BOX 6.2

GOING FOR GASES AS NEUROTRANSMITTER

One of the most rewarding experiences for a scientist is to find that long-held prejudices are altogether wrong and that a new, correct insight reveals a novel scientific principle. In the late 1950s, only acetylcholine and the biogenic amines were known to be neurotransmitters. The next decade saw amino acids acknowledged as neurotransmitters. The discovery of enkephalins and endorphins in the mid-1970s reinforced gradually accumulating evidence that peptides are transmitters, and now we find that there are over 100 different bioactive brain peptides. 

In the 1970s and early 1980s, nitric oxide (NO) was found to mediate the ability of macrophages to kill tumor cells and bacteria and to regulate blood vessel relaxation. A short report suggested that NO can be formed in brain tissue. Progress in the NO field at that time was slow because assaying NO synthase (NOS), the enzyme that oxidizes the amino acid arginine to NO, was quite tedious, based on the accumulation of nitrite formed from the NO. A much simpler approach was to monitor the conversion of [3H]arginine into [3H]citrulline, which is formed simultaneously with NO; this assay could process 100 or more samples in an hour. Research on blood vessels revealed that NO acts by stimulating cyclic GMP formation. In the brain, the excitatory neurotransmitter glutamate was known to augment cyclic GMP levels. Glutamate, acting through its NMDA receptor, triples NO synthase activity in a matter of seconds, and arginine derivatives that inhibit NOS activity block the elevation of cyclic GMP. This finding causally linked the actions of so prominent a neurotransmitter as glutamate to NO. 

To determine if NO was a neurotransmitter, it was necessary to ascertain whether NOS was localized in neurons. The most straightforward approach would be to generate an antibody to use in anatomical studies. However, purifying NOS protein to generate an antibody proved very difficult because the enzyme lost its activity in attempts to purify it. The addition of calmodulin was found to stabilize the enzyme. Because calmodulin is a calcium binding protein, this finding immediately explained how NO formation can be triggered rapidly by synaptic activation through glutamate. When glutamate activates its NMDA receptor, Ca2+ rushes into the cell, binds to calmodulin, and activates NOS. 

The ability of purified NOS led to antibodies being developed and NOS being localized by immunohistochemistry. The neuronal form of NOS (nNOS) is present in only about 1% of the neurons in the brain. However, these cells give rise to processes that ramify so extensively that probably every neuron in the brain is exposed to NO. The purified NOS protein also allowed an amino acid sequence to be obtained and the gene for the enzyme cloned. The structure of NOS revealed that it is regulated by many more factors than virtually any other enzyme in biology, including at least five oxidative-reductive cofactors, four phosphorylating enzymes, and three binding proteins. This makes sense because of the unique properties of NO as a gaseous neurotransmitter. Most neurotransmitters are stored in vesicles with large storage pools so that only a small amount of the transmitter is released with each nerve impulse. In contrast, every time a neuron wishes to release a molecule of NO, it must activate NOS—hence, a requirement for exquisitely subtle regulation of the enzyme. 

Neurotransmitters come in chemical classes such as biogenic amines, amino acids, and peptides. Might there be at least one other gaseous neurotransmitter? Carbon monoxide (CO) is normally formed in the body by the enzyme heme oxigenase, which is primarily responsible for degrading heme in aging red blood cells. It cleaves the heme ring to form biliverdin, which is reduced rapidly to bilirubin, the pigment that accounts for jaundice in patients with a degradation of red blood cells. When the enzyme cleaves the heme ring, CO is released as a single carbon fragment. 

The biosynthetic enzyme for a transmitter should be localized to selected neuronal populations. Heme oxigenise-2, the neuronal form of the enzyme, was shown to be localized to discrete neuronal populations throughout the brain. To seek a neurotransmitter function, the peripheral nervous system (in which synaptic transmission is characterized more readily than in the brain) was used. The myenteric plexus of nerves regulates intestinal peristalsis. A previously unidentified neurotransmitter of myenteric plexus neurons accounts for the relaxation phase of peristalsis. nNOS had already been localized to neurons of the myenteric plexus, and some functional evidence showed that NO might be a neurotransmitter of this pathway. Heme oxigenise-2 was found to be localized to the same myenteric plexus neurons as NOS. Mice with targeted deletions of the genes for nNOS or heme oxigenise-2 were used to elucidate function. In both types of gene knockout mice, intestinal relaxation evoked by neuronal depolarization was reduced about 50%, implying that NO and CO each contribute half of the relaxation. This finding, along with other evidence, established transmitter functions for both NO and CO and suggested that they are functioning as cotransmitters, although exactly how they interact remains a mystery. Such a cotransmitter role reminds us of the fact that most neurons in the brain contain at least two and sometimes more neurotransmitters. Thus, in addition to overturning a number of dogmas about neurotransmission, NO and CO may help resolve the riddle of cotransmission.
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