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SUMMA Ri�

fhse effects (of various nseurohormomses and other chemical agents 011 imstnacellular levels of

ademsosimse cyclic 3’ , 5’-monophosphate were evaluated in surface cultures of fetal rat brain

cells. Imeatmemst- (of cells with dopaminie, prost-aglandins F2a ,5-hydroxytryptamine, or KC1

\\��55 without effect on cyclic AMP levels. Increases were found following exposure to adeno-

sine, prostaglamidus L1 , isorepitsephnme, or isoproterensol. The catecholamsnes were con-

Siderah)ly more effective thsan the oither compoutids, causing up to a 100-fold inscrease in

cyclic A�\1P comstenst. This maximal response was not affected by 1 mu theophyllinie, was

blocked by the beta adrenergic anitagomsists sotalol and dichloroisoprotereisol, aisd was

maximal after .5--IS mins of exposure of the (ells too the catecholamine. The response to

isoprotemeisol d(v(l(iped (hsriisg culture; its n’iagniitude mcreased to a maximum after about

14 (lays �t1 culture.

NTIt()1)U(TION

A(lenosimse (V(hi( 3’ , 5’-n’sonsophsosphat.e

ila�s a. significanit- role in the regulations of
difleremitiat-ed fumict-ionis of many tissues.

Slice pnepal’ati(inis from mammalian brain

accumulate cyclic A \ IP mt racellularlv when

treated wit-h some l)utat-ivo’ iseurot-ranismit-

ters amid other chemical agensts (1, 2). Be-

cause of the extreme heterogeneity of brain

as it tissue, it is ththcult- tO) correlate ac-

cumulationis of the (V(h( nucleotide with

I mint ial point iomis of this i�o ink were performed
whilo 1 )n. Gilmami was a Research Associate,

Phamm:s:icologv-Toxicolog Program, Nat iomsal mi-
slit ut e of ( enien�tl Med ioal Sciemices, womki mug iii the
Lalnonat mv (of Bi o(hemni(al ( eniet us, Nat i(onlal

lIeart anal Lonmig I mist it oit e. Lat ten pont ionis were

�onp�)o rI 0(1 h� Unit eu States Public I leal t Ii Service

Gnamit NS 10193-01.

speoialized activities of individual cell types.
Recently (ychio A\ I P concenstrationis have

been determined in clonal lines of mouse

neun’oblastoma (3) amid rat ansd human

glioma (4, 5) cells. Its the glial ((11 lines,

cyclic AMP levels found ins 1esl)Onsse to

t-reat-menst with msorepinephrine and isopro-

terenol w-ere much greater than those seen in

brains SliN preparations from the same

speoies. This suggested that ghia may be re-
sponsible for a large proportions of the ac-

cumulation of ovclic AMP stimulated by

beta adrenergic effectors in brain, although

tumor cells may not accurately reflect normal

glial function.

It has beeni sisown (6) that cells from

normal brains of fetal mice in reaggregation

cultures aocumulat-e cyclic AMP in response

to) catecholaminses, ins a. mannen similar to
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brain slice l)roParations. Such cultures pre-

sumably (ontaimi relatively natural I)t�0l)01-
tio)mis of mseuronal ansd ghial cells, arid nulti-

j)licnttioli of most ni all ((115 is limited (7) . Its
comst-rast, (tilt-lire of brains cells on polystyrene

surfaces results ins a manyfold increase ins

((‘115 (5, 9) . Its both systems the niairstenian(e

ars(l/or (levelopnutlit. of certain biochemical
amsd morplsologi(al (hara(t-eristi(s has be’n

det5iOIssttltt(’(l (6-i 1) . Surface cult-uros (of

cells fron’s riorn�al n�an�mahians brains could

ultin�at ely oiler thie potoist intl for detein�iiiinsg
the cyclic A\l P responses of insdividual (elI

types, 05 \\.(tII as ths(’ n�)l(’(ular evensts prior

tL15(l subsequent- to thes( responss(s. As a first

Stej) toward tlsOs(’ goals, this work I)10’50’tit-s

data Ott the a((un�ulations of cyclic A\l P by

(ultures of ulsj)tsm.ifi(el ((115 front fetal mat

bra-imi ins responss( to eatecholns mimics and

other agonists. Tlsese responses were qualita-

tively similar to thsose of mat. brain slices (12),
but. the magnitude of the catechsolaminse ne-

SpOflse lipproachied that ims culture(l glial

tunior ((‘his.

.\l.-tTEUI.-� Ls A NI) ii ETt-LOl)s

J?at brain cell cultures. \Vhsole brainis of

Fisher mat fetuses (3. 1-4.5 g its body weight
20-- 21 (lays of gestations) were obtained amid

dissociatod t() simsgle (ells by sievimsg, as

I)leviously described (9). Thie tissue was
cxi omessed through i a single t-hi(krsess of

210-�.um�poie �\itex nylons mesh (10th (Toblor,

Ernst amsd Traber, Eln’isford, N. V.) insto
isoosmot-n solutions D (5). The resulting

suspensions of cells and cell clumps was t-hsers

filtered by gravity � t-hirougls a single

thi(knsess of I 30-/1m-pOre Nitex cloth. (‘eli

nit mbet anid viability were d(t ermi nt (1 its

described (5). Cells were insoculated insto 60-

mm-diametei (21 cm2 surface area) Falcon

polystyrene cit It-tire dishes, at the deissities

given f(or the inidivi dual experiments, wit-li

3.5 ml/dish of 90 � 1)ulbecco-Vogt modifica-

tuons of Eagle’s medium (Grand Island Bio-
logical (‘orporatiomi), 10 #{182}�fetal bovine serum

(Colorado Serum Company), 10 unsits -ml �of
sodium P0’fl1(illiri G, arid 10 ��g/ml of strep-

t-on�ycims tutnlfat e. 1)ishes were incubated in ans

atmosphere of 10 % C02-90 % air at 370 amid

95 #{182}‘�humidity. Careful at-tenitions to itso�u-

hat ioms ptoce(iUres (13) resulted its ± 10

repro)du(ibihit-v ins proteini (omitelst nine! (hiolimse

aoet-yitranssferase a(tivity of rephi(ate (uI-

tures. \Iedium ohanges ��ere I)(’rformed on
the fourth day in (ultinr(, every second day

thereafter, amid 16-24 hii� before (‘Roll Isor-

nio�mse incubat-jomi.

hormone incubatiomis. 1)ishses atid t heir
(o)tit(’tits \V(’I�(� \Vttshed twice with .5 n�l of
n_s( ‘(liii m 1 ( I )ulbecco-Vogt minsinuil essential

Iii(’(hiUfl’I �vithsottt- serun�, antibiotics, or glu-

t aritimse) at IO)( )fl�i t en�peratu re. Aft-er removal

of the se(OIld �vaths, 4 n�l of mediuns 2

( nsediumn 1 without NaH(103 , bitt (ontainnnsg

2.5 n�in V-2-hiydroxyet-hsylpiperazine-1V ‘-2-

ethsals(suifonsi( �tci(1, j)I’I 7.2, �vit.hs or without

1 fl5.\t t-hsoophiyilitse) ivere added to) entohi disis.

�1’hse tlishies � inscubate(l for 30 mm in it

(OVeIo’(l 37#{176}� bat-h. Hormonses or other

(hien-iio�tl agensts \ver(’ t.hieti added to) the

dishes. After a further 15-mimi incubation
(except where itsdi(ated), the medium \\.��5

i. moved ans(i I mnsediiit( ‘Iv replaced �vi ti

1 .0 ml of ;5#{176} (w v) trichiloroacetic acid.

Tins arid a seconsd 0.5-i .0-ml t-richloroacetic

aci(i wash were allowed to extract cyclic

Ai\ I P ati(l o)ther soluble materials from the

(ells fom a tOtlil (of 15 -30 miis, amid thie tn’i-
chiloroa(eti( it(id (‘Xt-r�t(t-5 were t.iseii as-

saved for cyclic A �\I P content. as I)r(’viousl�

reported (14) . Valuos obtainsed (is replicate

(hshses were wit-hits 15 of thse mean.

The material precipitated ons the culture

disises was (lissolved ins 0.2 x Na( )H amsd

assayed for proteins by ths( m(t-hiod (of Lowry

ci al. (1.5).
Whets the (fleets of bhockinsg ageists were

evaluated, thie blockiisg agetst \VttS Plit(e(l iii

the (lisli after thu 30-mini mnscub�ttions with

medium 2 amid t-hieophsvlline. After uusotIser

10 miii (of ims(ubation, hormone addition amid

amsahvsis proceeded as before.

Choline acetvit rarssferase a(t-ivity ins the

(llItUI(’5 \VttS (l(t(rfl’simse(Iby the method of
Schiriem and Shsuster (16), as modified by

Wilsons et al (5).

RESULTs

The effects of several nseurohsorm )t its ansd

other chemical agents oti brain cells (ultured

for 2S days ate shown mi Table 1. The c�clic
AM P levels were it5(1(�ts(’d more thans 50-fold

after treatment with a high (onscent rat-moms (of



Hormone

on.ut pnzoles/�ng protein

was approximately 90 times that in control
cells.

The response to isoproterenol was maximal

after 5-15 mm of exposure to the catechol-
amine in the presence of theophylline (Fig.
2), and the cyclic AI\IP concentration was

still approximately 20 times the control

levels after 60 mm of incubation. It has not
been determined whether theophylline pro-

longs the response to isoproterenol.
A comparison of the relative activities of

dopamine, norepinephrine, and isoproterenol
(Table 2) revealed that dopamine was es-

0 7 sentially ineffective in raising cyclic AMP
0.1 407 levels in this system. This result was in
0.1 6 keeping with its effects reported to date in
0.1 85 brain slices (1). While it was apparent that

5 norepinephrine was very effective in stimu-
7 lating cyclic A�-iP accumulation in this

211 system, the level of cyclic AMP attained

6 with 1 �i norepinephrine was only 18 % of

0. 1
40�
0.003
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T.unLE 1
Effect of chemical agents on cyclic AMP levels of

cultured fe/al rat brain cells

Brains cells from 19-20-day-gestational (3.11-g)

fetuses were plated at 1.5 X 106 viable cells 60-mm

dish arid grown for 28 days. 1)ishes were incubated
without theophylline, amid the cyclic AMP con-

tents and protein were determined as detailed in

the text. Each value represents the average of two

dishes.

None

l-Isoproterenol
Histamine
Adenosine
5-Hyd roxytrypt anii tie

KC1
Prostaglandin E1
Prostaglandin F�

Concen-
tration Cyclic AMP

a Medium 2 (see MATERIALS .-�ND METHODS)

diluted to 260 mOsM with water and KC1 added to

40 m� and 340 m0s�u.

isoproterenol, 12-fold in response to adeno-

sine, and nearly 30-fold after prostaglandin
E1 exposure. Histamine, KC1, serotonin, and

prostaglandin F2a were ineffective in this

experiment, although histamine did appear
to stimulate cyclic AMP accumulation

slightly in another experiment performed at

an earlier time in culture. The nature of the

responses to adenosine and prostaglandin E1,

and the significance of the histamine re-
sponse, will be evaluated in a subsequent
report.

An evaluation of the effects of various

concentrations of isoproterenol with and
without theophylline (Fig. 1) show-ed that
the maximum level of the response was un-
affected by the presence of the cyclic nucleo-
tide phosphodiesterase inhibitor. This sit-
uation is reminiscent of that in brain slices,

where such effects of thieophylline are not

apparent, despite the high levels of phospho-

diesterase in the organ (1). At low concen-

trations of isoproterenol (10-30 mu), theo-

phylline potentiated the effect of the eate-

cholamine 2-fold. The maximal concentra-

tion of cyclic AMP seems in this experiment

Fm. 1. Effect of isoproterenol and theophylii-n-c

on cyclic AMP levels

Brains cells from 20-day-gestatioual (3.6-g)

fetuses were plated at 4.7 X 10� viable cells/60-
mm dish, grown for 14 days, and tested for ademso-

sine cyclic 3’ , 5’ -monophosphate (cAMP) response

to various concentrations of l-isoproterenol (15-
mm incubation), with and without prior inctiba-

tion with theophyllinse, as described in the text.
Each point represents a single dish.
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that seen wit-h the same concentration of

isoproterenol. These data are consistent with

the hypothesis that the effect is mediated by

beta adrenergic receptors.
Various adrenergic blocking agents were

also employed to determine their effects on
the isoproterenol stimulation of cyclic AMP
production (Table 3). The alpha adrenergic

blocker phentolamine appeared to have little

effect on the response, while two beta adre-
nergic blocking agents, sotalol and dichioro-

isoproterenol, caused significant inhibition

at 1 /hM and nearly complete inhibition at
100 .uM concentrations. Dichioroisproterenol
appeared to be somewhat more potent than

sotalol, and the relative potencies of the
antagoniists were very similar to those ob-
served with glial tumors (4). This result

confirmed the involvement of beta adrenergic
receptors in the response.

The response to isoproterensol was evalu-

ated at several different times during the
development of fetal brain cells in culture

(Fig. 3). In agreement with the data of
Schmidt et al (12), no effect of isoproterenol

was seen with cells prepared from embryonic

TulLE 2

Comparison of effects of i.soproterenol, norepineph -

rine, a-nd dopamine on cyclic AMP

levels of cultured rat brain fetal cells

Brains cells from 20-day-gestationsal (3.69-g)

fetuses were plated at 4 X 10� viable cells/60-rnm
dish ansd growms for 14 (lays. Cultures were incu-

bated first with theophylline amsd then with the
indicated compound, and finally were assayed for
cyclic AMP content and protein as detailed ins the
text. Each value represensts the conitent of one
ctilture (fish.

Increase
Concen-Hormone . Cvcln� AMP over
(ration -

control

l-Norepiniephrinic 0.01

/A W pouzoles/ng -fold
protein

0 10

0.01 12
0.1 13
1 19

0.1 15 2

1 162 17

0.01 28 3
0.1 658 69

1 891 94

0 20 30 40 50 60
Time (mm)

FIG. 2. Time course of response to isoproterenol

Brains cell cultures like those described in the

legend to Fig. 1, at 14 days of culture, were incu-

bated first with 1 m�t theophylline amid then for
0-00 mims with 100 �it l-isoproteremsol and theophyl-

line, amid assayed for adeniosimse cyclic 3’,5’-mono-
phosphate (cAMP) levels and protein as described

in the text. Each point represents the average of

two dishes.

brain. However, a significant response was

present by the third day of culture, and the

magnitude of the response (ontinued to
increase until about 14 days. Interestingly,
the increase ins the “specific activity” of the
response paralleled the increase in the total

protein of the cultures.
The activity of choh flC atetyltransferase

was determined in four of these replicate
cultures at 14 days. This was done to show
that these cultures were similar to fetal rat

brain cell cultures previously described (9).
The specific activity of the enzyme was 193

pmoles/min/mg of I)rotein, which is con-
sistent with the value anticipated at this

plating density.’

DISCUSSION

The data report-ed above show- that mixed

cell populations from fetal rat brain, grown
in surface culture, respond to treatment with

catecholamines, adenosine, and a prosta-
glandin with marked increases in int-ra-

1 D. L. Shapiro amid B. K. Schrier, unpublished

observations.
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The cultures described ins the legend to Table 2 were used mi this study at 14 (lays. Levels without

bloockimig agent , with nor without isopr(oteremsol, each represent the average of two culture dishes. ()t her

values represemit simigle culture dishes for each determinations.

Increase over .
Blocking agent C oncentration l-Isoproterenol C vchc AM I Inhibition- control’

(1 �sii) p,noies/m,�’ protein :fold Yr

N( omie

None 77

Hegitimse 1 1

1(X) 1

53 20
#{182}13

�(otIt1(ol�’ 1

49 25

3 96

I )ichloroisoprot ereni(ol 2

2
16 65

1 98

Levels without isopr(oteremi(ol are compared with (omit rol incuhatiomis without blocking agents (or

isnoproterenol. Levels due t(o isoproteremiol plus a blocking agent- are compared with those for the cur-

responding concent rat non of blocking agent alone.
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cellular concentrations of cyclic A�1P. The
stimulation by catecholamines appeared to

be mediated by beta adrenergic receptors and

was similar ins many respects to that ob-

tained with ghial tumor cells. The patterns of
development of the oatecholamine response
in these cultuies mimi(ked that reported for

rat brain slice preparations.

The cultures studied here presumably

contain all the tell types of brains, including

glial cells, iseurons, anid some fibroblasts of

meningeal origin, as demonstrated by bio-
chemioal and morphological examinationis’

(8, 9). The degree of representation of cads

of these cell types in surface oult-ures varies

at least wit-hi inoculation denssity, time iii

culture, and age of the source animal,’ and

cannot be reliably determinsed wit-h methods

preseistly available. Thse specific activity of

choline acetyltranisferase (presumably a iieu-

ronal market) in the cultures of Fig. 3 was

nearly twice that of brain honsogenat-es from
19-20-day rat fetuses (9), inidicating a sig-

nificant representations by cells produciisg

this activity. However, the cells for these

(ultures were obtained from fetuses close to

parturition, an age at which much neuronal
multiplication ut viva ha-s been completed

(17, 18) and a rapid inscrease in the glial to

neuron ratio has beguis (19). It is therefore
reasonable to assume that accumulations of

protein ansd cells in surface cultures obtained
from such animals were due in large part to

ison-neuronsal tell types, probably including

glial cells. Hensce, in culture, as opposed to

the situations in rico, a relative abundance of

glial (ells over neuronss would be anticipated.

In contrast, ins reaggregated brains tell cul-

tures, ins w-hich little cell division occurs, the

proportions of (eli types probably are similar

to those of isormal brain. Support. for this

hypothesis is found ins (omparinig the specific

activities of t\V() enzymes responsible for

nseurotransnsit.ter synthesis, choline acetyl-

transsf erase and glutamic aci(l decarboxylase,

both of which reach higher levels ins normal
brain arid reaggregat-ion (ultures (7) than in

surface cultures’ (8, 9). That surface cultures

showed a mu(is greater (at echiolamine-stimu-

lated accumulationi of cyclic AMP than

414 GILMAN ANI) SCHRIER
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2 A. (I. ( �ilmssami , nnnipniblished 0 obsenvat loomis.

Fna. 3. 1)evelopinent of response to isoproterenol

during culture

Brmsins cells from 21 -dav-gestatiomsal (4.8-g)

fetuses were plated at 4 X 10� viable tells 60-mm

dish, grown, amid teste(1 for adenosimie (vclic
3’, 5’-momiophosphate (cAMP) responses as (Ic-

tailed inn the text. All preliminary incubat ions ins-

eluded 1 ni�t theophyllinw. The /-isoprutereniol

concenit rat ions throughout was 10pM. #{149},is(opro-

tereniol-treated cult tires; 0 ((omit r(ol dishes; each

point represents the average of two cultures. �,
proteins (omit emit per dish; cmli p(oimst represents the

average of four nor eight (14-day puimit ) dishes.

either brains slices or reaggregationi cultures

supports the contenstion that this respomsse in
brain is mediated to a large extent by glial
tel Is. Cultured fibroblast-s have occasionally

been found to show small stimulat-ory effe(ts

of catecholafl)ities on cyclic AMP levels2

(20), but stimulatory efiects of prost-a-

glandinss are usually more prominent (20, 21).

The characteristics of the responsse to

(at echolamine were strikingly similar ins

surface cultures of braini cells and glial

tumor tells (4). Sits(e the braims cells were

not traissfommed ins these cult-tires, t-hse simi-

larities may be adduced as evidensce ins favom

of t.hse catechsolaminie Iesj)onise as a (hf-
feremst.iat-ed function ins the glial t.timor tells.

Further support is lemst. to this argumemit by

the similarity of the t-ime-dependeist- tie-

velopmenst of this i.espomsse in brains cell

cultures amid braims slice preparatiomis.

�\msot.lser importamst. featti re of thi� surface

(ult-ume system would tLl)l)(�it� to be the large

tesl)Omises to adeniosinie amid to j)tostaglansdini

� , neither of \Vlsi(hi \\�a.s fouisd its the glial

(10)15(5. Fxperimemit s in progress, usimsg the

j)resemitly available syst(ms as �vel[ as more

J)t1 mifi( (1 preparatiomss ( of n( rmal t50UI( 0155 amid
ghia, ma� hselp to assigms sJ)e(ifi( mC5I)OIlses to

itsdividual cell t.v1)(s of the niixosl toll

cultures arid of thie mservous system. Ihsese

orucial steps may help to deciplior the

metabolic arid/or fumirtionsal role(s) of cyclic

A)1 P ins the braims.
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