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SUMMARY

Depolarizing agents (K+, ouabain, veratridinme, anmd batrachmotoxitm), biogenmic anmimmes

(norepinmephrine, histamine, and serotonin), arid adeniosinme cause accumulatiomm of m4�’_

labeled adenosine cyclic 3’ , 5’-phosphate (cyclic AMP) in cerebral cortical slices timat
imave been labeled mm a prior incubation with adeninme-m4C. �f i combimmed effect of supra-
maximal concentrations of depolarizing agents or ademuosimme ivitim time biogetiic anmirmes is

more tiiami additive. Time combined effect of supramaximal comicenitrationms of mmorepiniepimrinme

and histamine or of serotonin and histamine is also more than additive. The data obtainmed

are compatible with the existence of compartmentalized pools of adenine nucleotides serv-

ing as precursors for cyclic AMP and suggest that these pools are regulated imma synmergistic

manmmmer by separate ‘‘receptors” for adenosimie, hmistamimme, amid cit imer mmorepimmephm rimme or

serotommin.

I NTIIOI)UCTLON

A commvenient tecimnique for investigating
control of the accumulation of adenosine

cyclic 3’, 5’-phosphate (cyclic AMP) in

brainm slices consists of labeling pool(s) of
ademminme nucleot ides by prior incubation of

slices with radioactive adenine or ademmosimme
and observinig the conversion of radioactive
nucleotides in time slices to radioactive cyclic
AMP during subsequent incubationms witim
depolarizing agents, amities, adenmosine, arid

combinations of timese agemmts (1-5). Tue
results obtained by this method are similar

to timose obtainied by measurements of

enidogenous levels of cyclic AMP (6, 7),

Presenmt address, 1)epartnmenmt of First Phar-

macology, Kumanmoto University Medical School,
Kumanmmoto-Shi, Japan.

except imm time case of stinmulationm by adeno-
sinme (5). Time reasomm for time latter difference

appears to be timat at time imigii commcentrationms

of adeniosimme required for stimulatiomm of

cvcl ic AM P format ion m, adenmosimme serves

rmot onml as a regulatory stimulammt but ttlso

as a precursor for cyclic AMP (for discus-

sionm, see ref. 5). Investigatiomms usimmg labeled

brainm slices smuggest that it snmahl, coIimpitrt-

nmemmt alized 1)001 of ademmimie mmucleot i(les

serves as an excellemmt precursor for cyclic

AMP durilmg immcubatiomms with depolarizimmg

agemmts, ademmosimme, or biogeumic ammtmes (4).

‘Time regulatiomi of cyclic AMP levels in

cei�ebmal comt ical slices ttt plesenit hma.s beemm

foummd to be iumfluemmced by thmree classes of

conmpounids: (a) depolarizing agents, (b)

biogemmic anminmes such as mmorepinel)hmrinme,



C
0

0

me
Li

Li

.J

Li
>-
Li

4

156 HUANG ET AL.

I

histamine, and serotommiim, arid (c) adeniosine

and related nucleotides (1-8). At lea-st part
of time effect of depolarizing agents ott ac-

cumulationms of cyclic AMP appear to imivolve

time “release” of adenmosimme (4, 8, 9). The

effects on accumulation of cyclic AMP

elicited by depolarizinmg agents or adenosine

in combinationm with biogenic aminmes are

much more thi�tn additive (4, 10). Such
synergistic interactions suggest tue presence

of interacting regulatory units for adenmyl

cyclase, one of wimicim is affected by de-
polarizing agemmts via “release” of adenmosine,
and time otimer by a biogenmic amine. Furtimer

studies on accumulation of cyclic AMP in

incubated slices of cerebral cortex now

provide evidence for regulatory interactions

among time biogenic amines (serotonin,

histamimme, and norepinepiirine).

MATERIALS AND METHODS

Male Hartley guinea pigs (350-450 g)
were used. All clmemicals were obtainmed from

commercial sources. Accumulation of cyclic
AMP in brain slices was measured witim

slices previously labeled with adenine- 14C

(11.2 MCi/Mmole, 13.3 Mit) as reported in

earlier papers (1-5). Caffeine and EDTA
were omitted from time incubation medium.

RESULTS2

The time course of time effect of 1 mit
histamimme, 0.1 mit adenmosine, and 43 mum

2 It will be noted that depolarizing concemitra-

tions of K� (40 HiM) mm this paper afforded 4-5%
conversion of mmmmcleot ides to cyclic AMP-’�C,

which is at variance wit Ii our previously reported

value of 7.8 ± 0.8% (4). This difference was found
to be dime to variatiomms mm the lemmgth of time during

which braimm tissue is mai nmtai tied mi the cold. mi the

presenmi experinmemmts, the elapsed time from re-

moval of guinea pig brainm to imiitiationm of incu-

bationm of cortical slices mm Krebs-Ringer solution

at 37#{176}was 15-20 mimm, whereas in earlier work

(1-4) the elapsed tinie was less thamm 10 mimi. The

accumulationm of cyclic AMP�m4C elicited by vera-

tridimme, ademmosimme, histami nme, or Imorepi nmephrine

or by a combination of K� amid histamimie is not

significanmtly altered by variations mm the time of

preparation, or evemm by preparatiomm mi Krebs-

Riniger solmmtiomi nmaimmtained tnt 37#{176}rather thami at

0-5#{176}.TIme data mm Fig. 1 were obtaimied with slices

prepared in less than 10 nmimm. The same conmclmmsions

TIME (mm)

Fto. 1. Time course of effect of histamine, K+,

and adenosine, singly and in coinbi nation, on

accumulation of cyclic AMP�m4C in labeled slices

of guinea pig cerebral cortex

Cyclic AMP�i4C was measured as described
previously (1), and the results are expressed as

percemmtage of total radioactive adenmine nucleo-

tides in the slices that was converted to cyclic

AMP-’�C. #{149},histanminme (1 mM); A, K� (43 nmM);

#{149},adenosine (0.1 mM); 0, histamine and K�; 0,

histamine and adenosinme.

K�, siimgly amid in combinatiomm, on the

accumulation of cyclic AMP-14C is shown

in Fig. 1. The accumulation of cyclic AMP-
i4C elicited by this supramaximal concentra-
tion of histamine is almost complete after
6-8 mini, with only a slight increase occurring

during time next 12 mini. The effect of a

supramaximal concentration of adenosine on
cyclic A�vIP-’4C accumulation is also fully

expressed after 6-S mm. The effect of 43 mit

on accumulation of cyclic AI\IP�m4C is

maximal at 6 miii, after which time the

with regard to synergistic effects are reached if
one compares data mm ternms of counts per mimmute

of cyclic AMP-’4C per numilligrann of nitrogemi of

the slices.
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levels of cyclic AMP-tm4C decline. Time effects

of combinations of adenosine and histamine

or of K� and histamine ott accumulation of

cyclic AMP-’4C are much greater timamm

additive and are again nearly fully expressed

ivithimi 6-S mini. The effects of these agents

on accumulatiomi of cyclic AMP�i4C reported
in the remainder of this paper have beeim
measured after 7 mirm, a time at whmicim most

of time effects are nearly maximal.

Dose-response curves for the effects of

histamine, norepinepimrinme, arid serotonitm,

bothi separately and in combiniatiomm, are

shown in Fig. 2. The maximal accumulation
of cyclic AMP-’4C (0.4 ± 0.2%) elicited by
serotonmin is not signmificantly different from

time 0.3 ± 0.1 % accunmulationm of cyclic

C
0
C,,

C
0
0me

.�

Li
-J

Li
>-
Li
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FIG. 2. Dose-response curves for effects of hist-

amine, norepinephrine, and serotonin, singly and

in combination, on accumulation of cyclic AMP-”C

in labeled slices of guinea pig cerebral cortex

Cyclic AMP�m4C was measured as described

previously (1) after incubation for 7 mini. #{149},hist-

anmine;�, norepinephrine; A, serotoniin; 0, hist-

amine and norepimmephrimme; �s, histamine anmd sero-
tonin; 0, histamimme, mmorepinephrine, and sero-

tonin. Vertical bars imidicate standard deviations
(four experimemits) at 5 mit concentration of the
amines.

A::’uI P-’4C obsen.ved imm conit rol inicubat louis.

\Iaximal accumulatioii of cyclic AMP_m4C

of 0.9 ± 0.2 % is (Ilicited by tmorepimmephmrinie.

lime responses to conmbitmatioris of imor-

epimmephirinme anid serotonimm were riot signifi-

canitly greater thmamm time respommse to nor-

epinmepimrine alone. Arm El)50 value for

norepinepimrimme cant be estimated from time
dose-response curve imm Fig. 2 as approxi-

matelv �S Mit.

i\Iaximal accunmulat bum of cyclic A\ IP- i4(�

of 3.0 ± 0.4 � is elicited by imistanmitme (Fig.
2). Time ED�0 for histamine is approximately
20 Mit. ‘rime maxinmal accumulation of cyclic
A\IP-’mC elicited by imistamimme is signmifi-

canmtly increased to 4.7 ± 0.5% in the

presence of 5 nmui serotonmimm (l”ig. 2). Time

effect of hmistanmimme OIl accumulatiomi was
unchmanmged or slighmtly (lecrease(I mm time

presence of time same concentratiomm of
niornmet anepim rine, pimenet imatiolanmitme, OC-

topamimie, t yramimme, or dopaminme. Time

effects of conmbimmationms of imistamine amid
nmorel)inmephrine omm time accumulation of
cyclic AMP-’4C are mucim greater timan time

sum of time individual effects. Titus, time
niaxi mal accumulat iou of cyclic AMP- m4(l

elicited by conmbimmations of these two aminies

imm four experimemmts was 11.8 ± 0.S %, wimile

time maximal accunmulatiomm due to mmorepi-

nmepimrinme or histanmimme separately was 0.9 ±
0.2 % anmd 3.0 ± 0.4 %, respectively. Time

additional presemmce of se�otoniimm caused it

further increase imi time accumulatiomm of

cyclic AMP-tm4C to 14.0 ± 0.9 %

Time accumulat momm of cyclic A�t I P-��C

elicited by 0.1 mu hmistamirme and 0.1 m�
nmorepinmepimrimme were increased fronm 2.0 to
2.S% arid from 0.7 to 1.0%, respectively,
by time prcsemmce of 1 mu cocaine. Time ac-

cunmulationm of cyclic A�\ I P- i4C elicited by
time combimmatiomm of 0.1 m� histamine and

0.1 mit norepimmepimrinme W’LS iils() immcreaSe(i

froni 9.8 to 12.0 % by time presence of 1 nium

cocaimme.

Time dose-responmse curves for time effects

01 imistamimme, nmom’epinmepimrinme, and serotonin

on time accumulation of cyclic AMP_m4C mm

time Iwesemice of depolarizimmg concemmt rat ions

of K+ or mi time presemmce of 0.1 nmut adenmosimme

are simowmm in Fig. 3. Timese curves were

Obtaititld mm time pm’esenmce of 40 mit K+, withi
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FIG. 3. Dose-response curves for effects of biogenic ainines on accumulation of cyclic AMP�HC in la-
beled slices of guinea pig cerebral cortex in the presence of K+ (A) and adenosine (B)

Cyclic AMp..i4C was measured as described previously (1) after immcubation for 7 mm. #{149},histamine;

#{149},umorepinephrinme; A, serotonmin. Incubatiomi with 40 mrs K4 aloime (A) resulted in 4.4% conversion of
radioactive nucleotides to cyclic AMP�m4C; inmcubationm with 0.1 mrs adenosine alone (B) yielded 3.0%
conversion.

wlmichm 4.4 ± 0.4 % accumulation of cyclic
AMP-’4C was observed (Fig. 3A, dashed

line), or of 0.1 mit adenosine, with which
3.0 ± 0.3 % accumulation of cyclic AMP-’4C
occurred. Maximal accumulation of cyclic

AMP-14C of approximately 11 % was ob-

served with eitimer serototmin or norepinmeph-
rine in the presence of 40 mu K+. In the
presenmce of 0.1 mit adeniosinme, these amines

also elicited maximal accumulation of cyclic

AMP-’4C of approximately 11 %. Histamine

elicited a 33 ± 3 % (four experiments)

accumulation of cyclic AMP�i4C in time

presence of 40 mit K+, amid 25 ± 3 % (four

experiments) mm time presence of 0.1 mm

adenmosine. Time approximate ED50 values

for imist amimme, norepinephrinme, and serotonin

in time presemice of 40 mum K+ are 2 Mi!, 0.8

Mm, ammd 0.8 Mum, respectively, while in the
presemmce of adenmosine the ED50 values

appear larger; i.e., 10 Mit, 4MM, and 5 Mit,

respectively. Time ED50 values for norepi-

nmeplmrine anmd imitutamine in normal Krebs-

Ringer medium also appear to be larger;
i.e., 20 MM and 8 Mm!, respectively.

The combined effects of submaximal
concentrations (with respect to accumulatiomm

of cyclic AMP-’4C) of histamine, norepi-
nephrine, and serotonin in the presence of
depolarizing concentrations of 40 mm K+

or in the presence of 0.1 mit adenosine are

presented in Table 1. The effects of these

combinations of amines were in all cases
additive or greater than additive (experi-
ments 1, 2, 4, and 5, Table 1). For example,
in experiment 1, histamine caused a 9.8 %

increase in percentage accumulation of

cyclic Ai\IP-14C in the presenice of 40 mit I�.
Norepinephrine or serotonin caused a 1.4-
1.8% increase, and a combination of hista



Additions

K(4OmM)

10 �!-�--.

CYCLIC AMP FORMATION IN BRAIN SLICES 159

TABLE 1

Effects of biogenic amines an accumulation of cyclic AMP in slices of guinea pig cerebral cortex in the

presence of adenosine or K4

Labeled slices of guinea pig cerebral cortex were incubated for 7 mm, anmd cyclic AMP�m4C was nmeas-
ured as described previously (1). Results are reported as percentage conversioni of total adeninme�m4C

nucleotides in the slices to cyclic AMP�i4C.

Conversion to cyclic AMP�m4C

With 40 mrs K� With 0.1 mrs adenosine

Expt. 1 Expt. 2 Expt. 3” Expt. 4 Expt. 5

(#{149}� (#{149}

None 3.0 3.5 4.4 3.0 3.2

I Histamine,5�rs 12.8 12.6 27.0 11.8 11.5

Norepinephrine, 1 �rs 4.4 4.8 12.0 4.8 4.8

Serotonin,ljsrs 4.8 6.4 14.1 5.8 5.8

Histamine + norepinmephrine 16.5 15.6 28.4 14.2

Histamine + serotonin 16.2 18.6 28.4 17.9

Histaminme + norepinephrine + serotonin 18.3 18.7 29.6 18.7
Norepinephrine + serotonin 7.6 8.4 19.1 9.7

a In experiment 3, the concentrations of the amines were 0.1 mrs.
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Fio. 4. Dose-response curves for effects of adeno-

sine, alone and in the presence of either K� or his-

tamine, on accumulation of cyclic AMP-’�C in la-

beled slices of guinea pig cerebral cortex

Cyclic AMP�m4C was measured as described pre-

viously (1) after incubation for 7 min.S, ademmo-
sine; LII, adenosine amid 50 pM histamine; 0, ade-
nosine and 40 mrs K�. Incubatiomm with K4 alone
and with histaminme alone resulted, respectively,

mimic witim eitimer mmorel)ilmepimrinme or serotormiim
caused a 13.2-13.5 % immcrease (greater timanm

additive). Similarly, time combined effect of
norepimmephmrinme and serotonmin results in a
3.6 % inmcrease in accumulation of cyclic
AMP-’4C (greater than additive). It is

perhaps of some importance timat time effects

of serotonin both alone anmd in combination

with norepinmephrine or imistamine are mucii

more striking mm the presence of either 40 mit
K* or adenosine (Table 1 and Fig. 3) than

in timeir absence (Fig. 2). Indeed, the effect
of serotoninm under these conditions is equal
to or greater timan timat of nmorepinephrine.

Experiment 3 of Table 1 presents time
results of imigimer concenmtrations (0.1 mit)

of these amimmes, botim alone anmd in combina-
tion, in time presence of 40 mit K+. In this

type of experiment, time combinied effects
were eithmer addit ive (miorepimmepim rine plus

serotonin) or less timarm additive (all other

combinatiomms). Timis may reflect the fact

that 30-35 #{182}11conversion of adenine�m4C

tiucleotides in time slice represetmts time maxi-

mum attainable conversion of time precursor

pool. Histamine alone under time conditions

in 3.8% and 1.5% coniversiorm of radioactive nude-

otides to cyclic AMP�m4C.
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Unpublished observations.

of experinment 3 caused 27 LI conversion,

which could be increased to only 29.6 % by
time additional presetmce of imistaminme and

mmorepinephrine.
Dose-response curves for time effect of

adenosine by itself, in time presence of hista-
mine, or in time presence of depolarizing

concentrations of K+ are shown in Fig. 4.

As is readily apparent , time effect of adenosine

is greatly potentiated, and to almost time

same extent, with eitimer 40 m� K+ or 0.05
nun histamine. In both cases, an accumula-
tion of approximately 16 % occurs, while in
tiormal Krebs-Riniger solution adeniosine

elicits onmly a 2.2 ± 0.3 % accumulation of
cyclic AMP-’4C. The ED50 for adenosine

appears somewimat smaller (20-40 Mit) mm

the presence of histamine or 40 mit

timani in normal Krebs-Ringer solution (70

Mit).

DISCUSSION

Previous studies onm time accunmulation of

cyclic AMP-’4C in labeled slices of cerebral

cortex indicated timat synmergist ic effects

between biogemmic amities and depolarizing
agents or adenmositme are a common pime-
mmomemion (4, 10). It hias beeti postulated

timat at least part of time stimulatory activity
of depolarizing agents in causinig accumula-

tion of cyclic AMP is due to time participation
of “released” adetiosine, which interacts
withm a regulatory unit for adeniyl cyciase (9).
Time synmergisni with depolarizing agents and

anminmes occurs witim hmistamimme anmd norepi-

tmepim rimie anmd evemm wit ii serot onimm, an amine

that by itself imas mmegligible activity mm

stimulating accumulat iou of cyclic AMP- ‘4C
in time cerebral cortex. Evidemice for separate
regulatory receptors for lust amine and

norepineph rinie mi rabbit cerebellum amid

cerebral cortex has been reported (6, 7). Iii

view of time published data, it was reasonable
to propose that compart memmt alized pools of

adeninme nucleot ides, which serve as pre-

cursors for cyclic AMP, exist mm time cerebral

cortex and timat many of these pools imave

two inmteractimmg regulatory ummits govermminmg

adenmyl cvclase activity: one for adenmosine

alm(1 one for a biogermic anmimme, eithmer imista-

mmmc, norepinepimrinie, or serotommin. Time

presemmt l)nmi)eI’, hmomvever, pn’ovides evidenmce

for interactions amonig timese biogenic

amities. For example, time effects on accumu-
lation of cyclic AMP-14C of histamine and

norepinmephrine, or of imistamine and sero-

tonin, are greater than additive at both
sub- and supramaximal concentrations (Fig.

2). Time synergistic effect observed with

norepiniephrine is not. due to its activity as a

depolarizing agent (11), since cocaine, a
‘ ‘membrane stabilizer, ‘ ‘ which prevents
depolarization, did not block the synergism.

Cocaine instead slightly potentiated time
effects of low concentrations of either nor-

epinephmrine or histamine, probably because

of its action iii blocking amitie uptake

mecimanmisms (12). That the synergistic

effect between histamine and serotonin was

due to a nonspecific effect on the metabolism
or uptake of histamine iii the presence of

serotonin seems unlikely, since a variety of

other amines, such as �3-phenethanolamine,
normet anephrine, octopamine, tyramine,

and dopamine, did not potentiate histamine.
Xone of timese aminmes has any significant

effect omi the accumulation of cyclic AMP-’4C
in cerebral cortex (2, 4).3 The effect of time

three stimulatory amines (histamine, nor-
epinepimrinme, atid serotonini) together was

slightly greater than that due to a. combina-
tion of imistaminie anmd rmorepinepimrine (Fig.

2). Time combined effects of submaximal

levels of the biogenic amitmes in time presence

of 40 mit or of 0.1 mm adenmosine are

additive rat.imer thani synergistic (Table 1),

suggesting that time synergism between

amines is maximally effective only when time

adenosinme-senmsitive regulatory unit is niot

activated. Maximal conversion of labeled

nmtmcleot ides to cyclic AMP-14C of 30-35 %

can be elicited iii slices of guinea pig cerebral

cortex. Timis accoummts for the lack of addi-

tivity seen when supramaximal levels of

imist amine in time presence of 40 mur K+ are
incubated alonmg with supramaximal levels

of either norepinmepimrine or serotonin (Table

1, experiment 3).
Differences mm time apparent ED50 values

for hist amine and nmorepinephmrine wit ii

regard to stimulated accumulation of cyclic

AMP i4C in control medium versus media

conmtaimiing eitimer adenosiime or depolarizing
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conicentratiomms of 1� (l’igs. 2 arid 3) might

reflect allosteric changes in the amine-senmsi-

tive regulatory units for adeniyl cycla.se as a
result of interactiomi of adenosine or adeno-

sine “released” by depolarizations witim time

adenosine-sensit ive regulatory unmit . Time

comiverse might also be true, since it appears
timat lower concentrationms of adenosine are
effective in stimulatimig accumulation of

cyclic AMP in the presence of iiistamine

( Fig. 4). Othmer explanmations involving
metabolism of cyclic AMP or tramisport
phenomena might, imowever, pertainm. Simi-
lar differences IIi ED50 values, such as simownm

in Figs. 2-4, were seemi in at least two sets of
experiments. The ED50 values for imistaminme,

norepinephrine, and adenosine in guinea pig

cerebral cortex, determinmed by time present

method, are similar to values reported
previously [respectively, lOMit (rabbit),

5 �ur (rabbit), and 30 MM (guinea pig)], based
on changes in endogenous levels of cyclic
AMP in incubated slices of cerebral cortex
(7, 8). The pronoummced synergistic effect
between imist aminme and norepinephrinme re-
ported imere was niot rioted! in earlier studies

on time effect of these amities omm endogenmous

levels of cyclic AMP itt rabbit cerebellum

arid cerebral cortex (6, 7). Timose studies
were performed in time presenmce of 0.5 mum

theopimylhine. However, this concentration of

theophylline does niot. prevent time synergism
between histamine arid either serotoniin or

norepinmephrine wit ii regard to accumulation

of cyclic AMP-’4C mm guinea pig cerebral
cortex.3 Preliminary attempts to demon-

strate synergism between histamine and
norepinephrine in slices of rabbit cerebral

cortex by the prior labeling tecimnique were

unsuccessful. Combinatiomis of the two

amities did result iii greater than additive

effects on accumulation of cyclic AMP-’4C,

but the results were not statistically signifi-

cant.3 The failure in timese preliminary

experiments and iii time studies by Kakiuchi
and Rall (7) to denmonstrate additive or more
than additive effects of histamine and

norepinephrine in rabbit cerebral cortex may
have been due to the great difference in

individual effects of these amines in this

species. Time effects of combinations of hista-

mine and norepinephrilme or of imistamine

161

timiti serotonmin (ill accunimulat joim of cyclic
AI\IP-’4C mm m�at cerebral coi’tt’x were immure

timani a(1(hitive.3
Time presenmt observationms onm symmergist ic

immteractionms betweenm biogenmic anminmes sucim

as imistamimme Itii(l mmorepinmepimriime, Oi� imisttt-

nmimme UIm(l serototmimm, ami(l previously pub-
hished reports of synmergisnm betweetm adenmo-

smnie ttI)(l biogenmic anilimmes (4, 10) inmdicate
timat Pools of ademmimme mmucleotides exist ins
cerebral cortex, wimose conmversioni to cyclic

j�.IIIsIP is catalyzed by anm It(lenm3�l cyclase

respotmsive to separate but inmteractinmg regulti-

toi�v unmits for ademmosinme, hmistaniinie, atm(l

miorepimmephmrimme, OF a(lenmosinme, imistanmimme, anal

serototmimm. This is mm Cotitrast to results

reported for adipose cells usitmg time sanme

labeling techmnmique. 1mm thzmt i)rel)aratiotm it

appeared! t hat eacim agenmt (mmorepinephrimme,

glucagomm, corticotropinm, etc.) could fully

activate ademmvl cvclase (13). The subtie

nmature of various immteractiuims of agents

affectimig time accumulation of cyclic AMP

in time cenmtral niervous system renmains opetm

to nmamiy initerpretationis. It is hoped that

furt imer immvest igat iomms will clarify time reasonms

for these subtleties, as ivell its providimmg

eyidenmce fun- time role of cyclic AMP iii time

central nervous system.
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