
observations with considerable success (9). 
It has also been realized that ~lumes. be- 
cause of their relatively high temperature 
and potential to uplift the surface, may 
have played a much more important role in 
the geology of continents than had been 
hitherto suspected (1 0). 

There has been controversy over wheth- 
er the transition zone of the mantle. where 
pressure-induced phase transformations occur 
near a depth of 650 km, prevents vertical flow 
and divides the mantle into separately con- 
vecting layers (1 1). It is argued, for example, 
that the composition of the lower mantle is 
different from that of the upper mantle or that 
local buoyancies associated with the phase 
transformations block lithosphere penetra- 
tion, though these arguments are disputed 
(12). It is also argued that structural compli- 
cations in subduction zones (13) imply that 
the descent of subducted lithosphere is being 
blocked there. and that chemical heterogene- 

u 

ities in the mantle sources of basalts require 
layering in order to explain their isolation in 
the mantle for up to 2 Ga. Both of these 
points may be as explicable with a viscosity 
increase across the transition zone as with a 
barrier to flow (14). 

Two arguments against two-layered con- 
vection seem to be particularly robust. First, 
plumes or other upwellings originating in the 
transition zone would have to carry more than 
70% of the earth's heat budget. instead of less " ,  

than lo%, because there is not enough radio- 
activity in the upper mantle to account for the 
observed surface heat flux. Heat coming from 
deeper down would have to be conducted 
through the transition zone interface, above 
which a thermal boundary layer would devel- 
op, giving rise to strong plumes. There is no 
evidence in sea-floor topography or elsewhere 
for such strong upwellings (2). Second, the 
positive gravity and geoid anomalies over 
subduction zones require a large vertical sep- 
aration between the dense subducted slabs 
and the balancinr! deflections of fluid surfaces - 
required by the laws of mechanics. If there is 
a viscositv i u m ~  rather than a barrier to flow at , ,  . 
650 km, then the main compensating deflec- 
tion occurs at the core-mantle boundary, so 
providing the required large separation. Other 
models do not seem to be capable of quanti- 
tatively satisfying the gravity constraints (1 5). 

If the arguments for a single layer of con- 
vection are accepted, a relatively simple pic- 
ture of mantle convection emerges in which 
plates comprise the top, dominant boundary 
layer, plumes come from a weaker bottom 
boundary layer, and viscosity increases by a 
factor of 100 or so from top to bottom. This 
picture seems, at this stage, to promise a 
satisfactory account of the dynamics of the 
plate-mantle system as it operates at present 
(16). It implies that plates cool the mantle 
while plumes cool the core, and it installs 
"plume tectonics" as an agent complementary 

to plate tectonics, and possibly nearly as 
important in the evolution of the continents. 
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Nitric Oxide: First in a New Class of 
Neurotransmitters? 

Solomon H. Snyder 

Nitr ic  oxide (NO) is a simple gas with free 
radical chemical properties, but it is often 
confused with the chemicallv distinct ni- 
trous oxide, N20 ,  which is used as an 
anesthetic and is chemically stable. In bac- 
teria NO participates in nitrogen fixation 
and has recently been shown to function in 
mammals as well. 

NO serves as the messenger whereby 
macrophages exert their tumoricidal and 
bactericidal effects (1 ) . When macrophages 
are activated by endotoxin, a bacterial cell 
wall lipopolysaccharide that elicits inflam- 
matory responses, the enzyme that makes 
NO, NO synthase (NOS), which trans- 
forms arginine into NO and citrulline, is 
markedly activated. Inhibition of NO for- 
mation by removal of arginine or by 
N-methyl-arginine, an NOS inhibitor, 
blocks the tumoricidal and bactericidal ac- 
tions of macrophages. 

NO is also a physiologic mediator of 
blood vessel relaxation. Stimuli that dilate 
blood vessels, such as acetylcholine, brady- 
kinin, and adenosine triphosphate (ATP), 
lose their vasodilating activity in blood 
vessels stripped of endothelium (2). These 
mediators act upon receptors on endothelial 
cells to trigger the release of an "endothe- 
lial-derived relaxing factor" (EDRF), which 
diffuses to adjacent smooth muscle cells to 
elicit relaxation. EDRF has been definitive- 
ly identified as NO or a close derivative that 
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releases NO (3). Although normal release 
of NO mediates physiologic vasodilation, 
excessive release may play a role in septic 
shock, the symptoms of which can be re- 
lieved in animals (4) and in humans (5 )  by 
treatment with NOS inhibitors. 

The existence of NO in the brain was 
first suggested by demonstrations that cere- 
bellar neuronal cultures release a factor 
with properties resembling NO (6), as well 
as by observations of NO-forming activity 
in brain extracts (7) and slices (8). NO acts 
as a messenger in the brain, where it can 
influence guanosine 3'3'-monophosphate 
(cGMP) formation. In blood vessels NO 
relaxes smooth muscle by stimulating the 
formation of cGMP through activation of 
guanylyl cyclase. NO binds with very high 
affinity to iron in the heme of guanylyl 
cyclase, eliciting a conformational change 
that enhances the enzyme's catalytic activ- 
ity. Cyclic GMP stimulates protein phos- 
phorylation by cGMP-dependent protein 
kinase, leading to muscle relaxation, al- 
though the exact mechanisms are unclear. 
In the brain, the highest concentrations of 
cGMP occur in the cerebellum where glu- 
tamate, the major excitatory neurotrans- 
mitter in the brain, rapidly increases cGMP 
levels ten times via the N-methyl-D-aspar- 
tate (NMDA) subtype of the glutamate 
receptor (9). In these slices glutamate or 
NMDA triples NOS activity with concen- 
tration-response relations identical to those 
for the increases in cGMP (8). Moreover, 
selective inhibitors of NOS block the 
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NMDA-induced elevation of cGMP (8, 10). 
Since NO itself is labile, with a half-life 

of about 5 s, most insights into NO in 
neuronal systems have come from studies of 
the synthetic enzyme, NOS. Brain NOS 
was stabilized and purified to homogeneity 
on the basis of its requirement for calmod- 
ulin (1 1). Molecularly cloned brain NOS 
(12) shows 50 to 60% sequence identity to 
subsequently cloned macrophage NOS (1 3) 
and endothelial NOS (14). 'This explains 
how glutamate, acting at NMDA receptors, 
can markedly activate enzyme activity in a 
matter of seconds. Stimulation of NMDA 
receptors opens channels that admit calci- 
um, which enters the cell and binds to 
calmodulin, thereby activating NOS. An- 
tisera to purified NOS have permitted its 
immunohistochemical localization in brain 
and endothelium (1 5). Macrophage NOS is 
sufficiently different in protein structure 
(13) that it does not react with these 
antisera so that its localization has not yet 
been established. 

NOS occurs in the endothelial lining of 
blood vessels, confirming the role of NO 
as EDRF. Aside from endothelial cells, 
immunoreactivity for brain NOS occurs 
exclusively in neurons both in the brain 
and peripheral tissues. In all regions of the 
gastrointestinal tract, NOS occurs in the 
myenteric plexus of neurons (15). These 
neurons mediate the physiologic relax- 
ation of the gut that participates in the 
normal peristaltic activities of digestion. 
For many years the neurotransmitter of this 
nonadrenergic, noncholinergic (NANC), 
neuronally evoked relaxation has been elu- 
sive (1 6). Agents that generate NO mimic 
NANC relaxation (17), and an NO-like 
substance is released by NANC nerve stim- 
ulation (1 8). Moreover, potent, selective 
inhibitors of NOS, such as N-nitroarginine 
or N-methyl-arginine, fully prevent nerve- 
evoked relaxation of the gut (1 7, 19). These 
lines of evidence suggest that NO is partic- 
ipating as a neurotransmitter in this system. 

Equally convincing are studies of the 
neural innervation of blood vessels. In most 
peripheral tissues, NOS in blood vessels is 
restricted to the endothelial layer. Howev- 
er, in cerebral arteries (15, 20) and arteries 
to the penis (2 I ) ,  NOS is localized to the 
nerve plexus in the outer, adventitial layer 
of vessels. In cerebral arteries these neurons 
are parasympathetic with their cell bodies 
in the sphenopalatine ganglia in the neck 
(22). Relaxation of the cerebral arteries by 
stimulation of these nerves is blocked by 
N-nitroarginine (23) as is neurally mediat- 
ed relaxation of the smooth muscle of the 
penis (21, 24). In the penis, NOS-contain- 
ing neurons surround the deep cavernous 
artery as well as its helicine branches with 
NOS nerve fibers extending out into the 
walls of the sinusoids in the erectile corpora 

Arginine + 

'Diaphorase' I 

I J 
A model for nitric oxide actions in neurons. 
NBT, nitroblue tetrazolium; CAM, calmodulin; 
NMDA, N-methyl-D-aspartate; R, receptor; 0,-, 
superoxide free radical; OH-, hydroxide free 
radical; Hb, hemoglobin. 

cavernosae. In intact rats physiologic stimu- 
lation of the pelvic nerves leads to erection, 
which is completely blocked by low doses of 
N-nitroarginine and N-methyl-arginine 
(21). This establishes that NO is the major, 
if not the sole, mediator of penile erection 
and is evidently the neurotransmitter of the 
nerves subserving erection. 

In all of these svstems NO satisfies sev- 
eral criteria for a neurotransmitter-includ- 
ing occurrence of the synthetic enzyme in 
the relevant neurons, mimicking by NO of 
the effects of physiologic nerve stimulation, 
and blockade of the effects of nerve stimula- 
tion after inhibition of NO synthesis. Nev- 
ertheless, NO is an unconventional neuro- 
transmitter candidate. Most neurotransmit- 
ters are stored in synaptic vesicles, released 
by fusion with the synaptic membrane, a 
process called exocytosis, and act at receptor 
proteins on adjacent neuronal membranes. 
Bv contrast. electron microsco~ic immuno- 
histochemistry establishes that i n  myenteric 
~lexus  nerve terminals NOS does not occur 
in synaptic vesicles or in association with 
plasma membrane, but appears to be largely 
cytoplasmic (25). It thus is synthesized on 
demand and diffuses out of neurons, and in 
postsynaptic cells its only known "receptor" 
is iron in guanylyl cyclase (see figure). NO 
also potently enhances adenosine diphos- 
phate (ADP) ribosylation of glyceraldehyde- 
3-phosphate dehydrogenase (26). Because of 
its chemical reactivity, there may be multi- 
ple receptor targets for NO. It is not yet clear 
if NO acts alone or together with peptides 
such as vasoactive intestinal polypeptide 
(VIP), which is stored together with NOS in 
myenteric plexus (27) and cerebral artery 
neurons (22). 

Possible functions for NOS as a neuro- 

transmitter are suggested by the localiza- 
tions of NOS in the brain. NOS occurs in 
discrete neuronal populations throughout 
the brain (1 5, 20). In some areas it resides 
in all neurons of a class, such as basket and 
eranule cells of the cerebellum. In other " 
areas, such as the cerebral cortex, hippo- 
campus, and corpus striatum, it is localized 
to isolated aspiny neurons, comprising only 
1 to 2% of the neuronal population. The 
distribution of NOS neurons appears iden- 
tical to that of neurons staining for 
NADPH-diaphorase (NDP) (20, 28), and 
purified brain NOS has NDP activity (29). 
Molecular cloning of NOS permitted co- 
staining for NOS and NDP in cells trans- 
fected with varying amounts of NOS and 
the demonstration that the ratio of NOS to 
NDP staining in transfected cells is identi- 
cal to the corresponding ratio in neurons 
(20, 28). This establishes definitively that 
NOS catalytic activity, which requires 
NADPH, is responsible for NDP histo- 
chemical activity. 

NDP is a histochemical stain obtained 
when incubating brain slices with the dye 
nitroblue tetrazolium in the presence of 
NADPH, a known NOS cofactor. NDP- 
positive neurons are notable for their resis- 
tance to destruction in neurodegenerative 
conditions (30) after the ischemic damage 
of strokes (3 1) and after NMDA neurotox- ~, 

icity in primary brain cultures that mimic 
stroke damage (32). In primary cerebral 
cortical cultures, NO released by NOS neu- 
rons in response to NMDA kills adjacent 
neurons (see figure). Thus, treatment with 
N-nitroarginine or N-methyl-arginine com- 
pletely prevents neurotoxicity, as does re- 
moval of arginine from the incubation me- 
dium (33). Hemoglobin, which binds ex- 
tracellular NO, also prevents neurotoxicity, 
indicating that NO must pass between cells 
to elicit neurotoxicity (33). Toxicity may 
involve NO itself or its combination with 
superoxide free radical (0,) to form peroxy- 
nitrite that decomposes to hydroxide free 
radical (OH) and NO, free radical (NO,), 
which are substantially more reactive and 
toxic than NO (34) (see figure). How can 
NOS neurons kill the majority of other 
neurons if the NOS neurons are onlv 2% of 
the neuronal population? NOS neuions are 
extensivelv branched with their fibers con- 
tacting almost all other neurons in brain 
sections or ~rimarv cultures. After NMDA 
applicationAto cultures, dead neurons in- 
variably lie in clumps next to processes of 
NOS neurons. The demonstration that NO 
is responsible for NMDA-type glutamate 
neurotoxicity in primary cultures predicts a 
role for NO in neurotoxic stroke damage. 
Initial studies in a model of stroke in which 
the middle cerebral artery is ligated in mice 
support this conclusion (35). As little as 1 
mg per kilogram of body weight of nitroargi- 
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nine administered in several doses after 
ligating the middle cerebral artery provides 
up to 73% protection against stroke dam- 
age, whereas MK-801, the most potent 
known NMDA antagonist, provides only 
50 to 60% protection. 

Neurotoxicity may not be the only mes- 
senger function of NO in the brain. NO has 
been proposed as a mediator in two models 
of synaptic plasticity, long-term depression 
(LTD) and long-term potentiation (LTP). 
LTD in the cerebellum involves coincident 
stimulation of climbing fibers and parallel 
fibers that contact Purkinje cells, resulting 
in LTD of transmission from parallel fibers 
to Purkinje cells (36). NOS inhibitors as 
well as hemoglobin block LTD, and nitro- 
prusside, which generates NO, can substi- 
tute for the stimulation of climbing fibers in 
eliciting LTD. Similarly, in the hippocam- 
pus NOS inhibitors, added in the incuba- 
tion bath or directly injected into hippo- 
campal pyramidal cells, block LTP (37). 
NO is postulated to be a retrograde media- 
tor of hippocampal LTP, and so should be 
formed in pyramidal cells. However, these 
cells do not stain for NOS (20). 

Might NO be only the first of a class of 
decidedly atypical neurotransmitter-like 
neuronal messengers? One other candi- 
date is carbon monoxide (CO). C O  is 
generated by heme oxygenase (HO), 
which cleaves the heme ring to form 
biliverdin, the major breakdown product 
of heme from red blood cells, and CO. 
Two forms of HO exist (38). Type 1 
(H01) is most abundant in the spleen and 
other peripheral tissues associated with 
destruction of red blood cells. Type 2 
(H02) occurs in high concentrations in 
the brain. During hyperthermia, H 0 1  lev- 
els in the brain increase and are localized 
to neuronal as well as non-neuronal cells 
(39). H 0 2  mRNA is highly concentrated 
in discrete neuronal populations in the 
brain (40). In various neuronal popula- 
tions, including olfactory neurons of the 
brain and PC12 cells, endogenous cGMP 
levels are physiologically maintained by 
CO, as zinc protoporphyrin IX, an ex- 
tremely potent and selective inhibitor of 
HO, depletes endogenous cGMP levels 
(40). A major role for C O  in regulating 
brain cGMP fits with the virtually identi- 
cal in situ hybridization localizations for 
mRNA of H 0 2  and soluble guanylyl cy- 
clase (40). Electrons for HO activity are 

donated by cytochrome P-450 reductase 
(CPR), the only mammalian protein with 
close sequence similarity to NOS (12). 
NOS itself can transfer electrons by using 
the CPR-resembling portion of NOS, 
while HO requires the "partnership" of 
CPR. In the liver CPR donates electrons 
for the P-450 drug metabolizing enzymes, 
while the substantial neuronal CPR activ- 
ity of the brain (38, 41) might be associ- 
ated with C O  formation. 

The possibility that CO and other hith- 
erto unidentified substances are neurotrans- 
mitter-like messengers is speculative. NO 
clearly satisfies the major criteria for a 
neurotransmitter, but markedly alters our 
conceptualizations as to the types of sub- 
stances that can be transmitters and how 
they go about fulfilling such a role. 
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