
ated histamine release at an early stage 
after exposure to antigen, a stage that 
is not dependent on divalent cations. 

Unlike the other drugs listed, hista- 
mine is an endogenous compound 
which may be present at high concen- 
tration in the extracellular fluid of an 
inflammatory reaction, of which it may 
actually be a chemical mediator. It is 
possible, however, that histamine plays 
an additional role: by inhibiting release 
of additional histamine from leukocytes 
newly arrived at the scene of an aller- 
gic reaction, histamine may act as a 
negative modulator of the intensity of 
inflammation. If such a concept proves 
to be correct, cyclic AMP may act in 
leukocytes as an inhibitor of processes 
which are ordinarily necessary for host 
defenses, but which may become so in- 
tense that they endanger the host. 

It is interesting that most effects so 
far attributed to cyclic AMP in either 
leukocytes or platelets are inhibitory: 
antigenic release (presumably from 
mast cells) of histamine from primate 
lung (3) or of slow-reacting substance 
of anaphylaxis into rat peritoneum 
(11), neutrophil candidacidal activity 
(5), lymphocyte transformation (12), 
platelet aggregation (13), and phago- 
cytic release of lysosomal enzymes 
(14) are all thought to be inhibited by 
intracellular cyclic AMP. It would be 
of interest to test the ability of hista- 
mine to interfere with these processes. 

HENRY R. BOURNE 

KENNETH L. MELMON 

Departments of Medicine and 
Pharmacology, University of 
California School of Medicine, 
San Francisco 94122 

LAWRENCE M. LICHTENSTEIN 

Department of Medicine, 
Johns Hopkins University School 
of Medicine at the Good Samaritan 
Hospital, Baltimore, Maryland 21212 

References and Notes 

1. L. M. Lichtenstein and A. G. Osler, J. Exp. 
Med. 120, 507 (1964). 

2. L. M. Lichtenstein, P. S. Norman, A. G. 
Osler, J. Clin. Invest. 45, 1126 (1966); L. M. 
Lichtenstein, D. A. Levy, K. Ishizaka, Im- 
muinology 19, 831 (1970). 

3. L. M. Lichtenstein and S. Margolis, Science 
160, 903 (1968); E. S. K. Assem and H. O. 
Schild, Nature (Lond.) 224, 1028 (1969); T. 
Ishizaka, K. Ishizaka, R. P. Orange, K. F. 
Austen, Fed. Proc. 29, 575 (1970). 

4. H. Shimizu, J. W. Daly, C. R. Creveling, 
J. Neurochein. 16, 1609 (1969). 

5. H. R. Bourne, R. I. Lehrer, M. J. Cline, 
K. L. Melmon, J. Clin. Invest., in press. 

6. In the absence of theophylline the effects of 
histamine on 3H-nucleotide accumulation were 
small and inconsistent. Theophylline by it- 

ated histamine release at an early stage 
after exposure to antigen, a stage that 
is not dependent on divalent cations. 

Unlike the other drugs listed, hista- 
mine is an endogenous compound 
which may be present at high concen- 
tration in the extracellular fluid of an 
inflammatory reaction, of which it may 
actually be a chemical mediator. It is 
possible, however, that histamine plays 
an additional role: by inhibiting release 
of additional histamine from leukocytes 
newly arrived at the scene of an aller- 
gic reaction, histamine may act as a 
negative modulator of the intensity of 
inflammation. If such a concept proves 
to be correct, cyclic AMP may act in 
leukocytes as an inhibitor of processes 
which are ordinarily necessary for host 
defenses, but which may become so in- 
tense that they endanger the host. 

It is interesting that most effects so 
far attributed to cyclic AMP in either 
leukocytes or platelets are inhibitory: 
antigenic release (presumably from 
mast cells) of histamine from primate 
lung (3) or of slow-reacting substance 
of anaphylaxis into rat peritoneum 
(11), neutrophil candidacidal activity 
(5), lymphocyte transformation (12), 
platelet aggregation (13), and phago- 
cytic release of lysosomal enzymes 
(14) are all thought to be inhibited by 
intracellular cyclic AMP. It would be 
of interest to test the ability of hista- 
mine to interfere with these processes. 

HENRY R. BOURNE 

KENNETH L. MELMON 

Departments of Medicine and 
Pharmacology, University of 
California School of Medicine, 
San Francisco 94122 

LAWRENCE M. LICHTENSTEIN 

Department of Medicine, 
Johns Hopkins University School 
of Medicine at the Good Samaritan 
Hospital, Baltimore, Maryland 21212 

References and Notes 

1. L. M. Lichtenstein and A. G. Osler, J. Exp. 
Med. 120, 507 (1964). 

2. L. M. Lichtenstein, P. S. Norman, A. G. 
Osler, J. Clin. Invest. 45, 1126 (1966); L. M. 
Lichtenstein, D. A. Levy, K. Ishizaka, Im- 
muinology 19, 831 (1970). 

3. L. M. Lichtenstein and S. Margolis, Science 
160, 903 (1968); E. S. K. Assem and H. O. 
Schild, Nature (Lond.) 224, 1028 (1969); T. 
Ishizaka, K. Ishizaka, R. P. Orange, K. F. 
Austen, Fed. Proc. 29, 575 (1970). 

4. H. Shimizu, J. W. Daly, C. R. Creveling, 
J. Neurochein. 16, 1609 (1969). 

5. H. R. Bourne, R. I. Lehrer, M. J. Cline, 
K. L. Melmon, J. Clin. Invest., in press. 

6. In the absence of theophylline the effects of 
histamine on 3H-nucleotide accumulation were 
small and inconsistent. Theophylline by it- 
self produced no change in :H-nucleotide 
accumulation. Similar results were reported 
in brain tissue (4). 

7. G. Krishna, B. Weiss, B. B. Brodie, J. Phar- 
macol. Exp. Ther. 163, 379 (1968). 

20 AUGUST 1971 

self produced no change in :H-nucleotide 
accumulation. Similar results were reported 
in brain tissue (4). 

7. G. Krishna, B. Weiss, B. B. Brodie, J. Phar- 
macol. Exp. Ther. 163, 379 (1968). 

20 AUGUST 1971 

8. L. M. Lichtenstein, Int. Arch. Allergy Appl. 
Immunol., in press. 

9. R. E. Scott, Blood 35, 914 (1970); H. R. 
Bourne and K. L. Melmon, J. Pharmacol. 
Exp. Ther., in press. 

10. E. W. Sutherland, G. A. Robison, R. W. 
Butcher, Circulation 37, 279 (1968). 

11. W. J. Koopman, R. P. Orange, K. F. Austen, 
J. Innmunol. 105, 1096 (1970). 

12. J. W. Smith, A. L. Steiner, C. W. Parker, 
J. Clin. Invest. 50, 442 (1971). 

13. N. R. Marquis, R. L. Vigdahl, P. A. Tavor- 

8. L. M. Lichtenstein, Int. Arch. Allergy Appl. 
Immunol., in press. 

9. R. E. Scott, Blood 35, 914 (1970); H. R. 
Bourne and K. L. Melmon, J. Pharmacol. 
Exp. Ther., in press. 

10. E. W. Sutherland, G. A. Robison, R. W. 
Butcher, Circulation 37, 279 (1968). 

11. W. J. Koopman, R. P. Orange, K. F. Austen, 
J. Innmunol. 105, 1096 (1970). 

12. J. W. Smith, A. L. Steiner, C. W. Parker, 
J. Clin. Invest. 50, 442 (1971). 

13. N. R. Marquis, R. L. Vigdahl, P. A. Tavor- 

An increasing amount of evidence 
suggests that adenosine 3',5'-monophos- 
phate (cyclic AMP) may be involved 
in the regulation of metabolism and 
function in nervous tissue (1). Certain 
of the data suggest that cyclic AMP 
may be intimately associated with the 
molecular events underlying the process 
of synaptic transmission. For instance, 
evidence has been presented that exog- 
enous cyclic AMP can mimic the in- 
hibitory effect of norepinephrine on 
cerebellar Purkinje cells (2). More- 
over, brief periods of synaptic activity 
in autonomic ganglia caused a several- 
fold increase in the amount of cyclic 
AMP in the ganglia, which occurred 
largely, if not entirely, in postsynaptic 
cells (3). This increase in cyclic AMP 
may modify the excitability of certain 
postsynaptic cells by the following 
chain of events (3, 4): (i) activation 
of a protein kinase by cyclic AMP, (ii) 
phosphorylation of the synaptic mem- 
brane by the kinase, (iii) change of 
ionic permeability of the membrane, 
(iv) change of membrane potential, 
and (v) change of excitability. This 
scheme provides a plausible molecular 
mechanism for prolonged modulation 
of synaptic transmission either by 
facilitation or by inhibition. 

An important factor limiting the 
magnitude and duration of action of 
cyclic AMP in tissues is the rate of en- 
zymatic destruction of the nucleotide 
by cyclic 3',5'-nucleotide phosphodi- 
esterase. Of all mammalian tissues 
studied, the brain has the highest 
phosphodiesterase activity (5). A 
knowledge of the precise location of 
phosphodiesterase activity within the 
cells should be valuable in clarifying 
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the function of cyclic AMP in nervous 
tissue. We have, therefore, undertaken 
a cytochemical study of the localization 
of phosphodiesterase in brain tissue. In 
our initial investigations, the parietal 
lobe of the rat cerebral cortex has been 
used. 

Cyclic 3',5'-nucleotide phosphodi- 
esterase hydrolyzes cyclic AMP to 5'- 
AMP. The basis of our cytochemical 
procedure was to convert this 5'-AMP 
to adenosine and inorganic phosphate 
with an excess of 5'-nucleotidase, and 
to precipitate the newly formed inor- 
ganic phosphate with lead ions, thus 
forming an electron-opaque product at 
or near the site of phosphodiesterase 
activity. 

Adult male albino rats (160 to 
180 g) were anesthetized by intraperi- 
toneal injection of 3.1 percent chloral 
hydrate (1 ml per 100 g of body 
weight) and then perfused through the 
left ventricle with 400 ml of 2 percent 
glutaraldehyde in 0.05M cacodylate- 
nitrate buffer (pH 7.4) containing 
0.25M dextrose. The cerebral hemi- 
spheres were removed and washed 
overnight in the same buffer. The hemi- 
spheres were then cut into strips 2 to 
3 mm thick, from which 50-Am slices 
of tissue were prepared in a Smith- 
Farquhar tissue chopper. The slices 
were first incubated for 30 minutes at 
room temperature in a solution con- 
taining 60 mM tris maleate buffer (pH 
7.4), 2 mM MgCl., and 0.25M sucrose 
(TMS buffer) containing 5'-nucleo- 
tidase (6). The slices were next in- 
cubated for 30 minutes at 37?C in 
TMS buffer containing 2 mM lead 
nitrate, 5'-nucleotidase (3 mg/ml), and 
3 mM cyclic AMP, either in the ab- 
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Cyclic 3',5'-Nucleotide Phosphodiesterase: 
Cytochemical Localization in Cerebral Cortex 

Abstract. The distribution of cyclic 3',5'-nucleotide phosphodiesterase activity 
in rat cerebral cortex was determined by cytochemical methods. The detectable 

phosphodiesterase activity was localized in postsynaptic (dendritic) nerve endings, 
most of it immediately adjacent to the synaptic membrane. Most of the post- 
synaptic nerve endings showed phosphodiesterase activity. 
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sence or in the presence of 50 mM 
theophylline, an inhibitor of phos- 
phodiesterase. After incubation the 
slices were washed briefly in TMS 
buffer, fixed in 2 percent osmium 
tetroxide in 0.05M cacodylate-nitrate 
buffer (pH 7.4) containing 0.25M 
sucrose, dehydrated in ethanol, and 

embedded in Epon 812. Thin sections 
were cut on a Porter-Blum MT1 micro- 
tome, lightly stained with uranyl ace- 
tate, and examined in a Hitachi 11B 
electron microscope. 

When sections were incubated in 
medium containing 3 mM cyclic AMP, 
the reaction product was localized al- 

Fig. 1. (A) Cerebral cortex slice incubated under standard conditions for 30 minutes 
at 37?C (X 38,000). Note that almost all of the reaction product is localized post- 
synaptically, most of it immediately adjacent to the postsynaptic membrane (arrows). 
For explanation of asterisk, see text. (B) Similar to (A), but higher magnification 
(X 62,000). (C) Similar to (A), except that 50 mM theophylline was included in the 
incubation mixture in order to inhibit phosphodiesterase activity (X 38,000). Note 
absence of reaction product. Arrows indicate typical density of the postsynaptic membrane produced by staining with osmium tetroxide and uranylacetate. Scale in each 
picture is 0.5 /m. 
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most exclusively in postsynaptic nerve 
endings (Fig. 1, A and B). Most of 
this reaction product occurred in the 
immediate vicinity of the synaptic 
membrane. It was possible ito distin- 
guish between pre- and postsynaptic 
membranes only when the plane of 
section was perpendicular to the synap- 
tic membranes; in such cases it was 
clear that the reaction product was 
located on or adjacent to the area of 
thickening of the postsynaptic mem- 
brane (arrow plus asterisk in Fig. 1A). 
That minor portion of the reaction 
product not located in the immediate 
vicinity of the synaptic membrane was 
usually observed in close association 
with smooth endoplasmic reticulum and 
possibly with microtubules. The reac- 
tion product was found within about 
85 percent of the identifiable post- 
synaptic nerve endings examined. Little 
or no reaction product was observed 
in association with axonal structures. 
Sections incubated in medium contain- 
ing 3 mM cyclic AMP and 50 mM 
theophylline showed little or no reac- 
tion product (Fig. 1C), indicating in- 
hibition of cytochemically demonstrable 
phosphodiesterase activity. 

A variety of control experiments 
were performed in order to check the 
validity of the cytochemical observa- 
tions. In some experiments slices were 
first incubated in TMS buffer in the 
absence of 5'-nucleotidase for 30 min- 
utes at room temperature and then in- 
cubated, still in the absence of 5'- 
nucleotidase, for 30 minutes at 37?C 
in TMS buffer to which 2 mM lead 
nitrate and either 3 mM 5'-AMP or 3 
mM cyclic AMP had been added. Such 
slices showed no reaction product, in- 
dicating that endogenous 5'-nucleo- 
tidase activity did not contribute to the 
observed localization of reaction prod- 
uct. (Presumably, any endogenous 5'- 
nucleotidase did not survive the experi- 
mental procedures used. In contrast, 
liver slices taken from some of the ani- 
mals used for the brain studies, when 
incubated in the identical medium with 
5'-AMP as substrate in the absence of 
added 5'-nucleotidase, showed a typical 
reaction product associated with bile 
canalicular membranes.) When 5'-AMP 
and 5'-nucleotidase were both present 
in the incubation medium, a heavy pre- 
cipitate formed in the solution, as 
would be expected from the formation 
of lead phosphate. When sections were 
first incubated with 5'-nucleotidase and 
then incubated with 5'-AMP in the 
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absence of exogenous 5'-nucleotidase, 
deposition of reaction product oc- 
curred throughout the sections over 
both pre- and postsynaptic nerve end- 
ings, indicating that the exogenous 5'- 
nucleotidase present during the first 
incubation period had penetrated the 
entire section and did not bind spe- 
cifically to material in the area of the 
postsynaptic membrane. These results 
also exclude, as an explanation for the 
observed distribution of reaction prod- 
uct, selective binding of lead ions, 5'- 
AMP, or of inorganic phosphate to 
synaptic structures. The various control 
experiments thus support the conclu- 
sion that the postsynaptic localization 
of reaction product observed under 
standard conditions (Fig. 1, A and B) 
represents the actual site of phosphodi- 
esterase activity surviving the experi- 
mental procedure (7). 

Breckenridge and Johnston (8), us- 
ing a quantitative micromethod for mea- 
suring cyclic nucleotide phosphodiester- 
ase activity, found that the enzyme ac- 
tivities in different regions of the rabbit 
central nervous system varied greatly, 
although correlation with other bio- 
chemical parameters or with cellular 
density was not observed. A histochemi- 
cal attempt to localize phosphodiester- 
ase activity in a light microscopic study 
(9), in unfixed tissue sections incubated 
for up to 3 hours, did not yield direct 
information about the subcellular site of 
enzyme activity; the study has been re- 
ceived with reservation (8) because of 
procedural limitations in the technique. 
Moreover, there were major discrep- 
ancies between the results obtained with 
the histochemical procedure (9) and 
those obtained by the quantitative 
micromethod (8). 

Cytochemical methods provide a 
unique approach to determining the 
location of enzymes, particularly in 
heterogeneous tissue. The conclusion 
that phosphodiesterase activity is con- 
centrated in the postsynaptic nerve end- 
ings in the immediate vicinity of the 
synaptic membrane is consistent with 
other, albeit much less precise, evidence 
concerning the location of the enzyme. 
Subcellular fractionation studies of the 
distribution of phosphodiesterase activ- 
ity in rat brain cortex indicate that the 
enzyme is present in relatively high 
concentrations in those subcellular frac- 
tions containing nerve endings (10, 
11). 

The same subcellular fractions 
also contain high concentrations of 
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adenyl cyclase (10), the enzyme which 
catalyzes the synthesis of cyclic AMP, 
as well as high concentrations of cyclic 
AMP-dependent protein kinase (12) 
which is postulated to mediate the 
actions of cyclic AMP in nervous and 
other tissues (13). Unfortunately, the 
techniques of subcellular fractionation 
used to date do not permit precise local- 
ization of these enzymes in cerebral cor- 
tex because both pre- and postsynaptic 
elements occur in subcellular fractions 
containing nerve endings. Denervation 
studies have also provided evidence con- 
sistent with our results. Breckenridge 
and Johnston (8), studying the superior 
cervical ganglion, demonstrated that 
phosphodiesterase activity in these tis- 
sues was not altered significantly by 
denervation. These results indicate that 
the bulk of phosphodiesterase activity 
is not located in the prejunctional nerve 
fibers in those tissues. 

In view of our results, it is important 
to consider the possible physiological 
significance of the phosphodiesterase 
located at the postsynaptic membrane. 
The postsynaptic membrane is the site 
at which neural transmitter substances 
alter permeability and thereby initiate 
or inhibit the generation of propagated 
responses in postsynaptic neurons. It is 
plausible that the effects of neural 
transmitter substances on amounts of 
cyclic AMP, observed during synaptic 
activity (3), are also brought about 
through an action on postsynaptic 
membranes, in this case by regulating 
the activity of adenyl cyclase present 
in these membranes. If, as seems pos- 
sible (2-4), cyclic AMP mediates the 
physiological actions of certain neural 
transmitter substances on neurons, then 
the termination of the action of the 
neurotransmitters would require re- 
moval not only of the neurotransmitter 
itself, but also of the cyclic AMP 
formed in response to the action of the 
neurotransmitter. The presence of phos- 
phodiesterase in the immediate vicinity 
of the postsynaptic membrane, demon- 
strated in our study, would fulfill such 
a function; its occurrence there pro- 
vides further evidence for a role of 
cyclic AMP in the physiology of synap- 
tic transmission. 
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