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Sevoflurane is presently one of the most used inhaled anesthetics worldwide. However, the mechanisms through which sevoflurane acts and the areas of the brain associated with changes in consciousness during anesthesia remain important and complex research questions. Sevoflurane is generally regarded as a volatile anesthetic that blindly targets neuronal (and sometimes astrocyte) GABAA receptors. This review focuses on the brain areas of sevoflurane action and their relation to changes in consciousness during anesthesia. We cover 20 years of history, from the bench to the bedside, and include perspectives on functional magnetic resonance, electroencephalogram, and pharmacological experiments. We review the interactions and neurotransmitters involved in brain circuits during sevoflurane anesthesia, improving the effectiveness and accuracy of sevoflurane’s future application and shedding light on the mechanisms behind human consciousness.
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1. INTRODUCTION

Sevoflurane has been one of the most widely used inhaled anesthetics in a variety of surgery interventions over the past 30 years (O’Keeffe and Healy, 1999). This drug presents several advantages, including quick onset, fewer side effects, less irritation, and lower blood gas ratio compared to other inhaled anesthetics (Ghatge et al., 2003). Despite its importance in modern volatile anesthesia, the precise mechanism through which sevoflurane induces general anesthesia, and which parts of the brain are associated to induce loss of consciousness remain unknown.


1.1 Previously mentioned pathway of sevoflurane anesthesia

Some previous reviews covered the influence of drugs or the pathological caused inactivation of different brain areas exposed to general anesthetics based on pharmacological experiments and the function of these brain regions and explored the relationship between conventional sleep-wake structures and anesthetic action pathways (Franks, 2008; Brown et al., 2010; Leung et al., 2014). According to previous research, sevoflurane acts on GABA receptors throughout the brain in a similar manner to inhalation anesthetics (Hemmings et al., 2019). Such anesthetics can affect the pons, midbrain, and hypothalamus, inhibit the ascending reticular activating system, diminish the output of the arousal pathway to the cortex, and finally cause atonia (Brown et al., 2011). Previous evaluations mostly ignored the differences in brain regulation of various anesthetics and instead concentrated on the similar action pathways of anesthetic medicines, such as the fronto-parietal circuit and thalamus (Hudetz, 2012). Only a tiny part of the connections between brain regions in the previous reviews is certainly related to the conscious changes induced by sevoflurane. The current review will concentrate on the linkages between the brain’s regions that have been linked to sevoflurane anesthesia throughout the previous 20 years. Some recently identified circuits, including the midbrain dopaminergic pathway, significant arousal nuclei in the thalamus, hypothalamus, and pons, will also be discussed on their involvement in sevoflurane in addition to classical pathways including fronto-parietal and thalamocortical circuits. We begin by showing the brain connections associated with sevoflurane anesthesia in the schematic diagram (Figure 1).
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FIGURE 1. Main connections in brain areas related to conscious changes during sevoflurane anesthesia; not all connections are shown. The connection between the prefrontal cortex (PFC) and parietal cortex (PC) participates in fronto-parietal network. PFC provides descending projections to bed nucleus of stria terminalis (BNST), nucleus accumbens (NAc), centromedial nucleus of the thalamus (CMT), and receives inputs from the ventral tegmental area (VTA), locus coeruleus (LC). CMT receives input from LC, and PFC and outputs to NAc. The preoptic area (POA) connects with LC and projects to NAc. Indirect projections from the suprachiasmatic nucleus (SCN)-dorsomedial hypothalamic nucleus (DMH)-LC function as an arousal system in the brain. VTA provides dopaminergic projections to NAc. LC outputs noradrenergic projections over the whole brain. BNST receives glutamatergic input from the parabrachial nucleus (PBN). NAc projects to BNST may participate in the consciousness changes during sevoflurane anesthesia. Excitatory neurotransmitters: Glu, glutamate; DA, dopamine; NE, norepinephrine; Ach, acetylcholine. Inhibitory neurotransmitters: GABA, γ-aminobutyric acid.





1.2 Tools in sevoflurane anesthesia research

Sevoflurane anesthesia has a close correlation with the state of consciousness accompanied by loss of consciousness (LOC) and recovery of consciousness (ROC). In humans, consciousness is manifested by processing and integrating external information (Tononi, 2004), whereby anesthesia results not only in a lack of response to the environmental stimuli but also in the uncoupling between external information and individuals (Sanders et al., 2012). Hence, a universally used measure of LOC is the lack of movement in human subjects.

EEG is commonly used to evaluate the state of consciousness under anesthesia more accurately in many surgical contexts, as well as in experimental settings measuring the activity of brain areas in model animal organisms during sevoflurane anesthesia. Typically, this is achieved through a series of monitoring indicators derived from EEG, such as bispectral index, 95% spectral edge frequency, median frequency, and entropy index (Silva et al., 2018). In addition, the righting reflex (RR) is the most commonly used behavioral indicator in sevoflurane experimental settings to assess animal consciousness, with the loss of the righting reflex (LORR) and the recovery of the righting reflex (RORR) representing LOC and ROC, respectively (Gao and Calderon, 2020). The time-consuming and minimum alveolar concentration (MAC) of LORR or RORR is the most common way to illustrate the sensitivity of the experimental animals in sevoflurane studies.

By precisely modulating the neurons in particular brain regions, optogenetics, chemogenetics, and electrical stimulation can aid researchers in better understanding the function of brain regions in regulating consciousness while investigating brain regions related to anesthesia. These techniques can target a particular type of neuron or glial cell and investigate how it regulates anesthesia (Melonakos et al., 2020).

Sevoflurane can be a useful tool for researching the brain regions associated with consciousness since it is so closely linked to changes in consciousness. This can assist make the application of sevoflurane during surgeries more precise and tailored. The therapeutic use of sevoflurane and upcoming research on the mechanisms of anesthesia and awareness will benefit greatly from a review that compiles the most recent studies on the potential modification of brain areas during sevoflurane anesthesia.




2. BRAIN AREAS AND CIRCUITS


2.1 Thalamocortical circuit

The thalamocortical circuit is vital for the regulation of LOC and ROC during sevoflurane anesthesia. The increase of K+ current, partial cortical deafferentation, and broken balance between excitation and inhibition may lead to instability of the thalamocortical network, resulting in unconsciousness (Massimini et al., 2012). The use of electrodes to stimulate the ventrobasal nucleus of the mice’s thalamus leads to the depolarization of the cortex. In contrast, the application of sevoflurane significantly decreased the intensity and degree of cortical depolarization, and prolonged thalamocortical signal transmission induced by stimulating the ventrobasal nucleus of the mice thalamus in a dose-dependent manner (Kratzer et al., 2017). Moreover, recording the EEG of the prefrontal cortex (PFC) and central thalamus (CT) under low-dose sevoflurane revealed amplification of intracranial local field potentials of PFC-CT and intracranial beta/low gamma (12–40 Hz) coherence of PFC-PFC. Slow delta oscillations (0.1–4 Hz) gradually became dominant in response to a higher dose of sevoflurane to induce LORR, with significant decreases in PFC-CT beta/low gamma coherence and EEG activity (Guidera et al., 2017). Instead of a holistic function pattern, different components of the thalamocortical circuit may take on a distinctive role in sevoflurane anesthesia (Velly et al., 2007). For example, during maintained sevoflurane anesthesia, EEG values decreased dramatically at LOC but electrography thalamus values remained unchanged. Moreover, electrography of the thalamus more precisely predicts motor response movements. Different electrography assays of the cortex and thalamus in response to sevoflurane administration suggest that changes in consciousness during sevoflurane anesthesia are mainly connected to the cerebral cortex, while thalamic anesthetic agents regulate the inhibition of movement response to nociceptive stimulus. However, it should be noted that subcortical electrogenesis may be defective in measuring the activity of deep brain structures while being efficient for detecting cortex activity (Jäntti et al., 2008), due to the use of only two electrodes. Hence, measuring cortical and subcortical structural functions during sevoflurane anesthesia requires more precise electrosubcorticograms and experimental inactivation of relevant brain regions.


2.1.1 Neocortex

Increased extracellular concentration of dopamine was found in rat cortical slices after sevoflurane application, independent of the intracellular and extracellular Ca2+ concentration, demonstrating cortical effects of sevoflurane (Silva et al., 2007). Neocortical neurons show high-frequency action potential firing and episodes of low discharge activity among the connections between different regions of the neocortex, which has been linked to the state of consciousness during sevoflurane anesthesia (Drexler et al., 2013). The connectivity and integration across the frontal and parietal cortices have a crucial relationship to both LOC and ROC, whereby the connectivity between these two brain regions is regarded as the foundation for conscious changes during anesthesia (Alkire et al., 2008), including sevoflurane-induced unconsciousness. Comparisons of functional magnetic resonance images between patients anesthetized with sevoflurane and those presenting with brain injury showed that a discrepancy between the sensory and motor areas, their overall similarity, and dynamic change were closely associated with complete consciousness linked to the activity of the fronto-parietal network (Golkowski et al., 2021). In fact, the whole prefrontal cortex seems to have a significant correlation with consciousness, including the dorsomedial, dorsolateral and ventromedial prefrontal cortices, as measured by fisher scores by using vector machines. At the same time, sevoflurane anesthesia in humans has been linked to reduced connectivity between the middle frontal gyrus, the right fronto-parietal network, and the intraparietal regions of the brain (Golkowski et al., 2019). Functional magnetic resonance imaging had shown similar results in a change of consciousness studies during sevoflurane anesthesia in monkeys (Uhrig et al., 2018). While awake, a network of positive correlations is formed between the anterior and posterior cingulate cortices, the dorsomedial prefrontal cortex, and other visual, auditory, and motor areas of the brain. After sevoflurane anesthesia, the average coupling in the above brain regions decreased. More precisely, sevoflurane significantly isolated visual field areas and premotor areas in the frontal cortex from frontal-cingulate and fronto-parietal connections. However, the drug did not simply produce inhibition or isolation effects but also preserved (and even enhanced) functional connectivity within the frontal cortex. When brain structural rearrangement occurs, some local connections are expendable in order to preserve the main connections and brain function. In fact, the hierarchical disruption of the cortex is a feature of sevoflurane anesthesia, as shown by intrinsic ignition analysis. The affected areas include the cingulate cortex, the parietal cortex, the right frontal eye field, the left parahippocampal cortex, and the left primary somatosensory cortex (Signorelli et al., 2021). These results indicate that the entire fronto-parietal-cingulate network participates in the regulation of changes in consciousness changes during sevoflurane anesthesia.

Frequency alterations on the EEG also showed effects on cortical areas regulating the state of consciousness during sevoflurane anesthesia, with increased delta, theta, and alpha, and decreased beta and gamma. After analyzing the normalized symbol transfer entropy of the fronto-parietal network, the EEG showed that the decreasing feedback dominance and asymmetrical feedback/feedforward of the fronto-parietal network in baseline conscious and unconscious states were involved in the neural correlation of sevoflurane-induced unconsciousness. This also demonstrated that sevoflurane anesthesia caused disruption of the fronto-parietal network connectivity (Lee et al., 2013). The differences in the fronto-parietal network during sevoflurane anesthesia occur in both adults and infants, with the delta oscillation being predominant in the latter during both the maintenance and emergence periods. Global modularity increases and complexity decreases during the maintenance period of sevoflurane anesthesia as compared to the emergence period, with a significant difference in delta oscillatory connectivity of the fronto-parietal network (Pappas et al., 2019). In rats, both frontal and parietal EEG showed a coherent slow delta (0.1–4 Hz) during sevoflurane-induced unconsciousness. The increase of coupling appeared on delta-low gamma and theta-low gamma, restoring consciousness to the baseline of awake levels during the recovery period after sevoflurane anesthesia (Pal et al., 2017). Furthermore, low doses of sevoflurane increase the power of beta-low gamma in frontal and parietal EEG in the first minutes of LOC (Guidera et al., 2017). These EEG results indicate the involvement of the fronto-parietal network in sevoflurane-induced paradoxical excitation.

However, further studies on interlobar connectivity challenge the idea that drug-mediated unconsciousness reflects the functional integration of the cerebral cortex (Pal et al., 2020). On the one hand, the observed changes may be simultaneously caused by different conscious states and drug use. On the other hand, the limitation occurs when cortical connectivity, dynamics, and oscillations are adopted to estimate the level of consciousness. Cholinergic stimulation of the prefrontal cortex restores consciousness and induces awakening-like movements in rats, but does not alter the consciousness state in parietal regions (Pal et al., 2018). A growing amount of evidence demonstrates there are differences between the frontal and parietal regions in the modulation of consciousness changes induced by sevoflurane. For example, gamma connectivity of the prefrontal cortex did not recover after the emergence period following sevoflurane anesthesia with carbachol, suggesting that intercortical correlations and fronto-parietal connectivity at high gamma levels were associated with physical awakening. In addition, high gamma values of the fronto-parietal connectivity were more likely mediated by non-cholinergic mechanisms, while theta connectivity was associated with the level of cortical acetylcholine. Behavioral experiments showed that inactivated prefrontal and parietal cortices in mice could reduce the time of LORR, but only animals with an inactivated prefrontal cortex showed prolonged RR recovery time. These discrepancies highlight the frontal and parietal cortices as two discrete functional units, which roles need further studying (Pal et al., 2016; Huels et al., 2021).



2.1.2 Thalamus

The centromedial nucleus of the thalamus (CMT) is a prominent population of cells of the rostral intralaminar complex that projects to most regions of the cortex, the striatum, the olfactory tubercle, and other basal nuclei. CMT may play a role in cognitive, affective, and sensorimotor functions associated with motion and non-specific arousal (Van der Werf et al., 2002; Vertes et al., 2012). Continuous sevoflurane exposure and activation of nicotinic acetylcholine receptors in the CMT led to RORR and mobility in animal models. While the application of methylamine, which is a nicotine antagonist, did not reduce the dosage of sevoflurane necessary to induce LORR, the awakening effect of nicotine was thoroughly eliminated. Furthermore, no significant arousal effects were observed after microinjecting nicotine into the paraventricular nucleus (PVN), the ventrolateral nucleus, the reticular nucleus, or the hippocampus (Alkire et al., 2007). However, experimental validation is necessary to effectively rule out these regions of the brain from being associated with consciousness modulation during sevoflurane anesthesia (Yatziv et al., 2020). In addition, the lack of observable and significant arousal effects might be due to sevoflurane anesthesia modulation through other neurotransmitters.

The Kv1 family of shaker-related (delayed rectifier) potassium channels is a sensitive molecular target of sevoflurane in CMT. Sevoflurane-anesthetized rats injected with the Kv1.2 antibody into the CMT showed partial movement recovery or RORR, while control groups did not (Alkire et al., 2009), and were successfully awakened after the injection of the ShK peptide, an inhibitor of the Kv1 family. In a heterologous expression system, sevoflurane at sub-surgical doses enhanced delayed rectifier Kv1 channel function at low depolarizing potentials and inhibited the firing rate of CMT neurons. Finally, sevoflurane delayed the onset action potential generation in thalamic mice brain slices, while the injection of ShK-186, a selective inhibitor of Kv1.3, into the CMT prevented these effects (Lioudyno et al., 2013).

These results confirm the arousal role of the CMT during sevoflurane anesthesia, in which acetylcholinergic neurons participate in the recovery process of sevoflurane anesthesia, as well as the involvement of the shaker-related potassium channel Kv1 family in the inhibition of CMT excitatory neurons.




2.2 Hypothalamus


2.2.1 Suprachiasmatic nucleus

The suprachiasmatic nucleus (SCN) is a circadian pacemaker located in the hypothalamus of mammals. Scattered cultured single SCN neurons can present independent expression of circadian clock genes and neuronal firing (Welsh et al., 2010). The SCN projects mainly to other adjacent areas, including the periventricular projection to PVN (the subparaventricular zone of the hypothalamus, and the dorsomedial hypothalamic nucleus), and the paraventricular thalamic nuclei (PVT). Apart from regulating the circadian rhythm, the SCN-PVT-BNST (bed nucleus of the stria terminalis) circuit is associated with responses to anxiety, mood, and fear/stress (Lu and Kim, 2022). The activity of suprachiasmatic neurons can be affected by light and lead to conscious changes in sevoflurane-anesthetized mice. Specifically, exposure to monochromatic blue light (MBL) led to a significant decrease in the burst suppression ratio and a significant increase of all frequency bands in EEG except for the spindle band. Moreover, MBL significantly increased the power of local field potentials and c-Fos expression in the SCN compared to polychromatic white light (PWL), but did not alter the c-Fos expression in the locus coeruleus (LC) or the ventrolateral preoptic area (VLPO). Since the effect of MBL was removed in SCN-injured mice, the activation of SCN neurons presumably participates in accelerating sevoflurane anesthesia (Liu et al., 2020a). Similar effects were observed using acute continuous nocturnal light exposure (ACNLE). Compared to the group kept in darkness, the EEG of the ACNLE group showed a significant decrease in the frequency and duration of the burst suppression, while the peak-to-peak amplitude values of beta and gamma significantly decreased. In addition, ACNLE increased c-Fos expression and the levels of serum cortisol in SCN during sevoflurane anesthesia but did not change c-Fos expression in VLPO, suggesting SCN neurons but not VLPO activated by light stimuli are involved in light-mediated awakening following sevoflurane anesthesia (Liu et al., 2020b). The application of sevoflurane also led to a 64.5% decrease in the expression of the Per2 gene in the SCN (Ohe et al., 2011), a gene that participates in the circadian and sleep-wake rhythms through feedback regulation, and which is expressed in the peripheral nervous system and the central nervous system, including the SCN (Kim et al., 2018). Sevoflurane specifically affects the entire SCN and the expression of Per2 in a time-dependent manner through GABA signaling (Mori et al., 2014; Matsuo et al., 2016), while also decreasing histone H4 acetylation at the Per2 promoter region (Mori et al., 2014). Furthermore, bioluminescence image analysis of mPer2 promoter-destabilized luciferase transgenic rats showed that sevoflurane inhibits bioluminescence in all regions of interest and led to a phase delay. Similarly, sevoflurane-induced advancement during the rising stage but had no effect on the falling stage. In light of the above, changes in Per2 expression caused by sevoflurane and its association with consciousness require further study (Kadota et al., 2012; Anzai et al., 2013).



2.2.2 Preoptic area

Despite the role of VLPO in the modulation of sevoflurane consciousness remaining unclear, the chemogenetic activation of tachykinin 1 neurons (tac1) in the preoptic area (POA) accelerates reduces the time of awakening from sevoflurane anesthesia in mice. POA is located in the anterior part of the hypothalamus and is considered a part of the sleep-wake regulation system by inhibiting nuclei from the arousal system in the TMN, the raphe nucleus, or the LC (Rothhaas and Chung, 2021). Tachykinin has been implicated in the modulation of the sleep-wake system, and intravenous tachykinin was confirmed to alter the patient’s waking time. The chemogenetic activation of POAtac1 neurons caused a rightward shift of the sevoflurane dose-response curve, while its inhibition did not increase the dose of sevoflurane needed (Reitz et al., 2021). These observations confirm that POA tac1 neurons contribute to the emergence period and promote awakening from sevoflurane anesthesia.




2.3 Mesolimbic system and the nucleus accumbens


2.3.1 Ventral tegmental area

The ventral tegmental area (VTA) is an important component of the mesolimbic system, playing an important role in reward circuits, the formation of long-term memory, and the regulation of sleep-awake cycles through the regulation of dopaminergic pathways (Lisman and Grace, 2005; Zellner and Ranaldi, 2010). In practice, the area of mesopontine tegmental anesthesia has a strong relation with individual sensitivity to anesthetics (Minert et al., 2017), but the role of adjacent areas remains unclear. Anxiety may decrease the emergence time from sevoflurane anesthesia by affecting VTA DA neurons, as shown by a significant decrease in GCaMP6 m fluorescence values measured by Ca2+ signals using fiberoptic photometry in the VTA DA neurons of anxiety mice compared to controls. In addition, 90.6% of neurons expressing GCaMP6m were also positive for tyrosine dehydrogenase expression. However, the activation of VTA DA neurons by optogenetics reduced the RORR time, including in anxious mice (Wang et al., 2021), highlighting the potential effect of sevoflurane on VTA DA during anesthesia.

The rostral medial tegmental nucleus (RMTg) is the tail of the VTA and exerts a major inhibitory drive on dopamine systems (Bourdy and Barrot, 2012), modulating consciousness during sevoflurane anesthesia. The activation of RMTg neurons in mice led to decreased movements, while the mean power spectral density delta values (1–4 Hz) in EEG was similar to non-rapid oculomotor sleep periods and did not reach LORR. The concentration of sevoflurane sufficient to induce LORR decreased after the activation of RMTg neurons compared with inactivation. This remains an important subject for future research (Vlasov et al., 2021).



2.3.2 Nucleus accumbens

The nucleus accumbens (NAc) mainly receives glutamatergic inputs from the prefrontal, parahippocampal, and entorhinal cortices, dopaminergic projections from the VTA, and establishes gamma-aminobutyric acid (GABA) connections with the ventral globus pallidus (Scofield et al., 2016). NAc is involved in the modulation of learning reinforcement, motivation, aversion, incentive salience, and consciousness during sevoflurane anesthesia (de Jong et al., 2022). By observing the expression of Ca2+, the activity of NAc neuron populations expressing the dopamine D1 receptor (D1R) started to decline before sevoflurane-induced LOC and gradually restored after ROC. After activating NAcD1R neurons using chemogenetics and optogenetics, the LORR and RORR times were prolonged and shortened, respectively, under sevoflurane exposure. At the same time, EEG showed an increase in beta and a decrease in delta. Cortical activation was also found when NAcD1R neurons were optogenetically activated. The electromyography showed awake-like behavior and muscle movement in sevoflurane-induced mice, and shifted from burst suppression to a high-frequency low-amplitude pattern (Bao et al., 2021). However, a study of amino acid expression in the NAc in rats experiencing alcohol withdrawal under different volatile anesthetics showed that sevoflurane anesthesia did not change the expression of glutamate, aspartate, and arginine in this brain region (Seidemann et al., 2017). One possible explanation is that dopamine may be involved in the modulation of consciousness during sevoflurane anesthesia in the NAc, but other excitatory neurotransmitters, such as glutamate and aspartate, are less involved in this process.

A dopaminergic pathway regulates the consciousness state in sevoflurane anesthesia from the VTA to the NAc. The extracellular DA of VTA and NAc neurons tended to rise with a decrease in Ca2+ activity during sevoflurane anesthesia. Retrograde tracing revealed that the NAc predominantly innervates DA neurons in the VTA. In addition, both chemogenetic and optogenetic activation showed that the activated DA pathway in VTA-NAc significantly prolonged and shortened the times to LORR and RORR, respectively, during sevoflurane anesthesia. In this process, the delta band decreased and the gamma band increased, with opposite observations in the inhibition of the VTA-NAc pathway (Gui et al., 2021). Accordingly, the activation of the VTA-NAc dopaminergic pathway could accelerate the emergence of anesthesia induced by sevoflurane.




2.4 Pons


2.4.1 Locus coeruleus

The locus coeruleus (LC) is located in the anterior to the lateral wall of the fourth ventricle, posterolateral to the tegmental nucleus. The LC receives information from the hypothalamus, amygdala, and prefrontal cortex that provides complex emotional and cognitive information. Furthermore, the LC also receives information of visceral and sympathetic nervous system functions that are transmitted by the midbrain and brain cadres (Uematsu et al., 2015). LC noradrenergic (NE) neurons participate in the modulation of the sleep-wake cycle by receiving orexinergic projections from the lateral hypothalamus, histaminergic projections from TMN, dopaminergic projections from VTA, periaqueductal gray matter, serotoninergic projections from the dorsal raphe, cholinergic projections from the pedunculopontine tegmentum and laterodorsal tegmentum, and GABAergic projections from the VLPO and ventral lateral hypothalamus (Van Egroo et al., 2022). Sevoflurane may regulate the state of consciousness by acting on ATP-ligand-gated receptors located in the LC. A previous study showed that the application of ATP or ATPγs for 30 s in LC neuron slices of rats induced a sharp increase and moderately desensitizing inward current, whereas the use of adenosine had no such effects. These changes were significantly reduced by the application of (0.1–0.5 nm) sevoflurane in a dose-dependent manner (Masaki et al., 2001), but the drug could not continuously inhibit the inward current of LC neurons. In addition, the application of 0.5 nm sevoflurane caused early inward current in most LC neurons and significantly increased their firing rate, which was inhibited by carbenoxolone, whereby it is possible that sevoflurane leads to postoperative agitation through gap junction-related mechanisms (Yasui et al., 2007). The current changes induced by sevoflurane may occur at different time-phase, or specifically suppress the current generated by ATP-gated channels.

The LC noradrenergic system may also be involved in shaping circadian differences in sevoflurane anesthesia in mice. Specifically, minimum alveolar concentration corresponding to RORR was lower in the light phase when the mice were anesthetized with sevoflurane than in the dark phase, with a higher time of RORR. Similarly, at the rest and emergence states of sevoflurane anesthesia, the power of the delta and theta waves were higher and lower, respectively, in light vs. dark conditions. After depleting noradrenergic neurons in the LC with DSP-4, these differences disappeared (Wang et al., 2020). The differences in the modulation of consciousness in light and dark conditions were also evaluated in an article focusing on indirect projections from the SCN-DMH-LC as an arousal system in the brain (Aston-Jones et al., 2001).



2.4.2 Parabrachial nucleus

There is increasing evidence that the parabrachial nucleus (PBN), an evolutionarily conserved hindbrain structure, contains a large number of glutamatergic neurons linking various threats to the accurate structures of behavioral and physiological responses. The PBN also transmits information on taste, ingestion behavior, pain, respiration, blood pressure, water balance, and thermoregulation (Chiang et al., 2019). The circuit between the PBN to the central amygdala modulates innate responses to physical stimuli and fear, while the PBN-BNST circuit regulates pain-like stress in unpredictable environments (Jaramillo et al., 2021). Chemogenetic activation of PBN glutamatergic neurons caused an increased requirement of sevoflurane in 44.4% of experimental mice animals, while their inhibition led to a leftward shift in the dose-response curve to sevoflurane in all mice. Activation of PBN glutamatergic neurons using optogenetics increased EEG frequency and decreased the amplitude rapidly. The delta and theta powers significantly decreased and increased, respectively, during the inhibition of PBN glutamatergic neurons. Moreover, the activation of PBN glutamatergic neurons also revealed increased c-Fos expression in the prefrontal cortex, lateral hypothalamus, and basal forebrain under sevoflurane anesthesia, implying that PBN glutamatergic neurons participate in the modulation of sevoflurane-induced changes in consciousness (Wang et al., 2019). PBN neurons play a regulatory function of changes in consciousness during sevoflurane anesthesia through a GABAA receptor and potassium-gated channels. After recording the medial parabrachial nucleus (MPB) calcium signal, 1.5%–3% sevoflurane decreased the MPB neuronal Ca2+ signal in a dose-dependent manner. During whole-cell patch-clamp recordings, the application of sevoflurane decreased the firing rate and membrane potential of MPB neurons. Finally, sevoflurane increased inhibitory postsynaptic membrane currents and directly inhibited MPB neuron activity by hyperpolarizing MPB neuron-mediated regulation of GABAA-Rs and increasing potassium conductance. In contrast, the use of PTX, a selective GABAA-R antagonist, prolonged the time of LORR and shortened the time of RORR (Xu et al., 2020), indicating that sevoflurane upregulates PBN GABAA channels and increases potassium ion conductivity.




2.5 Basal forebrain


2.5.1 Bed nucleus of stria terminalis

The bed nucleus of stria terminalis (BNST) is composed of a bundle of axons that connects the end of the stria terminalis to the amygdala, and has extensive other connections to limbic areas of the brain, the mesolimbic system (NAc, VTA), and the prefrontal cortex. The BNST plays a key role in fear, ingestion, pain, social behavior, defensive action, and related pathophysiological processes (Dumont, 2009; Hulsman et al., 2021). A recent study showed that the PVT-BNST pathway is involved in the modulation of consciousness during sevoflurane anesthesia, with both GABAergic and glutamatergic neurons in the BNST receiving PVT glutamatergic projections. After the inhibition of the PVT-BNST pathway, the time to LORR is reduced during sevoflurane anesthesia and the dose-response curve is shifted to the left. Optogenetic activation of the PVT-BNST showed the opposite trend (Li et al., 2022).





3. FUTURE DIRECTION

Although sleep-wake is a separate process from sevoflurane anesthesia, there are numerous similarities in the modulation of brain areas (Leung et al., 2014). The regulation of anesthesia may be regulated by a number of brain areas and neurons that have been linked to sleep, and vice versa. A deeper knowledge of the formation of consciousness and the operation of different brain regions may result from research on the interplay between the two domains. Additionally, there is mounting proof that glial cells are involved and that sevoflurane acts on their GABA A receptors (Woll et al., 2018; Chung et al., 2022), thereby influencing their function.

It is also important to look at relationships’ deeper molecular mechanisms. Sevoflurane’s anesthetic action may be enhanced by selective D2 receptor blockade (Araki et al., 2018). Instead of directly affecting DAT, this action is believed to be mediated by inhibiting dopamine uptake (Anzawa et al., 2001), with similar effects also occurring on 5-HT (Nagatani et al., 2011). On the other hand, the existence of potent agonistic effects on arousal distinguishes orexinergic neurons from the nearby MCHergic neurons (Kelz et al., 2008). The effects of the excitatory neurotransmitter NE, however, are not as strong as those of the neurotransmitters indicated above since it exhibited no agitating conduct (Kenny et al., 2015; Pal et al., 2018). Consequently, additional research can focus on the mechanism of various receptors and neurotransmitters during sevoflurane anesthesia.



4. CONCLUSION

Both a direct and a cascade projection can be used to modulate arousal by different brain regions. Sevoflurane blocks the upward excitatory projections of the PBN and LC in the pons, the dopaminergic projections of the VTA-NAc in the midbrain, and the projections of visually associated brain areas, which blocks the basal forebrain or thalamus and ultimately the cortex. Additionally, for the express aim of providing anesthesia, sevoflurane breaks the connection between several brain areas in the cortex, such as the PFC and PC, and directly inhibits cortical activities. In summary, the thalamocortical circuit, (Pre) fronto-parietal network, CMT, SCN, POA, VTA-NAc (anterior limbic circuits), LC, PBN, and BNST, associated with a wide variety of neurotransmitters, are among the brain regions and circuits linked to alterations in consciousness under sevoflurane anesthesia (Table 1). Sevoflurane, or excruciating inhibitory output nuclei, inhibits a variety of brain arousal nuclei in a non-specific manner to suppress cortical excitability, which finally causes anesthesia. By using sevoflurane for research, we can more accurately employ it in anesthesia and comprehend the brain’s arousal circuits.

TABLE 1. Performance when brain areas is activated/inhibited during sevoflurane anesthesia.
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thalamus, and neocortex; Highly processed cognitive; inward current induced by mice etal. (2007), Uematsu et al.
SCN-DMH-LC Emotional information ATP (2015), Wang et al. (2020),
and Van Egroo et al. (2022)
PBN CeA, BNST Sensory relay; Rightward shift of the RORR ~ Emergence timet Glu Chiang et al. (2019), Wang
Receiving an array of interoceptive and cumulative curve; Activation etal. (2019), Xu et al. (2020),
exteroceptive inputs relevant to taste and of cortical and subcortical and Jaramillo et al. (2021)
ingestive behavior, pain, and multiple arousal nuclei
aspects of autonomic control, including
respiration, blood pressure, water balance,
and thermoregulation
BNST Extensive striatal and Driving fear responses; Behavioral arousal; Emergence time 1; Glu Dumont (2009), Hulsman

dorsomedial prefrontal
connections

Coordinating the activity of autonomic,
neuroendocrine, and somatic motor
systems into fully organized physiological
functions and behaviors

Reduced the depth of
anesthesia burst suppression

Induction timel;
EC50 for the RORR&LORR|

etal. (2021),and Li etal.
(2022)

tindicated that the time is increasing, the EEG power increased or the c-Fos positive cells was increased. Jindicated that the tme is decreasing or the EEG power decreased.
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