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Abstract

We review evidence challenging the hypothesis that memories are processed or consolidated in
sleep. We argue that the brain is in an unconscious state in sleep, akin to general anesthesia,

and hence is incapable of meaningful cognitive processing — the sole purview of waking
consciousness. At minimum, the encoding of memories in sleep would require that waking
events are faithfully transferred to and reproduced in sleep. Remarkably, however, this has
never been demonstrated, as waking experiences are never truly replicated in sleep but rather
appear in very altered or distorted forms. General anesthetics (GASs) exert their effects through
endogenous sleep-wake control systems and accordingly GAs and sleep share several common
features: sensory blockade, immobility, amnesia and lack of awareness (unconsciousness). The
loss of consciousness in non-REM (NREM) sleep or to GAs is characterized by: (1) delta
oscillations throughout the cortex; (2) marked reductions in neural activity (from waking) over
widespread regions of the cortex, most pronounced in frontal and parietal cortices; and (3)

a significant disruption of the functional connectivity of thalamocortical and corticocortical
networks, particularly those involved in “higher order” cognitive functions. Several (experimental)
reports in animals and humans have shown that disrupting the activity of the cortex, particularly
the orbitofrontal cortex, severely impairs higher order cognitive and executive functions. The
profound and widespread deactivation of the cortex in the unconscious states of NREM sleep or
GA would be expected to produce an equivalent, or undoubtedly a much greater, disruptive effect
on mnemonic and cognitive functions. In conclusion, we contend that the unconscious, severely
altered state of the brain in NREM sleep would negate any possibility of cognitive processing in
NREM sleep.

Graphical Abstract

Locations of waking/arousal-related cell groups of the brainstem and caudal diencephalon at
which general anesthetics exert anesthetic actions. They include the pontomesencephalic reticular
formation (PRF), locus coeruleus (LC), parabrachial nucleus (PB), tuberomammillary nucleus
(TMN) and orexin-containing cells of the lateral hypothalamus. General anesthetics have been
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shown to suppress the activity of each of these structures to induce anesthesia whereas their
activation (e.g., by electrical stimulation) hastens the recovery from anesthesia.

Keywords

Non-REM sleep (NREM); consciousness; general anesthetics; prefrontal cortex; functional
connectivity; cognition; memory

Introduction

While several functions have been proposed for sleep including shaping brain development,
energy conservation, removal of toxic wastes, modulation of immune responses, and
restitution of energy stores, the current dominant theory in the field is that sleep serves

a role in memory processing/consolidation (for review, Krueger et al., 2016; Zielinski et al.,
2016; Frank and Heller, 2019).

The notion that memories are processed or consolidated in sleep is an attractive one,

for among other reasons, it would suggest that time spent in sleep is not “wasted” but
serves the useful purpose of organizing (or reorganizing) waking experiences to strengthen
and/or integrate them into existing schema. In this sense, then, sleep would serve as an
offline processor, continuing to perform in sleep the same or similar functions of waking
consciousness. Under ideal conditions, the material acted on in sleep would be encoded and
incorporated into existing memaories to form new associations.

However, despite the attractiveness of this hypothesis, we believe that there is no compelling
or convincing evidence to support a role for sleep in the processing or consolidation of
memory — with memory defined as the ability to encode, store and retrieve information for
immediate or future use. We will argue that the brain during sleep is in an unconscious

state, akin to that under general anesthesia, and accordingly is incapable of meaningful
cognitive processing — the sole purview of waking consciousness. As recognized, cognitive
processing denotes the process of acquiring, storing, recalling, and utilizing information to
direct behavior.

We (Vertes and Eastman, 2000; Vertes, 2004; Vertes and Siegel, 2005) and others (Siegel,
2001; Pan and Rickard, 2015; Dringenberg, 2019) have previously challenged the now
seemingly entrenched view of sleep-dependent memory consolidation. The present treatment
revisits this controversial issue.

Although there are several views on precisely how sleep serves to promote memory
processing, it seems that at their core the various theories would maintain the following. The
cognitive content of waking can be: (1) accessed in sleep; (2) repeated (or replayed) in sleep;
(3) transformed in sleep; and (4) “improved” in sleep — rendering it more beneficial with,
than without, intervening sleep. In the latter case, this could involve the strengthening of
significant and/or eliminating insignificant material of waking. With the foregoing in mind,
we examine and dispute the claim that cognitive processing is possible in the unconscious
state of sleep — thereby challenging the sleep-memory consolidation (SMC) hypothesis
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(Stickgold, 2005; Stickgold and Walker, 2007; Rasch and Born, 2013; Poe, 2017; Sara,
2017).

Dreams — the sole window into the “cognitive” contents of sleep

If waking experiences are to be consolidated/enhanced in sleep, they would seemingly

need to be faithfully, or nearly so, repeated/replicated in sleep. While it has been reported
that patterns of neural activity of waking are reproduced in sleep, to possibly consolidate
them (Wilson and McNaughton, 1994; O’Neill et al., 2010; Deuker et al., 2013; Foster,
2017), fortunately for humans, one is not limited to such indirect measures, but can

directly compare the cognitive content of waking and sleep — through dreams. Dreams

are the sole window into the cognitive contents of sleep, and accordingly any claims that
waking material is transformed in sleep would reasonably look to dreams to understand
how this material is represented in sleep. A priori, it would seem (at minimum) that

any strengthening/consolidation of waking events in sleep (NREM/REM) would require
their nearly precise replication in sleep — as revealed through dreams. Accordingly, dream
mentation should closely resemble waking mentation — if waking events are to be accurately
represented in sleep. However, as clearly recognized, there is no correspondence between
waking experiences and the cognitive contents of sleep -- or dreams. This would indicate
either that the faithful (or undistorted) reproduction of waking experiences occurs outside of
dreams (which make up 30-50% of sleep) or that dream material becomes consolidated in
sleep — in our view an unlikely possibility.

While the hypothesis that sleep serves a role in memory processing has received
considerable recent attention, this is not a new (or even unreasonable) position. Freud
(1900), in fact, grappled with this issue, entertaining the possibility that sleep serves to
somehow enhance waking experiences. Freud, however, rejected this notion based on the
lack of correspondence (or mismatch) between the cognitive content of waking and sleep.
For instance, Freud (1900) stated that “It might perhaps occur to us that the phenomenon
of dreaming could be reduced entirely to that of memory: dreams, it might be supposed,
are a manifestation of a reproductive activity which is at work even in the night and which
is an end in itself.” Continuing, “But views of this sort are inherently improbable owing to
the manner in which dreams deal with the material to be remembered. As has been rightly
pointed out, dreams do not reproduce experiences. They take one step forward, but the next
step in the chain is omitted, or appear in altered form, or is replaced by something entirely
extraneous. Dreams yield no more than fragments of reproductions; and this is so general a
rule that theoretical conclusions may be based on it.”

Although admittedly much of an overstatement, the position that “theoretical conclusions”
can be based on the observation that “dreams do not reproduce experiences” may have, in
part, contributed to the development of psychoanalytic theory. Specifically, if dreams do not
reflect waking experiences (manifest content), they can only be understood by reference to
their latent (or hidden) content. Material hidden from consciousness (as in dreams) becomes
the “unconscious” or the product of the unconscious mind -- a cornerstone of psychoanalytic
theory. Unconscious material can be accessed through dreams, or as Freud famously stated:
“dreams are the royal road to the unconscious”. Without embracing psychoanalytic theories
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of the unconscious, it is nonetheless evident that dreams have a “life of their own,” or

are divorced from waking experiences. If waking events were, by some means, reproduced
in whole (or in large part) in sleep, the case could legitimately be made that waking
experiences are acted upon in sleep. However, waking experiences are not replicated in sleep
(or dreams), hence the impossibility of processing these experiences in sleep.

In detailed analyses of dreams and their meaning, the late Ernest Hartmann (2010)
concluded that dreams are constructions (or creations) and not replays of waking
experiences. Hartmann acknowledged, as generally accepted, that dreams sometime contain
elements (or fragments) of waking events (day residue) which can become incorporated into
dream scenarios. However, these episodes are not replicas of waking experiences but are
one of several elements woven into the dream narrative. Whereas Hartmann (2010) did not
discount the possibility that dreams could “faithfully” reproduce daytime experiences, he
indicated that he never observed this. Specifically, Hartmann noted that even the repetitive
dreams (or nightmares) of veterans suffering from post-traumatic stress disorder (PTSD)
were not precise replicas of waking experiences; that is, they “turn out on examination to be
creations, not simple replays of waking events”.

In a striking example of the degree of disconnect between waking and sleep mentation,
Hartmann and Brezler (2008) analyzed the dreams of 44 subjects immediately before and
after the tragedy of 9/11. In all, 880 dreams were examined -- 440 before and 440 after
9/11. Remarkably, of the 440 dreams examined after 9/11, none of them contained instances
of planes hitting buildings (or similar scenarios) even though as the authors indicated, all
participants had repeatedly seen images of the 9/11 events and were emotionally moved by
them. In fact, none of the post-9/11 dreams even contained elements resembling the actual
events, leading the authors to conclude that “even something as striking as the 9/11 attacks
do not appear in dreams as a replay”.

While almost everyone (of a certain age) has vivid memories of the events surrounding
9/11, it is evident from the foregoing, that the (relative) permanence of these memories does
not depend on sleep — as the events are not rehearsed, and hence processed, in sleep. As

the images of 9/11 were repeatedly shown on TV (waking replay), discussed, shared and
often recalled, it begs the question as to what more sleep could contribute to their encoding
— probably nothing. Finally, if such an emotionally charged event as 9/11 is not replayed

in sleep (and thus committed to memory through sleep) it seems very unlikely that less
emotionally charged, or relatively inconsequential, experiences are expressed and processed
in sleep.

Supporting the foregoing, Stickgold and colleagues (Fosse et al., 2003) systematically
examined the relationship between episodic events of waking and the cognitive content of
sleep and found virtually no correspondence. Specifically, they compared detailed accounts
of daytime activity to dream reports of 29 subjects over a 14-day period that included
locations, actions, objects, characters, themes, and emotions. Only 5 of 299 (1.4%) dream
reports of NREM/REM sleep were judged to be very similar to waking experiences and thus
possibly qualified as strong candidates for the transfer of episodic memories from waking

to sleep. Accordingly, Stickgold and co-workers concluded that the results “are consistent
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with evidence that sleep has no role in episodic memory consolidation”. Taking this further,
they stated that the “reactivation of episodic memories appears to be actively blocked during
sleep” (Fosse et al., 2003).

In summary, there is (virtually) no correspondence between the episodic experiences of
waking and sleep — even for highly-charged emotional events of waking that might be
expected to be represented in sleep. This lack of transfer of cognitive material of waking to
sleep would indicate that there is no access to waking experiences in sleep and as such no
ability to act on these experiences in sleep — to strengthen, weaken or integrate them into
existing memories.

While adherents of the SMC hypothesis might agree that waking events are not replicated
or processed in sleep through dreams, or that the contents of dreams become consolidated in
sleep, they might nonetheless argue that experiences of waking can be accessed, and hence
acted upon, in sleep outside of dreams. Although highly improbable, this would suggest
that waking experiences, through some unknown process, can be faithfully transferred from
waking to “dreamless” sleep -- even though these experiences manage to evade any probe of
cognitive processing in sleep. Accordingly, this would lead to the conclusion that material
which reaches consciousness in sleep (dreams) is not processed, while at the same time
holding that material that never reaches consciousness in sleep (whatever its nature) is
somehow processed and consolidated in sleep. The SMC position would seem to require
two parallel systems (seemingly sharing the same neural substrates during sleep) involved
in processing waking material in sleep: a “sleep conscious” system (dreams) which distorts
and imprecisely codes waking events, and a “sleep unconscious” system that faithfully
reproduces and consolidates waking experiences. If the latter system exists, surprisingly it
has so far escaped detection.

The following topics will be addressed in comparing sleep and general anesthesia (GA).
1. General anesthetics (GAs) operate through endogenous sleep control networks.

2. Cortical EEG activity of NREM sleep and GAs is very similar (or identical) in
animals and humans, dominated by delta activity in deep NREM sleep and GA.

3. Sleep and GA can partially substitute one for the other.

4 Widespread areas of the cortex are severely suppressed in NREM sleep and GA
— likely resulting in the significant disruption of normal (or waking) cognitive
functions in these states.

5. The functional connections (FC) of major forebrain networks are significantly
altered in NREM sleep and GA, likely producing a loss of functions normally
performed by these networks in the waking state.

NREM sleep and general anesthesia (GA): parallel states of
unconsciousness

Sleep and GA are similar states, sharing common defining features: immobility, sensory
blockade, amnesia and a lack of awareness (unconsciousness) (Table 1). The brain is an
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unconscious state in sleep — comparable to that under general anesthesia. General anesthetics
(GAs) alter consciousness by acting on the same neural substrates that are affected in sleep.

It is beyond the present scope to discuss the nature of consciousness (per se), as this

is a vast, controversial and currently unresolved issue (Crick and Koch, 2003; Lamme,
2006; Cohen and Dennett, 2011; Strauss et al., 2015; Sikkens et al., 2019). However, an
attractive hypothesis for consciousness is the predictive coding (PC) model which holds
that consciousness involves feedback (top-down) cortical influences which serve to detect
mismatches (deviance detection) between perceived and expected outcomes. Mismatches
gives rise to a characteristic P3B (of the P300) sensory evoked potential which reflects

the detection of so-called “global deviants” — a proposed measure of consciousness. In this
regard, Sikkens et al. (2019) recently stated “Upon loss of consciousness, detection of local
deviants remains, at least partially, present in the human brain. Detection of global deviants
is, on the other hand, absent during states of unconsciousness and deep sleep”. Strauss et
al. (2015) similarly reported that global responses (or mismatches) to auditory stimuli, as
reflected in the P300, vanished in NREM and REM sleep. According to this model, then,
consciousness is lost in sleep — as in the anesthetic state.

Whereas it is well established that memory and cognitive processing are blocked in the
unconscious state of GA (Alkire and Gorski, 2004; Franks, 2008; Wang and Orser, 2011,
Gross et al., 2019; Hemmings et al., 2019), this seemingly would be no less the case

for the unconsciousness of sleep. For instance, addressing the effects of GAs on memory,
Hemmings et al. (2019) recently commented that “Amnesia is one of the most sensitive
behavioral endpoints of anesthetic action, with memory blockade occurring at plasma
concentrations that are considerably lower than those required for unconsciousness and
immobility.” In effect, we contend that cognition is the sole domain of consciousness and
without consciousness there can be no cognitive processing — in sleep, general anesthesia or
coma.

In a recent review of neural substrates of anesthetized states, Lydic et al. (2018) described
what they termed the “shared circuit hypothesis” wherein the systems which evolved

to generate sleep/wake states became usurped to induce states of general anesthesia.
Essentially, over the course of evolution, species adapted to changing light-dark conditions
by developing rest-activity cycles and over time the circuity to generate sleep-wake

states. There was no evolutionary pressure to develop circuitries responsive to anesthetics.
Nonetheless, as was pointed out, anesthetics abolish wakefulness in fruit flies (which have
existed for several million years) as well as in humans, relatively new to the evolutionary
scene. This would indicate a conserved neural network, developed for controlling sleep/wake
states, that becomes responsive to anesthetics. The “shared circuit hypothesis” is similar to
the notion that anesthetics have “hijacked” sleep/wake control systems (see below).
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General anesthetics act on sleep/wake control systems: the arousal/

wakefulness network

As discussed below, GAs exert effects through endogenous sleep/wake control networks --
to inhibit waking systems and/or activate sleep “centers” to thereby suppress wakefulness
(Scharf and Kelz, 2013; Lydic et al., 2018).

Several excellent reviews have been devoted to a description of the neural circuitry
controlling sleep/waking states (Vertes, 1984, 1990; Datta and MacLean, 2007; Siegel,
2009; Datta, 2010; Jones, 2011; Brown et al., 2012; Saper and Fuller, 2017; Scammell et
al., 2017). In brief, the circuitry consists of mutual interacting wake/arousal nuclei of the
brainstem and caudal diencephalon and sleep “center(s)” of the ventral basal forebrain.

Of the “classic” sites contributing to wakefulness, we will focus on the pontomesencephalic
reticular formation (RF), the locus coeruleus (LC), the parabrachial nucleus (PB), the
tuberomammillary (TMN) nucleus and the orexinergic (ORX) cell group of the caudal
diencephalon. These nuclei are depicted in Figure 1. As described below, GAs that suppress
or enhance the activity of these structures prolong or hasten recovery, respectively, from
anesthesia (for review, Lu et al., 2008; Leung et al., 2014).

In a series of studies, Devor and colleagues (Sukhotinksy et al., 2016; Devor et al., 2016;
Minert and Devor, 2016; Minert et al., 2017) identified a region of the pontomesencephalic
RF, termed the mesopontine tegmental anesthesia area (MPTA), which when suppressed
produces an anesthetic-like state. Specifically, microinjections of the GABA agonist,
muscimol, or the anesthetics, sodium pentobarbital or propofol, into the MPTA, but not

into adjacent RF areas, rapidly induced an anesthetized state in rats (Devor et al., 2016;
Minert et al., 2017). In addition, rats with MPTA lesions were resistant to the administration
of these anesthetics (Minert and Devor, 2016).

The locus coeruleus (LC) serves a well-recognized role in arousal (Aston-Jones et al., 2001;
Carter et al., 2010; Sara and Bouret, 2012), and hence is a likely target for anesthetics. In
this regard, Vazey and Aston-Jones (2014) reported that the selective DREADD-induced
activation of noradrenergic LC cells (NE-LC) produced a shift in cortical EEG activity from
low (delta) to higher frequencies during maintainedisoflurane anesthesia and accelerated
emergence from this anesthetic. The effect was blocked by NE antagonists, and when given
alone antagonists prolonged the duration of anesthesia. While the effects of GA at LC likely
involve multiple LC targets, a critical one appears to be the central medial nucleus (CMT)
of thalamus. Specifically, Fu et al. (2017) showed that microinjections of NE into the CMT
significantly shortened the time of emergence from propofol anesthesia, and NE reversed a
propofol-induced suppression of CMT activity in the slice.

The parabrachial nucleus (PB), of the dorsolateral pons, is an important site in the arousal
circuitry (Fuller et al., 2011; Kaur et al., 2013; Qiu et al., 2016). Partial PB lesions markedly
reduce wakefulness, whereas near-total parabrachial destruction produces a coma-like state
(Fuller et al., 2011). Regarding PB’s role in anesthesia, Muindi et al. (2016) described
enhanced levels of c-fos expression in PB during the (passive) emergence from isoflurane
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anesthesia, and further reported that PB stimulation produced arousal and return of the
righting reflex during continuous isoflurane administration. Consistent with this, Luo et
al. (2018) demonstrated that PB activity was suppressed during propofol or isoflurane
anesthesia and strongly enhanced with emergence from anesthesia. Further, chemogenetic
PB activation significantly shortened the recovery time from these GAs (Luo et al., 2018).

Two hypothalamic nuclei prominently contributing to arousal/wakefulness are the
histaminergic tuberomammillary nucleus (TMN) and the ORX cell group of the lateral
hypothalamus (Saper and Fuller, 2017; Scammell et al., 2017), With respect to TMN and
GA, Nelson et al. (2002) described marked reductions in c-fos expression in the TMN to the
anesthetics, pentobarbital or propofol (which act via GABA receptors), and further showed
that injections of GABAx antagonists into the TMN attenuated the hypnotic response to
these anesthetics. In a similar manner, Luo and Leung (2011) reported that intracerebral
injections of histaminergic antagonists or selective lesions of histaminergic TMN neurons
prolonged the emergence from the GA, isoflurane.

Orexin serves a well-defined role in arousal (Brown et al., 2012; Jones, 2011; Saper and
Fuller, 2017; Scammell et al., 2017) and accordingly several reports have described the
effects of anesthetics on the orexin system (Kelz et al., 2008; Shirasaka et al., 2011,

Zhang et al., 2012; 2016; Zhou et al., 2018). In an initial study, Kelz et al. (2008) found
that isoflurane or sevoflurane suppressed c-fos expression of ORX cells, and that ORX-1
receptor antagonists, or the genetic ablation of ORX neurons, delayed the emergence from
these anesthetics. More recently, Zhang et al. (2016) similarly showed that ORX-1 receptor
antagonists prolonged the emergence from isoflurane anesthesia, and that administration of
orexin-A (acting on ORX-1 receptors) facilitated recovery from anesthesia. Finally, Zhou et
al. (2018) demonstrated that selective chemogenetic activation of ORX cells in orexin-Cre
transgenic mice significantly shortened the time of emergence from isoflurane anesthesia.

In summary, GAs act at major hubs of the arousal/wakefulness system to dampen activity to
induce/prolong anesthesia, or reversing GA effects hastens the emergence from anesthesia.
This indicates that GAs act through an endogenous wakefulness system.

General anesthetics act on sleep/wake control systems: the NREM sleep

network

As briefly discussed, switching between sleep and wake states involves reciprocal inhibitory
actions of wake control systems of the brainstem/diencephalon and sleep control networks,
mainly of the ventrolateral preoptic area (VLPO) and the median preoptic area (MnPO) (Fig.
2) of the ventrobasal forebrain (Saper et al., 2010; Brown et al., 2012; Saper and Fuller,
2017).

In an initial report, Tung et al. (2001) showed that injections of propofol into the

medial basal forebrain of rats, shortened sleep onset latencies and significantly increased
NREM and total sleep times. Supporting this, several studies have shown that various
anesthetics activate sleep-inducing VLPO neurons. For instance, Moore et al. (2012)
described enhanced levels of c-fos expression in VLPO of mice to the administration of
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the GAs, isoflurane or halothane, and further showed that isoflurane greatly increased

the activity of sleep-active VLPO neurons, whereas non-sleep related VLPO cells were
unaffected. In follow up study, Han et al. (2014) described increases in c-fos expression to
isoflurane or halothane in VLPO, and in the MnPO, but no changes in either nucleus to the
“nonimmobolizer”, 1.2, dichlorohexafluorocylobutane (F6), with anesthetic-like qualities.
Additionally, as the sleep-active VLPO neurons were GABAergic cells, isoflurane, but not
F6, enhanced c-fos expression of GABAergic VLPO neurons in the slice preparation.

Sleep-active VLPO cells contain various adrenergic receptors and are inhibited by NE
(Matsuo et al., 2003; Kumar et al., 2006). Examining the role of NE on the GA modulation
of VLPO neurons, McCarren et al. (2014) showed that microinjections of the a2-adrenergic
agonist, dexmedetomidine, into VLPO aroused isoflurane-anesthetized mice and reversed
isoflurane-elicited depolarization of VLPO neurons in the slice. As VLPO and NE-LC
reciprocally interact, Zhang et al. (2015) reported that rats with VLPO lesions were much
less sensitive to propofol anesthesia and that VLPO lesions reversed the inhibitory actions of
propofol on LC activity.

Finally, a recent report by Jiang-Xie et al. (2019) described a common substrate for GAs and
(NREM) sleep in the ventral preoptic area of the hypothalamus (Fig. 2). Specifically, they
identified a unique population of cells of the preoptic area of behaving mice which showed
enhanced c-fos expression to the GA isoflurane, and further demonstrated that a subset of
these cells (termed anesthesia-activated neurons, AAN) discharged at significantly increased
rates of activity to isoflurane — with the onset and offset of firing leading to the loss and
return to consciousness. AANs were localized to a region in and around the supraoptic
nucleus (SON), just caudal to VLPO, identified as the SON and para-SON region (Fig. 2).
Interestingly, AAN cells were activated by all anesthetics examined including isoflurane,
propofol, ketamine and dexmedetomidine. Regarding the effects of AANSs on sleep, it was
shown that: (1) the DREADD-induced activation of AAN cells strongly enhanced NREM
sleep; (2) brief optogenetic stimulation of AANSs similarly elicited sleep — with effects
lasting 10 min post-stimulation; and (3) the selective ablation of AANs profoundly disrupted
natural NREM sleep. The authors concluded that the findings “identify a common neural
substrate at the intersection of sleep and GA”.

In summary, in addition to direct anesthetic actions on the arousal/wakefulness circuitry,
GAs also act through a sleep promoting network of the preoptic area including VLPO,
MnPO and the recently identified SON and para-SON regions to induce anesthesia.

Cortical EEG activity in NREM sleep

If, as indicated, GAs act through the sleep/wake circuitry, the effects of GAs on cortical
EEG activity should be similar to that observed with natural sleep. As well recognized,

the progression from waking to (deep) sleep (stages 3/4) in humans involves an orderly
shift from low voltage, high frequency (LVHF) cortical EEG activity (beta/gamma) to

low frequency, high amplitude activity (delta) (Pace-Schott, 2009; Mendelson, 2017).
Specifically, the wake/NREM sleep cycle consists of the following: waking, L\VHF activity
in the beta/gamma range (15-100 Hz); stage 1 (NREM), low voltage activity, mixed with

J Comp Neurol. Author manuscript; available in PMC 2022 July 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vertes and Linley

Page 10

higher amplitude activity in the theta and alpha range; stage 2 (NREM), background of
mixed frequencies (comparable to stage 1) with superimposed K complexes and sleep
spindles (7 —14 Hz); stages 3 and 4 (slow wave sleep, SWS), low frequency, high amplitude
activity in the delta range (1-4 Hz), with delta waves comprising approximately 20% of the
record in stage 3 and greater than 50% in stage 4 sleep. Stages 3 and 4 are thus termed
delta sleep (Pace-Schott, 2009; Mendelson, 2017). The progressive decreases in frequency
and increases in amplitude of the cortical EEG from stages 1-4 of NREM sleep reflects

the descent into deeper stages of sleep. Unlike for humans, the sleep of rodents (and most
non-primate species) generally consists of a single NREM period (rather than discrete
stages) characterized by continuous low frequency, high amplitude (largely delta) activity of
the cortical EEG (Brown et al., 2012).

Cortical EEG activity in NREM sleep and GA are very similar, including progressive
frequency/amplitude changes in the descent from lighter to deeper states of anesthesia. The
popular notion that anesthetics “puts one to sleep” rings true.

Cortical EEG activity in general anesthesia in rodents

Guidera et al. (2017) recently examined the effects of the anesthetic, sevoflurane, on

the cortical EEG and behavior in rats, and showed that the transition to the anesthetic

state, determined by the loss of movement (LOM) followed by loss of the righting reflex
(LORR), was accompanied by abrupt changes in cortical EEG activity from beta/low gamma
oscillations (12—-40 Hz) to slow delta activity (0.1-4.0 Hz). Specifically, they recorded EEG
activity and local field potentials (LFPs) from the frontal (PFC) and parietal (PC) cortices
and the central thalamus (CT) and demonstrated: (1) a sharp decrease in beta/low gamma
coherence between the CT and the PFC with the LOM and (2) significant increases in delta
power and delta coherence for all sites (CT, PFC, PC) with the LOM, which became more
marked (delta power/coherence) with the LORR.

Flores et al. (2017) described a similar sequence of thalamocortical EEG changes with the
induction and recovery from the GA, propofol, in rats. During the initial stages of induction
of anesthesia, the cortical EEG was dominated by beta oscillations, which switched to alpha
with LORR and then to delta frequencies with the loss of movement (LOM). Thalamic

and cortical oscillations were highly coherent in the alpha and delta range with LORR and
the LOM, respectively. The sequence of events differed with the emergence from GA. In
contrast to the relatively slow stepwise progression from beta > alpha > delta oscillations
with induction, there was a relatively sharp transition from delta/alpha activity to beta
oscillations with emergence from GA -- with an associated loss of thalamic and cortical
coherence at low (delta) frequencies.

In one of the few such reports, Baker et al. (2014) compared patterns of thalamocortical
EEG activity under general anesthesia (with dexmedetomidine or propofol) and sleep in

the same group of rats. Specifically, they recorded LFPs and EEG activity from the central
medial (CMT) and ventrobasal (VB) nuclei of the thalamus and their cortical targets, the
anterior cingulate (AC) and barrel cortices, respectively, and described very similar changes
in pairs of the thalamocortical structures in the transition to GA or to NREM sleep. In brief,
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during the initial stages of GA or sleep, high frequency activity (of waking) switched to a
pattern of low frequency/high amplitude oscillations in all structures, with CMT leading the
other sites. When these states (GA or sleep) became fully established, marked by LORR
for anesthesia, a strong phase coupling at delta frequencies developed between the two
thalamic sites and their respective cortical regions, with the thalamic nuclei leading the
cortical structures by 90° for both conditions.

In summary, the progression to GA or to NREM sleep in the rat, with an associated LOC,
involves a shift from beta/low gamma activity in waking to progressively slower oscillations
with deepening states of GA or NREM sleep: alpha > theta > delta. This indicates that GA
and NREM sleep are similar states of unconsciousness.

Cortical EEG activity in general anesthesia in humans

In early reports, John and colleagues (Gugino et al., 2001; John et al., 2001) described
changes in the cortical EEG following the induction and subsequent LOC to the GAs,
sevoflurane or propofol. Specifically, with induction, there was a decrease in alpha activity
in posterior (or occipital) regions of the cortex together with a gradual shift from alpha/
beta to theta activity in frontal cortices. With the LOC, theta and particularly delta waves
predominated in the frontal cortex with subsequent spread to posterior regions of the cortex.

In a series of studies, Emery Brown and colleagues comprehensively examined the effects
of major classes of anesthetics on patterns of cortical EEG activity in humans (Purdon et
al., 2013, 2015; Akeju et al., 2014a,b; Akeju et al., 2016). With respect to the GA, propofol,
Purdon et al. (2013) reported that 10-30 sec following iv injections of propofol, the cortical
EEG changed from a (waking) pattern of beta/low gamma activity to slow delta oscillations
(0.1 — 5 Hz) which increased in power during approximately the first 5 min post-injection.
The changes in patterns of cortical EEG activity to propofol (and associated LOC) were
very striking, for they noted “the slow-delta oscillation amplitudes can be 5 to 20 times
larger than the gamma and beta oscillations” of wakefulness. With the gradual recovery from
propofol, the delta oscillations gave way to a mixed pattern of delta and alpha activity —
comparable to stage 2 sleep.

The spectral EEG characteristics to anesthesia induced with the major inhalation GAs
(sevoflurane, isoflurane, desflurane) are similar to those with propofol, with some notable
differences (Akeju et al., 2014b; Purdon et al., 2015). Principally, alpha activity is present
during the initial stages of induction with the volatile GAs, but as levels deepen, the EEG
becomes a mixture of delta, theta (~ 5 Hz) and alpha oscillations of generally equal power,
thus spanning an approximate 1-15 Hz frequency range. The presence of generally higher
frequency oscillations with hypnotic levels of the volatile anesthetics, compared to delta
with propofol, would suggest a lighter anesthetic state with these GAs — or comparable to
(or bridging) stages 2 and 3 of NREM sleep.

In one of the few comparisons of the cortical EEG during anesthesia and sleep in humans,
Murphy et al. (2011) reported that patterns of cortical EEG activity with the LOC were
essentially the same in GA or NREM sleep. Specifically, propofol anesthesia produced a
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shift in the frontal cortical EEG from alpha/low beta (12-25 Hz) activity to delta oscillations
— which were virtually indistinguishable from the delta oscillations of deep NREM sleep.
Accordingly, the authors concluded: “we observed no clear differences between the slow
waves observed during sleep and those recorded during propofol LOC.” In summary, the
equivalent patterns of cortical EEG activity in humans in general anesthesia and NREM
sleep further attests to the marked similarity of these unconscious states.

Interactions between sleep and anesthesia

If, as argued, anesthetics work through the sleep/wake network, GAs and sleep should
mutually influence each other — or at least partially, substitute for each other. In fact, this
was demonstrated by Tung, Mendelson and associates in a series of reports (for review,
Tung and Mendelson, 2004). In the first of the series (Tung et al., 2001), propofol was
continuously administered to rats for 12 hours during the light phase of the sleep/wake
cycle (normal rest phase) and rats were then allowed to naturally sleep. Importantly, they
reported decreasesin NREM sleep (and the power of delta) for the 4-hour period following
the termination of anesthesia — rather than an expected rebound /ncrease in NREM sleep

if rats were in fact sleep deprived during the 12-hour period of anesthesia. In effect, the
anesthesia substituted for NREM sleep, or according to the authors, anesthesia “was a
restorative process reversing the natural accumulation of sleep need that occurs during
wakefulness” (Tung et al., 2001). As anesthesia can affect sleep, sleep can also influence
anesthesia. Specifically, Tung et al. (2002) showed that 24 hours of sleep deprivation (SD)
in rats significantly shortened the induction time to isoflurane and propofol anesthesia,
indicating that sleep pressure enhances the effects of anesthetics. Finally, Tung et al. (2004)
reported that the recovery period (or rebound) from 24 hours of sleep deprivation was

the same for rats allowed to sleep or given propofol anesthesia (for 6 hours post SD),
showing that anesthesia, like sleep, serves a restorative function -- or the two processes are
interchangeable. In summary, the findings that sleep and GA can substitute for each other
further attests to the general equivalency of these two states.

The cortex/brain is in a very depressed state in NREM sleep

Several human imaging studies have shown that the cortex/brain is “deactivated” in NREM
sleep -- or activity is severely reduced from levels of wakefulness. For instance, a number of
early reports, using PET, described global decreases in glucose metabolism or cerebral blood
flow (CBF) ranging from 25-40% in NREM sleep compared to wakefulness (Buchsbaum et
al., 1989; Maquet et al., 1990; Madsen et al., 1991a). In a comprehensive PET examination
of regional differences in CBF in sleep, Braun et al. (1997) found major changes in

CBF in NREM and REM sleep from waking in structures throughout the brain including
the brainstem, basal forebrain, thalamus, amygdala, hippocampus/parahippocampus and
neocortex. Activity (CBF) decreased in most structures in NREM sleep from waking,

and with some notable exceptions (see below) increased in REM to equivalent or greater
levels than in waking. Specifically, activity was depressed virtually throughout the cortex in
NREM, most strongly in the parahippocampal, parietal and frontal cortices. CBF, however,
was not reduced in NREM in primary and secondary sensory cortices — or unimodal (non-
associative) sensory cortices. It was suggested that a minimal (“self-generating”) level of
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activity is maintained in these sensory areas in NREM to prepare (or prime) for sudden
arousal in sleep, but these (unimodal) sensory regions remain disconnected from higher
order association cortices in sleep to which they are functionally coupled in waking.

Braun et al. (1997) drew particular attention to their findings that regions of the cortex which
are strongly deactivated in NREM perform the highest order cognitive functions — with the
clear implication that these functions are lost in NREM sleep. They stated: “During normal
awake consciousness, the prefrontal cortices perform the highest order processing of neural
information, integrating sensory, cognitive and limbic information, organizing meaningful,
temporally sequenced behavioral responses and subserving working memory. The inferior
parietal cortices are involved in cross-modal association of perceptual material necessary

for higher order cortical activities such as language. The onset of non-REM sleep was
associated with dramatic and specific deactivation of these regions.”

Several subsequent imaging studies have similarly demonstrated a pronounced deactivation
of the cortex, particularly frontal cortical areas, in NREM sleep. For example, in a H,150
PET study, Hofle et al. (1997) found that activity was very depressed in the orbitofrontal and
cingulate cortices in NREM sleep but increased in primary/secondary visual and auditory
cortices — which they attributed to dream-like mentation in NREM sleep. Kajimura et al.
(1999) compared CBF in light and deep NREM sleep and showed that CBF was reduced

in frontal and parietal cortices in light NREM, and bilaterally throughout the cortex in

deep NREM sleep — except for primary visual and somatosensory cortices. The decreased
activity in light NREM sleep led the authors to conclude that: “deactivation of the high-order
association cortices, and selective deactivation of the language areas may take place during
the early stage of NREM sleep”.

Consistent with the foregoing, Maquet and colleagues (Maquet et al., 1997. Maquet, 2000)
reported that CBF was strongly reduced in NREM in the orbitofrontal, anterior cingulate
and precuneus regions of the cortex, with largest changes in the orbitofrontal cortex, but
they (nonetheless) observed that NREM sleep “profoundly affects the activity of the whole
cortex, not only in areas in which CBF is lowest” (Maquet, 2000).

A few recent reports have described changes in activity during sleep using fMRI -- blood
oxygen level-dependent (BOLD) changes (Czisch et al., 2004; Kaufman et al., 2006;
Tushaus et al., 2017). In accord with previous studies, Kaufmann et al. (2006) demonstrated
a specific sequence of changes (BOLD) in transitions to stage 1 (S1), stage 2 (S2) and deep
NREM sleep. In short, activity was significantly reduced in the posterior cingulate, right
insular and occipital cortices in S1, additionally in the frontal, parietal and temporal cortices
in S2, and finally, in the anterior cingulate, left insular and hippocampal regions in deep
NREM sleep. Tushaus et al. (2017) similarly reported that as sleep deepened, progressively
more structures showed reduced activity (BOLD) in NREM. The cortical regions exhibiting
the largest decreases in activity in NREM were the prefrontal, cingulate and precuneus
cortices.

In summary, the foregoing shows that: (1) the activity of virtually the entire cortex, including
the hippocampus, is suppressed in NREM sleep; (2) the deactivation of the cortex begins in
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light NREM (stages 1 and 2) and becomes progressively stronger (more structures, greater
suppression) with increasing depths of sleep; and (3) the cortical regions most profoundly
deactivated in NREM are the prefrontal/frontal, parietal, cingulate and precuneus cortices —
or those responsible for higher order cognitive processing.

A plethora of experimental studies in animals and humans have shown that disruption of
activity of the cortex, particularly the orbitofrontal, parietal or cingulate cortices, severely
impairs higher order cognitive and executive functions (for review, Goldman-Rakic, 1995;
Dalley et al., 2004; Barbas and Garcia-Cabezas, 2017; Eichenbaum, 2017). The global
deactivation of the cortex in NREM sleep would be expected to produce an equivalent,

or undoubtedly a much greater, disruptive effect on cognitive, mnemonic and executive
functions.

Higher order regions of the cortex are depressed in REM sleep

Fewer reports have examined metabolic activity/CBF in REM sleep than in NREM sleep
(Magquet et al., 1990; Madsen et al., 1991a,b; Maquet et al., 1996; Braun et al., 1997;
Maquet, 2000). Early reports described widespread increases in activity in REM from
NREM sleep, generally equal to levels of wakefulness (Maquet et al., 1990; Madsen et

al., 1991a,b). Examining regional differences in CBF across the sleep/wake cycle, Braun et
al. (1997) similarly reported that most areas of the cortex showed “rebound” increases in
activity in REM from depressed levels of NREM sleep (see above). Importantly, however,
activity over a relatively large area of the frontal and parietal cortex remained depressed in
REM sleep; that is, to levels of NREM sleep. With respect to this atypical pattern of cortical
activity in REM, Braun (1997) commented that the cortex is generally “active” in REM
sleep “with the specific exclusion of areas which normally participate in the highest order
analysis and integration of neural information”.

In like manner, Maquet and colleagues (Maquet et al., 1996; Maquet, 2000) described
increases in CBF in REM sleep from NREM in the pontine tegmentum, thalamus, the
amygdala, and the anterior cingulate and right parietal cortices, but “striking” reductions in
activity in REM over an extensive area of the cortex which included the right dorsolateral
PFC (Brodmann’s areas, 8-11 and 48), the left dorsolateral PFC (Brodmann’s areas, 10,
11, 46, 47), the right and left parietal cortex, the precuneus and posterior cingulate cortex.
Addressing the functional significance of this pattern of cortical deactivation in REM,
Magquet et al. (1996) stated that: “Dorsolateral prefrontal areas and precuneus have been
shown to participate in the encoding and retrieval of episodic memory, whereas the inferior
parietal lobules (and prefrontal areas) participate in working memory. Our results suggest
that these memory processes are not prominent during REM sleep”.

In summary, the pronounced suppression in REM sleep of several cortical regions serving
higher order cognitive and executive functions would indicate that higher order functions are
lost in REM sleep -- as they are in NREM sleep.
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Disruption of functional connectivity (FC) of the brain/cortex with general

anesthetics

General anesthetics have been shown to produce global reductions in activity of the brain
ranging from 30 to 65%, with large decreases in CBF/glucose metabolism in frontal, parietal
and cingulate cortices (Alkire et al., 1995, 1997; Vesalis et al., 1997; Fiset et al., 1999).
Further, GAs also significantly disrupt communication between structures (or networks) of
the brain — or their functional connectivity (FC) (for review, Heine et al., 2012; Hudetz,
2012).

Using fMRI, Boveroux et al. (2010) initially reported that propofol significantly reduced
functional connectivity (FC) within and between two well-characterized frontoparietal
resting state networks (RSNs): the default mode network (DMN) and the executive control
network (ECN) (Greicius et al., 2003; Fox et al., 2005; Seeley et al., 2007). By contrast,
connectivity was preserved in (lower order) visual and auditory systems. Schrouff et al.
(2011) similarly demonstrated a propofol-induced disruption of the DMN as well as several
additional networks including motor, attentional and salience networks, with connections
between frontal-parietal and parietal-temporal areas most severely affected. In like manner,
Schroter et al. (2012) described “brain wide” reductions in spatiotemporal (functional)
interactions to propofol, with marked disruptions of long range corticocortical connections.
Finally, Guldenmund et al. (2016) confirmed widespread decreases of FC with propofol,
showing reductions in connectivity for eight RSNs — with each containing a frontal cortical
component.

Similar to propofol, the volatile anesthetic, sevoflurane, also significantly alters cortical
functional connections (Deshpande et al. 2010; Martuzzi et al. 2010; Ku et al., 2011;

Huang et al. 2014; Palanca et al. 2015; Ranft et al., 2016). In initial fMRI studies,
Deshpande et al. (2010) reported that sevoflurane disrupted the entire DMN network,

while Martuzzi et al. (2010) showed that “higher order” systems were particularly
vulnerable to sevoflurane, especially memory circuits. More recently, Palanca et al. (2015)
described cortical-wide decreases in activity (BOLD) with sevoflurane, particularly for
structures of the DMN and ventral attention (VAN) networks. For instance, they reported

a breakdown in FC along the anterior/posterior axes of the DMN and VAN networks --

and between the thalamus and these networks. Regarding functional implications, Palanca et
al. (2015) noted that disruptions of cortical FC involves (or underlies) all forms of altered
consciousness stating that: “disorders of consciousness, absence epilepsy, slow wave sleep,
and propofol and sevoflurane anesthesia are all associated with reduced correlation between
the posterior (posterior cingulate/precuneus cortex, PCC) and anterior (medial prefrontal
cortex) components of the DMN”.

In summary, GAs significantly disrupt functional connections of several cortical networks,
particularly higher order resting state networks. Associated with the loss of FC, is a
corresponding loss of functions normally performed by these higher order networks.
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Disruption of functional connectivity (FC) of the cortex during non-REM

sleep

Massimini et al. (2005) were among the first to describe a breakdown in cortical FC in sleep,
showing that the transcranial magnetic stimulation (TMS)-induced propagation of activity
from the premotor cortex to distant cortical sites was disrupted in NREM sleep but not in
waking -- or effects remained local in NREM sleep. Using fMRI, Horovitz et al. (2009)
reported that FC with the DMN was significantly altered in NREM; specifically, anterior
(PFC) and posterior (posterior cingulate/precuneus) regions of the DMN were strongly
decoupled in NREM sleep. Spoormaker and colleagues (Spoormaker et al. 2010, 2012;
Samann et al., 2011) described changes in FC in light and deep NREM sleep, showing
initial sharp reductions in thalamocortical FC at the onset and early stages of NREM
sleep and a marked breakdown of frontoparietal connectivity in deep NREM sleep. The
frontoparietal disconnection was depicted as a complete disintegration of frontoparietal
networks in NREM which “are associated with some of the most complex cognitive
functions in humans” (Spoormaker et al., 2012).

More recently, Picchioni et al. (2014) reported that the central median nucleus of thalamus
becomes functionally disconnected from several higher order cortical regions in NREM
sleep including the medial frontal gyrus, PCC/precuneus and parahippocampal gyrus. This
was characterized as a functional thalamic deafferentation of the cortex in NREM, and
likened to that occurring in general anesthesia and coma. Finally, Jobst et al. (2017)
described a large-scale breakdown in the functional (or effective) connectivity of the brain in
NREM sleep, showing, in effect, that communication between regions of the brain becomes
“constrained” (or local) in NREM sleep — as opposed to cross-regional in waking states.

In summary, like GAs, the FC among major cortical networks, particularly higher order
structures/networks, are significantly disrupted in NREM sleep. The loss of FC of higher
order networks in NREM would indicate a loss of higher order functions in NREM sleep.

Comparisons of sleep and GA states in rodents and humans

As was pointed out, NREM sleep for rodents essentially consists of a single stage, whereas
that for humans it consists of four stages (1-4) -- with stages 3/4 termed slow wave sleep
(SWS). Despite this difference, the deep stages of NREM sleep for both rodents and humans
are characterized by delta activity (1-4 Hz) of the cortical EEG. GAs similarly produce delta
EEG activity EEG in both species. The virtually identical patterns of cortical EEG activity to
GAs and NREM sleep for rodents and humans suggests that these unconscious states (with
GAs or in NREM sleep) are essentially the same for both species.

We described the neural circuitry controlling sleep-wake states and showed that GAs

exert their effects through modulating endogenous sleep-waking control systems (Figs.
1,2). Whereas understandably research on the neural substrates for sleep-wake control has
predominantly been done on lower animals (mainly rodents), it was clear from even the
early (and oft cited) work of von Economo (1930) with encephalitis patients that the human
brain contains wake and sleep “centers”, located in the caudal hypothalamus and basal
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forebrain, respectively. It has further been reported that GAs act on sleep-wake “centers”
to induce anesthesia in humans. For instance, Zhang et al. (2010), using fMRI in humans,
described marked decreases in activity in the posterior hypothalamus to the GA propofol.

We reviewed several reports in humans, using imaging techniques, that described: (1)
general reductions in activity in higher order cortical structures of the (human) brain in
NREM sleep and to GAs; and (2) the loss of functional connectivity (FC) among forebrain
networks in NREM sleep and GA. Considerably fewer reports have examined the functional
connectivity of forebrain networks in rodents and exceedingly few have compared the effects
of GAs on these networks in rodents with reference to sleep/wake states. However, in one
such study. Paasonen et al. (2018) showed that several GAs disrupted the FC of frontal
regions of the DMN network and commented that “as non-rapid-eye-movement sleep and
anesthesia share many similarities in neurophysiology and brain activity, our observations
suggest similarities in DMN modulation”.

Conclusion and implications

Point 1:

Point 2:

The present report addresses fundamental issues which cast doubt on the involvement of
sleep in cognitive processing, mainly: (1) the lack of transfer of waking experiences to sleep
in humans; and (2) the suppression of cognitive processing in the parallel unconscious states
of general anesthesia (GA) and NREM sleep.

If waking experiences were to be processed and consolidated in sleep it would be expected
that waking experiences/events would be faithfully represented in sleep — but they are

not. As well recognized, the verbal reports of the cognitive contents of consciousness of
sleep (dreams), with spontaneous or forced awakening from sleep, bear no resemblance

to waking experiences. This lack of transfer of waking experiences to sleep would seem

to negate any possibility of waking experiences being consolidated in sleep, since these
experiences are not represented/reproduced in sleep — to be acted upon. It could be argued
that waking events could be transferred unconsciously from waking to sleep and processed
unconsciously in sleep -- or without surfacing to consciousness, as in dreams. While

this is conceivable, it seems highly unlikely that waking experiences which never reach
consciousness in sleep would be faithfully (or exactly) reproduced in sleep when material
that reaches consciousness in sleep (and can be verbalized) is completely unrepresentative of
waking experiences.

Aside from the fact that sleep is more readily reversible than general anesthetics, the
unconscious states of sleep and GA are very similar. As depicted in Table 1, NREM

sleep and general anesthesia (GA) exhibit the following common characteristics: sensory
blockade, immobility, amnesia, and lack of awareness (unconsciousness). In addition,

GAs exert their effects by suppressing “wake control” systems of the brainstem/caudal
diencephalon (Fig. 1) and by activating “sleep control” systems of the medial basal forebrain
(Fig. 2). In effect, NREM sleep and GA share common neural substrates. Further, it has
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been shown that: (1) widespread areas of the cortex, primarily the prefrontal/frontal, parietal,
cingulate and precuneus cortices, are severely depressed in NREM sleep and GA; and (2) the
functional connectivity (FC) within and across major cortical networks, including the default
mode network (DMN), executive control network (ECN) and ventral attention network
(VAN), are profoundly disrupted in NREM sleep and GA. This would indicate that these
“higher order” cortical regions are non-functional (or offline) in both NREM sleep and GA.
As has been thoroughly demonstrated in experimental studies in animal and humans, the
disruption of activity of these same cortical regions severely impairs mnemonic, cognitive
and executive functions. Whereas few would argue that memory and cognitive functions are
blocked in the unconscious state of general anesthesia, we would argue that the same is true
for the unconscious state of NREM sleep. To conclude, we contend that there is no cognitive
processing in the unconscious, anesthetic-like, state of NREM sleep.
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Figurel.
Locations of waking/arousal-related cell groups of the brainstem and caudal diencephalon

at which general anesthetics (GAs) exert anesthetic actions. They include the
pontomesencephalic reticular formation (PRF), locus coeruleus (LC), parabrachial nucleus
(PB), tuberomammillary nucleus (TMN) and orexin-containing cells of the lateral
hypothalamus (LHy). Abbreviations: 3V, third ventricle; AQ, cerebral aqueduct; CMT,
central medial thalamic nucleus; DR, dorsal raphe nucleus; fx, fornix; LD, laterodorsal
nucleus of the thalamus; LDT, laterodorsal tegmental nucleus; LGN, lateral geniculate
nucleus of the thalamus; LP, lateral posterior nucleus of thalamus; MD, mediodorsal

nucleus of thalamus; ml, medial lemniscus; MR, median raphe nucleus; PAG, periaqueductal
gray; PH, posterior hypothalamus; PSV, principal sensory nucleus of trigeminal nerve;

PV, paraventricular nucleus of thalamus; RE, nucleus reuniens of thalamus; RF, reticular
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formation; RM, raphe magnus, RPC, reticularis pontis caudalis; RT, reticular nucleus of
thalamus; V, motor nucleus of trigeminal nerve; VB, ventrobasal complex of thalamus; VM,
ventromedial nucleus of thalamus; VTN, ventral tegmental nucleus; ZI, zona incerta.
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Figure 2.

Locations of NREM sleep “centers” of the basal forebrain at which general anesthetics
(GAs) exert anesthetic actions. They include the ventral lateral preoptic area (VLPO),

the median preoptic area (MnPO), the supraoptic nucleus (SON) and the para-SON area.
Abbreviations: 3V, third ventricle; aco, anterior commissure; AHN, anterior hypothalamus;
BST, bed nucleus of stria terminalis; fx, fornix; LHy, lateral hypothalamus; LPO, lateral
preoptic area; MPN, medial preoptic nucleus; MPO; medial preoptic area; och, optic chiasm;
opt, optic tract; PVh, paraventricular nucleus of hypothalamus; sm, stria medullaris.
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Table 1.

Direct parallels between the unconscious states of NREM sleep and general anesthesia (GA)

NREM sleep | GA
Sensory Blockade v v
Immobility v v
Amnesia v v
L oss of Consciousness v v
Common Neural Substrates See Fig 1 and 2 v v
Cortical EEG - Rodent 1-4 Hz Delta | 1-4 Hz Delta
Cortical EEG - Human 1-4 Hz Delta | 1-4 Hz Delta
Widespread Cortical Suppression v v
Disruption of Functional Connectivity of Higher Order Cortical Areas | v/ v
Cognitive Processing no no
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