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Characterization of noradrenaline-stimulated cyclic GMP
formation in brain astrocytes in culture
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Cyclic GMP accumulation induced by noradrenaline in astrocyte-enriched primary cultures from rat cerebrum involves
synthesis of NO, as evidenced by the competitive inhibition exerted by the NO synthase inhibitor NG-monomethyl-L-
arginine (IC50 = 3 Furthermore, the noradrenaline effect was potently inhibited by haemoglobin (IC50 = 25 nM) and
potentiated by superoxide dismutase, indicating that NO4 synthesis and cyclic GMP formation may occur in different
subsets of astrocytes. Investigation of the receptors implicated by using selective adrenoceptor agonists and antagonists
indicates that about 75% of the NO-dependent noradrenalilne response is mediated by a1-adrenoceptors and the rest by
,?-adrenoceptors, with no evidence for potentiating effects between the two receptor types. This noradrenaline effect
appears to require Ca2+ entry, since it is strongly dependent on extracellular Ca2+ but is not affected by conditions that
will abolish intracellular Ca2+ mobilization (incubation with neomycin or pretreatment with carbachol) Inhibition by
pretreatment with pertussis toxin is in agreement with involvement of the a1 -adrenoceptor subtype in this Ca2+-
dependent effect. However, implication of an unknown az-adrenoceptor subtype cannot be disregarded, because a similar
inhibition is exerted by the presumably selective alB- and a1c-adrenoceptor bl'ocking agent chloroethylclonidine.
Treatment of the cultures with the protein kinase C activator phorbol 12-myristate 13-acetate inhibits to a great extent

the noradrenaline-induced cyclic GMP formation.

INTRODUCTION

The ability of noradrenaline (NA) to stimulate cyclic GMP
formation in nervous tissue in vitro and in vivo has been known

for a long time [1,2]. However, as for other neuromodulator
substances that induce this same response (i.e. excitatory amino
acids), little was known until very recently about the cellular
location and the mechanism involved. In early studies, two
characteristics appeared common to most agonist effects, i.e. the
loss of stimulation in cell-free systems and the dependency on

extracellular Ca2+ [1]. Since the guanylate cyclases described
(soluble and particulate) did not require Ca2+, an indirect
mechanism was invoked, and the participation as intermediates
was suggested of compounds able to stimulate cyclic GMP
synthesis in broken-cell preparations, such as unsaturated fatty
acids and reactive oxygen species [3].

In 1988, Garthwaite et al. [4] described that stimulation of
cerebellar cells with glutamate or N-methyl-D-aspartate released
a vasorelaxant substance with properties similar to the endo-
thelium-derived relaxing factor ('EDRF') identified as NO. This
compound was responsible for the associated increases in cyclic
GMP in target cells, presumably through stimulation of soluble
guanylate cyclase by interacting with its haem prosthetic group
[5]. Formation ofNO from L-arginine in the presence ofNADPH,
accompanied by stimulation of soluble guanylate cyclase, was

soon demonstrated in brain cytosol [6], and both processes were

shown to be inhibited by N0-monomethyl-L-arginine (L-NMMA)
and haemoglobin. NO synthetic activity is present in all brain
regions studied, but is particularly enriched in the cerebellum [7],
from where it has been purified [8,9]. This brain NO synthase is
a constitutive and soluble enzyme that requires Ca2+-calmodulin,
like one of the endothelial isoenzymes [10]. The rat cerebellar NO
synthase has been recently cloned [11] and, although only one

enzyme has been described, other isoforms may exist, as suggested
by the biphasic inhibition curves for L-NG-nitroarginine observed
in immature cerebellum [12]. Histochemical staining using anti-
bodies raised against the purified enzyme indicated an association
with discrete neuronal populations and vascular endothelium,
but not with glial cells [13]. On the other hand, since astrocytes
contain high levels of the soluble nitroprusside-sensitive guanyl-
ate cyclase [14], these cells were suggested as targets for the NO
released by neurons [15]. However, astrocyte primary cultures
are able to release NO in response to agonists [16,17], as well as

by induction of a Ca2+-independent NO synthase activity [18].
Moreover, we recently showed stimulation ofL-NMMA-sensitive
cyclic GMP formation in cultured astrocytes by NA and
glutamate [19,20]. The NA effect, which seemed to be partially
mediated by al-receptors [191, was not observed in neuronal
cultures [20], thus indicating that astrocytes are probably the site
of the NA-induced cyclic GMP formation that occurs in brain.
The purpose of the present work was to characterize further the
molecular mechanism and the receptors involved in the gener-
ation of cyclic GMP induced by NA in cerebral astrocyte
cultures.

MATERIALS AND METHODS

Materials
Dulbecco's modified Eagle's medium and foetal-calf serum

(FCS) were obtained from Flow Laboratories. Cyclic [3H]GMP
(33 Ci/mmol) was from New England Nuclear. Chloro-
ethylclonidine was from Research Biochemicals Inc. NA, car-

bachol, phenylephrine, clonidine, L-isoprenaline, D-isoprenaline,
DL-propranolol, prazosin, yohimbine, neomycin, forskolin, phor-
bol 12-myristate 13-acetate (PMA), L-arginine, L-NMMA, 3-
isobutyl-1-methylxanthine (IBMX), Hepes, haemoglobin, super-
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oxide dismutase and peritussis toxin were from Sigma. Anti-
(cyclic GMP) antiserum was kindly provided by Dr. B.
Hamprecht (Physiologisch-chemisches Institut der Universitat,
Tiubingen, Germany).

Cultures

Astrocyte-enriched primary cultures were prepared from
brains of newborn Sprague-Dawley rats as previously described
[21]. Briefly, brain hemispheres were dissociated into single cells
by successive passages through nylon cloths of 211 ,tm- and
135 gttm-mesh openings. Cells were suspended in culture medium
(90% Dulbecco's medium, 10% foetal-calf serum, 20 units of
penicillin/ml and 20,g of streptomycin/ml) to a concentration
of 0.6 x 106 viable cells/ml. Portions (2 ml) of the suspension
were seeded on to 35 mm-diameter plastic Petri dishes and
incubated at 37 °C in a humidified atmosphere of air/CO2 (9: 1).
Culture medium was renewed every 7 days and cells were used
after 14-18 days in culture. Indirect immunofluorescence tech-
niques revealed that more than 90% of the cells present in the
cultures were glial fibrillary acidic-protein-positive and less than
5% were neuron-spe'cific enolase-positive.

Cyclic GMP formation
Cyclic GMP formation was determined as described in [19].

Culture medium was removed and the monolayers were washed
twice at 5 min intervals with 0.9 ml of incubation medium
containing 118 mM-NaCl, 4.7 mm-KCl, 2.5 mM-CaCl2, 1.2 mM-
MgSO4, 1.2 mM-KH2PO4, 10 mM-glucose and 20 mM-Hepes,
pH 7.4, unless otherwise indicated. Cells were preincubated at
37 °C for 5 min in 0.9 ml of the same medium (with receptor
antagonists or inhibitors when used), before the reaction was

started by adding 100 ,ul containing IBMX (1 mm final concn.)
and agonists. Incubations were run for 3 min unless indicated,
and reactions were terminated by aspirating the medium and
adding 0.5 ml of ice-cold ethanol. The ethanol extract plus an

additional 0.5 ml of ethanol used to wash the plates were

evaporated. After resuspension ofsamples in 5 mM-acetate, cyclic
GMP was quantified by radioimmunoassay [22] using acetylated
cyclic [3H]GMP. The antiserum used showed 3 x 104 times more
affinity for acetylated cyclic GMP than for acetylated cyclic
AMP. Protein was determined by the method of Lowry et al.
[23].

Pretreatment of the cells with pertussis toxin (300 ng/ml,
18-24 h) or carbachol (1 mm, 60 min) was carried out under
regular culture conditions, and pretreatment with PMA (0.2 4uM,

15 min) or chloroethylclonidine (100/,M, O min) was in in-
cubation buffer at 37 'C. In all cases monolayers were washed
with incubation medium after the pretreatment period, and
experiments were performed as described above.

Solutions of haemoglobin from Sigma (type I) were used to
prepare methaemoglobin and haemoglobin by treatment with
sodium dithionite or potassium ferricyanide respectively, as

described by Martin et al. [24]. The relative enrichment of the
methaemoglobin and haemoglobin preparations was assessed
spectrophotometically. Solutions were maintained at -20 'C for
a maximum of 14 days.

Analysis of data
Concentrations of inhibitors producing half-maximal inhi-

bition (IC50) were obtained by fitting the data from inhibition
curves to the Hill equation by using the BMDP AR non-linear
regression program implemented on a VAX 11/785 system. The
inhibition constant (K) for phenylephrine was determined from
the IC50 value by the relationship K4 =IC50/(1 + [NA]/EC50),
where the EC50 value for NA (concentration evoking half-
maximal effect) was 1.21 #m [19].

Experiments were always performed in triplicate, and results
are expressed as means + S.E.M. when three or more experiments
were performed, or as mean + range of duplicated experiments.
Statistical evaluation of results was performed by Student's t test.
Differences were considered statistically significant when
P < 0.05.

RESULTS

NA stimulates the formation of cyclic GMP in rat cerebral
astrocyte-enriched cultures in a time (max. at 1 min)- and
concentration (EC50 = .1.21 #M)-dependent manner [19]. In the
presence of the phosphodiesterase inhibitor IBMX (1 mM),
10 ,#M-NA raised cyclic GMP from 206+ 15 to 944+ 60 fmol/mg
of protein (n = 20). Increasing concentrations of L-NMMA, a

competitive inhibitor ofNO synthase, eliminated 80-90% of the
NA response (Fig. la), with an IC50 of 3.1 + 1.0 um (n = 3).
Inhibition produced by maximally effective concentrations of L-

NMMA was reversed by increasing the concentration of the
substrate L-arginine (Fig. lb). Concentrations of L-arginine that
decreased the L-NMMA effect by 50% were very similar to the
concentration of L-NMMA present (146 ,UM with 100 /M-L-

NMMA, n = 1; 36 + 3/M with 30 1sM-L-NMMA, n = 2), in
accordance with a competitive inhibition. As shown in Fig. 2, the
NA-induced cyclic GMP accumulation is also inhibited by low
concentrations of haemoglobin (IC50 = 24.7 + 0.7 nm, n = 2), a

molecule known to bind NO with high affinity, whereas met-
haemoglobin, which has a much lower affinity for NO, exerts only
a small inhibition. On the other hand, preincubation for 5 min
with superoxide dismutase (10 units/ml), which has been de-
scribed to increase NO half-life, approximately doubled the
effect of NA without significantly affecting basal levels (Fig. 3).
The selective al-receptor antagonist prazosin was previously
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Fig. 1. Inhibition of NA-stimulated
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cyclic GMP accumulation by

Astrocyte cultures were preincubated for 5 min with increasing
concentrations of L-NMMA (a) or with 30 1M-L-NMMA and
increasing concentrations of L-arginine (b). Afterwards, 1 mM-IBMX
(basal) or 1 mM-IBMX plus 10 gM-NA (stimulated) were added for
a further 3 min. Reactions were stopped and cyclic GMP was

determined as indicated in the Materials and methods section.
Results, expressed as percentage of the NA effect in the absence of
additions, are means + S.D. of triplicate determinations in a rep-
resentative experiment that was repeated twice with similar results.
Cyclic GMP levels in basal (1 mM-IBMX) and stimulated (1 mM-
IBMX plus 10 1sM-NA) cyclic GMP levels were 195 + 23 and
708+ 126 fmol/mg of protein respectively. L-NMMA and L-arginine
had no significant effects on basal levels, and L-arginine did not
affect NA stimulation.
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Cultures were preincubated for 5 min with increasing concentrations
of haemoglobin (@) or methaemoglobin (0) before incubation for
3 min with 10 FM-NA. Results, expressed as percentages of the NA
effect in the absence of additions (C), are means + S.D. of triplicate
determinations in a representative experiment that was replicated
with identical results. Basal and stimulated levels were 162 ± 28 and
830+64 fmol/mg of protein respectively. Haemoglobin and
methaemoglobin did not affect basal levels.

Table 1. Effect of adrenergic agonists and antagonists on cyclic GMP
content

Cell cultures were preincubated with antagonists at 37 °C for 5 min
before incubation with 1 mM-IBMX in the absence or presence of
agonists for another 3 min. Results, expressed as percentage of the
effect elicited by 10 FM-NA in each experiment, are means +S.E.M.
for the numbers of experiments indicated in parentheses, performed
in triplicate in different culture preparations. Basal (with IBMX)
and NA-stimulated (IBMX plus NA) cyclic GMP levels were
201+12 and 957 +49 fmol/mg of protein (n = 17) respectively.
Basal levels were not significantly affected by any of the antagonists
used.

Cyclic GMP
Compounds (% of NA effect)

NA+yohimbine (1 ,UM) 101+5 (3)
NA+propranolol (I ,UM) 68±4 (6)
NA+prazosin (I ,tM) 41+6 (5)
NA+ propranolol (I sM)+ prazosin (I #M) 26±7 (2)
NA+chloroethylclonidine (100 ,UM) 44+ 6 (3)
Clonidine (300 /zM) 3±1 (2)
L-Isoprenahne (0.1 FM) 27+4 (5)
L-Isoprenaline (10 FM) 21±5 (4)
D-Isoprenaline (0.1 FM) 7 + 5 (2)
L-Isoprenaline (0.1 M) +propranolol (1 UM) 0±2 (2)
Phenylephrine (10 M) 8+1(2)
Phenylephrine (300 FUM) 13±4 (5)
Phenylephrine (300 FM) + L-isoprenaline (0.1 UM) 18+1 (2)
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Fig. 3. Effect of superoxide dismutase on basal and NA-stimulated cyclic
GMP levels

Cultures were preincubated for 5 min with increasing concentrations
of superoxide dismutase before incubation for 3 min with 1 mM-

IBMX (0) or 1 mM-IBMX plus 10 FM-NA (0). Results are means
of triplicate determinations in a representative experiment that was
repeated with similar results.

shown to inhibit the NA-induced cyclic GMP accumulation,
with a K, (2.81 nM) in accordance with an interaction with a1-

adrenoceptors [19]. However, prazosin maximally inhibited only
60% of the effect, and another 30% was inhibited by the f-

adrenoceptor antagonist propranolol (1 FM), whereas the a2-

antagonist yohimbine had no effect. The involvement of both al-
and fl-receptors in the NA response is confirmed here by the use

of selective adrenoceptor agonists and antagonists. As shown in
Table 1, and in agreement with the lack of inhibitory effect of

yohimbine (1 M), the a2-agonist clonidine (300,uM) did not
stimulate cyclic GMP formation. Chloroethylclonidine (100 ,M),
an alkylating agent reported to inactivate selectively the a1B-
receptor subtype [25], was as inhibitory as prazosin (1 ,M). When
prazosin and propranolol were added together at 1 /,M con-
centrations, there was a stronger inhibition than with either
antagonist alone. In accordance with the small inhibitory effect
of propranolol, the f-agonist L-isoprenaline (0.1 and 10 F%M) was
25-30% as effective as NA in stimulating cyclic GMP ac-
cumulation, and its effect was totally inhibited by propranolol.
The stereoisomer D-isoprenaline (0.1 M) had no effect. On the
other hand, the al-agonist phenylephrine (10 and 300 FM) elicited
a much smaller effect (13 % of that ofNA) than that expected for
the ct-adrenoceptor component of the NA response, as inferred
from the prazosin and chloroethylclonidine inhibitions. The
reason for this appears to be the strong partial-agonist character
of phenylephrine in this system, as evidenced by its ability to
inhibit the NA effect (Fig. 4) with a K1 of 24+ 9 FM (n = 2). The
complex nature of the inhibition curve (Hill coefficient
0.45 + 0.06, n = 2) and the larger maximal inhibition (85 +4%,
n = 2) compared with prazosin suggest that phenylephrine is also
inhibiting the f-component at high concentrations and that the
calculated K, may be an overestimation. When phenylephrine
(300 FM) and L-isoprenaline (0.1 FM) were added together, the
response was not higher than that to the fl-agonist alone (Table
1); thus no potentiating effects are evident. As presented in Table
2, part of the L-isoprenaline effect appears to be mediated by NO,
because 100 FM-L-NMMA induces a small but significant in-
hibition. The remaining effect is probably due to cross-reactivity
of the cyclic GMP antibody with the cyclic AMP formed in
astrocytes by stimulation of fi-adrenoceptors [(1-2) x 103 times
more than cyclic GMP] [26], since it is similar to that obtained
with the adenylate cyclase activator forskolin at a concentration
(10 FM) that increases cyclic AMP to a similar extent as L-
isoprenaline (0.1 FM) in our cultures (results not shown). This
could also explain the residual NA effect that was not inhibited
by L-NMMA or haemoglobin.
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Fig. 4. Effect of phenylephrine on the NA effect

Cells were incubated with increasing concentrations ofphenylephrine
and 10 FM-NA for 3 min. Results, expressed as percentages of the
NA effect in the absence of phenylephrine (C), are means+ S.D. of
triplicates from a representative experiment that was replicated with
similar results. Basal and stimulated levels were 154+ 26 and
1112 + 143 fmol/mg of protein respectively.

Table 2. Inhibition by L-NMMA of the L-isoprenaline effect

Cell cultures preincubated without or with L-NMMA were incubated
with NA (10 /M), L-isoprenaline or forskolin for 3 min in the
presence of 1 mM-IBMX. Results, expressed as percentage of the
NA effect in each experiment, are means ±S.E.M. for three ex-
periments: *significantly different from L-isoprenaline (P < 0.05).

Cyclic GMP
Compounds (% of NA effect)

L-Isoprenaline (0.1 FM) 32.7 + 3.8
L-Isoprenaline (0.1 ZM)+L-NMMA (100 FM) 20.7 + 0.3*
Forskolin (1O M) 17.7+0.9

Table 3. Effect of pretreatment with pertussis toxin

Cultures were pretreated with pertussis toxin (300 ng/ml) for 18-24 h
under normal culture conditions. Cells were afterwards washed and
stimulated with NA as usual. Results are means + S.E.M. of cyclic
GMP levels for five experiments.

Cyclic GMP (fmol/mg of protein)

Compounds Untreated Pertussis toxin

No addition 187+ 13
NA (10 zM) 701+17

419+49
601+76

No Ca2,

EGTA (0.3 mM)

EGTA (3 mM)

Co2, (1 mM)

NEO (100 pM)

PMA (0.2 pM)

CCH (1 mM)
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Fig. 5. Effect of different treatments on NA-stimulated cyclic GMP levels

Cells were preincubated in regular assay buffer containing 2.5 mm-
Ca2l or with no Ca2" (15 min), no Ca2l plus 0.3 mM-EGTA (15 min)
or 3 mM-EGTA (30 min), 2.5 mM-Ca2" plus 1 mM-Co2" (5 min) or
100 #M-neomycin (NEO; 15 min) and stimulated for 3 min with
10 uM-NA under the same conditions. Pretreatments with PMA and
with carbachol (CCH) were performed as indicated in the Materials
and methods section. Results, expressed as percentages of the NA
effect in each experiment, are means S.E.M. of 2-5 different ex-

periments. Average cyclic GMP levels in the different experiments
were 208 + 22 and 729 + 80 fmol/mg of protein for control and
stimulated respectively. Basal levels were only affected by Co2"
(33 + 3 % increase, n = 2).

The NO-mediated cyclic GMP accumulation induced by NA
is strongly dependent on extracellular Ca2 . When no Ca2+ was

added to the incubation medium (Fig. 5), the NA response was

decreased to the same degree (81 + 6 %, n = 3) as in the presence
of maximally effective concentrations of L-NMMA and haemo-
globin (Figs. and 2). Preincubation of the cells with 0.3 mm-
EGTA (15 min) or 3 mM-EGTA (30 min) did not cause greater
inhibitions. Blocking Ca2+ entry with Co2+ (1 mM) also produced
a large decrease in the response (68 + 5 %, n = 2). Thus Ca2+

0

0 1 2
Time (min)

3

Fig. 6. Time course of NA-induced cyclic GMP accumulation in the
presence and absence of extraceliular Ca2l

Cells were preincubated (15 min) and afterwards stimulated with
10 FM-NA for the indicated times in buffers containing 2.5 mM-Ca2"
(O), no Ca2l (V) or no Ca2l plus 0.3 mM-EGTA (V). Results,
expressed as percentage increase over basal levels at each time, are

means+S.D. of triplicates in a representative experiment that was

replicated with similar results. Basal levels increased from
128 + 9 fmol/mg of protein at zero time to 192 + 32 fmol/mg at
3 min.

entry appears to be required. Stimulation of acz-adrenoceptors in
astrocyte cultures has been reported to induce both Ca2+ entry
and Ca2+ mobilization from intracellular stores [27,28]. This later
response is probably secondary to the stimulation of phospho-
inositide breakdown that occurs in astrocytes, at least in part
through stimulation of the ax1-adrenoceptor subtype [29]. To
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investigate whether NA-induced intracellular Ca2+ mobilization
was also involved in stimulating the synthesis of NO responsible
for cyclic GMP formation, we investigated the effect ofinhibiting
phosphoinositide phospholipase C activity with neomycin and of
desensitizing the NA-induced Ca2` mobilization with the phorbol
ester PMA and with carbachol [30]. As shown in Fig. 5,
incubation with 100 ,uM-neomycin or pretreatment for 60 min
with 1 mM-carbachol did not significantly affect the NA-stimu-
lated cyclic GMP formation, indicating that intracellular Ca2+
mobilization is not required. However, pretreatment with 0.2 suM-
PMA for 15 min decreased the response to the same degree as the
al-receptor antagonists (62 +6 %, n = 5). In the same way,
pretreatment with 300 ng of pertussis toxin/ml (18-24 h), de-
scribed to inhibit a1-adrenoceptor-mediated phosphoinositide
breakdown in astrocytes [29], decreased by 65% the stimulation
over basal levels induced by NA (Table 3). This treatment, on the
other hand, doubled basal cyclic GMP levels. To discard the
possibility that NA could be evoking transient cyclic GMP
responses mediated by intracellular Ca2+ mobilization at times
shorter than the 3 min regularly used in the assays, time courses
of cyclic GMP accumulation in the presence and absence of Ca2+
were performed. As presented in Fig. 6, no significant elevations
in cyclic GMP were observed when Ca2+ was not added to the
assay medium, or in the presence of EGTA (0.3 mM) at times as
short as 30 s, when agonists that produce cyclic GMP increases
through Ca2+ mobilization show their maximal effects [31,32].

DISCUSSION

Results shown here undoubtedly support the implication of
NO in the cyclic GMP accumulation evoked by NA in rat
cerebral astrocyte cultures. L-NMMA, a non-metabolizable
analogue of L-arginine, competitively inhibits the response with
a potency (IC50 = 3 fM) similar to that described for inhibition
of NO-mediated cyclic GMP formation induced by excitatory
amino acids in rat cerebellum [33], and for stimulation of
guanylate cyclase by L-arginine in rat forebrain homogenates [6].
Moreover, haemoglobin, which binds NO with high affinity,
inhibits the NA response in astrocytes with high potency
(IC50 = 25 nM), and superoxide dismutase, an enzyme that
removes superoxides and thus augments NO half-life, enhances
cyclic GMP formation. The effects of these two macromolecules
furthermore suggest that NO can stimulate guanylate cyclase in
a different set of astrocytes from those where it is formed, and
therefore, in the brain, astrocyte-produced NO may regulate
functions in neighbouring structures (i.e. pre- or post-synaptic
neurons and blood vessels). The lack of effect of L-NMMA or
haemoglobin on basal cyclic GMP levels indicates that there is
no spontaneous release of endogenous activators in astrocyte
cultures, in contrast with what occurs in cerebellar slices [33] and
neuronal cultures 134,20]. Also in contrast with these prepara-
tions, addition of up to 2 mM-L-arginine to the astrocytes did
not potentiate stimulation of cyclic GMP accumulation, an
indication that there is no substrate limitation for NO formation
in these cells, in agreement with the predominant astroglial
localization of L-arginine in brain [35].
Our previous assertion that a large part of the cyclic GMP

response to NA in astroglial cultures was mediated by a1-
adrenoceptors, made on the basis of the inhibitory potency of the
a.-selective antagonist prazosin [19], is confirmed here. About
60% of the observed effect is also blocked by the irreversible
antagonist of the a,,-receptor subtype chloroethylclonidine,
suggesting that an alB-like receptor is involved (see below).
Furthermore, the al-selective agonist phenylephrine, although
showing a very low intrinsic activity, is able to inhibit the NA
response with a similar potency to that shown for other al1-

mediated effects in rat cerebral cortex, such as phosphoinositide
hydrolysis and potentiation of adenosine- and ,-adrenoceptor-
stimulated cyclic AMP formation [25,36-38]. For all these
responses phenylephrine also behaves as a partial agonist. In our
previous work, we also showed some inhibition of the NA
response by the f8-antagonist propranolol [19]. A small con-
tribution by fl-adrenoceptors is evident here, since the f-agonist
L-isoprenaline elicits 25-30% of the NA response, and this effect
is completely inhibited by propranolol and partially inhibited by
L-NMMA, indicating some involvement of NO. This is not
surprising, because the L-NMMA and haemoglobin inhibitions
of the NA effect (80-90%) are of greater magnitude than just the
al-component of the response. The residual NA and L-iSo-
prenaline effects are most probably due to interference in the
cyclic GMP assay by the cyclic AMP formed by these agonists in
astrocytes. Adrenergic agonists elicit an accumulation of cyclic
AMP in rodent astrocytes (1-2) x 103 times higher than that of
cyclic GMP [26]. Taking into account the fact that the antiserum
used binds to cyclic AMP with 3 x 104 times less affinity than to
cyclic GMP, a small cross-contamination is justified. Thus,
about 75% of the NO-dependent NA effect is mediated by a1-
adrenoceptors and the rest by fl-receptors. In contrast with our
results, early studies on NA-stimulated cyclicGMP accumulation
in C6 glioma cells implicated f-adrenoceptors only [39,40], and
more recent studies in rat pinealocytes [41] showed synergism
between oa1- and f-adrenoceptors. -In our cells al- and
fl-adrenoceptors seem to act independently, and our results agree
better with reports in mouse cerebellar slices 142], where a
predominant a-receptor-mediated response was observed, and
with studies in rodents in vivo, where a1-agonists increase
cerebellar cyclic GMP levels, whereas al-antagonists decrease
them [2].
The NA-stimulated cyclic GMP accumulation in astrocytes

was inhibited to a similar extent (80%) in the absence of
extracellular Ca2l as in the presence of maximally effective
concentrations of L-NMMA and haemoglobin, indicating that
a1- and fi-adrenoceptor-mediated responses require Ca2l entry.
Agonists for f-adrenoceptors and cyclic AMP analogues can
activate voltage-operated Ca2+ channels in rat astrocytes [43].
Moreover, al-agonists have been shown to depolarize astrocyte
membranes [44] and to increase both Ca2+ entry and mobilization
from intracellular stores [27]. Although most agonists induce NO
synthesis by stimulating Ca2+ entry, in some cases, such as with
muscarinic agonists and histamine in NlE-1 15 neuroblastoma
cells [31] and with bradykinin in neuroblastoma-glioma 108CC15
[32], Ca2+ mobilized from intracellular stores is involved. This
does not appear to be the case for NA stimulation in our

astrocyte preparation. The cyclic GMP response showed an
absolute requirement for extracellular Ca2+ even at times (30 s)
when transient increases in intracellular Ca2+ due to a1-receptor-
induced inositol 1,4,5-trisphosphate-dependent Ca2+ mobil-
ization would occur. Furthermore, neither neomycin, which
inhibits phosphoinositide phospholipase C, nor pretreatment
with carbachol, shown to block the ability of NA to mobilize
calcium in astrocytes [30], inhibits the NA effect. On the other
hand, preincubation with the protein kinase activator PMA,
which prevents NA stimulation of phosphoinositide hydrolysis
in astrocytes [30], inhibits the cyclic GMP response to the same

extent as the a1-receptor antagonists. However, activation of
protein kinase C can block the response directly at the al-
adrenoceptor site or by partial inactivation of NO synthase, as

recently observed in kidney cells transfected with the brain
enzyme cDNA [45].
Two pathways have been suggested to operate in astrocyte

cultures for NA-stimulated phosphoinositide breakdown [2],
one mediated by the alB-adrenoceptor subtype, which is pertussis-
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toxin-insensitive and Ca2+-independent, and the other mediated
by the alA-subtype, which is blocked by pertussis toxin and
requires Ca2+ influx. Pretreatment with pertussis toxin also
inhibited the cyclic GMP response to NA in our cultures to the
same extent as the a,-antagonists, supporting the involvement of
the a1-adrenoceptor subtype in NA responses after Ca2+ entry.
This is, however, in contradiction with the similar blockade that
we observe with chloroethylclonidine that irreversibly inactivates
the cxIB-subtype. Recently, a novel al-subtype (a1c) has been
cloned from bovine brain that has the binding characteristics of
the alA-subtype and is as sensitive to inactivation by chloroethyl-
clonidine as the alB [46]. This a,, clone has not been detected in
rat tissues, but the existence of more than just the alA-and a1B-
receptor subtypes in rat brain astrocytes has been recently
suggested on the basis of data obtained with new and more
selective antagonists [47]. Obviously, further studies are
required to identify the cc1-adrenoceptor subtype(s) involved in
NA stimulation of NO-dependent cyclic GMP formation in
astrocytes.
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