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Periaqueductal gray (PAG), an integration center for neuronal signals, is located in the midbrain and regulates multiple physiological and pathological behaviors, including pain, defensive and aggressive behaviors, anxiety and depression, cardiovascular response, respiration, and sleep-wake behaviors. Due to the different neuroanatomical connections and functional characteristics of the four functional columns of PAG, different subregions of PAG synergistically regulate various instinctual behaviors. In the current review, we summarized the role and possible neurobiological mechanism of different subregions of PAG in the regulation of pain, defensive and aggressive behaviors, anxiety, and depression from the perspective of the up-down neuronal circuits of PAG. Furthermore, we proposed the potential clinical applications of PAG. Knowledge of these aspects will give us a better understanding of the key role of PAG in physiological and pathological behaviors and provide directions for future clinical treatments.
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1 Introduction

Periaqueductal gray (PAG) is located in the midbrain and is the main structure involved in integrating aversion information and reaction output in defensive and emotional behaviors (Vázquez-León et al., 2023). This region has rich and diverse functional characteristics, which are essential for the survival and reproduction of mammals. Some of the main functions of this region include defense and aggressive behavior, fear, anxiety, pain, and dyspnea, as well as the regulation of the corresponding cardiovascular changes (George et al., 2019). According to the functional characteristics and anatomical location, PAG can be divided into four longitudinal columns: dorsomedial PAG (DMPAG), dorsolateral PAG (DLPAG), lateral PAG (LPAG), and ventrolateral PAG (VLPAG). Dorsal PAG (DPAG, which includes DMPAG and DLPAG) is mainly involved in active defense, aggressive behavior, tachycardia, elevated blood pressure (BP), and other related reactions. VLPAG is mainly involved in passive defense behaviors, opioid-mediated deep analgesia and sleep regulation. For example, L/DLPAG acts on avoidable stressors, showing evasive threat responses, such as “flight” and “fight,” enhancing connections with processing emotional regions and actively responding to stressors. As a result, humans respond quickly to acute injurious stimuli and avoid danger. VLPAG plays a role in behavioral responses to unavoidable stressors, exhibiting “freezing”-related behaviors. During certain perceived threats, including the perception of greater dyspnea, VLPAG is less connected to sensorimotor structures, which is manifested as reduced activity in patients (Benarroch, 2012; Faull and Pattinson, 2017). PAG receives projections from multiple regions of the forebrain and integrates the information to specific regions, such as pons-medulla, to mediate active and passive responses. In recent years, detailed studies of various subregions of PAG in human beings have improved our understanding of the functional characteristics, neural loop, and molecular mechanism of PAG. Next, we will summarize the functional characteristics of the complex neural network of PAG and the related neurotransmitters.



2 Anatomical structure and neural connections of PAG

PAG is a longitudinally organized structure surrounding the mesencephalic aqueduct in the midbrain. It stretches along the caudal-rostral axis from the posterior commissure to the locus coeruleus (LC) (Mokhtar and Singh, 2023). The lateral boundaries of PAG are defined by fibers from the mesencephalic trigeminal tract and tectospinal tract, which originate from the deep layers of the superior colliculus (Faull et al., 2019). A recent study utilizing single-nucleus RNA sequencing and multiplexed error-robust fluorescence in situ hybridization has provided novel molecular and functional insights into the PAG and surrounding regions (Vaughn et al., 2022). Researchers have identified 144 neuron subpopulations and classified them into 19 metaclusters based on their spatial motifs, refining the previous coarse anatomical subdivisions of PAG across its column and opening new avenues for a mechanistic understanding of the PAG function (Vaughn et al., 2022).

Because of its extensive connections with the cortex and various brainstem nuclei, PAG serves as a critical midbrain hub for sensory-motor integration (see Figure 1 for details; Zare et al., 2019; Schottelkotte and Crone, 2022; Ma et al., 2023). It primarily receives input from regions such as the medial prefrontal cortex (mPFC), central amygdala (CeA), anterior cingulate cortices (ACC), bed nucleus of the stria terminalis (BST), hypothalamus, and dorsal premammillary nucleus (PMD), allowing for the relay and integration of sensory information from diverse modalities (Benarroch, 2012; Faull et al., 2019; Zare et al., 2019; Schottelkotte and Crone, 2022). In turn, the PAG conveys these integrated signals by projecting efferent connections to brainstem regions, including the parabrachial complex (PB), midline medulla, rostral ventrolateral medulla (RVLM), and cervical spinal cord (SC) (Benarroch, 2012; Faull et al., 2019; Zare et al., 2019). This enables the PAG to orchestrate and modulate instinctive behaviors, including pain modulation, respiration, cardiovascular responses, vocalization, crying, coughing, micturition, and motor actions, through downstream pathways (Benarroch, 2012; Schottelkotte and Crone, 2022).
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FIGURE 1
Input and output of neuronal circuits in different subregions of PAG. Au1, primary auditory cortex; AHN, anterior hypothalamic area; BST, bed nucleus of the stria terminalis; CeA, central amygdala; CnF, cuneiform nucleus; DMPAG, dorsomedial periaqueductal gray; DLPAG, dorsolateral periaqueductal gray; LPAG, lateral periaqueductal gray; MPA, medial preoptic area; mPFC, medial prefrontal cortex; M1, primary motor cortex; NPH, nucleus praepositus hypoglossi; NTS, nucleus tractus solitarius; PMD, dorsal premammillary nucleus; PB, parabrachial complex; PBG, periparabigeminal nucleus; RVLM, rostral ventrolateral medulla; RAmb, retroambiguus nucleus; SC, superior colliculus; Sp5, spinal trigeminal nucleus; VLPAG, ventrolateral periaqueductal gray; VLM, ventrolateral medulla; V2, secondary visual cortex; VRG, ventral respiratory group.




3 Main functional characteristics and mechanisms of PAG


3.1 Double regulation of pain by the PAG and its mechanism

Functioning as a central hub for processing ascending and descending pain signals, the PAG primarily interacts with the rostral ventromedial medulla (RVM) to control pain signals at SC level (Kim et al., 2018; Chung et al., 2020). The PAG-RVM pathways project to pain-transmitting neurons in the dorsal horn of the SC and the trigeminal nucleus caudalis, enabling bidirectional nociception control (Kim et al., 2018). This allows the PAG to both facilitate and suppress pain processing, which is influenced by various behavioral, emotional, and pathological factors (Benarroch, 2012). Early research primarily focused on the involvement of PAG in the ascending pain pathway, with studies dating back to Magoun et al. (1937) revealing its role in pain and vocalization. Further investigations, such as those conducted by Melzack et al. (1958) on cats, confirmed that lesions in the VLPAG significantly reduce pain perception. Human studies have also shown that stimulating the PAG region can evoke sensations of pain, vibration, eye movement, and fear (Nashold et al., 1969).

Since the 1960s, the involvement of PAG in analgesia has been acknowledged, as electrical stimulation of PAG has been found to produce profound analgesia in male rats (Reynolds, 1969). Notably, short-term noxious skin stimuli activate the LPAG and DPAG to trigger not only sympathetic excitations but also transient, non-opioid-mediated analgesia (Keay and Bandler, 2001; Lumb, 2004). Conversely, deep somatic pain, visceral pain, or repeated superficial pain activates the VLPAG, leading to long-lasting opioid-dependent analgesia associated with vascular inhibition and immobility behaviors (Bandler et al., 2000). PAG and its descending circuit exhibit sexual dimorphism, leading to different responses to pain and analgesia between males and females. For example, activation of dopamine (DA) neurons in the VLPAG/dorsal raphe (DR) and BST promotes antinociception in male mice but induces locomotion in female mice (Yu W. et al., 2021). In female rats, despite having greater PAG connections to RVM, morphine and pain induce less activation of PAG-RVM projecting neurons compared with male rats, resulting in reduced pain reduction upon microinjection of morphine into the PAG (Loyd et al., 2007; Linnman et al., 2012). Moreover, persistent inflammatory pain upregulates cannabinoid receptor 1 expression in the PAG, contributing to sex-specific differences in pain modulation, with males exhibiting a greater enhancement in pain-induced G-protein activation than females (Wilson-Poe et al., 2021). These findings reflect the intricate nature of pain modulation mediated by the PAG across genders.

Various types of neurotransmitters in the PAG, including glutamate, γ-aminobutyric acid (GABA), opioid, cannabinoid, DA, and serotonin (5-HT), participate in fine-tuning the balance between descending facilitation and descending inhibition of nociception. Glutamate or ionotropic glutamate receptor agonists microinjected into the VLPAG elevate sensory thresholds, while glutamatergic antagonists induce hyperalgesia (Samineni et al., 2017; Nguyen et al., 2023). On the contrary, injection of GABA agonists into the VLPAG produces hyperalgesia while injection of its antagonists produces antinociceptive effects (Samineni et al., 2017; Nguyen et al., 2023). Moreover, researchers have identified eight subtypes of glutamate metabotropic receptors (mGluR1–8) in the PAG, of which mGluR1 and mGluR5 cause hyperalgesia and mGluR2–4 and mGluR6–8 induce analgesia (Peng et al., 2023). With regard to opioids, injecting μ-opioid receptor agonists into the VLPAG generates antinociception, with opioids primarily inducing analgesia via presynaptic inhibition of GABAergic and 5-HTergic projections to the RVM (Vázquez-León et al., 2023). Cannabinoid receptor 1, which is broadly expressed in both the DLPAG and VLPAG, activates the descending pain modulatory circuit. Their activation in the VLPAG induces antinociception and anti-hyperalgesia, while their activation in the DLPAG mediates opioid-independent stress-induced analgesia (Bouchet and Ingram, 2020). Additionally, studies have shown that activating 5-HT receptors in the PAG induces analgesia and contributes to fear-induced antinociception (Vázquez-León et al., 2023). In addition to the previously mentioned neurotransmitters, other substances play vital roles in pain modulation within the PAG. For example, prostaglandins within the PAG have pronociceptive actions (Drake et al., 2016), and a subpopulation of parvocellular oxytocin neurons projecting to the VLPAG has been found to mediate analgesia through the PAG-controlled descending pain modulatory system (Iwasaki et al., 2023). Additionally, melatonin acts through melatonin receptor 2 in the VLPAG to induce analgesia (Lopez-Canul et al., 2015). However, the analgesic effects in the PAG can produce certain side effects, with glutamatergic or GABAergic neurons in the VLPAG being involved in the regulation of fear and anxiety responses (Morgan et al., 2008; Tovote et al., 2016). Nevertheless, recent research has found that activation of specific DA neurons in the PAG solely produces analgesia without anxiety-like behaviors (Taylor et al., 2019). These findings highlight the complexity of pain modulation in the PAG and provide potential avenues for understanding and managing pain-related responses and ailments.



3.2 PAG-induced defensive responses and the underlying neurochemical mechanisms

Previous studies have elucidated the pivotal role of PAG in generating innate defensive responses. PAG stimulation in rats, cats, and mice using electrical, chemical, and optogenetic methods has been found to elicit defensive reactions (Deng et al., 2016). Notably, different columns within the PAG play distinct roles in modulating defensive behaviors. Extensive stimulation and lesion experiments have revealed that DLPAG is primarily associated with active coping responses, including vocalization and vigorous escape, whereas VLPAG is primarily involved in passive coping responses, such as tonic immobility (Motta et al., 2017; Vieira-Rasteli et al., 2018). Recent research has further shed light on the neuronal coding differences between flight and freezing behaviors within the DPAG, revealing that neural activity is more intense during flight behavior, characterized by higher firing rates compared with freezing behavior (Liu et al., 2022). Additionally, recent studies have highlighted the significance of PAG in mediating conditioned defensive responses. For instance, optical inhibition of VLPAG glutamate neurons reduces freezing in the conditioning context (Tovote et al., 2016), while injections of N-methyl-D-aspartate (NMDA) and corticotropin-releasing factor into the DPAG enhance freezing in response to a fear-conditioned context (Reis et al., 2021). There is evidence indicating that innate-freezing and learned-freezing behaviors may be regulated by the DPAG and VLPAG, respectively (Borelli et al., 2005; Isosaka et al., 2015).

Neurotransmitters such as glutamate, GABA, 5-HT, and endogenous opioids are present within the PAG, where they interact in a complex manner to regulate defensive responses. Manipulation of these neurotransmitter systems within the PAG has been shown to influence defensive behaviors. For instance, injection of semicarbazide, an inhibitor of glutamate dehydrogenase, into the DLPAG induces immobility behavior, while administration of bicuculline, a GABA-A receptor antagonist, in the same area elicits significant escape responses (Borelli et al., 2005). Activation of the 5-HT1A and μ-opioid receptors within the DPAG has been found to increase the threshold electrical current intensity required for evoking escape (Roncon et al., 2017). Moreover, injections of cannabinoid receptor agonists into the DLPAG decrease freezing behavior associated with contextual fear (Resstel et al., 2008). These findings emphasize the intricate interplay between neurotransmitters and their receptors in the PAG, highlighting their significant contributions toward modulating defensive behaviors.

PAG receives afferents from various structures known to be activated by threats, including amygdala, hypothalamus, and premammillary nucleus (Hadjipavlou et al., 2006; Pernía-Andrade et al., 2021; Wang et al., 2021a,b). These inputs play critical roles in modulating defensive behaviors. Recent studies have revealed that the cholecystokinin-expressing hypothalamic PMD cells projecting to the DLPAG control escape behavior induced by a range of innate threats (Wang et al., 2021a). Additionally, the fastigial nucleus-VLPAG pathway has been found to regulate learned defensive responses by modulating the association between conditioned and unconditioned stimuli, thus influencing memory formation (da Silva et al., 2023).



3.3 PAG plays a vital role in the initiation, execution, and coordination of predatory hunting

Predatory hunting is an innate and conserved behavior observed in diverse animal species, which is essential for their survival and food acquisition (Zhao et al., 2023). It encompasses a series of sequential actions including prey search, pursuit, attack, and consumption (Yu H. et al., 2021). PAG plays a vital role in the initiation, execution, and coordination of predatory hunting. Studies have shown that the rostral lateral PAG influences the transition from maternal to hunting behavior in morphine-treated dams, while lesions of the same region impair the ability of mice to effectively chase or attack the prey (Franklin, 2019). Optrode recordings and photoinhibition experiments have further revealed the distinct functions of different cell types within the LPAG. LPAG GABAergic neurons have been found to be critical for prey search, pursuit, and attack, while LPAG glutamate neurons have been found to selectively regulate the attack phase (Yu H. et al., 2021).

With regard to the orchestration of hunting behaviors, single-unit recordings have unveiled that the LPAG neurons can be categorized into seven clusters that encode different predatory actions in a sequential pattern, which align with different hunting actions (Yu H. et al., 2021). This mechanism can ensure accurate and stable execution while providing flexibility and permitting adaptability to environmental changes. Notably, some researchers have proposed that the LPAG acts as a regulatory brake, rather than an accelerator, for predation (Rossier et al., 2021). This hypothesis suggests that the LPAG directly inhibits the neural activity of defensive behaviors, such as risk assessment, fear, and flight, thereby facilitating fearless predatory behavior (Rossier et al., 2021).

PAG receives substantial projections from regions including the CeA, lateral hypothalamus (LH), medial preoptic area (MPA), zona incerta (ZI), and basal forebrain (BF), making it a potential integration center for hunting-related information. Furthermore, it encodes the sequential organization of the aforementioned hunting actions (Han et al., 2017; Park et al., 2018; Zhao et al., 2019; Roman-Ortiz et al., 2021; Rossier et al., 2021; Tan et al., 2022). For example, GABAergic inputs from the CeA mainly control prey pursuit (Han et al., 2017), while those from the LH mainly regulate prey attack (Tan et al., 2022). Additionally, GABAergic inputs from ZI mainly control the introduction and chase phases (Zhao et al., 2019). Table 1 summarizes the major brain nuclei that project to the PAG and their corresponding effects on predatory hunting following optogenetic stimulation.


TABLE 1 Diverse functions mediated by PAG-associated neural circuits and related neurotransmitters.
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3.4 Involvement of PAG in negative emotions of anxiety and depression

In response to uncontrollable stressors, such as pain and threatening stimuli described in the previous text, animals may exhibit negative emotions such as anxiety and depression. These emotions are closely intertwined with the modulation of threat and pain. For instance, anxiety is crucial for alerting and preparing individuals to cope with environmental threats, thereby promoting survival when appropriately regulated (Lowery-Gionta et al., 2018). However, excessive or persistent anxiety can disrupt daily functioning and potentially lead to mental health disorders. Moreover, chronic pain can induce anxiety and depression, while negative emotions can further worsen chronic pain (Yin et al., 2020). Depression and chronic pain are frequently comorbid; up to 85% of patients with chronic pain experience depression (Sheng et al., 2017). Therefore, there is a complex interplay between negative emotions, defensive behaviors, and pain modulation, where each component can influence and interact with the others.


3.4.1 Role of PAG in anxiety

Anxiety refers to the emotional and behavioral responses triggered by potential threats, involving autonomic arousal and increased avoidance behavior (Lowery-Gionta et al., 2018; Vázquez-León et al., 2023). PAG is widely recognized as being involved in anxiety processes. Some investigators believe that the DLPAG is a local conflict resolution center where immediate appetitive and aversive input converge, suggesting that it may be involved in anxiety phenomena arising from conflicting goals (Silva and McNaughton, 2019). Experimental assessments of anxiety levels in rodents, such as the open field test, elevated plus maze (EPM) test, and elevated T-maze tests, can provide supporting evidence (Bertoglio et al., 2005; Pobbe et al., 2011; Zangrossi and Graeff, 2014; Vázquez-León et al., 2023). In the EPM test, rodents exhibit a phenomenon known as one-trial tolerance, where they no longer respond to anxiolytic-like drugs during retesting (Trial 2) after experiencing EPM in Trial 1 (Bertoglio et al., 2005). However, after blocking the DLPAG activity, the anxiolytic effects of systemic benzodiazepine injections were again observed during Trial 2, indicating the involvement of this region in the anxiety-like effects of the one-trial tolerance phenomenon (Bertoglio et al., 2005). Additionally, studies on the VLPAG have demonstrated that functional inhibition of VLPAG GABA neurons leads to enhanced anxiety-like behaviors (Lowery-Gionta et al., 2018), while modulating the dorsal medial prefrontal cortex (dmPFC)-VLPAG pathway may play a role in chronic pain and the emergence of anxiety-like behaviors, as indicated by reduced exploration in the central area in the open field test and the open arms of EPM (Yin et al., 2020).

PAG contains abundant serotonergic neurons, and 5-HT receptors have been implicated in the pathophysiology of anxiety (Pobbe et al., 2011). Intra-DPAG infusion of 5-HT in rats increased inhibitory avoidance acquisition in the elevated T-maze tests, suggesting an anxiogenic effect (Pobbe et al., 2011). The DPAG shows an interaction between 5-HT and NMDA receptors, potentially regulating anxiety-related behaviors (Moraes et al., 2008). Additionally, the PAG is closely linked to the hypothalamic-pituitary-adrenal axis through strong reciprocal 5-HT fibers, which contribute to the modulation of anxiety-like behaviors via serotonergic pathways (Vázquez-León et al., 2023).



3.4.2 Involvement of PAG in depression

The accumulation of stressors heightens the susceptibility to depressive disorders (Peng et al., 2022). PAG is implicated in responding to uncontrollable stress and exhibiting the related behavioral responses. In forced swimming experiments, immobility behaviors resembling depression are observed with activation of the entire PAG region (Lino-de-Oliveira et al., 2006). Mice exhibiting depression-like symptoms show heightened DeltaFosB expression in the VLPAG (Berton et al., 2007). Conversely, treatment with antidepressant drugs reduces immobility behavior and prevents the activation of PAG neurons (Lino-de-Oliveira et al., 2006). Both chronic restraint stress and chronic pain have been shown to diminish glutamatergic neuron activity in the VLPAG, while the latter also weakens the VLPAG-ventral tegmental area (VTA) circuit, which may contribute to the observed co-occurrence of pain and depression (Peng et al., 2022; Lee et al., 2023).




3.5 Regulatory effects of PAG on the autonomic nervous system


3.5.1 The involvement of PAG in the regulation of cardiovascular function

PAG plays an essential role in the connection between the cardiovascular and nociceptive systems. Peripheral nociceptive feelings can cause changes in the cardiovascular system, respiration, mood, and behavior. After stimulation of the nociceptors during the abovementioned defensive and aggressive behaviors, pain signals are transmitted to the central nervous system through myelinated and unmyelinated fibers, including several cardiopulmonary regulation areas, where information is integrated, and complex motor and autonomic nervous responses are triggered. In PAG, LPAG, and DLPAG are involved in hypertension and tachycardia after skin and body injury (Chaitoff et al., 2012). VLPAG mediates hemorrhagic hypotension and visceral nociceptive stimulus-mediated hypotension and bradycardia (Cavun et al., 2001, 2004). VLPAG is involved in the initiation of endotoxic hypotension, and VLPAG inactivation can prevent the decrease in arterial pressure caused by severe bleeding and visceral injury (Millington et al., 2016). In previous studies, microinjection of acetylcholine (Ach) into the DPAG did not affect the average arterial pressure and heart rate (HR) of normotensive rats and did not significantly reduce the cardiovascular parameters of DPAG. As a result, some investigators suggested that DPAG did not participate in cardiovascular activities under normal circumstances (Mirzaii-Dizgah et al., 2022).

Nitric oxide (NO) is a major component of PAG-mediated cardiovascular response and an important substance with multiple peripheral and central effects (NejadShahrokhAbadi et al., 2020; Najaftomaraei et al., 2022). It is synthesized by the NO synthase family and has three different subtypes: endothelial, inducible, and neural. The three subtypes of NO in DLPAG play different roles in regulating cardiovascular responses during mechanical, heat-mediated, and cold-mediated nociception (Chaitoff et al., 2012). DLPAG also contains 5-HT and adrenergic receptors, which play a role in reducing the BP. For example, lipopolysaccharide (LPS) produces a hypertensive effect by inhibiting the adrenergic receptors in DPAG. VLPAG contains Ach, norepinephrine (NE), opioid receptors, and glutamate, which cause different BP and HR responses (Lagatta et al., 2016). Microinjection of δ opioid receptor agonists into the VLPAG decreased the arterial pressure, while microinjection of glutamate into the VLPAG increased the cardiovascular responses in rats with normal BP and hemorrhagic hypotension; these effects were mainly mediated by NMDA receptors (Alikhani et al., 2021). In rats with normal BP, microinjection of Ach into the LPAG reduced the BP and increased the HR, whereas rats with hydralazine-mediated hypotension did not exhibit changes in the systolic and mean arterial pressure but had a significantly increased HR (Ghorbani et al., 2023).

PAG plays a key role in the integration of the cardiovascular regulatory network, which is interrelated with the nuclei affecting the cardiovascular system, such as LH, paraventricular hypothalamic nucleus, medial preoptic nucleus, amygdala, prefrontal cortex, and insular cortex. Moreover, PAG projects to all medullary regions that control BP and HR (Dampney, 2018). Studies have shown that the increase in cardiac responses during the defense reaction may depend on the PAG-raphe pallidus (RPa) pathway (Moraes et al., 2020). The hypothalamic preoptic area (POA) is closely related to hypotension caused by LPS, and its mechanism involves activation of POA neurons, which reduces the arterial pressure through the descending pathway from the POA-VLPAG-raphe nucleus (Millington et al., 2016). Inhibition of adrenergic receptors in the POA-DPAG pathway can prevent LPS-induced hypotension (Mirzaii-Dizgah et al., 2022). DPAG is involved in the motor control of blood vessels via its projections to the caudal ventrolateral medulla (CVLM), nucleus tractus solitarius (NTS), and RVLM. For example, DMPAG receives inputs from the ventrolateral medulla and various parts of the SC and sends outputs to the RVLM. DLPAG also has two-way connections with the dorsal medial hypothalamus (DMH), which also has a major projection to the cuneiform nucleus (CnF) (Mohebbati et al., 2020).



3.5.2 Effects of PAG on respiratory regulation

Direct stimulation of different parts of PAG in cats can cause different effects on respiration. DMPAG stimulation can cause slow deep breathing and dyspnea. Conversely, DLPAG stimulation can cause shortness of breath, whereas LPAG and VLPAG stimulation can produce respiratory changes related to vocalization (Subramanian et al., 2008). Microinjection of bicuculline (GABA-A receptor antagonist) into the DPAG produces similar dose-dependent shortness of breath (Hayward et al., 2003). In anesthetized rats, microinjection of the excitatory amino acid D, L-homocysteine into the DLPAG causes a significant increase in renal sympathetic nerve activity and respiratory activity (Dampney et al., 2013). In a previous study of the role of PAG in CO2-driven respiration, the destruction of DLPAG, DMPAG, VLPAG, and LPAG by amanita regulated the hypercapnia ventilation response in rats but did not affect the pulmonary ventilation, arterial pressure, HR, or body temperature (Lopes et al., 2012).

PAG is closely related to the brainstem respiratory center. LPAG and VLPAG receive projections from respiratory regulatory centers, such as medulla Bötzinger complex, pre-Bötzinger complex, Kölliker-Fuse nucleus (KFn), LC, dorsal and caudal raphe, lateral and medial parabrachial nucleus, and paratrigeminal nucleus. Furthermore, LPAG and VLPAG project to the forebrain, including the lateral thalamic nucleus, bed nucleus of stria terminalis, and CeA, and the hindbrain, including the pre-Bötzinger complex, KFn, lateral facial nucleus, posterior oblique nucleus, LC, and dorsal and caudal raphe (Oliveira et al., 2021; Trevizan-Baú et al., 2021a,b; Krohn et al., 2023).




3.6 Effects of PAG on sleep and wakefulness states

Sleep-wake disorders cause several psychiatric disorders, and VLPAG is known to play an important role in regulating rapid eye movement (REM) sleep (Sastre et al., 1996). Damage to the VLPAG neurons increases REM sleep in cats, rats, and mice (Petitjean et al., 1975; Lu et al., 2006; Kaur et al., 2009). Activation or inhibition of VLPAG GABAergic neurons by photogenetics and chemical genetics decreases or increases REM sleep, respectively (Hayashi et al., 2015; Weber et al., 2015). Studies have shown the presence of REM sleep-promoting (REM-on) neurons and REM sleep-suppressing (REM-off) neurons in the VLPAG. Activation of GABAergic REM-off neurons in the VLPAG inhibits REM sleep and wakefulness and consolidates non-REM (NREM) sleep. Its mechanism involves the inhibition of the sublaterodorsal tegmental nucleus (SLD) glutamatergic neurons, laterodorsal tegmental nucleus (LDT) Ach and LC NE neurons, and other REM-on neurons (Weber et al., 2018). Inhibition of REM-off neurons is the main mechanism underlying an increase in REM sleep. GABA neurons in the VLPAG can inhibit REM-off neurons, such as the DR 5-HT, LC NE, and VLPAG GABA, through their fiber projections, thus initiating and maintaining REM sleep (Luppi et al., 2012). REM-on neurons in the pons, ventral and dorsal medulla, LH, and POA inhibit VLPAG REM-off neurons and promote REM sleep. For example, the ventral medulla (VM) GABA neurons directly innervate the VLPAG GABA neurons to rapidly initiate REM sleep and prolong its duration (Lu et al., 2006; Weber et al., 2015, 2018). The melanin-concentrating hormone (MCH) neurons in the LH inhibit the VLPAG neurons. This experiment demonstrates for the first time that VLPAG is an important relay station for MCH neurons to promote REM sleep (Kroeger et al., 2019).

Previous studies have shown that the activity of DA neurons in the VLPAG varies with awakening. LC inputs and activation of the VLPAG α1-adrenergic receptor and VLPAG DA neurons increase sleep latency (Porter-Stransky et al., 2019). VLPAG DA neurons are also involved in the regulation of propofol and isoflurane anesthesia in rats, which is mediated by the activation of GABA receptors (Li J. et al., 2018; Liu et al., 2020). Activation of glutamatergic neurons expressing neurotensin in VLPAG/LPAG can significantly promote NREM sleep, and its neural pathway stimulates GABA neurons in caudal medulla oblongata to play a role (Zhong et al., 2019; Kashiwagi et al., 2020). The regulation of sleep-wake in other subregions of PAG is still poorly understood and needs further study.

The dysfunction of PAG is also closely associated with sleep disorders including REM sleep behavior disorder (RBD) and narcolepsy. Research has found PAG abnormalities in those with idiopathic RBD. Noted neurodegeneration has also been observed in the PAG of a patient with RBD and cognitive decline (Iranzo, 2018). Additionally, stimulating the PAG can provoke escape and aggressive behaviors that resemble RBD symptoms, further highlighting its critical role in the manifestation of RBD (Iranzo, 2018). When REM-off neurons in VLPAG weaken, this can lead to a premature switch to REM sleep. This is a key feature of narcolepsy, where the boundaries between wakefulness and REM sleep become blurred and can be predicted by the flip-flop switch model (Lu et al., 2006). In this model, VLPAG GABAergic neurons inhibit REM-on neurons, while its glutamatergic neurons further modulate REM sleep negatively, highlighting the VLPAG’s critical role in managing sleep-wake transitions (Wang et al., 2021c). Narcolepsy’s symptoms are primarily due to insufficient inhibition on REM-off VLPAG/dorsal part of the deep mesencephalic nucleus GABAergic and the waking aminergic neurons (Luppi et al., 2011). This understanding reinforces the significance of targeting PAG functionality in developing treatments for related sleep disorders.



3.7 PAG is involved in vocalization and bladder control behavior

PAG plays a key role in vocalization and bladder control and is essential for the survival and development of both humans and animals. It is involved in verbal communication and expression of emotions, urine storage, and urination. The control of PAG over animal sound production, particularly the stimulation of laughter, was demonstrated in chimpanzees in 1915. Stimulation of different PAG regions produces different sounds in a variety of animals. Damage to the PAG area causes irreversible loss of sound production. Animals generally make two types of sounds. The first one is related to communication, which is used by animals to voluntarily transmit information to identify groups (Ruat et al., 2022). The other is related to emotions such as joy, anger, and fear. The PAG region is involved in the regulation of both sound types (Behbehani, 1995). The PAG region serves as a vocal transit station and is mainly divided into three types: excitatory input from the emotion-related pathways from the basal temporal lobe, frontal lobe, limbic system, and basal ganglia; visual, auditory, taste, and somatosensory information provided to the PAG by the superior and inferior colliculi, nucleus of the solitary tract, spinal nucleus of the trigeminal nerve, and dorsal horn of the SC; and projections of the facial region of the motor cortex. PAG integrates the received information and produces the corresponding sound (Jürgens, 1994; Klingbeil et al., 2021; Subramanian et al., 2021). Conversely, PAG has a strong projection to the caudal medulla, which is related to certain emotional expressions.

For bladder control behavior, four subregions of VLPAG are involved. Electrical and chemical stimulation causes bladder contraction and increases the BP in cats (Taniguchi et al., 2002). Microinjection of D, L-homocysteine into the VLPAG region reduced the frequency of urination but did not disrupt the coordinated pattern of urination (Stone et al., 2015). In a previous study, rats were electrically stimulated by implantation of bipolar stimulation electrodes into the bladder wall, and the glutaminergic neurons that mainly activated VLPAG were identified by staining of brain tissue (Zare et al., 2018). A significant increase in c-Fos expression in the VLPAG was observed after stress urinary incontinence was induced by transurethral dissolution in rats (Ko et al., 2010). PAG has significant connections with the cortex (prefrontal lobe, cingulate gyrus, and insular gyrus), diencephalon (MPA of thalamus and hypothalamus), pontine micturition center (PMC), and SC (sacral ganglion), which are involved in the initiation of the micturition reflex (Zare et al., 2019; Rao et al., 2022).




4 Potential clinical significance and treatment implications of PAG dysfunction in pain, cardiovascular disorders, and psychiatric disorders

Deep brain stimulation, which involves electrical stimulation of the brain parenchyma through implanted electrodes, is a neuroregulatory therapy. PAG is the most extensively studied brainstem target for deep brain stimulation. It is used as a treatment of pain, including neuropathic pain, that is difficult to treat with drugs. PAG-deep brain stimulation also regulates various autonomic nervous system functions. For example, the BP of a hypertensive patient decreased after PAG stimulation for chronic pain. Stimulation of ventral PAG is beneficial for refractory hypertension, while stimulation of DPAG may improve orthostatic hypotension (Pereira et al., 2010; Patel et al., 2011). Furthermore, PAG stimulation increases the maximum bladder capacity (Green et al., 2012). Stimulation of the PAG subdomain in the human body can cause similar changes in BP and HR, which is consistent with the observations in experimental animals. A hypertensive patient who did not achieve adequate BP control with various drugs demonstrated a marked decrease in BP after 6 months of ventral PAG stimulation (Farrell et al., 2019). Furthermore, PAG is essential for driving changes in acute harmful stimulation behavior. High-resolution (7 Tesla) functional magnetic resonance imaging (fMRI) scans of 16 healthy subjects (including 7 females) were performed to evaluate the potential activation of the facial hypothalamus, amygdala, and PAG. The results showed that the signal intensity of LPAG was increased during nociceptive stimulation, while the signal of the other two regions was decreased (Robertson et al., 2022).

Chronic cough is a common and refractory symptom in respiratory diseases, and L/VLPAG sends GABAergic fibers to NTS to suppress the urge to cough (Chen et al., 2022). Dyspnea is considered to be the most direct and strongest threat to survival and often causes serious anxiety. The functional division and connection of human PAG have potential clinical significance for certain patients with chronic lung disease and panic disorder (Faull and Pattinson, 2017). Human fMRI studies have shown that PAG is the main target for the diagnosis, prevention, and treatment of neuropsychiatric diseases (George et al., 2019). In total, 48 patients with trauma exposure underwent resting-state functional connectivity change scan 2 weeks after trauma, and self-assessment scales were administered after 6 months. The results showed that the PAG connectivity was significantly altered in patients with post-traumatic stress disorder. The increased connectivity of the PAG-prefrontal cortex and PAG-cingulate cortex can predict the symptoms and severity of traumatic stress disorder (Webb et al., 2020). An fMRI scan study found that PAG activation was interrupted by both voluntary and involuntary laughter (Westermann et al., 2022). Human PAG damage leads to absolute silence, and the projection of various limbic system and prefrontal lobe pathways to the PAG determines the tone of speech, which indicates that PAG is an essential nucleus for voice production (Holstege and Subramanian, 2016).



5 Summary and prospects

In conclusion, the PAG exhibits diverse functional characteristics and plays a crucial role in the survival and reproduction of mammals. This complex midbrain region serves as a bridge between the forebrain and brainstem, receiving projections from multiple brain areas and integrating information before transmitting it downstream (Benarroch, 2012). The functions of this region include regulation of negative emotions and emotion-related behaviors, such as fear, anxiety, pain, predation, and defense behaviors, as well as corresponding cardiovascular changes. These functional changes mediated by PAG regulation are partly related to sleep-wake regulation. Currently, only the regulation of sleep arousal by the VLPAG has been studied in detail, while the effects of other subregions of PAG on sleep arousal are still unclear. As a result, further studies are needed. Vital neurotransmitters, including GABA, glutamate, opioids, DA, and 5-HT, intricately regulate the mechanisms underlying the effects of PAG, fine-tuning the balance between nociception and emotional states (Nguyen et al., 2023). Table 1 summarizes further details about the afferent and efferent projections of various regions of PAG, their functions, and related behaviors. Nevertheless, a comprehensive understanding of the functions of PAG is lacking due to the interactions among its subregions and the complex effects of neurotransmitters on different subregion receptors. Further comprehensive research is needed to reveal the complex interactions within PAG and to enhance our understanding of this key brain region.
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vLGN/IGL- \ Antinociceptive effects of bright light treatment (Hu et al., 2022)
LPAG/VLPAG
LH-VLPAG Glu Pain behaviors (Siemian et al., 2021)
BLA-mPFC-VLPAG \ Nociception, pain affect and cognition (Huang et al., 2019; Kuner and Kuner, 2021)
Sm-VLO-PAG Opioid peptides/5- Antinociception (Huo et al, 2008; Tang et al., 2009)
HT/DA/Glu/GABA
MPA-PAG-RVM \ Analgesia and descending nociception (Loyd and Murphy, 2013)
VTA-PL mPFC-VLPAG DA Antinociception (Huang et al., 2020)
Medial thalamus-PAG Glu Pain modulation (Mercer Lindsay et al., 2021)
Defensive behavior CeA-VLPAG GABA Conditioned freezing (Tovote et al., 2016; Reis et al,, 2023)
ACC-DLPAG/LPAG \ Defensive behaviors (Reis et al., 2023)
VMH-DLPAG Glu Freezing and immobility (Wang et al,, 2015)
PMD-DLPAG Glu/Cholecystokinin Escape vigor (Wang et al., 2021a)
AHN-VLPAG GABA Defensive attacks and biting (Xie et al., 2022)
LH-LPAG/VLPAG Glu Evasion and unconditioned aversion (Li Y. et al., 2018)
DR/MR- \ Escape and avoidance (Reis et al., 2023)
DLPAG/LPAG/VLPAG
ZI-LPAG GABA Investigatory behavior (Ahmadlou et al., 2021)
SN-VLPAG GABA Exploratory locomotion (Kirouac et al., 2004)
PL/IL-VLPAG \ Aversion and fear generalization (Reis et al., 2023)
mSC-DPAG Glu The initiation of unconditioned escape (Evans et al., 2018)
EN-VLPAG Glu Learned defensive responses (da Silva et al., 2023)
VTAPA_mPEC-DPAG DA Place avoidance and defensive behaviors (Vander Weele et al., 2018)
VLPAG-Mc Glu Freezing behaviors (Tovote et al., 2016)
VLPAG-VTA GABA Freezing behaviors (St Laurent et al., 2020)
mCbN-VLPAG Glu Freezing behaviors (Vaaga et al., 2020)
Predatory hunting CeA-LPAG/VLPAG GABA Locomotion during prey pursuit (Zhao et al., 2023)
LH-LPAG/VLPAG Glu; GABA Evasion; Predatory hunting (Rossier et al., 2021; Zhao et al., 2023)
MPA-LH-VLPAG CaMKIIa Predatory eating in hunting behavior (Tan et al., 2022)
MPA-VLPAG CaMKIIa Predation (Tan et al., 2022)
ZI-PAG GABA Hunting behavior (Zhao et al.,, 2019)
BE-PAG GABA Hunting and instrumental responding and consumption for food (Roman-Ortiz
etal., 2021)
BST-VLPAG GABA Feeding behavior (Hao et al., 2019)
Anxiety and MRN-DPAG 5-HT Anxiety (Vdzquez-Le6n et al., 2023)
depression
dmPFC-VLPAG Glu Maintenance of pain thresholds and antianxiety behaviors under normal conditions
(Yin et al., 2020)
PL mPFC-PAG Glu Motivation and depression-related behaviors (Silva and McNaughton, 2019)
MPA-PAG Glu Anxiety-like behaviors (Zhang et al., 2021)
Cardiovascular and PAG-RPa \ Cardiac output during defense (Moraes et al., 2020)
respiratory
regulation
POA-VLPAG-RN Adrenaline Hypotension caused by LPS (Millington et al., 2016)
mPFC-VLPAG-RVLM Glu Increase of tachycardia (Alikhani et al., 2021)
POA-DPAG Adrenaline Hypotension caused by LPS (Mirzaii-Dizgah et al., 2022)
VLPAG-CVLMGABA Glu Decrease of vasodilator nerve acticity in RVLM (Alikhani et al., 2021)
RVLM
VLPAG-CMM>—HT. Glu De-inhibition of pressor response to RVLM (Alikhani et al., 2021)
RVLM
VLPAG-NTS NMDA Hemorrhagic hypotension reverse and increase of HR (Barbosa et al., 2017)
DMH- \ Increase of HR and mean arterial pressure; attenuation of DMH-induced tachycardia
LPAG/DLPAGNMDA/5-HT (de Menezes et al., 2009; Villela et al., 2009)
PAG-NRA \ Respiratory regulation and the articulation related to emotion (Holstege and
Subramanian, 2016)
PAG-KFn/KFn-PAG \ Regulation of upper airway patency (Trevizan-Bat et al., 2021b)
PAG-pre-Bétzinger \ Breathing behavior (Ghorbani et al., 2023)
complex
PVN/PFA/DMH-PAG \ Respiratory regulation (Fukushi et al., 2019)
LPAG-VLM NKIR Glu Respiratory control (Oka et al., 2012)
Sleep-wake states VLPAG- GABA Decrease of REM sleep (Weber et al., 2018)
modulation SLDSM/LDTA/LCNE
VLPAG-DR®HT/LCNE/ | GABA Initiation and maintenance of REM sleep (Luppi et al., 2012)
VL. DAGGABA
VMOABA / HMCH /pOA- GABA/MCH Promotion of REM sleep (Weber et al., 2015; Kroeger et al., 2019)
VLPAG
LC-VLPAGPA \ Increase of sleep latency (Porter-Stransky et al., 2019)
VLPAG/LPAG-caudal Glu Promotion of NREM sleep (Kashiwagi et al., 2020)
medulla oblongataGABA
Others PAG-NTS GABA Inhibition of cough and respiratory sensory management (Zhong et al., 2019; Chen
etal., 2022)
VLPAG/LPAG-PMC \ Initiation of micturition response (Rao et al., 2022)
DLPAG-PMC GABA Voiding inhibition (Zare et al., 2019)
DLPAG-VLPAG GABA Inhibition of micturition reflex (Numata et al., 2008)
LBP-L/VLPAG Glu Modulation in itching sensation (Li et al., 2021)

The symbol “/” means to summarize nucleus or neurotransmitters which mediate the same function. The symbol “;” means to distinguish different functions and its relative neurotransmitters.

The symbol “\” means the neurotransmitter is unknown.
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