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SUMMARY

Forskolin directly stimulates adenylate cyclase activity and acts synergistically with
receptor-mediated agonists which stimulate cyclic AMP production. We have previously
observed that a 3-hr incubation of C6-2B rat astrocytoma cells with 6 nM cholera toxin
in the presence of 1 �M forskolin results in cyclic AMP accumulation 9-fold greater than
in the absence of forskolin. Since the action ofcholera toxin is mediated by the stimulatory
guanine nucleotide-binding regulatory component (G5) of the adenylate cyclase complex,
we proposed that the mechanism by which forskolin augments hormone responses
involves an enhanced coupling of G5 with the adenylate cyclase catalytic component (C).
In the present communication, we report the detailed characterization of the synergistic
interaction between forskolin and cholera toxin as effectors of cyclic AMP accumulation
in intact C6-2B cells. After a 3-hr incubation, maximal cholera toxin-stimulated cyclic
AMP accumulation was 990 ± 34 pmol/mg of protein. In the presence of 1 �tM forskolin,

the response to cholera toxin increased to 13,137 ± 1,595 pmol of cyclic AMP/mg of

protein. The half-maximally effective cholera toxin concentrations estimated by nonlin-
ear least squares regression analysis determined in the absence or presence of 0.1 mM
forskolin were 56.6 and 57.5 pM, respectively. The highly reproducible lag in forskolin-
stimulated cyclic AMP accumulation in C6-2B cells was abolished by cholera toxin
pretreatment, indicating a possible role for G5-associated GTPase in the mechanism of
forskolin action. Cholera toxin treatment markedly augmented forskolin-stimulated
cyclic AMP accumulation and shifted the forskolin concentration-response curve to the
left approximately 1.5 log units. When C6-2B cells were treated for 1 mm with 10 nM

cholera toxin, the response to forskolin was significantly potentiated by 10 mm. No

significant increase in cellular cyclic AMP content in the absence of a forskolin challenge
was apparent for up to 45 mm. It appears that prior promotion of G5-C coupling by
cholera toxin treatment enhances the ability of forskolin to stimulate cyclic AMP
accumulation. Whether or not forskolin interacts (i.e., binds) exclusively to C remains to
be proven. However, the actions of forskolin to stimulate cyclic AMP formation and
potentiate agonist-stimulated cyclic AMP formation are modulated by the activity state

of G5, and at least part of the response to forskolin is mediated by G5.

INTRODUCTION

Hormonal stimulation of adenylate cyclase-catalyzed
cyclic AMP formation in eukaryotic organisms involves
the interaction of at least three functionally and physi-
cally separable components (1): the stimulatory hormone
receptor, to which hormones initially bind and which
acts to discriminate between agonists and antagonists;
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the stimulatory coupling component, G5,’ a multi-subunit
complex (2) which binds and hydrolyzes GTP, thereby
regulating both the hormone-receptor interaction and
the activity state of adenylate cyclase; and the catalytic
component, C, by which ATP is enzymatically converted

1 The abbreviations used are: G,, G,, the guanine nucleotide-binding

regulatory complexes of adenylate cyclase which mediate hormonal

stimulation or inhibition, respectively; C, the catalytic component of

adenylate cyclase; EC�, half-maximally effective drug concentration;

HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; IBMX,

3-isobutyl-1-methylxanthine.
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to cyclic AMP. The free a-subunit of G8 can activate C
(3, 4). Stimulation of adenylate cyclase activity can be
effected by agents which interact directly with G5, e.g.,
cholera toxin, an enterotoxin from Vibrio cholerae (2), or
with C, e.g., forskolin, a diterpene derived from an extract
from the roots of Coleus forskohlii (5).

The mechanism by which cholera toxin stimulates
adenylate cyclase activity has been extensively investi-

gated (see Refs. 6 and 7 for review). Cholera toxin is
made up of two major components. The B-component,
consisting of five similar subunits, functions to bind to
ganglioside Gm1, the cell surface receptor for choleragen.
The subsequent activation of adenylate cyclase by the
A-subunit follows a lag which may be due to the time
required for the A-subunit to traverse the cell membrane.
Cholera toxin catalyzes the NAD-dependent ADP-ribo-
sylation of the a-subunit of G8 (2). The consequent
stimulation of GTP release from G5 (8) and inhibition of
G8-associated GTP hydrolysis, which normally functions
as the cyclase inactivation process, results in a long-lived
activation of adenylate cyclase (9, 10). In addition, chol-
era toxin-catalyzed ADP-ribosylation of the a-subunit of
G5 promotes its dissociation from the fl-subunit (11),
which may directly account for toxin stimulation of
adenylate cyclase activity.

The mechanism by which forskolin stimulates adenyl-

ate cyclase activity is less clear. It appears that forskolin

can interact directly with C to stimulate cyclic AMP
synthesis (12-18), although the presence of G5 may be
required for the full expression of forskolin action (18-
22). In addition, at concentrations below those which
directly stimulate cyclic AMP formation, forskolin acts
synergistically with hormones as effectors of cyclic AMP

production (5). The mechanism of the synergistic acti-
vation of adenylate cyclase by hormones and forskolin
remains enigmatic but has been proposed to be the result
of a forskolin-altered state of C (17).

In intact C6-2B rat glioma cells, forskolin stimulates
cyclic AMP accumulation with an EC� estimated to be
greater than 50 �tM (23). Forskolin also acts synergisti-
caily with the fi-adrenergic agonist, isoproterenol, to
produce an increase in both efficacy and potency of
isoproterenol-stimulated cyclic AMP accumulation. The
EC50 for forskolin-increased potency of the response to
isoproterenol is approximately 20 nM (23). In consider-

ation of this greater than three orders of magnitude
difference in forskolin concentrations required to half-
maximally stimulate cyclic AMP accumulation and in-
crease the sensitivity to isoproterenol, we proposed a
two-site model for forskolin action in C6-2B cells (23,
24). It appears that forskolin acts to stimulate cyclic
AMP production via a low affinity site residing on a
rapidly turning-over protein which may be closely asso-
ciated with C. Forskolin acts synergistically with other
agents which stimulate cyclic AMP formation via a high

affinity site which appears to be separate from the low
affinity site but has yet to be localized. However, the
preliminary observation that forskolin acts synergisti-
cally with cholera toxin (23) suggests that an enhanced
G5-C interaction may be the mechanism by which for-

skolin enhances hormone-stimulated adenylate cyclase
activity.

In the present communication, the interaction of for-
skolin and cholera toxin as effectors of cyclic AMP
accumulation in intact C6-2B cells is examined in greater
detail. It has been proposed that the synergistic action
of forskolin is due to a forskolin-induced alteration in
the state of C (17). Our present results suggest that,
whether or not forskolin interacts (i.e., binds) exclusively
to C, the actions of forskolin are modulated by the
activity state of G5 and that at least part of the response
to forskolin is mediated by G5.

EXPERIMENTAL PROCEDURES

Materials. (-)-Isoproterenol and IBMX were purchased from Sigma

Chemical Co. (St. Louis, MO). (-)-Isoproterenol was dissolved in 5

mM HC1 containing 0.1% sodium metabisulfite such that 10 �l added

to 1 ml of medium (0.001% final sodium metabisulfite) gave the desired

(-)-isoproterenol concentration. Cholera toxin was purchased from

Schwarz/Mann (Spring Valley, NY) or List Biological Laboratories

(Campbell, CA). Forskolin (7fl-acetoxy-8,13-epoxy-la-6fl-9a-trihy-

droxy-labd-14-en-1 1-one) was purchased from Calbiochem-Behring

Corp. (La Jolla, CA). Forskolin (10 mM) was dissolved in 95% ethanol

and stored at �20*. Forskolin dilutions were made in 95% ethanol such

that 10 �tl added to 1 ml of medium (0.95% ethanol final concentration)

gave the desired final forskolin concentration. Other chemicals were

ACS reagent grade or better. Solutions were prepared with deionized,

glass-distilled water.

Cell culture. C6-2B rat glioma cells were grown as monolayers on

16-mm 24-well cluster plates (Nunc; Vangard International, Inc., Nep-

tune, NJ) in Ham’s F-10 nutrient medium (Grand Island Biological

Co., Grand Island, NY) supplemented with 10% donor calf serum (M.

A. Bioproducts; Walkersville, MD) in a humidified atmosphere of 95%

air, 5% CO2 at 3T (25). All assays were performed on confluent culture

wells containing 0.9-1.3 X 106 cells/well. Cells were used between

passages 16 and 36. Cells were washed free of serum using Ham’s F-b

medium containing 20 mM HEPES buffer (pH 7.4) immediately before

all experimental manipulations, which were done in a humidified 3T

warm-room. The phosphodiesterase inhibitor IBMX (0.1 mM) was

added to the serum-free Ham’s F-bO/HEPES culture medium.

Cyclic AMP assay. The cyclic AMP content of C6-2B cells was

measured following drug treatment by rapidly aspirating the culture

medium and treating the cells with 0.1 M HC1 containing 0.1 mM CaCl2.

The culture plates were then agitated on an orbital shaker for 15 mm

at room temperature. The HC1 extract of the cells was removed from

the plates and stored at -20#{176}until assayed for cyclic AMP concentra-

tion using the Gammaflow automated radioimmunoassay system (26)

after acetylation by the method of Harper and Brooker (27). The

protein precipitated by treatment with HC1 was dissolved in 1 ml of

0.2 N NaOH and measured using an automated form of the assay of

Lowry et al (28) with bovine serum albumin as the protein standard.

Cellular cyclic AMP content is expressed on a per mg of protein basis.

The data are presented as the mean ± standard error of triplicate

determinations. The absence of error bars indicates that the magnitude

of the error is less than the size of the symbol in the graph. Statistical

comparisons were performed using an unpaired t test. Differences with

p values less than 0.05 were considered significant. The half-maximally

effective concentrations of cholera toxin were determined using nonlin-

ear least squares regression analysis of primary, untransformed data

for parameter and confidence interval estimation (29). The data were

fit to the hyperbolic function R = (R�� s X)/(K� + X), where R�.,, is

the maximal response, X is the cholera toxin concentration, R is the

response at a given cholera toxin concentration, and K� is the half-

maximally effective concentration of cholera toxin. The data are plotted

as log1o[cholera toxin] versus cellular cyclic AMP content. The calcu-

lated half-maximally effective cholera toxin concentrations are re-
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ported along with 65% confidence intervals, representing approxi-

mately 1 SD.

RESULTS

Effect of forskolin on cholera toxin-stimulated cyclic
AMP accumulation. Our previous studies have shown

that co-incubation of intact C6-2B rat astrocytoma cells
for 3 hr with 6 nM cholera toxin and 1 �tM forskolin
results in a 9-fold greater increase in cyclic AMP accu-
mulation than with cholera toxin alone (23). To explore
further the mechanism of the synergistic interaction
between cholera toxin and forskolin as effectors of cyclic
AMP accumulation, we determined the effect of forskolin
on the time course and concentration-response relation-
ship for cholera toxin-stimulated cyclic AMP accumula-
tion. In intact C6-2B cells, cholera toxin-stimulated
cyclic AMP accumulation proceeds following a lag of 60-
90 mm (30). In the presence of the phosphodiesterase
inhibitor, IBMX (0.1 mM), the time course of the re-

sponse to a submaximal concentration of cholera toxin
(0.1 nM) was qualitatively similar whether determined in
the absence or the presence of 1 �M forskolin (Fig. 1A).
In the absence of forskolin, cholera toxin-stimulated
cyclic AMP accumulation increased after a 60-mm delay

to a maximum level of 565 ± 55 pmol of cyclic AMP/mg
of protein by 3 hr. In the presence of forskolin, a signifi-
cant elevation of cyclic AMP levels was also not observed
until 60 mm of incubation with cholera toxin. A maxi-
mum level of cyclic AMP accumulation (4649 ± 622 pmol
of cyclic AMP/mg of protein) was attained after 3 hr
with cholera toxin plus forskolin. A marked synergy
between cholera toxin and forskolin as effectors of cyclic
AMP formation was observed at all time points at which

FIG. 1. Effect of forsholin on the time course and dose-response

relationship of cholera toxin-stimulated cyclic AMP accumulation

A, C6-2B cells were incubated with 0.1 nM cholera toxin in the

presence (0) or absence (#{149})of 1 �M forskolin for the indicated times.

B, C6-2B cells were incubated for 3 hr with the indicated concentrations

of cholera toxin in the absence (#{149})or presence (D) of 0. 1 mM forskolin.

The data are presented as the means ± standard errors of triplicate

determinations and are representative of five (A) or four (B) similar

experiments. The curves in B were calculated from nonlinear least

squares regression analysis of primary experimental data as described

under “Experimental Procedures.”

cholera toxin-stimulated cyclic AMP levels were elevated
above basal.

The effect of forskolin on the concentration-response
relationship of cholera toxin-stimulated cyclic AMP ac-
cumulation was determined in the presence of IBMX
using a 3-hr incubation duration (Fig. 1B). The maxi-
mum responses to cholera toxin in the absence or pres-

ence of 0.1 mM forskolin were 990 ± 34 and 13,137 ±
1,595 pmol of cyclic AMP/mg of protein, respectively.
The EC50 values (and 65% confidence intervals) deter-

mined by nonlinear least squares regression analysis as
described under “Experimental Procedures” for cholera
toxin-stimulated cyclic AMP accumulation in the ab-
sence or presence of forskolin were 56.6 (41.3, 77.1) or
57.5 (45.8, 72.1) pM, respectively. Thus, forskolin pro-

duced a more than 13-fold increase in cholera toxin
efficacy but no alteration in cholera toxin potency.

Effect of cholera toxin pretreatment on forskolin-stim-
ulated cyclic AMP accumulation. As we have reported
previously (23), forskolin stimulates cyclic AMP accu-
mulation in intact C6-2B cells following a reproducible
lag of 1-2 mm. The lag in the response to forskolin was
completely abolished after a 3-hr treatment with 10 nM
cholera toxin (Fig. 2).

Forskolin alone stimulates cyclic AMP accumulation
in C6-2B cells at concentrations greater than 1 �tM (23).
The forskolin concentration-dependent increase in cyclic
AMP levels does not reach a maximum at the highest
concentration tested (0.1 mM). The EC50 for forskolin-
stimulated cyclic AMP accumulation in C6-2B cells could
only be estimated as at least 25 �M in the experiment
depicted in Fig. 3, assuming that the response to 0.1 mM
forskolin represents a maximal response. The forskolin
response was markedly augmented after a 3-hr treatment

FIG. 2. Effect of chok�ra toxin pretreatment on the time course of

forsholin-stimulated cyclic AMP accumulation

C6-2B cells were incubated for 3 hr without (#{149})or with (#{149})10 nM

cholera toxin. After washing five times with 1 ml of fresh medium per

well to remove free toxin, cells were incubated with 0.1 mM forskolin

for the indicated times. The lines depict the maximal rates of cyclic

AMP accumulation as determined by linear regression analysis. The

time delay in the response to forskolin was determined as the x-

intercept of the calculated line. The data are presented as the means

± standard errors of triplicate determinations and are representative

of nine similar experiments.
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2 K. Barovsky and G. Brooker, unpublished observation.
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FIG. 3. Effect of cholera toxin pretreatment on the concentration-

response relationship offorsholin-stimulated cyclic AMP accumulation

C6-2B cells were incubated for 3 hr with 0.3 nM cholera toxin. After

washing as described in the legend to Fig. 2 to remove free toxin, cells

were incubated for 30 mm with the indicated concentrations of forsko-

lin. The data are presented as the means ± standard errors of triplicate

determinations and are representative of six similar experiments.

of C6-2B cells with 0.3 nM cholera toxin. A significant
response to 10 nM forskolin was observed after toxin
treatment, and the forskolin concentration-response
curve was shifted at least 1.5 log units to the left. The
EC50 for forskolin-stimulated cyclic AMP accumulation
after cholera toxin treatment was estimated to be at least
0.6 zM, again assuming that the response to 0.1 mM
forskolin represents a maximal response.

It was not necessary to preincubate C6-2B cells for 3
hr with cholera toxin to see the synergistic interaction
between cholera toxin and forskolin as effectors of cyclic
AMP accumulation. In the experiment depicted in Fig.
4, C6-2B cells were incubated with 10 nM cholera toxin
for 1 mm and washed to remove free toxin. After the
indicated incubation times, the culture medium was rap-
idly changed to one without or with 5 �tM forskolin and

the incubation was continued for an additional 5 mm.
No increase in cyclic AMP accumulation was seen in
cells treated with cholera toxin that were not subse-
quently challenged with forskolin. In cells which had
been pretreated with cholera toxin, the response to the
forskolin challenge was significantly elevated above basal
level after 10 mm (45 ± 2 versus 79 ± 3 pmol of cyclic
AMP/mg of protein). It appears that, despite the lack of
an observable direct effect of cholera toxin on cyclic
AMP levels for up to 45 mm, the potentiation of the
response to forskolin by cholera toxin treatment was
apparent by 10 mm.

DISCUSSION

Forskolin appears to stimulate cyclic AMP synthesis
via a direct interaction with C, the catalytic component
of the adenylate cyclase complex (12-18). It has become
apparent that G5, the guanine nucleotide-binding com-
ponent of adenylate cyclase which mediates the effects
of stimulatory hormone receptor-agonists, also plays a
significant role in the mechanism of forskolin action.
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FIG. 4. Time course of development of the synergistic interaction

between cholera toxin and forsholin as effectors of cyclic AMP accumu-

lation

C6-2B cells were incubated with 10 nM cholera toxin for 1 mm and

then washed as described in the legend to Fig. 2 to remove free toxin.

At the indicated times, the culture medium was rapidly changed to

medium without (#{149})or with (0) 5 j�M forskolin, and the incubation

was continued for 5 mm. The data are presented as the means ±

standard errors of triplicate determinations and are representative of

three similar experiments.

Results from numerous investigations indicate that G5 is
required for the full expression of forskolin-stimulated
adenylate cyclase activity (18-22).

In addition to directly stimulating cyclic AMP produc-
tion, forskolin augments hormone-stimulated cyclic
AMP synthesis in many systems. The biochemical mech-
anism of this potentiative action of forskolin is poorly
understood. It appears that G5 also plays a significant
role in the ability of forskolin to act synergistically with
stimulatory hormone receptor-agonists. Darfier et al. (20)
observed that forskolin can restore the response to iso-
proterenol in the 549 murine lymphoma cell variant,
H21a, in which the G5-C interaction is defective, but not
in the 549 cell variant, UNC, in which the receptor-G5
interaction is defective, or in the G5-deficient S49 cell
variant, cyc. These findings indicate that forskolin-
augmented hormone responses may be the result of an
enhanced interaction between G5 and C. Seamon and
Daly (31) observed that forskolin and the metabolically
stable GTP analog, Gpp(NH)p, acted synergistically as
activators of adenylate cyclase in rat striatum mem-
branes after the inhibitory hormone receptor-G1-C path-
way was antagonized by manganese. Our results, using
intact C6-2B rat astrocytoma cells, confirm the hypoth-
esis that the potentiative effect of forskolin is due to
enhanced G5-C coupling. Indeed, the ability of forskolin
to increase hormone receptor-agonist potency is en-
hanced after the G5-C interaction is promoted by cholera
toxin treatment.2

The hypothesis that forskolin enhances G5-C coupling
is supported by the observation that forskolin increases
the efficacy of cholera toxin-stimulated cyclic AMP ac-
cumulation. Cholera toxin stimulation of cyclic AMP

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 5, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


506 BAROVSKY AND BROOKER

production is a result of the specific, toxin-catalyzed
ADP-ribosylation of the a-subunit of G8 (2). The conse-
quent stimulation of GTP release from G8 (8), inhibition
of the G4-associated GTPase, which functions as the
enzyme inactivation process (9, 10), and stimulation of
the dissociation of the a-subunit of G5 from the fl-subunit
(1 1) produces a long-lived activation of adenylate cyclase.
The activation of adenylate cyclase by cholera toxin in
intact cells is therefore similar to the persistent activa-
tion by metabolically stable GTP analogs in broken cells
(32) or reconstituted systems (33). Co-incubation of in-
tact C6-2B cells with cholera toxin and a concentration
of forskolin which has little direct stimulatory action
produced responses markedly greater than additive at all
time points at which cyclic AMP levels were above basal
levels. Since these experiments were done in the presence
of the phosphodiesterase inhibitor, IBMX, it appears
that the effect of forskolin cannot be attributed to an
inhibition of phosphodiesterase. Forskolin has not been
found to have a direct effect on phosphodiesterase activ-
ity (34, 35).

Forskolin did not affect the lag typically seen in the
response to cholera toxin. Thus, it does not appear that
forskolin has an effect on the binding of cholera toxin to
its cellular receptor, ganglioside Gm1, or the subsequent
translocation of the catalytically active A-subunit across
the cell membrane. The synergistic interaction between
forskolin and cholera toxin is expressed at times as short
as 10 mm after a 1-mm incubation with cholera toxin,
when no measurable effect of cholera toxin alone can be
observed. Thus, forskolin may be enhancing the rate at
which cholera toxin catalyzes the ADP-ribosylation re-
action. This does not appear to be a likely mechanism
for the potentiative action of forskolin since full expres-
sion of the synergistic interation between forskolin and
cholera toxin can be observed after the maximum re-
sponse to cholera toxin is attained. Berthillier et al. (36)
reported that, in rat brain synaptosomes, forskolin has
no direct effect on cholera toxin-catalyzed ADP-ribosy-
lation of membrane proteins. It therefore appears that
forskolin effects the enhancement of cholera toxin-stim-
ulated cyclic AMP production, and also the enhancement
of the response to hormone receptor-agonists, by a mech-
anism which would lead to enhanced signal transduction
between G4 and C.

Forskolin-stimulated cyclic AMP accumulation in C6-
2B cells proceeds following a reproducible 1-2-mm lag.
A similar lag in forskolin-stimulated cyclic AMP accu-
mulation has been observed in wild-type 549 cells (18).
In addition, adenylate cyclase activation by forskolin in
wild-type 549 cell membranes proceeds following a lag
(19). The lag is not observed in the variant 549 cell, cyc

(18), which is deficient in G4 (37), or in membranes from
549 cyc cells (19). Reconstitution of cyc membranes
with G,, derived from wild-type 549 cell membranes re-
stores the lag (19). Martin et al. (22) reported a lag in
forskolin-stimulated adenylate cyclase activity in canine

basolateral renal cortical membranes. The lag is de-
creased by Mg�� concentrations above those required for
adenylate cyclase catalytic activity. Since, at these higher
concentrations, Mg�� apparently acts as an allosteric

effector of adenylate cyclase activity mediated via G5 (3,
38), these authors proposed that the site of action of
forskolin may be at or closely related to G5. Co-incuba-
tion of C6-2B cells with forskolin and isoproterenol (23)
or wild-type 549 cells with forskolin and epinephrine
(18) also eliminates the time delay in the response to
forskolin. In the present report, we show that pretreat-
ment of C6-2B cells with cholera toxin abolished the 1-
2-mm lag seen in forskolin-stimulated cyclic AMP ac-
cumulation. Catecholamines (9) and cholera toxin (8)
have been shown to induce the release of bound guanine
nucleotide from G5, thus facilitating the exchange of
bound and exogenous nucleotide. This would account for
the action of catecholamines and cholera toxin to reduce

the lag typically seen in the activation of adenylate
cyclase by Gpp(NH)p in broken cell preparations (39).
In addition, cholera toxin-catalyzed ADP-ribosylation of
G5 leads to the dissociation of the a-subunit from the /3-
subunit (11). The promotion of the dissociation of the
subunits of G5 has also been proposed as a mechanism
for hormonal stimulation of adenylate cyclase (40). The
reduction by cholera toxin or isoproterenol of the lag in
the response to forskolin in C6-2B cells indicates that
the mechanisms of forskolin action may involve the
guanine nucleotide binding-hydrolysis-release cycle on
G5 and/or the dissociation of the subunits of G5.

Our data are consistent with the findings of Bender
and Neer (17) that forskolin potentiates the activation
of resolved bovine caudate nucleus C by purified,
Gpp(NH)p-activated G5 (G5*). In this system, forskolin
must be added to C before activation by G5* in order to
see the synergistic effect. Bender and Neer (17) proposed,
therefore, that the transduction of signals between G5
and C is bidirectional, i.e., that the activity state of the
adenylate cyclase system depends not only on the activity
state of G5, but also on the state ofactivity ofthe catalytic
unit. We assume that cholera toxin catalyzes the stoi-
chiometric ADP-ribosylation of G5 to form a long-lived
activated state of G5 since cholera toxin-stimulated cyclic
AMP accumulation reaches a maximum at 0.3 nM and

does not increase with 10-fold higher toxin concentra-
tions. However, the maximal response to cholera toxin
is considerably less than that to forskolin. Thus, maximal
stimulation by cholera toxin would not be expected to
result in 100% conversion of C to the activated G5-C
complex. In addition, if activated G5 acted catalytically
to form the transient, active species G5-C, each G5 would
then activate more than one C. In either case, forskolin
could interact with free C, thereby altering the activity
state of C before its activation by G5. The lag in the
response to forskolin in C6-2B cells, S49 cells (18) and
membranes (19), and canine basolateral renal cortical
membranes (22) may be due to the time required for the
signal transmission from C to G5 leading to the promo-
tion of an active G5-C complex following the interaction
of forskolin with free C. “Priming” the system with
catecholamines, cholera toxin or Mg�� would decrease
the lag by promoting the interaction of G5 with C.

We have previously proposed a two-site model for
forskolin action in C6-2B cells (23, 24): a low affinity

site residing on a rapidly turning-over protein distinct
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from but closely associated with the catalytic polypeptide
by which forskolin stimulates cyclic AMP synthesis and
a high affinity site by which forskolin acts to augment
hormone responses. Although the high affinity site ap-
pears to be physically separate from the low affinity site
responsible for direct stimulation of cyclic AMP synthe-
sis by forskolin, we have no evidence to suggest whether
the high affinity site is associated with G5, C, or another
component of the adenylate cyclase system. However,
based on our previous findings that treatment of intact
C6-2B cells with cycloheximide decreases the direct stim-
ulatory effect of forskolin but not the ability of forskolin
and cholera toxin to act synergistically as effectors of
cyclic AMP accumulation (23, 24), we can conclude that
the enhanced G5-C coupling observed in this report only
involves the high affinity forskolin site.
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