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Simple Summary


The hypothalamus plays a critical role in the regulation of autonomic functions, acting as a central integrator of various physiological processes. Among its many regions, the dorsomedial hypothalamus and the perifornical region are particularly significant in the control of autonomic responses. This review highlights the critical roles of the dorsomedial hypothalamus and the perifornical region in autonomic control, emphasizing their importance in cardiorespiratory function.




Abstract


The dorsomedial hypothalamus nucleus (DMH) plays a pivotal role in the orchestration of sympathetic nervous system activities. Through its projections to the brainstem and pontomedullary nuclei, it controls heart rate, contractility, blood pressure, and respiratory activity, such as timing and volumes. The DMH integrates inputs from higher brain centers and processes these signals in order to modulate autonomic outflow accordingly. It has been demonstrated to be of particular significance in the context of stress responses, where it orchestrates the physiological adaptations that are necessary for all adaptative responses. The perifornical region (PeF), which is closely associated with the DMH, also makes a contribution to autonomic regulation. The involvement of the PeF region in autonomic control is evidenced by its function in coordinating the autonomic and endocrine responses to stress, frequently in conjunction with the DMH. The DMH and the PeF do not function in an isolated manner; rather, they are components of a comprehensive hypothalamic network that integrates several autonomic responses. This neural network could serve as a target for developing therapeutic strategies in cardiovascular diseases.
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1. Introduction


The stress response, triggered by aversive and threatening situations, induces immediate cardiovascular and respiratory changes, such as an increased blood pressure, heart rate, respiratory rate, and cutaneous vasoconstriction [1,2,3,4,5]. These autonomic responses enhance survival in threatening conditions [6]. This reflex, termed the “defense response”, is observed across various species, including humans and animal models [3,4,7].



The hypothalamus is a central structure in the defense response, facilitating rapid and adaptive responses. Early studies demonstrated that stimulation of specific posterior hypothalamic regions in cats triggers behavioral and physiological responses indicative of a defensive state [8]. Among the various hypothalamic nuclei, research has identified the dorsomedial hypothalamic nucleus (DMH) and the perifornical area (PeF) as key mediators of these autonomic responses. Together, these areas constitute the “Hypothalamic Defense Area” (HDA), as their stimulation elicits characteristic visceral and somatic changes [9].



These physiological strategies, which include autonomic, endocrine, and behavioral responses, have evolved over millions of years to be particularly effective in acute situations, typically characterized by fight-or-flight responses. However, it is critical to note that DMH/PeF-facilitated autonomic regulation is not limited to threat responses, but involves the autonomic adjustments of all adaptive responses, including motivational and emotional behaviors. Moreover, its involvement in these responses has become increasingly important, as the nature of psychological stressors has changed in today’s society, especially in terms of their severity and chronicity. This modern psychological stress has been strongly associated with an increased risk of cardiovascular problems, underscoring the urgent need to understand these evolving challenges [6,7,9].



Thus, the role of the DMH/PeF extends beyond immediate threat responses, encompassing broader physiological functions essential for adaptation to a variety of challenges. Specifically, extensive evidence has linked the DMH/PeF region to various autonomic functions, including the regulation of cardiovascular, respiratory, endocrine, and thermoregulatory responses and urinary bladder control [10,11,12,13,14]. In addition, the DMH/PeF also regulates sleep–wake cycles, circadian rhythms, homeostasis, reward-seeking behavior, and food intake [15,16,17].



These functions are executed through an extensive network of interconnections between the DMH/PeF and various cortical and brainstem regions. However, the precise nature of these connections is not yet fully understood. This study aims to review the input and output pathways that the DMH/PeF employs in regulating cardiorespiratory function in order to understand how these areas of the brain are involved in responses to threat situations and, above all, in a variety of adaptive and emotional behaviors. Considering the increasing number of cardiovascular problems and the apparent evidence that prolonged emotional stress may be responsible for these increases, clarifying the functional organization of this neural network could explain the neurophysiological bases of these alterations, potentially leading to new therapeutic strategies to address stress-related disorders and improve cardiovascular health.




2. Method


This narrative review applies a rigorous methodology to identify and synthesize key studies on the cardiorespiratory mechanisms regulated by the DMH/PeF. Given the exploratory and narrative nature of this review, systematic inclusion and exclusion criteria, as seen in systematic reviews, were not applied. Instead, studies were deliberately selected based on their scientific relevance, impact, and specific contributions to understanding DMH/PeF-related autonomic pathways. Below, we outline the study setting, the expertise of the research team, and the duration of this study, as well as the selection, evaluation, and quality control criteria applied to the reviewed literature.



2.1. Study Setting and Researchers’ Experience


This review was conducted within the Department of Human Physiology at the Faculty of Medicine, University of Málaga, a research environment with advanced facilities for physiological studies. The research team comprises specialists with extensive experience in autonomic nervous system studies, particularly in analyzing cardiorespiratory control mechanisms. This expertise enabled us to minimize biases and ensure reliability throughout the analysis.




2.2. Estimation of Bias and Quality of Outcome Measures


A comprehensive literature search was conducted using the PubMed database with keywords such as “autonomic nervous system”, “cardiorespiratory control”, “dorsomedial hypothalamic nucleus and perifornical area”, “psychological stress”, “defense response”, and “emotional stress”. The search targeted high-quality experimental and clinical studies published in peer-reviewed and high-impact journals. These studies address anatomical and functional aspects of cardiorespiratory control related to stress, with priority given to high-quality neuropharmacological, electrophysiological, neuroanatomical, and neuroimaging studies. For studies based on animal models, we prioritized those with findings that are interpretable and potentially translatable to human contexts, ensuring a thorough assessment of the physiological and neurobiological processes involved in cardiorespiratory regulation and stress responses.



In selecting articles, we carefully considered methodological rigor, result robustness, and the quality of outcome measures to ensure data validity. The inclusion criteria were as follows: (i) relevance to the topic, particularly studies exploring the relationship between the DMH/PeF and autonomic responses and cardiorespiratory changes associated with stress or threat situations; (ii) studies addressing DMH/PeF afferent and efferent pathways linked to cardiorespiratory control; and (iii) original studies or reviews with transparent and objective methodologies. Exclusion criteria included the following: (i) studies not directly related to the DMH/PeF or autonomic cardiorespiratory regulation; (ii) studies without relevant stress models (e.g., those not evaluating emotional or threat-based stress); (iii) studies with limited methodological robustness; (iv) studies lacking sufficient exploration of DMH/PeF pathways in the context of cardiorespiratory control; and (v) low-quality studies, such as those with small sample sizes or insufficient variable control. The “saturation” criterion determined the endpoint of the search, ending when no new articles presented novel findings or concepts.



Although this narrative review does not follow a formalized framework for assessing study bias or quality, we critically reviewed the studies to cover a broad spectrum of approaches and methods that contribute to the current understanding of DMH/PeF functions and its autonomic projections.





3. The Role of the DMH/PeF in Cardiorespiratory Function


The hypothalamus is a key regulator of stress-induced cardiorespiratory responses, a function supported by extensive research. Early studies demonstrated that electrical stimulation of the hypothalamus leads to notable increases in sympathetic activity, heart rate, blood pressure, and respiratory activity, identifying it as a central structure in the autonomic response to stress.



Among the hypothalamic regions, the DMH/PeF has been recognized as the primary regulator of these autonomic changes. Electrical stimulation of the DMH/PeF evokes profound cardiorespiratory alterations, making this region a central focus for understanding the body’s physiological reaction to stress. Notably, these changes are not limited to electrical stimulation; chemical stimulation, such as the disinhibition of the DMH/PeF with the GABAA receptor antagonist bicuculline, also results in increased heart rate and blood pressure, which are proportional to the doses administered [9,18,19].



In contrast, the inhibition of DMH/PeF activity leads to significant reductions in key autonomic parameters. Studies in conscious rats have shown that DMH/PeF blockade results in decreased pressor responses, tachycardia, skeletal muscle blood flow, and renal sympathetic activity [20,21]. Furthermore, the suppression of respiratory responses to excitatory and stressful stimuli during DMH/PeF inhibition highlights the critical role of this region in modulating respiratory rates under stress [2].



Interestingly, the cardiorespiratory changes elicited by DMH/PeF stimulation in anesthetized rats closely resemble those observed during natural stress responses, reinforcing the idea that this region is integral to autonomic regulation [9]. Additionally, acute stress has been linked to increased c-Fos expression in the DMH, indicating the activation of this area during stressful conditions [22].



Beyond fast autonomic responses, the DMH/PeF also plays a crucial role in the re-adjustment of reflexes that regulate blood pressure. For example, during stress, it facilitates the adjustment of the baroreceptor reflex to accommodate elevated blood pressure levels, a necessary adaptation for the body’s defense response [23]. Additionally, the DMH/PeF is involved in enhancing the chemoreflex [24,25], further demonstrating its multifaceted role in cardiorespiratory control.



In summary, the DMH/PeF emerges as a central hub in orchestrating the body’s cardiorespiratory responses to stress. By influencing heart rate, blood pressure, and respiratory activity, and through its interactions with other autonomic reflexes, this hypothalamic region ensures a coordinated physiological response to environmental challenges.



3.1. Afferent Pathways to the DMH-PeF: Essential Connections for Cardiorespiratory Control


The DMH/PeF modulates cardiorespiratory activity in response to stress by integrating information from multiple brain structures associated with autonomic functions. The key input pathways to the DMH/PeF are detailed below, organized by their anatomical locations: cortical regions, the amygdala and other limbic areas, the periaqueductal gray matter (PAG) in the midbrain, and the nucleus of tractus solitarius (NTS) within the medulla oblongata (see Figure 1).



3.1.1. Cortical Regions


The insular cortex (IC) has been identified as a major input to the posterior DMH/PeF. Recent findings indicate that the intermediate region of the posterior IC can influence DMH/PeF-mediated sympathetic activity through direct glutamatergic projections, specifically via N-methyl-d-aspartate receptors (NMDARs) [26]. Evidence suggests a functional specialization within the IC, where the right hemisphere is involved in cardiac sympathetic regulation and the left hemisphere modulates cardiac vagal activity [27]. Studies in rodents and humans support the role of the IC in autonomic cardiovascular control, with damage to this region associated with cardiac dysfunction [28,29,30,31,32].



Beyond the insular cortex, the prelimbic prefrontal cortex (plPFC) directly connects to the DMH/PeF and significantly influences respiratory responses to stress. Inhibition of the plPFC has been shown to reduce panic behaviors triggered by DMH/PeF activation [2]. Additionally, the dorsal peduncular cortex and dorsal tenia tecta (DP/DTT) have been proposed to activate a glutamatergic pathway directed towards the DMH during stressful stimuli, highlighting a potential cortical influence on autonomic responses [33].




3.1.2. Amygdala and Limbic Structures


The amygdala, a key limbic structure associated with emotional processing and autonomic responses, is another important input to the DMH/PeF [34]. Blocking glutamate receptors in the DMH/PeF has been shown to suppress cardiovascular responses induced by chemical stimulation of the amygdala [35]. Additionally, the amygdala provides orexinergic input to the DMH/PeF, further influencing cardiorespiratory activity [36]. Recent neuroimaging studies have reinforced the amygdala’s role in modulating sympathetic responses to stress, indicating that its projections to the DMH adjust cardiovascular behaviors in response to perceived threats [37,38].




3.1.3. Periaqueductal Gray Matter (PAG)


The PAG, a mesencephalic region known for its role in integrating defensive behaviors and autonomic responses to threats, has direct projections to the DMH [39]. These projections are believed to be glutamatergic, modulating cardiovascular responses mediated by the DMH/PeF. Notably, activity in the lateral and dorsolateral columns of the PAG (l/dlPAG) can trigger physiological responses that depend on DMH neuronal activity [40]. Studies have shown that the microinjection of muscimol and NBQX-Ap5 into the DMH/PeF reduces heart rate, blood pressure, and body temperature increases induced by l/dlPAG stimulation [41]. These findings underscore the PAG-DMH/PeF pathway’s role in mediating stress responses.




3.1.4. Nucleus of Tractus Solitarius (NTS)


The NTS appears to play an essential role as an afferent to the DMH/PeF during stress, facilitating increases in respiratory rate and baroreflex adjustment [24,42,43,44,45]. The specific mechanisms by which the NTS interacts with the DMH/PeF to mediate cardiorespiratory control are elaborated in the following sections.



In summary, the DMH/PeF integrates input from multiple brain regions, each contributing to its role in modulating autonomic responses to stress. Understanding these connections is crucial for comprehending the mechanisms underlying cardiorespiratory regulation during periods of heightened arousal.





3.2. Efferent Pathways from the Dorsomedial and Perifornical Hypothalamus: A Unified Framework for Cardiorespiratory Regulation


Anatomical tracing studies indicate that the DMH/PeF region does not directly connect to preganglionic sympathetic neurons in the spinal cord [46,47]. Thus, its influence on cardiorespiratory activity is mediated through ascending and descending sympathoexcitatory pathways that interact with premotor neurons. The potential pathways through which these autonomic responses are modulated are outlined below, categorized by their anatomical locations: mesencephalic structures, pontine nuclei, and medullary nuclei (see Figure 1 and Figure 2).



3.2.1. Mesencephalic Structures


The PAG is a critical mesencephalic region that integrates defensive behaviors and autonomic responses to threats. It receives input from cortical areas, including the prefrontal cortex and the amygdala, and sends outputs to cardiorespiratory pontomedullary nuclei [48]. The PAG is composed of four columns—lateral (lPAG), dorsolateral (dlPAG), dorsomedial, and ventrolateral (vlPAG)—each contributing to different aspects of autonomic regulation [49,50].



Among these, the l/dlPAG serves as an important relay for DMH/PeF-induced cardiovascular responses. The DMH/PeF projects to the l/dlPAG, which integrates these signals and redistributes the vasomotor component to the rostral ventrolateral medulla (RVLM) and the cardiac component to the raphe pallidus (RP) [51,52]. Although the l/dlPAG lacks direct connections to the intermediolateral cell column (IML) of the spinal cord, it is likely involved in modulating cardiovascular responses through indirect pathways [51].



Experimental evidence supports the role of the l/dlPAG in mediating DMH/PeF-induced changes in autonomic function. Microinjection studies have shown that administering muscimol (a GABA agonist) and NBQX-Ap5 (an ionotropic glutamate receptor antagonist) into the DMH/PeF significantly reduces increases in heart rate, blood pressure, and body temperature typically induced by excitatory amino acid stimulation of the l/dlPAG [41]. Similarly, DMH/PeF inhibition suppresses cardiovascular and respiratory responses triggered by PAG activation [40]. This suggests a dynamic interplay between the DMH/PeF and the l/dlPAG, where the latter serves as a mediator that relays and refines autonomic signals to other brainstem cardiorespiratory centers. Morphofunctional studies further substantiate this role, showing direct neural connections from the l/dlPAG to the DMH, reinforcing the idea that the l/dlPAG integrates signals for proper autonomic response [53,54].



The l/dlPAG also contains 5-HT1A receptors, which are known to modulate autonomic responses. Activation of these receptors has been shown to decrease tachycardia and hypertension triggered by DMH/PeF stimulation [55]. It is proposed that the serotonergic component of the l/dlPAG originates in the vlPAG, a subregion recognized for its role in inhibiting the defense response [56]. This implies that 5-HT1A receptors in the l/dlPAG may reduce the transmission of signals to sympathetic premotor neurons, thereby modulating the descending cardiovascular pathways from the DMH/PeF [18,19,57].



Beyond cardiovascular regulation, the l/dlPAG is also critical for respiratory control, as demonstrated by the induction of tachypnea upon its activation [58]. This respiratory modulation is mediated via projections from the l/dlPAG to pontomedullary respiratory nuclei, specifically the Kölliker-Fuse (KF) nucleus and the nucleus retroambiguus (nRA). The l/dlPAG’s influence on the KF nucleus is particularly important, as the KF nucleus adjusts the transition between inspiration and expiration, thereby fine-tuning the respiratory pattern in response to autonomic demands [59]. By acting on neurons that modulate abdominal pressure, the l/dlPAG facilitates the switch from passive to active breathing, an adjustment crucial during stress-induced states [60,61].



The functional connections between the DMH/PeF, l/dlPAG, and the KF nucleus highlight the complex yet coordinated nature of cardiorespiratory regulation during stress. This interplay ensures that autonomic responses, such as changes in heart rate, blood pressure, and respiratory rhythm, are finely balanced, allowing the organism to adapt effectively to varying environmental challenges.




3.2.2. Pontine Nuclei


The pons contains key nuclei involved in DMH/PeF-mediated regulation of cardiorespiratory activity, primarily the parabrachial complex (PBc) and the region of the A5 noradrenergic cells (A5). These pontine nuclei play pivotal roles in modulating both respiratory and cardiovascular responses, serving as crucial relay points for signals descending from the DMH/PeF [24].



The PBc itself consists of several subdivisions, including the lateral parabrachial nucleus (lPB), the medial parabrachial nucleus (mPB), and the KF nucleus [62]. Each subdivision has a specific function in the control of respiratory patterns and cardiovascular activity. The lPB has been identified as particularly influential in driving tachypnea. Activation of glutamatergic neurons within the lPB leads to an increased respiratory rate [63]. This function is essential during the defense response, as the body demands rapid adaptations to ensure an adequate oxygen supply for the heightened metabolic activity associated with stress.



Conversely, the mPB and KF nucleus contribute to the modulation of breathing by inducing bradypnea when activated [63]. The KF nucleus plays a critical role in coordinating the transition between inspiration and expiration, thereby fine-tuning the respiratory rhythm in response to autonomic demands. By acting on neurons responsible for respiratory pattern generation, the PBc-KF complex helps shift from passive to active breathing, a necessary adaptation during stress-induced states. Both nuclei, which form the pontine respiratory group (PRG), perform this function through reciprocal connections with the dorsal respiratory group (DRG) and ventral respiratory group (VRG) [64,65]. Furthermore, research has shown that both lPB and KF nuclei receive direct projections from the DMH/PeF, emphasizing their importance as mediators of DMH/PeF-driven respiratory changes [66,67].



The functional distinction between these parabrachial subdivisions has been confirmed through neuropharmacological studies. For example, using muscimol to inhibit lPB neurons suppresses the tachypnea induced by DMH/PeF activation, indicating that the lPB is directly involved in mediating the respiratory effects of DMH/PeF activity [67]. Similarly, activation of the lPB has been found to exert an efficient control over cardiovascular responses by influencing neurons in the RVLM that project to the sympathetic nervous system. This indicates that the lPB serves as a key relay point, translating DMH/PeF signals into both respiratory and cardiovascular adjustments. Importantly, the involvement of glutamate, acting on ionotropic receptors within the PBc, underscores its role in mediating the effects of DMH/PeF, contributing to the rapid autonomic adjustments during stress [63,67,68].



The A5, containing both catecholaminergic and non-catecholaminergic neurons, adds another layer of complexity to this network. Its unique composition allows it to regulate cardiovascular and respiratory functions separately [69]. The A5 is known to receive input from the DMH/PeF and has been shown to interact closely with the PBc. Inhibition of the A5 has been demonstrated to significantly attenuate the cardiorespiratory responses induced by PBc activation, highlighting the interplay between these pontine nuclei in autonomic regulation [63,70,71]. This interaction suggests that the A5 acts as a modulatory hub that refines the signals received from the DMH/PeF, contributing to the precise control of cardiovascular responses, including blood pressure regulation.



Additionally, the A5 region’s catecholaminergic neurons influence sympathetic outflow, facilitating blood pressure adjustments during stress [72]. The A5 has connections with the RVLM and plays a part in the descending autonomic pathways that originate in the DMH/PeF. By mediating the communication between the DMH/PeF and the RVLM, the A5 helps modulate sympathetic tone, ensuring a coordinated cardiovascular response [70,71].



The PBc is also actively involved in facilitating the chemoreflex, which is crucial for maintaining homeostasis during stress. The DMH/PeF has been shown to enhance chemoreceptor reflexes by exciting neurons in the NTS. The NTS then sends projections to the PBc, where the lPB, mPB, and KF nuclei interact to modify respiratory rates. Importantly, the lPB appears to exert a more dominant effect on the chemoreceptor reflex, modulating both the respiratory and cardiovascular aspects of the response. When the body faces situations that require an increase in respiratory rate, the DMH/PeF-PBc pathway becomes activated, facilitating the adjustment of breathing patterns in alignment with the autonomic state [42,43,44,45].



To summarize, the PBc-KF complex and the A5 work in concert with the DMH/PeF to integrate cardiorespiratory signals. The lPB is particularly involved in inducing tachypnea and modulating cardiovascular responses, while the mPB and KF nucleus focus on fine-tuning respiratory patterns. The A5 serves as a modulatory node that refines the signals descending from the DMH/PeF, contributing to the maintenance of blood pressure and the facilitation of autonomic adjustments during stress. Together, these pontine nuclei ensure that cardiorespiratory responses are appropriately synchronized, allowing the organism to adapt to varying environmental and physiological challenges effectively.




3.2.3. Medullary Nuclei


The medulla oblongata is a critical structure in cardiorespiratory regulation, acting as a major relay station for autonomic signals descending from the DMH/PeF. The main medullary nuclei involved in this process include the RVLM, the RP, and the NTS. These nuclei house sympathetic premotor neurons responsible for modulating vasomotor tone, heart rate, and respiratory activity, thereby playing a crucial role in generating adaptive autonomic responses to stress.



The RVLM is pivotal in controlling sympathetic vasomotor activity, thereby directly influencing blood pressure regulation. It contains sympathetic premotor neurons that project to the IML of the spinal cord, where they modulate the activity of preganglionic sympathetic neurons [73,74]. Stimulation of the DMH/PeF leads to an increase in the firing rate of RVLM neurons, resulting in enhanced sympathetic outflow and peripheral vasoconstriction, culminating in elevated blood pressure [19]. This mechanism is crucial for the defense response, where rapid redistribution of blood flow to essential organs, such as the brain and skeletal muscles, is necessary.



The influence of the DMH/PeF over the RVLM is mediated through glutamatergic pathways. Activation of the DMH/PeF stimulates RVLM neurons via the release of excitatory amino acids, facilitating sympathetic tone and thereby contributing to the autonomic changes seen during stress [57]. Additionally, there is evidence suggesting a bidirectional relationship between these structures. Studies have shown that microinjection of GABAergic agents into the RVLM can inhibit the pressor response evoked by DMH/PeF stimulation, indicating that the RVLM not only acts as an intermediary but also modulates the autonomic tone in response to DMH/PeF activity. Although the DMH/PeF is known to project to the RVLM, evidence indicates that the PAG also sends projections to the RVLM [75]. Therefore, the DMH/PeF may indirectly modulate arterial pressure and sympathetic activity in the RVLM via the PAG.



Moreover, the orexin system within the DMH/PeF significantly impacts the RVLM’s activity. Orexin, a neuropeptide produced in the lateral hypothalamic area, including the DMH/PeF, plays a role in enhancing sympathetic drive during stress. Microinjection of orexin A and B into the RVLM produces sympathoexcitatory cardiovascular effects, suggesting that orexin could potentiate the cardiovascular responses to stress [76]. This effect appears to be primarily mediated by ORX2 receptors, although ORX1 receptors also contribute to the response [77]. The presence of orexinergic projections underscores the complexity of DMH/PeF-RVLM interactions in autonomic regulation.



The RP plays an equally critical role, particularly in the modulation of heart rate. It contains a population of serotonergic neurons that project to cardiac preganglionic neurons in the spinal cord, influencing sympathetic cardiac output. Activation of the DMH/PeF leads to excitation of RP neurons, resulting in tachycardia, which is a hallmark of the defense response [19,57,78]. Anatomical studies have identified that most projections to the RP originate from the dorsal region of the DMH/PeF [79], highlighting a specialized pathway for cardiac modulation. While an indirect pathway through the PAG has been reported [51,52], other authors propose that tachycardia induced by emotional stress relies on the DMH/PeF-RP pathway [78].



The NTS is the primary integrative center for visceral sensory information, including input from baroreceptors, chemoreceptors, and pulmonary stretch receptors. The NTS receives direct projections from the DMH/PeF and plays a central role in the adjustment of the baroreceptor reflex during stress. This reflex adjustment is essential for accommodating the elevated blood pressure levels typically encountered during the defense response, ensuring effective cardiovascular control under heightened physiological demands [80,81].



The DMH/PeF modulates the activity of the NTS through both direct and indirect pathways. Directly, the DMH/PeF inhibits NTS neurons via activation of GABAA receptors. When the DMH/PeF is activated, it releases glutamate onto ionotropic glutamatergic receptors located on GABAergic interneurons within the NTS. This prompts the interneurons to release GABA, which in turn inhibits the cholinergic vagal preganglionic neurons in the dorsal motor nucleus of the vagus. This mechanism reduces parasympathetic activity, blunting the baroreceptor reflex and allowing a more flexible range of blood pressure regulation during stress [43,44].



Moreover, leptin, an adipocyte-derived hormone, has been found to influence respiratory activity through its actions on the DMH/PeF. Specific neurons within the DMH/PeF-expressing LEPRb+ receptors project to the dorsal raphe, where they modulate respiratory rate [82]. This pathway affects leptin-induced facilitation of the chemoreflex and the activation of motor neurons controlling tongue muscles, which aid in maintaining an open airway during breathing [83]. The interaction between leptin and the DMH/PeF underscores the nucleus’s multifaceted role in autonomic and respiratory regulation.



The DRG, located in the NTS and VRG, including the nRA and the pre-Bötzinger complex, are involved in the respiratory adjustments mediated by the DMH/PeF. In response to stress, the DMH/PeF facilitates the chemoreflex by exciting NTS neurons, which then project to these respiratory centers. This results in an increased respiratory rate and tidal volume, optimizing the physiological state to meet the metabolic demands of the defense response [59].



The DMH/PeF’s modulation of the NTS and its downstream connections to the DRG and VRG ensures that cardiorespiratory responses are dynamically adjusted to suit the organism’s needs during stress. This dynamic adjustment involves both direct modulation of the NTS and indirect pathways, including connections with the dorsolateral PAG and the cuneiform nucleus, which further enhance the medullary network’s regulatory capacity [48,84].



In summary, the medullary nuclei—RVLM, RP, and NTS—along with the dorsal and ventral respiratory groups constitute an integrated network through which the DMH/PeF exerts its control over cardiorespiratory functions. By modulating the RVLM and RP, the DMH/PeF influences vasomotor tone and heart rate, while interactions with the NTS, DRG, and VRG adjust respiratory patterns and reflexes. This coordinated action enables the organism to respond effectively to stress, highlighting the medulla’s central role in autonomic regulation.






4. Clinical Implications


The high prevalence of individuals with cardiovascular diseases, such as hypertension and cardiac arrhythmias, is a well-documented problem. Although these disorders are attributable to genetic factors and other risks, there is evidence suggesting that daily emotional and psychosocial stress may contribute to the exacerbation of these conditions [85,86].



The increase in anxiety disorders has been specifically associated with hypertension, indicating a direct link between emotional state and cardiovascular health. This relationship is due to the typical sympathetic activation seen in anxiety, which includes increased cardiac output and peripheral resistance [87,88]. These reactions are similar to those observed in humans during stress or threat situations, which provoke increased secretion of ACTH and respiratory and cardiovascular changes, including hypertension, tachycardia, and elevated cardiac output [89].



All of these health issues have been associated with dysfunction of the DMH/PeF. A study suggests that sustained stress may trigger an increase in both sympathetic activity and long-term blood pressure, indicating that the DMH/PeF may influence these cardiovascular alterations [90]. Although it remains unclear whether the dysfunction originates in the DMH/PeF itself or in its afferent/efferent pathways, some authors propose that serotonin 5-HT1A receptors may be involved in this process. It has been demonstrated that sympathetic excitation and tachycardia induced by the DMH/PeF can be inhibited through the activation of these receptors, highlighting their importance in the regulation of the stress response [91].



Furthermore, these authors found that prolonged exposure to a stressor induces cardiovascular changes similar to those triggered by anxiety. They also suggest that chronic activation of 5-HT3 receptors in the context of stress may further exacerbate these responses. This underscores the necessity to consider the management of emotional and psychosocial stress as a preventive and therapeutic approach in the care of patients with cardiovascular diseases [91].




5. Limitations


Given the narrative nature of this review, there are inherent limitations in scope and methodology. First, although a careful selection of high-quality and scientifically relevant studies was conducted, we did not apply systematic inclusion or exclusion criteria, which may introduce some selection bias. Unlike systematic reviews, no formal assessment of study quality or potential biases in the reviewed methodologies was conducted. This is particularly relevant for the substantial proportion of studies derived from animal models, which, while providing valuable mechanistic insights, may not fully generalize to clinical applications in humans [3,35].



Another consideration is the variability in methodological approaches used in the reviewed studies. The included works range from anatomical tracing studies [47] to pharmacological investigations [41,51,70], which, while enriching the review, may introduce differences in result interpretation due to the heterogeneity of techniques applied.



This review also covers a broad spectrum of topics related to cardiorespiratory regulation, from the function of orexin in the DMH/PeF [77] to leptin-mediated modulation of respiratory activity [83]. However, specific areas, such as the detailed neurochemical interactions between neurotransmitters and receptors within the DMH/PeF and functional lateralization observed in certain studies [7], still require further investigation for a more comprehensive understanding. These topics represent critical areas for future studies to unravel the complexity of the DMH/PeF in autonomic regulation.



A limitation identified in this review is the limited number of studies examining the relationship between DMH/PeF activity and its impact on human stress-associated pathologies, such as hypertension and anxiety [86,87]. Additionally, the scarcity of longitudinal data on the effects of chronic stress on autonomic function restricts our understanding of how these findings might be applied in clinical contexts.




6. Conclusions and Future Directions


The DMH-PeF serves as a central hub in the orchestration of cardiorespiratory responses, integrating signals from multiple brain regions to facilitate rapid and adaptive changes during stress. This review highlights the complexity and interconnectivity of the neural circuits that modulate autonomic functions, emphasizing the DMH/PeF’s multifaceted role in regulating cardiovascular and respiratory activities.



The evidence presented shows that the DMH/PeF exerts its influence on cardiorespiratory function through an extensive network of interconnections with various brainstem structures. The RVLM and RP are key targets for direct or indirect modulation by the DMH/PeF, ensuring the proper adjustment of blood pressure and heart rate during stressful conditions. Furthermore, the PBc, including the KF nucleus, and the A5 are integral in translating DMH/PeF signals into respiratory responses, such as tachypnea, which is crucial for managing metabolic demands.



The role of orexin and leptin in the DMH/PeF further illustrates the versatility of this hypothalamic region in coordinating autonomic outputs. Orexinergic projections modulate cardiovascular responses through their action on the RVLM and RP, suggesting a direct link between hypothalamic activity and sympathetic tone enhancement during stress. Similarly, the leptin-induced modulation of respiratory activity through the DMH/PeF points to a complex integration of metabolic signals within the autonomic response network. These neurochemical mechanisms underline the DMH/PeF’s involvement in both homeostatic and adaptive processes, bridging metabolic, cardiovascular, and respiratory regulation.



Additionally, the DMH/PeF’s interaction with the NTS plays a pivotal role in the readjustment of the baroreceptor and chemoreceptor reflexes. This modulation ensures flexibility in autonomic control, allowing the organism to accommodate the increased blood pressure and altered respiratory patterns characteristic of stressful states. The connections with dorsal and ventral respiratory groups further demonstrate the DMH/PeF’s central role in respiratory control, adapting breathing patterns to meet physiological demands.



Despite the significant progress in understanding the DMH/PeF’s role in autonomic regulation, several aspects remain to be fully elucidated. Future research could benefit from the following:




	
Mapping Specific Neural Pathways: A more detailed characterization of the specific neural pathways, including the precise neurotransmitters and receptors involved in DMH/PeF-driven responses, would help clarify how the DMH/PeF integrates information from various brain regions.



	
Exploring Neurochemical Interactions: Investigating the interactions between orexin, leptin, and other neuropeptides within the DMH/PeF could provide insights into how metabolic states influence autonomic regulation during stress.



	
Examining Functional Asymmetry: Given evidence suggesting lateralization in the DMH/PeF’s influence on cardiovascular control, understanding the functional implications of this asymmetry could enhance our knowledge of individualized autonomic responses to stress.



	
Integrating Metabolic and Autonomic Studies: Exploring how the DMH/PeF integrates signals related to metabolic status (e.g., leptin levels) with autonomic outputs might reveal novel mechanisms by which the body maintains homeostasis in response to changing internal and external environments.








Furthermore, evidence suggests that chronic emotional and psychosocial stress may significantly contribute to the onset and progression of cardiovascular conditions. A deeper understanding of the role of the DMH/PeF in autonomic regulation could position these regions as potential therapeutic targets for treating stress-related disorders such as anxiety and hypertension.
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	KF
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	NTS
	Nucleus of Tractus Solitarius



	PAG
	Periaqueductal Gray Matter



	PBc
	Parabrachial Complex



	Pl PFC
	Prelimbic Prefrontal Cortex



	PRG
	Pontine Respiratory Group



	RP
	Nucleus Raphe Pallidus
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	VRG
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Figure 1. Schematic representation of the primary cortical, mesencephalic, and pontomedullary regions involved in the cardiorespiratory response mediated by the dorsomedial hypothalamic nucleus and perifornical area (DMH/PeF). (A) Cardiovascular function. The figure illustrates the input pathways (blue arrows) and the output pathways involved in vasomotor sympathetic activity (red arrows) and heart rate (green arrows) regulated by DMH/PeF, as well as the neurotransmitter involved in those connections. The pressor response to HDM/PeF activation may be mediated by direct downstream projections to preganglionic neurons in the RVLM and by activation of ionotropic glutamate receptors located in the lPB/mPB-KF and A5 (red solid arrows). At the same time, indirect connections to the lPB/mPB-KF and A5 via the PAG may be involved (red dashed arrows). The cardiac component is regulated by a direct downstream pathway from the HDM/PeF to the RP (green solid arrows). An alternative indirect pathway via the PAG is thought to be involved (green dashed arrows). (B) Respiratory function. This diagram illustrates the possible interactions between the DMH/PeF and PAG, both with each other and with medullary–pontine respiratory nuclei, in relation to changes in respiratory rate. 5-HT: 5-hydroxytryptamine; A5: region of the A5 noradrenergic cells; Amyg: amygdala; BötC: Bötzinger complex; CnF: cuneiform nucleus; cVRG: caudal ventral respiratory group; DMH/PeF: dorsomedial hypothalamus and perifornical area; DP/DTT: dorsal peduncular cortex and dorsal tenia tecta in the ventromedial prefrontal cortex; Glut: glutamate; IC: insular cortex; IML: intermediolateral cell column; lPB: lateral parabrachial nucleus; mPB-KF: medial parabrachial nucleus and Kölliker-Fuse nucleus; mPFC: medial prefrontal cortex; mPOA: medial pre-optic area; nA: nucleus ambiguus; NTS: nucleus of tractus solitarius; ORX: orexin; PAG: periaqueductal gray matter; PBc: parabrachial complex; pre-BötC: pre-Bötzinger complex; RP: raphe pallidus; RVLM: rostroventrolateral medulla; rVRG: rostral ventral respiratory group; (+): excitatory neurotransmitter; (-) inhibitory neurotransmitter; (?) unknown neurotransmitter. Created in BioRender. Carrillo Franco, L. (2024) BioRender.com/k38n231. 
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