Proc. Natl. Acad. Sci. USA
Vol. 89, pp. 11651-11652, December 1992

Commentary

Nitric oxide: Linking space and time in the brain
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It has been a key tenet of modern brain
science that the central nervous system
(CNS) processes signals by electrical and
chemical transmission. In general, such
transmission occurs locally via synapses,
neuron to neuron. Images of wires, re-
lays, and unit-to-unit signal transfer are
prompted by these observations. The
idea that units of brain function might, in
fact, be whole groups of cooperatively
interactive neurons (1) and that spatial
signals involving volumes of neural tissue
may be important (2) has drawn the at-
tention of the neuroscience community
only recently. One reason for this change
in viewpoint is the suggestion that nitric
oxide (NO), a diffusible free radical with
a short lifetime, might play a key role as
a spatial signal controlling cerebral blood
flow, changes in synaptic efficacy, and
transmitter release.

NO has recently been found to mediate
a large number of diverse physiologic
functions in many organs (3). In the car-
diovascular, genitourinary, gastrointesti-
nal, and renal systems, it acts in a critical
manner to relax smooth muscles. In the
immune system, it can act to inhibit the
cell proliferation that is necessary to
mount effective immune responses; at
other times, it serves as a toxic agent
aimed at pathogens.

A possible role of NO in the vertebrate
CNS was first suggested by a report of
Garthwaite et al. (4) that cerebellar neu-
rons synthesize NO in response to excit-
atory neurotransmitters. Bredt and Sny-
der (5) isolated and characterized the
neuronal enzyme, NO synthase [now
known to be equivalent to NADPH di-
aphorase (6)], and they investigated the
distribution of this enzyme throughout
the CNS. It had been known for some
time that drugs such as the nitrovasodi-
lators could prevent strokes (but could
also cause headaches), as a result of their
effects on cerebral circulation.

All of these observations prompt one
to wonder whether NO might play a
fundamental role in the key aspect of
brain function: the processing of neural
signals. The possibility that NO is a neu-
rotransmitter has been considered (5),
but its chemical properties appear to
make it quite unsuitable for such arole, at
least as a transmitter is classically de-
fined: a substance mediating a signal
from one side of a single synaptic cleft to

another. As a hydrophobic diatomic mol-
ecule, NO freely diffuses down a concen-
tration gradient across cell membranes
and thus cannot be localized within any
organelle or bounded tissue compart-
ment. In terms of its diffusion constant
and its biological half-life in the brain,
NO is very similar to molecular oxygen.
Moreover, since NO is a free radical that
is rapidly oxidized in the internal envi-
ronment, it has a half-life within the CNS
on the order of a few seconds, and for this
reason also it cannot be stored for sub-
sequent release.

The short life and ready diffusibility of
NO uniquely qualify it to serve in a novel
role in the CNS, that of a spatial signal. In
the NO hypothesis, we have suggested
three important functions in the CNS for
which a spatial signal might be required
and have advanced the view that NO is a
suitable candidate (7). As a spatial signal,
it would act (i) to couple local levels of
neural activity in the brain to local blood
flow, accounting, for example, for
changes measured in positron-emission
tomography scans; (ii) to guide changes
of synaptic efficacy within a local volume
in such a manner that synapses that are
coactive within short time periods are
strengthened or stabilized; and (iii) to
direct the growth of axonal arbors during
development such that terminals of ax-
ons with correlated temporal patterns of
firing are segregated into common ana-
tomical volumes. This third function,
which might be critical in the formation of
cortical maps, provides a possible mech-
anism for the experimental observation
that, in the brain, axon terminals that
““fire together, wire together.”’

The first two of these proposals have
now received experimental support.
Northington et al. (8), for example, have
demonstrated that the introduction of an
inhibitor of NO synthase uncouples the
increased flow of blood into the soma-
tosensory cortex that normally accompa-
nies stimulation of peripheral nerves.
Similarly, a number of laboratories have
demonstrated that inhibitors of NO syn-
thesis block long-term potentiation of
synaptic strengths induced in hippocam-
pal slices as well as the induction of
long-term depression of cerebellar syn-
apses (for review, see ref. 9). The poten-
tial significance of these NO-dependent
changes in synaptic strengths on overall
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animal behavior has been suggested by a
report that inhibitors of NO synthase
partially block spatial learning in rats
(10).

That NO release might direct synapto-
genesis during development has not yet
been subjected to experimental test, but
it has been found that a population of
neurons containing NO synthase does
play a necessary role in cortical map
formation (11). Computer simulations
have shown that a short-lived spatial sig-
nal could give rise to such maps (12). The
sparse patchy reciprocal connectivity of
the axonal arbors generated in these sim-
ulations resembles those found by neu-
roanatomists as a very general feature of
the brain, one that tends to link neigh-
boring cortical neurons with similar re-
sponse properties into neuronal groups
that are reentrantly interconnected with
one another (1).

More recently, evidence has been ob-
tained (13-15) to support a fourth phys-
iologic function of NO in the CNS: to
facilitate the release of neurotransmitters
within local tissue volumes. It has been
known for some time that N-methyl-D-
aspartate (NMDA), a chemical analog of
glutamate, the major excitatory neuro-
transmitter in the brain, would induce the
release of neurotransmitters from cate-
cholaminergic nerve endings. This has
been offered as evidence for the exis-
tence of presynaptic NMDA receptors.
An alternative mechanism that might ac-
count for this release would be that
postsynaptic NMDA receptors exist on
neurons that contain NO synthase and
that the NO produced from these cells
subsequent to Ca2* influx through
NMDA receptor channels acts as a spa-
tial signal to facilitate the release of neu-
rotransmitters from surrounding syn-
apses. This is supported by the finding
(13) that nitroarginine, a NO synthase
inhibitor, or hemoglobin, a NO scaven-
ger, inhibits dopamine release from stri-
atal slices. These experimental results
suggest that NO might serve to link the
two different sorts of synaptic activity
present in the vertebrate cortex and stri-
atum: (i) that which is topographically
organized within the sensory and motor
maps and dependent on thalamocortical
or intrinsic cortical neuronal activity and
(ii) that which is a consequence of activ-
ity in the diffuse ascending system arising
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from catecholaminergic or serotonergic
neurons in the brain stem.

In the three-dimensional network of
the brain, classical neurotransmitters sig-
nal in two dimensions (if we consider
time), from neuron to neuron at precise
sites. NO acts four-dimensionally in
space and time over volumes containing
many synapses, regardless of its precise
cellular site of origin. Techniques able to
demonstrate or quantitate the exact sites
of NO synthesis have only recently be-
come available (16). The location of NO
synthase in tissue slices has been studied
by immunologic and enzymatic histo-
chemical methods, and the enzyme has
been traced to the cytoplasm (cell soma,
dendrites, and axons) of a population of
nonpyramidal local circuit neurons
throughout the brain (6). Although these
make up only 1-2% of the total neuronal
population in the telencephalon, they are
broadly dispersed and project a mesh-
work of processes throughout the grey
matter. Roughly speaking, therefore,
since there are approximately a billion
synapses in every cubic millimeter of
neuropil, 10 million of these might be
expected to involve these cells that stain
heavily for NO synthase. This density of
sources for a spatial signal would not be
inconsistent with the expectations of the
NO hypothesis, and, indeed, it is possible
that these cells have no physiologic func-
tion other than to serve as a source of
NO. The only NO synthase-positive neu-
rons whose physiologic function has
been clearly delineated are the sensory
neurons in the olfactory epithelium (6).
The dendrites of these remarkably short-
lived cells possess receptors for aromatic
chemicals on cilia that project into the
nasal cavity, whereas their axons grow
into in the olfactory bulb. There, the
terminal axonal arbors of these cells form
a large number of distinct structures
called glomeruli. Evidence suggests that
neurons sharing a common odorant re-
ceptor terminate in a common glomeru-
lus and that neurons with unlike recep-
tors terminate in different glomeruli.
Since it appears that the odorant speci-
ficity of these cells arises by a more-or-
less random process and there is no spa-
tial clustering of cells with similar spec-
ificities in the epithelium, the mechanism
ensuring that developing axons find and
arborize in the appropriate glomeruli has
been a subject of some discussion (17).

We suggest that the developmental func-
tion proposed for NO may apply in this
case also. In this instance, however, the
NO acting to stabilize coactive synapses
together within the same tissue volume
would be made presynaptically. This is in
accord with observations that axons of
these sensory neurons form glomeruli if
allowed to grow into a variety of different
cortical targets or even if postsynaptic
elements are altogether absent (18).

A search for other molecules carrying
out spatial signaling in the brain is likely
to prove fruitful. Hydrogen peroxide and
hydroxyl radicals, for example, might
plausibly be formed in sites of high syn-
aptic activity, diffuse rapidly though tis-
sues volumes, be potent modulators of
target enzymes, and have short lifetimes.
Zhang and Snyder (19) have suggested
carbon monoxide (CO) as a diffusible
signal sharing most of these properties,
but given the great stability of the mole-
cule in the body, it appears ill suited to
perform the functions we have suggested
for NO. The use of heme oxygenase to
form CO as a chemical signal would be
remarkably expensive and inefficient in
biochemical terms (biochemically equiv-
alent to burning down the barn to roast a
pig) and it would raise particularly chal-
lenging issues concerning the supply of
the substrate, heme, and the removal of
the by-product, bilirubin, itself a neuro-
toxin.

From a mechanistic point of view, the
most important question to be answered
concerns the molecular target of NO in
cells. So far, we know that it binds to one
form of guanylate cyclase, activating it to
produce cyclic-GMP. It also induces
ADP-ribosylation of glyceraldehyde-3-
phosphate dehydrogenase (19-21). More
targets are likely to emerge, but so far a
coherent causal account of NO action
eludes us. Of course, NO, like CO, could
serve to mediate toxic effects, but toxic-
ity has not yet been shown to be a func-
tion of NO in the CNS. Indeed, any
toxicity of NO may, instead, merely be
an unavoidable side effect to be tolerated
or compensated for in order to take ad-
vantage of its other biological properties.

Can we think of a dramatic way of
revealing the importance of NO function
in the nervous system? One technique
that might either surprise or disappoint
would be to generate transgenic mice in
which the gene for neuronal NO synthase
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is deleted. It is fortunate for this enter-
prise that the enzyme located in nerve
cells is encoded by a gene distinctly sep-
arate from those that give rise to NO
synthase in nonneuronal tissue. What-
ever the outcome, the place of NO in
brain space and brain time seems as-
sured.
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