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SUMMARY

FERRENDELLI, J. A., KINSCHERF, D. A., AND CHANG, M. M.: Regulation of levels of
guanosine cyclic 3’ , 3’-monophosphate in the central nerv()us system: effects omf dc-

polarizing agents. Mol. Pharmacol. 9, 445-454 (1973).

Veratridine, ouabain, aimd K+, agents which are known to produce depolarization of nervomus

tissue, increase the levels of cyclic GMP in incubated slices of mouse cerebelhnnm. Each omf

the agents acts in a dose-related fashion, and each produces a maximum elevation tmf o’vclic
GMP levels which is 25-30 times control levels. The effects of all three agounts tam cyclic

GMP accumulatiorm are dependent on Ca�. Atropine does not. block aimd acetylcimoline does
not mimic the effect of the depolarizinmg agents. High concentrations of K�, mm addition to

increasing levels of cyclic GMP, also greatly increase levels of cyclic AMP in slices of mouse

cerebellum. However, the rate of accumulation of cyclic AMP is more rapid than timat of
cyclic GMP, induction of cyclic AMP accumulation requires higher concentrations (if J�+,

and theophylline markedly atteimuates the accumulation of cyclic AMP produced by K� but
not that of cyclic GMP. Furthermore, adenosine produces an accumulation of cyclic AMP
but not of cyclic GMP. These data indicate that- the effects of depolarization oim cyclic AMP

and cyclic GMP levels in nervous tissue are mediated by separate meelmanisms. The effects
of depolarization on cyclic tiucheotide levels in cerebral cortex ar( different- from those in
cerebellum. In cerebral cortex slices, high concentrations of K� produce a much smaller

accumulation of cyclic GMP than in cerebellum slices, whereas the K�-induced ao’cunmtnlatitmum
of cyclic AMP in cerebral cortex is greater than that- in cerebellum.

INTRODUCTION

There is increasing evidence that guano-
sine 3’ , 5’-monophosphate is involved in
neural function and metabolism. Chohinergic
agents, which were first reported to increase
levels of cyclic GMP in heart (1), have been
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shown to produce elevation omf time levels omf

cyclic GMP in brain, in nina and in vitro,

and atrophic is capable of blocking tlncst-�
inmcreases (2-4). Furtlmerniore, cyclic 0’sIP
reproduces some of the offects of acetyl-

choline on nneuronal menmbrane potentials in

rabbit superior cervical ganighiomui (5). These

firmdings have led to the ctruichusionm timat cyclic

GMP may mediate somme oif the effects of

acetylchohine in the o’entral nervous systenm

and iii time periphmerah autononmic nervous

systenm. Cyclic (L\IP may also have a nile in
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neural 1 155l1( wlmich is not directly related to

cimolino ugi( neurotratmsmission. Drugs known

to in fi i it mi(C monoamiimergic neurotransnus-

sioli pmuuoesses alter cyclic GMP levels in
niouse ctuel)elluun in vivo, and timese effects
do not ai�i�ear to be linked to cimohinergic
neurotma umsmission tneciianisms (6).

We have fouumd that agents which are

known ui puoduce depolarization of nervous

tisstio unarkedlv iumcrease levels of cyclic

(L\Il� in huaiui. flie preseimt report describes
tine ohi:niaotruist-ios of cyclic GM1� accumula--

tiumur mi shi(es of mouse cerebellum atmd

oemobiu:ni oummtex exporsed to several depolar-

iziuig agouits. TIne data provide additiotmal

eviduumoe foot an invo)lvement of cyclic G�sIP

imi uiuuvuius tissuo which does imot- appear to

ho dituctlv related to cimolinergic neuro-

lramisuimissiuimi.

MATERIALS AND METHODS

Imi these experiummetmts adult female Swiss-

\Vohstet mico (XLII st-raium) were decapi-

tatod, ati(1 their brahms were removed and

l)laoo(1 ium ti mid Krebs-Ringer-bicarhoimate buf-
let, pH 7.-I, contaitming 120 m�u NaCl, 4.7

nm� E(’l, 2.5 m�i CaCI2 , 2.4 m�i MgSO4

1 .2 ruM hIT2 104 , 25 uii�i NaIICO3 , and

1 0 nii�i glucose. The cerebellum was dis-

sected ftommi the rest of the brain, and in sonme

oases hmottiurns o�rf tIme cerebral cortex were

also umhtaiumod. The tissue samples were cut

iumtum 0..�0-ffImfl-thWk slices with a l3ritmknian-

i\Ioliwaitm tissue chopper, and the slices

were suspended, after several washings, in

fresh Krebs buffer. In all subsequent pro-

(eoiures the sli(e suspeiisiotm was main-

taimned at 370 and gassed with a stream of

95 02--S ; CO2 which gently agitated time

shot s coumt i umuouslv. During this and all

sul soquent procedures time ratio of slice

yu)lUulme tu 0 incubation medium volume was

1:100-1:300.

After ann iumoubatioui period (if 60-75 main,

time iuiouhmatiotm medium was removed and

repiaoed wit-li freshi Krebs buffer or with

variuuus somlutions described in the legends to

the tables aund figures. At various intervals

thiemeaftem aliquots of the slice suspension,

oontaiuiing 5-15 tmmg of tissue, were removed

with a large-bore yolumetric pipette and

j)laeed itm a 15-ml test tube. Time SUSj)etmsion
\V:is rapidly ceumtrifuged, time medium was

aspirated, ammd 1 umil (mf i((-(old 7 � ( tti

chloraceti( acid was t-mclded to time pelleted

slices. This entire l)IoiCedlite fir sampling

the slices wa-s completed withimm 45 sec. rfiie

slices were mixed vigorously and repeatedly
with a Vortex mixer until time tissue was well

dispersed. It appeare(l timat immaximal extrac-
tion of cyclic A\IP and cyclic (�#{188}IP was

achieved wit-im this proiceduti, siulec homnmog-

etmizatioum of time tissue in trichloracetic acid

or hmnmorgetmization itid sonicatioum of the
mixture (lid imot incr(ase the aulmo)uuit of

cyclic nucleotide extracted fiommmi tue tissue.

Time mixture was timen centrifuged at

20,000 X g for 15 mm at 40, aunt! time clear

superumatant fluid was separ:mted ftomm the

precipitate. Trieimloracetic acid was renmoved
fromn time supernatant fluid by four washings

with 3 volwmmes of imvdrated etimvl etlmer. Time

neutral solution was then (Imied uuider a

stream oif N2 , and the resulting residue was

dissoivod in sodium acetate buffer, 1)11 6.2.

Timis solution was assayed for cyclic GMP

aumd, ium sonme cases, for cyclic AMP, using

time radioimmmmunoassav described by Steiner,

Parker, and Kipimis (7). TIme trichlomracetic

acid precipitate was solululized with 1 N

Nmi( )TT munch missmmyed for protein si�ing the

nietimod of Lowry ti al (8). Exogemmous

cyclic AMP and cyclic Gi\IP a(l(led to the

trichmloracet ic acid--tissue nmixt ure were com-

pletely recomvored followiung cemit rifugation,
etimer washming, dryimng, atid recoimstitution

with sodiunm acetate buffer, indicating that

none of time cyclic tmucleotides were lost

duritmg time extraction Procedure.

In one experiment cyclic GMP was incas-

ured itm the itmeubation medium as well a-s in

time tissue slices. To accomplish this, time

mixture of slices and incubation medium was

cetmtrifuged, the nmediuumm and slices were

separated, and time slices were treated as

descrii)ed al)ove. The incubation medium

\VR5 placed itm a test tube, which was then

placed in boiling H20 for 3 mm. Preeipit-atedi

prtmteitm was removed by cent rifugation, and
time supermmataumt fluid was assayed for cyclic

GMP.

RESULTS

Levels of cyclic G\IP in mouse cerebellum
immediately after it- was sliced were quite

variable. Incubaticmn of time slices in Krebs-
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Ringer buffer i)ui)1)le(l with 95 � 02-S �
CO2 at- 37#{176}for 45-60 nmin reduced the con-

centration of C\’(hiC ( �\lP to a low level, 4-
S pmoles/mg of j)roteiul. limis level, �vimich

is essentially time same as that obs(rve(I iti

mouse cerebellum rapidly frozen in si/ni (9),

remaiimed eotmstaunt during continued iimcu-
bation il-i oixygenated l’�irebs-Ringo!r 1)uffer
for at least- an additiounai 60-90 rain.

Exposure of time cerebehiar slices to vera-

triditme, ouabaium, or high comtmcemmtrat iouns o if

K+ produced marked itmcreases in time tissue
levels of cyclic GMP (Fig. 1). Increasing time
level of K4 in the iumcubatioim medium frorm 6
to 64 m� or time addition of sufficient

veratridine to achieve a final concentration
of 50 /2M in the incubation medium produced
a 25-30-fold increase of cyclic GMP tissue

levels withutm 5 mm. Ouabain (1 m�i) pro-
duced an equally large rise in levels of cyclic

GMP, hut time rate of accumulation was
slower. In cerebelhar slices exposed to either

veratridine or ouabairn, cyclic G�slP levels,

after increasing, subsequently fell toward

cotmtrol levels. In contrast, t-he accumulatiomtm
of cyclic GMP produced by Imigim coimcen-
trations of K+ was sustained, essentially

unchanged, for at least 30 mum. However,

the rise of cyclic (�\1P levels produced by

high commcetmtratio)tms o)f K was reversed by
decreasing the level oil K+ iim time iumcuhat ion
medium to 6 miu (data tiot- shomwim). \leasure-

ment of cyclic (iMP in botim tissue mund time
bathing medium revealed that in time pres-
ence of 64 mxt K+ time total amount of cyclic
GMP in the tissue iumereased from 35 to 900
pmoles iti 15 nmitm while timat in the bathing
medium only increased fronu 12 to 24

pmohes. Thus little or umone of time accunmu-

lated cyclic (�\I P � released fronm time

tissue depolarized witim K�.
The effect orf eacim of the depolarizing

agermts was tomnccuntration-dopcumdeunt (Fig.
2). On a molar basis, veratridimme was the
most potent omf the three ageumts. The niaxi-
mum level of cyclic (iMP achieved with

each of time tlmree ageumts, at- time tinme intervals

tested, was 160-200 puimoles/mg of protoin.

At- subnmaxinmal ctmnceumtrat ions t Imo (ofli-

bined effects of ammv two of time timree dc-

polarizitmg ageunts were nmore than additive

(Table 1). 1’or oxample, iim tissue slices

treated with 0.3 mM omuabain foir 3 pM vera-

MINUTES

FIG. 1. Effect omf 64 -inn! K#{176},50/Lu veratrioli,ue,

and 1 -inn! onaba in on- cyolic GiIP levels in so-nose

cercbet!uno as a fuiuo-tiomn of tune

Slices oif mouse cerebellum were i mrcunba ted f or

75 mini inn Krebs-Ringer-bicarbommate butler as

described in the text. Then the K� o-orroentrmution

was increased from 6 too 64 main (whir mui-oomru-orunritmummt

decrease inn Nmt+ uoomroen t rmut io omnin 0 order too mnumui rut mtin

time total mnonnoovalemnt oat iron) uomnuerut ratio on at 151
mnmm), or veratridine or ooumthmuiui was mudded too tire

medium. At varioms imntervahs t iuertmu ft or mon mrlioiuomt

of t lieslice suspensionu was remnur oVool mumid I ho sl ioes

were assayed hr cyilic UMP mlnn(I liroot(inu mrs de-
scribed inn t ho text. Each value arid von iumul immir

represent the meami and standard erromr o)f 4-11

samples.

tridine, cyclic (�iIP levels wero 25 00 and
35 � , respectively, of time niaximmmumn. Ad-
dit-ion of 3 p�i veratridine aumd 0.3 nmM orua-

baum togetlmer increased time level oif cyclic

GMP to 95 #{182}�of time maximum. Hoowover,

timis is time approximate incroaso (Xpo(t(d if

ouabain is increased from 0.3 too 0.6 ni�i or if

veratridiume is itmereased frouim 3 too 6 pM,

because on time steepest port iomunrot oachi curve

time slope is greater timmmn 2 (i.o., mu 100 0 in-

crease iim the coiticentratioun oil olopolarizing

agetit causes aum increase oil moito I lnatn 20 �

iti cyclic (i\l P 000umcentratioui ). At maximmmal

coincotmtratiotns, conmbimnatiouns oof tint dc-

polarizing ageimts produced aoounmtulat ions of

cyclic ( �\J P which were oo�uual too iou sonme-

wlmat- loss than tlnat o)bsetytd wit ii ootnlv ommne

ageimt.

I)ivalonit cat itiui to onoounl mat 0 ins mat! atm

effect- (in the acomumiulatio inn oof ovohio ( i\IP
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CONCENTRATION OF DEPOLARiZING AGENT(M)

FIG. 2. Effect of K�, veratridine, and ouabain

comncentrat ions on cT/clic GMP levels in mouse

o-erebelluno

Slices of mouse cerebellum were incubated for
75 mnini in Krebs butler as described in the text.

Then the K� concentration was increased by

various amounts (the Na+ concentration was

simultaneously decreased an equivalent amount),

or various concentrations of veratridine or ouabain
were added to time in(ubation medium. Slices
exposed to veratridine or K#{176}were removed 5 mm
hmuter, mmmd those exposed to oniabain were removed
15 mimi later; tissue levels of cyclic GMP and pro-
tein were measured in the slices as described in the

text. Emuch value and vertical bar represent the
macarm mmmid standard erroor of 4-10 samples

(Tablo 2). Under time usual assay conditiomns

2.5 m�t Ca�� anmd 2.4 inM Mg� were in-
cluded in time incubation medium. When the
Ca � concentration was reduced to 0.5 m�i or
wimon time MgN commcentration was increased

tom 30 m�i, time K�-induced accumulation of

cyclic (iMP was reduced by 30%. When

Ca�� was omitt ed from the incubation media
or �vimen time Ca� commcentratiotm was reduced

tom 0.5 nm�ii aumd time Mg�4 concentration was
simimultaneously raised to 30 ruM, high con-
cenitrations of K� produced either little or no

riso in cyclic GMP levels. Veratridine and
ouabain also failed to increase cyclic (iMP
levels iim time absemmce of Ca++. Omission of

Mg� from time incubation medium resulted

iui a 60 0 decrease irm the accumulation of
cyclic (�I P produced by high concentrations

of K.

Others have demonstrated that depolar-
izing agent-s produce a marked accumulation

of cyclic AM P in slices of guinea pig or rabbit

cerei)ral cortex (10, 11). Therefore we com-

pared the effect-s of K� on cyclic AMP and

TABLE 1

(Jo,nbined effects of K+, veratridine, amid ouabain on

acciun-ulat ion of cyclic GMP in -mn(muse cerebellum

Shoes of mouse cerebellum were incubated in
Krebs-Ringer buffer for 75 mm amid then exposed
to various concentrations of veratridine, ouabain,

ror K4 omr tor commbinations of these substances. At

the times designated time slices were remooved and

assayed for o-ychic GMP and protein.

3 /.LM veratridine
0.3 rn� ouabain

25 mit K�

3 � veratridine

+ 03 mruit ouabaini

3 �zM veratridimme

+ 25 mit K�
0.3 mit ouabain

+ 25 mit

Time of
exposure
to depo-
larizing

Agent

5 60.4 3

15 44.5 2
5 2S 3

5
15 170 2

5
5 163 2

15
5 uS 2

cyclic (�MP accumulation in mouse cere-

bellum. As time K� concentration in the
incubation medium was raised above 6 mM,

tissue levels of both cyclic AMP and cyclic
GMP increased (Fig. 3). Cyclic (iMP was
more respoimsive t-o changes in K+ concen-

tratioum t-hmatm was cyclic AMP. A sigimificatit
increase in the accumulation of cyclic GMP

was observed with a K+ concentration as
low as 17 m�m, but there was no immcrease in
cyclic AMP levels until the K� concent-ra-

tioti reached 35 m�i. At j#{231}±concentrations
of 64 m�n or higher the absolute rise of both
cyclic nucheotide levels was similar, b��t this
represeimted a 30-fold increase for cyclic
(iMP and only a 15-fold increase for cyclic
AMP. Time time course of cyclic AMP ac-
cumulation was influenced by the K� con-
cetmtra-tion, but that of cyclic (iMP was imot.
At K� concentrations of 35 and 64 m�

cyclic AMP levels rose rapidly, reaching a

maximum witimin 1-2 mi then fell to coim-
trol levels, or nearly so, by 5 miii. Tim time
presence of 121 m�i K+ cyclic AMP rose as

rapidly but remaiumed elevated for a loumger
period. At all K4 comnceumtrations cyclic (iMP



Cyclic (;MP Ni. (if
sanuj)lcs

pazoles iflt� protein‘il-nt

24 25 7.0 ± 0.8

24 25 185 ± 15

No)uio! 2.4 0 6.2 ± 0.5 4

121 nmmmK� (3 mini) 2.4 (1 19.8 ± 1.5 3

None 0 25 56 ± 06

121 aiim K� (3 mini) 0 2.5 66.4 ± 2.6

Norrue 25 8.6, 61) 2

64 mu K� (5 mini) 25 177 193 2

Noinne (1.5 8.7, 7.5 2

64 unit K� (5 main) 0.5 143, 144 2

Nornio 3() 25 6.0, 5.7 2

64 muuul � (5 mini) 3(1 25 102, 159 2

Norne 30 0.5 5.6, 4.1 2
64 nut K� (5 mini) 3() 0.5 106, 200 2

2.4

2.4

2.4

24

2.4

2.4

2.4

2.4
2.5

0

172 ± 19

14.3 ± 6.1
3

3
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Effect of Ca� and .11 (J+4 0fl o�jo-lic Gil P ace ii in a fat ion iii slices of iiuom iso uorobo// ii iii

Moinse cerebeilunm slices were imicubm-utcd in Krebs-llinnger buffer f(ir 60 ruin. The numediunim was t hero
replaced with tine cont ainming the various cvonioenut rat ions of Ca#{176}�mmmd Mg�4 (Iesigmnatcd below. mural tine

slices were incubated for amm additionual 15 mini. At this time the K+ coimcenut rmitioui wmos inicremoseol or

verat ridine or olnai)ainm was mudded to time nmmeditnmim.At varioonns timumes I Inercafter (iniolicmoteol mmpmmuenut hosts)
slices were remrved and assayed for cv(lic (L\IP and pr�teinm.

Additions to medium I)ivalent cation concentration

Nirure

121 aiim K� (3 nun)

50 �Li1 veumutridine (5 nun)

50/ui veratnidinue (5 nmiui)

1 mum otnabainm (15 nuimm)

1 mmiii oruabainm (15 nminm)

25 178 ± 19

(1 10.9 ± 3.1

3

3

levels rose slowly, reaciming a maximum at
5 rain, and then did not decrease significantly

during the subsequent 25 rain.
The addition of 1 mist theophylhine to the

incubation medium Imad no effect on control
levels of cyclic AMP, hut reduced the re-
sponse to 64 m� K� almost 90 % (Table 3).
Others have also observed that theophyhhine
significantly inhibits the accumulation of
cyclic AMP in brain slices electrically stimu-
lated or exposed to depolarizing agents (11,
12). In marked contrast, theophylline in-

creased the control levels of cyclic (iMP
2.5-fold and did not significantly change the
response to 64 m�i K�.

Adenosine produces accumulation of cyclic

AMP in guinea pig cerebral cortex (13).

Shimzu aimd Daly (11) have suggested that
some of the accumulation of cyclic AMP in
brain slices produced by depolarizing agents
is mediated by the release of intracellular
adenosine. In support of this cotmc(i)t is the
observation that the effects of both adetmositme
and depolarizing agents are inhibited by
theophylline (11-13). Furthermore, extracts
of brain also produce accumulation of cyclic

AMP (14), presumably as a result of time

adenosine or adenine nucieotides in the tx-
tract-s. In mouse cerebellum adenosine (0.1
ni�m) produced marked increases of cyclic
AMP levels, but did not influence cyclic

GMP levels (Table 4). (iuatmosine (0.1 nyu)
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MINUTES

lIic 0-
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(1 mmii)

Cyclic (;M1#{176}

5 am mu K � 64 rmn K4

pmoiolos inc pro1ei�z

6±1 127±17

13 ± 3 131) ± 37
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lno - .1 - I�.j1oI ooJ .molO1(ll IOiiloC(’Ii toUt ioiios 0/ 1’. 00)0 (!/elo 1 ,4 .1/1#{176}(hod (i/eli (,‘.lI P lorols iii iil(oiis( ((iobollll no

sIlo-i i as a tu,o-too,o of toiiio

Tissuo slots wore i niouiimutooi fo on 73 mmiimu i mi Kueios-Bi nugt’r-i)i(muui)o onimut0 imtnfler. Time K� ci noon 1 rmut ion i no

tluo iioo(iii:ut loll nimoolionnn was then rmuiseol too 17 mmmii (0), 24 nut (s), 35 unit (A), 64 nut (A), or 121 ruin

(0 I. Tissiio smomlmlil(s were reuiuooveol mit vmoriotns t mimes t iieremuf ten mural extrmuct cii wit Ii t rmchlooracct ic mucid mis

dtsorii miii iii I hue I tXt - 1�esu1 Is mr-me exl)ross(ol as lielcenut ago’s (if (Omit nooh vmuliuts, winmciu weue 6 ± 0.4 amuol

12.5 ± 1 .7 fo on evol jo ( �\lP mind ovel it .-�MP, respectively. Emiciu vmrl tnt is I he uumo’mummmint! st munmolmmrd onnoou of

-1- 11 i:rnumiolos.

T.�ion.i-. 3

b/Jo l 1/1 (00/i/l !/Ili 00 (0(0 I\-ili(lO0CC(l (0(00 0(0(11(110011

/�l o .1 1/ P 01 0(1/ (7/l� (LI!!0 in ,orob(hled

do (0 --0 of nloll.-o ooobolluno

\ lo oliso -one! oil mmmii sl ices were mu- inimmut ((1 mu

Knot is - I inogen- imufier to on 61) miii mu, mind I luerm 1 ruin

I boo ojolivil no �vas udolool mis mrudmcmuleol too t ii( intO-

omit mmnnueolmummu - ;\.tt or mono mrddit ioonumul 15-mu mu inn ii-

lout 0(010 t ho F� -no-omit rot join �vas inmcnemum-l(d froommu

6 to h-I maim amid I iii Ni 000mio-(mmt rut moon wmus do-

o r-emrsooi muno to �oumvalomo t mumnoounmt . Tissue smunnmples

uomnuo you 2 mimino lot on wore mossmovod for (VII i( .-\.MP,

mlriot I boost mcmii oved 5 miii mu lot or wino mossmryod fo or

o-vlu t�IP. Lob vmrltio roirreselits tiio macmini month

sO umoolmurd onto or of tiunoo too six smimnmtilos.

(‘vclic .�\II

5 mum K 0 64 mum K

p0010104 mc p�-oIo-in

11 ± 2 149 ± :11

+ 11 ± 2 26 ± 3

diol uiomt iuufiuieumoo 1 lie hevol oif oit lieu ovelic

in uoho 0 it ii Ii

(vol i( ( i\I1� inas a�ipeuureoi to 1)0 reliuted

too tilt ohinnirgio unounort rannsmumissio ouiium imraium hi

several oxiierimmiouital nmo)dols (2�-4). Tim tint

l)reseint- systenm acotylehorhune (1---100 pui),
eit iron ahoruuo oil mu tim-� pro’so’unoo oof 0.3 n�i
esoriume, a oimohinestetase inhibitor, laihe(l to

l)rodliet a statist ioahly significaint innomease iim
cyclic ( \IP lovehs. Prior troatnietnt of time
uno ilis( teroi)elhunm shi(0s with 0.1 umm� at iii-

punt, a cotucetmt rat-mom l)uoba1)l� sufficient to
1)10)0k boot Ii mimuscmurinmio and nicortoumic chohi-

uuorgio rootptoor sitos, did not- sigumificauntly

reduce tint off ott of anmy of t hut depoiarizinmg

ageunts on cyclic (L\I P levels (Table 5).

Time efleets of K tin cyclic ( �_\I P anmd

cvchio AM P levols in corebellumuu amid cerebral

c(irto X ivort (0 iulil)aiod (Ta1)ie 6). (‘i rnmtrorl

leyols (of cyclic Ai\ IP ium iumcubato(l slices fri un

cerobta-l 0(itttX weto about time sanue as

timomso um terei)ellulum. Howevor, ovolic (�\lP

levtls uvert 6 tinmes imigimor itm(trebehlunmm timaii

Iti (0 irtox. This diflo toumoe has i)teun oiliservod

previomushv iumniupidhy fri rzen nio must brain (9).
Altiiomugiu 64 n�i K nucreasod levels oof

cyclio A\ I P anal ovoIic C \ I P iii torebral

coutox, as it did iii totoi melium, tint oimatnges

were dufforeurt- un timo two structuumos. In

oerolmolhunim 64 ummiui K iuucreastd ovohic ( 1\IP

hovels imv a�)jiIooxinuately 150 pmmuoihos urmg omf



4.9, 9.4

5.7, 6.7
121 mit K�, 5 muuinu

aO pM veratnidinie, 5 minu

1 mit oouaiiainu, 15 numini

145 ± 16 155 ± 27

170 ± 11 138 ± 11)

ls:� ± 2-4 110 ± 16

‘l’.UOLE 6

Cyclic AMP Cyclic GMP

(‘nOLIt G\IP ux nuL-’oux 4�1

proteium ium 15 mm, a 25-fold uumcrease. In

cerebral cortex 64 mui K� increased cyclic

Gi\IP levels otmly 13-fold, or 12 pmoles/mg

of proteium itm 15 nmin. The K-iumducocI in-

crease in cyclic AMP levels, in contrast,

were 3 tinmes as great in cerebral cortex as itm

cerehellunm. �\ lo)reover, in cerehehlunm cyclic
A\IP levels rapidly iumcreaseci atmd thoun fell

toward cotmtrol levels during 15 mum of

exposure to 64 n�i K±, whereas in cerebral

cortex cycho AMP levels cotutinued to rise

throughout the 15-rain exposure too 64 n�r

K�.

T.�ioi�u-; 4

Effect uif (lO/e000si000 (i)0 levels of ci,clic GUI0 onod

ot,elic AMP oo mouse cero-belloimn

Adenuosinre was added to a Suspennsiomu of nmootrse

cerebellnunm shoes followimmg an inouiiat ioonu foor 75

mini. Tire shoes were then sampled at 5 munud 20 rmuimm

tumid aSStuye(l for cyclic AMP, (ychio ( �sIP, minud

protein.

Additions to Cyclic AMP Cyclic GMP
mncunirationu nuedium

pmizoiles mg piozoles mat,’

protein protein

Nomue 11.1 ± 3.2 4ti ± 1)5

0.1 nmmn adenrosinue

5 mini 369, 304
20 mimi 298, 250

Three oointroh valtnes (mimemumus ± stmuuudmrrd

errors) are represented.

t)i5Ct55I0N

\eratridiume, ouai aiun , anti txttatehlular

crticentrations of K inn o’xooss o of usutni

phmvsiologicai levels pro oduoe deprliurization

of umervous tissue, eaoim by a (lifierent nmecim-

anism. High (‘Xtracelhular ooimoentrat ions of

K produce depomlarization liy docreasnmg

time usual large difforounoe botwoon iimtra-

cellular and extracehliular h coincentrations

(15). Veratriditie incroases time po’tummeal)i hity
of cellular nmemhranes, :uhlowiung oxtracelhular
Na� to diffuse itmto tolls (16). Ouabaiim itm-
hibits (Na� + K� )-adenosino tniplmosplma-

tase, thereby preveint iumg oxtrtusiotm of Na+
frouim cells (17). Tlmus both veratridiume aimd

Tmnor.n. 5

Elliot of (1 tropin C (i� mo-mono, lot ioo of #{176}!/#{176}-�‘#{176}-(,‘UP

ifl 1)000050 coro-bo-f/o,no

Emoclu vmmlue represents tint macmini ± stmmrudmird

error of four sanuples. Slices were incubated in
Krehs-liinmger buffer fomr 60 muminu munnd wit Ii mutropimue

as inudicated for 15 rurinm �)rion too tine a(Iolitioonu of tue

depolarizimmg agenuts.

Depolarizing agent (vclic (�sl I>

Nor .�troijoimue
muololitiooni (0.1 nun I

/moozelec mug

pro! eimz

Effect of K#{176}-conoe,otoationi omo cyclic Al!? and cyclic (LI!? lu-co-Is in 11000050 0000(0(11 -am-U.n

amrd cerebelluni

Mionuse eereI)ellum or cereiirmil cortex slices were incubated mu hrehms-B inuger i)tnfterfoor 73 nruinu , mumuol1 iuoni

tine K� (onu(emmt rat ion mm the iruconliatioonumruediunn wis inucremuseol frormru6 tom64 nrumn.Al vmurio us 0 inmmes I iuore -

after time slices were renuooveol mono! assmiyeoi foor cyclic AMP, cyclic G�s1P, mmmii! prooteini.

K 0 con- Tinuuc dcrcheiiunum
centratiomn

0,111 1,101 poizooles ?1lo,’ prom/en

(‘ercloral cortex’

Cyclic .-VMP Cyclic GM J)

0 14 ± :3 6 ± 1 9 ± 1 1 ± U - I

64 2 181 ± 18 129 ± 9 225 ± 36 7 ± 1
5 57 ± 6 163 ± 1:3 327 ± 63 11 ± 1

15 18 ± 1 149 ± 14 560 ± 41 13 ± 2

a Erich value represents tho nmuemunurout! stunodmurd error of foam saunuples.

Erich vmrhine represerut s tine nuomini muriot st muuudmrrd error tof mu rio smunrutiles.
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0 anal m:uiun 1)10 il)�l lv J)rodtice depolarization by

itmoueasinmg time intra(ellular Na� concetmtra-

tionm. 1)epo ilarizatio iii 0 of nervous tissue ill)-

i)ear� to) i)e t1(ttmfl1J)�tili0(i 1)y nmiany chmatmges of
delitihar fuumct-iommm tunici mll(tabohismn (18). These

includo ohainges orfoo’Ilular timenmbraume pernme-

aliility (19). junoreased cellular respiration

(20, 21). amid augnmenmted tmeurotransnmitter

release (22). Time last j)henomefloum nmav i)e
responnsibhe for matmy of time functiotmal and
metal t ihe alterations observed itm depolarized

nervomus tissue.

Tint mtmcreases mm ovohio GMP levels in
nmomuse cerei iellunm pro iduced by veratridine,

ouai)aiiu, atmd higim ooiuueoumtrations of K� are

mucim greater t haum amy previously reported
mm nonvoius tissue, eut-iner in u-ito or in m’ilro.

Tine present data reveal tlmat all three agents
Imavo sinmmilar effects omumcyclic GMP levels,
alt 110iugh each pro iduoes depolarization of

imervomtus tissue by separate mechanisms.

Furtimermore, thme effects on cyclic G\IP of

combiumatiomms of time agetmts at nmaxinmal con-
oenit rat jolus are uuot additive althougim sub-
maximal ci oiucentrat iiins are supra-additive.
Timeso fiuudiumgs suggost timat- the accumulation
of cyclic GMP produced by time three agetmts

is a result of a comnmomn pimenonmeumoum rather
than due tom iuidepeumdenmt- direct effects oim

(\(hit GMP sytuthmesis or degradatioim. Time

only kumoivum pimenomeumon comnmon to) all

tlnroo agents is depomlarizat-iotm. However, the

nmo(hianmism by wimicim depolarization may

tuffoot rvclic (1\IP levels is not rermdilv ap-

l)uutount.

No uroot ransmnit t or release at- time neuro-

ummusouhar juuictiotm is dependeumt on Ca�
(23), as is thio accumulatiorui of ov(hic GMP
(ii )Si rved here in Iiraun shicos. Fart hiermore,
symlapti( t-ransnmissiorn is blocked, presumrmbly

I iv inmimihit ii mu oof umeuro mtraunsmuitter release, in

rabumit superior cervical gangiia stimulated

inn soolutions comutainninig low (0.5 nm�t) Ca±±
and Inigh (20 mi\I) i\Ig� � comtmceumtra-tions (24).
(‘onmbinmations of imigim Mg1� aumd normal

(1a�0 oo)umoentratuoums or tmornmal \Ig�� atmd

looms (‘rr coruucentr:utiooums slighmtly reduco 1)ut

olom uuoot proveumt symmaptie tratmsnussioum. It

is apparount fromnm tine presetmt study timat the
sanumo to oumditions wluicim h)lOck neurotratms-
uluis..mio on itm rabbit superior cervical gatmgiia

also o prevent time aocumimulatiotm oof cyclic

( \ IP un (iO’j)(iltutiZ((h 1)ttliti sli(es. ]hhi(hS(’

Parallel (ifects of Ca�� and ‘sIg+� ii�� cyclic
Gi\IP accumulation ion del)oharized i)rain
slices and tratmsmitter release at the neuro-
muscular juumction atid immautotmomic ganghia
suggest timat time itucrease omf cyclic Gi\IP
levels produced by depolarization is sonme-

how related to the release of an intracellular

substance, perhaps ii tieurotransmitter. At

presetmt- \\�e caimimot ascertaitm whethmer time

accumulatioom of cyclic GMP is the cause or
the result of imeurotransmitter release, or

whetimer these are itmdependeimt- phenomeuma.

Our curretmt- working imypoitimesis is timat time
accumulation of cyclic CMP is mediated by

the action of a released intracellular sub-
stance iii some dells ium brain, aumd timat time
rise imi cyclic UMP could i)c caused by time
release of tin intracellular substance at time

presyumaptic nerve enditmg omr could result
from the iumfluence of the released suh)statmce

oim adja-cetmt- cells.

Some preliminary attempts to ideumtify

this proposed substaimce were made. Ademmo-
sine, whioh supposedly mediates time ac-
cumulation of cyclic AMP in depolarized
nervous tissue, does not- seem to i)e respon-

sible for the accumulation of cyclic GMP.

Time findimmgs that acetylchmolutme (lid not pro-
duce a signiflcatmt elevatiotm omf cychi( Gi\IP
and that atropitie did not- h)lock time ac-

cumulation of cyclic G?sIP produced by time
depolarizing agents iumdicate that released
intracellular stores of acetyichohiume probahily

hma-ve no major role in time mecimanisms

underlying the effect of depolarizing ageumts

on cyclic GMP levels.
It w.tms surprising to find timat acetylchoiine

did imot produce aim accunmulatiotm of cyclic

G�’sIP iii mouse cerebellum. Previously we
observed that oixotremorine, a centrally

actiumg duo ihinergic ag(nt, products aim eieva-

tioni of levels of � GMP itm mouse core-

behlunm in inn. Perhaps the effect of oxo-

tremoriume is not mediated by aim iumtrinisic
cerebelhar cimohumergic mechanism. Thm( re-

sults of time preseumt study also are umot ((itm-
sistent- wit-hi time observatuomms of Lee (‘I al

(4), demoumstrat-itmg that acetylcholiuno’ and
otimer chmolnme esters produce an aocumulation

of cyclic (�I1� itmshoes oif rabbit- cereimehlum.

Possibly thuis discropauucy represetmts a species

(huff eretmce.

i\Ianv substauicts have been demo must rated
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to produce diverse effects on time levels tif

cyclic GMP and cyclic AMP in several

tissues (1, 2, 25). These ohservat-ioims have
led to time proposal that time two cyclic
nucleotides may have opposing effects on

some cellular metabolic processes (25). High
concentrations of K+, uimlike most otimer
substances which influetmce cyclic nucleotide
coimcentrations, increase levels of hot-h cyclic
AMP and cylic GMP in brain, however. It is

conceivable that the increases of cyclic AMP

and cylic GMP t-hat we observed here did
not occur in the same cell types. Possibly
cyclic AMP levels increase in a cell popula-

tion in which cyclic GMP levels fall or do

not change. An alternative possibility is that
the two cyclic nucleotides may increase in

the same cell population, but, rather thman

having opposing actiotms, they may influence
separate mechanisms.

Although high conceimt-rations of K� in-
crease levels of cyclic GMP and cyclic AMP
in mouse cerebellum, the characteristics of

time K+�induced accumulation of the two
cvlic nucleotides are very different. We have

observed the following major differences:
(a) cyclic GMP accumulation is induced at-

a lower level of K+ than that necessary to

produce accumulation of cyclic AMP; (b)
following K� stimulation, cyclic GMP levels

iimcrease more slowly than do cyclic AMP

levels, and remain elevated for a much

longer period; (c) the time course of the I�-
induced accumulation of cyclic GMP is un-

affected by the K± concentration, while that

of cyclic AMP is markedly influenced by K�
concentration; (d) the K+�induced accumula-

tiomn of cyclic A1�IP is inhibited by

theophylline, hut that of cyclic GMP is not.
These findings indicate t-hat the accumula-

tioum of cyclic AMP and cyclic GMP produced

by high concentrations of K� are mediated
by different mechanisms, and offer addi-
tional proof that the two cyclic nucleotides

probably have different roles in the central
nervous system.

The present study demonstrates that time
effects of high concentrations of K+ on cyclic
AMP and cyclic GMP levels in cerebellum

are strikingly different- from those in cerebral

cortex. It appears that the effects of other
agents on cyclic tmucleoitide levels are also not-
uniform throughout time central umervous

system (2, 26). These findings are difficult- t-o
interpret in the liglmt of our presetmt itmcom-
plete understatmciiimg omf time individual roles

of cyclic AMP and cyclic GMP in umervous

f-issue. They may reflect- atm unevemm distrihu-

t-ioim and a variable involvement of time cyclic
nucleotide systems amotig time several mor-
phologically and functionally distinct- popu-

lat-ioims of cells in the central Imervous system.
Although no irmformation is available eoum-

cernitmg time cellular localization of time cyclic
GMP systems, in support of t-hmis argument
are time findings of Bloom et al (27), demon-
strating wit-h time use of fluorescent antibody
localization techniques that cyclic AMP can

he visualized oimly in Purkinje neurons and
granule cells in rabbit cerebellum.
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