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Summary of Overlapping Emotion-Regulation Systems Within Which the Circuits of the Amygdala, Hypothalamus, and Periaqueductal Gray Circuits Are Embedded

THE PREFRONTAL CORTEX–HIPPOCAMPUS–AMYGDALA SYSTEM
The medial regions of the prefrontal cortex (PFC)—the ventromedial PFC, orbitofrontal cortex, dorsomedial PFC—and anterior cingulate cortex (ACC) are implicated in the control of emotional behaviors.1–4 The PFC is involved in top-down inhibition of the amygdala, hypothalamus, and periaqueductal gray (PAG), the modulation of emotional face and body expressions through the cranial nerves (nos. V, VII, IX, X, and XI), and cortico-striato-thalamic loops.5,6 In humans, the lateral regions of the PFC (the dorsolateral and ventrolateral PFC), which are principally involved in higher executive functions, are the most recent phylogenetic addition to the affect-regulating system. Lateral regions of the PFC come on line—and work together with the ventromedial PFC—when individuals utilize conscious emotion-regulation strategies.2,3,7,8 The hippocampus is also part of this system and is crucial to context association in memory formation9 and modulation of the hypothalamic-pituitary-adrenal (HPA) axis.10–12 It projects to the amygdala and can exert top-down modulation of the amygdala in the context of new learning.13 More recently, some researchers have extended this emotion-regulation system to include the cingulate cortex, insulae, parahippocampal gyri, and HPA axis.8,14–16

THE AUTONOMIC NERVOUS SYSTEM
The autonomic nervous system is involved in regulating the internal milieu—to maintain it (homeostasis) or to adjust it to specific behaviors such as exercise or defense responses (to real or expected dangers). Because of the latter, efferent (or motor) fibers of the autonomic nervous system contribute to the visceral expression of emotions. On the sensory side, afferent fibers that regulate the autonomic nervous system also contribute to interoception, the subjective experience of body state. Early writers conceptualized the autonomic system primarily as a motor-output system to the viscera: visceral motor fibers innervated smooth muscle in the viscera,17,18 whereas the somatic motor fibers innervated skeletal muscle. Later, it became apparent that autonomic nerves carried a large percentage of afferent fibers (e.g., 80%–90% of the vagal nerve and 50% of the splanchnic nerve) and not just efferent fibers.19 The term visceral afferents was used to refer to sensory fibers that carry information from the viscera about the body’s internal state, and the term somatic afferents to refer to those fibers that carry information from the skin and muscle about the external environment. More recent, “functional” models conceptualize the autonomic system as a complex body-brain-body feedback system, with central representations on multiple levels.5,20–26 Accordingly, the brain is informed about the state of the body via afferent signals from all body tissues—exteroceptive and interoceptive—and in response to this information, the brain coordinates integrative programs for maintaining the body’s internal environment and implements these programs by parallel activation of the autonomic efferent system, the HPA axis, and the somatomotor system.23,26 
As noted above, contemporary models of the autonomic system are functional in character. Functional models attempt to describe overarching regulation functions that build upon, but also expand beyond, the neural substrate that makes up the autonomic system per se. Such models synthesize, condense, and bring a sense of coherence to large bodies of complex information, with the consequence that some detail may be lost. Despite these limitations, the autonomic system is a key neural system involved in homeostasis and interoception27 and in emotion regulation and expression; using a functional account to understand it is especially useful in clinical practice. Likewise for the other emotion-regulation systems discussed here.

The Sympathetic Branch
The sympathetic branch of the autonomic nervous system originates from preganglionic motor neurons located in the thoracic cord. These sympathetic preganglionic neurons exit the spinal cord with spinal nerves and relay in the para- and pre-vertebral sympathetic ganglia17 or directly in the adrenal medulla (where they cause the secretion of adrenalin/noradrenaline into the blood). Postganglionic sympathetic fibers supply smooth muscles in the heart, lungs, intestines, other viscera, brown fat, and immune cells throughout the body, where they release noradrenaline to produce catabolic responses, usually associated with an increase in arousal.
Sympathetic outflow—that is, the level of activity in sympathetic preganglionic neurons—is regulated by two types of input, one spinal and the other supraspinal (see virus study by Westerhaus and Loewy [2001]).26 Spinal inputs come from neurons located in lamina 1 of the dorsal horn of the spinal cord, and those neurons relay sensory information carried by small-diameter A-delta and C-afferent fibers. These sensory fibers are of visceral and somatic origin, and many originate from nociceptors, mechanical or chemical. It is through the connections in the spinal cord that they activate basic spinal sympathetic reflexes. Supraspinal inputs come from premotor sympathetic (or pre-sympathetic) centers located in the brain stem and hypothalamus. These pre-sympathetic centers are responsible for more integrated sympathetic reflexes because they can integrate lamina-1 inputs (ascending via the spinothalamic tract) with inputs from two additional relays of visceral and somatic afferents located in the brain stem: the nucleus of the solitary tract (more visceral input from thorax and abdomen ascending with the vagus nerve) and the spinal trigeminal nucleus (somatic input from the face and head), respectively. Pre-sympathetic centers are, in turn, regulated by higher structures located in the forebrain, including the insular cortex, medial PFC/ACC, ventromedial temporal lobe, ventral hippocampal regions, and amygdala.28–30 They, too, are modulated by sensory information ascending from lamina 1, the nucleus of the solitary tract, and the spinal trigeminal nucleus. This visceral and somatic spinal and supraspinal “lamina-1 type” sensory information is relayed by brain stem centers such as the parabrachial nuclei and PAG to the posterior ventromedial nucleus of the thalamus and, finally, to the insula, where the higher-order representations of this input allows for subjective experience of body state.20,21 According to Craig,20,21 it is the anterior portion of the right insula that specifically receives this “lamina-1 type” visceral and somatic sensory input. Because these sensory inputs activate sympathetic outflow, a convenient way of referring to them could be pro-sympathetic afferents. Craig uses the term sympathetic afferents to describe this input, but this terminology may lead to confusion because, anatomically speaking, there are no such sympathetic afferents, and visceral sensory nerves that travel in splanchnic nerves with efferent sympathetic fibers represent only one portion of the sensory information reaching the right anterior insula.

The Parasympathetic Branch
The parasympathetic branch of the autonomic nervous system regroups all the other autonomic nerves whose efferent fibers do not relay in pre- or para-vertebral ganglia. The ganglia in which these efferent fibers relay are located further away, close to the target organ. Parasympathetic efferent fibers are found in cranial nerves III, VII, IX, and X (oculomotor, facial, glossopharyngeal, and vagal nerves) and in sacral nerves. The two main sets of parasympathetic nerves are the two vagal nerves, which supply the thorax and abdomen, and the sacral nerves, which supply the pelvic organs. The preganglionic parasympathetic neurons of the vagal nerve are located in the lower brain stem (dorsal motor nucleus of the vagus and nucleus ambiguous). Those of the sacral nerves are in the sacral spinal cord. The preganglionic parasympathetic neurons of the vagal nerve are regulated by visceral and somatic sensory afferents originating from the nucleus of the solitary tract and spinal trigeminal nucleus, and those of the sacral serves are regulated by inputs from lamina 1 of the spinal cord. The descending modulation of parasympathetic preganglionic neurons by premotor centers, such as Barrington’s nucleus, is not as well understood as that of sympathetic preganglionic neurons, but the modulation originates in large part from the same cortical and subcortical centers that modulate sympathetic outflow—that is, the insular cortex, the medial PFC/ACC, the dorsomedial/dorsolateral PFC, middle temporal cortices, cerebellum, hippocampal regions, and amygdala.24,31–33
Activation of vagal efferents tend to produce effects that in opposition to those of sympathetic efferents—that is, the effects are anabolic, energy conserving, and usually associated with a decrease in arousal. The effect of sacral parasympathetic efferents is more complex and not necessarily in opposition to those of sympathetic efferents.
The vagus nerve contains visceral afferents that make an important contribution to the regulation of vagus efferent fibers. Some will have vagal efferents and produce the vagal effects as described above. Other “pro-vagal” inputs—of visceral and somatic origin and relayed by the spinal trigeminal nucleus and the dorsal horn of the spinal cord (including lamina 1)—may also produce the same type of effects. These pro-vagal afferents are antagonistic to the pro-sympathetic afferents described above. They ascend via the same relays (parabrachial nuclei, PAG, posterior ventromedial nucleus of thalamus) but appear to have a different representation in the insula cortex—this time in the left anterior insular cortex, according to Craig.20 The two types of afferents are responsible for interoception. How we feel depends on the balance of inputs between the left and right insulae.

The Autonomic System as a Complementary/Dual-Control System
In organs that receive both sympathetic and parasympathetic innervation, the two systems have complementary actions that can be either synergistic or antagonistic (e.g., control of the genitals vs. heart rate, respectively). Overall, the sympathetic system has a catabolic effect, causes the release and expenditure of energy, and is associated with arousal, whereas the parasympathetic system has an anabolic effect, increases saving and storing of energy, and is associated with rest. Working in tandem, the sympathetic and parasympathetic systems produce a continuous stream of signals that maintain homeostasis on a second-by-second basis. In the context of threat, the two systems generate other patterns of activation—namely, defensive programs that serve to defend the stability of the internal environment and to prepare the body for appropriate action.5,23,26
The complementary functions of the parasympathetic and sympathetic systems may also be reflected anatomically in the human forebrain.20 According to Craig,20 homeostatic information carried by sympathetic and parasympathetic pathways becomes increasingly lateralized as sympathetic and parasympathetic pathways “progressively activate higher-order homeostatic afferent re-representations in more anterior portions of the human insula.”20(p 567),24,31–33 On this model, “the left anterior insula (AI) is activated predominantly by homeostatic afferents associated with parasympathetic functions, and the right AI is activated predominantly by homeostatic afferents associated with sympathetic functions.”20(p 567) More broadly, this model posits that the left forebrain is associated with predominantly parasympathetic activity—nourishment and energy renewal, safety, positive affect, approach behavior, and group-oriented (positive and affiliative) emotions.20,34 The right forebrain, by contrast, is associated with predominantly sympathetic activity—arousal, danger, negative affect, withdrawal (aversive) behavior, and individual-oriented (survival) emotions.16,20,34–36 
Although the model of the autonomic system as a complementary/dual-control system provides a useful overarching framework, some clinical situations require a further level of differentiation. In a more complex version of model discussed above, the parasympathetic system itself has two key subsystems—one that mediates restorative functions, and one that activates defensive programs and works alongside activation of sympathetically mediated defensive programs.37 Important examples of this parasympathetic defensive function can be seen in the parasympathetic afferents that carry nociceptive information,38 in parasympathetically mediated defensive programs in the gut (enteric expulsion programs for vomiting and diarrhea),39,40 and drastic reductions in heart rate mediated by vagal fibers from the dorsal motor nucleus.5 

THE SEROTONERGIC SYSTEM 
Monoaminergic systems and, in particular, the serotonergic system represent another layer for the modulation of information processing in the systems described above. The dorsal raphe nucleus (DRN), the largest serotonergic nucleus, is located on the midline of the brain stem. The DRN projects to many structures— the amygdala (basolateral and central nuclei), bed nucleus of the stria terminalis, PAG, locus coerulus, basal ganglia, and PFC—and receives projections from many of these areas. When serotonergic neurons in the DRN are sensitized in the context of uncontrollable stress, subsequent exposure to mildly stressful stimuli induces excessive activity and, via projections to amygdala-hypothalamic-PAG circuits, triggers anxiety symptoms and passive coping behaviors.41–43 DRN modulation of the amygdala is mediated by serotonin receptors. Serotonin activation enhances activation of fear circuits—particularly those involving passive behaviors such as behavioral immobility, reduction in social exploration, and escape deficits—whereas serotonin antagonism inhibits fear circuits. Regular voluntary exercise and selective serotonin reuptake inhibitors both function to constrain the activity of serotonergic neurons in the DRN.41,44,45 Top-down projections from the medial PFC are thought to modulate the activity of the DRN. 
Significant alterations in serotonin metabolism in brain structures—for example, resulting from the activity levels of serotonin-metabolizing enzymes or from the density of receptors in the PFC, striatum, or fear circuits—have been shown to be associated with animals’ predispositions to manifest, or fail to manifest, defensive behaviors.46–51 
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