-hour changes in
the time spent in wakefulness, NREM sleep, and
REM sleep (expressed as the percent of total time)
as a function of treatment condition during the 6 h
after injection. Two-way, repeated-measures
ANOVA indicated a significant time effect and
treatment condition X time interaction for wake-
fulness (F(s 50) = 15.36; p < 0.0001 and Fs 50y = 4.98;
p=0.0009) and NREM sleep (F(ss0)=12.18; p <
0.0001 and Fs 50) = 5.49; p=0.0004). CNO admin-
istration caused a significant increase in the time in
wakefulness during the first hour after injection
(p=0.0014) and a reduction of NREM sleep duration during
hours 1 (p < 0.0001) and 2 (p = 0.0188) after injection. For REM
sleep, ANOVA revealed a significant time (F(s50)=5.35;
p=0.0005) and drug (F(; 10) = 45.12; p <0.0001) effect as well as
a treatment X time interaction (Fs o) = 2.69; p = 0.0316).

Activation of preoptic glutamatergic neurons caused a signifi-
cant decrease in the time spent in REM sleep between hours 2-6
after CNO injection (p=0.002, p < 0.0001, p < 0.0001, p <
0.0001, and p < 0.0001). Figure 2E shows that, relative to control,
CNO altered the number of wakefulness, NREM sleep, and REM
sleep bouts. ANOVA showed a significant drug and time effect
on the number of wake (F10=6.82; p=0.0260 and
F(s,50)=5.32; p=0.0005) and NREM sleep bouts (F,10)=6.29;
p=0.0311 and Fs 50)= 6.77; p < 0.0001), and no significant effect
on treatment condition x time interaction (Fsso)=141;
p=0.2380 and F(550)=1.62; p=0.1725). The hour-by-hour post
hoc analysis revealed that CNO significantly increased the num-
ber of wake (p=0.0103, p=0.0036, p=0.0013, and 0.0048) and
NREM sleep (p=0.0129, p=0.0033, p= 0.0013, and p =0.0033)
bouts during hours 2, 3, 4, and 6 after injection. Additionally,
there was a significant effect of CNO administration on the num-
ber of REM sleep bouts (F(; 1y =26.43; p=0.0004), a significant
time effect (F(5 50y =7.26; p < 0.0001), and a significant treatment
x time interaction (F(s 50y = 2.55; p = 0.0391). Congruent with the
decrease in REM sleep time, the mean number of REM sleep
bouts was significantly reduced between hours 2-6 after CNO
administration (p < 0.0001, p < 0.0001, p < 0.0001, p < 0.0001,
and p < 0.0001). Figure 2F plots the mean bout duration for
wakefulness, NREM sleep, and REM sleep. Two-way, repeated-
measures ANOVA indicated a significant time effect on the bout
duration for wakefulness (F(s 50) = 3.74; p=0.0059) and a signifi-
cant drug effect on bout duration for NREM sleep (F(y 10y =8.14;
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Figure 4.  Activation of glutamatergic neurons in the medial-lateral preoptic region increased the latency to
NREM and REM sleep. 4, Effect of CNO (1.0 mg/kg) injection on NREM (left) and REM sleep (right) latencies in
n=11 mice. Data are mean = SEM. One-tailed paired ¢ test was used for statistical comparisons. *Significant
difference (p << 0.05) relative to control. B, Graphs represent the probability of no NREM sleep (left) and REM
sleep (right) generation after injection of VEH or CNO. Survival analysis demonstrated that the probability of no
REM sleep occurring remained increased throughout the 6 h recording period and was significantly different
between treatment condition in both NREM (p = 0.0006) and REM sleep (p = 0.0001).

p=0.0172). Post hoc Bonferroni showed that CNO significantly
increased the duration of wake bouts (p =0.0067) during the first
hour after injection, which accounts for the increase in the time in
wakefulness shown in Figure 2A. Of note, the large deviation in
the mean episode duration is related to 1 mouse that remained
awake for the entire hour after injection; removal of this mouse’s
VEH and CNO data points did not affect statistical significance.
Bonferroni tests revealed that NREM sleep episode duration was
significantly decreased during hours 1 (p=0.0010) and 2
(p=0.0006) after CNO injection. There were no significant
changes in REM sleep episode duration. Figure 3 illustrates the
sleep-wake architecture in each Vglut2-Cre mouse (n=11)
expressing excitatory hM3Dq receptors in glutamatergic neurons
of the medial-lateral preoptic region, after injection of VEH or
CNO.

Activation of medial-lateral preoptic glutamatergic neurons
increased NREM and REM sleep latency

Figure 4 illustrates sleep latencies measured after VEH and CNO
injection. The Figure 4A graphs plot NREM and REM sleep
latencies averaged across the 6 h recording period for all mice.
Animals that did not have REM sleep after CNO administration
(n=06) were assigned the maximum possible time (total record-
ing time =21,600 s) as the latency to REM sleep. Relative to
VEH, CNO injection significantly increased the latency to both
NREM (mean *= SEM =604.55*+ 102.51 vs 1796.36 = 378.39,
t0)=2.88; p=0.0081) and REM sleep (3334.55*=494.74 vs
15419.55 *+ 2463.17, t(10y=4.76; p=0.0004). Because several
mice did not have REM sleep after CNO injection, changes in
the latency to the first REM sleep bout (also the latency to
NREM sleep onset) were assessed by survival analysis (Vanini
and Baghdoyan, 2013). The Figure 4B graphs plot the probabil-
ity of not having NREM sleep and REM sleep after CNO
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Figure 5. Activation of glutamatergic neurons in the medial-lateral preoptic region increased NREM to wake

transitions and caused NREM sleep fragmentation. A, Number of transitions from NREM to wakefulness (W) aver-
aged across the 6 h recording period (left) and per 1 h block (right) after injection of VEH or CNO in n-=11 mice.
Data are mean = SEM. One-tailed paired ¢ test (6 h block) and two-way repeated-measures ANOVA followed by
a Sidak test to correct for multiple comparisons (1 h block analysis) was used for statistical comparisons between
treatment conditions. *Significant difference (p << 0.05) relative to control. B, Diagram of the Markov model for
wakefulness (W)-NREM sleep—REM sleep dynamics after VEH and CNO (1.0 mg/kg) injection in n=11 mice.
Circular arrows indicate the probability of remaining within the same state. Straight arrows indicate the probabil-
ity of transitioning from one state to another. The thickness of the arrows is proportional to the corresponding
probability. Two different scales were used: one for the circular arrows and another one for straight arrows; that
is, circular arrows were designed with continuous lines, whereas straight arrows were designed with dotted lines.
Differences between VEH and CNO were analyzed by means of Wilcoxon matched-pairs rank tests. *Significant dif-
ference (p << 0.05) relative to control. C, FI calculated from n=11 mice for each 1 h block during wakefulness
and NREM sleep after VEH or CNO injection. We defined Fl as FI =1 — p(X/X), being p(X/X) the probability of tran-
sitioning from the State X to the same State X. This implies that FI =1 only if the state is completely fragmented,
that is, if the probability of transitioning to the same state equals 0. Error bars indicate SEM. Differences between
VEH and CNO were analyzed by means of Wilcoxon matched-pairs rank tests. p values were corrected by the
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administration. Activation of preoptic glutama-
tergic neurons significantly increased the proba-
bility of not having NREM sleep (p =0.0006) and
REM sleep (p=0.0001). Furthermore, relative to
control, the probability of REM sleep not occur-
ring after CNO administration remained elevated
(>50%) until the end of the recording period.

Activation of medial-lateral preoptic
glutamatergic neurons increased NREM to
wake transitions and caused a robust NREM
sleep fragmentation

Because activation of preoptic glutamatergic neu-
rons increased the number of wake and NREM
sleep bouts, we compared the number of transi-
tions from NREM sleep to wakefulness as a func-
tion of treatment condition and time. Figure 5A
(left) plots the mean number of NREM to wake
transitions averaged across the 6 h recording pe-
riod for all mice. CNO injection significantly
increased the number of transitions by 76%
(t(10)=3.36; p=0.0036). Figure 5A (right) illus-
trates hour-by-hour changes in NREM to wake
transitions during 6 h after VEH and drug admin-
istration. ANOVA revealed a significant effect of
treatment (F(y,10)=11.35; p=0.0071). There was
no treatment X time interaction (Fsso)=1.96;
p=0.1012). Multiple-comparisons post hoc tests
showed that the number of transitions was sig-
nificantly increased between postinjection hours
2-6 (p=0.0014, p=0.0001, p< 0.0001, p=
0.0168, and p =0.0002). There was no significant
correlation between REM sleep time and the
number of NREM to wake transitions (r =
—0.4808; p=0.1364).

Based on (1) the increase in the number of
NREM sleep bouts, (2) the reduction of NREM
sleep bout duration, and (3) the increment in the
number of NREM to wake transitions after CNO
injection, we hypothesized that the activation of
preoptic glutamatergic neurons causes NREM
sleep instability. We tested this hypothesis using
three different approaches. First, we calculated the
state transition probability after VEH and CNO
administration by means of a Markov model.
Figure 5B depicts the probability of transitioning
between/within states of wakefulness, NREM
sleep, and REM sleep. Consistent with a previous
study (Perez-Atencio et al., 2018), the probability
of remaining in one state was much higher than
the probability of transitioning into a different

«—

Benjamini-Hochberg for a false discovery rate of 5%. *Significant differ-
ence (p << 0.05) relative to control. D, Histograms represent the proba-
bility distribution of episode durations calculated from n=11 mice in
units of 10 s of wakefulness and in units of 50 s of NREM sleep. VEH
and CNO histograms were overlapped to better appreciate the differen-
ces. The difference in the distribution of episode duration between VEH
and CNO injection was analyzed by means of a Kolmogorov-Smirnov
test. Episode duration after (NO and VEH had a different distribution in
both wakefulness (p <<0.0001) and NREM sleep (p << 0.0001), with
increased short and reduced long bouts after CNO administration.
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state. Relative to VEH, activation of glutamatergic neurons in the
medial-lateral preoptic region significantly reduced the probabil-
ity of remaining in NREM sleep (mean * SEM =0.9384 = 0.009
vs 0.9621 = 0.003, W [probability vector value] = —7; p =
0.0186), while there was no significant change in the probability
of remaining in wakefulness (0.8983 +0.0491 vs 0.9205 *
0.0069, W = —24; p=0.1602) or REM sleep (0.9052 = 0.040 vs
0.9621 £ 0.003, W = —7; p= 0.2188). Consistent with this evi-
dence, there was an increased probability of transitioning from
NREM sleep to wakefulness (0.060 + 0.010 vs 0.031 = 0.003,
W=64; p=0.0010), while the probability of transitioning from
wakefulness to NREM sleep was not affected (0.1017 = 0.015 vs
0.079 = 0.007, W=24.0; p=0.1602). Furthermore, as expected
because of the drastic reduction in the amount of REM sleep,
CNO significantly decreased the probability of transitioning
from NREM to REM sleep (0.0017 = 0.001 vs 0.0072 = 0.001, W
= —60; p=0.0024). The probability of entering either wakeful-
ness or NREM sleep from REM sleep was not affected by the
activation of the glutamatergic neurons of the medial-lateral pre-
optic region (0.0833 = 0.032 vs 0.0625 * 0.008, W=7; p=0.2188
and 0.011 = 0.009 vs 0.003 = 0.001, W=2; p=0.3750, respec-
tively). None of the mice entered REM sleep from wakefulness
after VEH, as expected, or CNO administration. Second, to eval-
uate the stability of sleep-wake states in each 1 h block, we calcu-
lated an FI; FI=1 indicates that the state is maximally unstable
and fragmented. Because of the scarcity of REM sleep after CNO
administration, we only performed this analysis for wakefulness
and NREM sleep states. Figure 5C shows that, compared with
VEH, stimulation of glutamatergic neurons in the medial-lateral
preoptic region significantly fragmented NREM sleep during the
first 4 h of the recording period (W=45, p=0.0294; W =54,
p=0.0294; W=48, p=0.0315; W=46, p=0.0315). There was no
significant correlation between REM sleep time and FI NREM
values (r = —0.3569; p=0.2785). Additionally, wakefulness was
only fragmented during the last hour of the 6-h-long recording
period (W =64, p=0.0060). Third, to understand better the effect
of the activation of preoptic glutamatergic neurons on sleep and
wake episode duration, we compared the distribution of NREM
sleep and wake bout duration after VEH and CNO injection.
Figure 5D shows that the activation of glutamatergic neurons of
the medial-lateral preoptic region significantly altered the proba-
bility distribution of bout duration by increasing the number of
short bouts and decreasing the number of long bouts during
both NREM sleep (p < 0.0001) and wakefulness (p < 0.0001).

Activation of medial-lateral preoptic glutamatergic neurons
reduces body temperature

Activation of MnPO glutamatergic (Abbott and Saper, 2017;
Vanini et al., 2020) and VLPO galaninergic neurons (Kroeger et
al., 2018) has been shown in mice to cause hypothermia, which
can increase wakefulness and reduce NREM and REM sleep du-
ration (Parmeggiani, 1987). Thus, the effect of glutamatergic
neurons in the medial-lateral preoptic region on core body tem-
perature was evaluated before and after CNO injection (n=10
mice), compared with a VEH control group (n=5), and relative
to previously published data obtained after activation of glutama-
tergic neurons in the MnPO (n=9) (Fig. 6). MnPO temperature
values used here are from the data reported previously (Vanini et
al., 2020). Relative to baseline, a two-way ANOVA revealed a sig-
nificant time (F(9 510y =2.17; p=0.0252) and treatment (F310)=
19.03; p < 0.0001) effect. A Dunnett’s test demonstrated that, rel-
ative to baseline, the activation of glutamatergic neurons in the
medial-lateral preoptic region significantly reduced body
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Figure 6.  Activation of glutamatergic neurons in the medial-lateral preoptic region causes
hypothermia in awake mice. A, The time course of core body temperature in awake mice
before and after injection of VEH control solution (n =5 mice) or CNO (1.0 mg/kg) for activa-
tion of glutamatergic neurons within the MnPO (n=9) and medial-lateral preoptic region
(MLPO; n=10). Temperature values for the MnPO are from Vanini et al. (2020, their Fig. 3;
see also their Fig. S4 showing the distribution of the excitatory designer receptor hM3Dgq
within the MnPO of Vglut2-Cre mice used in that study). Data are mean = SEM. Two-way
ANOVA followed by a post hoc Dunnett’s test corrected for multiple-comparisons was used
for statistical comparisons of mean temperature levels after VEH and CNO injection relative
to baseline (BL). Differences in temperature levels between the VEH and the medial-lateral
preoptic group, and medial-lateral preoptic versus MnPO glutamatergic group were assessed
by Tukey's and Sidak’s post hoc tests. *Significant difference (p << 0.05) in the medial-lateral
preoptic group relative to baseline. *Significant difference relative to VEH. B, Color-coded
area of hM3Dq receptor expression within the medial-lateral preoptic region of Vglut2-Cre
mice used for temperature experiments, represented on coronal schematics of the preoptic
area modified from a mouse brain atlas (Paxinos and Franklin, 2001).

temperature at 30 and 40min after injection (p=0.0238 and
p=0.0104). Compared with VEH, CNO injection caused hypo-
thermia between 20 and 40min (Tukey’s test; p=0.0340,
p=0.0051, and p=0.0064). Relative to the MnPO, there was no
significant difference in temperature at any time point.
Furthermore, the mean temperature decrease after CNO injec-
tion (from min 20-90) was 1.28 = 0.48°C (mean *= SEM) in the
medial-lateral preoptic group and 1.19 = 0.26°C in the MnPO
group, and there was no significant difference in the magnitude
of temperature change between both groups (t(1738 =13.71;
p=0.8645). In a separate experiment, we investigated the time
course of mean temperature changes induced by the activation
of glutamatergic neurons in the medial-lateral preoptic region
(n=5), with respect to the duration of the sleep studies
described above. Temperature measurements were obtained
before and after CNO injection, every 30 min for 6 h. A one-
way, repeated-measures ANOVA showed a significant treatment
effect (F2.4280.710) = 20.08; p=0.0003). Post hoc Dunnett’s test dem-
onstrated that there was a sustained, significant reduction in body
temperature between minute 30 and 360 after CNO administration
(p=0.0049, p = 0.0235, p=0.0085, p=0.0046, p=0.0131, p=0.0012,
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Table 1. Sleep-wake parameters obtained from individual, negative control groups as a function of treatment condition”

AAV-mCherry (“empty” control vector)

AAV without hM3Dq expression

VEH N0 VEH N0
Time spent in wake (s) 7919 = 633.5 7730 = 3533 7250 = 4843 7347 = 435.4
Time spent in NREM sleep (s) 12443 * 516.9 12321 = 3475 12803 = 482.7 13166 = 3743
Time spent in REM sleep (s) 1239 £312.3 1549 £ 77.55 1547 £ 55.6 1087 = 262.3
No. of wake bouts 126.8 = 17.54 109.3 =5.22 107.2 = 15.68 100.0 = 13.88
No. of NREM sleep bouts 126.8 £17.72 108.8 = 5.28 107.8 = 15.62 100.6 = 14.09
No. of REM sleep bouts 17.50 = 2.46 19.75 £3.42 20.6 = 2.22 16.40 + 3.95
Duration of wake bout (s) 12.84 = 1.01 1430 = 1.22 14.29 = 1.63 1536 = 1.23
Duration of NREM sleep bout (s) 20.93 = 3.13 22.75 £ 1.04 25.60 = 3.40 28.56 = 4.32
Duration of REM sleep bout (s) 14.18 = 3.17 1713 = 2.84 1552 = 1.22 12.60 = 1.70
Latency to NREM sleep (s) 356.3 * 237.1 278.8 = 139.6 320 = 199.2 855 £ 154.7
Latency to REM sleep (s) 4256 1993 1813 £ 125.6 2949 £ 1128 7423 = 3735

“Data (n=9 Vglut2-Cre mice) are mean = SEM. Relative to control (VEH), there were no significant differences. CNO (hM3Dq receptor agonist; 1.0 mg/kg).

p=0.0027, p=00003, p=0.0005 p=00022, p=0.0030, and
p=0.0017).

CNO administration to control mice without designer
receptors did not alter sleep-wake states

To rule out any nonspecific effect of CNO or its active metabo-
lites (Ilg et al., 2018), as well as from the cell damage caused by
the injection procedure or vector-associated toxicity (Rezai
Amin et al,, 2019), we included two negative control groups. The
effect of 1.0 mg/kg CNO on sleep-wake states was evaluated in a
group of mice that received the vector injection into the medial-
lateral preoptic region but did not express hM3Dq receptors
(n=5), and in a second group injected with the “empty” control
vector that only contained the fluorescent reporter mCherry
(n=4). Consistent with previous work (Vanini et al., 2020),
CNO injection did not alter sleep-wake states in either group.
Therefore, the data from all 9 mice were pooled for statistical
analysis. The data corresponding to each control group (6 h aver-
age) are shown in Table 1. Figure 7A-C summarizes group data
averaged across the 6 h recording period and shows that CNO
injection did not modify the time in wakefulness (¢g)=0.069;
p=0.9460), NREM sleep (ts)=0.351; p=0.7344), or REM sleep
(t(sy=0.506; p=0.6265). Neither the number of bouts nor
their duration was altered during wakefulness (fg)=1.182;
p=0.2710 and t() = 1.850; p=0.1014), NREM sleep ()= 1.209;
p=02613 and fg =1215 p=0.2589), or REM sleep (fs) =
0.525; p=0.6137 and t(gy = 0.142; p =0.8909). Furthermore, there
were no significant changes in the total time (expressed as the
percent of total time) in wakefulness, NREM sleep, and REM
sleep in the hour-by-hour analysis (Fig. 7D-F). Two-way,
repeated-measures ANOVA showed no significant effect of the
treatment, or treatment X time interaction in wakefulness (F; g)=
0.005; p=09460 and F(s40=0.125; p=0.9860), NREM sleep
(F(1)=0.124; p=0.7344 and F(s 40) = 0.054; p = 0.9980), and REM
sleep (F(1,8)=0.257; p=0.6260 and F(s 49)=2.17; p=0.0767). The
latency to NREM or REM sleep was not significantly altered by
CNO, as shown in Figure 7G (mean time in s * SEM=
336.1 = 143.0 vs 598.9 & 142.0, 5, =1.986; p =0.0823 and 3530 =
1034 vs 4929 2202, 1 =0.662; p=0.5268, respectively).
Importantly, neither wakefulness nor NREM sleep was frag-
mented during the 6 h period after CNO injection (0.075 =
0.005 vs 0.068 = 0.003, W = —27; p=0.1289; and 0.046 = 0.005
vs 0.040 = 0.003, W = —21; p=0.2500). Accordingly, no frag-
mentation was found in any of the six 1 h block analyses for
wakefulness (W = —27, p=0.1289; W = —3.0, p=0.9102; W =
—11, p=05703; W=1.0, p > 09999 W = —19, p=0.3008;

W=1.0, p > 0.9999) or NREM sleep (W = —15, p=0.4258; W =
—27, p=0.1289; W = —11, p=0.5703; W=9.0, p=0.6523; W =
—13, p=0.4961; W=7.0, p =0.7344) as shown in Figure 7H, L.

Activation of glutamatergic neurons in the MnPO did not
substantially alter sleep-wake states

To test whether the effects of the activation of glutamatergic neu-
rons in the medial-lateral preoptic region were site-specific, we
reanalyzed sleep-wake data from a previous study in which we
used the same chemogenetic methods and experiment design to
stimulate MnPO glutamatergic neurons in Vglut2-Cre mice
(Vanini et al., 2020). Figure 8A-C shows that activation of gluta-
matergic neurons within the MnPO (n =7 mice) did not modify
the time in wakefulness (f)=0.253; p=0.8087), NREM sleep
(t6)=0.748; p=0.2412), and REM sleep (fs) = 1.738; p =0.066).
CNO administration did not alter the number of bouts or bout
duration of wakefulness (¢ =0.577; p=0.2925 and ¢t = 0.630;
p=0.5519), NREM (f)=0.635 p=0.2745 and t=0.223;
p=0.8312), and REM sleep (f)=2.294; p=0.0616 and t =
0.889; p=0.4082). Additionally, there were no significant changes
in the time (expressed as the percent of total time) spent in wake,
NREM sleep, and REM sleep in the 1 h block analysis (Fig. 8D-F).
Two-way, repeated-measures ANOVA revealed no significant
effect of treatment or treatment x time interaction for wakeful-
ness (F(i=0.06; p=0.809 and F(s30,=0.37; p=0.866), NREM
sleep (F(1,6)=0.16; p=0.7059 and Fs30)=0.41; p=0.8386), and
REM sleep (F(1) =3.02; p=0.1328 and F(s30,=0.91; p=0.4860).
Figure 8G shows that activation of glutamatergic neurons in the
MnPO did not alter the latency to NREM (mean time in s =
SEM =568.6 * 136.5 vs 680.0 = 199.0, f,=0.619; p=0.558) or
REM sleep (2676 * 330.3 vs 4496 = 777.0, t)=2.14; p=0.076).
Furthermore, activation of MnPO glutamatergic neurons did not
cause fragmentation of wake or NREM sleep states (Fig. 8H,I).

Activation of medial-lateral preoptic glutamatergic neurons
altered EEG features during wakefulness and NREM sleep
This study aimed to determine whether the activation of preoptic
glutamatergic neurons, in addition to altering sleep-wake pat-
terns, alters cortical dynamics (i.e., oscillations, connectivity, and
complexity) associated with sleep and wakefulness. We thus eval-
uated local and network-level cortical activity by means of power
spectrum, functional and directed connectivity between frontal
and occipital cortices, as well as the complexity of EEG signals.
Figure 9 shows the mean spectral power from frontal and occipi-
tal cortices during wakefulness and NREM sleep. There was a
significant treatment effect (CNO) on the spectral power in the
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occipital ~ cortex during  wakefulness
(F(10)= 18.79; p=0.0019), and in the fron-
tal cortex during NREM sleep (F; 0 = 6.46;
p=0.0317). There was a significant drug x
EEG frequency band interaction for
the occipital cortex during wakefulness
(F654=9.33; p<<0.0001) and during
NREM sleep (Fg,54) = 6.41; p < 0.0001). No
significant treatment effect or treatment x
EEG frequency band interaction was found
in the frontal cortex during wakefulness
(Foy=340; p=0.0985 and F(ss=2.1%
p=0.0952); there was a significant EEG
frequency effect (Fgs4=166.3; p <
0.0001). Post hoc (Bonferroni) multiple-
comparisons analysis revealed that CNO
injection significantly ~decreased the
power of slow oscillations (0.5-1 Hz) dur-
ing wakefulness (p=0.0077, frontal, and
p <0.0001, occipital) and NREM sleep
(p <0.0001, frontal, and p < 0.0001, occi-
pital), and increased 6 power during
NREM sleep (p=0.0051, frontal, and
p=0.0198, occipital). However, the
increase in & power is mainly driven by
only 1 mouse that had a relatively large
increase after normalization (128%; cor-
rected p value after removal of this outlier
is 0.0761, frontal, and 0.2480, occipital;
Cohen’s d=0.6 and 0.4).

Figure 10 plots Z'coherence between
frontal and occipital cortices as a function
of EEG frequency band and treatment
condition. ANOVA revealed a significant
treatment X EEG frequency band interaction
during wakefulness (Fg 54 = 3.34; p=0.0072)
and NREM sleep (Fs4y=6.13; p < 0.0001).
Furthermore, a post hoc multiple-compari-
sons test demonstrated an increase in
high-y coherence during wakefulness
(p=0.0449), as well as 6 (p=0.0163),
theta (p<<0.0001), and high-y (p =
0.0209) Z’coherence during NREM sleep.
In accordance with the changes in
Z’coherence (undirected functional con-
nectivity), CNO administration altered
NSTE (directed connectivity). Mean feed-
forward and feedback NSTE values for
each frequency band during wake and
NREM states are shown in Table 2.
Compared with VEH, CNO injection sig-
nificantly altered feedforward connectiv-
ity during NREM sleep (F39)=6.60; p =
0.0302) but not during wakefulness (F(;¢) =

1.86; p=0.2059). Moreover, there was a significant drug x fre-
quency band interaction for the frontal-to-occipital NSTE
during NREM (F s 45)=4.05; p=0.0040) and for the occipital-
to-frontal NSTE during wakefulness (Fs45)=3.71; p=0.0068)
and NREM sleep (F(s 45 =4.95; p=0.0011). Post hoc multiple-
comparisons tests demonstrated that theta frontal-to-occipital
connectivity was increased during NREM sleep (p=0.0003).
Additionally, theta occipital-to-frontal connectivity was increased
during  NREM (p<<0.0001) and wakefulness

Mondino etal. e Wake and EEG Control by Preoptic Vglut2™ Neurons

A B C
__ 15000 . 2180 @ 50 1 VEH
= g 2 g 40 . OCNO
g 10000 P 120 § 30 : -
= = - = hd o @
E 5000 ﬂﬂ 2 60 3 %g ﬂﬂ o L
5} e = g 2
= 0 il e BRI M R o mm FEH_I-]
W NREM REM W NREM REM W NREM REM
D E F
w NREM REM
80 80 12
o 60 601 : T . {
£ . :
o 401 % 40 6 1 :
2 I 1 i 1
= 20 VEH 20 VEH f VEH
0 - CNO 0 - CNO 0 -CNO
1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6
Time (hr) Time (hr) Time (hr)
G H |
W NREM
»

RN S A o
—~ 0O cNO k= — CNO
) £0.15
> 10000 k) 0.06
| 5 S
£ 5000 5 0.1
= £

) }}1 &b 0.04
Ol e =iz 100 = 0.05L4 i
NREM REM 1 2 3 4 5 6 1 2 3 456
Time (hr) Time (hr)
K
Bregma: - 0.10 mm Bregma: + 0.14 mm
) .
#7? ‘ #723
#7126,
Figure 7. CNO administration to Vglut2-Cre mice that did not express designer receptors did not alter sleep-wake states.

Sleep data from Vglut2-Cre mice injected with (1) AAV-hSyn-DIO-hM3D(Gg)-mCherry into the preoptic area but did not express
designer receptors (n=15) and (2) the control vector AAV-hSyn-DIO-mCherry (n = 4) were pooled together and used as nega-
tive controls. A, Group data summarizing total time in wakefulness, NREM sleep, and REM sleep after VEH or CNO (1.0 mg/kg)
injection. B, Number of bouts of wakefulness, NREM sleep, and REM sleep. €, Comparison of mean episode duration per state.
A one-tailed paired ¢ test with Bonferroni correction was used for statistical comparisons between treatment conditions. D—F.
Graphs plot the mean time (expressed as percent of total recording time) in wakefulness, NREM sleep, and REM sleep, respec-
tively, for each 1 h block after VEH and CNO administration. Two-way repeated-measures ANOVA followed by a Bonferroni test
was used for statistical comparisons. G, Latency to NREM and REM sleep. A one-tailed paired ¢ test was used for statistical com-
parisons between treatment conditions. H, /, Fl calculated for NREM and REM sleep, respectively, plotted for each 1 h block af-
ter VEH and CNO injection. Wilcoxon matched-pairs rank tests were used for statistical comparisons between treatment
conditions. Data are mean = SEM. J, Left, Right, Low- and high-magnification photographs, respectively, of mCherry immuno-
histochemical staining (red) corresponding to the fluorescent reporter of the control vector within the VLPO of a Vglut2-Cre
mouse. Scale bars: Left, 500 pum; Right, 100 pum. K, Color-coded depiction of control vector injection area, represented on coro-
nal schematics of the preoptic area modified from a mouse brain atlas (Paxinos and Franklin, 2001). Color-matched identifica-
tion numbers for each mouse used in this study are listed on the left side of each panel. aca, Anterior commissure; 3V, third

ventricle.

Compared with VEH injection, CNO did not modify feedforward

(p=0.0052).

NSTE during NREM in & (p=0.0759), o, B, low-, and high-y
(p>0.9999 for each frequency band), as well as the feedback NSTE
during wakefulness or NREM in 6 (p=0.8974 and p > 0.9999,
respectively), o, B, low-vy, and high-y (p>0.9999 for each fre-
quency band and each behavioral state). To summarize, activation
of preoptic glutamatergic neurons enhanced both undirected and
directed connectivity in the theta frequency band during NREM
sleep as well as undirected functional connectivity in the high-y
band during wakefulness and NREM sleep.
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cortical dynamics are both novel aspects of this
study and significantly advance our understand-
ing on the role of these neurons in arousal state
control. A dual role for preoptic neurons in sleep-
wake regulation was recently predicted by model-
ing simulations based on EEG dynamics across
the sleep-wake cycle of rats with VLPO neuronal
lesions (Lombardi et al., 2020). Together with our

D E F previous work (Vanini et al., 2020), and evidence
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Figure 8. Activation of glutamatergic neurons in the MnPO of the hypothalamus did not substantially alter
sleep-wake states. Sleep data from a previous study (collected using identical procedures and experiment design)
(Vanini et al., 2020) were reanalyzed and used in the current study as a site-control group. All Vglut2-Cre mice
(n=7) included in this control group had confirmed hM3Dq receptor expression in MnPO glutamatergic neurons
(for information on the distribution of the excitatory designer receptor hM3Dq within the MnPO, see Vanini et al.,
2020, their Fig. S4). A, Group data summarizing total time in wakefulness, NREM sleep, and REM sleep after VEH
or CNO (1.0 mg/kg) injection. B, Number of bouts of wakefulness, NREM sleep, and REM sleep. €, Comparison of
mean episode duration per state. A one-tailed paired t test with Bonferroni correction was used for statistical com-
parisons between treatment conditions. D—F, Graphs represent the mean time (expressed as percent of total re-
cording time) in wakefulness, NREM sleep, and REM sleep, respectively, for each 1 h block after VEH and CNO
administration. Two-way repeated-measures ANOVA followed by a Bonferroni test was used for statistical compar-
isons. G, Latency to NREM and REM sleep. A one-tailed paired ¢ test was used for statistical comparisons. H, 1, FI
calculated for NREM and REM sleep, respectively, plotted for each 1 h block after VEH and CNO injection. Wilcoxon
matched-pairs rank tests were used for statistical comparisons between treatment conditions. Data are mean *

SEM.

Changes in temporal complexity of the signals evaluated by a
corrected LZc analysis are summarized in Figure 11. Relative to
VEH injection, CNO increased EEG signal complexity during
wakefulness in both frontal (mean *= SEM= 0.9782 % 0.005 vs
0.9618 = 0.005; t9)=2.47, p= 0.0354) and occipital regions
(0.9891 = 0.007 vs 0.968 x0.007; to=3.72, p = 0.0048).
Additionally, CNO increased the EEG complexity during NREM
sleep in frontal (0.9728 = 0.009 vs 0.947 = 0.003; #9)=3.29,
p=0.0094) and occipital regions (0.9708 = 0.009 vs 0.948 = 0.003;
t9y=3.13, p=0.0122). Interestingly, EEG complexity levels during
NREM sleep after CNO were not significantly different from during
wakefulness in the control treatment condition (frontal cortex:
t9y=0.94; p =0.3719 and occipital cortex: £y = 0.26 p = 0.8029).

Discussion

This study demonstrates that chemogenetic activation of pre-
optic glutamatergic neurons within the medial-lateral preoptic
region of the hypothalamus increases wakefulness, decreases
NREM sleep, causes NREM sleep fragmentation and state insta-
bility, reduces body temperature, and suppresses REM sleep.
Furthermore, these neurons influence cortical oscillations, con-
nectivity, and complexity. The effect on state transitions and

rons only reduced REM sleep quantity (Vanini et
al., 2020). Together, these data suggest that gluta-
matergic neurons in the MnPO destabilize REM
sleep and support the conclusion that the effect of
the activation of glutamatergic neurons in the
medial-lateral preoptic region on sleep-wake
states is site-specific.

The preoptic area contributes to REM sleep
regulation. Cell-specific excitotoxic lesions in a
region medial and dorsal to the VLPO (termed
“extended” VLPO) decreases REM sleep (Lu et
al., 2002). Subsets of preoptic neurons are maxi-
mally active during spontaneous REM sleep
bouts, during periods of sleep restriction when
REM sleep pressure is the highest, and during
REM sleep rebound following REM sleep depri-
vation (Lu et al., 2002; Suntsova et al., 2002;
Gvilia et al., 2006; Takahashi et al., 2009; Sakai, 2011; M. A. Alam
et al., 2014). Furthermore, activation of preoptic GABAergic
neurons that innervate the tuberomammillary nucleus increases
REM sleep (Chung et al., 2017). Here we show that activation of
glutamatergic neurons in the medial-lateral preoptic region
decreased REM sleep time. Indeed, this state was eliminated for 6
h in 55% of the mice. To the best of our knowledge, this is the
first direct demonstration that preoptic glutamatergic neurons
can, directly or indirectly, suppress REM sleep generation. The
remarkable reduction in REM sleep may result from several fac-
tors. First, the profound sleep fragmentation induced by activa-
tion of preoptic glutamatergic neurons can reduce REM sleep
because its propensity builds up during prior NREM sleep bouts
and spontaneous REM sleep generation requires NREM sleep
occurrence (Benington and Heller, 1994; Le Bon, 2020). This is
particularly evident in 2 mice that had a substantial increase in
NREM sleep (45% in #559 and 19% in #541), but their sleep was
highly fragmented and REM sleep was virtually eliminated.
However, while NREM sleep fragmentation had a duration of 4
h, REM sleep quantity was reduced or totally suppressed for 6 h
after CNO administration; and there was no negative correlation
between REM sleep time and sleep fragmentation or the number
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of NREM-wake transitions. Furthermore,
there was no REM homeostatic response
after sleep fragmentation, as both number
and duration of REM sleep bouts
remained unchanged. Another potential
mechanism is by a direct or indirect acti-
vation of brain circuits that inhibit REM
sleep generation. The preoptic region is
reciprocally connected with wake-pro-
moting monoaminergic systems and
hypocretin/orexin-containing neurons in
the perifornical region of the hypothala-
mus (Zardetto-Smith and Johnson, 1995;
Sherin et al, 1998; Chou et al, 2002;
Uschakov et al., 2006). Furthermore, the
ventrolateral periaqueductal gray receives
projections from preoptic neurons
(Uschakov et al., 2009; Hsieh et al., 2011)
and GABAergic neurons within the peria-
queductal gray region exert a powerful in-
hibitory control on REM sleep generation
(Sastre et al., 1996; Vanini et al., 2007;
Sapin et al, 2009; Weber et al., 2018).
Identification of local and distant target
neurons of wake-promoting glutamatergic
neurons in the medial-lateral preoptic
region will be critical for a circuit-based
understanding of their role in REM sleep
control. This is especially important because
the ability of these neurons to promote
wakefulness as well as enhance cortical dy-
namics while suppressing REM sleep might
serve the function of preventing REM-like
intrusions after the initiation of waking con-
sciousness. Last, preoptic neurons play an
important role in thermoregulation
(McGinty et al., 2001). Activation of MnPO
glutamatergic (Abbott and Saper, 2017;
Vanini et al,, 2020) and VLPO galaninergic
neurons (Kroeger et al., 2018) induces sig-
nificant hypothermia in mice, and exposure
to cold temperature increases wakefulness
and reduces REM sleep in rodents (Roussel
et al,, 1984; Amici et al., 1998; Baracchi et
al., 2008; Sato et al.,, 2015). Glutamatergic
neurons that cause hypothermia (some of
which also promote sleep) are mainly local-
ized within the MnPO and medial preoptic
area (Zhang et al., 2015; Abbott and Saper,
2017; Harding et al,, 2018; Vanini et al,
2020). Here we demonstrate that activation
of glutamatergic neurons in the medial-lat-
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Figure 9.  Activation of glutamatergic neurons in the medial-lateral preoptic region decreased the spectral power of slow

oscillations and increased & power. Graphs plot normalized spectral power in the right frontal (rFr) and occipital (rOcc)
regions during wakefulness (W) and NREM sleep, after injection of VEH or CNO (1.0 mg/kg) in n= 10 mice. Traces represent
mean values (thin, dark lines) = the SEM (shaded area above and below the mean). Alternating vertical-colored bands in
the background of the graphs represent frequency ranges. Because notch filters were applied to some recording pairs (i.e.,
VEH and CNO recordings from the same mouse), frequencies between 45 and 75 Hz were excluded from the analysis. Two-
way repeated-measures ANOVA followed by a Sidak test corrected for multiple comparisons was used for statistical compari-
son of spectral power in each frequency band. *Significant difference (p << 0.05) relative to control. SO, Slow oscillations; Iy,
low-7; h+y, high-7.
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Figure 10. Activation of glutamatergic neurons in the medial-lateral preoptic region increased cortical connectivity. Mean

Z'coherence (undirected connectivity) profile between right frontal and occipital as a function of state (wakefulness [W] and
NREM sleep) and treatment (VEH and CNO 1.0 mg/kg) in n= 10 mice. Traces represent mean values (thin, dark lines) = the
SEM (shaded area above and below the mean). Alternating vertical-colored bands in the background of the graphs represent
frequency ranges. Because notch filters were applied to some recording pairs (i.e., VEH and CNO recordings from the same
mouse), frequencies between 45 and 75 Hz were excluded from the analysis. *Significant difference (p << 0.05) relative to
control. SO, Slow oscillations; Iy, low-+y; hy, high-7y.

This study shows that activation of glutamatergic neurons in

eral preoptic region causes hypothermia and that the reduction of
body temperature was sustained during the 6 h recording period.
Interestingly, the severity of the hypothermia induced by activa-
tion of glutamatergic neurons in the MnPO and medial-lateral
preoptic region was comparable (i.e., there was no significant
difference), and CNO administration to MnPO mice did not
cause sleep fragmentation or REM suppression. These results
suggest that hypothermia and sleep fragmentation caused by
activation of glutamatergic neurons in the medial-lateral pre-
optic region may not be dissociated and may causally contrib-
ute to the prevention of REM sleep generation.

the medial-lateral preoptic region causes a transient increase in
wakefulness and a reduction in NREM sleep. Additionally, there
was a robust, long-lasting NREM sleep fragmentation and state
instability resembling the disrupted sleep pattern observed in
sleep apnea (Guilleminault et al, 1976; Kimoff, 1996),
Alzheimer’s disease (Lim et al, 2014), and aging (Lim et al.,
2014; J. Li et al.,, 2018). Similarly, chemogenetic stimulation of
cholinergic neurons in the basal forebrain, lateral to the preoptic
area, increases wakefulness and fragments sleep (Anaclet et al.,
2015); and optical stimulation of basal forebrain parvalbumin
neurons induces brief, rapid arousals from sleep (McKenna et al.,
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Table 2. Directed cortical connectivity during NREM and wake states, by EEG frequency band and as a function of treatment condition”

Occipital-to-frontal (feedback connectivity)

Frontal-to-occipital (feedforward connectivity)

Wakefulness NREM sleep Wakefulness NREM sleep

EEG frequency band  VEH (NO VEH (NO VEH (NO VEH NO

S (0.5-4 Hz) 0.033 = 0.002  0.029 = 0.002  0.028 = 0.001 0.031 = 0.003 0.037 = 0.002 0.048 = 0.007 0.052 = 0.008  0.038 = 0.002

Theta (4-9 Hz) 0.049 = 0.003 0.059 = 0.004 0.035 = 0.001 0.051 £ 0.004*  0.086 = 0.006 0.090 = 0.009*  0.073 = 0.010  0.050 = 0.003*
Sigma (9-15 Hz) 0.049 = 0.002  0.047 = 0.005  0.049 = 0.003  0.047 = 0.005 0.049 = 0.003 0.050 = 0.007 0.040 £ 0.004  0.039 = 0.001

Beta (15-30 Hz) 0.026 = 0.024  0.023 = 0.002  0.027 = 0.001  0.023 = 0.001 0.0250 +0.001  0.022 = 0.001 0.021 £ 0.001  0.027 % 0.001

Low 7y (30-45 Hz) 0.021 = 0.001 0.024 = 0.002  0.022 = 0.001 0.023 = 0.001 0.018 = 0.001 0.019 = 0.001 0.019 = 0.001 0.019 = 0.001

High v (75-115Hz) ~ 0.017 = 0.001  0.020 = 0.001  0.011 = 0.0017  0.015 = 0.002 0.020 = 0.001 0.025 = 0.001 0.019 £ 0.002  0.014 = 0.001

“Data (n =10 Vglut2-Cre mice) are mean = SEM. A two-way repeated-measures ANOVA followed by Sidak multiple-comparisons test was used for statistical comparisons. CNO (agonist at hM3Dq receptors; 1.0 mg/kg).

*Significant differences relative to control (p << 0.05).
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Figure 11.  Activation of glutamatergic neurons in the medial-lateral preoptic region increased EEG signal complexity.

Graphs plot corrected LZc (cLZc) values during wakefulness (W) and NREM sleep for frontal (4) and occipital (B) regions. Data
are mean = SEM. Differences between VEH and CNO (1.0 mg/kg) in n =10 mice were analyzed by two-tailed paired ¢ tests.

*Significant difference (p << 0.05) relative to control.

2020). Relative to basal forebrain glutamatergic neurons, optoge-
netic stimulation increases wakefulness (Xu et al., 2015), whereas
activation of these neurons using chemogenetic strategies did
not significantly alter sleep-wake states (Anaclet et al., 2015).
Importantly, none of the mice in this study expressed excitatory
designer receptors in the basal forebrain region, confirming again
the specificity of the effects of our stimulation region. Given the fre-
quent and brief arousals from sleep observed after CNO administra-
tion, we speculate that glutamatergic neurons in the medial-lateral
preoptic region may initiate, but not maintain, wakefulness.
Furthermore, these neurons may be part of a brain network that
produces rapid arousals from sleep in response to endogenous or
environmental alert signals.

Given the considerable diversity of preoptic neurons, geneti-
cally targeting glutamatergic/Vglut2 neurons for optogenetic or
chemogenetic studies of this region does not necessarily restrict
the manipulation to a single functional cell group. For example,
Moffitt et al. (2018) reported that many excitatory neurons
(Vglut2™) expressed GABA synthetic genes, and a few Vglut2™
neurons in the preoptic area also express the vesicular GABA
transporter. Based on this evidence, we cannot rule out that more
than one neuronal type was stimulated in the present work, which
may explain the substantive increase in NREM sleep time
observed in 2 of the mice contrasting with the rest of the cohort in
the sleep study. Thus, it is becoming evident that further studies

will require a more nuanced approach,
identifying and manipulating these neu-
rons based on specific projection sites or
neurochemical markers (Chung et al,
2017; Harding et al, 2018; Reitz et al,
2020).

Glutamatergic neurons in the medial-
lateral preoptic altered several sleep and
wake EEG features related to cortical dy-
namics. Specifically, CNO administration
increased (1) theta and 7y coherence, (2)
cortical connectivity, and (3) EEG com-
plexity during NREM sleep. These are
electrophysiologic traits of more acti-
vated states. Indeed, EEG theta and vy
coherence, directed connectivity, and
complexity are typically highest during
wakefulness (Abasolo et al., 2015; Pal et
al., 2016, 2020; Brito et al., 2020;
Mondino et al., 2020) and progressively
decline as sleep deepens (Abasolo et al.,
2015; Pal et al., 2016; Bandt, 2017;
Gonzalez et al., 2019, 2020; Migliorelli
et al, 2019). Together, these EEG
changes and the reduction of the spec-
tral power of slow oscillations after CNO injection provide
evidence for a “lighter” NREM sleep state. Increased EEG
complexity and high-y coherence are, respectively, sugges-
tive of a higher number of brain network interactions
(Guevara Erra et al., 2016) and more alertness during wake-
fulness (Castro et al., 2013). In the current study, we indeed
found that CNO administration increased high-y coherence,
EEG complexity, and feedback connectivity, while reducing
the power of slow oscillations during wakefulness. Therefore,
these data support the interpretation that activation of gluta-
matergic neurons in the medial-lateral preoptic region pro-
duces an activated EEG state with features that correlate with
enhanced wakefulness. Sleep consolidation (Ward et al,
2009) and sleep quality (i.e., slow wave activity and slow
oscillations during NREM sleep) (Bellesi et al, 2014;
Schreiner et al., 2018; J. Kim et al., 2019; Hahn et al., 2020) as
well as REM sleep (Boyce et al., 2017) are crucial for normal
cognition. Thus, because of the substantial disruption of
sleep patterns and cortical dynamics produced during
NREM sleep by the activation of preoptic glutamatergic neu-
rons, further studies are needed to examine the impact on
attention and memory processes.

Collectively, our results support the interpretation that gluta-
matergic neurons in the medial-lateral preoptic region may
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initiate, but not maintain, wakefulness from sleep, and their inac-
tivation may be necessary for NREM stability and REM sleep ini-
tiation. The present work is limited by including only male mice
and stimulation strategies as well as by the lack of data on the
effects of these preoptic neurons on sleep-wake states during the
dark phase. Additionally, future studies are needed to identify
relevant projection pathways and neuronal targets mediating
their wakefulness-promoting effects. Furthermore, these findings
encourage future circuit-based studies to examine the relevance
of these neurons in the generation of wakefulness in response to
endogenous or environmental alert signals during sleep, while
suppressing REM-like intrusions. These data also have transla-
tional implications as they potentially inform the etiology of
debilitating, disrupted sleep patterns observed in aging, sleep
apnea, and dementia. Last, this study advances sleep neurobiol-
ogy by providing empirical evidence supporting the hypothesis
that the preoptic area is not exclusively somnogenic but rather
plays a dual role in the regulation of both sleep and wakefulness.
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Comentarios adicionales al articulo

En este trabajo demostramos que la activacion de estas neuronas produce frecuentes despertares
de corta duracion fragmentando el sueio NREM y suprime el suefio REM. Ademas de esto, la
activacion de estas neuronas genera un suefio mdas ligero de acuerdo con los parametros
electroencefalograficos encontrados. Por ultimo, demostramos que, ademas de su rol en el ciclo
suefo-vigilia, la activacion de estas neuronas produce hipotermia. En este sentido, consideramos
que la region medial-lateral del hipotdlamo tendria un rol dual en el ciclo suefio-vigilia, con
neuronas generadoras de suefio y otras generadoras de vigilia. Esto también fue demostrado por
Chung et al. 2017, quien activando mediante optogenética las neuronas glutamatérgicas del VLPO
que proyectaban al ntcleo tuberomamilar produjo un incremento de vigilia (Chung et al., 2017).
Ademas, otros autores, comprobaron que la activacion de neuronas productoras de Taquiquinina
1 también genera vigilia, en este caso una vigilia de mayor duracion y mas estable, que la
provocada por la estimulacion de las neuronas glutamatérgicas hallada en nuestro estudio (Reitz
et al., 2021). Por ultimo, un trabajo de nuestro laboratorio demostré que la administracion de
Bicuculina, un antagonista competitivo GABA en el VLPO provoca un aumento de vigilia, una
reduccion del suefio REM y un aumento de algunos comportamientos maternales activos
(Benedetto et al., 2021). Los autores proponen que la administracion de Bicuculina estaria

desinhibiendo neuronas del VLPO, posiblemente neuronas glutamatérgicas.

Termorregulacion y ciclo suefio-vigilia

En este trabajo observamos que ademas de los efectos sobre el ciclo sueno-vigilia, la activacion
de las neuronas glutamatérgicas en la region medial-lateral del area predptica del hipotalamo
genera hipotermia. Por lo tanto, no es posible descartar la posibilidad de que algunos de los

cambios observados en el ciclo suefio-vigilia sean debidos a la hipotermia. Se ha demostrado que

151



existe un gran solapamiento entre el ciclo suefio-vigilia y la termorregulacion (Harding et al.,
2020). La temperatura corporal de los mamiferos disminuye previo a dormir, y la probabilidad de
entrar en sueilo NREM es mayor cuando la caida de temperatura es maxima. De hecho, existen
comportamientos especificos preparatorios para el suefio, siendo uno de ellos la realizacion del
nido con la finalidad de mantener la termo-neutralidad durante el suefio (Harding et al., 2018). Se
requieren futuros estudios que determinen si la regulacion del suefio y de la temperatura corporal
por las neuronas glutamatérgicas esta dada por diferentes subgrupos neuronales, o si, por el

contrario, las mismas neuronas cumplen un rol en ambas funciones.

Conclusiones generales

En este trabajo abordamos la relacion neurobioldgica y electrofisiologica entre el suefio y la
anestesia general. En primer lugar, realizamos un andlisis de la potencia y coherencia espectral
durante el ciclo suefio-vigilia con el fin de conocer en detalle la actividad eléctrica cortical para
luego poder comprarla con la de la anestesia general. Este trabajo fue ademas complementado con
el trabajo de Osorio et al. (2020). Pudimos observar que la potencia y coherencia del EEG durante
el sueno varia de acuerdo al ciclo luz-oscuridad. Adicionalmente, demostramos diferencias entre
distintas areas corticales e incluso entre ambos hemisferios. Por lo tanto, cuando se compara la
actividad eléctrica cortical del ciclo suefio-vigilia con otro estado, es de gran importancia utilizar

la misma disposicion de electrodos, asi como realizar los registros en la misma etapa del dia.

Adicionalmente, si bien durante muchos afios se ha sostenido que la anestesia general comparte
grandes similitudes con el suefio y que actia mediante los mismos circuitos neurales, en este

trabajo hemos colectado evidencia que contradice estas teorias. Por un lado, existen claras
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diferencias electroencefalograficas entre la anestesia con uretano (considerada un modelo
farmacoldgico de suefio) y el suefio (tanto No-REM como REM). Por otro lado, la activacion del
area preoptica del hipotdlamo, un area esencial en la generaciéon de suefio no modifica la

sensibilidad al isoflurano (un anestésico general ampliamente utilizado).

Por ultimo, el estudio del area preodptica en el sueio y la anestesia general nos permitio desafiar el
concepto de que las neuronas involucradas en el ciclo suefio-vigilia del area preodptica del
hipotalamo son exclusivamente somnogénicas al comprobar que las neuronas glutamatérgicas del
area medial y ventrolateral de la region predptica generan vigilia, fragmentan el suefio No-REM e

inhiben el suefio REM.
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INTRODUCTION

The sleep-wake cycle is a critical physiological process
and one of the most preserved biological thythms throughout
evolution. This cycle is composed of different behavioral
states, commonly distinguished by their electrophysiological
These
correspond to wakefulness (W), non-rapid eye movement
(NREM) sleep and rapid eye movement (REM) sleep. W and

sleep are associated with different brain functional states,

signatures and behavioral characteristics. states

which can be captured by electroencephalographic (EEG)
signals containing a broad frequency spectrum.

The EEG reflects the interrelated multicomponent
activity of numerous cortical and subcortical neuronal
ensembles'. EEG activity consists of vatious frequency bands
that vary during the sleep-wake cycle in a characteristic fashion.
In the rat, the EEG during W is characterized by low voltage fast
waves as well as theta rhythm (4.5-9 Hz) in posterior cortices
mainly during active W. NREM sleep EEG is recognized by
the occurrence of high-amplitude slow waves (0.5 to 4 Hz) and
electrographic events of 0.5-2 seconds in duration known as
sleep spindles, that have an intra-event frequency of 9-15 Hz*.
EEG during REM sleep shows a high-frequency rhythm that is
nested in very regular and prominent theta activity*’.

In contrast to humans, rodents show a strong ultradian
component in their sleep, with no single period of consolidated
W during the active (night) period or consolidated sleep during
the rest (diurnal) period®. This polyphasic nature of their sleep-
wake cycle allows us to study the features of the EEG during W,
NREM and REM sleep at different times of the day.

Previous works in rodents and humans have shown
the existence of diurnal variations in the EEG activity at low-
frequency bands (up to 30 Hz) (i.e. 7, 2, 8, 9). However, to the
best of our knowledge, a continuous recording and analysis of
the diurnal variations of the high-frequency bands of the EEG
are lacking. Hence, the aim of this report is to convey an initial
descriptive analysis of the changes in the EEG power spectra
(0.1-200 Hz) of sleep and W occurring at different times of the
day. For this purpose, we performed an hour-to-hour analysis
of the power spectrum in each behavioral state over a 24h
period and illustrate it as the Z-score variation from the mean.

MATERIAL AND METHODS

Experimental animals

Seven adults male Wistar rats (275-330 g) were used in
this study. The animals were obtained from and determined to
be in good health by the Institutional Animal Care Facility. The
experimental procedures were conducted in accordance with the
Guide for the Care and Use of Laboratory Animals (8th edition,
National Academy Press, Washington, DC, 2010) and approved by
the Institutional Animal Care Commission (protocol No. 070153-
000332-16, Facultad de Medicina, Universidad de la Republica).
Adequate measures were taken to minimize pain, discomfort or
stress of the animals, and efforts were made to use the smallest
number of animals necessary to obtain reliable data.

EEG power spectrum daily variations in sleep and wakefulness
Surgical procedures

The animals were chronically implanted with electrodes
to monitor the states of sleep and W. We employed surgical
procedures like those used in our previous studies (e.g., 10).
Anesthesia was induced with a mixture of ketamine-xylazine
(90 mg/kg; 5 mg/kg i.p., respectively). The rat was positioned
in a stereotaxic frame, and the skull was exposed. To record
the EEG, stainless steel screw electrodes (1 mm diameter)
were screwed on craniotomies to have their tips touching the
brain’s surface (above the dura mater) in different cortices.
The arrangement of electrodes is depicted in Figure 1. Six
electrodes were located bilaterally in the primary motor cortex
(M1: L £ 2.5 mm, AP +2.5 mm), the primary somatosensory
cortex (S1: L + 2.5 mm, AP —2.5 mm) and secondary visual
cortex (V2: L £ 2.5 mm, AP —7.5 mm). The reference electrode
was placed in the cerebellum (Figure 1 A). Bipolar electrodes
were inserted into the neck muscles in order to record the
electromyogram (EMG). The electrodes were connected to a
plug that was bonded to the skull with acrylic cement. At the
end of the surgical procedutes, an analgesic (Ketoprofen, 1 mg/
kg, subcutaneously) was administered. Incision margins were
kept clean and a topical antibiotic was applied daily. After the
animals recovered from the preceding surgical procedures, they
were adapted to the recording chamber for one week.

Experimental sessions

All animals were housed individually in transparent cages
(40 x 30 x 20 cm) containing wood shavings in a temperature-
controlled room (21- 24 °C) with 12:12h light-dark cycle, light (50
lux) beginning at 08:00h (ZT0), with water and food ad /libitum.
The recordings were performed through a rotating connector, to
allow the rats to move freely within the recording box.

All the data was collected continuously over a 24h
period recordings starting at ZT0. Bioelectric signals were
amplified (X1000), the filters were set at 0.1 Hz and 200 Hz.
EEG and EMG activity were captured and stored directly on a
PC computer through a National Instruments data acquisition
card of 16 bits with a sampling rate of 1024 Hz by means of
DASYLab software (Measurement Computing). The animals
were left undisturbed during all the recordings.

Data analysis

Behavioral states were determined in 10 s epochs. W was
defined as low voltage fast waves in the frontal cortex, sometimes
with theta rhythm in occipital cortex and relatively high EMG
activity. Light sleep (LS) was defined as high voltage slow cortical
waves interrupted by low voltage fast electroencephalographic
activity, while slow-wave sleep (SWS) was identified by
continuous high amplitude slow (1-4 Hz) frontal, parietal and
occipital waves and sleep spindles combined with a reduced
EMG activity. For the daily power spectrum analysis, LS and
SWS were pooled together and classified as NREM sleep. REM
sleep was defined as low voltage fast frontal waves, a regular
theta rhythm in the parietal and occipital cortices, and a silent
EMG except for occasional myoclonic twitching;
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Figure 1. A) Representative scheme showing the position of the recording electrodes. The electrodes were referred to a common electrode that was located over the cerebellum (Cer).
M1, primary motor cortex; S1, primary somatosensory cortex; V2, secondary visual cortex; 1, right; 1, left. B) Polysomnographic recordings of a representative animal in wakefulness,
NREM sleep, and REM sleep. EMG: electromyogram. C) Representative hypnogram of the 24h period (0 is 8:00 AM: ZT0). The shaded area indicates the lights-off period.

In order to analyze the power spectrum in each EEG
channel, we used procedures like those applied in our previous
studies (e.g., 10). The power spectrum was estimated on Matlab
using the Welch function (Hamming window, window size 10
s, with an overlap of 2.5 s, a frequency sample of 1024 Hz and
a resolution of 0.5 Hz). The mean power of all 6 electrodes
and 7 rats, was used to calculate the relative power. This was
determined by dividing the power value for each frequency
band in each time point, by the sum of the total power for that
frequency in the 24 hs. Z transformations were made in order to
express the values as deviations from the mean. It is important
to note that in the REM sleep analysis the last hour was not
computed due to a coincidental lack of this behavioral state in
all animals during that period.

RESULTS

Polysomnographic recordings

The simultaneous electrocortical activity of different
brain areas was recorded continuously over a 24h period.
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Representative recordings of these areas during W, NREM, and
REM sleep are shown (Figure 1B). The polycyclic nature of the
sleep-wake cycle of the rat can be observed in a representative
hypnogram (Figure 1C). The animals showed a clear preference
for sleep during the light period (72% of total sleep time; 59%
in NREM and 13% in REM sleep) and to be awake at night
(61% in Wj; 32% in NREM and 4% in REM sleep).

Daily power spectrum during wakefulness

Figure 2A shows the hour-to-hour analysis of the percentage
of W the daily variation in the percentage of W is readily observed.

The EEG power spectrum during W has robust daily
variations, as shown in the spectrograms (grand average
of animals and channels) (Figure 2B and C). The main
observation was that diurnal and nocturnal W differ in their
electrocortical activity profiles. The relative power of the
high-frequency rhythms (30 - 200 Hz) was higher both at
the beginning (between ZT12 and ZT16) and at the end
of the dark phase, reaching values that were 2 to 3 standard
deviations (SD or Z-units) over the mean (Figure 2B).
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Figure 2. EEG relative power spectra during wakefulness. A) Percentage of time
spent in W throughout the 24h period. The shaded outline indicates 1 SD. The top
bar indicates light and dark periods. B) Z-score of the relative power spectrogram
of W during the 24h period. The black vertical line indicates lights-off onset. C)
Zoomed inset showing the Z-score of the relative power spectrogram for the 0-30Hz
band. ZT0 = 8AM. Panels B and C shate the same z-score color scale. All Y-axis
starting at 0.

In addition, their lower values were observed in the ZT4-ZT10
window (light phase). Inspecting the frequencies up to 30Hz we
observed higher relative power values (2 to 3 SD over the mean)
mainly from Z4 up to Z12 (Figure 2C). Note that from ZT8
to ZT12 there is a progressive increase in the relative power
of frequencies in the 12-30 Hz range. Another interesting
observation is that theta-band activity (5 to 9 Hz) seemed to be
faster during the nighttime.

Daily power spectrum during NREM sleep

As it is shown in Figure 3A NREM sleep predominates
during the light phase. During the light phase, from ZTO0
to ZT6, NREM was characterized by an increase in the
relative power of the activity up to 5Hz (mainly slow-wave
activity, SWA), and a decrease in the higher frequencies
(Figure 3B and C). From ZT8 a progressive increase in
power in 9-15 Hz oscillations (sleep spindles) was observed.
The SWA relative power reached a minimum value two hours
before lights-off. During the dark period, NREM was characterized
by an increase in the relative power of frequencies higher than 6
Hz and up to 200Hz (Figure 3B and C); however, these changes
were not homogenous throughout the night.

Daily power spectrum during REM sleep

Figure 4A shows the hour-to-hour analysis of the
percentage of REM sleep. This behavioral state was more
prominent during the light phase, no presence of REM sleep
was detected in the last hour of the recordings.
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Figure 3. EEG relative power spectra during NREM sleep. A) Top panel:
Percentage of time spent in NREM throughout the 24h period. The shaded outline
indicates 1 SD. The top bar indicates light and dark phases. B) Z-score for the relative
power spectrogram of NREM during the 24h period. The black vertical line indicates
lights-off onset. C) Zoomed inset showing the Z-score of the relative power
spectrogram for the 0-30Hz band. ZT0=8AM. Panels B and C share the same z-score
color scale. All Y-axis starting at 0.

The relative power spectrogram during the lights-on
period showed no marked changes in relation to the mean
(Figure 4B); however, it was highly variable during the dark phase.
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Figure 4. EEG relative power spectra during REM sleep. A) Percentage of time
spent in REM throughout the 24h period. The shaded outline indicates 1 SD. The
top bar indicates light and dark phases. B) Z-score for the relative power spectrogram
during the 24h period. The black vertical line indicates lights-off onset. C) Zoomed
inset showing the Z-score of the relative power spectrogram for the 0-30Hz band.
ZT0=8AM. Panels B and C share the same z-score color scale. All Y-axis starting at 0.
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In fact, the relative power of frequencies up to 30Hz changed with
short time increases and decreases over the mean. Also, the most
remarkable fact was the increase in the relative power of frequencies
in the 20-200 Hz range, at the end of the nighttime (Figure 4B).
During the day, theta frequency appears to be slower than during the
dark- phase. (Figure 4C). Note that the last hour in the spectrogram
is blank due to the lack of REM sleep during this period.

DISCUSSION

In this preliminary study, we performed a descriptive
analysis of the daily variations in the EEG power spectrum
(0.1 — 200 Hz) of W, NREM and REM sleep of the rat. We
demonstrated the presence of an important daily variation in
the spectrographic profile of both W and sleep. This variation
was evident both within and between the light and dark phases.

Previous studies showed diurnal variations in the EEG of
the rat on frequencies up to 30 Hz"*!". In fact, our results support
the pioneer studies of Rosenbetg et al.,'* and Steinfels et al’, that
showed that the highest spectral values can be found during the
day in the delta band for NREM sleep and in the theta band for
REM sleep. However, we chose to use relative power in order
to analyze differences within each frequency band throughout
the 24hs for each behavioral state. These previous studies were
limited to study frequencies lower than 30Hz, while in this report
we also analyze the higher frequencies (up to 200Hz).

Our results showed that diurnal W was heterogencous
with the main changes being a decrease in the relative power
of high frequency oscillations (> 30 Hz), and bouts of increase
in the relative power of slower rhythms. Nocturnal W was
characterized by a larger relative power in the high-frequency
rhythms (> 30 Hz) while slower oscillations, apart from the
theta band, showed not main changes. This result suggests that
nocturnal W presents greater cortical arousal than diurnal W.

Human electrocortical activity has been shown to exhibit
important diurnal and circadian variations. Cacot et al.”’ found a
clear diurnal variation in the power of EEG rhythms up to 30 Hz
during W, with maximum achieved at noon or in the afternoon.
In addition, classic studies by Kleitman have shown ultradian
differences in behavior during W, what was called basic rest-
activity cycle'; however, the electrophysiological counterpart of
this ultradian cycle has not been studied in detail.

Regarding NREM sleep, in comparison to nighttime,
diurnal activity presented a higher power in lower frequencies
(mainly below 5 Hz), while the power of the high frequencies (>
30 Hz) was lower. Hence, suggesting that NREM sleep during the
day is deeper than during the night. In accordance with Bergmann
et al?, our data showed that as NREM sleep time incteases,
slow-wave incidence and amplitude increase. Fluctuations in the
elctrocortical activity, probably reflecting the level of arousal, also
occur during night NREM sleep. In humans, a cyclic alternating
pattern (CAP), characterized by the regular alternation of EEG
patterns that represents a complex form of periodic activity, was
desctibed during NREM sleep see '*'°. In fact, Terezano et al.”,
showed the existence of a CAP in NREM sleep characterized by
changes at the level of arousal to sensory stimuli.
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An important fact, is that during W and NREM, an
opposite correlation between high frequency (> 30 Hz) and
low-frequency oscillations (mainly in the delta, 0.5-4 Hz band)
was evident. This result agrees with Maloney et al.'™® who showed
that gamma activity was negatively correlated with delta across
all behavioral states.

Regarding REM  sleep, our results showed a mostly
homogeneous profile during the light-phase. This is in accordance
with previous results by Botbély et al!, who showed no clear
variations in the relative EEG power density of REM during the
day. Hence, REM sleep is a highly stable behavioral state during
the light phase. During the night REM sleep the spectrogram
has a changing profile with alternations between bouts of slow
(< 20Hz) and high (30 - 200 Hz) electrocortical activity. Our results
agree with those of Steinfels et al.” where a clear increase in the
EEG spectral power was observed at the end of the dark period.
Finally, it was readily observed that during the first half of the light
period, the frequency of the peak of the theta band during REM
sleep was lower that in the datk period; probably this fact could be
related with a more active REM sleep duting the night".

CONCLUSIONS AND FUTURE DIRECTIONS

In the present report, we demonstrated a clear difference
in the power spectrum profile both in W and sleep during the
light and dark phases among a wide range of electrocortical
oscillations (0.1-200 Hz). However, further analysis needs to be
done in order to better understand if the observed variations
depend on external cues, circadian and/or homeostatic
process (processes C and S, respectively; see Borbély et al., 20).
Sleep deprivation, as well as recording in free-running conditions,
will be optimal to answer these interrogations.

In addition, another future direction is to perform a
detailed analysis of the daily variation of the activity of different
neocortical and archicortical (olfactory bulb) areas as well as of
their functional connectivity.
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