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SUMMARY

Gross, RoBERT A. & CLARK, RicHARD B. (1977) Regulation of adenosine 3',5'-
monophosphate content in human astrocytoma cells by isoproterenol and carbachol.
Mol. Pharmacol., 13, 242-250.

Carbachol, a typical cholinomimetic, inhibited isoproterenol stimulation of intracellular
adenosine 3',5'-monophosphate (cAMP) levels in a dose-dependent fashion, causing a
maximal 60-70% decrease at 0.1 mm. The blocking action of carbachol was evident by 30
sec, and reached a maximum between 5 and 7 min. Neither lidocaine, a local anesthetic,
nor ascorbic acid and thiourea, reducing agents, had any effect on the action of car-
bachol. Carbachol inhibited the accumulation of cAMP caused by isoproterenol, adeno-
sine, and prostaglandin E,. Neither hexamethonium bromide, tetraethylammonium
chloride, nor phentolamine affected the regulation of cAMP levels by carbachol; in
contrast, 1.0 uM atropine completely blocked its effects. Ca**-free incubation medium
eliminated the inhibitory effect of carbachol on isoproterenol-stimulated accumulation
of cAMP, but did not affect isoproterenol stimulation alone. These observations suggest
that the astrocytoma cell line has a muscarinic, Ca%*-dependent cholinergic receptor,
the stimulation of which results in inhibition of cAMP accumulation with isoproterenol
stimulation.

INTRODUCTION electrical stimulation (1) and depolariza-

Considerable effort has been directed to-
ward elucidating the roles of the cyclic
nucleotides adenosine 3’,5’-monophos-
phate and guanosine 3',5'-monophosphate
in the central nervous system, especially
in neurotransmission processes in the
brain. It has been reported that the regu-
lation of cyclic nucleotide levels in mam-
malian brain slices was a primary effect of

! This work was presented to the Biology Depart-
ment of Harvard College, Cambridge, Massachu-
setts, in partial fullfillment of the AB degree with
honors. Present address, Department of Pharmacol-
ogy, Washington University Medical School, St.
Louis, Missouri 63110.

? This investigation was supported by National
Institutes of Health Grants AM13904 (Dr. R. W.
Butcher) and GM21420 (R. B. C.).
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tion by various agents (2-6). It was signifi-
cant, therefore, that putative neurotrans-
mitters of the central nervous system (7-
11) have also been shown to influence in-
tracellular cyclic nucleotide levels in the
brain. For example, Ferrendelli et al. (11)
have shown that, in slices of mouse cere-
bellum, norepinephrine elevates levels of
both cAMP® and ¢cGMP. Additionally, the
putative neurotransmitters adenosine (12,
13), y-aminobutyric acid, glutamate, and
glycine (14) are capable of increasing in-
tracellular levels of cAMP and/or cGMP in |
brain tissue. Lee et al. (9) have demon-

3 The abbreviations used are: cAMP, adenosine
cyclic 3',5’-monophosphate; cGMP, guanosine cyclic
3’,5'-monophosphate; PGE,, prostaglandin E,; TCA,
trichloracetic acid.
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strated that the stimulation of muscarinic
cholinergic receptors in mammalian cere-
bral cortex elevates levels of cGMP, leav-
ing the cAMP levels unaltered or slightly
decreased. Ferrendelli et al. (8) have re-
ported increased cGMP levels in mouse
cerebral cortex and cerebellum in response
to the cholinomimetic oxotremorine. Atro-
pine was shown to block the action of the
compound specifically.

Matsuzawa and Nirenberg have re-
cently shown that carbachol reduces the
PGE, and adenosine stimulation of cAMP
accumulation while itself increasing the
levels of cGMP in cultured mouse neuro-
blastoma (15). Thus much evidence exists
to suggest that both cAMP and ¢cGMP are
in some way involved in cholinergic action
and presumably neurotransmission; how-
ever, there is as yet no direct evidence in
support of this role.

The complexity of the brain’s actions
and the presence of many cell types in
brain slices complicate the formulation of
any general model for the role of the cyclic
nucleotides in the mediation of putative
neurotransmitter action in the brain. It is
not known, for example, whether hormone
effects on cyclic nucleotide metabolism are
pre- or postsynaptic (or both), or whether,
in fact, their site of action is imglia as well
as in neurons. This series of experiments
was undertaken to determine the extent to
which carbachol regulates intracellular
cyclic nucleotide levels in the cultured hu-
man astrocytoma cell line 132-1N1. The
responses of these cells to catecholamines,

. adenosine, and other cAMP agonists have
been described elsewhere (13, 16, 17).
The data presented demonstrate that
~ carbachol and isoproterenol have opposite
effects on intracellular cAMP levels, car-
» bachol inhibiting the isoproterenol-stimu-
lated increase in cAMP in a Ca?*-depend-
ent manner. This lends further support to
the hypothesis that glial cells play an ac-
tive role in brain function involving the
cyclic nucleotides; specifically, they may
be involved in the functioning of both ad-
renergic and cholinergic pathways.

MATERIALS AND METHODS

l-Isoproterenol d-bitartrate was pur-
chased from Sterling-Winthrop Laborato-
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ries; tetraethylammonium chloride, from
Aldrich, and carbachol, cAMP phosphodi-
esterase, atropine sulfate, and hexametho-
nium bromide, from Sigma Chemical
Company. Lidocaine (xylocaine) was pur-
chased from Astra Chemical Company.
Adenosine was obtained from Calbiochem,
and prostaglandin E, was a gift from the
Upjohn Company.

Cell cultures. The human astrocytoma
cell used in this study, 132-1N1, was iso-
lated in 1972 as a clone of the tumor astro-
cyte line 118MG (18). The details regard-
ing the origin and growth characteristics
of the 118MG line have been described
elsewhere (18, 19). The 132-1N1 line has
been demonstrated to be free of Myco-
plasma.

Stock cultures were maintained in T-75
Falcon flasks in Eagle’s minimal essential
medium containing Earle’s salts plus glu-
tamine (Grand Island Biological Com-
pany) with 10% fetal calf serum (Microbio-
logical Associates). These were kept in a
humidified incubator under an atmos-
phere of 95% air-5% CO, at 37°. The me-
dium was buffered at pH 7.0-7.4 with
NaHCO;, 2.2 g/liter of minimal essential
medium. The cells were allowed to grow to
near confluence, at which point they were
treated with trypsin (0.25% trypsin in
minimal essential medium) and divided
1:20 into new flasks. Fresh medium was
supplied on the following day, and on ev-
ery third day thereafter.

For experiments, cells were seeded into
60- or 100-mm Falcon plastic Petri dishes
at concentrations of approximately 1-2 x
10° or 5-6 x 10° cells/5 or 10 ml of minimal
essential medium, respectively. The cells
were supplied with fresh medium on the
fourth day in culture and were used for
experimentation 18-24 hr later. At this
stage cells were not yet confluent, ranging
from 0.3 to 0.5 mg of protein per 60-mm
dish (28.6 cm?). We had previously shown
that cells at this density respond maxi-
mally to norepinephrine, epinephrine, and
isoproterenol with regard to cAMP accu-
mulation (16).

Experimental conditions. The medium
from the experimental cultures was aspir-
ated, and the attached cells were washed
twice (total wash volume equaling seeding
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volume) in fresh medium lacking serum
and including N-2-hydroxyethylpipera-
zine-N'-2-ethanesulfonic acid buffer at a
concentration of 20 mM. The cultures were
then returned to the incubator for 20 min
(37°, 95% air-5% CO, atmosphere). Subse-
quent to this incubation, test agents were
added simultaneously and incubations
were carried out for the appropriate time
intervals. For experiments in which the
medium was to be Ca?*-free, the 20-min
preliminary incubations were performed
in Ca?*-free medium and were followed by
two more washings and a 10-min incuba-
tion, after which the agents to be tested
were added. The agents were dissolved in
water or 95% ethanol; control cultures re-
ceived equal volumes of the appropriate
diluent. Incubations were stopped by as-
pirating the medium and adding 5% TCA,
which quantitatively extracts the cAMP
while leaving the cell sheet intact. The
cells were then suspended in 0.3 N KOH
and assayed for protein by the method of
Lowry et al. (20).

Measurement of cCAMP. In order to cal-
culate recovery from the purification
steps, approximately 10,000 cpm (1 pmole)
of [*HlcAMP was added to the TCA ex-
tracts, which were then applied to 0.4 x 4
cm columns of Dowex 50 (Bio-Rad AG50W-
X8, H* form) equilibrated with 0.1 N HC1.
The ATP-ADP fraction was eluted with 1.5
ml of 0.1 N HC], followed by 1.5 ml of H,O.
Then 4 ml of H,O eluted the cAMP frac-
tion. These samples were made 10 mm in
Tris buffer, pH 7.4, and applied to 10 mm
Tris-washed columns (0.6 x 5 cm) of
Dowex 2 (Bio-Rad AG2-X8, H* form). The
purified cAMP fractions were eluted in 6
ml of 0.05 N HCI after washing with 3 ml of
the Tris buffer. Samples were lyophilized,
reconstituted in 1.0 ml of H,O, and as-
sayed by the method of Gilman (21). In
order to assay the cAMP in the medium,
the medium was made 5% in TCA, divided
into 2-ml aliquots, and purified as de-
scribed, except that the ATP-ADP fraction
on the Dowex 50 columns was eluted after
1.0 ml of 0.1 N HCI and 1.0 ml of H,O.
Recoveries of the cell extracts were on the
order of 50-70% over both columns, and in
this respect were no different from 5%
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TCA blanks containing only [*HlcAMP.
Recoveries from the medium were gener-
ally between 30% and 40%.

After aspiration, no more than 0.5% of
the incubation medium remained on the
cell sheet. The contribution of cAMP from
the medium was therefore considered neg-
ligible (e.g., this amounted to approxi-
mately 0.25 pmole in control cultures). In
all samples, degradation of the cAMP with
phosphodiesterase produced amounts in
the assay that were equivalent to column
blanks.

RESULTS

Regulation of intracellular cAMP levels
by carbachol. Carbachol, when present in
the incubation medium in concentrations
as high as 0.1 mM, had no apparent effect
on basal cAMP levels, although basal lev-
els of cAMP are approximate, ranging
from 10 to 20 pmoles/mg of protein. How-
ever, carbachol did markedly inhibit the
stimulatory effects of isoproterenol on
cAMP accumulation. When carbachol was
added with 0.1 uM isoproterenol (a concen-
tration which produced an approximately
half-maximal increase in cAMP), inhibi-
tion was evident at 1 uM and was dose-
dependent, resulting in a maximal 70%
decrease in cAMP at 0.1 mmM (Fig. 1).

Figure 2 shows the effect of carbachol on
the time course of isoproterenol stimula-
tion. Levels of cAMP rose quite rapidly, to
over 1600 pmoles/mg of protein, during iso-
proterenol stimulation, reaching a maxi-
mum between 5 and 6 min. Carbachol con-
siderably attenuated this swift initial in-
crease in cAMP. The effect of carbachol
was greatest on the initial burst of cAMP
accumulation, after which the cAMP level
in isoproterenol-treated cells fell more rap-
idly relative to the cells with 1soproterenol ‘
plus carbachol.

Effect of 0.1 mM ascorbic acid-1 mM tIu-
ourea. The addition of 0.1 mm ascorbic
acid-1 mmM thiourea to the incubation me-
dium effectively prevents oxidation of cat-
echolamines and any resultant loss of ac-
tivity.* In order to determine whether the

4 R. Barber and R. McGuire, unpublished obser-
vations.
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F1G. 1. Carbachol inhibition of isoproterenol-in-
duced increases in intracellular cAMP levels
Carbachol was added simultaneously with 0.1 uM
isoproterenol for 10-min incubations under standard
conditions. Each point is the mean of triplicates +
standard error. The basal cAMP levels for this ex-
. periment were 9.4 + 1.2 pmoles/mg of protein. Cul-
tures were used at an average protein density of 16
ug/cm?. (@) 0.1 uM isoproterenol, no carbachol.

inhibition of isoproterenol in the presence
of carbachol was due to more rapid oxida-
tion of the compound, time course experi-
ments were conducted with and without
the ascorbic acid-thiourea solution added
to the medium at the start of the incuba-
tion.

Figure 3 shows the effect of ascorbic
acid-thiourea on samples incubated with
0.1 uM isoproterenol plus 100 uM car-
bachol. In both cases no significant effects
of the reducing agents were seen until 15
min; ascorbic acid-thiourea did not, there-
fore, affect the rapid inhibitory actions of
carbachol on isoproterenol, although its ef-
fects on the preservation of isoproterenol
were marked.*

Effect of lidocaine. Since carbachol ex-
erted discernible effects at 1 uM concentra-
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tions, it was considered doubtful that the
observed inhibitory effect was toxicologi-
cal; however, it was of interest to test the
effect of an anesthetic (lidocaine) on the
inhibitory action of carbachol.

First the effect of lidocaine on 0.1 um
isoproterenol was examined (Table 1). Li-
docaine at 1 uM caused a slight, statisti-
cally insignificant increase in cAMP levels
over isoproterenol alone; 0.1 mMm lidocaine
caused a slight, barely significant depres-
sion. Lidocaine alone did not alter cAMP
levels in concentrations as high as 0.1 mm.

The action of various concentrations of
lidocaine on the carbachol inhibition of
cAMP levels was then tested. By subtract-
ing the effects of lidocaine on isoprotere-
nol, it can be seen that the action of car-
bachol on cAMP levels was not affected by
lidocaine.

Effect of cholinergic blockers and the
alpha adrenergic blocker phentolamine.
To clarify further the mode of action of
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F1G. 2. Action of carbachol on time course of iso-
proterenol-induced increase in intracellular levels of
cAMP

D——10, stimulation by 0.1 uMm isoproterenol;
O——-0, course of isoproterenol stimulation with
100 um carbachol. Cultures were used at an average
protein density of 15 ug/cm?. Each point is the mean
of triplicates + standard error. Unstimulated basal
cAMP levels were 7 + 2.0 pmoles/mg of protein ().
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F1G. 3. Effect of ascorbic acid and thiourea on time course of intracellular cAMP accumulation in response

to isoproterenol and isoproterenol plus carbachol

A. Cultures were incubated with 0.1 uM isoproterenol either with (O——O) or without (6——®) 0.1 mm
ascorbic acid-1 mM thiourea. B. Cultures were incubated with 0.1 uM isoproterenol plus 0.1 mM carbachol
either with (O——O0) or without (@——@) 0.1 mM ascorbic acid-1 mm thiourea. Cultures were grown to an
average protein density of 16 ug/cm?. All points represent the means of triplicates + standard errors. Basal
cAMP levels in this experiment were 30 + 2.3 pmoles/mg of protein (H).

carbachol, the effects of three cholinergic
blockers were determined. Neither 0.1 mm
tetraethylammonium chloride nor 0.1 mm
hexamethonium blocked the actions of car-
bachol; atropine, however, nearly com-
pletely blocked the action of carbachol at a
concentration of 1 um (Table 2). None of
the compounds affected isoproterenol-in-
duced increases in cAMP accumulation to
any significant extent in the absence of
carbachol. It should be pointed out that
tetraethylammonium chloride, which can
act as a cholinergic agonist in some tis-
sues, did not act in a manner similar to
that of carbachol. The action of carbachol
in this system is therefore selectively
blocked by the muscarinic cholinergic
blocker atropine.

Phentolamine, an alpha adrenergic
blocker, was added simultaneously to sam-
ples with 0.1 uM isoproterenol and 0.1 mm

carbachol at levels as high as 40 um. It had
no effect whatsoever on the actions of car-
bachol (not illustrated).

Effect of carbachol on agonists other
than isoproterenol. The 1321N1 cells re-
spond to a variety of different compounds
with increased cAMP levels (see ref. 16).
Table 3 illustrates the effects of carbachol
on adenosine- and PGE,-induced increases
in cAMP levels. Carbachol caused a 50%
decrease in adenosine-stimulated levels,
and a 90% reduction in PGE,-induced lev-
els. The agonists were used at concentra-
tions which produced about 75% of their
maximal stimulation of cAMP levels.

Effect of Ca**-free incubation medium.
Because of the many reports of the effects
of carbachol and other cholinomimetics on
the cGMP systems of various tissues (e.g.,
refs. 8, 9, 22, 23), and because of the known
Ca?* requirements by, and Ca?* stimula-



REGULATION OF CYCLIC AMP CONTENT BY CARBACHOL

TABLE 1
Effect of lidocaine on actions of isoproterenol alone
and in combination with carbachol
Cultures were grown to an average protein den-
sity of 22 ug/cm?. Values are the means of triplicates
+ standard errors. All incubations were performed
for 5 min under standard conditions.

Additions cAMP
Isopro- Carbachol Lidocaine
terenol
M Y uM  pmolesimg pro-
tein
116 + 3
0.1 1530 = 25
100 113+ 4
100 85=+3
0.1 1.0 1389 + 110
0.1 100 617 + 50
0.1 1.0 1596 + 180
0.1 100 1230 + 80
0.1 1.0 1.0 1803 + 60
0.1 1.0 100 1152 + 71
0.1 100 1.0 545 = 73
0.1 100 100 362 + 7
TaBLE 2

Inhibition by atropine of the effect of carbachol on
isoproterenol-stimulated accumulation of cAMP
Experimental cultures were grown to an average
protein density of 15 ug/cm?. Values are the means
of triplicates + standard errors. All incubations
were performed for 5§ min under standard conditions.

Additions cAMP
Isopro- Carbachol Atropine
terenol
py M uM  pmolesimg pro-
tein
59 +1.1
0.1 1420 + 89
0.1 100 370 = 20
0.1 1 1509 + 90
0.1 100 1250 + 42
0.1 100 1 1180 + 117
0.1 100 10 1405 + 128
0.1 100 100 1280 + 112

tion of, guanylate cyclase (24-26), it was
considered of interest to determine the ef-
fects of removing free Ca** from the incu-
bation medium on the action of carbachol.

Figure 4A shows that removal of Ca?*
essentially eliminated the carbachol inhi-
bition of the isoproterenol-stimulated ac-
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cumulation of cAMP over the entire range
of carbachol concentrations tested. Figure
4B shows that the effect of removing Ca**
was immediate. The accumulation of
cAMP in the absence of Ca’* was essen-
tially identical with the levels reached by
stimulation with isoproterenol alone (see
Fig. 2). The lack of Ca?* is therefore
viewed as exerting specific effects on the
actions of carbachol on cAMP, leaving iso-
proterenol-induced changes in cAMP lev-
els unaltered.

DISCUSSION

The following evidence indicates that
carbachol acts through a specific mecha-
nism: (a) lidocaine, a membrane anes-
thetic, at levels as high as 0.1 mm, had no
substantial effect on isoproterenol-stimu-
lated cAMP levels, or any effect on the
ability of carbachol to block the rise in
cAMP levels produced by isoproterenol; (b)
carbachol inhibited the ability of 0.1 um
isoproterenol, 0.1 mM adenosine, and 11.4
uM PGE, to increase levels of cAMP, caus-
ing, at a concentration of 0.1 mM, inhibi-
tion of 70%, 50%, and 90%, respectively; (c)
the absence of Ca?* from the incubation
medium specifically abolished the effect of
carbachol on the accumulation of cAMP,
but in no way altered the ability of isopro-
terenol to raise levels of c(AMP; and (d) the
effect of carbachol was specifically blocked
by atropine, while tetraethylammonium
chloride and hexamethonium bromide had
no effect on the action of either carbachol

TABLE 3
Inhibition by carbachol of adenosine- and PGE,-
stimulated intracellular accumulation of cAMP
Experimental cultures were grown to an average
protein density of 22 ug/cm?. Values are the means
of triplicates *+ standard errors. All incubations
were performed for 5 min under standard conditions.

Additions® cAMP
pmoles/mg protein
None 116 = 3
Adenosine 207 + 14
Adenosine + carbachol 112 = 12
PGE, 1095 + 117
PGE, + carbachol 118 + 24

2 Adenosine, 0.1 mym; PGE,, 11 umM; carbachol, 0.1
mM.
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F1c. 4. Ca?** dependence of carbachol inhibition of isoproterenol-stimulated increases in cAMP levels

A. Effect of varying concentrations of carbachol on the stimulation by 0.1 uM isoproterenol with (@——@)
and without (O——0) Ca?*; 0.1 umM isoproterenol, no carbachol, either with (W] or without [O] Ca®*.
Incubations were performed for 5 min. B. Time course of 0.1 umM isoproterenol stimulation in the presence of
0.1 mm carbachol with (6——@) and without (O——O) Ca?*. Cultures used were grown to an average
protein density of 16 ug/cm?. Control levels of cAMP were 10 + 1.0 pmoles/mg of protein (). All points

represent the means of triplicates + standard errors.

or isoproterenol. Our data are thus consist-
ent with those of other groups who have
demonstrated carbachol-mediated inhibi-
tion of adrenergically induced (23) and
PGE,- and adenosine-induced (15) accu-
mulation of cAMP in other tissues.
Carbachol probably does not act at an
alpha adrenergic receptor, as phentol-
amine did not alter its regulation of intra-
cellular cAMP levels. The possibility that
carbachol exerts its effects by directly or
indirectly blocking the action of isoproter-
enol at a beta adrenergic receptor is incon-
sistent with the following data: (a) the
structures of the two compounds are so
radically different that, a priori, the bind-
ing of carbachol at a beta adrenoceptor
seems to be highly unlikely; (b) the block-

ing action of atropine is highly specific and
sensitive, maximal blockage by 0.1 mm
carbachol occurring at 1 uM atropine; and
(c) the removal of free Ca?* does not affect
the adrenergic stimulation of cAMP accu-
mulation. The data cited support the con-
clusion that carbachol acts at a specific
extracellular muscarinic binding site. The
nature of this receptor is not yet known,
nor are the mechanisms by which it me-
diates the actions of carbachol.

Our preliminary evidence indicates that
both isoproterenol and carbachol increase
intracellular levels of cGMP; this is in
agreement with the work of Butcher et al.
(23) and Durham et al. (27) with isoproter-
enol in parotid gland, Ferrendelli et al.
(11) in mammalian brain slices, and Mat-
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suzawa and Nirenberg (15) in cultured
neuroblastoma cells. We have found that
isoproterenol, at a concentration as low as
0.1 pM, increased intracellular cGMP lev-
els from 0.3 to 0.8 pmole/mg of protein.
This transient response had apparently
reached a maximum by the earliest time
sampled, 2 min, and returned to basal lev-
els by 5 min. Carbachol (0.1 mm) also was
found to increase ¢cGMP levels approxi-
mately 5-fold, and, when added in combi-
nation with isoproterenol, produced supra-
additive levels. This response reached a
maximum by 1 minute, and did not return
to basal values by 15 min. The removal of
free Ca?* from the incubation medium
eliminated the effects of isoproterenol and
carbachol on intracellular cGMP levels.

The mechanism by which isoproterenol
increases levels of cGMP is unclear, as is
the role of cGMP once formed, either by
isoproterenol or carbachol. It is possible
that regulation of cAMP levels by car-
bachol may be mediated via cGMP, with
carbachol directly or indirectly causing el-
evated ¢cGMP levels and, in turn, in-
creased cAMP phosphodiesterase activity
(28). It is equally plausible that the rise in
c¢GMP levels is not the primary cAMP-
regulating event, but rather is due to an-
other action of carbachol, e.g., depolariza-
tion-mediated influx or mobilization of
Ca?*. The increased concentration of Ca2*
could cause the decrease in cAMP levels
either by stimulation of phosphodiesterase
or by inhibition of adenylate cyclase,’ or by
a combination of these mechanisms.

Our studies have previously identified
adenosine, adrenergic compounds, and
prostaglandins as agents which stimulate
accumulation of intracellular cAMP levels
in 132-1N1 cells. The present data indicate
that a fourth class of compounds, the cho-
linergics, are regulators of both cyclic nu-
cleotides, and that the adrenergics may
also regulate cGMP levels. This suggests
that glia may be a site for the various
effects of these regulatory compounds. Fi-
nally, the data stress the importance of
interpreting data on cAMP levels in the
light of similar studies on cGMP and Ca?*.

* R. B. Clark, unpublished observations.
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