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SUMMARY

BrowNING, EDWARD T., ScCHWARTZ, JOAN P., AND BRECKENRIDGE, BRuCcE McL.: Nor-
epinephrine-sensitive properties of C-6 astrocytoma cells. Mol. Pharmacol. 10, 162—
174 (1974).

C-6 astrocytoma cells respond to 0.1 mM norepinephrine by a greater than 200-fold elevation
of adenosine cyclic 3’,5-monophosphate (cAMP) and an 80% degradation of glycogen
during 20 min of incubation in Ham’s F-10 medium. Evaluation of the time course of these
effects indicated that glycogenolysis occurred nonlinearly at a rate of 1-2 nmoles/min/mg
of protein; cAMP was maximally elevated after 5 min of incubation and remained so for the
30-min experiment. Norepinephrine induced transformation of glycogen phosphorylase to
the 5'-AMP-independent or a form during the first 30 sec of incubation. At the time when
phosphorylase a formation had begun, 5 sec after norepinephrine addition, cAMP was ele-
vated only 10-fold. During a 3-hr treatment of cells with norepinephrine, cAMP and glycogen
concentrations returned to nearly control concentrations; yet incubation fluid retained
sufficient norepinephrine to elevate cAMP as before in fresh samples of cells. Treatment of
C-6 cells with norepinephrine for 3 hr followed by 1 hr of incubation without hormone
largely suppressed the effect of a second norepinephrine treatment on cAMP concentration,
but glycogenolysis occurred as before. 1-Methyl-3-isobutylxanthine, an inhibitor of cAMP
phosphodiesterase, partially overcame the suppression of the norepinephrine effects when
added with norepinephrine. It is concluded that C-6 astrocytoma cells contain a norepi-
nephrine-activated system of enzymes for degrading glycogen and that norepinephrine
treatment modifies the response of the cells to subsequent exposure to this neurohormone.

INTRODUCTION

Glial tumor cells which have been cloned
and maintained in tissue culture afford
advantages in studying certain problems of
central nervous system function. For ex-
ample, the heterogeneity of cell type, which
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characterizes brain samples of even minute
size, is avoided and problems associated with
diffusion barriers of organized tissue are
minimized.

The C-6 line of rat astrocytoma cells re-
tains the capacity to synthesize S-100 pro-
tein characteristic of neuroglia (1, 2). Stimu-
lation of the beta adrenergic receptor of C-6
cells maintained in culture is known to in-
crease greatly the cellular content of cAMP
3).

In brain the likelihood is high that astro-
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cytes in immediate proximity to norepi-
nephrine-containing presynaptic structures
are exposed to pulses of the neurotrans-
mitter throughout adult life. For example,
glial cells, including astrocytes, invest the
dendritic and somatic surfaces of the
Purkinje cells in the rat cerebellum (4), and
norepinephrine-containing fibers terminate
on Purkinje cells in this region (5). cAMP?
mediated effects in numerous cell types
occur both at a level of acute interaction,
such as phosphorylase interconversion, and
over more prolonged time periods at the
level of new protein synthesis (6). Should the
glia in the region of noradrenergic synapses
exhibit a beta adrenergic receptor, one might
expect them to undergo adaptive change as
a result of exposure to norepinephrine.

The aim of the present study was to
examine the cAMP-related effects of initial
and repeated exposures of C-6 astrocytoma
cells to norepinephrine.

MATERIALS AND METHODS

Materials. Ham’s F-10 medium for cell
culture was obtained from Flow Labora-
tories, Inc.; Ham’s F-10 medium for cell
incubations and fetal calf serum were ob-
tained from Grand Island Biological Com-
pany. Ham’s F-10 medium for cellular
incubations was obtained as powdered ma-
terial and made up on the day of the experi-
ment. Norepinephrine, ATP, ADP, 5'-AMP,
type III pig liver glycogen, and rabbit
muscle phosphorylase a (a-1,4-glucan:or-
thophosphate glucosyltransferase, EC
2.4.1.1) were purchased from Sigma Chemi-
cal Company. Hexokinase (ATP:p-hexose
6-phosphotransferase, EC 2.7.1.1), glucose
6-phosphate dehydrogenase (p-glucose-6-
phosphate: NADP oxidoreductase, EC
1.1.1.49), creatine phosphokinase (ATP:
creatine phosphotransferase, EC 2.7.3.2),
pyruvate kinase (ATP:pyruvate phospho-
transferase, EC 2.7.1.40), myokinase (ATP:
AMP phosphotransferase, EC 2.7.4.3), phos-
phoglucomutase (a-p-glucose-1,6-diphos-
phate:a-p-glucose-1-phosphate phospho-
transferase, EC 2.7.5.1), NADP, and the

2 The abbreviations used are: cAMP, adenosine
cyclic 3',5’-monophosphate; MIX, 1-methyl-3-
isobutylxanthine.
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tricyclohexylamine salt of phosphoenolpyru-
vate were purchased from Boehringer/
Mannheim. Creatine phosphate was pur-
chased from Calbiochem. NADH was
purchased from P-L Biochemicals, Inc. Beef
heart lactate dehydrogenase (L-lactate: NAD
oxidoreductase, EC 1.1.1.27) was purchased
from Worthington. 1-Methyl-3-isobutylxan-
thine was obtained from G. D. Searle
Company.

Culture conditions. The C-6 line of rat
astrocytoma cells was obtained in frozen
form from the American Type Culture Col-
lection and grown at 37° in monolayer culture
in Ham’s F-10 medium plus 10% fetal calf
serum in Falcon plastic bottles under an
atmosphere of 95% air-5% CO,. Anti-
biotics were not used in these cultures.
At 14-day intervals the confluent cultures
of cells were resuspended by treatment with
a solution of 0.52mmM EDTA and 137 mm
NaCl, 2.68mm KCl, 8.1 mm Na,HPO,,
1.47 mm KH,PO,, and 1.1 mM glucose (7),
counted, and subcultured at a density of
8 X 10% £ 2 X 108 cells/bottle (25 cm?). A
proportion of the cells resulting at each
subculture was used as ‘“‘seed stock” for
carrying the line, and the remainder were
grown for experimentation.

Subcultures for experimentation. Cells for
experimentation were grown as above, but
in 60-mm Petri dishes into which two 25-mm
round coverslips were placed as described
by Gilman and Nirenberg (3). Each Petri
dish contained Ham’s F-10 medium plus
10 % fetal calf serum in a 6-ml final volume.
Cells, 4 X 10%/Petri dish, were pipetted
directly over the slips to ensure confluent
cultures on the slips. Penicillin, to a final
concentration of 25 units/ml, and strepto-
mycin, 50 ug/ml, were added to these cul-
tures in a 0.2-ml volume. The cells were fed
2, 4, and 7 days after subculture. Experi-
ments were conducted on the eighth day.

After 8 days in culture a typical coverslip
contained 1.5 X 10° cells, 36 ug of DNA,
and 600 ug of protein.

Cell incubations. The confluent mono-
layer cultures, adherent to coverslips, were
removed from the Petri dishes with forceps,
and washed free of serum proteins by trans-
ferring the slips through four 5-ml aliquots
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of Ham’s F-10 medium in 30-ml plastic
beakers. The cells were next incubated in a
shaking incubator in 3 ml of Ham’s F-10
medium at 37° under an atmosphere of 5%
C0:95% air for the times indicated. If
cells had been treated with norepinephrine,
incubations were conducted as above; then
the cells were again washed with four 5-ml
volumes of Ham’s F-10 medium to remove
norepinephrine. A 1-hr incubation in the
absence of hormone was performed, and a
10-min challenge with norepinephrine was
conducted as indicated.

Termination of incubations. Cells were fixed
by transferring coverslip samples into acid
or liquid nitrogen. In the case of acid extrac-
tions, slips were placed in 1ml of 5%
(w/v) trichloracetic acid for 10 min at 0°,
and the slips were transferred to 1 ml of 1 N
NaOH at room temperature. The trichlor-
acetic acid extracts were made 0.1 N in HC]
and extracted five times with 2 volumes of
water-saturated ether (8). Aliquots, 0.25 ml,
of the resulting acidic extract were taken
for cAMP assay, and the remainder was
neutralized to pH 5.5-6.5 with 0.5 M potas-
sium carbonate for analysis of other nucleo-
tides and creatine phosphate. In the above
procedure, coverslips were removed from
the 1 N NaOH after 30 min, and sodium
hydroxide-soluble material was stored at
—80° until analysis for glycogen and protein.
Measurements of the protein and glycogen
content of trichloroacetic acid extracts indi-
cated that these materials were not released
from the slips by the trichloroacetic acid
treatment. In a few early experiments per-
chloric acid was found to contribute sig-
nificantly to the blank of the cAMP assays
reported in Table 1; therefore trichloracetic
acid was used routinely in later experiments.
Perchloric and trichloracetic acids were ap-
proximately equally effective in releasing
adenine nucleotides and creatine phosphate
from the cells. Neither a second 10-min
storage period of coverslip samples in tri-
chloracetic acid nor sonication of the cover-
slip samples while in trichloracetic acid
released significantly more of these materials
from the coverslips. The acid extract from
a single coverslip sample provided sufficient
material for assay of cAMP, ATP, ADP,
5’-AMP, and creatine phosphate.
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Incubations were terminated by freezing
coverslip samples of cells in liquid nitrogen
when phosphorylase activity was to be de-
termined. Coverslip samples were removed
from the incubation fluid with a tripod
forceps (Triceps, Universal Technical Pro-
ducts, Inc., Forest Hills, N. Y.) 2 sec before
freezing, excess fluid was blotted from the
edge of the slip with a paper tissue during 1
sec, and the slip was frozen at the ap-
propriate second. Samples were swirled in
liquid nitrogen for approximately 5 sec be-
fore transfer to a freezer at — 80° for storage.
Control experiments indicated that a cover-
slip swirled for 1 sec in liquid nitrogen was
sufficiently chilled to condense and freeze
moisture from the air. Therefore most enzy-
matic processes would probably terminate in
less than 1 sec by this technique.

Analytical techniques. Metabolites other
than cAMP and protein were analyzed by
fluorometric enzyme assay linked to nicotina-
mide adenine dinucleotide oxidation or re-
duction, using the analytical format de-
scribed by Williamson and Corkey (9). ATP
was determined using hexokinase and
glucose-6-phosphate dehydrogenase (9).
Creatine phosphate was measured in the
same cuvette as ATP, as described by
Lowry et al. (10), except that ADP was
added prior to creatine kinase in order to
allow reaction of contaminating ATP prior
to the reaction of creatine phosphate. ADP
and 5-AMP were assayed as described by
Williamson and Corkey (9). Glycogen was
assayed according to Passonneau ef al. (11).

Glycogen phosphorylase was assayed after
frozen samples had been resuspended from
coverslips by a modification of the glycogen
assay of Passonneau et al. (11) (see below).
Samples were resuspended by placing slips
(—80°) in a beaker at 0° which contained
0.5ml of 10 mmM sodium phosphate, 3 mm
sodium EDTA, 1mMm dithiothreitol, and
100 mM sodium fluoride, pH 7.0. Cells were
disrupted by homogenization or by sonica-
tion as indicated in table and figure legends.

Phosphorylase was assayed using the ex-
perimental conditions for the glycogen assay
(11), but the order of addition of phos-
phorylase (homogenate), substrates, and 5'-
AMP was changed. Cuvettes were prepared
to contain buffer [50 mm imidazole, 1 mmM
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ethylene glycol bis (8-aminoethyl ether)-
N ,N’-tetraacetic acid (EGTA), 0.5 mM mag-
nesium chloride, and 0.02% bovine serum
albumin, pH to 7.0 with HCI] plus homog-
enate to give 2ml. Ten microliters of
NADP (12.6 mg/ml), 10 ul of 1 M potassium
phosphate (pH 7), 10 ul of phosphogluco-
mutase (1.25 mg/ml), and 10 ul of glucose
6-phosphate dehydrogenase (0.2 mg/ml)
were added, and a linear baseline was
established. 5-AMP-independent phos-
phorylase activity was determined after
adding 20 ul of a 1% solution of freshly
prepared rabbit liver glycogen in 1 mm
sodium hydroxide. The glycogen solution
had been heated for 10 min at 60° to disag-
gregate the glycogen. 5'-AMP-dependent
phosphorylase activity was determined after
addition of 20 ul of 100 mm 5-AMP, pH 7.0,
to the cuvette. The 5’-AMP content of assay
reagents and cells was determined separately
and totaled less than 50 nMm at the dilutions
occurring in the assay. The dependence of
the observed reactions on added phosphate
and glycogen was also determined separately.
No assay reaction occurred in the absence of
phosphate and glycogen when cells were

suspended in a phosphate-free resuspending

fluid.

Protein was determined by the method
of Lowry et al. (12) with bovine serum
albumin as standard. cAMP was determined
according to Gilman (8) or according to a
modification of this procedure by Brostrom
and Kon (13).

RESULTS

cAMP and glycogen. As shown in Table 1,
norepinephrine caused a greater than 200-
fold increase in the cAMP content of the
C-6 astrocytoma cells, in confirmation of
early reports (3). The norepinephrine treat-
ment promoted glycogenolysis to an extent
which led to depletion of four-fifths of the
glycogen stores of the cells after 20 min of
incubation. Approximately one-fifth of the
initial glycogen content of the cells was de-
pleted in the absence of norepinephrine.

Adenine nucleotides and creatine phosphate.
The cells maintain high levels of creatine
phosphate and ATP and maintain creatine
phosphate to ATP ratios near unity (Table
2). ATP:ADP ratios in the cells ranged
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TaBLE 1

Effect of norepinephrine on cAMP and glycogen
content of C-6 astrocyloma cells

Cells were grown to confluence in monolayer
culture on 25-mm coverslips in 60-mm Petri dishes.
On the eighth day after subculture, 1 day after the
last feeding, slips were washed free of serum
proteins by four 5-ml washes with Ham’s F-10
medium and incubated at 37° for the times indi-
cated in 3 ml of Ham’s F-10 medium under a 959,
air-59, CO; atmosphere. Norepinephrine was
added as 20 ul of 15 mM norepinephrine HCI in
5 mM HCIL In control measurements this volume
of acid was shown not to change the pH of the
incubation mixture. Incubations were terminated
by transferring the slips to 1 ml of 6%, perchloric
acid at 0°. Perchloric acid extracts were neu-
tralized with potassium carbonate. cAMP was
measured by the binding assay of Gilman (8).
Glycogen was determined by the fluorometric
procedure of Passonneau et al. (11).

Norcgilneg‘l:rine Incuﬁmion cAMP © Glycogen®
wmoles glucosyl
. 1 S
min ’";‘,:fé’:‘ tu;l’t:‘ é:l
- 0 4 65 + 11
- 20 15 50 + 2
+ 20 3500 13+ 1

¢ cAMP data were derived from one of the two
experiments in which the glycogen data were
acquired.

b Values represent means =+ standard errors for
four coverslip samples.

between 11 and 22. Differences between
these values are primarily a result of changes
in the ADP content. Norepinephrine had
little effect on the levels of these energy
carriers.

Glycogenolysis. The breakdown of glycogen
with time following norepinephrine treat-
ment is shown in Fig. 1. Preliminary experi-
ments indicated that rapid, transient changes
in the glycogen content of the cells occurred
during the first few minutes after cells were
removed from growth medium and placed
in fresh Ham’s F-10 medium. The glycogen
content rose initially, then fell. For this
reason these cells were incubated for 10 min
before hormone addition. During the 30 min
of incubation the content of glycogen in
control samples decreased somewhat (Fig. 1).
Norepinephrine caused a more rapid de-
crease in glycogen content in the cells. The
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TABLE 2

Effect of norepinephrine on adenine nucleotide and crealine phosphate content of
C-6 astrocytoma cells

Data were derived from the same experiments as described in Table 1. Values represent means =+

standard errors for four coverslip samples.

Norepineph- Incubation  Creatine ATP ADP 5'-AMP Total adenine  ATP:
rine, 0.1 mu time phosphate nucleotides® ADP
min nmoles/mg/ protein
- 0 27 +£1.7 22+18 1.0%+0.2 1.0+0.1 24 22
- 20 23 +15 22+0.7 23=+07 0.8+0.2 25 10
+ 20 25+1.1 20+10 1.1 0.1 0.6 % 0.1 25 17

@ Sum includes nucleotide present as cAMP, which is presented in Table 1.

decrease in glycogen content which wa
initiated by norepinephrine followed a
smooth but nonlinear curve, which appeared
to be initiated near the time of norepi-
nephrine addition. The rate of glycogenol-
ysis was approximately 1 nmole/min/mg
of proten during the first 5 min of the experi-
ment, and after 15 min the rate of fall in
glycogen level was reduced to 0.4 nmole/
min/mg of protein.

Measurement of the time course of the
cAMP elevation in these experiments indi-
cated that the cAMP had reached nearly a
maximum level within 5 min and that it
remained near this level for the remaining
25 min of the experiment (Fig. 2). The
cAMP level seen after norepinephrine treat-
ment in these experiments was approxi-
mately 1500 pmoles/mg of protein and was
more typical of the results seen in this
laboratory than was the 3500 pmoles/mg
reported in Table 1. Control cAMP levels
remained between 5 and 10 pmoles/mg of
protein.

Glycogen phosphorylase. The mechanism
by which glycogenolysis was activated in
the above experiments was examined. First,
the forms of phosphorylase present under
control and hormone-treated conditions were
characterized. Data in Table 3 indicate that
prior to treatment with norepinephrine the
enzyme activity was stimulated 6-fold by
5-AMP. Cells which were incubated with
norepinephrine for 5 min contained in-
creased amounts of 5-AMP-independent
phosphorylase activity; yet the enzyme was
stimulated 30% by this nucleotide. These
data suggest that under control conditions
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Fi1G6. 1. Effect of norepinephrine on glycogen
conlent of C-8 astrocytoma cells

Incubation conditions were the same as in
Table 1, except that cells were incubated for 10
min prior to norepinephrine addition and incuba-
tions were terminated at the times indicated by
transferring the coverslips to 5% trichloracetic
acid at 0°.
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phosphorylase b predominated in C-6 cells
and that upon treatment with norepi-
nephrine the enzyme was converted to
phosphorylase a. The amount of enzyme
activity present under assay conditions was
several fold in excess of that needed to
account for the rate of glycogenolysis in the
previous experiments (Table 1 and Fig. 1).
The small amount of apparent 5-AMP-
independent phosphorylase activity in the
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Fi6. 2. Effect of norepinephrine on cyclic AMP
level in C-8 astrocytoma cells

Data were derived from the trichloracetic acid
extracts of the same experiments presented in Fig.
1.

TaBLE 3
Glycogen phosphorylase activily of C-6
astrocytoma cells

The experiment was conducted as described in
Table 1, except that cells were incubated for 10
min prior to norepinephrine addition and the
incubation was terminated by freezing the cover-
slips in liquid nitrogen. Thawed, resuspended cells
(see MATERIALS AND METHODS) were transferred to
a Teflon-glass homogenizer, and cells remaining
in the resuspension beaker were washed into the
homogenizer with 0.5 ml of resuspension buffer.
Cells were homogenized by hand, and 50 or 100 ul
of homogenate were immediately analyzed for
glycogen phosphorylase. Glycogen phosphorylase
was assayed in the direction of glycogen break-
down as described in the text. Data represent the
results of two experiments, and are presented as
the means + standard errors for four coverslip
samples.

. Glycogen
Conditions ph osg,h ofyl ase
nmoles/min/mg
prolein

Untreated cells 1.4 + 0.3
Untreated cells, 5'-AMP added

to assay mixture 7.8 £0.3
Cells treated 5 min with

norepinephrine 6.7 + 0.4
Cells treated 5 min with

norepinephrine; 5'-AMP

added to assay mixture 8.8 +1.3
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F1a.3. Effect of norepinephrine on phosphorylase
a activily of C-6 aslrocytoma cells
Incubation conditions were the same as pre-
sented in Table 1, except that these cells were
incubated for 10-15 min prior to norepinephrine
addition and incubations were terminated by
freezing the coverslips in liquid nitrogen. The
data result from two experiments, each of which
included duplicate incubation samples.

cells under control conditions may be ac-
counted for in part by a small amount of
phosphorylase a in the cells under control
conditions and in part by 5-AMP present
in the tissue extracts and assay reagents
(see MATERIALS AND METHODS).

The time course of phosphorylase inter-
conversion after norepinephrine addition was
determined (Fig. 3). The percentage of total
phosphorylase activity present in the ab-
sence of 5-AMP was used as an index of
phosphorylase a. At 5 sec after norepi-
nephrine addition, mean activity was slightly
elevated. After 15 sec of incubation phos-
phorylase was more than half-converted to
the a form, and by 30 sec the conversion was
essentially complete. The enzyme remained
in the a form for the remaining 4.5 min of
the experiment.

The conversion of phosphorylase b to a
within this short time period demonstrates
that the large elevations of cAMP seen
after several minutes of incubation with
norepinephrine are not necessary for the
full activation of glycogenolysis. It was not
possible to measure cAMP concentrations
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Fi1G. 4. Effect of norepinephrine on cAMP con-
tent of C-6 astrocytoma cells

Incubation conditions were as described in
Table 1, except that these cells were incubated for
10-15 min prior to norepinephrine addition and
incubations were terminated by freezing cover-
slips in liquid nitrogen. Frozen slips were later
placed in 1 ml of 5% trichloracetic acid and ex-
tracted as described under MATERIALS AND METH-
oDS.

in the above experiments, in which phos-
phorylase was assayed, since the extraction
procedure for phosphorylase assay did not
provide a suitable sample for cAMP estima-
tion by the binding assay. Data from a
separate experiment show the increase of
cAMP during the first minute after norepi-
nephrine addition (Fig. 4). After 5 sec of
incubation with norepinephrine, the point
at which phosphorylase activation had been
initiated, the cAMP content of the cells was
elevated from 4 to 46 pmoles/mg of protein.
Therefore a concentration of cAMP far
below the maximum concentration exhibited
by these cells is sufficient to initiate phos-
phorylase activation. By 30 sec in the
presence of norepinephrine, when phos-
phorylase was fully activated, the cAMP
content was 200 pmoles/mg of protein, an
amount which is only 13% of the 1500
pmoles/mg that is typically produced by nor-
epinephrine treatment. Therefore the large
elevations of cAMP obtainable in these cells
upon longer incubation are not required to
activate the glycogen phosphorylase system
fully.

BROWNING ET AL.

Successive exposure of cells to norepi-
nephrine. The above experiments described
first exposures of C-6 cells to norepinephrine
for time periods up to 30 min. An additional
group of experiments was performed to
describe the effect of prior hormone treat-
ment on subsequent treatments. C-6 cells
were incubated in the presence or absence of
norepinephrine for 3 hr, washed free of
hormone, incubated for 1 hr without nor-
epinephrine, and then incubated again with
or without norepinephrine for 10 min. Ten
minutes was chosen for the second treatment
period to allow maximum elevation of cAMP
as established in earlier experiments and to
permit a r oderate amount of glycogenolysis
to occur. Increases or decreases in the
amount of glycogen breakdown would there-
fore be detectable. Additional groups of
samples were fixed after the 3-hr and 1-hr
incubations to assess the cAMP and glyco-
gen contents of the cells at these steps in the
experiment.

Samples that were fixed at the end of the
3-hr incubation in the absence of norepi-
nephrine contained amounts of glycogen
consistent with earlier experiments, whereas
the glycogen content of norepinephrine-
treated samples was depressed by 30% at
this time (Table 4, A). Earlier experiments
had shown that after 20-30 min of treat-
ment with norepinephrine the cells were
largely depleted of glycogen (Table 1 and
Fig. 1). It therefore appears that some com-
pensatory mechanism had come into play
which promoted regeneration of a substan-
tial amount of glycogen by the end of 3 hr.
Examination of the cAMP levels of the cells
at the end of the 3-hr incubation period in-
dicated that cAMP levels of untreated in-
cubates remained low, and the cAMP levels
of norepinephrine-treated samples were
also relatively low (Table 4, A) compared
with the greater elevations seen after a few
minutes of hormone treatment (Fig. 2).
The presence of norepinephrine in the in-
cubation medium was established in a con-
trol experiment (data not shown), in which
fresh coverslip samples were placed in a
3-hr incubation fluid for 10 min and the
fluid caused the usual elevation of cAMP.

Cell samples incubated for 3 hr with
norepinephrine, washed, and incubated again
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TABLE 4

Effect of previous norepinephrine treaimenl on response of C-5 aslrocyloma cells to norepinephrine

Coverslip samples of cells were incubated in Ham’s F-10 medium according to the schedule outlined
below. Incubation was terminated at the appropriate point by placing the coverslip in 5% trichloracetic
acid at 0°. Data represent means =+ standard errors for the number of coverslip samples shown in paren-

theses.
Incubation procedure cAMP Glycogen
3-hrincubation  1-hr incubation  10-min incubation

with (4) or without nor- with (4) or

without (—) nor-  epinephrine without (—)

epinephrine norepinephrine
pmoles/mg protein nmoles/mg protein
A - 0 0 3.1+ 04 @6) 49.1x1 (6)
+ 0 0 24 + 2 (6) 32.0=x1.5 (6)
B - + 0 84+ 1.3 (6) 43.2 &= 2.9 (6)
+ + 0 54+ 2.2(3) 47.6 = 3.2 (6)
C - + - 7.4 £ 1.2 (5) 51.5 %+ 4.7 (6)
+ + 1300 + 110 (6) 35.9 & 3.7 (8)
D + + - 6.3+ 1.4 (3) 50.0 % 2.2 (6)
+ + + 25 + 3.7 (6) 36.2% 0.7 (6)

for 1 hr without hormone contained glycogen
and cAMP levels which were not distin-
guishable statistically from similarly treated
control samples (Table 4, B).

Cells which did not receive norepinephrine
during the 3-hr incubation responded to the
10-min hormone treatment by accumulating
¢cAMP to 1300 pmoles/mg of protein and
by degrading glycogen to the extent of 15
nmoles/mg of protein (Table 4, C).

Cells that had previously been treated
with norepinephrine responded to the second
exposure by degrading nearly the same
amount of glycogen, 14 nmoles/mg of pro-
tein, but their cAMP content was elevated
only slightly, from 6 to 25 pmoles/mg of
protein (Table 4, D). Interestingly, the
¢AMP elevation to 25 pmoles/mg of protein
is nearly identical with the 24 pmoles of
cAMP per milligram of protein present at
the end of the 3-hr norepinephrine treat-
ment. The conclusion is drawn that the
first norepinephrine treatments of these
cells altered the cells in a way which pre-
vented a large increase in cAMP upon ex-
posure to the hormone 1 hr later. A relation-
ship of this observation to the depressed

cAMP levels at the end of the 3-hr norepi-
nephrine treatment period is suggested.

The state of the phosphorylase system at
the end of the 3-hr norepinephrine treat-
ment, at the end of the 1-hr recovery period,
and after a second norepinephrine treatment
was determined in separate experiments.
Assay of the phosphorylase activity of cells
incubated for 3 hr in the presence or absence
of norepinephrine indicated that phos-
phorylase had returned almost entirely to
the b form after 3 hr of hormone exposure
(Table 5), despite the small elevation of
cAMP seen in Table 4, A. The phosphoryl-
ase a content of cells incubated without
norepinephrine for 3 hr was lower than that
seen in earlier, shorter incubations. If cells
were washed after the 3-hr incubation and
incubated for an additional 1 hr (Table 5),
the phosphorylase activity was unchanged
compared to the 3-hr samples.

Cells which were re-exposed to norepi-
nephrine partially converted phosphorylase
to the a form (Fig. 5). Initiation of con-
version was apparent by 10 sec after norepi-
nephrine addition; maximum conversion
was achieved after 2 min in the presence of
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TABLE 5

Effect of previous norepinephrine trealment on state
of activation of glycogen phosphorylase in C-6
astrocytoma cells

Cells were incubated as indicated in Table 4,
except that incubations were terminated by
freezing the coverslip samples in liquid nitrogen.
After resuspension (see MATERIALS AND METHODS)
cells were transferred to a 1.5-ml Eppendorf
plastic centrifuge tube and dusrupted by sonica-
tion for 10 sec at minimum power, using a Heat
Systems-Ultrasonics, Inc., model W185D Sonifier.
Phosphorylase was determined immediately there-
after. Data represent the means of duplicate
incubation samples from one typical experiment.

Incubation procedure P h‘;‘&‘;g{t’;‘“
Activity
inc:i:rtion . Lbr Yithout
with (+) or | incubation | . §- AMP
Ththogt (2 | pomithout. |=S" -AMP |+5'-AMP
nore?ii:eeph- rine
S
- 0 0.08 6.6 1.2
+ 0 0.09 6.2 1.6
- + 0.08 6.4 1.3
+ + 0.12 6.9 1.7

hormone. The maximum was only 55% of
total phosphorylase activity, compared to
75% achieved under other experimental
conditions (Fig. 3).

Recently reported experiments demon-
strate that several repeated treatments of
C-6 cells with norepinephrine produced pro-
gressively smaller increases in the cAMP
level and showed that inhibitors of cAMP
phosphodiesterase caused the cAMP increase
to remain larger upon repeated treatment
with hormone (14). Therefore the effect of an
inhibitor of cAMP phosphodiesterase, MIX,
was tested for its effects on cAMP levels and
glycogen under the conditions described in
the previous experiment. If cells that had
been incubated without norepinephrine were
incubated in MIX for 10 min, the cAMP
level rose 2-fold and significant glycogenol-
ysis occurred (Table 6, B). Cells incubated
for 10 min with norepinephrine exhibited
the usual elevation of cAMP, and a reduc-
tion in glycogen content occurred which
was equal to that seen with MIX. In cells
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which had been incubated for 3 hr with
norepinephrine, MIX caused a 4-fold rise
in ¢cAMP; norepinephrine caused a 6-fold
rise; and the two materials together caused
a 100-fold rise in cAMP during the subse-
quent 10-min incubation. Therefore the
beta adrenergic receptor of the cells remains
at least partially active. MIX caused a
reduction in glycogen content greater than
that seen with norepinephrine, and the
two agents together caused a reduction in
glycogen which was no greater than that
seen with MIX alone. Analysis of the 5’'-
AMP content of these cells (data not shown)
demonstrated no increase in this nucleotide
after treatment with MIX.

DISCUSSION

Experiments in the present paper extend
previous observations on norepinephrine-
initiated phenomena in C-6 astrocytoma
cells (3, 14). In the absence of norepinephrine
cAMP levels were low and remain so on
prolonged incubation. Upon addition of the
neurohormone to the cells, cAMP rose to
200 times the basal concentration within 5
min, and remained at this concentration for
30 min. Glycogen phosphorylase became

(- ~ -3
(=] o (=]

T T -
1

w»
o
T

o
(=]
T

~N
o

S

PERCENT PHOSPHORYLASE ACTIVITY WITHOUT St AMP
£ 3
o

0 05 1 3 3 4 5
025
MINUTES OF  INCUBATION
F16.5. Effect of norepinephrine on phosphorylase
a activity of C-6 astrocyloma cells previously ireated
with norepinephrine
All cells were incubated for 3 hr with norepi-
nephrine, followed by 1 hr without hormone as
described in Table 4 and the text. Coverslip
samples were then incubated with or without
norepinephrine as indicated and frozen in liquid
nitrogen at the appropriate times.
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TABLE 6

Effect of previous norepinephrine lrealment on response of C-6 astrocytoma cells to incubation with
norepinephrine and 1-methyl-8-isobutylzanthine
Coverslip samples of cells were incubated according to the schedule outlined below. Because of the
low solubility of MIX, this inhibitor was dissolved in Ham’s F-10 medium and the 10 min incubation was
initiated by transferring coverslip samples into fresh medium containing the additions indicated.
Incubation was terminated at the appropriate point by placing the cover slip in 5% trichloracetic acid
at 0°. Values represent means =+ standard errors for the number of incubation samples shown in paren-

theses.
Incubation conditions cAMP Glycogen
3-hrincubation 1-hr incubation 10-min incubation with
with (4) or without nor- (+) or without (—) drug
without (—) epinephrine
norepinephrine Norepine- MIX
phrine
pmoles/mg protein nmoles/mg prolein

A + + 0 0 3.4+ 0.4 (6) 45 £ 5 (9)
- + — - 4.1 £ 1.0 (6) 43 =5 (9)
- + - + 9.1 £ 1.2 (6) 260+ 3 (9)
- + + - 1300 + 97 (6) 26 +3 (9)
C + + - - 4.0 + 0.8 (7) 43 = 2 (10)
+ + - + 15 + 21(G) 2+3 @8)
+ 4 + - 24 + 3.7 (5) 3% +4 (8)
+ + + + 410 =28 (7) 19 £ 2 (9)

fully converted to the a form within 30 sec
after norepinephrine addition, long before
cAMP reached its maximum concentration,
in agreement with cAMP-activated phe-
nomena in other systems (15).

Treatment of C-6 cells with norepinephrine
for 3 hr caused cAMP to return nearly to
control levels. That this result was not due
to disappearance of norepinephrine during
the incubation was revealed by placing a
fresh coverslip sample of cells in the 3-hr
incubation fluid and demonstrating a typical
cAMP increase in the second sample. It
would appear that some compensatory mech-
anism of these cells led to the return of their
cAMP content to a low value. The nature of
this mechanism remains to be determined.
When cells treated for 3 hr with norepi-
nephrine were washed, incubated for 1 hr
without hormone, and again exposed to
norepinephrine for 10 min, they increased
cAMP only to the concentrations prevailing
at the end of 3 hr in the presence of norepi-
nephrine. Other cell samples which had
been incubated without norepinephrine

during the 3-hr period responded to the 10-
min hormone exposure by increasing cAMP
180-fold. The suppression of the cAMP
elevation due to norepinephrine, described
above, is in agreement with results reported
by Schultz, Hamprecht, and Daly (14) who
showed that upon repeated 12-min treat-
ments of C-6 cells with norepinephrine,
followed by 15-min recovery periods, the
cells responded by elevating their cAMP
levels by progressively smaller amounts. In
similar experiments these workers added
papaverine, an inhibitor of cAMP phospho-
diesterase, along with norepinephrine, and
observed that the effect of norepinephrine
on cAMP was better retained during re-
peated treatment (14). The same effect was
observed here, using MIX as an inhibitor of
the phosphodiesterase (Table 6). Papaverine
produced a similar effect in our experiments
but was found to inhibit respiration in the
cells, as described in a following paper (16).

Other cellular systems respond to hor-
mones with an initial increase of cAMP
content, followed by a return toward the
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normal value. Brain slices yield such results
(17), as do adipose cells (18). The decrease
in cAMP levels might be due to a decreased
rate of cAMP synthesis or to an increased
rate of cAMP destruction.

Previous results showed that C-6 cells
grown for 40 hr in N¢-2’-O-dibutyryladeno-
sine 3’,5-monophosphate contain increased
cAMP phosphodiesterase activity (19).
Whether a similar increase in phospho-
diesterase activity accounts for the pres-
ent observation remains to be determined.
A phenomenon of tachyphylaxis, whereby
the beta adrenergic receptor has been
“‘desensitized,” has recently been described
(20).

The additional observation that treating
cells with norepinephrine a second time
caused cAMP to rise to almost exactly the
same value seen at the end of 3 hr in the
hormone (Table 4) suggests that the adap-
tive phenomenon associated with return of
the cAMP content toward normal had been
completed after 3 hr in norepinephrine or
that the adaptive process required the con-
tinual presence of the hormone and/or
elevated cAMP.

Norepinephrine promoted glycogenolysis
in the C-6 cells on first hormone treatments
(Table 1) and upon repeated hormone treat-
ments as well (Tables 4 and 6). The phos-
phorylase was rapidly converted to the a
form, and glycogenolysis ensued. Phos-
phorylase kinase of skeletal muscle is acti-
vated at physiological pH by phosphoryla-
tion (21-25) and requires Cat+ (26). The
enzyme from brain appears to have similar
properties generally (27) and requires Ca*+.?
Phosphorylation of phosphorylase kinase
might be accomplished by a cAMP-stimu-
lated protein kinase which has been reported
to occur in these cells (28). The cytosolic
Ca*t concentration of diverse cell types is
normally low under basal conditions (29,
30). Should Cat+ be required for activity of
phosphorylase kinase in C-6 cells and should
the basal cytosolic Catt level be low as
elsewhere, Catt might arise from extra-
cellular fluid, endoplasmic reticulum, mito-
chondria, or membrane binding sites to
stimulate phosphorylase kinase. In skeletal

3 C. Brostrom, personal communication.
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muscle the sarcoplasmic reticulum is the
source of cytosolic Ca*tt during muscle
contraction (30), whereas in neurons Catt
needed for neurotransmitter release arises
outside the nerve endings (31).

Cells that had been treated with norepi-
nephrine degraded glycogen to the same
degree as cells that had been similarly
incubated but without the hormone (Table
4). The cAMP in the norepinephrine-treated
cells rose only to a level equal to that present
at the end of the 3-hr hormone treatment.
Phosphorylase was almost entirely in the b
form (Table 5) at the end of the 3-hr treat-
ment, but phosphorylase a formation oc-
curred upon the second addition of norepi-
nephrine. It would appear that factors other
than the cAMP content of the cells per se
control glycogenolysis in norepinephrine-
treated cells. Ca**+ has been proposed as a
modulator of the phosphorylase kinase reac-
tion (26, 32) and may be the other de-
terminant of phosphorylase b to a conver-
sion. The dissociation of phosphorylase ac-
tivation from changes in cAMP level is in
agreement with previous work in skeletal
muscle (33, 34), in heart (35), and in brain
slices (36).

The cellular contents of phosphorylase a
and glycogen have been observed to fluctuate
among experiments and within experiments
in the absence of norepinephrine. The phos-
phorylase a activity in the absence of
norepinephrine varied between 1 and 20 %
of total activity (Figs. 3 and 5; Table 5).
Glycogen varied between 20 and 65 nmoles/
mg of protein (Fig. 1; Tables 1, 4, and 6).
In preliminary experiments rapid, transient
changes in glycogen occurred following re-
moval of coverslip samples of cells from
growth medium, washing, and placing the
cells in fresh Ham’s F-10 medium. Con-
sideration of the multiplicity of factors
which govern the enzymes of glycogen
metabolism in more widely studied cell
types suggests that these fluctuations are
not unlikely, but makes them difficult to
interpret. That one or more factors other
than the activity of the beta adrenergic
receptor are involved with control of glyco-
gen metabolism in the present cell types is
emphasized by these results.
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The amount of phosphorylase a in C-6
cells after norepinephrine treatment was
several fold in excess of that needed to
account for the observed rate of glycogenol-
ysis were the enzyme operating at maximum
velocity. Differences in experimental con-
ditions between the phosphorylase assay
and the cellular incubations may account
for part of the difference, but that this is not
the entire explanation is indicated by the
fact that papaverine causes glycogenolysis
to occur at a 2—4-fold greater rate than was
seen with norepinephrine (16). Thus some
feature of the cellular milieu other than the
enzyme per se limits the glycogenolytic flux.
Substrate glycogen and phosphate levels
may be limiting, or the rate of glycogen
resynthesis may be significant. The state
of the glycogen-synthetic reaction in these
cells is unknown. However, glycogen syn-
thetase is controlled by a phosphorylation-
dephosphorylation mechanism which is com-
plementary to the control of glycogen phos-
phorylase in most cells (37), and the rapid,
complete activation of phosphorylase might
suggest a complementary deactivation of
the synthetase. The glycogen content of
the present cells was similar to that found
in experiments in which papaverine caused
a faster rate of glycogenolysis, so that a
difference in glycogen content does not
account for the difference in flux. Inorganic
phosphate concentration may differ in the
two experimental situations. Under basal
conditions high-energy phosphate stores are
high in the cells and remain so after norepi-
nephrine addition, whereas during incuba-
tion with papaverine the creatine phosphate
and ATP levels are substantially decreased.
It would seem likely that the concentration
of inorganic phosphate is elevated in the
papaverine incubation, accounting for the
increased glycogenolytic flux in those cells,
and accordingly that inorganic phosphate
limits the rate of glycogenolysis in the
norepinephrine-treated cells.
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