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To test the hypothesis that agents activating re-
ceptors negatively coupled to adenylyl cyclase (AC)
can stimulate cell proliferation, we have expressed
a human a2-adrenergic receptor (a2-C10) in CCL39
cells and studied the effects of a2-agonists on rein-
itiation of DNA synthesis in quiescent cells. We re-
port that the a2-agonists epinephrine and clonidine
stimulate [H]-thymidine incorporation in synergy
with fibroblast growth factor and that the a2-antag-
onist yohimbine efficiently inhibits this response.
Epinephrine- and clonidine-stimulated DNA syn-
thesis is completely blocked by pertussis toxin and
correlates well with the inhibition of prostaglandin
E,-stimulated AC. Thus, their action closely re-
sembles the action of serotonin in the same cell
system, which is mediated through 5-HTIb recep-
tors. In fact, serotonin- and epinephrine-stimulated
DNA synthesis reinitiation is not additive, suggest-
ing that both agents act through a common path-
way. Interestingly, a2-agonists also induced a mod-
erate release of inositol phosphates, indicating that
a2-adrenergic receptors can interact both with the
AC and phospholipase C messenger system. Acti-
vation of phosphoinositide (PI) turnover by epi-
nephrine leads to a significant stimulation of Na+/
H+ exchange but is insufficient to trigger a mito-
genic response in CCL39 cells, as will be discussed.
We found no evidence for epinephrine-induced ac-
tivation of Na+/H+ exchange by a mechanism in-
dependent of PI breakdown. Our data show that a2-
adrenergic receptors can play a role in the regu-
lation of cell proliferation in an appropriate context;

also, the data support the hypothesis that receptors
negatively coupled to AC must be taken into ac-
count as mediators of growth factor action in fibro-
blasts, in particular when activated in parallel with
receptor tyrosine kinases.

Introduction

In Chinese hamster lung fibroblasts (CCL39 cell
line), the mitogenic action of a-thrombin and
serotonin is mediated via one or more pertussis
toxin (PTX)-sensitive G proteins, whereas other
growth factors, which activate receptor tyrosine
kinases, do not act through this pathway
(Chambard et al., 1987; Pouyssegur et al., 1988;
Seuwen et al., 1988a). Similar results have been
reported for NIH-3T3 cells, where bombesin
action is inhibited by PTX treatment of cells and
cell proliferation stimulated by platelet-derived
growth factor (PDGF) is unaffected (Letterio et
al., 1986). The mitogenic action of growth fac-
tors acting through G-protein-coupled recep-
tors has generally been attributed to their ac-
tivation of phospholipase C (PLC), whereas
other G-protein-mediated processes often ob-
served to occur in parallel (like the inhibition of
adenylyl cyclase [AC]) have received less atten-
tion. However, our work on the mitogenic action
of serotonin (Seuwen et al., 1988a) as well as
other studies (Zachary et al., 1987; Kavanaugh
et al., 1988; van Corven et aL, 1989) suggested
that the signaling event relevant for the stimu-
lation of DNA synthesis and sensitive to the
toxin was different from activation of phospho-
inositide breakdown. Instead, we have formu-
lated the hypothesis that inhibition of AC or the
activation of another, so far undefined, effector
system by Gi proteins is at the origin of the PTX-
sensitive component of the growth response
(Seuwen et al., 1988a). We therefore predicted
that activation of any receptor negatively cou-
pled to AC should produce a mitogenic signal
comparable with the one elicited by serotonin
in CCL39 hamster fibroblasts; consequently, we
decided to express receptors of this kind by
DNA transfection in this cell system to study
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Figure 1. Inhibition of adenylyl cyclase. Experiments were
performed as described in the methods section. (A) 39a2-
21 cells pretreated (0, A) or not (0, A) with PTX (50 ng/ml)
were stimulated with PGE1 and exposed to increasing con-
centrations of epinephrine (A, A) or clonidine (0, *), as in-
dicated on the abscissa. (B) Reversal of the epinephrine (1
uM, A)- and clonidine (1 MM, 0)-induced inhibition of AC by
increasing concentrations of the a2-adrenergic antagonist
yohimbine, which was added 30 min before the agonists.
Data are expressed as the cAMP accumulation measured
relative to that observed with PGE, alone (1 00%). Error bars
indicate SEM for duplicate or triplicate determinations.

the effects of appropriate agonists on growth
control.
The a2-adrenergic receptors mediate a variety

of biological responses to the agonist epineph-
rine. Activation of the receptor evokes PTX-
sensitive inhibition of AC (Jakobs, 1979; Katada
and Ui, 1981) and therefore seemed ideal for
the studies we aimed to carry out. Two different
genes coding for human a2-adrenergic recep-
tors-designated ca2-( 04 and a2-C1 0 because of
their localization on chromosomes 4 and 10, re-
spectively-have recently been isolated by mo-
lecular cloning (Kobilka et al., 1987; Regan et
al., 1988). We used a vector containing the a2-
Cl 0 gene, normally expressed in human plate-
lets, to stably transfect CCL39 hamster fibro-
blasts, which show no endogenous responses
to a-adrenergic stimulation. We achieved func-
tional expression and report results in support
of our hypothesis presented above: agonists
activating a2-adrenergic receptors stimulate
DNA synthesis in the transfected cells.

Results and discussion

Stable expression of a2-adrenergic receptors
in CCL39 cells
CCL39 cells expressing high numbers of a2-ad-
renergic receptors (> 1 00 000 per cell) were ob-
tained as described in Methods. In these cells,
a2-agonists efficiently inhibited AC, whereas

they were without effect in untransfected
CCL39 cells. The inhibitory effect of the a2-ag-
onists epinephrine and clonidine on prostaglan-
din E1 (PGEO)-stimulated AC in clone 39a2-21 is
shown in Figure 1 A. Both agents induce a dose-
dependent reduction of cyclic adenosine mono-
phosphate (cAMP) formation, which is com-
pletely abolished by PTX pretreatment of cells.
Epinephrine was found to be slightly more po-
tent than clonidine. The a2-receptor antagonist
yohimbine reverses the effect with the expected
IC50-value in the submicromolar range (Figure
1 B). However, the reversal is not complete, be-
cause yohimbine alone weakly inhibits cAMP
formation at concentrations > 1 gM (not shown)
because of a partial agonist effect on 5-HT1b-
receptors (Seuwen and Pouyssegur, in prepa-
ration). Yohimbine has already been described
to activate 5-HT1d receptors (Hoyer and Mid-
dlemiss, 1989).
The results shown demonstrate that a2-ad-

renergic receptors can be expressed in CCL39
cells and that they function as in their natural
environment, the platelet, by inhibiting stimu-
lated AC.

Epinephrine and clonidine stimulate
DNA synthesis
Figure 2 shows the results of DNA synthesis
reinitiation experiments carried out on quies-
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Figure 2. Stimulation of DNA synthesis reinitiation. Ex-
periments were performed as described in the methods
section. (A) 39a2-21 cells pretreated (-, A) or not (0, A, E,
V, *) with PTX (50 ng/ml) were stimulated with recombinant
FGF (25 ng/ml) and increasing concentrations of epinephrine
(A, A) or clonidine (0, 0), as indicated on the abscissa. V,
0: Cells stimulated with epinephrine and clonidine alone,
respectively; *: cells stimulated with FGF (50 ng/ml), sero-
tonin (10 uM), and increasing concentrations of epinephrine.
(B) Reversal of the mitogenic response caused by epineph-
rine (1 IM, A) and clonidine (1 AM, 0) by increasing con-
centrations of the a2-adrenergic antagonist yohimbine,
which was added 30 min before the agonists. The ordinate
shows the amount of incorporated [3H1-thymidine. Error bars
indicate SEM for duplicate determinations.
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cent cells. As previously observed for serotonin
(Seuwen et aL, 1 988a), epinephrine and cloni-
dine do not stimulate cell proliferation on their
own, but act in synergy with fibroblast growth
factor (FGF) as well as insulin and epidermal
growth factor (EGF) (not shown) in the 39a2-21
clone. No response is observed in untransfected
CCL39 cells. The effects shown are significant:
the [3H]-thymidine incorporation signal obtained
with FGF + epinephrine reaches >800/o of the
one obtained with 10% fetal calf serum (FCS).
The response to clonidine and epinephrine is
almost completely abolished by pretreatment
of cells with PTX and efficiently antagonized by
yohimbine (Figure 2B). Again, yohimbine inhi-
bition was not complete. At concentrations > 1
,uM, the agent stimulated DNA synthesis, re-
flecting activation of 5-HT1b receptors.
We tested the effect of epinephrine in the

presence of a saturating concentration of se-
rotonin to see whether the two agents produced
additive responses. As is shown in Figure 2A,
this is not the case, suggesting that both factors
act through a common pathway. Similar results
were obtained with the use of clonidine instead
of epinephrine (not shown).
The results shown are not specific for clone

39a2-21. We found stimulation of DNA synthesis
by a2-adrenergic agonists in all cell clones
tested that expressed functional receptors, as
judged by clonidine-induced inhibition of AC.

a2Adrenergic receptors can activate PLC
Recent reports suggested that a2-adrenergic
receptors can activate the PLC signaling path-
way (Michel etal., 1989; Cotecchia etaaL, 1990).
We measured the rate of inositol phosphate (IP)
formation after stimulation of cells by a2-ago-
nists and compared them with other well-known
PLC-stimulating agents active in CCL39 cells.
As is shown in Figure 3, clonidine and epineph-
rine indeed stimulate the release of IPs, epi-
nephrine showing a considerably stronger ag-
onist activity than clonidine. In both cases,
however, the rate of IP production is much lower
than the one observed after addition of a mi-
togenic concentration of thrombin (10 nM); epi-
nephrine, in fact, roughly equals the potency of
a 1 00-fold lower thrombin concentration (Figure
4). The PLC response induced by both a2-ago-
nists is inhibited by yohimbine (Figure 3B) and
PTX (Figure 4). The al-antagonist prazosin had
no effect (not shown). Interestingly, inhibition
by PTX of the clonidine and epinephrine re-
sponse is almost complete, whereas IP release
triggered by a-thrombin and serotonin is dimin-
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Figure 3. Stimulation of phospholipase C. Experiments
were performed as described in the methods section. (A)
39a2-21 cells were stimulated with increasing concentra-
tions of epinephrine (A) or clonidine (0), as indicated on the
abscissa. (B) Inhibition of the epinephrine (1 gM, A)- and
clonidine (1 MM, 0)-induced inositol phosphate formation
by increasing concentrations of the a2-adrenergic antagonist
yohimbine, which was added 30 min before the agonists.
The ordinate shows the amount of labeled inositol phos-
phates released during 10 min of incubation. Error bars in-
dicate SEM for duplicate determinations.

ished by only 400/o-500/o and the response to
the AIF4-complex by -750/o, as observed before
with untransfected CCL39 cells (Paris and
Pouyss6gur, 1986; Seuwen et aL, 1 988a). The
basis of this differential PTX sensitivity remains
unclear, but it probably reflects the implication
of different G proteins, PTX sensitive and in-
sensitive, in the control of PLC activity. The var-
ious G proteins seem to couple preferentially to
different receptors. For instance, PLC activation
through Ml muscarinic receptors is completely
PTX insensitive in CCL39 cells (Figure 4; Seu-
wen et al., in preparation) as well as in other
systems (Masters et al., 1985). Therefore, dif-
ferent degrees of PTX sensitivity of PLC acti-
vation can be observed within the same cell
system depending on the receptors triggering
the response.
The observation that a2-adrenergic receptors

not only inhibit AC but also stimulate phospho-
inositide (PI) turnover parallels reports on the
M2 muscarinic receptor (Ashkenazi et al., 1987;
Ashkenazi et al., 1989a) and on the 5-HT1a re-
ceptor (Fargin et al., 1 989). These receptors are
preferentially coupled to AC, where they exert
inhibitory action but also weakly stimulate PLC.
Two possible explanations may account for
these observations: First, it is possible that the
Gi proteins inhibiting AC have a weak but de-
tectable potential to stimulate PLC; alterna-
tively, different species of PTX-sensitive G pro-
teins may be involved in the negative control of
AC activity and in PLC activation, respectively.
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Figure 4. Effect of pertussis toxin on phospholipase C activity stimulated by different agonists. Experiments were performed
as described in the methods section. 39a2-21 cells pretreated (O) or not ([1) with PTX (50 ng/ml) were stimulated with a-
thrombin (THR, concentrations indicated), epinephrine (EPI, 1 gM), clonidine (CLO, 1 MM), serotonin (5-HT, 1 MM), and the
AIF4_- complex (5 gM AICI3 + 10 mM NaF). The effect of PTX on PLC stimulation by carbachol (CCH, 10 ,uM) in a CCL39 cell
clone (39M1-81) expressing human muscarinic Mi-receptors is shown for comparison. The ordinate shows the amount of
labeled inositol phosphates released per minute of incubation. All incubation times were 10 min, except for 10 nM of thrombin,
where it was reduced to 1.5 min to allow the initial rate measurement. Error bars indicate SEM for duplicate or triplicate
determinations.

As CCL39 cells contain at least two immuno-
logically different PTX substrates (Gi2 and Gi3,
Pouyssegur, 1990), it is not possible at the mo-
ment to eliminate either of the two hypotheses.
Interestingly, no release of IPs can be observed
on activation of 5-HTlb receptors, which mediate
inhibition of AC by serotonin in CCL39 cells
(Seuwen et aL., 1 988a).

It is also interesting to note the different ag-
onist activity of clonidine when measuring AC
inhibition versus PLC activation. Whereas clo-
nidine has almost the same potency as epi-
nephrine in the AC assay, it behaves like a partial
agonist in PLC measurements. In accordance
with our data, Michel et aL. (1989) observed Ca21
release from erythroleukemia cells in response
to epinephrine but not in response to clonidine.
These results seem to indicate that, on binding,
the two agonists induce activated forms of the
receptor with different characteristics, regard-
ing either their specificity or efficiency of inter-
action with G proteins.

Activation of Na+/WH exchange by a2-
adrenergic agonists correlates with the
stimulation of PLC
The plasma membrane Na+/H+ exchanger is an
ubiquitous protein that becomes activated in
response to agents stimulating receptor tyro-
sine kinases or receptors coupled to PLC (Sar-

det et al., 1990). In addition, some reports de-
scribed activation of the enzyme by a2-adren-
ergic receptors and other receptors coupled
negatively to AC (Isom et al., 1987), but this no-
tion remained a matter of controversy. In an at-
tempt to elucidate whether G1-coupled recep-
tors can activate the Na+/H+ exchanger, we
studied its activity in 39a2-21 cells, measuring
intracellular alkalinization in response to differ-
ent stimuli (Figure 5). Indeed, epinephrine in-
duced a relatively strong intracellular pH change
(0.14 pH units) comparable with the effects of
FGF or 0.1 nM thrombin. A much weaker acti-
vation was observed for clonidine and serotonin
(0.05 pH units), and no significant alkalinization
was detected with serotonin in the presence of
the 5-HT2-receptor antagonist ketanserin, which
completely inhibits serotonin-induced PLC ac-
tivation in CCL39 cells, leaving intact the inhi-
bition of AC by 5-HTlb receptors (Seuwen et al.,
1988a). These results are consistent with the
notion that the observed activation of Na+/H+
exchange by clonidine, epinephrine, and sero-
tonin is a consequence of the stimulation of Pi
breakdown (compare Figure 4) and probably
cannot be attributed to an independent signal-
ing mechanism. No synergistic effect was ob-
served when FGF and epinephrine were added
together.
Because we had no means to uncouple se-

lectively either PLC activation or AC inhibition
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Figure 5. Activation of Na+/H+ exchange. Experiments
were performed as described in the methods section. 39a2-
21 cells were stimulated with a-thrombin (THR, concentra-
tions indicated), epinephrine (EPI, 1 uM), clonidine (CLO, 1
MM), serotonin (5-HT, 1 uM) alone or in the presence of
ketanserin (Ket, 1 uM) and FGF (50 ng/ml). The ordinate
shows the intracellular pH change relative to unstimulated
control cells. Error bars indicate SEM for triplicate deter-
minations.

from receptor stimulation, we cannot rule out
the hypothesis that Pi breakdown also contrib-
utes to the mitogenic effect elicited by a2-ad-
renergic agonists. For the following reasons,
however, we believe that this is not the case:
first, although epinephrine is a much stronger
PLC agonist than clonidine (Figures 3 and 4), it
does not lead to a substantially stronger DNA
synthesis reinitiation response (Figure 2). Sec-
ond, the proliferative responses evoked by clo-
nidine or epinephrine are not additive to the one
evoked by serotonin, which acts through 5-HT1b-
receptors inhibiting AC (Seuwen et al., 1 988a).
These data suggest that the mitogenic response
to the a2-agonists is not due to their moderate
stimulatory effect on Pi turnover but correlates
well, as in the case of serotonin, with the inhi-
bition of AC. In fact, experiments carried out
recently in our laboratory on CCL39 cells trans-
fected with muscarinic Ml- and 5-HT1c-recep-
tors indicate that even a strong activation of the
PLC signaling pathway, comparable with
thrombin, is not sufficient to induce a mitogenic
response by itself, although early events like
activation of Na+/H+ exchange and early gene
expression are maximally induced. When tested
in the presence of FGF, carbachol or serotonin
(in the presence of 5-HT1b antagonists) in-
creases the proliferative response only weakly
(Seuwen and Pouyss6gur, 1990; Seuwen et al.,

in preparation). Working on the mitogenic ef-
fects of lysophosphatidic acid in Rat-1 cells, van
Corven et al. (1989) recently arrived at similar
conclusions.
As we have discussed for serotonin (Seuwen

et al., 1 988a; Seuwen and Pouyssegur, 1990),
an open question remains whether the mito-
genic effects of epinephrine and clonidine re-
ported here are in fact due to the inhibition of
cAMP formation or to the activation or inhibition
of another G protein-modulated pathway. In-
deed, agents stimulating AC like PGE1 have
been shown to inhibit cell proliferation in CCL39
cells, but this effect is independent of the
growth factor employed (Magnaldo et al., 1989).
In platelets (Haslam et al., 1978) as well as in
pancreatic islet cells (Ullrich and Wollheim,
1988), the biological activities of a2-agonists
have been dissociated from their effects on in-
tracellular cAMP levels. Effectors different from
AC and directly or indirectly regulated by Gi
proteins include PLA2 and various ionic chan-
nels. Many others probably exist but have not
yet been identified. Discovering these messen-
ger systems and determining their relevance for
growth control will be an important issue for
future work.

In conclusion, our results add support to the
hypothesis outlined in the introduction, namely
that receptors coupled to Gi proteins contribute
to growth signaling in fibroblasts. Interestingly,
a mutated form of the Gi2 a-subunit has been
found recently in adrenal cortical tumors (Lyons
et al., 1990), and, by analogy with the previously
identified G, mutants (Landis et al., 1989), it
probably represents an a-subunit with reduced
GTPase activity. From our data we predict that
this putative oncogene acts by increasing cel-
lular responses to growth factors of the tyrosine
kinase class.

Materials and methods
Highly purified human a-thrombin and recombinant basic
FGF were generous gifts of Dr. J. W. Fenton II (New York
State Department of Health, Albany, NY) and Dr. D. Gos-
podarowicz (University of California Medical Center, San
Francisco, CA), respectively. PTX was from List Biological
Laboratories (Campbell, CA). Myo-[2-3H]-inositol, [methyl-
3HJ-thymidine, and [3H]-clonidine were from Amersham (Les
Ulis, France) and ['4C]-benzoic acid from DuPont-NEN (Paris,
France). All other substances used were purchased from
Sigma (La Verpilliere, France).

Cells and cufture conditions
CCL39 cells are an established line of Chinese hamster lung
fibroblasts (American Type Culture Collection). Cells ex-
pressing human a2-adrenergic receptors were obtained by
transfection with the use of the pMAM-neoexpression vector
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(Clontech, Palo Alto, CA) containing the a2-C10 gene (Co-
tecchia et al., 1990). Transfection was carried out by the
use of the calcium phosphate coprecipitation technique
(Graham and van der Eb, 1973). Cell clones resistant to the
antibiotic G418 (500 Asg/ml) were isolated as described ear-
lier (Seuwen et al., 1 988b) and screened for expression of
functional receptors by testing the capacity of clonidine to
inhibit AC. The cell clone chosen for this study (39a2-21)
was found to express -500 000 receptors in the absence
of dexamethasone (DEX), as estimated by Scatchard anal-
ysis of pH]-clonidine binding data. Receptor expression
could be markedly increased (23-fold) by addition of 0.1
uM DEX; however, the glucocorticoid strongly inhibited cell
proliferation at this concentration. All experiments shown
were therefore conducted at a low but defined concentration
of 1 nM DEX. Under these conditions, receptor number per
cell increased by 20%.

All cells were maintained in Dulbecco's modified Eagle's
medium (DMEM, GIBCO, Cergy Poutoise, France)-sup-
plemented with 10% FCS, antibiotics (50 units/ml penicillin
and 50 Ag/ml streptomycin), and 25 mM sodium bicarbon-
ate-at 37°C in a 5% C02, 95% air atmosphere. To obtain
quiescent cells arrested in the GO/Gl phase of the cell cycle,
cultures were incubated for 24 h in serum-free medium con-
taining 1 nM DEX. When cells were to be pretreated with
PTX, the toxin (50 ng/ml) was added 4 h before the beginning
of the experiments described below.

Measurement ofAC activity
Quiescent cells in 12-well plates prelabeled with pH]-adenine
(2 MCi/ml, 24 h) were incubated in N-2-hydroxyethylpiper-
azine-N'-2-ethanesulfonic acid (HEPES)-buffered DMEM (pH
7.4). AC was stimulated with PGE, (1 MM), and, after 20 min,
agonists (epinephrine or clonidine) were added. After an-
other 5 min, isobutyl-methylxanthine (IBMX) was added at
1 mM to inhibit the phosphodiesterase, and, 10 min later,
the cells were extracted with ice-cold trichloroacetic acid
(TCA, 5%). [3HJ-ATP and [3H]-cAMP were separated by se-
quential chromatography on Dowex and alumina columns
(Bio Rad, Paris, France) (Magnaldo et al., 1988).

Measurement ofDNA synthesis reinitiation
Quiescent cells in 24-well plates were stimulated in a serum-
free DMEM/Ham's F12 medium (1:1) containing [H]-thy-
midine (3 AM, 0.5 mCi/mI) with the hormones and purified
growth factors indicated. After 24 h of incubation, the cells
were fixed and washed four times with ice cold TCA (5%).
The TCA-precipitated material was recovered with 0.1 N
NaOH and the radioactivity incorporated counted.

Pi breakdown assay
Quiescent cells in 12-well plates prelabeled with [3H]-inositol
(2 MCi/ml, 24 h) were incubated in HEPES-buffered DMEM
(pH 7.4) containing 20 mM Li'. After 10 min, agonists were
added. After indicated times, cells were extracted with 10
mM formic acid and the total level of IPs measured by anion-
exchange chromatography and liquid scintillation counting,
as described by Seuwen et al. (1 988b).

Determination of intracellular pH changes
Quiescent cells in 24-well plates were washed once and
equilibrated for 1 h in HEPES-buffered DMEM (pH 7) at 37°C.
Medium was changed once more to eliminate traces of bi-
carbonate, and the indicated growth factors and [14C]-ben-
zoic acid (3 mCi/mI) were added. After 10 min of incubation,
external medium was aspirated, and the wells were rapidly

washed four times with ice-cold phosphate-buffered saline.
Radioactivity was recovered from cells lysed in 0.1 N NaOH.
The difference in intracellular pH (ApH) between stimulated
and unstimulated cells was calculated from the equilibrium
distribution of the weak acid, as previously described
(L'Allemain et al., 1984).
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