FIGURE LEGENDS
FIGURE 35.1 Functional organization of the CNS control of breathing. Circuitry centered within the medulla oblongata of the brainstem (blue oval) generates an oscillating inspiratory–expiratory rhythm. Neurons within the oscillator circuit generate rhythmic respiratory motor output without requiring sensory signals related to lung inflation. The rhythm is relayed to networks of premotor and interneurons constituting pattern generators that sculpt the detailed firing patterns relayed to spinal and cranial motoneurons. Spinal respiratory motoneurons innervate skeletal muscles, including the diaphragm and muscles of the rib cage, producing the pumping action of the lungs. Cranial motoneurons, e.g., hypoglossal (cranial nerve XII) motoneurons innervating the tongue and vagal motoneurons (cranial nerve X) innervating the glottis, trachea, and bronchi also receive respiratory input that adjusts airway caliber (and hence the resistance to airflow) over the course of each respiratory cycle. The levels of oxygen (PO2) and carbon dioxide (PCO2) are sensed by chemoreceptors located in the brain and major arteries. If a low PO2 or elevated PCO2 is detected, there is an increase in afferent signals sent to the oscillator and pattern generating circuits to increase breathing. Also, mechanoreceptors located in the airways sense the magnitude of lung inflation and send signals to the central rhythm and pattern generating circuits to modulate the pattern of breathing. Maintenance of appropriate ventilation also requires that breathing be adjusted during a variety of behaviors such as phonation and sleep as well as in response to exercise or changes in posture. These adjustments are mediated via inputs to brainstem rhythm and pattern forming circuits.

FIGURE 35.2 Respiratory and cardiovascular cell groups in a sagittal view of the rat brainstem. Functionally distinct brainstem compartments related to breathing or cardiovascular control are indicated by shaded regions of different colors. Red text indicates the three primary respiratory and two primary cardiovascular cell groups. Subregions of two of the primary respiratory groups, the ventral respiratory column (VRC) and pontine respiratory group (PRG), are indicated with black labeling. Nearby brainstem structural landmarks are indicated in gray for prominent neuronal nuclei, or outlined without shading for major fiber bundles. 7, facial nucleus; 7n, facial nerve; AmbC, compact part of nucleus ambiguus; BötC, Bötzinger complex; cVRG, caudal division of ventral respiratory group; DRG, dorsal respiratory group; KF, Kölliker–Fuse nucleus; LRt, lateral reticular nucleus;Mo5, motor nucleus of the trigeminal nerve; NTS, nucleus of the solitary tract; PBr, parabrachial region; Pn, basilar pontine nuclei; preBötC, preBötzinger complex; RTN - pFRG, retrotrapezoid nucleus and parafacial respiratory group; rVRG, rostral division of ventral respiratory group; scp, superior cerebellar peduncle; SO, superior olive; VRG, ventral respiratory group. Modified from Alheid and McCrimmon (2008).

FIGURE 35.3 A diverse pattern of respiratory motor activity is exhibited on spinal (phrenic) and cranial nerves innervating the diaphragm and airways in an anesthetized rat. Low-pass filtered traces of nerve activity show the overall pattern of discharge. Red vertical lines indicate phase transitions between inspiration (I) and expiration (E), which itself is divided into two subphases: E1 (postinspiration) and E2. Note that the onset of inspiratory activity on cranial nerves precedes the onset of activity on the phrenic nerve. IX, glossopharyngeal nerve; PhX, pharyngeal branch of vagus nerve; SLN, superior laryngeal nerve XII, hypoglossal nerve. Traces depict activity in a rat, but activity is similar in other mammals although respiratory frequency varies from greater than 100 × min−1 in mice to about 3 × min−1 in giraffes. Adapted from Hayashi and McCrimmon (1996).

FIGURE 35.4 Abnormal breathing patterns resulting from CNS disorders. The ordinate is lung volume. Adapted from Plum and Posner (1980).

FIGURE 35.5 PreBötzinger complex (preBötC) is essential for breathing in adult rats. Rapid silencing of allatostatin receptor (AlstR)-expressing, preBötC somatostatin (Sst) neurons induces persistent (>45 min when mechanically ventilated) apnea in anesthetized or awake adult rats. Traces are plethysmographic recordings of breathing movements. Allatostatin (AL) administered intracerebrocisternally induces a gradual decline in frequency and tidal volume until apnea develops after several minutes. After ~60 minutes of mechanical ventilation, rats resume spontaneous breathing. The ordinate is lung volume. From Tan et al. (2008).

FIGURE 35.6 Evidence for two respiratory oscillators. (A) Slowing of the inspiratory period in vitro in a slice (top) and en bloc (bottom), before and after DAMGO, an opiate agonist (red bar): top—continuous slowing of rhythm in the slice; bottom—quantal slowing of rhythm en bloc. T(s), time in seconds between successive bursts of inspiratory neuronal activity recorded either from the preBötC (top) or a cervical ventral root (bottom). (B) Simultaneous recordings of inspiratory burst activity in XII nerve and preBötC inspiratory neurons (top two pairs of traces) and pre-I neuron in RTN/pFRG (bottompair). Arrows in DAMGO traces indicate subthreshold events in preBötC neurons during skipped bursts, which occur at the approximate expected time of inspiratory bursts at control frequency, or unperturbed bursting in pre-I neurons. (C) In vivo recordings (juvenile rat) following fentanyl, an opiate agonist, injection. Left: typical recording with normal cycles (1, 3) interspersed with cycles without inspiratory activity (2, 4). Traces from top: integrated genioglossus muscle EMG; integrated abdominal muscle EMG, tidal volume (VT). Right: Superposition of (EMGGG and (EMGABD in a normal cycle (black) compared to an inspiratory skipped cycle (red). Note the marked differences, especially in the (EMGABD burst. (D) Optogenetic stimulation of RTN neurons turns on abdominal (expiratory) nerve activity, with minimal effect on inspiratory activity. A, B adapted from Mellen et al. (2003); C adapted from Janczewski and Feldman (2006); D adapted from Pagliardini, et al. (2011).

FIGURE 35.7 At the core of current models for respiratory rhythmogenesis are two medullary nuclei, the preBötC and the RTN/pFRG. The preBötC is essential for the generation of inspiratorymotor activity, sufficient for breathing at rest. Endogenous stimulation of the RTN/pFRG by elevated CO2, or perhaps exercise, is hypothesized to produce active expiration (absent at rest in adult mammals). The above figure summarizes results discussed in the text.

FIGURE 35.8 Functional organization of the CNS regulation of cardiovascular function. The medulla contains sympathetic neurons, including sympathetic premotor neurons that are responsible for the significant level of basal sympathetic nerve discharge to the heart and vasculature. Although the medullary mechanisms underlying the generation of basal sympathetic tone remain to be identified, they result in the activity of medullary sympathetic premotor neurons that provides the essential excitation to spinal sympathetic preganglionic neurons that maintains the basal sympathetic tone to the heart and vasculature. The basal activity of sympathetic nerves maintains a release of norepinephrine in the heart and vascular beds that supports, respectively, the rate and strength of cardiac pumping and the constriction of blood vessels that produces the resistance to blood flow required tomaintain blood pressure at a level sufficient to ensure adequate blood flow to the brain, even against the pull of gravity. Selective activation or inhibition of the sympathetic outflow to the vascular beds in different tissues allows relative reductions or increases in blood flow to those tissues as needed to support a wide range of behaviors and of homeostatic adjustments to environmental challenges. Many of the stimuli for changes in sympathetic and vagal outflow to the cardiovascular system, from homeostatic reflexes, to diseases, dehydration, drugs, and metabolism, elicit their responses through inputs, including those from the hypothalamus, to the medullary networks, including the premotor neurons, that generate sympathetic tone.

FIGURE 35.9 Anatomical schematic of the organization of the arterial baroreceptor reflex pathways providing short-term stabilization of arterial pressure through feedback control of cardiac and vascular performance (see text for description). Amb, nucleus ambiguus, containing cardiac vagal preganglionic neurons; Cb, cerebellum; CVLM, caudal ventrolateral medulla, containing GABAergic, inhibitory interneurons; IML, intermediolateral nucleus of the thoracic spinal cord, containing cardiac and vasoconstrictor sympathetic preganglionic neurons; NTS, nucleus of the tractus solitarius, containing second-order, barosensory neurons; RVLM, rostral ventrolateral medulla, containing sympathetic premotor neurons projecting to the spinal cord to control the heart and blood vessels.

FIGURE 35.10 Respiration-related neural activity in an anesthetized and artificially ventilated rat exhibits respiratory long-term facilitation. Peak electrical activity in the phrenic nerve corresponds to the magnitude of inspiration. When arterial O2 and CO2 are normal (prehypoxia), the phrenic bursts are rhythmic and consistent (shown with expanded time scale). Upon exposure to intermittent (upper trace) or continuous (lower trace) hypoxia, phrenic bursts increase in amplitude, reflecting the drive to take deeper breaths when hypoxia-sensitive chemoreceptors are activated. In both patterns of hypoxia, phrenic nerve activity slowly returns nearly to baseline over a period of several minutes in a process termed short-term potentiation (STP; open arrowheads). Following intermittent, but not continuous hypoxia, phrenic burst amplitude progressively increases over an hour. This slow increase reflects respiratory long-term facilitation (LTF). Courtesy of T. L. Baker and G. S. Mitchell.

