
and 30°C and was independent of the pres- 
ence of the ligand a-pp (14). Thus, the 
binding-release cycle of DnaK appears not 
to be stoichiometrically coupled with the 
hydrolysis of ATP. In the presence of ATP, 
the binding-release cycle is at least 830 
times faster than ATP hydrolysis. Further- 
more. nonhvdrolvzable ATP analogs also , , " 
accelerate both binding and dissociation, 
although less effectively than ATP by one 
order of magnitude. The following observa- 
tions suggest that the rate-limiting step for 
ATP hydrolysis is the release of ADP and 
inorganic phosphate (P,) rather than ATP 
cleavage. The effect of ATP is evident after 
a delay of only 0.5 s (Fig. 3) although the 
overall ATPase activity is much slower. 
However, the effect does not appear to be 
due to the mere binding of ATP because it 
is clearly different from the effect of its 
nonhydrolyzable analogs. In the presence of 
ATP (Fig. 4), most DnaK molecules may 
thus be assumed to contain a ~ h o s ~ h a t e  . . 
group perhaps covalently attached to 
Thr199, which has been shown to be phos- 
phorylated during incubation of DnaK with 
ATP in vitro (15). 

What is the physiological significance of 
the very weak ATPase activity of DnaK if it is 
not stoichiometrically coupled to the binding- 
release cycle? This study shows that ATP and 
its turnover control the kinetics of the chao- 
erone action. The binding-release cycle is 
much faster in the presence of ATP-that is, 
under physiological conditions-than was 
previously thought and it occurs in the same 
time range as polypeptide chain elongation 
and folding. Tuning of the rates of ATP 
cleavage and release of ADP and Pi by the 
accessory Hsp's DnaJ and GrpE of E. coli (1 6) 
might thus shift the proportions of the three 
functional states of DnaK (Fig. 4) and adapt 
the kinetics of its chaperone action to the 
changing requirements of protein biogenesis. 

REFERENCESANDNOTES 

1 S. Lindqulst and E A Craig, Annu. Rev Genet 
22, 631 (1 988). 

2. J. E. Rothman, Cell59, 591 (1989). 
3. K. M. Flaherty, C. DeLuca-Flaherty, D. B McKay, 

Nature 346, 623 (1 990) 
4. H. R. B. Pelham, Cell 46, 959 (1986). 
5. K. Liberek, D Skowyra, M Zyllcz, C. Johnson, C 

Georgopoulos, J. Biol Chem 266, 14491 (1991) 
6. D. Schmid, R. Jaussl, P. Christen, Eur, J Bio- 

chem. 208, 699 (1 992) 
7. F G. Prendergast eta/., J Biol. Chem. 258, 7541 

(1 983) 
8. G. C Flynn, J. Pohl, M. T. Flocco, J. E. Rothman, 

Nature 353, 726 (1 991 ). 
9 L. Brand and J R. Gohlke, Annu Rev. Biochem 

41, 843 (1972). 
10. D. Schm~d, unpubl~shed data. 
11. D. R. Palleros, K. L. Reid, J S. McCarty, G C 

Walker, A. L Fink, J Biol. Chem. 267, 5279 (1992). 
12. B Banecki, M Zylicz, E. Bertoli, F. Tanfanl, ibid., 

p .  25051 
13 M. Zyl~cz, J H. LeBowltz, R McMacken, C. Georg- 

opoulos, Proc. Nail Acad Sci. U.SA 80, 6431 
(1 983). 

14. The activity of ATPase was measured In a cou- 

pled assay with pyruvate kinase and lactate de- 
hydrogenase according to H. U Bergmeyer, 
Methods of Enzymatic Analysis (Verlag Chemle, 
Welnhelm, Germany, ed 3, 1985), vol. 7, chap 
3 10.1 The assay was started by addition of the 
substrates and enzymes to 5 pM DnaK, which 
had been Incubated with or without 5 pM a-pp for 
30 min in the assay buffer (see Fig. I )  at 25°C. 

15. J S. McCarty and G. C. Walker, Proc Natl. Acad 
Sci. U.S.A. 88, 9513 (1991) 

16. K Liberek, J. Marszalek, D. Ang, C Georgopou- 
los, M. Zylicz, ibid , p 2874. 

17 The peptldes were synthesized w~th an ABI 430A 
Peptlde Synthesizer (Applied Biosystems, Foster 
City, CA) by means of the orthogonal fluorenyl 
methoxycarbonyl protection strategy [G. Barany, N. 
Kneib-Cordon~er, D. G. Mullen, Int J. Pep. Protein 
Res. 30, 705 (1987)l. Acrylodan was purchased 
from Molecular Probes (Eugene, OR). For labeling, 
acrylodan (final concentration, 1 mM) was freshly 
dissolved In aceton~trile and added to the peptide 
(0 25 mM) in 20 mM Hepes (pH 7.5). The mixture 
was incubated overnight at room temperature. Un- 
reacted acrylodan was removed by gel filtration. 
Reversed-phase h~gh-performance liquld chroma- 
tography with an acetonitrlle-water-trifluoroacetic 
a c ~ d  gradient removed unreacted peptlde. The con- 
centration of the labeled peptide was determined 
photometrically (molar extinction coefflclent E,,, = 
12,900 M-' cm-') (7) and by amlno a c ~ d  analys~s. 

18. The plasmid pTTQ19dnaK+ was used to produce 
DnaK. The expression 1s under the control of the tac 
promoter, whlch is induc~ble by isopropyl-thlo-p-D- 
galactoside. The E coli strain JM83 was used for 

expression. The collected cells were resuspended 
In 20 mM trls-HCI (pH 8.0), 50 mM NaCI, 1 mM 
EDTA, and 1 mM dithiothreitol (DTT) (buffer A), and 
sonlcated. After ultracentrlfugatlon (100,000gfor 30 
m~n), the supernatant was dlalyzed against buffer A 
and loaded onto an anlon-exchange column (Q 
Sepharose Fast Flow, Pharmacia). DnaK was eluted 
at the end of a hear  gradient of 50 to 500 mM NaCl 
The DnaK-conta~ning fractions were pooled and 
dialyzed aga~nst 20 mM sodium acetate (pH 5.5), 
0.1 mM EDTA, and 0 1 mM DTT (buffer B), and 
passed over a 5-ml column of AJP-agarose (C, 
Ihnkage, Slgma) The column was washed with 1 M 
NaCl in buffer B, and DnaK was then eluted with 5 
mM ATP, 7 mM MgCI,, and 10 mM KC1 In buffer B. 
Fractions containing DnaK were concentrated by 
ultrafiltration and loaded onto a Superose 12 fast 
protein liquid chromatography column (HR 10130, 
Pharmacia) In 25 mM Hepes (pH 80), 10 mM 
2-mercaptoethanol, and 1 mM EDTA Fractions with 
pure DnaK, as analyzed by SDS-polyacrylam~de 
gel electrophoresis were collected and stored in 
10% glycerol at -20°C. 

19. We thank C. Georgopoulos and D. Ang for the 
plasmid and for support in handling the expression 
system, S. Klauser for the synthesis of the peptides, 
P. Hunzlker for amino acid analys~s, and C. M. 
Hartmann for her collaboration. Financial support 
was prov~ded by the Olga Mayenfisch Stiftung, 
Zur~ch; the Hartmann Muller-Stiftung fur medizinis- 
che Forschung, Zurlch; and the Stiftung fur wissen- 
schaftllche Forschung an der Universltat Zurich 

25 August 1993; accepted 14 December 1993 

Role of NO Production in N MDA Receptor-Mediated 
Neurotransmitter Release in Cerebral Cortex 

P. Read Montaguelk Carolyn D. Gancayco, Mark J. Winn,? 
Richard B. Marchase, Michael J. Friedlander* 

L-Glutamate and norepinephrine are examples of a major excitatory neurotransmitter and 
a neuromodulator in the cerebral cortex, respectively. Little is known of how chemical 
signaling between the anatomically distinct chemical pathways occurs. Specific activation 
of the N-methyl-D-aspartate (NMDA) class of glutamate receptor in synaptosomal prep- 
arations from guinea pig cerebral cortex caused release of both of these chemicals, and 
this release was blocked by agents that inhibit nitric oxide (NO) production or remove NO 
from the extracellular space. Furthermore, neurotransmitter release correlated with cortical 
NO production after NMDA receptor stimulation. These results suggest that NO production 
and its extracellular movement may be links in the pathway from NMDA receptor activation 
to changes in chemical signaling in surrounding synaptic terminals in the cerebral cortex. 

Activation of the NMDA glutamate receptor 
on neurons in the vertebrate central nervous 
system is important for excitatory synaptic 
transmission (1, 2 ) ,  developmental and syn- 
aptic plasticity (2, 3), and neurotoxicity (4) 
and can lead to the production of the mem- 
brane-permeant gas NO (5). Production of 
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NO may contribute to neurotoxicity (6), 
possibly by means of the formation of perox- 
ynitrite (ONOO) from NO and the superox- 
ide ion (7). Further, NO may participate in 
synaptic plasticity at glutamatergic synapses in 
the hippocampus (8) [carbon monoxide 
(CO) , another membrane-permeant gas made 
in the brain, also may play a role in this 
plasticity (9, 1 O)]. However, the mechanisms 
underlying these actions remain to be eluci- 
dated. 

In the cerebral cortex, the role of NO in 
synaptic transmission and plasticity is murki- 
er. Nitric oxide and other potential neuro- 
modulators such as norepinephrine (1 1) are 
likely to be important in both transient (12) 
and more long-lasting (9, 13) alterations in 
functional forebrain circuitry. Pharmacologi- 
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cal blockade of the synthetic enzyme for NO, 
N O  synthase (NOS) (14), suggests that N O  
produced in the cortex influences both gener- 
al cerebrovascular tone and local coupling of 
neural activity to blood flow changes (15). 
Because N O  is a nonpolar membrane-per- 
meant gas, it could influence synapses 
throughout a local, diffusion-defined domain 
in the brain (9, 13). This could effectively 
couple neural activity in a local volume of 
cerebral cortex, operating beyond the bound- 
aries of conventional anatomically defined 
synapses. 

To  evaluate whether excitatory synaptic 
transmission at NMDA receptors is linked to 
the release of other neurotransmitters such as 
norepinephrine or subsequent glutamate re- 
lease through N O  production, we used a 
synaptosomal preparation from guinea pig ce- 
rebral cortex. We measured the effect of 
NMDA on  the release of tritiated norepi- 
nephrine ([3H]NE) and endogenous L-gluta- 
mate (L-Glu) (16); NMDA caused a dose- 
dependent release of both of these neurotrans- 
mitters (Fig. 1, A and B). The active S isomer 
(S) -c~-amino-3-hydroxy-5-methyl-4-isoxazole- 
proprionic acid (AMPA) (100 p,M) did not 
cause release of either neurotransmitter. The 
release of both L-Glu and [3H]NE was blocked 
in a dose-dependent fashion by the competi- 
tive NMDA receptor blocker 2-amino-5- 
phosphono-valerate (D-APV) (Fig. 1, C and 
D), augmented by removal of extracellular 
Mg2+, and blocked by removal of extracellu- 
lar Ca2+ (Fig. 1, A and B, arrows). The 
half-maximal effective inhibition constant 
(IC,,) for D-APV was < 1 pM for the NMDA 
receptor-mediated release of both L-Glu and 
[3H]NE. Depolarization of the synaptosomes 
with elevated KC1 (50 mM) resulted in a 
modest release of both neurotransmitters, 
which was also dependent on extrasynaptoso- 
ma1 calcium (Fig. 1, C and D). For both 
L-Glu and [3H]NE, the K+ -induced depolar- 
ization caused 4 to 6% of the available neu- 
rotransmitter to be released (1 6, 17), and this 
release was independent of D-APV concentra- 
tion (Fig. 1, C and D). With 100 pM 
NMDA as the stimulus, 21 k 3% of the 
[3H]NE and 35 k 4% of the available L-Glu 
was released (1 8). Taken together, these ob- 
servations suggest that specific activation of 
the NMDA receptor and subsequent Ca2+ 
fluxes are required for the release of both 
L-Glu and norepinephrine. 

The NOS inhibitors N-nitro-L-arginine 
(L-NOARG) and N-monomethyl-L-arginine 
(L-NMMA) blocked the NMDA-mediated 
release of both neurotransmitters in a dose- 
dependent fashion (Fig. 2). A similar effect 
was obtained with 7-nitro-indazole (7-NI), a 
selective inhibitor of brain NOS (1 9). The 
effect was stereospecific, with the inactive 
optical isomers having no effect (Fig. 2). The 
release induced by Kt depolarization was not 
influenced by either the D or L forms of the 

NOS inhibitors. The L-NMMA blockade of 
NMDA-stimulated release could be overcome 
by washing for 15 min i n  1 mM L-arginine, 
the normal substrate for NOS. The effects of 
L-NOARG could not be similarly reversed, 
consistent with its reported high affinity for 
NOS (20). The IC,, of 100 p,M NMDA- 
mediated neurotransmitter release occurred at 
0.7 p,M L-NOARG for L-Glu and 1.0 pM for 
[3H]NE (Fig. 2, C and D). The stereospeci- 
ficity of the block and the reversibility of the 
weaker inhibitor suggest that the inhibitors do 
not act by a nonspecific removal of the ability 
of the synaptosomes to release transmitter. 
Rather, they act by a specific blockade of 
NOS. This point is further supported by the 
observation that Kt-induced release of neu- 
rotransmitter was unaffected by the presence 
of the blockers (Fig. 2). Thus, activation of 
the NMDA receptor alone is not sufficient to 
mediate neurotransmitter release, but release 
also requires NOS activity. 

These results do not distinguish between 
intra~~naptosomal N O  action and the need 
for an extrasynaptosomal signal that depends 
on N O  production and travels between dis- 
tinct svna~tosomal elements. We addressed 
these alternative possibilities by incubating 
the synaptosomes with hemoglobin (Hgb), a 
molecule that remains outside the synapto- 
somes and chelates N O  (21). While Hgb 
strongly chelates NO, it may also'react with 
superoxide anion or peroxynitrite. It prevent- 
ed 'NhllDA-mediated release of L-Glu and 
[3H]NE (Fig. 2, A and B) . The IC,, for block 
of the NMDA-mediated release of neuro- 
transmitters by Hgb was 0.2 pM for both 
L-Glu and [3H]NE release. Because Hgb re- 
mains outside the synaptosomes, either syn- 
aptosomes must cooperate in the production 
of a threshold concentration of N O  sufficient 
for neurotransmitter release or only a subset of 
the synaptosomes make the NO, which then 
mediates release from the surrounding synap- 
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Fig. 1. The NMDA receptor-mediated release of neurotransmitter. Dose-response curves for 
NMDA-mediated (A) L-Glu release or (B) [3H]NE release W~th 100 pM NMDA as a stimulus, release 
was completely blocked in Ca2+-free media (open arrow), augmented by 18% (for L-Glu) or 15% (for 
[3H]NE) in low concentrations (zero) of Mg2+ (top sol~d arrow), and inhibited by 35% (for L-Glu) or 
38% (for [3H]NE) in h~gh concentrations (10 mM) of Mg" (not shown). The lower solid arrow 
indicates the normalized release in response to 100 FM NMDA in control levels of divalent catlons 
(1.2 mM Ca2+ and 1.2 mM Mg2+) Effect of D-APV.dose-response curves for (C) L-Glu release and 
(D) [3H]NE release w~th 100 pM NMDA as a stimulus (0). The K+ depolar~zat~on-~nduced release 
was not Influenced by the presence of D-APV (0); however, depolar~zation-~nduced release was 
completely blocked in Ca2+-free medium (arrows). The dotted lhnes indicate baseline, unstimulated 
release of neurotransmitter. All points represent normalized mean percentage neurotransmitter 
release (+SEM) (16). Each point is the mean of four to seven experiments Antagonists were 
appl~ed for 30 min before and In conjunction with stimulat~on wlth NMDA or K+. 
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tosomes. This latter possibility would be con- 
sistent w i th  the reported localization of N O S  
primarily in the cell bodies of smooth inhibi- 
tory neurons that contain y-aminobutyric 
acid (GABA)  and somatostatin (2 1). These , , 

cells are a small fraction of the neurons in the 
cerebral cortex, although there i s  considerable 
N O S  activity in the neuropil of the cortex 
(22). In the presence of Hgb, NO made by 
these synaptosomes permits this subset of syn- 
aptosomes to release their neurotransmitters 
( G A B A  and somatostatin). but our assavs , , 

would not  have detected these substances. 

Fig. 2. Stereospecific blockade of NOS or che- 
lation of NO prevents NMDA-mediated release. 
(A) The NOS inhibitor L-NOARG (a) blocked 
NMDA-simulated release (100 yM) of both (A) 
L-GIu and (B) [3H]NE in a dose-dependent 
fashion, but D-NOARG (0)  had no effect. Depo- 
larization-induced neurotransmitter release (50 
mM KCI) was unaffected by L-NOARG (0). 
Hemoglobin (Hgb) (W) also blocked NMDA- 
simulated release (1 00 pM) of L-Glu and [3H]NE 
in a dose-dependent fashion. Similar results 
were obtained with L-NMMA and 7-NI (not 
shown). Control data points for effects of 
L-NOARG on Kf-induced release (0) and ef- 
fects of D-NOARG (0)  are fit by linear regres- 
sion. Pooled data for the various conditions for 
(C) L-Glu release and (D) [3H]NE release, re- 
spectively: NMDA only (n = 26 and 45), 
L-NOARG + NMDA (n = 23 and 38), L-NMMA 
(n = 6 and 8), D-NOARG + NMDA (n = 7 for 
both), Hgb + NMDA (n = 6 and 7). The 
L-NOARG, L-NMMA, and Hgb results are signif- 
icantly different (X2 test; P < 0.001) from the 
NMDA responses for both L-Glu and [3H]NE 
release. Baseline release is indicated by 
dashed lines in all panels. All values are nor- 
malized neurotransmitter release. 

Fig. 3. Independent bioassay of stimulated NO 
production. (A) Application of 100 yM NMDA 
(arrow) caused a vasodilatory response in the 
aortic rings. (B) Preincubating the synapto- 
somes with 10 kM L-NOARG blocked the 
NMDA-mediated vasodilatory response. As a 
control, the synaptosome aliquots used in (A) 
and (B) were derived from the same prepara- 
tion. (C) Application of 100 pM NMDA (arrow) in 
another experiment again caused a vasodila- 
tory response in the aortic rings. (D) Preincu- 
bating these synaptosomes with 5 kM Hgb 
(Fig. 2) blocked the NMDA-mediated vasodila- 
tory response. As a control, the synaptosome 
aliquots used in (C) and (D) were derived from 
the same preparation. (E) NMDA (100 kM), 
L-GIu (50 kM), and [3H]NE (20 kM) were ap- 
plied to the aortic rings in the absence of the 
synaptosomes. (F) Various sources of NO 
(SNAP, DEA-NO, or NO gas) were applied 
directly to the preparation containing just the 
aortic rings to verify that these same com- 
pounds used in the experiment outlined in Fig. 
4 were indeed generating an NO-type re- 
sponse. In all panels, the vertical axis is the 
mass in grams needed to create the tension 
exerted by aortic rings. This experiment was 
repeated four times with identical results. 

T o  directly evaluate the NMDA recep- 
tor-mediated production o f  NO in the ce- 
rebral cortex, we used a biological assay of 
NO production (Fig. 3). This assay tests 
whether cortical N O S  activation produces 
NO that travels outside the synaptosomes. 
Rodent aortic rings, smooth muscle w i t h  
endothelial cells removed, were exposed to 
the effluent from synaptosomes in a closed 
system (23). Vasculature prepared in this 
way changed i t s  tension in response to  
various vasoactive compounds and relaxed 
in the presence o f  NO (24). The rings were 

physically separated from the synaptosomes 
and were connected to  sensitive force trans- 
ducers that measure tension (23). Applica- 
t i on  o f  100 pM NMDA to  the synapto- 
somes caused a reduction in tension in the 
aortic rings (Fig. 3, A and C), indicating 
the production o f  a vasorelaxing com- 
pound. This same stimulus caused the re- 
lease o f  b o t h  [3H]NE and L-Glu (Figs. 1 and 
2). W h e n  N O S  was blocked by 10 pM 
L - N O A R G  (which abolishes the N M D A -  
mediated release o f  transmitter), the same 
100 pM NMDA stimulus caused n o  change 
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in ring tension (Fig. 3B). Similarly, the 
presence of 5 pM Hgb abolished the relax- 
ation subsequent to stimulation with 100 
pM NMDA (Fig. 3D). 

Direct application of 100 pM NMDA 
applied to the aortic rings in the absence of 
the synaptosomes caused no change in ten- 
sion (Fig. 3E). To rule out a direct effect of 
the released neurotransmitters on ring ten- 
sion, we also applied L-Glu and L3H]NE di- 
rectly to the isolated aortic rings in quantities 
computed from the release data (25) (Fig. 3). 
This manipulation also caused no change in 
ring tension. Acetylcholine (Ach) caused no 
chanees in tension. If endothelial cells were " 

still attached to the aortic rings, this concen- 
tration of Ach would cause a relaxation (24, 
26). 

These results demonstrate that NMDA 
receptor activation results in L-Glu and 
L3H]NE release, possibly through a link to 
NOS activation. Production of NO and its 
movement through extracellular space may be 
a necessary step in this link because (i) Hgb 
causes block of NMDA-mediated release (Fig. 
2);  (ii) L-NOARG, L-NMMA (Figs. 2 and 
3), and 7-NI cause a concentration-depen- 
dent stereos~ecific block of NMDA-mediated 
release; (iii) stimuli that cause neurotrans- 
mitter release also cause a Dotent vasodilatorv 
response in isolated aortic rings (Figs. 2 and 
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Fig. 4. Effects of NO application to synapto- 
somes. Individual runs from one series of ex- 
periments where synaptosomes were exposed 
to NO or NO-generating agents. Stimulus [40 
nM NO (27), 100 yM SNAP, 100 p,M DEA-NO, 
or photoactivated Ru(NO)CI,] was applied at 
sample number 4. For comparison, responses 
to 100 yM NMDA are indicated. (A) L-Glu 
release. (B) [3H]NE release. Other experiments 
were run with sim~lar results with NO concen- 
trations varying from 1 nM to 1 mM. 

3); and (iv) agents that block NO production 
or chelate NO in the extrasynaptosomal space 
prevent the NMDA-mediated vasodilatory re- 
sponse in aortic rings (Figs. 2 and 3). 

In the hippocampus, the conjunction of 
NO or CO and presynaptic activity is suffi- 
cient to induce a long-term enhancement in 
synaptic transmission (9, 10). To assess the 
role of NO in release of neurotransmitter in 
the cerebral cortex, we added NO directly to 
the synaptosomes in the presence and ab- 
sence of NOS blockade by 10 pM 
L-NOARG (27). For both L-Glu and 
[3H]NE, NO alone had no effect on the 
baseline neurotransmitter release (Fig. 4). 
Moreover, a variety of NO generating 
compounds-including diethylamine-NO 
(DEA-NO) , (+-S)-nitroso-N-acetylpeni- 
cillamine (SNAP), and ruthenium ni- 
trosyl chloride [Ru(NO)Cl,], which re- 
leases caged NO when activated by near- 
ultraviolet light (28)-did not cause re- 
lease of either neurotransmitter. However. 
when applied directly to the aortic rings, 
these same compounds caused a reduction 
in tension (Fig. 3F). Thus, some other event 
triggered by NMDA receptor activation, in 
addition to NO production, may be required 
for neurotransmitter release. 

Our data demonstrate that glutamatergic 
synaptic transmission at the NMDA receptor 
in the cerebral cortex can further enhance 
subsequent L-Glu release at neighboring syn- 
apses and can communicate with catechol- 
amine systems through a signal that moves 
between cells in neural tissue. This signal 
requires the production of NO and its extra- 
synaptic diffusion; however, it does not pre- 
clude a role for other diffusible compounds for 
which synthesis or activation first requires 
NMDA receptor activation and the produc- 
tion of NO. The neurotransmitter release may 
actuallv result from oroduction of other chem- 
ical spkcies, such asLsuperoxide and peroxyni- 
trite, subsequent to the initial NO production 
and movement into extracellular space (7,29, 
31). The observation that NMDA receptor 
activation, but not exogenous NO applica- 
tion alone, was sufficient to mediate L-Glu 
and [3H]NE release in the synaptosome prep- 
aration suggests that the binding of ligand to 
the NMDA receptor mediates several interac- 
tive processes. 

One possibility is that an NMDA recep- 
tor-mediated NO signal (from post- or pre- 
synaptic elements, or both) and a calcium 
signal mediated by presynaptic NMDA recep- 
tors (30) provide the required conjunction to 
induce neurotransmitter release. However. in 
experiments where NOS blockade was in- 
duced with L-NOARG and NMDA receptor 
activation was combined with concomitant 
exogenous NO application, neither L-Glu nor 
[3H]NE were released. In control experiments 
on synaptosomes with intact NOS simultane- 
ous, application of exogenous NO (either as 

NO gas or through the application of SNAP) 
reduced the NMDA-mediated neurotrans- 
mitter release significantly in accord with 
previous reports that NO inhibits the NMDA 
receptor (3 1). While the evidence presented 
suggests that nitrogen oxide metabolism facil- 
itates neurotransmitter release and effectively 
couples chemical pathways in cerebral cor- 
tex, the exact species of NO (either redox 
state or chemical compound) that mani- 
fests the effects remains unknown. 
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Paralysis and Early Death in Cysteine String 
Protein Mutants of Drosophila 

Konrad E. Zinsmaier,*.F Kai K. Eberle,? Ericf7 Buchner, 
Niklaus Walter, Seymour Benzer 

Multimeric complexes of synaptic vesicle and terminal membrane proteins are important 
components of the neurotransmitter release mechanism. The csp gene of Drosophila 
encodes proteins homologous to synaptic vesicle proteins in Torpedo. Monoclonal anti- 
bodies demonstrate different distributions of isoforms at distinct subsets of terminals. 
Deletion of the csp gene in Drosophila causes a temperature-sensitive block of synaptic 
transmission, followed by paralysis and premature death. 

Fast. excitation-couoled neurotransmitter 
release is mediated by the fusion of synaptic 
vesicles with the nerve terminal. Proteins of 
both vesicles and other synaptic compart- 
ments, including presynaptic Ca2+ chan- 
nels, participate in this process by forming a 
multimeric protein complex to ensure rapid 
and regulated release (1) .  Although the 
molecular mechanisms are not understood, 
considerable progress has been made in iden- 
tifying some of the components (2). How- 
ever, only synaptotagmin has thus far been 
genetically shown to be involved (3). 

The Drosophila melanogaster cysteine 
string proteins (Dcsp's) (4) are membrane 
proteins containing an unusual cysteine mo- 
tif (C2X, C,,  X2 C,; C is cysteine and X is 
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anv amino acid) and the "1" domain found 
in d n a ~  proteins, which midiate the regula- 
tion of heat shock protein (hsp) 70 protein 
activity and thereby the assembly of multi- 
meric protein complexes (5). A csp homolog 
of Torpedo califonica (Tcsp) has been iden- 
tified (6) that copurifies with synaptic vesi- 
cles (7). The inhibition of N-type Ca2+ 
channel activity by coinjection of Tcsp an- 
tisense mRNA into Xenopus oocytes suggests 
that Tcsp may be a regulatory subunit of 
Ca2+ channels (6). We show that, in Dro- 
sophila, the Dcsp proteins are localized to 
synaptic terminals and that deletion of the 
csp gene interferes with synaptic transmis- 
sion, causing paralysis and early death. 

To localize the gene product, we gener- 
ated monoclonal antibodies (mAbs) from, 
fusion ~rote in  ( 8 ) .  The DCSP-2 mAb dem- ~, 
onstrates the presence of Dcsp protein pre- 
svna~ticallv at larval and adult neuromuscu- , 
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