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SUMMARY

The formation of cyclic adenosine 3’ , 5’-monophosphate-’4C from endogenous ATP-14C is

greatly stimulated on incubation of cerebral cortex slices with depolarizing agents such as
batrachotoxin, veratridine, ouabain, and potassium ion. Inn slices of cerebral cortex, batracho-
toxin is the most potent known stimulant (ED50 = 1 X 10� i�n) of cyclic 3’ , 5’-AMP-’4C

formation. Stimulation of cyclic 3’ , 5’-AI\IP-’4C formation by depolarizing agents requires

calcium ions and is inhibited by theophylline. Stimulation of cyclic 3’ ,5’-AMP-’4C formation
by histamine, in contrast, does not require calcium ions and is not inhibited by theophylline.
The results suggest a relationship among depolarization, transmitter release, and cyclic

3’ , 5’-AMP formation in brain.

The formation of cyclic adenosine 3’ , 5’-

monophosphate (cyclic AMP) in slices of
brain tissue is stimulated by incubation with

such possible neutrotransmitters as (nor)-
epinephrine, histamine, and serotonin (1)
and by electrical stimulation of the slices (2).
These observations, the synaptic localization

of brain adenyl cyclase (3), and the high

levels of adenyl cyclase and cyclic 3’ , 5’-

nucleotide phosphodiestera�se in the central
nervous system (4, 5) all suggest a key role

for cyclic AMP in the regulation of brain

function.
A sensitive radiometric technique may

now be used with incubated brain slices to
assess the effect of potential neurotrausmit-

ter substances on the formation of cyclic

AMP. The method consists of labeling endog-

enous stores of ATP by a preliminary incu-
bation with adenine-’4C, followed by incuba-

tion with test substances arid radiometric

assay of cyclic AMP-’4C after isolation by

thin-layer chromatography (6). As measured
by this method, norepinephrine, histamine,
and various histamine analogues greatly

stimulate cyclic AMP-’4C formation (6, 7).

We now wish to report that a variety of

chemical agents, known to cause membrane
depolarization and release of transmitter

(acetylcholine) in nerve-mu.scle preparations,

cause a profound stimulation of the forma-
tion of cyclic AMP-14C in incubated slices of

cerebral cortex. For example, high concen-
trations of potassium ion are known to cause
depolarization of nerve membranes and to
facilitate spontaneous release of neurotrans-

mitter substances from the presynaptic ter-

minals. Such spontaneous release of trans-
mitter substances usually requires calcium

ions (8). In brain slices, high concentrations
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FIG. 1. Time course for stimulation of cyclic AMP�14C formation by depolarizing agents and histamine
Approximately 1 g of cerebral slices of guinea pigs was pulse-labeled for 40 mm with adenine-8-’4C

(1.5 1�Ci, 0.133 jhmole), divided into several portions, and incubated with a stimulant, and the formation

of cyclic AMP-14C was followed by radiometric assay, as previously described (6). Hesults shown are
typical examples of the time course for cyclic AMP�14C formation, expressed in terms of percentage of the

total ‘�C present mr slices converted to cyclic AMP�14C in the presence of ouabain (0.05 m�c, �), batracho-
toxin (0.002 msi, 0), veratridine (0.05 msn, �), high potassium ion levels (43 man, 0), or histamine (1.0

mM, 0) and the standard control medium (NaCl, 122 mM; KCI, 3 man; MgSO4, 1.2 mM; CaCl2, 1.3 mM;

KH2PO4 , 0.4 mM; D-glucose, 10 mM; NaHCO3 , 25 man, �).

of potassium ion cause enhanced release of
newly synthesized acetylcholine, which is

again dependent on the presence of calcium
ions in the incubation medium (9, 10). A
preliminary report indicated that endoge-

nous levels of cyclic AMP were elevated in

brain slices after incubation with high con-
centrations of potassium ions (11). The

present results on cyclic AMP-’4C formation

confirm this report and demonstrate that

stimulated formation of cyclic AMP-14C by
high concentrations of potassium ion and

other depolarizing agents requires the pres-
ence of calcium ions.

Three other depolarizing agents, batracho-
toxin, ouabain, and veratridine, at low con-

centrations caused enhanced formation of
cyclic AMP-14C in incubated slices of cere-
bral cortex. The time course of formation of
cyclic AMP-’4C in slices of guinea pig cere-

bral cortex stimulated by potassium ion,
ouabain, veratridine, batrachotoxin, and, for
comparison, histamine is presented in Fig. 1.
With batrachotoxin, veratridine, and oua-

bain, a maximum of approximately 20 % of

the total radioactivity inn slices can be con-
verted to cyclic AMP-’4C in a period of 8-iS

mm. In subsequent experiments, formation
of cyclic AMP-14C was measured at a time

corresponding to maximal stimulation with
each of these agents. The total radioactivity

remaining in the slice after incubation with

depolarizing agents wa.s only slightly less

(approximately 10%) than in control slices.

Batrachotoxin is the most potent known

stimulant of cyclic AMP formation in the

cerebral cortex, with an ED50 of 1 X i0�
M (Fig. 2). Veratridine and ouabain are much

less potent. Slices of cerebral cortex from

guinea pig are less sensitive to stimulation by
histamine than those of rabbit, as seen in

Figs. 2 and 3. Conversely, slices from rabbit

cerebral cortex are less sensitive to depolariz-
ing agents than slices from guinea pig (12).

Ouabain, in all likelihood, causes depolari-
zation and release of acetylcholine in nerve-
muscle preparations because of inhibition of

sodium- and potassium-activated ATPase
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FIG. 2. Dose-response curves for stimulation of cyclic AMP�hiC formation by depolarizing agents and

histamine

Cyclic AMP.uC format ion was assayed as described mi Fig. 1. Cerebral slices were obtained from gray

matter of guinea pigs and, for the histamine stiminlation experiments guinea pigs and rabbits. Incuba-

tion time wa.s 10 mini for batrachotoxin (0), veratridine (U), and histamine (gininnea pig, X; rabbit, 0)

and 15 mini for otnabain (s).

amnd a resultant increase inn levels of iintracellu-

lar sodium ion (13). Veratridine, on the other
hand, is thought to cause depolarization and
transmitter release in nrerve-muscle prepara-

tions because of its effect on the permeability
of membrane to sodium ionn (14). Batracho-
toxi in causes depolarization and transmitter

release by selectively increasing the permea-
bilitv of synaptic membranies to sodium ion

(15). hr spite of their differinng modes of

action, all three depolarizing agents cause a

greatly enhanrced formation of cyclic AMP-

‘�C un slices of cerebral cortex. Inn additioni,

they stimulate the release of newly svnthe-

sized acetylcholine from the slices (12).
Maximal stimulationn of cyclic AMP-’4C

formation is evoked by batrachotoximn at a

concentration of 2 X 10� M. At this conncenn-

tratiorr, batrachotoxin only slightly inhibits
the hydrolysis of cyclic A� I P by phosphodi-

esterase from guinea pig brain, using the

method of Cheuing (16). Ouabain does inot
inhibit the phosphodiesterase at a concein-

tration of 2 X 10-i M. Inhibition of phos-

phodiesterase is therefore not involved in the
stimulated formation of cyclic AMP-’4C by
these depolarizing agennts.

The enhanced formation of cyclic AMP-

‘4C elicited by batrachotoxiin, ouabain, and
veratridine is, a-s was the ca-se for stimulation
by potassium ion, dependent on the presence
of calcium ions inn the medium (Fig. 3). In
contrast, histamine-evoked stimulation of
cyclic AMP-’4C formationi is not reduced
after omissionn of calcium ions (Fig. 3). Since

calcium ions are also necessary to link de-
polarizatioin with transmitter release, it
seenis quite likely that the enhainced forma-
tionr of cyclic AMP elicited by depolarizing

agennts is in some way associated with trans-
mitter release. Whether enhanced formation

of cyclic AMP is involved presynaptically in
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FIG. 3. Stimulation of cijclic AMP_14C formation by depolarizing agents and histamine;effects of calcium

ions and theophylline

The results are averages of more thani three separate experinrenits ± standard deviation, shown by

vertical lines. Incubation time was 7 mm for potassium ion, 10 mini for batrachotoxini, veratridine, hista-
mine, and no st imnnlant, and 15 mini for ornabain. Cerebral slices were obtained from guinea pigs and, for

the histamine experiments, from both rabbit arid guinea pigs. Calcium-free medium was prepared by
omission of CaCI2 from tire control medium (Fig. 1). The effect of theophylline was studied at a final coni-

cenirationi of 1.0 mar.

the evemnts leading to tranrsmitter release (17,

18), or whether depolarizatiotn evokes the
release of ann unrknno�vn transmitter substance

which their stimulates cyclic AMP formation
postsyniaptically, remainrs to be determined.
Rall and Sattin (19) have proposed that elec-

trical stimulatioin and high levels of potas-
sium cause the release of adenrosine or a

related nucleotide, and that this compound

then stimulates cyclic AMP formation.
Theophylline and caffeine prevent the

further metabolism of cyclic AMP by phos-

phodiestera.se. For this reason, theophylline

often appears to potentiate the stimulationn

of cyclic AMP formation due to histamine
(Fig. 3) and other stimulants. The stimula-

tionr (1icit(�d by depolarizing agents is, how-
ever, j)ttrtially blocked by the presence of 1
n�n theoi)hylline (Fig. 3) . rFlie inhibitory

effect of theophvlline onr cyclic AMP forma-

tionn un brainn slices has also been reported

with electrical stinnulationn (2) and with
atieirosnne (19). The adenosi ne-theophylli ire

inrteractionn has been confirmed usinrg the

present assay procedure (12).
I)epolarizinng agenrts such as potassium

ionn, ouabain, batrachotoxin, annd veratridine,
at their maximal corrcenrtrations, did not

show air additive effect when combinationis

of anry two of these agennts were tested. How-

ever, combination of histamine (5 X 10� �r)
with anry of the depolarizing agents caused a






