BOX 35.3

WHY TWO DISTINCT OSCILLATORS?

Two key events characterize the evolution of breathing from fish to mammals. The first includes transformations that support the transition from aquatic to terrestrial breathing in vertebrates. “Breathing” in fish is driven by cranial nerve innervation of the gills. As primitive fish (such as the ancestors of the lungfish) ventured onto land, rhythmic activity of muscles used for other purposes evolved to drive the emerging lung, and this activity might have had a neural origin that was independent of the rhythm driving the gill muscles. This speculative hypothesis is supported by observations in amphibians. Developing frogs have two distinct breathing patterns driven by different muscles and nerves: a buccal pattern that uses cranial nerve-innervated muscles to essentially swallow air and a lung pattern that uses respiratory muscles to pump the lung. Either the buccal or the lung pattern can be suppressed without abolishing its counterpart, but when both are active they appear to be phase-locked. Notably, the lung rhythm is depressed by opioids (like the mammalian preBötC neurons and inspiration), whereas the buccal rhythm is not (like pre-I neurons and expiration). A prediction from this hypothesis is that the preBötC is absent in fish. 

The second key event was the emergence of the diaphragm in mammals. Respiratory physiology in vertebrates has evolved to support higher resting and peak ventilation. For example, lizards have gular pumps that uncouple respiration from locomotor musculature, which enhances O2 consumption to support high-speed locomotion. Birds utilize sacs to pump O2-rich air through noncompliant lungs, in support of flight. Uniquely, mammals have muscular diaphragms, a profoundly important ventilator advance as it allows for continuous high basal rates of ventilation and for the very high levels of ventilation necessary to support substantial increases in metabolism. The improvement in gas exchange associated with the development of the diaphragm was probably crucial for brain evolution, as it was a platform for evolution of a brain that consumes extraordinary amounts of O2 and is generally intolerant of even transient anoxia. The neural circuits driving the primitive diaphragm could have evolved independently of preexisting circuitry driving the rhythmic pumping machinery of the rib cage, abdominal muscles, or upper airway muscles, or it could have been based on the opioid-sensitive oscillator driving lung breathing in amphibia. Nonetheless, a respiratory movement pattern consisting of alternating inspiratory activity to lower the diaphragm with expiratory motor activity has considerable mechanical advantages for efficient ventilation over a broad range of metabolic demand. Therefore, the neural oscillators for breathing, which may have arisen independently, might be expected to evolve to be coupled. 

There may be a special role for two oscillators at birth. In mammals there is a surge of endogenous opioids at birth. This postnatal increase in opioid release would depress the excitability of the preBötC but not the RTN/pFRG, thereby allowing the latter to promote breathing immediately after birth, either by rhythmically driving breathing or by providing a drive necessary to keep the preBötC rhythmic. This view is supported by experiments in Krox-20−/− mice that have neuroanatomical defects that result in deletion of the brainstem region containing the RTN/pFRG but do not affect the preBötC. These mutant mice die of fatal apneas within 18 hours after birth, but brief postnatal administration of naloxone (an opioid receptor agonist which has no effect in control mice) rescues these pups by eliminating their apneas. Thus, without the RTN/pFRG to provide respiratory drive, the opioid surge at birth could fatally depress preBötC function. We suggest that in Krox-20−/− mice, in the absence of the RTN/pFRG, the opioid-induced depression of the preBötC causes prolonged and ultimately fatal apneas; naloxone would reverse this depression, which is developmentally relieved within two days, allowing the preBötC to function adequately for survival. This special role for the RTN/pFRG at birth is consistent with the two-oscillator model.
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