
Graphics 4Dl240 GTX as described w. Car- 
rington, K. E. Fogarty, F. S. Fay, in Non-hvasiw 
Techniques in Cell Biology, K. Foster, Ed. (Wiley- 
Liss. New York. 1990). pp. 53-72]. This software 
is now available for a personal computer from 
Scanalytics (Billerica. MA). 

14. S. L. Schmid and E. Smythe. J. Cell Biol. 1 14.869 
(1991). 

15. R. Nishimura et al., Mol. Cell. Bid. 13. 6889 
(1 993). 

16. J. H. Stack, P. K. Herman. P. V. Schu, S. D. Emr, 

EMBO J. 12. 2195 (1993); P. V. Schu et al., 
Science 260, 88 (1 993). 
D. J. Klionsky, P. K. Herman, S. D. Emr, Microb. 
Rev. 54, 266 (1990). 
We thank D. Bowman and E. Moore for help with 
image analysis and M. Czech for comments on 
the manuscript. Supported by grants to S.C. (NIH- 
DK40330), F.S.F. (NSF-BIR9200027), and A.K. 
(NIH-GM48339). 

1 7 August 1 993; accepted 1 3 December 1 993 

Nitric Oxide Activation of Poly(ADP-Ribose) 
Synthetase in Neurotoxicity 

Jie Zhang, Valina L. Dawson, Ted M. Dawson, 
Solomon H. Snyder* 

Poly(adenosine 5'diphosphoribose) synthetase (PARS) is a nuclear enzyme which, when 
activated by DNA strand breaks, adds up to 100 adenosine B'diphosphoribose (ADP- 
ribose) units to nuclear proteins such as histones and PARS itself. This activation can lead 
to cell death through depletion of p-nicotinamide adenine dinucleotide (the source of 
ADP-ribose) and adenosine triphosphate. Nitric oxide (NO) stimulated ADP-ribosylation of 
PARS in rat brain. Benzamide and other derivatives, which inhibit PARS, blocked Nmethyl- 
waspartate- and NO-mediated neurotoxicity with relative potencies paralleling their ability 
to inhibit PARS. Thus, NO appeared to elicit neurotoxicity by activating PARS. 

Nitric oxide is a messenger molecule that 
regulates macrophage killing of tumor cells 
and bacteria (1) and blood vessel relaxation 
(2) and also is a neurotransmitter (3). 
When produced in large quantities in re- 
sponse to actions of the excitatory neuro- 
transmitter glutamate acting at N-methyl- 
D-aspartate (NMDA) receptors, NO medi- 
ates neuronal killing (4, 5). Toxicity due to 
NMDA may account for neural damage in 
vascular stroke, as NO synthase (NOS) 
inhibitors prevent stroke damage (6). 
Mechanisms proposed for NO neurotoxicity 
as well as tumoricidal and bactericidal ac- 
tions include monoADP-ribosylation and 
S-nitrosylation of glyceraldehyde-3-phos- 
phate dehydrogenase (GAPDH) (7), inhi- 
bition of mitochondria1 enzymes such as 
cis-aconitase (8). inhibition of the mito- . ,, 
chondrial electron transport chain (I), in- 
hibition of ribonucleotide reductase (9) ,  
and DNA damage (1 0, 1 1). DNA damage 
activates PARS (E.C. 2.4.2.30) (12, 13). 
Here we show that NO activates PARS in 
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association with damage to DNA, and that 
PARS inhibitors prevent NMDA neurotox- 
icity with relative potencies paralleling 
their inhibition of the enzyme. 

In rat brain nuclear extracts, PARS 
activity was almost tripled in a dosage- 
dependent manner when DNA that had 
been preincubated with NO was added 
(Fig. 1A) (14); Addition of covalently 
closed circular DNA by itself had no effect 
on PARS activity. Both 4-amino-1,8-naph- 
thalimide and 1,5di~droxyisoquinoline, 
two potent PARS inhibitors, reduced the 
activity to 4 %  of basal levels (Fig. 1A). 
The major protein ADP-ribosyhted in the 
nuclear extracts was PARS itself (Fig. 1B). 
Similarly, DNA that had been treated with 
3-morpholinosyndnonirnine (SIN-1) and 
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sodium nitroprusside (SNP), two NO do- 
nors, could stimulate poly(ADP-ribose) 
synthesis, which was inhibited by benza- 
mide, another PARS inhibitor (14). Nei- 
ther SNP nor SIN-l alone had an effect on 
PARS (14). 

McDonald and Moss have demonstrated 
that NO-enhanced modification of 
GAPDH by B-nicotinamide adenine dinu- 
cleotide RJAD) involves the transfer of the 
entire NAD td a thiol group rather than 
ADP-ribosylation (7). To ensure that the 
polymer formed from NAD in our study was 
poly (ADP-ribose) , we used both [adenine- 
'4C]NAD and [nicotin~mde-'~C]NAD and 
found radioactivity could only be incorpo- 
rated into the polymers from the former 
compound (1 4). 

To directly determine if PARS activa- 
tion participates in NMDA neurotoxicity, 
we monitored neurotoxicity elicited by 
NMDA in rat cerebral cortical cultures in 
which NOS inhibitors provided protection 
(Fig. 2) (4). Increasing concentrations of 
NMDA progressively augmented neuronal 
killing. Benzamide (100 kM) provided 40 
to 50% protection at all NMDA concentra- 
tions examined. At a benzamide concentra- 
tion of 50 kM, there was no significant 
protection detected; but 500 FM benza- 
mide provided -30% more protection than 
100 FM benzamide (Table 1). NO did not 
interact with benzamide (1 5). A variety of 
benzamide derivatives exist with difFering 
potencies as PARS inhibitors. In the family 
of benzamide and its derivatives, benzamide 
is the most active, 3-aminobenzamide is 
about 50% as potent and 4-aminobenza- 
mide is 1 to 2% as potent as benzamide, and 
benzoic acid is inactive (16). Benzamide 
provided the most protection against 
NMDA neurotoxicity and 3-aminobenza- 
mide exerted somewhat less protection, but 
4-aminobenzamide and benzoic acid did not 
protect at all (Table 1). A structurally 
unrelated PARS inhibitor, 1,5-dihydroxy- 
isoquinoline (10 kM), was also neuropro- 
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Flg. 1. Activation of PARS 
by NO-damaged DNA. (A) 
PARS activity after differ- 
ent treatments (mean 2 
SEM, n = 3) (14). (B) 
Autoradiography of poly- 
ADP-ribosylation of PARS 
on 7.5% SDS-polyacryl- 
amide gel electrophore- 
sis. Sizes are indicated at 
left in kilodaltons. Abbre- 
viations: AmNAP, 4-ami- 
no-1,8-naphthalimide; 
DHIQ. 15-dihydroxyiso- 
quinoline. 
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tective against NMDA neurotoxicity (Ta- 
ble 1). It is unlikely that the PARS inhib- 
itors could prevent NMDA neurotoxicity 
through inhibition of mono(ADP-ribose) 
synthetase as their IC50'~ (amount required 
to inhibit the activity of another substance 
by 50%) for mono(ADP-ribose) synthetase 
inhibition are at least 100 times as large as 
their IC50'~ as PARS inhibitors. Further- 
more, novobiocin (1 mM), a relatively 
selective mono(ADP-ribose) synthetase in- 
hibitor, was ineffective against NMDA 
neurotoxicity (Table 1). 

Brief (5 min) NMDA exposure initiates 
"delayed neurotoxicity" in which poorly 
characterized irreversible processes ulti- 
mately lead to calcium overload and cell 
death (1 7). In most experiments benzamide 
was added before administration of NMDA 
(Fig. 2 and Table 1). However, in some 
experiments we added benzamide up to 1 
hour after NMDA exposure and observed 
similar protection (Table 1). 

NMDA- SNP SNAP 

Fig. 2. Inhibition of NMDA- and NO-mediated 
neurotoxicity by PARS inhibitors. Benzamide 
(100 pM) (treatment indicated by open bars) 
reduces neurotoxicity mediated by NMDA (1 00 
pM, 300 pM, 500 pM, and 1 mM), SNP (500 
pM), and SNAP (300 pM). Data are the means 2 
SEM (n 2 8). Each data point represents 4,000 
to 12,000 neurons counted (22). All differences 
are significant (P 5 0.001, Student's t test). 

To ascertain whether NO itself elicits 
neurotoxicity by activation of PARS, we 
administered the NO releasers SNP and 
S-nitroso-N-acetylpenicillamine (SNAP). 
Benzamide (100 pM) reduced SNP and 
SNAP neurotoxicity by 45 to 50% (Fig. 2). 
Benzamide does not inhibit NOS. In hu- 
man kidney 293 (HK 293) cells stably 
transfected with the complementary DNA 
(cDNA) of brain NOS, production of ni- 
trite, a measure of NO synthesis, was not 
affected by 100 pM benzamide, but was 
blocked by nitroarginine (18). This exper- 
iment also confirms that benzamide did not 
interact with NO. 

Our observation that NO activates 
PARS is consistent with other studies indi- 
cating that NO damages DNA (1 0, 1 1). 
The protection against NMDA neurotoxic- 
ity provided by PARS inhibitors appears to 
reflect PARS inhibition, as the relative 
potencies of these drugs in blocking neuro- 
toxicity parallel their activities as PARS 
inhibitors. 

The ability of PARS inhibition to pro- 
vide substantial protection against NMDA 
neurotoxicity implicates DNA damage in 
neuronal killing. PARS activation rapidly 
leads to energy depletion. For each ADP- 
ribose unit transferred by PARS, one mole- 
cule of NAD is consumed and an equivalent 
of four molecules of adenosine triphosphate 
(ATP) are required to regenerate NAD from 
nicotinamide. PARS, whose density is up to 
one enzyme per 10 to 20 nucleosomes, can 
be activated 10- to 20-fold by DNA damage. 
PARS transfers 50 to 100 ADP-ribose moi- 
eties to each acceptor site of target proteins, 
and its overactivation by substantial DNA 
damage can markedly deplete cells of NAD 
and ATP (13). Neurotoxicity is similarly 
associated with a change in the NADHI 
NAD redox state and energy depletion (1 9). 
The protection against NMDA neurotoxic- 
ity afforded by PARS inhibition supports a 
mechanism of cell death in which DNA 
damage overwhelms repair mechanisms 

Fig. 3. A model of NO-mediated 
cytotoxicity. NO-damaged DNA 
activates PARS which depletes 

DNA damage 
ADP-ribose 

NAD by polyADP-ribosylating nu- 
clear proteins. Poly(ADP-ribose) is t poly(ADP-ribose) 
rapidly degraded by poly(ADP-ri- PARS glycohydrolase 
bose) glycohydrolase. The futile activation 
cycle continues during the pro- 

I 
NArn + polyADP-ribosylation 

longed PARS activation. It takes an 
equivalent of four ATPs to resyn- 

thesize (NAm) by NAD means from of nicotinamide nicotinamide 

NMN >pRppyAMp 
mononucleotide (NMN), a reaction ribose 5- 

that requires phosphoribosyl pyro- + phosphate 

phosphate (PRPP) and ATP. AMP, 
adenosine monophosphate; PPi, depletion 
inorganic pyrophosphate. t 

Cell death 

Table 1. Effects of PARS inhibitors on neurotox- 
icity elicited by NMDA. Application of PARS 
inhibitors started 30 min before NMDA was 
applied, unless otherwise indicated. Times in 
parentheses indicate that the inhibitor was ap- 
plied after NMDA administration at the specified 
time, and the preparation was then incubated for 
20 to 24 hours. Data points are the means + 
SEM (n s 8). Each data point represents 4000 to 
12,000 neurons counted (22). 

Treatment Cell death 
("A) 

Protection by  PARS inhibitors 
500 pM NMDA 57.1 ? 4.7 

+ 50 pM benzamide 60.1 2 12.1 
+ 100 pM benzamide 39.5 + 5.0* 
+ 500 pM benzamide 21.9 2 4.1 * 
+ 100 pM 45.9 + 5.1* 

3-aminobenzamide 
+ 100 pM 55.8 ? 7.6 

4-aminobenzamide 
+ 1 mM benzoic acid 58.9 2 5.7 
+ 10 pM 1,5-dihydroxyiso- 39.0 2 4.5* 

quinoline 
+ 1 mM novobiocin 62.4 + 8.9 

Rescue b y  PARS inhibitors 
500 pM NMDA 74.7 ? 7.8 

+ 100 pM benzamide 35.6 ? 8.7* 
(5 rnin) 

+ 100 pM benzamide 40.4 2 5.6* 
(30 rnin) 

+ 100 pM benzamide 43.4 ? 3.9* 
(60 min) 

* P  s 0.001, Student's t test. 

leading to energy depletion by activation of 
PARS (Fig. 3). 

Two major effects of glutamate neuro- 
toxicity suggested to participate in neuronal 
killing are the formation of free radicals and 
energy depletion (20). Our findings indi- 
cate that both participate: NO, a free rad- 
ical, triggers DNA. damage that in turn 
activates PARS, which ultimately depletes 
energy sources from the cell. There is now 
evidence that neuronal injury can result 
from nitrosative chemistry as well as from 
free radicals via superoxide, NO, and per- 
oxynitrite formation, as shown by the work 
of others. This mechanism of cell death 
might also account for the tumoricidal ef- - 
fects of NO generated by macrophages, 
which is consistent with observations that 
3-amillobenzamide protects pancreatic islet 
cells from macrophage cytotoxicity (2 1 ) . 
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Adenosine lnhi bition of Mesopontine Cholinergic 
Neurons: Implications for EEG Arousal 

Donald G. Rainnie, Heinz C. R. Grunze, 
Robert W. McCarley, Robert W. Greene* 

Increased discharge activity of mesopontine cholinergic neurons participates in the pro- 
duction of electroencephalographic (EEG) arousal; such arousal diminishes as a function 
of the duration of prior wakefulness or of brain hyperthermia. Whole-cell and extracellular 
recordings in a brainstem slice show that mesopontine cholinergic neurons are under the 
tonic inhibitory control of endogenous adenosine, a neuromodulator released during brain 
metabolism. This inhibitory tone is mediated postsynaptically by an inwardly rectifying 
potassium conductance and by an inhibition of the hyperpolarization-activated current. 
These data provide a coupling mechanism linking neuronal control of EEG,arousal with the 
effects of prior wakefulness, brain hyperthermia, and the use of the adenosine receptor 
blockers caffeine and theophylline. 

Factors as diverse as prior wakefulness, 
brain hyperthermia, and adenosine blockers 
[such as caffeine and theophylline (1 ) ]  con- 
trol the degree of arousal, usually measured 
as EEG activation (EEG arousal). Both the 
propensity to sleep and the intensity of 
delta waves upon falling asleep are propor- 
tional to the duration of prior wakefulness 
(2, 3). Behavioral experiments have shown 
that a rise in brain temperature induces 
somnolence and a high level of EEG delta 
activity during sleep (4). The stimulating 
effects of coffee (caffeine) and tea (theo- 
phylline) are a nearly universal subjective 
experience, one whose EEG arousal effects 
have been documented (5). However, the 
neural mediator or mediators of the effects 
of these diverse events on EEG arousal are 
unknown. 

Considerable evidence suggests that me- 
sopontine cholinergic neurons play a key 
role in EEG arousal (6, 7). The cholinergic 
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neurons of this region form a continuum, 
extending from the laterodorsal tegmental 
nucleus (LDT) laterally to the pedunculo- 
pontine tegmental nucleus (PPT) ; they 
project heavily to the forebrain and thala- 
mus in rat, cat, and monkey (8). In vivo 
extracellular data indicate that a maioritv of 
these cholinergic neurons selectivily dis- 
charge during states of' EEG arousal (7). 
Furthermore, both in vivo and in vitro data 
indicate that the cholinergic neurons pro- 
mote EEG arousal by a cholinergic depolar- 
ization of thalamic neurons that, when 
hyperpolarized, oscillate in the delta EEG 
frequency range in concert with their cor- 
tical neuronal targets (6). - ~, 

It seemed likely, therefore, that modu- 
lation of mesopontine cholinergic activity 
might be a key neural mediator of behav- 
ioral state. Adenosine (AD) was of partic- 
ular interest as a modulator of these neurons 
because (i) the production and release of 
AD into the extracellular media is linked to 
neuronal metabolic activity (9); (ii) neural 
metabolism is much greater during wakeful- 
ness than in delta sleep and is also increased 
by hyperthermia (1 0); and (iii) caffeine and 
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