
ABBREVIATIONS: PMA, phorbol, 12-myristate,-1 3-acetate; DMEM, Dulbecco’s modified Eagle’s medium; HEPES, 4-(2-hydroxyethyl)-1 -piperazine-
ethanesulfonic acid; IBMX, 3-isobutyl-1-methylxanthine; G, inhibitory guanine nucleotide-binding protein.
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SUMMARY
Exposure of 1 321 Ni human astrocytoma cells to fresh medium
containing fetal bovine serum induced a marked increase in the
subsequent ability of isoproterenol and forskolin to stimulate
cAMP accumulation in intact cells, compared with cells exposed
to fresh medium without serum. This “sensitization” of cAMP
accumulation by serum was dose dependent, occurred rapidly,
was maintained in the continuing presence of serum, and re-
versed rapidly upon removal of serum. Preliminary characteriza-
tion of the sensitizing factor(s) in serum has been performed, but
the factor(s) remain to be identified. Sensitization appeared to
result from an increase in maximal response and not from
changes in the potency of isoproterenol or forskolin. The protein
kinase C inhibitor staurosporine inhibited serum-induced sensi-

tization. Furthermore, down-regulation of protein kinase C almost
completely eliminated the subsequent ability of serum to induce
sensitization, indicating involvement of protein kinase C in the
serum effect. Pretreatment of cells with pertussis toxin also
markedly reduced subsequent sensitization induced by serum,
suggesting involvement of a pertussis toxin-sensitive guanine
nucleotide-binding protein in the pathway for serum-induced
sensitization. The rate of cAMP degradation was not changed in
sensitized cells, but some increase in adenylyl cyclase activity
was retained in broken cell preparations from sensitized cells,
suggesting increased synthesis of cAMP by adenylyl cyclase as
the mechanism for sensitization.

Many hormones, neurotransmitters, and other cellular reg-

ulators, as well as many related drugs, mediate their effects on

cells by altering the intracellular concentrations of the “second
messenger” cAMP. Most of these agents exert their effects by

activating cell surface receptors coupled to either stimulation
or inhibition of the enzyme adenylyl cyclase, thus changing the
rate of synthesis of cAMP (1, 2). Some agents, most notably
forskolin, bypass cell surface receptors to activate directly the

adenylyl cyclase catalytic unit or its interaction with the guan-
me nucleotide-binding proteins associated with adenylyl cy-
clase (3). In a few cases, changes in intracellular cAMP concen-
tration are mediated by changes in the rate of degradation of

cAMP by phosphodiesterases rather than by changes in the
rate of synthesis by the adenylyl cyclase system (4-6).

The ability of the adenylyl cyclase system to respond to these
various regulators is subject to longer-term adaptive modula-

tion as well. The most well characterized of these adaptive

changes is the decrease in responsiveness, referred to as desen-

sitization, that generally occurs during the course of prolonged
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or repeated exposure to agents that stimulate adenylyl cyclase

(7, 8). On the other hand, adaptive increases in adenylyl cyclase

activity have been observed following pretreatment with agents

that inhibit adenylyl cyclase, and these may represent a mech-

anism for desensitization of inhibitory responses (9-11).
Many recent reports have provided evidence that the activity

of the adenylyl cyclase system can also be modulated by expo-
sure of cells to agents that do not themselves directly interact
with the adenylyl cyclase system. In particular, phorbol esters
and other direct activators of protein kinase C (12) have been
shown to alter the adenylyl cyclase system, with both increases

and decreases in activity occurring in different cells and tissues

(Ref. 13 and references therein). These effects have been var-

iously attributed to changes in receptors, guanine nucleotide-
binding proteins, adenylyl cyclase activity, or phosphodiester-
ase activity. Similar effects have been observed following pre-
treatment of cells with agonists acting at receptors coupled to
polyphosphoinositide hydrolysis, which leads indirectly to ac-

tivation of protein kinase C by formation of endogenous di-
acylglycerol (Ref. 13 and references therein).

In a previous study (13), we showed that activation of protein

kinase C, either directly with phorbol esters or indirectly with

agonists acting at receptors coupled to polyphosphoinositide
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hydrolysis, led to an increase in the subsequent stimulation of
cAMP accumulation in intact 1321N1 human astrocytoma
cells. We refer to these phenomena as “sensitization.” During

the course of these studies, we observed markedly greater
stimulation ofcAMP accumulation in cells pretreated in serum-

containing medium than in cells pretreated in serum-free me-
dium. The present studies characterize and investigate the
mechanism of this serum-induced sensitization phenomenon.

Experimental Procedures

Materials. The following chemicals were purchased from Sigma

Chemical Co. (St. Louis, MO): PMA, carbachol, isoproterenol, IBMX,

prostaglandin E,, and trypsin. Forskolin was purchased from Calbi-

ochem (San Diego, CA), heparin from Elkins-Sinn (Cherry Hill, NJ),

pertussis toxin from List Biologicals Laboratories, Inc. (Campbell, CA),
staurosporine from Kyowa Hakko USA (New York, NY), and [3H]
adenine from ICN Radiochemicals (Irvine, CA). Cholera toxin was a
gift from R. Finkelstein (University of Missouri, Columbia, MO). Cell
culture medium and trypsin were from GIBCO (Grand Island, NY).
Fetal and newborn bovine sera were from GIBCO; horse serum was

from Hyclone (Logan, UT).
Cell culture. 1321N1 human astrocytoma cells were grown in mono-

layer culture at 37’, in a humidified atmosphere containing 8% CO2.
Growth medium was low glucose DMEM supplemented with 5% fetal
bovine serum. Confluent monolayers were removed from tissue culture

flasks with 0.05% trypsin and plated at a density of 20,000 cells/cm2 in
plastic tissue culture dishes. Experiments were performed on cells 4 or
5 days after plating, when they were just confluent.

Assays of intracellular cAMP accumulation. cAMP accumula-
tion in intact cells grown on 35-mm dishes was determined by the
method of Shimizu et at. (14), as previously described (13). Growth

medium was aspirated and the cell sheets were washed once with 2 ml

of DMEM buffered to pH 7.4 with 20 mM HEPES (DMEM-HEPES).
Except for the time course experiments shown in Figs. 1 and 2, cells
were then incubated for 1 hr at 37’ in 1 ml of DMEM-HEPES

containing 2 MCi of [3H]adenine. Serum and/or pretreatment drugs, or

the appropriate vehicle, were included during this prelabeling step.
Prelabeling medium and pretreatment drugs were aspirated, and the
cells were washed and then incubated for 2 mm at 37’ in DMEM-
HEPES, in the absence or presence of various agents to stimulate
cAMP accumulation. This stimulation medium was then aspirated,
and 1 ml of 5% trichloroacetic acid was added to stop further reactions

- 0 10 20 30 40 50 60 0 10 20 30 40 50 60

TIME (sin) TIME (mm)

Fig. 1. Time courses for serum-induced changes in intact cell cAMP
accumulation. Cells were washed free of growth medium and then
incubated for the indicated times in DMEM-HEPES in the absence (0) or
presence (#{149})of 5% fetal bovine serum. Cells were then washed, and
CAMP accumulation stimulated by 10 MM isoproterenol (ISO) and by 30
MM forskolin (FSK) was measured in 2-mm assays. Data are expressed
as the percentage of activity in untreated control cells and are the means
± standard errors from three experiments, each performed in triplicate.
The percentage of conversion values in control cells (1 00% values in
figure) were 0.29 ± 0.06 for isoproterenol and 0.14 ± 0.03 for forskolin.

Fig. 2. Time courses for reversal of serum-induced sensitization. Cells
were incubated for 60 mm in DMEM-HEPES in the absence (0) or
presence (#{149},t�) of S% fetal bovine serum. Cells were then washed and
incubated for the indicated times in the absence (0, #{149})or presence (Li)
of serum. Finally, cells were again washed, and cAMP accumulation
stimulated by 10 MM isoproterenol (ISO) and by 30 MM forskolin (FSK)
was measured in 2-mm assays. Data are expressed as the percentage
of activity in control cells (incubated for 60 mm in the absence of serum)
and are the means ± standard errors from three experiments, each
performed in triplicate. The percentage of conversion values in control
cells (1 00% values in figure) were 0.30 ± 0.1 0 for isoproterenol and 0.35
± 0.1 8 for forskolin.

and to extract cellular nucleotides. For the time course experiments,
cells were pretreated in the absence or presence of serum for various

times in DMEM-HEPES, as described above, but labeling of cells with
[3H]adenine was for only 2 mm during the stimulation with isoproter-
enol or forskolin, as previously described (15). In all experiments, [3H]

cAMP and [3H]ATP in the trichloroacetic acid extracts were then
separated by sequential chromatography over Dowex and alumina
columns, essentially as described (4). Radioactivity in the column

eluates was determined by liquid scintillation counting in 10 ml of

BudgetSolve. Accumulation of [3H]cAMP was then expressed as per-

centage of conversion of [3H]ATP to [3HJcAMP ([3HJcAMP/([3H]

cAMP + [3H]ATP)). Incorporation of 3H into the ATP fraction was
typically 500,000 cpm/dish, and this value was not markedly altered by
any of the pretreatments.

Assays of adenylyl cyclase activity in broken cell prepara-
tions. Cells grown on 100-mm dishes were incubated for 60 mm under

various conditions to induce sensitization, as described above. Cells

were then washed once with 5 ml of ice-cold hypotonic lysis buffer (1

mM HEPES, pH 7.4, 1 mM EDTA) and incubated for 20 mm on ice in

an additional 5 ml of lysis buffer. Lysis buffer was aspirated, and cells

were scraped from the dishes with a rubber policeman. The lysates
were then homogenized for 3 sec with a Tissumizer (Tekmar, Inc.,
Cincinnati, OH), at setting 90.

Adenylyl cyclase activity in the lysates was assayed by the method

of Salomon et at. (16), essentially as modified by Clark et at. (17). The

assay solution consisted of 60 mM HEPES (pH 7.7), 0.5 mM EDTA,

1.8 mM MgCl2 (low [Mg�]) or 5.4 mM MgCl2 (high [Mg�]), 8 mM

creatine phosphate, 16 units/mi creatine phosphokinase, 10 MM GTP,
0.12 mM IBMX, 0.2 mM ATP, approximately 0.3 MCi of [a-32P]ATP,
and 40 Ml of cell lysate, in a final volume of 100 Ml. Incubation was for

30 mm at 37’. The assays were terminated by addition of 1 ml of 5%

trichloroacetic acid containing 0.1 mM cAMP and approximately 30,000

cpm/ml [3H]cAMP, to normalize for recovery. Nucleotides were sepa-
rated by sequential chromatography over Dowex and alumina columns,
as described above. Radioactivity in the column eluates was determined
by liquid scintillation counting in 10 ml of BudgetSolve. Recovery of

[32P]cAMP was normalized to recovery of [3H]cAMP in the same
sample. Protein concentration in the lysates was determined by the
method of Lowry et al. (18).

Data anaylsis. Computerized curve-fitting of dose-response curves
was performed by nonlinear regression using GraphPAD (GraphPAD
Software, San Diego, CA). Statistical analysis of the significance of
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a Dialyzed against 20 m� HEPES, pH 7.4,
cutoff Spectra/Por membrane (Fisher Scientific).

b Incubated with 1 mg/mI trypsin for 30 mm at 37#{176}.
C Heparin was present at 0.25 units/mI final concentration.
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changes induced by the various treatments was by analysis of variance,

using the Number Cruncher Statistical System (NCSS, Kaysville, UT).

Results

Characterization of serum-induced sensitization. Dur-
ing the course of our studies of carbachol- and PMA-induced

sensitization of cAMP accumulation, we observed that stimu-

lation of cAMP accumulation was consistently higher in cells

pretreated in their original growth medium containing serum

than in cells where the pretreatment was carried out in fresh
medium without serum. Furthermore, the fold sensitization
induced by pretreatment with carbachol or with PMA was
markedly lower in cells pretreated in growth medium contain-

ing serum, because of the higher value in control cells. There-
fore, our previous studies (13) of carbachol- and PMA-induced
sensitization used pretreatment in DMEM-HEPES in the ab-
sence of serum, to increase the magnitude of the observed

sensitization. In the present studies, we have further investi-

gated the mechanism of the apparent sensitization of cAMP

accumulation induced by serum.
The time courses for the serum-induced changes in sensitiv-

ity of the cAMP system were investigated (Fig. 1). When
original growth medium containing serum was removed from
cells and replaced with DMEM-HEPES without serum, cAMP

accumulation stimulated by isoproterenol exhibited a time-
dependent decrease to a stable level about 50% lower than that
in cells maintained in growth medium with serum. In contrast,
when original growth medium was replaced by DMEM-HEPES

containing fresh serum, there was a marked increase in isopro-
terenol-stimulated cAMP accumulation to levels 2- to 3-fold

higher than those in cells incubated in DMEM-HEPES without
serum. Stimulation of cAMP accumulation by forskolin was

relatively constant following the switch from original growth

medium with serum to DMEM-HEPES without serum. Re-

placement of growth medium with DMEM-HEPES containing
fresh serum led to sensitization of forskolin stimulation to

levels 2- to 3-fold higher than those in cells incubated in fresh

medium without serum. For both isoproterenol stimulation and
forskolin stimulation, there was little effect following 5 mm of

pretreatment, half-maximal sensitization occurred between 10
and 30 mm of pretreatment, and the increase in activity was

retained in the continuing presence of serum for times up to 4

hr (the longest time tested; data not shown). For both isopro-
terenol and forskolin stimulation, sensitization was essentially
completely reversible upon removal of serum, with a half-time
of approximately 30 mm in both cases (Fig. 2).

The serum concentration dependence of sensitization was

investigated (Fig. 3). Half-maximal sensitization of both iso-
proterenol and forskolin stimulation occurred with approxi-
mately 1% fetal bovine serum. Newborn bovine serum and

horse serum also induced sensitization, with horse serum ap-
parently exhibiting somewhat greater effects. Bovine serum
albumin, at concentrations similar to the total protein concen-
tration in the various dilutions of serum, did not induce sensi-
tization, suggesting that sensitization is not simply a nonspe-

cific protein-induced phenomenon. Several different lots of
serum have been used during the course of these studies, and
similar extents of sensitization have been observed with each.

Although the identity of the factor(s) in serum responsible
for sensitization has not been established, preliminary studies

on the nature of the factor(s) have been performed (Table 1).

Fig. 3. Concentration and serum source dependence of sensitization.
Cells were incubated for 60 mm in DMEM-HEPES containing the mdi-
cated concentrations of fetal bovine serum (#{149}#{149}),newborn bovine
serum (0 0), or horse serum (U- - -U) or equivalent protein
concentrations (1 00% serum equals 50 mg/mI protein) of bovine serum
albumin (0- - -0). Cells were then washed, and cAMP accumulation
stimulated by 10 MM isoproterenol (ISO) and by 30 �M forskolin (FSK)

was measured in 2-mm assays. Data are expressed as the percentage
of the activity observed in control cells and are the means ± standard
errors from three experiments, each performed in triplicate. The per-
centage of conversion values in control cells (1 00% values in figure) were
0.48 ± 0.03 for isoproterenol and 0.20 ± 0.03 for forskolin.

TABLE 1

Characterization of the sensitizing activity in serum
Cells were incubated for 60 mm in the absence or presence of the indicated
pretreatment agents (all at 5%) and then washed. cAMP accumulation stimulated
by 1 0 MM isoproterenol and by 30 �M forskolin was then measured in 2-mm assays.
Because the absolute values for fold sensitization induced by control serum were
variable from experiment to experiment, values for sensitization by the various
pretreatments are presented as the percentage of the sensitization induced by
control serum in the same experiment. Values are the means ± standard en-ors
from at least four experiments.

Sensitization
Pretreatment(60 mm)

lsoproteren� Forskohn

% ofeffect with control serum

Fetal bovine serum
Untreated 100 100
Dialyzed8 99 ± 8 152 ± 24
Heat-denatured (56#{176},30 mm) 87 ± 19 73 ± 12
Boiled (100#{176},1-2 mm) 75 ± 14 55 ± 6
Trypsin�treatedb 90 ± 15 122 ± 14

Adultbovineserum 123±20 111 ± 11
Adult bovine plasmac 60 ± 2 69 ± 13
Adult bovine serum + heparinc 77 ± 9 81 ± 15
Fetal bovine serum + heparinc 49 ± 2 59 ± 9

for 72 hr at 4#{176},using 12-14-kDa

Extensive dialysis did not remove the sensitizing activity from

serum. The activity was relatively stable to standard heat

denaturation (30 mm at 56#{176})and was quite stable even to brief

boiling. The activity was not destroyed by treatment with
trypsin. Sensitizing activity was present in both adult bovine

serum and plasma obtained from animals at slaughter, although
the activity in plasma was somewhat lower than that in serum.

This lower activity can apparently be accounted for by an
inhibitory effect of the heparin that is present in plasma,
because addition of heparin to either fetal or adult serum

reduced sensitization to values similar to those seen with
plasma.

To determine whether the factor(s) in serum might induce
sensitization through well characterized neurotransmitter re-
ceptors, the effects on sensitization of a variety of neurotrans-
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mitter receptor antagonists were tested (data not shown). The
effect of serum was not blocked by atropine or by diphenhydra-

mine, suggesting that the effect is not mediated by activation
of muscarinic or histaminergic receptors, respectively, which
have been shown previously to induce sensitization in these

cells (13). Serum-induced sensitization also was not prevented

by phentolamine, propranolol, cis-flupenthixol, or methio-
thepin, suggesting the lack of involvement of a- and fl-adrener-

gic, dopaminergic, and serotoninergic receptors, respectively.
cAMP accumulation in sensitized cells. The specificity

of serum-induced sensitization was investigated by comparing
the effects of serum on stimulation of cAMP accumulation by
various stimuli (Table 2). Although basal activity in these cells
is low and difficult to measure accurately, there appeared to be

a small but statistically significant decrease in basal activity
following serum pretreatment. The decrease in basal activity

observed in this group of experiments was somewhat greater

than in most; the average decrease in basal activity from 16
additional experiments, including those in Figs. 5-7 (basal
values not shown), was only 16 ± 5%. Stimulation by isopro-

terenol was increased by 1.9-fold and stimulation by forskolin

was increased 3.8-fold in serum-pretreated cells. The combi-
nation of isoproterenol plus forskolin causes a synergistic in-
crease in cAMP that is much greater than expected based on

the effects of either agent alone (3). Pretreatment with serum
led to a 1.6-fold increase in the ability of this combination to
increase cAMP levels. Treatment of cells with cholera toxin

elevates cAMP accumulation by about 8-fold. Interestingly,
exposure to serum did not increase the cAMP accumulation in
cholera toxin-treated cells. The combination of isoproterenol

plus cholera toxin increased cAMP to a similar extent as
isoproterenol alone, and serum caused a 2.5-fold increase in
this response. The response to cholera toxin plus forskolin was

much greater than the responses to either agent alone, and
serum increased the response by 1 .9-fold, greater than the effect
of serum on cholera toxin stimulation but less than its effect

TABLE 2

Specificity of serum-induced changes in cAMP accumulation
stimulated by various agents
Cells were pre�ncubated for 60 mm in the absence or presence of 100 ng/ml
cholera toxin, pretreated for an additional 60 mm in the absence or presence of
5% fetal bovine serum, and then washed. CAMP accumulation was then measured
in 2-mm assays in the absence (basal) or presence of 10 MM isoproterenol or 30
�M forskolin or both isoproterenol and forskolin. Values for stimulation are pre-
sented as fold of basal activity in control cells and are the means ± standard errors
from three experiments, each performed in triplicate. The basal value in control
cells (1.0 in table) was 0.019 ± 0.006% of conversion.

.
Stimulator

Fold sflmulatmonofcAMP accumulation
Fold

sensdizationf% Serum-
pretreated

Basal 1 .0 0.6 ± 0.Oa 0.6
lsoproterenol 41 ± 8 77 ± 7� 1.9
Forskolin 9.2 ± 1 .0 35 ± 9 3.8
lsoproterenol + for- 199 ± 43 31 2 ± 66 1.6

skolin
Choleratoxin 7.8±1.3 7.7±0.4 1.0
Cholera toxin + iso- 29 ± 4 72 ± 12� 2.5

proterenol
Cholera toxin + for- 85 ± 12 157 ± 17� 1.9

skolin
Cholera toxin + iso- 222 ± 38 297 ± 41 1.3

proterenol + for-
skolin

a Significantly different from the corresponding value in control cells (p < 0.05).

on forskolin stimulation. The response to isoproterenol plus
forskolin in cholera toxin-pretreated cells was similar to that
in cells without cholera toxin, and the effect of serum was also
similar, with a 1.3-fold increase in cAMP accumulation. Pros-
taglandin E, also stimulates cAMP accumulation in these cells,

and in a separate set of experiments pretreatment with serum
led to a 1.55 ± 0.09-fold increase in stimulation by prostaglan-

din E,, similar to that for stimulation by isoproterenol in the

same set of experiments (1.50 ± 0.11-fold; three experiments).

The effect of serum pretreatment on isoproterenol stimula-

tion was to increase the maximal response, with little or no
change in the potency of isoproterenol for stimulating cAMP

accumulation (Fig. 4). Whether serum increases the potency or
the maximal effect of forskolin could not be determined, be-
cause dose-response curves had not begun to plateau even at

the highest concentrations that were testable due to limited
solubility of forskolin (Fig. 4). Nonetheless, it is clear that

serum led to a similar marked increase in stimulation at all

concentrations of forskolin tested. Studies of the time courses

of cAMP accumulation in control and serum-pretreated cells
indicated that sensitization was not due to a change in the

kinetics of cAMP accumulation, because similar extents of

sensitization were observed at all time points tested, ranging
from 1 to 10 mm (data not shown).

Mechanisms involved in serum sensitization. Our pre-
vious studies of carbachol- and PMA-induced sensitization in

these cells indicated that activation of protein kinase C can
lead to sensitization of cAMP accumulation. Accordingly, we
investigated the possible involvement of protein kinase C in

serum-induced sensitization, by two different approaches. The
effects of the protein kinase C inhibitor staurosporine (19) on

serum-induced sensitization were determined (Fig. 5). The ef-

fects on PMA-induced sensitization were also determined, as a

control for the effectiveness of staurosporine in inhibiting
protein kinase C activity. In these experiments, PMA sensitized
isoproterenol stimulation by 2.1 ± 0.1-fold and sensitized for-

skolin stimulation by 2.8 ± 0.3-fold in the absence of stauros-

porine. In the presence of staurosporine, PMA sensitized iso-
proterenol stimulation by only 1.4 ± 0.4-fold (61 ± 5% inhibi-

tion) and sensitized forskolin stimulation by only 1.3 ± 0.1-

E
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Fig. 4. Isoproterenol and forskolin concentration dependence of cAMP
accumulation in control and serum-sensitized cells. Cells were incubated
for 60 mm in DMEM-HEPES in the absence (0) or presence (#{149})of 5%
fetal bovine serum. Cells were then washed, and cAMP accumulation
stimulated by the indicated concentrations of isoproterenol and forskolin
was measured in 2-mm assays. Data are expressed as the percentage
of the maximal activity observed in control cells and are the means ±
standard errors from three experiments, each performed in triplicate. The
percentage of conversion values in control cells (1 00% values in figure)
were 0.57 ± 0.10 for isoproterenol and 0.48 ± 0.06 for forskolin.
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Fig. 5. Effects of staurosporine on sensitization. Cells were incubated
for 60 mm in DMEM-HEPES in the absence (vehicle) (V) or presence of
1 �tM PMA (P) or 5% fetal bovine serum (5), each in the absence (-57)
or presence (+ST) of 1 �M staurosporine. Cells were then washed, and
cAMP accumulation stimulated by 10 �M isoproterenol (ISO) and by 30
�M forskolin (FSK) was measured in 2-mm assays. Data for cAMP
accumulation are presented as the percentage of the value obtained in
control cells in the absence of staurosporine and are the means ±
standard errors from five to eight experiments, each performed in tripli-
cate. #{176},Sensitization in the presence of staurosporine was significantly
less than that in the absence of staurosporine (p < 0.05). The percentage
of conversion values in control cells (1 00% values in figure) were 0.44 ±
0.06 for isoproterenol and 0.32 ± 0.08 for forskolin.

fold (87 ± 7% inhibition). Serum sensitized isoproterenol stim-

ulation by 2.2 ± 0.2-fold and forskolin stimulation by 2.4 ± 0.2-

fold in the absence of staurosporine. In the presence of stau-

rosporine, serum sensitized isoproterenol stimulation by only

1.6 ± 0.2-fold (50 ± 9% inhibition) and sensitized forskolin

stimulation by only 1.8 ± 0.2-fold (47 ± 10% inhibition). Thus,

staurosporine inhibits sensitization induced by PMA and by

serum, although the effects were larger for PMA than for serum,

particularly in the case of forskolin stimulation. Staurosporine

alone did not alter stimulation by either isoproterenol or for-

skolin in control cells.

As a second approach to investigate the involvement of

protein kinase C, cells were incubated for 18 hr in the presence

of PMA, conditions previously shown to markedly down-regu-

late protein kinase C activity (13, 20), before induction of

sensitization. Again, studies of PMA-induced sensitization were

included to control for the effectiveness of the down-regulation

(Fig. 6). As in our previous study (13), down-regulation of

protein kinase C decreased the absolute value for isoproterenol-

stimulated cAMP accumulation in nonsensitized cells by about

40%, whereas stimulation by forskolin was not affected. In

control cells, PMA sensitized isoproterenol stimulation by 1.8

± 0.2-fold and forskolin stimulation by 3.1 ± 0.6-fold, and

serum sensitized isoproterenol stimulation by 1.7 ± 0.1-fold

and forskolin stimulation by 3.4 ± 0.4-fold. In down-regulated

cells, sensitization by both PMA and serum was essentially

completely prevented. In down-regulated cells, the fold sensi-

tization values were as follows: PMA sensitization of isoproter-

enol stimulation, 1.0 ± 0.0; PMA sensitization of forskolin

stimulation, 1.1 ± 0.1; serum sensitization of isoproterenol

stimulation, 1.1 ± 0.2; and serum sensitization of forskolin

stimulation, 1.3 ± 0.1.

Studies with pertussis toxin were performed to investigate

the involvement of a pertussis toxin-sensitive guanine nucleo-

tide-binding protein in serum-induced sensitization (Fig. 7).

Cells were incubated with pertussis toxin under conditions
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Fig. 6. Effects of protein kinase C down-regulation on sensitization. Cells
were incubated overnight (1 8 hr) in the absence (CONTROL) or presence
(-PKC) of 10 zM PMA to induce down-regulation of protein kinase C.
Cells were then washed and incubated for 60 mm in DMEM-HEPES in
the absence (vehicle) (V) or presence of 1 �M PMA (P) or 5% fetal bovine
serum (5). Finally, cells were again washed, and cAMP accumulation
stimulated by 10 zM isoproterenol (ISO) and by 30 �M forskolin (FSK)
was measured in 2-mm assays. Data for cAMP accumulation are pre-
sented as the percentage of the value obtained in vehicle-pretreated
control cells and are the means ± standard errors from four experiments,
each performed in triplicate. #{176},Sensitization in the protein kinase C down-
regulated cells was significantly less than in the control cells (p < 0.05).
The percentage of conversion values in control cells (1 00% values in
figure) were 0.36 ± 0.03 for isoproterenol and 0.1 5 ± 0.02 for forskolin.

-
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Fig. 7. Effects of pertussis toxin pretreatment of cells on sensitization.
Cells were incubated overnight (1 8 hr) in the absence (-PT) or presence
(+PT) of 1 00 ng/ml pertussis toxin to inactivate pertussis toxin-sensitive
guanine nucleotide-bmnding proteins. Cells were then washed and incu-
batedfor 60 mm in DMEM-HEPES in the absence(vehicle)(V) or presence
of 1 00 �iM carbachol (C) or 5% fetal bovine serum (5). Finally, cells were
again washed, and cAMP accumulation stimulated by 1 0 �zM isoproter-
enol (ISO) and by 30 �M forskolin (FSK) was measured in 2-mm assays.
Data for cAMP accumulation are presented as the percentage of the
value obtained in control cells not pretreated with pertussis toxin and
are the means ± standard errors from five experiments, each performed
in triplicate. �, Sensitization in the pertussis toxin-pretreated cells was
significantly less than in the control cells (p < 0.05). The percentage of
conversion values in control cells (1 00% values in figure) were 0.26 ±

0.06 for isoproterenol and 0.1 6 ± 0.06 for forskolin.

previously shown to ADP-ribosylate and inactivate G, in these

cells (21). Effects on carbachol-induced sensitization also were
investigated, as a control for nonspecific effects of pertussis

toxin. As in our previous study, the effects of pertussis toxin

on carbachol-induced sensitization were small and not statis-

tically significant. Pertussis toxin caused some reduction in

carbachol-induced sensitization of isoproterenol stimulation

(1.74 ± 0.13-fold versus 2.23 ± 0.16-fold), whereas carbachol-

induced sensitization of forskolin stimulation was not reduced
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(1.60 ± 0.17-fold versus 1.57 ± 0.10-fold). In contrast, pertussis

toxin markedly inhibited serum-induced sensitization. Serum-
induced sensitization of isoproterenol stimulation was reduced
by 76%, from 1.81 ± 0.08-fold to 1.17 ± 0.06-fold. Serum-

induced sensitization of forskolin stimulation was completely

inhibited, from 2.18 ± 0.12-fold in control cells to 0.99 ± 0.05-

fold in pertussis toxin-pretreated cells.
Because phosphodiesterase inhibitors were not routinely in-

cluded in the cAMP accumulation assays, the possible involve-
ment of changes in phosphodiesterase activity in the mecha-
nism of serum-induced sensitization was investigated. Sensiti-

zation of both isoproterenol and forskolin stimulation was still

observed even when a maximally effective concentration of
IBMX (100 �zM) was included during the stimulation phase of

the assay (data not shown), suggesting that decreased activity
of phosphodiesterase is not the mechanism of serum-induced

sensitization. To more directly assess the possible role of de-
creased degradation/efflux of cAMP as a mechanism for the

observed sensitization, time courses of cAMP breakdown were
determined, as in previous studies with these cells (4, 9). In
control and serum-pretreated cells, cAMP degradation occurred

at similar rates, with a half-time of approximately 2 mm in

both cases (Fig. 8). The rates of cAMP breakdown also were
not altered in cells that were sensitized by pretreatment with

either carbachol or PMA (data not shown), consistent with the
inability of IBMX to prevent sensitization by these agents that

was reported previously (13). Thus, changes in phosphodiester-

ase activity or cAMP efflux do not appear to account for

sensitization in these cells.
Assays of adenylyl cyclase enzyme activity in broken cell

preparations from control cells and from cells sensitized by
pretreatment with carbachol, PMA, and serum also were com-
pared (Table 3). Because the concentration of Mg�� ion present

0 1 2 3 4

TIME (mm)

Fig. 8. Effects of serum sensitization on cAMP degradation/efflux. Cells
were incubated for 60 mm in DMEM-HEPES in the absence (0) or
presence of 5% fetal bovine serum (#{149})and were then washed and
incubated for 5 mm with DMEM-HEPES containing 10 �M isoproterenol
to stimulate cAMP accumulation. This stimulation medium was replaced
with DMEM-HEPES containing 10 �zM propranolol to block further stim-
ulation of cAMP accumulation, and intracellular cAMP remaining at
various times was then determined. Data are presented as the logarithm
of the ratio of cAMP remaining at the indicated times (A) divided by the
cAMP present at the end of the stimulation period (A0) and are the means
± standard errors from five experiments, each performed in triplicate.
The A0 values (percentage of conversion) were as follows: control, 0.29
± 0.13; serum, 0.66 ± 0.22.

TABLE 3

Effects of sensitizing agents on adenylyl cyclase activity in broken
cell preparations
Cells were incubated for 60 mm in the absence or presence of 1 00 �M carbachol,
1 MM PMA, or 5% fetal bovine serum. Cells were then washed and lysed, and
adenylyl cyclase activity in the lysates was determined in the absence (basal) or
presence of 1 0 �zM isoproterenol or 30 �tM forskolin. Assays contained either 1.8
mM MgCl2 (low [Mg2�]) or 5.4 mM MgCl2 (high [Mg2�l). Data are presented as
averages ± standard errors from five experiments, each performed in triplicate.

Assay Pretreatment Adenylylcydase Foldsensitization

pmol/min/mg of
protein

High [Mg2�]

Basal Control 11 ± 2
Carbachol 12 ± 1
PMA 13±2
Serum 13±2

lsoproterenol Control 22 ± 3
Carbachol 23 ± 2 1 .07 ± 0.05
PMA 22±2 1.03± 0.05
Serum 34±3#{176} 1.61 ± 0.15

Forskolin Control 104 ± 7
Carbachol 1 14 ± 7 1 .09 ± 0.03
PMA 123±10 1.19±0.08
Serum 144 ± 11b 1.39 ± 0.10

Low [Mg2�]

Basal Control 11 ± 2
Carbachol 1 1 ± 2
PMA 13±2
Serum 12±2

Isoproterenol Control 15 ± 2
Carbachol 16 ± 2 1 .04 ± 0.05
PMA 18±2 1.21 ± 0.02
Serum 23±3#{176} 1.56± 0.05

Forskolin Control 36 ± 3
Carbachol 38 ± 3 1 .05 ± 0.04
PMA 64 ± 8�’ 1.81 ± 0.20
Serum 76±8b 2.16± 0.19

a Significantly greater than the corresponding value in control cells (p < 0.05).
b Significantly greater than the corresponding value in control cells (p < 0.01).

during the adenylyl cyclase assay has been shown to be impor-

tant for observation of some sensitization and desensitization

phenomena (22, 23), assays were performed in the presence of

both low and high concentrations of � In the more com-

monly used high [Mg2�] assay conditions, isoproterenol and

forskolin stimulated adenylyl cyclase activity of control prep-
arations by about 2- and 10-fold, respectively. None of the

pretreatments significantly altered basal activity. Neither car-

bachol nor PMA pretreatment altered stimulation by isopro-

terenol or by forskolin. However, pretreatment of cells with

serum did significantly increase stimulation by both isoproter-

enol and by forskolin. In the low [Mg�] assays, the extent of

stimulation was reduced, with isoproterenol and forskolin caus-

ing only about 1.5- and 4-fold stimulation, respectively, in

control preparations. Pretreatment with carbachol did not sig-

nificantly alter stimulation by isoproterenol or by forskolin.

However, under these assay conditions, pretreatment with

either PMA or serum led to significant increases in adenylyl

cyclase activity stimulated by both isoproterenol and by forsko-

un.
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Discussion

These results demonstrate a marked effect of serum on the
function of the receptor-regulated adenylyl cyclase system of

1321N1 human astrocytoma cells. Pretreatment of cells in

medium containing serum increased subsequent stimulation of
intracellular cAMP accumulation by isoproterenol and by pros-

taglandin E1, agents acting through cell surface receptors cou-

pled to adenylyl cyclase activation. Stimulation by forskolin,

which is thought to directly activate the catalytic unit of

adenylyl cyclase (3), also was increased following serum pre-

treatment. The effect occurred rapidly upon exposure to serum,
was maintained in the continuing presence of serum, but re-
versed rapidly and completely following removal of serum.

Preliminary characterization of the serum effect suggests
that a novel factor in serum may be responsible. The activity
is apparently associated with a relatively large molecule, be-

cause it was not lost upon dialysis. However, the activity was
quite stable to heating and to trypsin proteolysis. Sensitizing
activity was present in both serum and plasma, and heparin
inhibited the activity of the serum factor. A potential expla-
nation for these findings is that sensitization is mediated by a

small molecule associated with albumin or other plasma pro-
teins; this possibility is being further investigated.

The mechanism(s) by which serum induces this sensitization

of cAMP accumulation was investigated. Because previous

studies (13) had shown that sensitization of cAMP accumula-

tion in these cells could be induced by activation of protein

kinase C, either directly with phorbol esters or indirectly by

activation of receptors coupled to polyphosphoinositide hy-

drolysis and generation of endogenous diacylglycerol, the in-

volvement of protein kinase C in serum-induced sensitization

was investigated. Down-regulation of protein kinase C blocked
the ability of the protein kinase C activator PMA to induce
sensitization, indicating that down-regulation of protein kinase

C had occurred. Sensitization induced by serum also was pre-
vented by protein kinase C down-regulation, suggesting a re-

quirement for protein kinase C in the serum effect as well. The
protein kinase C inhibitor staurosporine inhibited PMA-in-
duced sensitization, although it was less effective than protein

kinase C down-regulation. Sensitization induced by serum was
also inhibited by staurosporine, but the extent of inhibition

was somewhat less than the effect on PMA-induced sensitiza-

tion. Together, these results provide evidence for the involve-

ment of protein kinase C in serum-induced sensitization, but

they leave open the possibility of additional mechanisms as

well.
The nature of the serum-induced modification in the cAMP

pathway was investigated. A decrease in phosphodiesterase
activity could lead to the observed increase in cAMP accumu-
lation. However, this is apparently not the site of modification,
because sensitization was observed in the presence of a maxi-

mally effective concentration of the phosphodiesterase inhibi-
tor IBMX. Direct assays of the rates of cAMP degradation!

efflux in control and sensitized cells also indicated that changes

in degradation and/or efflux are not the mechanism of sensi-

tization. Thus, it seems likely that sensitization results from
an increase in cAMP synthesis rather than a decrease in the
rate of cAMP degradation. Further evidence for serum-induced

changes in adenylyl cyclase activity comes from the assays of

enzyme activity in broken cell preparations. Pretreatment of
cells with serum increased adenylyl cyclase enzyme activity,

particularly if assays were performed in the presence of low
[Mg�]. Thus, the sensitized state can be at least partially

retained following cell lysis, suggesting that a stable (covalent)
modification may be involved. However, the increase in broken
cell adenylyl cyclase activity was less than the increase in intact

cell cAMP accumulation. As reported previously, carbachol and

PMA also induce sensitization of intact cell cAMP accumula-

tion (13), but sensitization by these agents is much less well

retained in adenylyl cyclase assays with broken cell prepara-
tions. It seems likely that mechanisms unique to the intact cell

may be largely responsible for the sensitization induced by
carbachol and by PMA and may also contribute to some extent

to sensitization induced by serum.
To test for the possible involvement of changes in the inhib-

itory guanine nucleotide-binding protein G as the mechanism

of sensitization, cells were treated with pertussis toxin to in-

activate the function of G1. As in our previous study, pertussis

toxin pretreatment of control cells did not mimic sensitization

(i.e., did not increase cAMP accumulation), suggesting that
decreased inhibition of adenylyl cyclase by G, is not the mech-
anism of sensitization in these cells. However, pertussis toxin
pretreatment almost completely eliminated serum-induced sen-
sitization. This suggests that serum activates a signal trans-

duction pathway involving a pertussis toxin-sensitive guanine
nucleotide-binding protein to induce sensitization. The inhibi-
tion of sensitization by pertussis toxin is not due to a nonspe-

cific effect on sensitization mechanisms or on adenylyl cyclase
activity, because sensitization induced by carbachol was not

blocked by pertussis toxin. Carbachol has been shown previ-
ously to activate polyphosphoinositide hydrolysis (24) and to

induce sensitization (13) in these cells through a pathway that

is not pertussis toxin sensitive.

The increase in stimulation by isoproterenol and by prosta-

glandin E, could result from changes in their specific receptors
or from changes in more distal components of the pathway.

The effect of serum on isoproterenol stimulation was to increase

the maximal response, with little or no change in the potency
of isoproterenol, suggesting that interaction of isoproterenol
with the fl-adrenergic receptor is not altered but, rather, the

ability of adenylyl cyclase to respond to receptor activation is

increased. The fact that stimulation by forskolin also was

sensitized provides further evidence that serum induces modi-

fications at points distal to these receptors, because forskolin

is thought to activate the catalytic unit directly or to alter

interaction of guanine nucleotide-binding proteins with the

catalytic unit (3). A modification of the activity of the adenylyl

cyclase catalytic unit seems most likely, although the failure of

serum to sensitize the stimulatory effect of cholera toxin re-

mains unexplained.

The effects of PMA in these experiments were somewhat

different from those in two previous studies from our labora-
tory. In the current studies PMA consistently induced sensiti-
zation of both isoproterenol- and forskolin-stimulated cAMP
accumulation in intact cells, whereas in our previous study (13)

isoproterenol stimulation was generally unchanged. Further-
more, in the current studies PMA did not induce the desensi-

tization of isoproterenol-stimulated adenylyl cyclase activity in
broken cell preparations that was observed in another earlier

study (25). As discussed previously (13), PMA apparently can

induce two distinct modifications of isoproterenol stimulation
in these cells, namely, a desensitization of fl-adrenergic receptor
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function and a sensitization of adenylyl cyclase function. In the
previous studies both effects occurred together and, thus, no
consistent change in isoproterenol stimulation was observed in

intact cells. For reasons that have not been investigated, the

PMA-induced desensitization of fl-adrenergic receptors did not
occur in the present studies and, thus, sensitization of isopro-
terenol stimulation in intact cells was observed.

A few previous studies have reported decreases in cAMP

accumulation due to growth of cells in the presence of serum

(26-28). In contrast, the sensitization studied here occurs very

rapidly upon exposure of cells to serum and reverses rapidly
following serum removal. One previous study reported a phe-

nomenon that may be related to the sensitization studied here,

namely, that an unidentified component of blood plasma could
increase hormone-stimulated adenylyl cyclase activity in intact

human mononuclear leukocytes (29). In a preliminary screening
of other cells, we did not observe serum-induced sensitization
in DDT1 MF-2 hamster smooth muscle cells, OK opossum

kidney epithelial cells, HT29 human colonic epithelial cells, or

bovine bronchial epithelial cells.2 Sensitization by serum was

observed in another glial cell line, C62B rat glioma cells, and a
preliminary characterization of sensitization in these cells has

been presented (30). Sensitization in C62B cells also is pertussis

toxin sensitive, but it is apparently not mediated by protein
kinase C and does involve changes in phosphodiesterase activ-

ity. Thus, multiple mechanisms for serum-induced sensitization
appear to exist. More recently, we have also observed serum-
induced sensitization in human lymphoma cells and in rat

osteosarcoma cells.2 Although sensitization by serum does not

occur in all cells, it appears to be relatively widespread and,
therefore, may be of considerable significance, not only in terms

of growth of cultured cells but also presumably physiologically.
Identification of the factor(s) responsible and more detailed

studies of the specific molecular modifications involved may

reveal important new information regarding cellular regulation.

In summary, serum induces sensitization of cAMP accumu-
lation in intact 1321N1 cells, most likely due to an increase in

the activity of the catalytic unit of adenylyl cyclase. The mech-

anism for the serum effect appears to involve both protein
kinase C and a pertussis toxin-sensitive guanine nucleotide-

binding protein. The identity of the serum factor involved and

the details of the signal transduction pathway by which sensi-

tization is brought about are currently under investigation.
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