
Full-length cDNAs for two additional mam- 
malian ad;nylyl cyclases have been described 
(19, 20). The type-III enzyme is abundant in 
olfactory tissue. We expressed this adenylyl 
cyclase in Sf9 cells (17); activity is stimulated 
synergistically by G, and forskolin (Fig. 4A). 
There was little or no effect of bovine brain py 
on type-111 adenylyl cyclase activity in the pres- 
ence of G,, forskolin, or a combination of the 
two activators (Fig. 4A). The type-IV enzyme 
is found in brain i d  several peripheral tissues. 
Its sequence most resembles that of type 11, and 
its activity can be stimulated by a combination 
of Gs, a d  py in much the same manner as 
type-11 adenylyl cyclase can be (20). S49 cells 
express two other adenylyl cyclases, designated 
V and VI (21). Much of the initial work on the 
effects of G protein a and py subunits on 
adenylyl cyclase activity was performed with 
S49 cell membranes (1, 22). In keeping with 
other results, we observed only weak potentia- 
tion of cyc- (G,-deficient) S49 cell adenylyl 
cyclase activity by py in the presence of G, 
(Fig. 4B). Thus, it may be possible to classify 
adehylyl cyclases as being potentiated or inhib- 
ited by py or as relatively immune to the 
subunits. It will be of interest to see if any 
non-calrnodulin-sensitive form of the enzyme 
can be inhibited by py. 

The major question is the physiologcal sig- 
nificance of these phenomena. An obvious pre- 
diction is that agents that interact with recep- 
tors that are coupled to G proteins other than 
G, might alter the effects of G,-linked receptors 
on adenosine 3',5'-monophosphate (CAMP) 
accumulation (by releasing py) while having 
no primary effect on adenylyl cyclase them- 
selves. Go in particular could serve as a large 
pool of py be&use this G protein represents 1 
to 2% of brain membrane protein. Such a 
mechanism might explain the effects of combi- 
nations of neur~tr&mitters on CAME' concen- 
trations in brain slices (23). Agents such as 
glutamate and a-adrenergic agonists, which do 
not stimulate adenylyl cyclase by themselves, 
potentiate the actions -of compounds such as 
histamine, P-adrenergic agonists, and adeno- 
sine, which can interact with Gs-linked recep- 
tors. It will be of interest to discover ifeffects of 
this sort can be ascribed to regulation of the 
concentration of the free py subunit complex. 
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A Requirement for the Intercellular Messenger Nitric 
Oxide in Long-Term. Potentiation 

Long-term potentiation (LTP) of synaptic transmission is a widely studied model of 
neuronal plasticity. The induction of LTP is known to require processes in the 
postsynaptic neuron, while experimental evidence suggests that the expression of LTP 
may occur $ the presynaptic terminal. This has led to speculation that a retrograde 
messenger travels from the post- to the presynaptic cell during induction of LTP. 
Extracellular application or postsynaptic injection of two inhibitors of nitric oxide 
synthase, N-nitro-L-arginine or p-methyl-L-arginine, blocks LTP. Extracellular 
application of hemoglobin, which binds nitric oxide, also attenuates LTP. These 
findings suggest that nitric oxide liberated from postsynaptic neurons may travel back 
to presynaptic terminals to cause LTP expression. 

I N THE SCHAFFER COLLATERAL-CAl is controversial (3-5), but recent studies 
synapses of the hippocampus, LTP is with quanta1 analysis (4, 5) have strength- 
induced by a series of postsynaptic ened the evidence that, after postsynaptic 

events including activation of the N-methyl- induction, LTP is expressed by an increase 
D-aspartate (NMDA) subtype of the gluta- in transmitter release from presynaptic ter- 
mate receptor channel (1) and the influx of minals (6, 7). If the mechanisms underlying 
Ca2+ (2). The site of the expression of LTP the induction and expression of LTP reside 
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on opposite sides of the synapse, there must 
be a signal that travels in a retrograde direc- 
tion from the postsynaptic cell to the pre- 
synaptic terminal (6, 8). 

The diiksible molecule nitric oxide (NO) 
serves as an intercellular messenger in several 
biological systems, including the brain (9- 
12). Nitric oxide is formed from L-arginine 
in a nicotinamide adenine dinucleotide 
phosphate (NADPH)-dependent reaction 
catalyzed by NO synthase (13), a Ca2+ - 
calrnodulin-dependent enzyme (14). Inhib- 
itors of NO synthase have been used to 
identify the biological functions of NO, 
which include smooth muscle relaxation 
(15), gastrointestinal adaptive relaxations 
(16), and guanosine 3',5'-monophosphate 
(cGMP) elevation in cerebellar neurons (10, 
11). We have used inhibitors of NO syn- 
thase to probe the role of NO in the pro- 
duction of LTP (17). 

Field excitatory postsynaptic potentials 
(EPSPs) were evoked in the stratum radia- 
turn of hippocampal slices by test stimuli 
delivered to the SchaEer collaterals (18). To 
assess the contribution of NO to LTP, we 
bathed slices in artificial cerebrospinal fluid 
(ACSF) containing the NO synthase inhib- 
itors fl-methyl-L-arginine (L-Me-Arg) or 
N-nitro-L-arginine (L-No-Arg) . In control 
ACSF, tetanic stimulation of the SchaEer 
collaterals resulted in a persistent potentia- 
tion of the EPSP [148.2 & 8.9% (mean 
percent of baseline ? SEM) 1 hour after 
tetanus; n = 151 (Fig. 1A). In contrast, 
when slices were treated with 100 pM (19) 
L-Me-Arg before tetanus, high-frequency 
stimulation failed to produce a persistent 
enhancement of the EPSP (103.2 & 6.5%; n 
= 16) (Fig. 1B). Application of 100 FM 
p-methyl-~-ar~inine (D-Me-kg), an iso- 
mer of methyl arginine that does not inhibit 
NO synthase, did not prevent tetanus-in- 
duced LTP (158.6 ? 19.7%; n = 6) (Fig. 
1C). In addition, slices exposed to L-No-Arg 
(100 pM) did not exhibit significant teta- 
nus-induced LTP (109.4 & 7.8; n = 8) 
(Fig. 1D). These results suggest that NO 
synthase activity and NO are necessary for 
the production of LTP. 

L-Me-Arg inhibits NO synthase activity 
by competing with endogenous L-arginine 
for the substrate site on the enzyme (11). 
We attempted to reverse the L-Me-Arg 
block of LTP by the addition of excess 
L-arginine to the ACSF. Slices were initially 
incubated in ACSF containing L-Me-Arg. 
As above, tetanic stimulation failed to elicit 
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LTP in the presence of the inhibitor (103.0 
? 1.5%; n = 4) (Fig. 2). L-arginine was 
then added to the bath in the continued 
presence of L-Me-Arg. Subsequent tetanic 
stimulation of the same presynaptic axons 
resulted in potentiation of the EPSP (138.5 
& 13.2%) (Fig. 2). Thus, the inhibition of 
LTP by L-Me-Arg can be reversed by excess 
arginine. These data indicate that the site of 

action of L-Me-Arg is the NO synthase. 
To determine the location of the NO 

synthase activity critical for LTP induction, 
we delivered L-Me-Arg into postsynaptic 
CA1 pyramidal neurons through intracellu- 
lar recording electrodes. LTP was induced 
by pairing constant postsynaptic depolariza- 
tion with low frequency stimulation of pre- 
synaptic axons (5, 20). Under control condi- 

-30 -10 10 30 50 70 -30 -10 10 30 50 70 
Time (minutes) Time (minutes) 

I 

-30 -10 10 30 50 70 -30 -10 10 30 50 70 

Time (minutes) Time (minutes) 

Fig. 1. Extracellular application of the NO synthase inhibitors L-Me-Arg and L-No-Arg prevents 
tetanus-inducsd LTP of the field EPSP. Tetanus is indicated by an arrowhead. (A) Control. (Top) Two 
representative EPSPs from a slice bathed in control ACSF, recorded 10 min before and 60 rnin after 
tetanic stimulation. (Bottom) Ensemble averages for all control experiments. Field EPSP slope before 
tetanus was 0.44 + 0.05 mV/ms (mean + SEM) and after tetanus was 0.63 + 0.06, mV/ms (P < 
0.001). (B) L-Me-Arg. (Top) Two representative EPSPs from a slice bathed in ACSF containing 
L-Me-Arg (100 M), recorded 10 min before and 60 min after tetanic stimulation. (Bottom) Ensemble 
average for a l l  L-Me-Arg experiments. Field EPSP slope before tetanus was 0.37 -+ 0.04 mV/ms and 
after tetanus was 0.38 2 0.04 mV/ms. (C)  D-Me-Arg. (Top) Two representative EPSPs from a slice 
bathed in ACSF containing D-Me-Arg (100 kM), recorded 10 min before and 60 rnin after tetanic 
stimulation. (Bottom) Ensemble average for all D-Me-Arg experiments. Field EPSP slope before tetanus 
was 0.36 + 0.06 mV/ms and after tetanus was 0.54 2 0.09 mV/ms (P < 0.01). (D) L-No-Arg. (Top) 
Two representative EPSPs from a slice bathed in ACSF containing L-No-Arg (100 kM), recorded 10 
min before and 60 rnin after tetanic stimulation. (Bottom) Ensemble average for all experiments with 
L-No-Arg. Field EPSP slope before tetanus was 0.47 2 0.11 mV/ms and after tetanus was 0.50 + 0.12 
mV/ms. The amount of potentiation produced in L-Me-Arg arid L-No-Arg experiments was not 
significantly different. However, the potentiation in the presence of these inhibitors was significantly 
less than that occurring in control (P < 0.01) and D-Me-Arg experiments (P < 0.01), which did not 
differ significantly from one another. 
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Fig. 2. L-Arainine reverses the L-Me-& block- A 
ad; of L T P ~  Tetanic stimulation was &livered i ' 2 3 4 
twice in this experiment (large arrows), once in -rl/-- -fb'-- 
the presence of L-Me-Arg (100 pM) (hatched Jl mv 

bar) and again after the addition of L-arginine (1 , -1.0 20 ms 

mM) (open bar). (A) Field EPSPs recorded in 
stratum radiatum. EPSPs were collected 15 min 5 4.8 
before (1) and 60 min after (2) the first tetanic g 
stimulation (in L-Me-Arg); 15 min before (3) and 8 4.6 

60 min after (4) the second tetanic stimulation 
(after addition of L-arginine). (B) The slope of n 4.4 

recorded field EPSPs throughout the experiment. 
Each point represents the rising slope of a single, 4.2 

nonaveraged EPSP. EPSPs were evoked at a rate a 
of two per minute; data points for all EPSPs ' o 
collected during the experiment are shown. Nu- A 90 180 270 360 

merals over arrows indicate the time at which the Time (minutes) 
records in (A) were collected. After L-Me-Arg 
treatment, field EPSP slope before tetanic stimulation was 0.43 * 0.07 mV/ms and after tetanus was 
0.45 + 0.08 mV/ms (not significantly different). After the addition of L-arginine, field EPSP slope 
before tetanus was 0.35 k 0.06 mV/ms and after tetanus was 0.48 * 0.07 (P < 0.05). The amount of 
potentiation in the presence of L-Me-Arg plus L-arginine was significantly greater than that in the 
presence of L-Me-Arg alone (P < 0.05). 

tions, this protocol resulted in a robust and 
long-lasting potentiation of the intracellu- 
lar EPSP (190.3 + 24.3%; n = 7) (Fig. 
3A). However, when postsynaptic neurons 
were filled with L-Me-Arg, the pairing pro- 
tocol did not elicit persistent potentiation 
of synaptic potentials (109.5 + 4.5%; n = 
15) (Fig. 3B). Cells filled with the inactive 
isomer D-Me-Arg exhibited LTP similar to 
control (172.2 + 16.7%; n = 6) (Fig. 3C). 
These data demonstrate that NO synthase 
activity in the postsynaptic cell is critical 

for the production of LTP. 
A postsynaptically generated retrograde 

messenger would likely pass outside the 
postsynaptic cell on the way to its presynaptic 
target. To address this possibility, we tested 
whether extracellular application of hemoglo- 
bin attenuates LTP. Hemoglobin binds and 
inactivates NO but itself does not readily 
cross cell membranes (21). As before, when 
slices were bathed in normal ACSF, tetanic 
stimulation resulted in LTP (159 + 10.7%; n 
= 10) (Fig. 44.  However, after incubation 

in ACSF containing 100 FM hemoglobin, 
tetanized synapses failed to exhibit significant 
LTP (115.8 + 6.2%; n = 10) (Fig. 4B). The 
simplest interpretation of this finding is that 
hemoglobin, present outside the cell, scav- 
enges extracellular NO and prevents it from 
reaching its ultimate site of action, perhaps 
the presynaptic terminal. 

If NO participates solely in the induction 
of LTP, then it should be produced for only 
a short time after tetanic stimulation. On the 
other hand, NO production could persist 
after tetanic stimulation and thereby partic- 
ipate in maintaining potentiation. Our data 
demonstrating that the reversal of L-Me-Arg 
inhibition of LTP by L-arginine occurs only 
after a second tetanus (Fig. 2) suggest that 
NO acts only as an initial messenger in LTP 
induction. If tetanic stimulation resulted in 
the persistent activation of NO synthase, 
then the addition of L-arginine would have 
resulted in the production of NO and the 
immediate expression of LTP, independent 
of a second tetanus. 

Our data provide evidence that the 
postsynaptic pyramidal neuron is the site of 
NO production. Very few cell bodies in the 
CA1 cell region stain positive for NO syn- 
thase (13, 22). However, stained fibers are 
apparent in stratum radiatum (22), where 
the SchaEer collaterals synapse onto CA1 
dendrites. In addition, a different isofom 
(23) of NO synthase, which is not recog- 

Time (minutes) 
Fig. 3. Injection of L-Me-Arg into postsynaptic cells blocks LTP. Pairing 
indicated by arrowheads. (A) Control. (Top) Representative intracellular 
EPSPs recorded from the same control cell 15 min before and 60 min after 
pairing. (Bottom) Ensemble average for all control experiments. The intra- 
cellular EPSP amplitude before pairing was 3.76 k 0.42 mV and after 
pairing was 6.72 k 0.49 mV (P < 0.001). (B) L:M~-Arg. (Top) Repre- 
sentative intracellular EPSPs recorded from a cell injected with L-Me-Arg. 
Shown are two superimposed EPSPs taken 15 min before and 60 min after 
pairing. (Bottom) Ensemble average for all L-Me-Arg-injected neurons. The 
intracellular EPSP amplitude before pairing was 3.38 k 0.25 mV and after 

pairing was 3.77 k 0.31 mV (not significantly different). (C) D-Me-Arg. 
(Top) Representative intracellular EPSPs recorded from a D-Me-Arg- 
injected cell. Shown are two superimposed EPSPs taken 15 min before and 
60 min after pairing. (Bottom) Ensemble average for all D-Me-Arg-injected 
neurons. The intracellular EPSP amplitude before pairing was 3.29 k 0.42 
mV and after pairing was 5.61 k 0.73 mV (P < 0.01). The amount of 
potentiation in L-Me-Arg-injected cells was significantly less than that 
observed in controls (P < 0.001) or D-Me-Arg-injected cells (P < 0.001), 
which did not differ significantly from one another. 
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Res. Commun. 153,1251 (1988). 
K. M. Desai, W. C. Sessa, J. R. Vane, Nature 351, 
477 (1991). 
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E. M. Schuman and D. V. Madison, Soc. Neurosci. 
Abstr. 17, 2 (1991). 
Hippocampal slices were prepared as described [D. V. 
Madison and R. A. Nicoll. I. Physwl. (London) 398, 
123 (1988)l. Field or in&acell& EPSPS were ma: 
sured with standard techniques in stratum radiatum or 
in CAI pyamidal cells and were evoked by stimulation 
of the Schafkr collateral-commissut.al fierents (2 or 4 
per min). L-Me-Arg, D-Me-Arg, L-Nc-Arg, and hemc- 
globin (100 JLM) were applied to slices for at least 1.5 
to 2 hours prior to tetanic stimulation or pairing. None 
of these agents fiected normal synaptic transmission. In 
field potential studies, all conuol experiments were 
conducted in the same slices that were later exposed to 
ACSF contairung L-Me-Arg, D-Me-Arg, or hemoglo- 
bin. Tetanic stimulation was delivered at the test inten- 
sityinl-strainsat 100Hz,withfourtofivetrains 15or 
30 s apart. Pairing was accomplished by sustained 
depolarization of the pyramidal neuron by dc current 
injection in conjunction with low frequency (1 Hz) 
stimulation of the test pathway for 30 to 45 s. Extra- 
cellular recordmg electrodes were filled with 3 M NaCI; 
intracellular recording electrodes were filled with 2 M 
cesium acetate. In innacellular injection experiments 
L-Me-Arg and D-Me-Arg (100 mM) were dissolved in 
cesium acetate. Hippocampal slices were submerged in 
a stream of ACSF (119 mM NaCI; 2.5 mM KCI; 1.3 
mM MgSO,, 2.5 mM CaCI,; 1.0 d 1  NaH2P04; 
26.2 mM NaHCO,; 11.0 mM glucose), maintained at 
22°C and gassed with 95% O,, 5% CO,. Data were 
collected and analyzed with software written by us for 
this purpose under the Axobasic programming environ- 
ment (Axon Insmunents Inc., Foster City, CA). En- 
semble average plots represent group means of each 
EPSP, for all experiments, aligned with respect to the 
time after tetanic stimulation. Statistical cornpansons 
were made with a t test, performed on non-normalized 

-30 -10 10 30 50 70 -30 -10 10 30 50 70 

Time (minutes) 

Fig. 4. Extracellular hemoglobin attenuates LTP. All records in this figure were obtained from the same 
slices. EPSPs were evoked by stimulation of tyo independent groups of Schaffer collateral'fibers, one 
tetanized before and the other after addition of hemoglobin. Tetanus is indicated by arrowheads. (A) 
Control. (Top) Field EPSPs from a slice bathed in control ACSF collected 15 min before (1) and 60 
min after (2) tetanic stimulation. (Bottom) Ensemble averages for all control experiments. The field 
EPSP before tetanic stimulation was 0.63 & 0.05 mV/ms (15 min before tetanus) and after tetanus was 
1.04 & 0.14 mV/ms (P < 0.005). (B) Hemoglobin. (Top) Field EPSPs from a slice bathed in ACSF 
containing hemoglobin (100 kM) obtained 15 min before (3) and 60 min after (4) tetanic stimulation. 
(Bottom) Ensemble averages for all hemoglobin experiments. The field EPSP before tetanus was 0.58 
2 0.08 mV/ms and after tetanus was 0.68 * 0.12 mV/ms (not significantly different). The amount of 
LTP observed in control pathways was significantly greater than that observed in hemoglobin-treated 
pathways (P < 0.01). 

m.4 by the available antiserum or oljgonucle- excellent candidate for a retrograde mes- 
senger in LTP. 

data. 
At 1 JLM, L-Me-Arg slightly attenuated LTP (135.8 + 
11.1; n = 4), and 10 to 20 JLM L-Me-Arg produced an 
even greater attenuation ofLTP (116.1 +- 11.2; n = 7). 
We used 100 JLM L-Me-Arg for most of our studies 
because it produced the most reliable block of LTP. 
H. Wigsuom, B. Gustafsson, Y:Y. Huang, W. C. 
Abraham, Acta Physiol. Scand. 126, 317 (1986); B. 
R. Sastry, J. W. Goh, A. Auyeung, Science 232,988 
(1986); S. R. Kelso, A. H.  Ganong, T. H .  Brown, 
Proc. Natl. Acad. Sci. U . S . A .  83, 5326 (1986). 
Q. H. Gibson and F. J. W. Roughton, J. Physiol. 
(London) 136, 507 (1957); R. M. J. Palmer, A. G. 
Ferrige, S. Moncada, Nature 327, 524 (1987). 
D. S. Bredt et al., Neuron 7, 615 (1991). 
In addition to the brain synthase, an NO synthase 
exists in macrophages [C. F. -Nathan and D. J. 
Steuhr, 1. Natl. Cancer Inst. 82, 726 (1990)l and 
neutrophils [Y. Yui et al.,  J. Biol. Chem. 244,3714 
(1991)], which is not recognized by antiserum to 
the brain synthase (13). 
F. Murad, C. K. Mittal, W. P. Arnold, S. Katsuki, 
H .  Kimura, A d v .  Cycl. Nuc. Res. 9, 145 (1978). 
E. Schuman and D. V. Madison. unoublished data. 

otide may be present in CAl neurons. 
At least two possible molecular targets of NO 
have been identified. In smooth muscle (24) 
and cerebellar granule cells (10, 11), NO acti- 
vates guanylate cydase, resulting in elevation of 
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