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Nitric oxide: Foe or friend to the injured brain?
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Over the past 6 years or so, the reactive
gas nitric oxide (NO) has become estab-
lished as a diffusible messenger mediat-
ing cell-cell interactions throughout the
body, including immune cell-mediated
cytotoxicity, inhibition of platelet aggre-
gation, smooth muscle relaxation, and
neuronal signaling (1). Appreciation that
NO serves as a neuronal messenger was
triggered by the discoveries that cultured
cerebellar neurons release an NO-like
muscle relaxing factor, and that brain
neurons contain a constitutive form of
the enzyme responsible for synthesizing
NO from arginine, nitric oxide synthase
(cNOS) (2, 3). Neuron-derived NO reg-
ulates smooth muscle tone and the be-
havior of other central neurons as an
"aberrant transmitter" (3), differing from
more conventional neurotransmitters in
being able to diffuse freely from the point
of synthesis to intracellular target sites in
neighboring cells and being independent
of vesicular release, membrane recep-
tors, or lipid cell boundaries. While the
normal neuronal actions of NO have not
been fully delineated, NO has been im-
plicated specifically in some forms of
synaptic plasticity, including both long-
term potentiation and long-term depres-
sion (4, 5).
A key role for NO has also been pos-

tulated in the pathogenesis of brain dam-
age following acute insults, such as hyp-
oxia-ischemia (6). This hypothesis rep-
resents a consequential new twist on an
older premise that the cytotoxic over-
stimulation of neuronal glutamate recep-
tors, especially of the N-methyl-D-
aspartate (NMDA) type, contributes to
hypoxic-ischemic neuronal loss (7, 8).
SuchNMDA receptor-mediated "excito-
toxicity" depends on extracellular Ca2+
and is likely initiated by excess Ca2+
influx through the NMDA receptor-gated
channel (9). The linkage of neuronal
NMDA receptor stimulation to activation
of neuronal cNOS in an extracellular
Ca2+- and calmodulin-dependent fashion
(10, 11) led Dawson et al. (12) to propose
that NO formation by neuronal cNOS
mediates NMDA receptor-mediated neu-
rotoxicity.

This idea received strong support from
their experiments showing that NMDA
receptor-mediated neuronal death in cor-
tical cell cultures could be blocked by

four different maneuvers: (i) pharmaco-
logical inhibition of NOS; (ii) addition of
hemoglobin, which complexes with free
NO; (iii) deletion of the NO precursor,
L-arginine, from the bathing medium; and
(iv) prior selective destruction of the
small neuronal subpopulation containing
high concentrations of cNOS, previously
referred to as "NADPH-diaphorase"-
containing cells. The idea was reinforced
by the finding that the glutamate recep-
tor-mediated neurotoxicity of the human
immunodeficiency virus type 1 coat pro-
tein gp120 (13) could also be blocked by
inhibition of NO formation (14). Most
recently, the same laboratory has re-
ported that calcineurin inhibition by the
immunosuppressant FK506 results in in-
creased phorbol ester-induced cNOS
phosphorylation, reduced cNOS cata-
lytic activity, and reduced neuronal vul-
nerability to NMDA-induced neurotox-
icity (15).
This latest observation may have

broad implications for understanding the
normal regulation of cNOS activity. As
predicted by its sequence, neuronal
cNOS can be phosphorylated by protein
kinases, specifically protein kinase C,
Ca2+/calmodulin-dependent protein ki-
nase, and cAMP-dependent protein ki-
nase, resulting in an inhibition of cata-
lytic activity (3). Dawson et al. (15) pro-
posed that NMDA receptor-mediated
Ca2+ influx may activate calcineurin to
dephosphorylate cNOS, acting synergis-
tically with Ca2+/calmodulin to enhance
cNOS activation. They cited unpublished
data indicating that cGMP-dependent
protein kinase can also phosphorylate
cNOS. Although guanylyl cyclase has a
macroscopically different distribution in
brain than cNOS, perhaps enough gua-
nylyl cyclase is present in cNOS-
containing neurons to provide a negative
feedback loop: NO formation inducing
local cGMP formation, cNOS phosphor-
ylation, and resultant cNOS inhibition.

Additional work will be needed to es-
tablish that calcineurin-induced cNOS
dephosphorylation regulates neuronal
cNOS activity in vivo. The study ofDaw-
son et al. (15) was carried out in 293
human kidney cells overexpressing
cloned neuronal cNOS; extension to pri-
mary cultured neurons or brain slices and
eventually to the intact brain will be

9741

desirable. Furthermore, the authors cau-
tion that FK506 has known actions other
than calcineurin inhibition and increases
the phosphorylation of proteins other
than NOS.

If calcineurin-induced cNOS dephos-
phorylation does indeed enhance brain
neuronal cNOS activity in vivo, calcineu-
rin inhibition might be an attractive ther-
apeutic goal in the setting of focal brain
ischemia (e.g., stroke) and other forms of
brain injury involving NMDA receptor-
mediated excitotoxicity. As Dawson et
al. point out, both FK506 and another
immunosuppressant, cyclosporin A, are
already used in humans to suppress organ
rejection after transplant surgery. One
study has raised the possibility that
FK506 may reduce global ischemic brain
injury in liver transplant patients (16),
although the small size of this study and
the paucity of other evidence supporting
a role of NMDA receptor-mediated neu-
rotoxicity in animal models of global
ischemia (17) are caveats. A second ther-
apeutic strategy might be to enhance
cNOS phosphorylation by one or another
kinase, although some indirect data has
implicated kinases in the pathogenesis of
ischemic brain injury. It may turn out that
manipulating the cNOS phosphorylation
state cannot be accomplished selectively
enough to form a practical therapeutic
strategy. Even so, the protective effect of
FK506 in vitro provides additional ratio-
nale for examining other means of atten-
uating neuronal cNOS activity as a treat-
ment for focal brain ischemia. Encourag-
ing results have been reported with
competitive NOS inhibitors in some an-
imal models of stroke (18-20).
However, as highlighted by the study

ofWink et al. (21) in the present issue, not
all available data support a role of neu-
ronal NO formation in pathological neu-
ronal death. Wink et al. describe the use
of spontaneous NO-releasing com-
pounds, NONOates, to elucidate a cyto-
protective effect ofNO against cell death
induced by exposure to hydrogen perox-
ide and superoxide in transformed fibro-
blast cell cultures or primary cultures of
mesencephalic neurons.
These are exciting, provocative obser-

vations; follow-up experiments will be
needed to determine their generality.
Studies will be needed to compare results
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obtained with NONOates with results
obtained with the NO-generating com-
pounds used in other studies, such as
S-nitrosocysteine, 3-morpholinosydnon-
imine (SIN-1), and S-nitroso-N-acetyl-
penicillamine (SNAP). Reliance on gen-
erator compounds is necessitated by the
instability ofNO itself, but the possibility
that the generator compound directly in-
fluences resultant effects must be consid-
ered. For example, interpretation of data
gathered by using the NO generator ni-
troprusside is confounded by the recent
finding that attenuation of the NMDA
receptor-mediated Ca2+ influx by the fer-
rocyanide portion of the molecule can be
independent of NO formation (22).

Critical involvement of NO formation
in NMDA receptor-mediated neurotox-
icity or hypoxic-ischemic neuronal death
is also challenged directly by several neg-
ative studies that have failed to find that
NOS inhibitors reduce NMDA-induced
neuronal death (23-26) or focal ischemic
brain injury in vivo (27). Further, the
notion that NO is the toxic effector of
NMDA receptor-mediated toxicity does
not fit in any simple fashion with the
observation that the small cortical neu-
ronal subpopulation containing high con-
centrations of cNOS (the neurons stain-
ing for NADPH-diaphorase) are them-
selves selectively resistant to NMDA-
induced death (9).

Can these disparate results be recon-
ciled? There is every reason to think so,
given the multiplex degrees of freedom
inherent in the unfolding details of the
brain NO system. Data provided by Sny-
der and colleagues (3, 6) provide compel-
ling evidence that the neuronal NO for-
mation triggered by brief, intense NMDA
receptor stimulation has the potential to
be a critical mediator of subsequent ex-
citotoxic death. On the other hand, the
above negative studies suggest that NO
formation is not always required for a
phenotypically similar, rapidly triggered
NMDA receptor-mediated death. Cur-
rently undefined differences in experi-
mental conditions may lower the toxic
potential of NO formation enough that
other injury mechanisms predominate.
Cell death is a nonspecific endpoint,
common to all injury processes. If sev-
eral injury cascades occur simultane-
ously, only blockade of the most power-
ful cascade-the cascade most capable of
producing lethal injury after a given in-
sult-will lead to an increase in cell sur-
vival.
The precise mechanisms by which NO

overformation can kill neurons remain to
be clarified but likely overlap with the
mechanisms by which macrophage-
derived NO kills bacteria or neoplastic
cells. NO complexes with iron-sulfur
groups within key enzymes necessary for
DNA replication and mitochondrial en-

ergy production (1). In addition, NO re-
acts with superoxide to form peroxyni-
trite, a potent inducer of lipid peroxida-
tion and other free radical-mediated
degenerative reactions (28, 29) (Fig. 1).
This latter mechanism is consistent with
the observation that rapidly triggered,
NMDA receptor-mediated excitotoxicity
on cultured cortical neurons can be par-
tially attenuated by 21-aminosteroid rad-
ical scavenger compounds (31). How-
ever, NO formation is not the only path-
way connecting cellular Ca2+ overload
with free radical production. Another
pathway, for example, is Ca2+ activation
of phospholipase A2, liberating arachi-
donic acid and leading to enhanced pro-
duction of free radicals by lipoxygenase
and cyclooxygenase pathways. Inhibi-
tion of lipoxygenase pathways with nor-
dihydroguaiaretic acid or baicalein re-
duces slowly-triggered excitotoxic death
in cortical cell cultures (ref. 32; also un-
published results).
Three main factors might attenuate the

prominence of an NO-mediated neuro-
toxicity in a given system.

(i) Reduced NO generation (or in-
creased NO degradation). The simplest
reason why NO-mediated injury might
make a relatively minor contribution to
NMDA-induced neurotoxicity in a given
system would be a relatively low level of
NMDA receptor-mediated NO release,
for example because of a paucity of neu-

............................

iS.....-A GLU RELEASE - NMDA R t [ Ca J - OTHER CYTOTOXIC EVENTS
ACTIVATION

NEURONALcNOS
? GLIAL iNOS

+0-
/ 2~~~~~

L'TP cGMP FORMATION ONOO -

VASODILATION

+ PLATELET AGGREGATION

? OTHER TOXIC EVENTS

ENERGY DEPLETION

t BLOOD FLOW

FIG. 1. NO: foe or friend of the ischemic brain? Speculative diagram summarizing some possible relationships between brain ischemia,
NMDA receptor overactivation, NO formation, and cell injury. NO is postulated to be cytotoxic primarily through combination with superoxide
to form the destructive free radical, peroxynitrite. The alternative possibility that NO itself induces injury-for example, by impairing
mitochondrial energy production-is also indicated. (Note that these two possibilities have opposite predictions for the effect of superoxide
removal on injury-e.g., by superoxide dismutase. Superoxide removal, which reduces NO-induced cytotoxicity (28, 29), reduces peroxynitrite
formation but prolongs the half-life of NO itself.) Two cytoprotective "brakes" on the injury cascade are shown: (i) NO-mediated NMDA
receptor down-modulation and (ii) NO-mediated vasodilation and reduced platelet aggregation, leading to increased blood flow. The diagram
additionally incorporates a recent speculation that NO produced by induction of astrocytic iNOS (perhaps by cytokines released after injury)
may be a key contributor to NMDA receptor-mediated neurotoxicity (30).
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rons containing high concentrations of
cNOS. An interesting corollary might
then be the possibility that stimulation of
other, nonneuronal sources of NO might
bring out an NO-mediated component of
NMDA receptor-mediated excitotoxic-
ity.
We recently have found that exposure

to y interferon combined with either in-
terleukin 1,B or lipopolysaccharide can
induce NOS expression in cultured cor-
tical astrocytes [presumably the induc-
ible form (33), or iNOS, as this expres-
sion is blocked by cycloheximide] (30).
Prior treatment of cortical cell cultures
(containing both neurons and glia) with
these cytokines potentiates NMDA re-
ceptor-mediated neurotoxicity, and this
potentiation is blocked by NG-nitro-L-
arginine-in other words, causes our sys-
tem to behave in a fashion similar to that
described by Dawson et al., in terms of
NO and excitotoxicity. The cultures used
by Dawson et al. (12) were treated after 4
days in vitro to inhibit cell division, mak-
ing it unlikely that astrocyte iNOS plays
a large role in their system. Nonetheless,
our observations support a speculation
that cytokine stimulation of astrocytes,
leading to enhanced NO production by
astrocytic iNOS, may contribute to an
NO-mediated component of neuronal
damage in certain disease states (Fig. 1).

(ii) Reduced susceptibility to NO cyto-
toxicity. The vulnerability of a given cell
to NO-mediated cytotoxicity might be
expected to depend on numerous internal
characteristics, including dependence on
iron-sulfur-containing enzymes, total en-
ergy stores, ability to withstand altered
ion homeostasis, free radical defenses,
and availability of reactive oxygen spe-
cies. It is possible that the transformed
fibroblast cells or mesencephalic neurons
studied by Wink et al. (21) are intrinsi-
cally less vulnerable to damage by per-
oxynitrite than other central neurons.
For example, mesencephalic neurons
may need special defenses to handle the
free radicals generated by dopamine me-
tabolism.

(iii) Counterbalancing cytoprotective
effects ofNO. A third basis for reconcil-
ing disparate observations regarding the
neuroprotective efficacy of NOS inhibi-
tion is provided by the idea discussed
above that NO formation may have cy-
toprotective effects that counterbalance
its cytotoxic effects (21). Of note, recent
evidence indicates that NO can down-

modulate the NMDA receptor, although
whether this effect is mediated by oxida-
tion of the NMDA receptor redox site
(34) or by other actions (35, 36) is unset-
tled.

Besides exerting direct cytoprotective
effects on ischemic brain parenchyma,
NO may also influence injury in vivo by
dilating arterioles and inhibiting platelet
aggregation, thus improving tissue perfu-
sion and attenuating the ischemic insult
(Fig. 1).

In summary, a plethora of variables
and the inherent complexity of NO biol-
ogy hinder present efforts to define the
effects of NO upon the injured brain.
Recent studies have given us important
new information and direction but in do-
ing so have intensified the fundamental
issue of whether NO production is help-
ful or deleterious in the setting of cerebral
ischemia. Do we want to augment or
attenuate brain NO production in pa-
tients suffering a stroke? The answer to
this question may prove to be as multi-
faceted as NO itself.

1. Moncada, S., Palmer, R. M. J. & Higgs,
E. A. (1991) Pharmacol. Rev. 43, 109-
142.

2. Garthwaite, J. (1991) Trends Neurosci.
14, 60-67.

3. Bredt, D. S. & Snyder, S. H. (1992)
Neuron 8, 3-11.

4. Bohme, G. A., Bon, C., Stutzmann,
J. M., Doble, A. & Blanchard, J. C.
(1991) Eur. J. Pharmacol. 199, 379-381.

5. Shibuki, K. & Okada, D. (1991) Nature
(London) 349, 326-328.

6. Dawson, T. M., Dawson, V. L. & Sny-
der, S. H. (1992) Ann. Neurol. 32, 297-
311.

7. Meldrum, B. (1985) Clin. Sci. 68, 113-
122.

8. Choi, D. W. & Rothman, S. M. (1990)
Annu. Rev. Neurosci. 13, 171-182.

9. Choi, D. W. (1992) J. Neurobiol. 23,
1261-1276.

10. Garthwaite, J., Charles, S. L. & Chess-
Williams, R. (1988) Nature (London)
336, 385-388.

11. Bredt, D. S. & Snyder, S. H. (1990)
Proc. Natl. Acad. Sci. USA 87, 682-685.

12. Dawson, V. L., Dawson, T. M., Lon-
don, E. D., Bredt, D. S. & Snyder, S. H.
(1991) Proc. Natl. Acad. Sci. USA 88,
6368-6371.

13. Lipton, S. A. (1992) Trends Neurosci.
15, 75-79.

14. Dawson, V. L., Dawson, T. D., Uhl,
G. R. & Snyder, S. H. (1993) Proc. Natl.
Acad. Sci. USA 90, 3256-3259.

15. Dawson, T. M., Steiner, J. P., Dawson,

V. L., Dinerman, J. L., Uhl, G. R. &
Snyder, S. H. (1993) Proc. Natl. Acad.
Sci. USA 90, 9808-9812.

16. Lopez, 0. L., Martinez, A. J. & Torre-
Cisneros, J. (1991) Transplant. Proc. 23,
3181-3182.

17. Buchan, A. M. (1992) Arch. Neurol. 49,
420-421.

18. Nowicki, J. P., Duval, D., Poignet, H. &
Scatton, B. (1991) Eur. J. Pharmacol.
204, 339-340.

19. Buisson, A., Plotkine, M. & Boulu,
R. G. (1992) Br. J. Pharmacol. 106, 766-
767.

20. Nagafuji, T., Matsui, T., Koide, T. &
Asano, T. (1992) Neurosci. Lett. 147,
159-162.

21. Wink, D. A., Hanbauer, I., Krishna,
M. C., DeGraff, W., Gamson, J. &
Mitchell, J. B. (1993) Proc. Natl. Acad.
Sci. USA 90, 9813-9817.

22. Kiedrowski, L., Costa, E. & Wrob-
lewski, J. T. (1992) Mol. Pharmacol. 41,
779-784.

23. Lerner-Natoli, M., Rondouin, G., de
Bock, F. & Bockaert, J. (1992) Neurore-
port 3, 1109-1112.

24. Pauwels, P. J. & Leysen, J. E. (1992)
Neurosci. Lett. 143, 27-30.

25. Regan, R. F., Renn, K. E. & Panter,
S. S. (1993) Neurosci. Lett. 153, 53-56.

26. Hewett, S., Corbett, J. A., McDaniel,
M. L. & Choi, D. W. (1993) Brain Res.,
in press.

27. Yamamoto, S., Golanov, E. V., Berger,
S. B. & Reis, D. J. (1992) J. Cereb.
Blood Flow Metab. 12, 717-726.

28. Beckman, J. S., Beckman, T. W., Chen,
J., Marshall, P. A. & Freeman, B. A.
(1990) Proc. Natl. Acad. Sci. USA 87,
1620-1624.

29. Lipton, S. A., Choi, Y. B., Pan, Z. H.,
Lei, S. Z., Chen, H. S. V., Sucher,
N. J., Loscalzo, J., Singel, D. J. & Stam-
ler, J. S. (1993) Nature (London) 364,
626-632.

30. Hewett, S. J. & Choi, D. W. (1993) Soc.
Neurosci. Abstr. 19, 25.

31. Monyer, H., Giffard, R. G., Hartley,
D. M., Dugan, L. L., Goldberg, M. P. &
Choi, D. W. (1992) Neuron 8, 967-973.

32. Rose, K., Bruno, V. M. G., Oliker, R. &
Choi, D. W. (1990) Soc. Neurosci.
Abstr. 16, 288.

33. Galea, E., Feinstein, D. L. & Reis, D. J.
(1992) Proc. Natl. Acad. Sci. USA 89,
10945-10949.

34. Lei, S. Z., Pan, Z. H., Aggarwal, S. K.,
Chen, H. S., Hartman, J., Sucher, N. J.
& Lipton, S. A. (1992) Neuron 8, 1087-
1099.

35. Hoyt, K. R., Tang, L. H., Aizenman, E.
& Reynolds, I. J. (1992) Brain Res. 592,
310-316.

36. Manzoni, O., Prezeau, L., Main, P.,
Deshager, S., Bockaert, J. & Fagni, L.
(1992) Neuron 8, 653-662.

Commentary: Choi


