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SUMMARY

Pretreatment of 1321N1 human astrocytoma cells with phorbol
12-myristate-13-acetate or other activators of protein kinase C
led to 2.5- to 5-fold increases (sensitization) in subsequent
stimulation by forskolin of intracellular cyclic AMP accumulation.
These compounds caused much smaller or no increases in
receptor-mediated stimulation of cyclic AMP accumulation in-
duced by isoproterenol and by prostaglandin E,. Carbachol and
histamine, agonists acting at receptors coupled to polyphos-
phoinositide tumover in these cells, induced less sensitization of
subsequent stimulation by forskolin but greater sensitization of
stimulation by isoproterenol and by prostaglandin E,. The spec-
ificities of various analogs of phorbol 12-myristate-13-acetate,
for induction of sensitization of forskolin stimulation were con-
sistent with involvement of protein kinase C. The effects of
protein kinase inhibitors and of down-regulation of protein kinase

C activity also indicated involvement of protein kinase C in
sensitization of forskolin stimulation, although additional mech-
anisms are likely to be involved in sensitization of isoproterenol
stimulation. Neither pertussis toxin pretreatment nor inclusion of
isobutyimethyixanthine during assays of cyclic AMP accumula-
tion were able to prevent or mimic these sensitization phenom-
ena, suggesting that the primary site of modification responsible
for sensitization is neither the inhibitory guanine nucleotide-
binding protein nor cyclic AMP phosphodiesterase. Sensitization
was only observed in assays with intact cells. These results,
together with those from our previous study describing protein
kinase C-mediated desensitization of broken cell adenylate cy-
clase activity, indicate that activation of protein kinase C leads
to multiple changes in the receptor-stimulated adenylate cyclase
signal transduction pathway of these cells.

Cellular responsiveness is subject to regulation based on the
prior history of the cell in terms of exposure to various stimuli.
The most widely characterized of these adaptive changes is the
decreased responsiveness that often occurs following exposure
to activating stimuli, referred to as agonist-induced desensiti-
zation. Alternatively, adaptive increases in responsiveness can
occur following exposure to inhibitory stimuli, either due to
desensitization of the inhibitory pathways or due to compen-
satory increases, or “sensitization,” of stimulatory pathways.
The cellular and molecular mechanisms involved in these reg-
ulatory changes in cellular responsiveness are the subject of
much current research.

Two of the major signal transduction mechanisms mediating
cellular responses to external stimuli are those involving cAMP
(1, 2) and PPI hydrolysis products (3, 4) as second messengers.
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The cellular effects of cCAMP elevation are mediated primarily
by activation of cAMP-dependent protein kinase, whereas
those of PPI hydrolysis are thought to result from both acti-
vation of protein kinase C by diacylglycerol and elevation of
intracellular Ca** concentration by inositol trisphosphate.
Adaptive changes have been demonstrated for both the cAMP
and PPI hydrolysis signal transduction pathways following
activation by their respective stimuli, and there is also evidence
for the occurrence of regulatory interactions between these two
signal transduction pathways (3-6). In the present studies, we
have investigated the effects of protein kinase C and of PPI-
coupled receptor agonists on activity of the cCAMP regulatory
pathway in 1321N1 human astrocytoma cells, a well character-
ized system in terms of agonist-induced desensitization of -
adrenergic receptors and adenylate cyclase (7).

Phorbol esters and related compounds have been widely used
to investigate the role of protein kinase C in regulation of
receptors and signal transduction pathways (3-6). We previ-
ously reported that treatment of cells with activators of protein
kinase C led to desensitization of 8-adrenergic receptor-stimu-
lated adenylate cyclase activity in membrane preparations from

ABBREVIATIONS: PPI, polyphosphoinositide; PMA, phorbol 12-myristate-13-acetate; H7, 1-(5-isoquinolinesulfonyl)-2-methyipiperazine; IBMX, 3-
isobutyl-1-methyixanthine; DMEM, Dulbecco’s modified Eagle’'s medium; HEPES, 4-2-hydroxyethyl)-1-piperazinesulfonic acid; DMSO, dimethylisulf-
oxide; G;, inhibitory guanine nucleotide-binding protein; Gs, stimulatory guanine nucleotide-binding protein.
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1321N1 cells (8). There was no change in stimulation by for-
skolin, an agent that is thought to activate directly the catalytic
unit of adenylate cyclase (9). In the present studies, we found
very different effects of protein kinase C activators on cAMP
accumulation measured in intact 1321N1 cells, namely a
marked increase in cAMP accumulation stimulated by forskolin
with little or no change in B-adrenergic receptor-mediated
stimulation. The mechanisms involved in this sensitization
phenomenon observed in intact cell assays and the reasons for
the different results obtained in assays with broken cell prep-
arations were, therefore, investigated.

1321N1 cells also express muscarinic cholinergic receptors
coupled to the activation of PPI hydrolysis (10). This in turn
leads to a decrease in cAMP levels due to the activation of
Ca?*-stimulated cAMP phosphodiesterase (11, 12). Meeker and
Harden (13) reported that pretreatment of these cells with the
muscarinic agonist carbachol led to an increase in subsequent
stimulation of cAMP accumulation measured in intact cells.
We, therefore, included in our studies an investigation of the
possible involvement of protein kinase C in mediating the
sensitizing effects of carbachol on the cAMP regulatory system
in these cells.

Experimental Procedures

Materials. The following chemicals were purchased from Sigma
Chemical Co. (St. Louis, MO): PMA, 4-O-methyl-PMA, «- and g-
phorbol didecanoate, carbachol, histamine, isoproterenol, H7, IBMX,
and prostaglandin E,. Forskolin was purchased from Calbiochem (San
Diego, CA), pertussis toxin from List Biologicals Laboratories, Inc.
(Campbell, CA), staurosporine from Kyowa Hakko USA (New York,
NY), and [*H]adenine from ICN Radiochemicals (Irvine, CA). Cholera
toxin was a gift from R. Finkelstein (University of Missouri, Columbia,
MO). Tissue culture medium and trypsin were from GIBCO (Grand
Island, NY). Serum was either from GIBCO, Biocell (Carson, CA), or
Cell Culture Laboratories (Cleveland, OH).

Cell culture. 1321N1 human astrocytoma cells were grown in
monolayer culture at 37° in a humidified atmosphere containing 8%
CO,. 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/cm? in plastic tissue culture dishes. Experiments were performed
on cells 4 or 5 days after plating (just confluent).

Assays of intracellular cAMP accumulation. cAMP accumula-
tion in intact cells was determined by the method of Shimizu (14).
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). Cells were then incubated for 1 hr at 37° in 1 ml of DMEM-
HEPES containing 2 uCi of [*H]adenine. Pretreatment drugs or the
appropriate vehicle were included during this prelabeling step. Prela-
beling medium and pretreatment drugs were aspirated and the cells
were washed and then incubated for 2 min 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 and to
extract cellular nucleotides. [’H]JcAMP and [*H]ATP were then sepa-
rated by sequential chromatography over Dowex and alumina columns,
essentially as described (11). Radioactivity in the column eluates was
determined by liquid scintillation counting in 10 ml of BudgetSolve.
Accumulation of [*H]JcAMP was then expressed as percentage of con-
version of [PH]ATP to [*H]cAMP ([*H]cAMP/[*H]cAMP + [*H]ATP).
Incorporation of *H into the ATP fraction was typically 500,000 cpm/
dish, and this value was not markedly altered by any of the pretreat-
ments. In most experiments DMSO was included in all pretreatments.
However, similar effects of carbachol and histamine were observed in
the absence of DMSO as well.
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Data analysis. 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
changes induced by the various treatments was by analysis of variance,
using the Number Cruncher Statistical System (NCSS, Kaysville, UT).

Results

Characterization of sensitization. The effects of pretreat-
ing 1321N1 cells with various agents that activate protein
kinase C on subsequent stimulation of intracellular cAMP
accumulation were determined (Table 1). In agreement with
the previous study by Meeker and Harden (13), pretreatment
of these cells with the muscarinic receptor agonist carbachol
led to an approximately 2-fold increase in intracellular cAMP
accumulation stimulated by the 8-adrenergic receptor agonist
isoproterenol. Receptor-mediated stimulation of cAMP accu-
mulation by prostaglandin E, and direct stimulation of aden-
ylate cyclase by forskolin were sensitized to a similar extent.
These cells also express histamine receptors coupled to PPI
hydrolysis (15), and pretreatment of cells with histamine led to
changes in subsequent stimulation of cAMP accumulation sim-
ilar to, but consistently smaller than, those induced by car-
bachol (Table 1). Dose-response curves for sensitization of
isoproterenol and forskolin stimulation by carbachol and his-
tamine were determined in separate experiments, and these
results are summarized in Table 2.

PMA and mezerein are structurally dissimilar but both lead
to direct activation of protein kinase C (independent of stim-
ulation of PPI hydrolysis). Pretreatment of 1321N1 cells with
either of these agents led to an approximately 4-fold sensitiza-
tion of forskolin stimulation of cAMP accumulation (Table 1).
The effects of these direct activators of protein kinase C on
receptor-mediated stimulation induced by isoproterenol and by
prostaglandin E, were variable over the course of these studies,
ranging from the small decrease in activity seen for prostaglan-
din E, stimulation in Table 1 to approximately 50% increase
in activity, as seen for isoproterenol stimulation in Table 1. In
most experiments PMA induced no significant change in stim-
ulation by isoproterenol (cf. Figs. 3-5). A possible explanation
for this variability is presented in the Discussion. No consistent
changes in isoproterenol stimulation were observed in addi-
tional experiments varying the time of pretreatment with PMA,
the concentration of PMA used during the pretreatment, or the
concentration of isoproterenol used to stimulate cAMP accu-
mulation (data not shown).

In additional experiments, the effects of pretreating cells
with either carbachol or PMA on cAMP accumulation stimu-
lated by cholera toxin and by the various combinations of
cholera toxin, isoproterenol, and forskolin were determined
(Table 3). As previously demonstrated in a variety of systems
(9), the combination of isoproterenol plus forskolin induced
markedly greater CAMP accumulation in control cells than was
observed with either agent alone. Cholera toxin pretreatment
led to an 8-fold stimulation of cAMP accumulation. Stimulation
by isoproterenol and by isoproterenol plus forskolin were sim-
ilar in the absence or presence of cholera toxin pretreatment.
However stimulation by forskolin plus cholera toxin was mark-
edly greater than with either agent alone.

Exposure to carbachol before assay sensitized stimulation by
isoproterenol and by forskolin, as in the previous experiments,
but stimulation by the combination of isoproterenol plus for-
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TABLE 1
Sensitization of intact cell CAMP accumulation

Celis were pretreated for 60 min at 37° with 1% DMSO (control), 100 um carbachol, 100 um histamine, 1 um PMA, or 1 um mezerein. Cells were washed and CAMP
accumulation was then determined in the absence (basal) or presence of 10 um isoproterenol, 10 um prostaglandin E,, or 30 um forskolin. Stimulation is expressed as
fold of basal activity in control celis, and values are the means + standard errors of three experiments, each performed in triplicate. Values in parentheses represent the
extent of sensitization expressed as fold of the stimulation by the same agent observed in control cells. The basal value for control cells was 0.014 + 0.003% conversion.

Assay Fold stimulation of CAMP accumulation
Basal 1.0 0.7+ 0.1 0.7 £0.1* 09 +0.1 12+0.1
Isoproterenol 547 111 +£17(2.) 94 +11(1.7 77 +£10(1.4) 72 +16(1.3)
Prostaglandin E, 29+ 4 53 +8(1.8)° 42 *+5(1.4) 24 +3(0.8) 24 +3(0.8)
Forskolin 15+3 33 +4(2° 27 +4(18) 58 +12(3.9¢ 64 +13(4.3"

* Significantly different from the corresponding value in control cells, p < 0.05.
® Significantly different from the corresponding value in control cells, p < 0.01.

TABLE 2

Concentration dependence of sensitization of intact cell CAMP
accumulation

Cells were incubated for 60 min at 37° in the absence or presence of varying
concentrations of the indicated pretreatment drugs. Cells were washed and cCAMP
accumulation stimulated by 10 um isoproterenol and by 30 um forskolin was then
determined. The concentrations of pretreatment drugs inducing half-maximal sen-
sitization (ECgo) and the fold sensitization were then determined by computerized
curve-fitting using GraphPAD. Values are means + standard error estimates from
the indicated number (n) of experiments, each performed in duplicate or triplicate.

Drug ECso Fold sensitizaton ~ n

Isoproterenol stimulation

Carbachol 28+ 1.0um 20+0.1 8

Histamine 1.5+ 0.7 um 1.5+0.0 6
Forskolin stimulation

Carbachol 22+ 0.8 um 20+ 0.1 8

Histamine 0.5+ 0.1 um 18+0.0 7

PMA 47+24nm 26+0.1 7

B-Phorbol didecanoate 4.6 + 1.3 nm 22+01 3

Mezerein 83+28nm 34101 3

4-O-Methyl-PMA 3.1+£09 um . 2

a-Phorbol didecanoate ND® 1.1+£01

* The curve for 4-O-methyl-PMA did not reach a plateau at the highest concen-
trations tested, so the maximal effect for purposes of curve fitting was forced to
be the same as that for PMA in the same experiments.

®ND, not determined.

skolin was not increased following carbachol pretreatment.
Carbachol pretreatment also sensitized stimulation by cholera
toxin and by cholera toxin plus isoproterenol. Stimulation by
cholera toxin plus forskolin increased to a much smaller extent,
and there was no increase in stimulation by the combination
of cholera toxin, isoproterenol, and forskolin.

Exposure to PMA before assay sensitized forskolin stimula-
tion by 5-fold, with only minimal increases in stimulation by
isoproterenol and by the combination of isoproterenol plus

TABLE 3

forskolin. PMA pretreatment induced marked sensitization of
stimulation by cholera toxin and by cholera toxin plus isopro-
terenol. Stimulation by cholera toxin plus forskolin and by the
combination of cholera toxin, isoproterenol, and forskolin also
were sensitized in PMA-pretreated cells, but to a much smaller
extent.

Dose-response curves for isoproterenol stimulation were
compared in control cells and in cells sensitized by pretreat-
ment with carbachol (Fig. 1). Sensitization was clearly due to
an increase in maximal stimulation with no significant change
in the potency of isoproterenol. Similar experiments were per-
formed for sensitization of forskolin stimulation by carbachol
and by PMA (Fig. 1). Although solubility of forskolin prevented
determination of the maximal stimulation, the results for both
carbachol and PMA were consistent with increases in the
magnitude of stimulation with little change in the potency of
forskolin, inasmuch as marked sensitization was observed even
at the highest concentrations of forskolin tested. In all cases
sensitization occurred rapidly, with half-maximal effects ob-
served by 5 min and maximal effects by 60 min (data not
shown).

Evidence for protein kinase C involvement in sensiti-
zation. Dose-response curves for sensitization of forskolin
stimulation by PMA and related compounds were determined,
and the results are summarized in Table 2. Half-maximal
sensitization by PMA, which is a potent activator of protein
kinase C, occurred at a concentration of about 5 nM. 4-O-
Methyl-PMA, a structural analog of PMA that is much less
potent as an activator of protein kinase C, also induced sensi-
tization but was markedly less potent, with half-maximal sen-
sitization occurring at a concentration of 3 uM. The B-isomer

Sensitization of intact cell CAMP accumulation stimulated by isoproterenol, forskolin, and cholera toxin alone and in combination

Cells were preincubated for 1 hr in the absence or presence of 100 ng/mi cholera toxin and were then pretreated for an additional 60 min at 37° in the presence of 1%
DMSO (controf), 100 um carbachol, or 1 um PMA. Stimulation of CAMP accumulation was then determined in the absence (basal) or presence of 10 um isoproterenol
and/or 30 um forskolin. Values for stimulation are expressed as fold of basal activity in control cells and values for sensitization (in parentheses) are expressed as fold of
the stimulation by the same agents observed in control cells. Values are means from three experiments, each performed in triplicate.

Foid stmulation of CAMP accumuation
Aosay Control Carbachol PMA
Isoproterenol 41+8 102 + 25 (2.5)* 54 +7(1.3)
Forskolin 9+1 20 +2 (2.2 48 +7 (5.3
Isoproterenol + forskolin 199 + 43 223 +35(1.1) 232 +35(1.2)
Cholera toxin 8+1 17 £32.1) 44 + 3 (5.6)
Cholera toxin + isoproterenol 29+ 4 84 +7 (2.9 143 + 14 (5.0)*
Cholera toxin + forskolin 85 + 12 112+ 15(1.3) 222 + 37 (2.6)*
Cholera toxin + isoproterenol + forskolin 222 + 38 199 + 30 (0.9) 376 £ 72 (1.7)

* Significantly different from the corresponding value in control celis, p < 0.05.
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Fig. 1. Dose-response curves for stimulation of CAMP accumulation in
control and sensitized cells. Cells were pretreated for 60 min at 37° in
the absence (W) or presence of 100 um carbachol (A) or 1 um PMA (@).
Cells were washed and cCAMP accumulation stimulated by the indicated
concentrations of isoproterenol (/eft) or forskolin (right) was then deter-
mined. Values are expressed as percentage of maximal stimulation in
control cells and are the means + standard errors from three (left) or
four (right) experiments, each performed in duplicate or triplicate. The
curves were computer-generated using GraphPAD. The computer-gen-
erated values for ECs, and apparent maximal stimulation, respectively,
were as follows: control cells, isoproterenol stimulation, 12 + 2 nm,
100%; carbachol-pretreated cells, isoproterenol stimulation, 13 + 2 nm,
235 + 5%; control cells, forskolin stimulation, 120 + 24 um, 132 + 11%,;
carbachol-pretreated cells, forskolin stimulation, 59 + 9 um, 209 + 10%;
and PMA-pretreated cells, forskolin stimulation, 44 + 9 um, 318 + 17%.

o

of phorbol didecanoate, which is a potent activator of protein
kinase C, induced an extent of sensitization similar to that seen
with PMA, with half-maximal effect observed at a concentra-
tion of 5 nM. The a-isomer, which is weak or ineffective for
protein kinase C activation, was essentially ineffective for
inducing sensitization of forskolin stimulation as well. These
results suggest that activation of protein kinase C can lead to
sensitization of forskolin stimulation of intracellular cAMP
accumulation in 1321N1 cells.

The effects of protein kinase C inhibitors on sensitization of
isoproterenol- and forskolin-stimulated cAMP accumulation
were determined (Fig. 2). Inclusion of either H7 (16) or stau-
rosporine (17) during the pretreatment with DMSO in control
cells did not alter stimulation of cAMP accumulation by either
isoproterenol or forskolin (Fig. 2, legend). Inclusion of stauros-
porine during pretreatment with PMA caused 72% inhibition
of sensitization of forskolin stimulation, whereas H7 inhibited
PMA-induced sensitization of forskolin stimulation by 48%.
Carbachol-induced sensitization of forskolin stimulation was
inhibited 49% by staurosporine and 42% by H7. Carbachol-
induced sensitization of isoproterenol stimulation was inhibited
only 17% by staurosporine and 15% by H7.

To address further the involvement of protein kinase C in
sensitization of cAMP accumulation, the effects of down-reg-
ulation of protein kinase C on subsequent sensitization were
determined (Fig. 3). Cells were incubated for 18 hr with 10 uM
PMA, conditions similar to those previously shown to cause
almost complete down-regulation of protein kinase C in these
cells (18). In separate experiments, we confirmed that this
treatment reduced protein kinase C activity to approximately
10% of that in control cells.®> Down-regulation of protein kinase
C reduced the absolute values of basal and isoproterenol-stim-
ulated cAMP accumulation in nonsensitized cells by about 50%,
whereas forskolin-stimulated cAMP accumulation was in-

3C. C. Franklin and M. L. T., unpublished observations.
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Fig. 2. Effects of protein kinase inhibitors on sensitization. Cells were
pretreated for 60 min at 37° in the absence or presence of 300 um H7
or 1 um staurosporine (ST) to inhibit protein kinase activity and either
100 um carbachol (CARB) or 1 um PMA to induce sensitization. Protein
kinase inhibitors were added 5 min before sensitizing . Cells were
washed and CAMP accumulation stimulated by 10 um isoproterenol (/SO)
and by 30 um forskolin (FSK) was then determined. Values are expressed
as percentage of the sensitization in control cells pretreated in the
absence of inhibitor and are the means + standard errors from four to
six experiments performed in triplicate. The percentage of conversion
values for isoproterenol stimulation in nonsensitized cells were as follows:
control, 0.49 + 0.03; H7, 0.48 + 0.04; and ST, 0.51 + 0.04. The
percentage of conversion values for forskolin stimulation in nonsensitized
cells were as follows: control, 0.22 + 0.02; H7, 0.21 = 0.03; and ST,
0.23 + 0.07. The 100% values for sensitization in the absence of
inhibitors were as follows: carbachol/isoproterenol, 2.17-fold; carbachol/
forskolin, 2.11-fold; and PMA/forskolin, 5.28-fold. The asterisk indicates
that the value in the presence of inhibitor was significantly different from
the value in the absence of inhibitor, p < 0.05.

H? ST
CARB/IS0

2 | [Jomso

B carbachol

CAMP ACCUMULATION
(X conversion)

Basal 150 FX  Basal IS0 FSK

Control 18 Hour PMA Incubation

Fig. 3. Effects of protein kinase C down-regulation on sensitization. Cells
were incubated for 18 hr at 37° in the absence (control) or presence of
10 um PMA. Cells were then pretreated for 60 min at 37° in the absence
or presence of 100 um carbachol or 1 um PMA to induce sensitization.
Stimulation of cAMP accumulation by 10 um isoproterenol (/SO) and by
30 um forskolin (FSK) was then determined. Values are expressed as
percentage of conversion and are the means + standard errors from
three experiments performed in triplicate. The values for fold sensiuzation
in control cells and cells preincubated for 18 hr with PMA, ively,
were as follows: carbachol sensitization of isoproterenol stimulation,
1.65 + 0.04 and 1.39 + 0.07; PMA sensitization of isoproterenol stimu-
lation, 1.10 £+ 0.17 and 0.96 + 0.05; carbachol sensitization of forskolin
stimulation, 1.89 + 0.11 and 1.51 + 0.09; and PMA sensitization of
forskolin stimulation, 3.12 + 0.15 and 1.17 + 0.06. The asterisk indicates
that the fold sensitization in cells preincubated for 18 hr with PMA was
significantly less than that in control cells, p < 0.05.
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creased by about 35%. The fold stimulation by isoproterenol in
down-regulated cells was similar to that in control cells and
that by forskolin was about twice that in control cells. Down-
regulation of protein kinase C almost completely eliminated
the sensitization of forskolin stimulation induced by PMA,
reduced sensitization of forskolin stimulation induced by car-
bachol by about 40%, and similarly reduced sensitization of
isoproterenol stimulation induced by carbachol by about 40%
(see values in Fig. 3 legend). These results suggest that protein
kinase C is involved in sensitization in each of these cases,
although additional mechanisms are likely to be involved in
the sensitization phenomena induced by carbachol.

Possible mechanisms of sensitization. Phosphodiesterase
inhibitors were not routinely included in the cAMP accumula-
tion assays. Studies with the phosphodiesterase inhibitor
IBMX (12) were performed to determine whether changes in
phosphodiesterase activity might be responsible for the ob-
served sensitization of CAMP accumulation (data not shown).
Inclusion of IBMX during the stimulation phase of the assay
increased both isoproterenol- and forskolin-stimulated cAMP
accumulation, although the effects of IBMX are small in these
cells (12). Sensitization of isoproterenol stimulation by car-
bachol pretreatment and of forskolin stimulation by both car-
bachol and PMA pretreatment were still observed in the pres-
ence of this maximally effective concentration of inhibitor,
suggesting that decreased activity of phosphodiesterase is not
the mechanism of sensitization.

To address the possibility that sensitization might result
from decreased activity of G;, the effects of pertussis toxin on
sensitization were determined (Fig. 4). Pretreatment with per-
tussis toxin under conditions similar to those previously shown
to inactivate function of G; in these cells (19) did not alter
basal or isoproterenol-stimulated cAMP accumulation but did
cause an approximately 50% reduction in forskolin stimulation.
Although this effect of pertussis toxin has not been further

CAMP Accumulation
(% conversion)

b

L".—h—. J

Basal 1S0 FSK
Pertussis Toxin

Fig. 4. Effects of pertussis toxin on sensitization. Cells were incubated
for 20 hr in the absence or presence of 100 ng/mi pertussis toxin. Cells
were then for 60 min at 37° in the absence or presence of
100 um carbachol (CARB) or 1 um PMA and finally stimulation of CAMP
accumulation by 10 um isoproterenol (/SO) and by 30 um forskolin (FSK)
was determined. Values are expressed as percentage of conversion and
are the means + standard errors from three experiments performed in
triplicate. The values for fold sensitization in control and pertussis toxin-
pretreated cells, respectively, were as follows: carbachol sensitization of
isoproterenol stimulation, 2.39 + 0.15 and 2.15 + 0.06; PMA sensitiza-
tion of isoproterenol stimulation, 1.06 + 0.13 and 1.12 + 0.06; carbachol
sensitization of forskolin stimulation, 2.15 + 0.07 and 1.95 + 0.23; and
PMA sensitization of forskolin stimulation, 2.76 + 0.17 and 2.39 + 0.42.
In none of these cases was the value in pertussis toxin-treated cefls
significantly different from that in control cells, p < 0.05.

Basal IS0 FSK
Control

investigated, a similar effect was noted in related studies with
HT29 human colonic adenocarcinoma cells (20). The fold sen-
sitization of isoproterenol stimulation induced by carbachol
pretreatment and of forskolin stimulation induced by both
carbachol and PMA pretreatment were not significantly differ-
ent between control and pertussis toxin-pretreated cells (see
values in Fig. 4 legend). Because pertussis toxin neither mim-
icked nor prevented sensitization, decreases in inhibitory ef-
fects mediated by G; are not likely to be the major mechanism
of sensitization in these cells.

In our previously published study (8), we found that pretreat-
ment of cells with PMA led to an approximately 50% decrease
in isoproterenol-stimulated adenylate cyclase activity in broken
cell preparations, with little or no change in forskolin- or
fluoride-stimulated activities. In additional experiments to
date, including studies with various Mg?* concentrations pres-
ent during the assay (21), we have been unable to retain
consistently either carbachol- or PMA-induced sensitization in
assays of adenylate cyclase activity in broken cell preparations.
Meeker and Harden (13) also reported that carbachol-induced
sensitization was not retained in broken cell adenylate cyclase
assays.

Discussion

These studies demonstrate that, in 1321N1 human astrocy-
toma cells, activation of protein kinase C leads to an increase
in the ability of a variety of agents to increase intracellular
cAMP accumulation. Thus, direct activators of protein kinase
C, such as PMA, B-phorbol didecanoate, and mezerein all
increased forskolin stimulation approximately 4-fold, whereas
analogs of these compounds that are weak or ineffective as
protein kinase C activators, such as 4-O-methyl-PMA and a-
phorbol didecanoate, did not induce sensitization at comparable
doses. The protein kinase inhibitors staurosporine and H7
inhibited the sensitization of forskolin stimulation induced by
PMA. Finally, treatment of cells to down-regulate protein
kinase C almost completely eliminated the sensitization of
forskolin stimulation induced by PMA.

The effects of PMA pretreatment on stimulation of intracel-
lular cAMP accumulation by isoproterenol and by prostaglan-
din E,, agonists acting through receptors coupled to adenylate
cyclase, were different from those on stimulation by forskolin,
which is thought to interact primarily with the catalytic unit
of adenylate cyclase. PMA induced only a small, or in many
experiments no, increase in isoproterenol stimulation, in spite
of inducing marked sensitization of forskolin stimulation. Sur-
prisingly, in these assays of cAMP accumulation by intact cells,
we also did not observe the PMA-induced desensitization of
isoproterenol stimulation that was observed in our previous
study using broken cell adenylate cyclase assays (8). To explain
these results, we propose that activation of protein kinase C
leads to two distinct modifications of the receptor-coupled
adenylate cyclase system of these cells, 1) a desensitization of
receptor-mediated stimulation, presumably due to modification
of the receptors themselves, and 2) a sensitization of catalytic
activity, presumably due to modification of the adenylate cy-
clase catalytic unit or of its interaction with G,. This second
modification is either unstable to cell lysis or is otherwise
masked in broken cell adenylate cyclase assays. Thus, sensiti-
zation of forskolin stimulation is observed in intact cell assays
but not in broken cell assays. In intact cell assays of stimulation
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by isoproterenol, the sensitization of activity of the catalytic
unit is balanced by a similar extent of desensitization of recep-
tor function, thus leading to the observed lack of any consistent
sensitization of receptor-mediated stimulation in intact cells.
In broken cell assays, the sensitization of catalytic activity is
lost, thus revealing the desensitization of receptor function.
The PMA-induced desensitization of receptor-mediated stim-
ulation in broken cell assays has been less consistently observed
than the PMA-induced sensitization of forskolin stimulation
observed in intact cell assays. Based on the model above, this
variability in the extent to which the receptor desensitization
modification occurs could also account for the variability in the
effects on receptor-mediated stimulation observed in the intact
cell assays. Evidence for multiple and opposing effects of phor-
bol esters on intact cell cAMP accumulation in S49 cells has
been presented recently (21, 22), although the pattern of effects
observed in these cells was somewhat different from those
presented here.

Carbachol and histamine, agents that act at receptors coupled
to PPI turnover and subsequent activation of protein kinase C,
also caused sensitization of forskolin stimulation, although the
extent of sensitization (approximately 2-fold) was only about
half of that observed with the direct activators. Although pro-
tein kinase C activation is almost certainly responsible for the
PMA-induced sensitization, additional mechanisms must also
be involved in the sensitization induced by carbachol and
histamine. There are both quantitative and qualitative differ-
ences between the sensitization induced by carbachol and his-
tamine and that induced by PMA. The smaller extent of
sensitization of forskolin stimulation observed with carbachol
and histamine than with PMA can probably be accounted for
by the fact that activation of protein kinase C by carbachol and
histamine will be less pronounced and of shorter duration due
to rapid metabolism of diacylglycerol, the endogenous activator
of protein kinase C. It is more difficult to explain the sensiti-
zation of receptor-mediated stimulation of cAMP accumulation
induced by carbachol and histamine based on protein kinase C
activation, because activation of protein kinase C with PMA
did not sensitize receptor-mediated stimulation. Further evi-
dence for involvement of additional mechanisms in this partic-
ular aspect of sensitization comes from the fact that neither
protein kinase inhibitors nor protein kinase C down-regulation
were able to inhibit carbachol-mediated sensitization as effec-
tively as they inhibited PMA-induced sensitization.

We would propose that an additional mechanism, perhaps
related to increased intracellular Ca?*, is involved in the sen-
sitization induced by carbachol and histamine. This proposed
second mechanism either could directly increase receptor-me-
diated stimulation by altering the receptors or the guanine
nucleotide-binding protein or, alternatively, could inhibit the
protein kinase C-mediated desensitization of receptor function
so that the sensitization of catalytic activity detected in assays
of forskolin stimulation is now also observed in assays of
receptor-mediated stimulation. Additional studies will be re-
quired to identify this second process and to investigate the
possible role of Ca’*-mediated changes in the overall mecha-
nism of sensitization.

Recent studies in a variety of cell types have described effects
of phorbol esters or PPI-coupled receptor agonists on cAMP
formation that may be related to the sensitization phenomenon
we have studied in 1321N1 cells. However, the experimental
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protocols employed and the patterns of sensitization observed
have been quite variable. In many of these studies, phorbol
esters or PPI-coupled receptor agonists were included during
the assays of cCAMP formation rather than as a pretreatment,
and the effects were described as “synergism” or “potentiation”
rather than as sensitization. Nonetheless, it seems likely that
similar mechanisms may be involved. In addition to studies
using only phorbol esters and other direct activators of protein
kinase C (21-33), these phenomena have also been reported to
be induced by vasopressin (34-36), angiotensin (37, 38), hista-
mine (39-41), a,-adrenergic agonists (39, 42-46), and musca-
rinic agonists (13, 39, 47). Sensitization during the assay may
account for the increase in forskolin-stimulated cAMP accu-
mulation recently observed in studies with cloned M1 and M4
muscarinic receptors (48).

A variety of mechanisms have been proposed to explain these
sensitization phenomena. Based primarily on the effects of
pertussis toxin, changes in G; function have been postulated to
be the mechanism in some cases (24, 29, 32, 34, 35) but not in
others (28, 30, 33). Other studies have suggested G, or the
adenylate cyclase catalytic unit as the site of modification (23,
25, 31, 33). Changes in prostaglandins (45), adenosine (40), and
cellular Ca®* (36, 40, 41) have also been postulated to be
involved in some cases.

In addition to sensitization induced by protein kinase C
activators and PPI-coupled receptor agonists, sensitization has
also been observed following pretreatment with agonists acting
at receptors coupled to inhibition of adenylate cyclase, such as
opiates, somatostatin, a,-adrenergic agonists, and muscarinic
receptor agonists in some tissues (49). In these cases, sensiti-
zation can be viewed more as an adaptive response of the cells
to maintain cAMP levels in the presence of prolonged inhibi-
tion of adenylate cyclase rather than as an example of cross-
talk between receptor signalling pathways. The sensitization
induced by carbachol in 1321N1 cells combines elements of
both of these views of sensitization. Although muscarinic re-
ceptors in these cells are coupled to PPI turnover rather than
to inhibition of adenylate cyclase as in many tissues, one of the
consequences of stimulation of PPI turnover in these cells is a
decrease in cellular cAMP levels due to activation of a Ca®*-
stimulated phosphodiesterase (10-12). The increase in stimu-
lation of cAMP accumulation observed following longer term
exposure to carbachol could thus be viewed as a homeostatic
mechanism to balance the increased phosphodiesterase activity.

Because carbachol initially decreases cCAMP levels in these
cells through activation of phosphodiesterase activity, adaptive
decreases in phosphodiesterase activity would appear to be a
likely mechanism for the observed sensitization of cAMP ac-
cumulation. This mechanism would also explain our failure to
observe sensitization in broken cell adenylate cyclase assays,
because these assays are carried out in the presence of phos-
phodiesterase inhibitor and excess cAMP. However, inhibition
of phosphodiesterase activity with IBMX neither mimicked nor
prevented carbachol- or PMA-induced sensitization, suggesting
that this is not the mechanism involved. The previous study of
carbachol-induced sensitization reported similar results and
demonstrated more directly that carbachol did not induce
changes in phosphodiesterase activity (13). Changes in G; ac-
tivity also appear not to be the mechanism for sensitization in
1321N1 cells, based on the lack of effect of pertussis toxin on
sensitization. Thus, changes in the rate of synthesis of cAMP
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due to modification of either the catalytic unit of adenylate
cyclase or G, are the most likely mechanisms for the sensiti-
zation observed in this study.

In summary, our results demonstrate that both activation of
receptors coupled to PPI turnover and direct activation of
protein kinase C can lead to increased stimulation of cAMP
accumulation in 1321N1 cells. Multiple mechanisms appear to
be involved in the overall process of sensitization. Based on
our studies to date, it seems unlikely that either decreased
phosphodiesterase activity or decreased G; activity is respon-
sible for the sensitization observed. Modification of the activity
of the catalytic unit of adenylate cyclase, presumably via pro-
tein kinase C-mediated phosphorylation, seems the most likely
mechanism for the sensitization of forskolin stimulation, al-
though this modification is not retained or detected in broken
cell assays. Additional mechanisms, perhaps related to intra-
cellular Ca** mobilization, are required to explain the sensiti-
zation induced by carbachol and histamine. The goal of future
studies will be to delineate further the pathways and specific
molecular modifications involved in these sensitization phe-
nomena.

References

1. Schramm, M., and Z. Selinger. Message transmission: receptor controlled
adenylate cyclase system. Science (Wash. D. C.) 228:1350-1356 (1984).

2. Levitzki, A. Regulation of hormone-sensitive adenylate cyclase. Trends Phar-
macol. Sci. 8:299-303 (1987).

3. Berridge, M. J. Inositol trisphosphate and diacylglycerol: two interacting
second messengers. Annu. Rev. Biochem. 56:159-193 (1987).

4. Kikkawa, U., and Y. Nishizuka. The role of protein kinase C in transmem-
brane signalling. Annu. Rev. Cell Biol. 2:149-178 (1986).

5. Clark, R. B. Desensitization of hormonal stimuli coupled to regulation of
cyclic AMP levels. Adv. Cyclic Nucleotide Protein Phosphorylation Res.
20:151-210 (1986).

6. Sibley, D. R., and R. J. Lefkowitz. Biochemical mechanisms of S-adrenergic
receptor regulation. ISI Atlas Sci. Pharmacol. 2:66-70 (1988).

7. Perkins, J. P., M. L. Toews, and T. K. Harden. Regulation of 8-adrenergic
receptors during exposure of astrocytoma cells to catecholamines. Adv. Cyclic
Nucleotide Protein Phosphorylation Res. 17:37-46 (1984).

8. Toews, M. L., M. Liang, and J. P. Perkins. Agonists and phorbol esters
desensitize §-adrenergic receptors by different mechanisms. Mol. Pharmacol.
82:737-742 (1987).

9. Seamon, K. B., and J. W. Daly. Forskolin: its biological and chemical

20.

21.

22,

23.

24.

25.

26.

27.

30.

31.

32.
33.

34.

muscarinic cholinergic receptors. Proc. Natl. Acad. Sci. USA 81:5680-5684
(1984).

Jones, S. B., and D. B. Bulund. Characterization and possible mechanisms
of as-adrenergic receptor-mediated sensitization of forskolin-stimulated
cyclic AMP production in HT29 cells. J. Biol. Chem. 263:14236-14244
(1988).

Johnson, J. A., T. J. Goka, and R. B. Clark. Phorbol ester-induced augmen-
tation and inhibition of epinephrine-stimulated adenylate cyclase in S49
lymphoma cells. J. Cyclic Nucleotide Protein Phosphorylation Res. 11:199-
215 (1986).

Bell, J. D., and L. L. Brunton. Multiple effects of phorbol esters on hormone-
sensitive adenylate cyclase activity in S49 lymphoma cells. Am. J. Physiol.
252:E783-E789 (1987).

Bell, J. D, I. L. O. Buxton, and L. L. Brunton. Enhancement of adenylate
cyclase activity in S49 lymphoma cells by phorbol esters. J. Biol. Chem.
260:2625-2628 (1985).

Jakobs, K. H., S. Bauer, and Y. Watanabe. Modulation of adenylate cyclase
of human platelets by phorbol ester: impairment of the hormone-sensitive
inhibitory pathway. Eur. J. Biochem. 151:425-430 (1985).

Patya, M., K. H. Stenzel, and A. Novogrodsky. Differential effects of tumor
promoters on cAMP production: inhibition of receptor-mediated and poten-
tiation of cholera toxin-mediated stimulation. Biochem. Biophys. Res. Com-
mun. 133:904-910 (1985).

Hollingsworth, E. B., D. Ukena, and J. W. Daly. The protein kinase C
activator phorbol-12-myristate-13-acetate enhances cyclic AMP accumula-
tion in pheochromocytoma cells. FEBS Lett. 196:131-134 (1986).

Karbon, E. W., S. Shenolikar, and S. J. Enna. Phorbol esters enhance
neurotransmitter-stimulated cyclic AMP production in rat brain slices. J.
Neurochem. 47:1566-1575 (1986).

. Cronin, M. J., S. T. Summers, M. A. Sortino, and E. L. Hewlett. Protein

kinase C enhances growth hormone releasing factor (1-40)-stimulated cyclic
AMP levels in anterior pituitary: actions of tostatin and pertussis toxin.
J. Biol. Chem. 261:13932-13935 (1986).

. Chambaut-Guerin, A. M., and P. Thomopoulos. Protein kinase C potentiates

isoproterenol-mediated cyclic AMP production without modifying the ho-
mologous desensitization process in J774 cells. Eur. J. Biochem. 170:381-
387 (1987).

Langlois, D., J.-M. Saez, and M. Begeot. The potentiating effects of phorbol
ester on ACTH-, cholera toxin-, and forskolin-induced cAMP production by
cultured bovine adrenal cells is not mediated by the inactivation of « subunit
of G, protein. Biochem. Biophys. Res. Commun. 146:517-523 (1987).
Yoshimasa, T., D. R. Sibley, M. Bouvier, R. J. Lefkowitz, and M. G. Caron.
Cross-talk between cellular signalling pathways suggested by phorbol-ester-
induced adenylate cyclase phosphorylation. Nature (Lond.) 327:67-79
(1987).

Choi, E. J., and W. A. Toscano, Jr. Modulation of adenylate cyclase in human
keratinocytes by protein kinase C. J. Biol. Chem. 263:17167-17172 (1988).
Phaneuf, S., P. Berta, C. Le Peuch, J. Haiech, and J.-C. Cavadore. Phorbol
ester modulation of cyclic AMP accumulation in a primary culture of rat
aortic smooth muscle cells. J. Pharmacol. Exp. Ther. 245:1042-1047 (1988).
Abou-Samra, A.-B., J. P. Harwood, V. C. Manganiello, K. J. Catt, and G.

properties. Adv. Cyclic Nucleotide Protein Phosphorylation Res. 20:1-150
(1986).

10. Masters, S. B., T. K. Harden, and J. H. Brown. Relationships between
phosphoinositide and calcium responses to muscarinic agonists in astrocy-
toma cells. Mol Pharmacol. 26:149-155 (1984).

11. Meeker, R. B., and T. K. Harden. Muscarinic cholinergic receptor-mediated
activation of phosphodiesterase. Mol. Pharmacol. 22:310-319 (1982).

12. Tanner, L. I, T. K. Harden, J. N. Wells, and M. W. Martin. Identification
of the phosphodiesterase regulated by muscarinic cholinergic receptors of
1321N1 human astrocytoma cells. Mol. Pharmacol. 29:455-460 (1986).

13. Meeker, R. B., and T. K. Harden. Muscarinic cholinergic receptor-mediated
control of cyclic AMP metabolism: agonist-induced changes in nucleotide
synthesis and degradation. Mol. Pharmacol 23:384-392 (1982).

14. Shimizu, H., J. W. Daly, and C. R. Creveling. A radioisotopic method for
measuring the formation of adenosine 3’,5’-cyclic monophosphate in incu-
bated slices of brain. J. Neurochem. 18:1609-1619 (1969).

15. Nakahata, N., and T. K. Harden. Regulation of inositol trisphosphate accu-
mulation by muscarinic cholinergic and H,-histamine receptors on human
astrocytoma cells: differential induction of desensitization by agonists.
Biochem. J. 241:337-344 (1987).

16. Hidaka, H., M. Inagaki, S. Kawamoto, and Y. Sasaki. Isoquinoline-sulfon-
amides, novel and potent inhibitors of cyclic nucleotide dependent protein
kinase and protein kinase C. Biochemistry 23:5036-5041 (1984).

17. Tamaoki, T., H. Nomoto, I. Takahashi, Y. Kato, M. Morimoto, and F. Tomita.
Staurosporine, a potent inhibitor of phospholipid/Ca**-dependent protein
kinase. Biochem. Biophys. Res. Commun. 135:397-402 (1986).

18. Blackshear, P. J., D. J. Stumpo, J.-K. Huang, R. A. Nemenoff, and D. H.
Spach. Protein kinase C-dependent and -independent pathways of proto-
oncogene induction in human astrocytoma cells. J. Biol. Chem. 262:7774-
7781 (1987).

19. Hughes, A. R.,, M. W. Martin, and T. K. Harden. Pertussis toxin differentiates
between two mechanisms of attenuation of cyclic AMP accumulation by

37.

39.

41.

42.

Aguilera. Phorbol 12-myristate 13-acetate and vasopressin potentiate the
effect of corticotropin-releasing factor on cyclic AMP production in rat
anterior pituitary cells. J. Biol. Chem. 262:1129-1136 (1987).

. Rozengurt, E., M. Murray, 1. Zachary, and M. Collins. Protein kinase C

activation enhances cCAMP accumulation in Swiss 3T3 cells: inhibition by
pertussis toxin. Proc. Natl. Acad. Sci. USA 84:2282-2286 (1987).

. Petit, P., C. Barberis, and S. Jard. Vasopressin potentiates the noradrenaline-

induced accumulation of cyclic AMP in the rat superior cervical ganglion.
Brain Res. 440:299-304 (1988).

Nabika, T., Y. Nara, Y. Yamori, W. Lovenberg, and J. Endo. Angiotensin II
and phorbol ester enhance isoproterenol- and vasoactive intestinal peptide
(VIP)-induced cyclic AMP accumulation in vascular smooth muscle cells.
Biochem. Biophys. Res. Commun. 131:30-36 (1985).

. Boarder, M. R., R. Plevin, and D. B. Marriott. Angiotensin II potentiates

prostaglandin stimulation of cyclic AMP levels in intact bovine adrenal
medulla cells but not adenylate cyclase in permeabilized cells. J. Biol. Chem.
263:15319-15324 (1988).

Hollingsworth, E. B, and J. W. Daly. Accumulation of inositol phosphates
and cyclic AMP in guinea-pig bral cortical preparations: effects of nor-
epinephrine, histamine, carbamylcholine and 2-chloroad i Biochi
Biophys. Acta 847:207-216 (1985).

. Gannon, M. N., and L. B. Hough. Histamine receptors coupled to [*’H]cAMP

accumulation in brain: pharmacological characterization in a vesicular prep-
aration in guinea pig cortex. Mol. Pharmacol. 33:44-50 (1987).

Garbarg, M., and J.-C. Schwartz. Synergism between histamine H, and H,-
receptors in the cAMP response in guinea pig brain slices: effects of phorbol
esters and calcium. Mol. Pharmacol. 33:38-43 (1987).

Johnson, R. D., and K. P. Minneman. Characterization of «,-adrenoceptors
which increase cyclic AMP accumulation in rat cerebral cortex. Eur. J.
Pharmacol. 129:293-305 (1986).

. Duman, R. S., and S. J. Enna. Modulation of receptor-mediated cyclic AMP

production in brain. Neuropharmacology 26:981-986 (1987).

. Fredholm, B. B,, E. Lindgren, K. Lindstrom, and C. Nordstedt. a-Adrenocep-

2102 ‘v laquiada uo oJisuer ap oIy op opelsg op apepisiaAiun Je Bio'sjeuinofiadse’ wreydjow woly papeojumoq


http://molpharm.aspetjournals.org/

Sensitization of intact Cell CAMP Accumulation 303

tor stimulation, but not muscarinic stimulation, increases cyclic AMP accu- 48, Peralta, E. G., A. Ashkenazi, J. W. Winslow, J. Ramachandran, and D. J.
mulation in brain slices due to protein kinase C mediated enhancement of Capon. Differential regulation of PI hydrolysis and adenylyl cyclase by

adenosine receptor effects. Acta Physiol. Scar_ld. 131:543-551 (1987). muscarinic receptor subtypes. Nature (Lond.) 334:434-437 (1988).
45. Schaad, N. C., M. Schorderet, and P. J. Magistretti. Prostaglandins and the 49. Thomas, J. M., and B. B. Hoffman. Adenylate cyclase supersensitivity: a

synergism between VIP and noradrenaline in the cerebral cortex. Nature

(Lond.) 328:637-640 (1987). general means of cellular adaptation to inhibitory agonist? Trends Pharmacol.
46. Chik, C. L., A. K. Ho, and D. C. Klein. a;-Adrenergic potentiation of Sci. 8:308-311 (1987).

vasoactive intestinal peptide stimulation of rat pinealocyte adenosine 3’,5'-

monophosphate and guanosine 3’,5’-m hosphate: evid for a role of

calcium and protein kinase-C. Endwﬁmbéy 122:702-708 (1988). .
47. Baumgold, J., and P. H. Fishman. Muscarinic receptor-mediated increase in Send reprint requests to: Myron L. Toews, Department of Pharmacology,

CAMP levels in SK-N-SH human neuroblastoma cells. Biochem. Biophys. University of Nebraska Medical Center, 600 S. 42nd St., Omaha, NE 68198-6260.
Res. Commun. 154:1137-1143 (1988).

aspet.’

2102 ‘v laquiada uo oJisuer ap oIy op opelsg op apepisiaAiun Je Bio'sjeuinofiadse’ wreydjow woly papeojumoq


http://molpharm.aspetjournals.org/



