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SUMMARY

A cAMP-dependent reporter gene has been used in transiently
transfected human choriocarcinoma (JEG-3) cells to examine the
second messenger coupling of the human a.-adrenergic receptor
subtypes. The reporter gene consists of a CAMP response
element linked to the gene for chloramphenicol acetyitransferase
(CAT). Plasmids encoding the a2-C10 (aza), a2-C2 (azs), OF a-C4
(a2c) receptor subtypes were co-transfected with a plasmid
containing the reporter gene, and the ability of «. receptor
agonists to influence forskolin-stimulated CAT expression was
examined. For a-C10, agonists had a biphasic effect on forsko-
lin-stimulated CAT expression. Thus, low (nanomolar) concentra-
tions of agonist inhibited CAT expression by ~60%, whereas
high (micromolar) concentrations reversed this inhibition and
could even potentiate CAT expression by as much as 140%. A
significantly different pattern of coupling was observed for the

other a; receptor subtypes. For a>-C4, agonists only inhibited
forskolin-stimulated CAT expression, whereas for a,-C2 only
potentiation of expression was seen. Each of these responses
was specifically blocked by a.- but not ay- or pg-adrenergic
receptor antagonists. For a--C4, the inhibition of forskolin-stim-
ulated CAT expression was prevented by pretreatment of the
cells with pertussis toxin. This was also true for the inhibition
obtained with a2-C10. The potentiation of CAT expression, how-
ever, was not prevented by pertussis toxin pretreatment in cells
transfected with either a,-C2 or a.-C10. In this transient expres-
sion system, each az-adrenergic receptor subtype had access
to the same complement of G proteins, adenylyl cyclase, and
other second messengers. It would appear, therefore, that the
potential for the activation of unique intracellular responses exists
even among closely related receptor subtypes.

The a;ARs, along with the a;ARs and BARs, mediate the
physiological effects of the catecholamines epinephrine and
norepinephrine (1). The a;ARs are found throughout the body,
particularly in platelets, where they mediate aggregation, and
the brain, where a,AR activation inhibits further norepineph-
rine release. At present, three subtypes of a;ARs have been
identified by molecular cloning (2). The a;-C10, a,-C2, and a,-
C4 subtypes, so named for their chromosomal locations, cor-
respond to the pharmacologically defined asa, azs, and asc
subtypes, respectively (3).

Typically, a;ARs have been thought to couple to intracellular
second messenger pathways by activating an inhibitory G pro-
tein and thereby inhibiting adenylyl cyclase. However, the
a;ARs may couple to other intracellular pathways involving
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Na*/H* exchange, phospholipase A,, and phosphatidylinositol
hydrolysis (4). With regard to more specific studies with the
cloned a;AR subtypes, it was shown in stably transfected CHO
cells that activation of a,-C10 could decrease intracellular
cAMP at low concentrations of agonist and increase it at high
concentrations of agonist (5). Similar studies showed that a.-
C4 and a,-C10 could both inhibit adenylyl cyclase and weakly
activate inositol phosphate turnover when stably transfected
into Chinese hamster lung fibroblasts (CCL39) (6). Less is
known about the coupling of a,-C2, although recently it was
shown that all three a,AR subtypes could both inhibit and
stimulate adenylyl cyclase in membranes prepared from stably
transfected CHO cells (7). To directly compare the function of
these three a,AR subtypes in an intact cell system, we have
coexpressed each subtype with a cAMP-responsive reporter
gene in human choriocarcinoma cells (JEG-3). Using this sys-
tem, we have demonstrated marked functional differences be-
tween the a,AR subtypes with respect to their ability to activate
second messenger pathways. In doing this we also demonstrated

ABBREVIATIONS: AR, adrenergic receptor; CHO, Chinese hamster ovary; CRE, CAMP response element; CAT, chioramphenicol acetyltransferase;
FBS, fetal bovine serum; PTX, pertussis toxin; PAC, p-aminocionidine; DMEM, Dulbecco’s modified Eagle’s medium.
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the possibility of a,AR subtypes differentially controlling the
activity of genes that are regulated by CREs.

Materials and Methods

Reagents. Epinephrine bitartrate, norepinephrine, oxymetazoline,
propranolol, yohimbine, PTX, and butyryl-CoA were from Sigma
Chemical Co. (St. Louis, MO). Prazosin and UK-14304 were from
Pfizer, Inc. (New York, NY). Forskolin was from Hoechst-Roussel
Pharmaceutics (Somerville, NJ), medetomidine from Farmos Group
Ltd. (Oulu, Finland), and PAC from Research Biochemicals, Inc.
(Wayland, MA). Cell culture reagents were from GIBCO (Grand Island,
NY), except for FBS, which was from Hyclone Laboratories (Logan,
UT). [*H]Chloramphenicol (30-36 Ci/mmol) was from NEN-DuPont
(Boston, MA), and mixed xylenes were from Aldrich Chemical Co.
(Milwaukee, WI).

Expression plasmids. The reporter plasmid used in these studies,
TESBgIIICRE(+)ANHSE, was generously provided by Dr. Pamela
Mellon (Salk Institute, La Jolla, CA). This plasmid contains an 18-
base CRE from the promotor of the a subunit gene for the human
glycoprotein hormones, which is linked to the herpes simplex virus
thymidine kinase promoter, which in turn is linked to DNA encoding
bacterial CAT (8). In JEG-3 cells transfected with this plasmid, in-
creases in intracellular cAMP stimulate the expression of CAT. The
possibility of using this as a reporter for receptors that are coupled to
adenylyl cyclase has been shown in a study with dopamine receptors
(9). Plasmids encoding the a,-C2, a,-C4, and a;-C10 AR subtypes were
prepared from pBC12BI as described previously (10).

Cell culture. Human choriocarcinoma cells (JEG-3) were obtained
from the American Type Culture Collection (HTB 36) and cultured in
5% CO, at 37° in DMEM supplemented with 10% FBS, 100 units/ml
penicillin, and 100 ug/ml streptomycin. Cells were plated in 10-cm
dishes 1-2 days before transfection. JEG-3 cells were transfected with
10 ug of reporter plasmid and 10 ug of a,AR plasmid using the calcium
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phosphate precipitation technique (11). Briefly, cells were incubated at
37° in DMEM/5% FBS, pH 7.1, for 2 hr, at which time the DNA-
calcium phosphate mixtures were added and incubated for 5 hr. The
plates were incubated at 37° in DMEM/10% dimethylsulfoxide for 3
min and then maintained in DMEM/5% FBS for 36-40 hr. Cells were
rinsed twice with DMEM and drugs were added in 5 ml of DMEM.
The cells were incubated for 4 hr at 37° and then harvested.

Cell harvest and CAT assay. Immediately after the drug incuba-
tions, the cells were rinsed with cold PBS, pH 7.4, and scraped into 1
ml of 40 mM Tris, pH 7.5, 1 mM EDTA, 150 mM NaCl. Cells were
centrifuged and lysed by three cycles of freeze-thaw in 200 ul of 250
mM Tris, pH 7.5. CAT assays (12) were performed using 50 ul of
cytosol, 200 nCi of [*H]chloramphenicol, and 300 uM butyryl-CoA.
Assays were for 1 hr at 37° and were stopped by the addition of 200 ul
of mixed xylenes. Butyrylated chloramphenicol was extracted into the
xylenes, which were back-extracted twice with 200 ul of 10 mM Tris,
pH 8.0, 1 mm EDTA. Radiolabeled product was measured by liquid
scintillation counting, using a Packard Tri-Carb 460C counter at 50-
52% efficiency.

Results

Preliminary studies showed that, using the calcium phos-
phate precipitation technique, each of the a;AR subtypes could
be expressed transiently in JEG-3 cells at levels ranging from
0.2 to 2 pmol/mg of protein. In six separate experiments, the
following levels of expression were obtained for the three a,AR
subtypes (mean + standard error): a,-C2, 0.75 + 0.23; a,-C4,
0.31 £ 0.05; a2-C10, 1.16 *+ 0.33 pmol/mg of protein. These
studies also indicated that untransfected JEG-3 cells and cells
transfected with control plasmids did not express a;ARs. In
cells transfected with a,-C10 and the reporter plasmid, a for-
skolin dose-response curve was obtained. Fig. 1 shows that

Fig. 1. Stimulation of CAT activity by forsko-
lin in JEG-3 cells transfected with a-C10
and the CRE-CAT reporter gene. Cells were
transfected with 10 ug of reporter plasmid
and 10 ug of pBCa-C10, as described in
Materials and Methods. Cells were incu-
bated with forskolin for 4 hr. [*H]CAT assays
were done for 1 hr at 37°. Each point is the
mean + standard error from three plates of
transfected celis. The experiment is repre-
sentative of two that were done.
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forskolin caused a significant dose-dependent stimulation of
CAT activity, with a maximum 6-fold stimulation occurring at
100 uM forskolin. Other experiments showed that a concentra-
tion of 1 uM forskolin, which stimulated CAT activity ~4-fold
above basal levels, was optimal for studying the inhibition of
CAT activity by coincubation with a,AR agonists. At higher
concentrations of forskolin (100 uM) the a;AR-mediated inhi-
bition of CAT activity was difficult to observe, and thus 1 uM
forskolin was used for all subsequent experiments.

Fig. 2 shows dose-response curves for the effects of a,AR
agonists on forskolin-stimulated CAT activity in JEG-3 cells
co-transfected with plasmids encoding a>-C10 and the reporter
gene. The agonists epinephrine, PAC, medetomidine, and
UK-14304 each produced a biphasic response, with low concen-
trations of agonist inhibiting CAT activity and high concentra-
tions either returning activity to the 100% level (PAC,
medetomidine, and UK-14304) or increasing activity ~1.4-fold
to 240% (epinephrine). Norepinephrine also produced a bi-
phasic response in a;-C10-transfected cells, with 80% potentia-
tion of CAT activity at the highest dose (data not shown). ECs,
values for inhibition of forskolin-stimulated CAT activity (Ta-
ble 1) ranged from 0.06 nM (PAC) to 6.3 nM (UK-14304). The
maximal inhibition obtained for each agonist was approxi-
mately 60%. This inhibition could be blocked by coincubation
with the a;AR-selective antagonist yohimbine but not by the
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a,AR antagonist prazosin or the BAR-selective antagonist pro-
pranolol (Fig. 3). Similarly, the potentiation of forskolin-stim-
ulated CAT expression was also selectively blocked by a;AR
but not by a;AR or AR antagonists.

A different pattern for the agonist dose-response curve was
found in cells transfected with a;-C4. Thus, in forskolin-stim-
ulated JEG-3 cells that had been co-transfected with a,-C4 and

TABLE 1

Agonist potencies for forskolin-stimulated CAT expression in JEG-3
cells transfected with the human a,AR subtypes

Potencies for either the potentiation (az-C2) or the inhibition (a-C4 and a-C10) of
forskolin-stimulated CAT expression were determined from the data shown in Figs.
2, 4, and 6 for epinephrine, PAC, medetomidine, and UK-14304. Data for norepi-
nephrine and oxymetazoline were obtained from similar dose-response experiments
(data not shown).

Compound B
azC2 ayCA azC10
M
Epinephrine 40 20 0.2
Norepinephrine 200 3.2 3.2
PAC 16 3.2 0.06
Medetomidine 0.6 0.2 0.2
UK-14304 500 20 6.3
Oxymetazoline 6.3 10 ND*

*ND, not determined.

p-Aminoclonidine

Fig. 2. Effect of a2AR agonists on forsko-
lin-stimulated CAT activity in JEG-3 cells
transfected with reporter plasmid and az-
C10. Cells were co-transfected with 10
ug of each plasmid, as described in Ma-
terials and Methods. Cells were incubated
with 1 um forskolin and the indicated con-
centrations of agonists for 4 hr. PH]JCAT
assays were done for 1 hr at 37°. Each
point is the mean + standard error from
three plates of transfected celis. The ex-
periment is representative of four that
were done with epinephrine and three
with medetomidine.
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the reporter plasmid there was predominantly inhibition of
reporter gene expression (Fig. 4) and, compared with a,-C10,
the inhibition was nearly complete (80-98%). The order of
potency for this inhibitory response was medetomidine > UK-
14304 > norepinephrine = PAC > oxymetazoline > epinephrine
(Table 1). This inhibition was completely blocked by coincu-
bation with yohimbine but not with prazosin or propranolol
(Fig. 5).

For «,-C2 a purely stimulatory pattern of a;AR agonist
effects on forskolin-stimulated CAT activity was found. Fig. 6
shows that all the agonists produced dose-dependent increases
in CAT activity that were similar to the maximal stimulation
observed for cells transfected with a;-C10 (~1.4-fold). Mede-
tomidine was again the most potent agonist at this subtype,
followed by oxymetazoline, PAC, and epinephrine. Norepi-
nephrine and UK-14304 were much less potent, with ECs

PAC/PRZ

EPI/PRZ

Selective Functional Coupling of Three a2AR Subtypes 805

Fig. 3. Effect of the AR antagonists yohim-
bine (YOH), prazosin (PRZ), and proprano-
lol (PRO) on the inhibition of CAT activity
by a2AR agonists (upper) and on the poten-
tiation of CAT activity by a,AR agonists
(fower) in JEG-3 cells co-transfected with
the reporter plasmid and a-C10. Cells
were incubated with 1 um forskolin and
either 100 nm PAC (upper) or 10 um epi-
nephrine (EP/) (lower). Antagonists were
used at a final concentration of either 1 um
(upper) or 10 um (lower). Each point is the
mean + standard error from three plates of
transfected cells.

PAC/PRO

EPI/PRO

values of 200 nM and 500 nM, respectively (Table 1). PAC (100
nM) elicited a 70-80% potentiation of forskolin-stimulated
CAT activity (Fig. 7), which could be specifically blocked by
yohimbine but not by either prazosin or propranolol.

Finally, PTX was used to examine the possible role of G;
with respect to the effects of a;AR agonists on the inhibition
and potentiation of forskolin-stimulated CAT activity observed
in the previous experiments. Fig. 8 shows the effects of PTX
on epinephrine dose-response curves in JEG-3 cells co-trans-
fected with either a,-C2, a;-C4, or a,-C10 and the reporter gene
and then stimulated with forskolin. For a,-C4 and «,-C10,
pretreatment of the cells with PTX abolished the inhibitory
effects of epinephrine on CAT activity. For a,-C10, epinephrine
stimulated CAT activity in the PTX-treated cells another 2-3-
fold, whereas for a,-C4 there was a modest 0.5-fold stimulation.
PTX pretreatment of the a,-C2-transfected cells had no effect
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Fig. 4. Effect of a2AR agonists on forsko-
lin-stimulated CAT activity in JEG-3 celis
co-transfected with the reporter plasmid
and a-C4. Transfections and CAT as-
says were performed as described in Ma-

— terials and Methods and in the legend to

7 6 Fig. 2. Each point is the mean + standard
error from three plates of transfected
cells. The experiment is representative of
three that were done with each of the
agonists.
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Fig. 5. Effect of the AR antagonists yohimbine (YOH),
prazosin (PRZ), and propranolol (PRO) on the inhibition
of CAT activity by a,AR agonists in JEG-3 cells co-
transfected with the reporter plasmid and «-C4. Cells
were incubated with 1 um forskolin (FSK) and 100 nm
PAC. Antagonists were present at a final concentration
of 1 um. Each point is the mean + standard error from
three plates of transfected cells.
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on the epinephrine potentiation of forskolin-stimulated CAT
activity. The effects on the cells of the PTX treatment itself
were minimal. Forskolin produced a 4 + 1-fold increase in CAT
activity in JEG-3 cells transfected with «,-C10 (12 experi-
ments), whereas forskolin produced a 3 + 1-fold increase in
CAT activity in JEG-3 cells pretreated with PTX and trans-
fected with a2-C10 (five experiments).

Discussion

The present experiments show that, although the subtypes
are closely related in structure (10), in binding properties (3),
and in coupling to G proteins (5-7, 13, 14), the activation of
individual a;AR subtypes can, nevertheless, result in the pro-
duction of unique intracellular responses. The results also
suggest that, for a given receptor subtype, different agonists
have different abilities to influence either the inhibition or the
potentiation of CAT activity. Thus, with a,-C10 epinephrine
and PAC produce similar degrees of inhibition but differ in
their ability to potentiate forskolin-stimulated CAT activity.
This has been confirmed with other agonists; norepinephrine
potentiates CAT activity 1.5-fold, whereas UK-14304 and med-
etomidine at high doses only return CAT activity to the control

level. This difference in the ability of agonists to maximally
potentiate CAT activity with a,-C10 suggests a possible differ-
ence in the way in which catecholamines (epinephrine and
norepinephrine) and imidazolines (PAC, UK-14304, and med-
etomidine) interact with the receptor. Thus, these two classes
of a;,AR agonists may share overlapping but nonidentical bind-
ing sites, the consequence of which might be that the binding
of catecholamines to the receptor produces a slightly different
conformational change that allows more effective coupling of
the receptor to the cAMP-potentiating pathway.

Although the reporter plasmid used for these studies is ulti-
mately driven by cAMP, we do not know how closely our CAT
measurements reflect actual cAMP concentrations in these
cells. One reason for this is that direct measurements of cAMP
in this transient expression system are of little value. Typically,
only a small fraction of the cells are actually transfected
(<10%). Thus, when cells are stimulated by forskolin, the
concentration of AAMP increases in all the cells but is decreased
only in those cells expressing a;ARs. The present system works
because the same population of cells takes up both the receptor
plasmid and the reporter plasmid.

It is interesting that our results for a;-C10 closely resemble
the results of other studies in which cAMP measurements were
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Fig. 7. Effect of the AR antagonists yohimbine (YOH),
prazosin (PRZ), and propranolol (PRO) on the poten-
tiation of CAT activity by a,AR agonists in JEG-3 cells
co-transfected with the reporter plasmid and a-C2.
Cells were incubated with 1 um forskolin (FSK) and
100 nm PAC. Antagonists were present at a final
concentration of 1 um. Each point is the mean +
standard error from three plates of transfected cells.
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made with stably transfected cell lines (5, 13). Thus, epineph-
rine produced a biphasic dose-response curve for cAMP in
CHO cells that had been stably transfected with human «,-C10
and stimulated with forskolin, i.e., low concentrations of epi-
nephrine inhibited cAMP formation and high concentrations
stimulated formation. Both the extent of inhibition and that of
potentiation were similar to the results obtained here with
forskolin-stimulated CAT activity. In addition, agonist poten-
cies in our system are comparable to those from other studies.
For example, the EC5, of epinephrine for decreasing cAMP at
a3-C10 in stably transfected CHO cells was 3 nM, whereas the
ECs, for increasing cCAMP is in the micromolar range (5). For
epinephrine the ECs, for the inhibition of forskolin-stimulated
CAT activity in JEG-3 cells was 0.2 nM, and the ECs, for the
potentiation of CAT activity is also in the micromolar range.
Our results are also comparable to measurements made of
adenylyl cyclase activity in CHO cells stably transfected with
a2-C10 but not to results obtained for CHO cells transfected
with either a;-C4 or a,-C2 (7). In particular, the latter study
reported that a,-C2 was just as effective as either a,-C10 or a,-
C4 in inhibiting adenylyl cyclase but was the least effective in
terms of stimulating adenylyl cyclase activity. If the results of

-log[Epinephrine]

our experiments reflect adenylyl cyclase activity, then a,-C2,
at least in JEG-3 cells, would appear to couple predominantly
to the stimulation of cyclase. With respect to agonist potencies
the present results also compare favorably with measurements
of adenylyl cyclase activity in stably transfected CHO cells (7).
Thus, for UK-14304 the ECs, for inhibiting adenylyl cyclase
with a,-C10 was 90 nM, whereas the ECs, for the inhibition of
forskolin-stimulated CAT activity was 6 nM. For both the
stimulation of adenylyl cyclase activity in CHO cells and the
potentiation of CAT activity in JEG-3 cells, the ECs, of UK-
14304 with a,-C10 was in the micromolar range. It is interesting
that in contrast to a,-C10, where the potentiation of CAT
activity by agonists is in the micromolar range, for a,-C2 the
EC;, values are in the nanomolar range. This could indicate
that, at least for a,-C2, the ability to stimulate cAMP formation
is physiologically significant.

We cannot completely exclude the possibility, with respect
to ap-C4, that the poor to absent potentiation of CAT activity
is not a result of its level of expression. For example, it has
been clearly shown in the case of a,-C10 that the potentiation
of cAMP formation, and of adenylyl cyclase activity, is a
function of its level of expression (5, 7). In stably transfected
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CHO cells, ‘low’ levels of expression of az-C10 (0.5-1.0 pmol/
mg of protein) yielded primarily inhibition and high levels of
expression (>1.0 pmol/mg) yielded a biphasic dose-response
curve, with low concentrations of epinephrine inhibiting cAMP
formation and high concentrations stimulating formation. In
10 separate experiments with a,-C4, however, we have never
seen a marked potentiation, even though the levels of receptor
expression varied by 5-fold (0.1-0.5 pmol/mg). Furthermore,
inhibitory activity as a result of receptor activation has not
been observed in any of our experiments with a,-C2, and
receptor expression levels have not been reported as a factor
affecting the inhibitory activity of a;AR activation on cAMP
formation or adenylyl cyclase activity (5, 7). To examine this
further, two experiments were performed in which the level of
a2-C2 receptor expression was altered by varying the amount
of plasmid DNA used in the transfection. Although the receptor
expression could be altered over a 3-fold range (0.07-0.22 pmol/
mg of protein) and was as much as 23 times lower than the
highest level of expression that we observed for a»-C2 (1.6
pmol/mg), the pattern of the epinephrine dose-response curve
was still purely stimulatory (data not shown).

The transient functional expression system that we have
described, with its use of a CRE-reporter gene, is clearly meas-
uring a functional response that is initiated by the activation
of a;ARs. Although the use of the reporter gene itself is artifical,
it is important to realize that changes in cAMP can ultimately
affect the expression of genes that are regulated by CREs. Our
experiments clearly reflect this potential regulation of gene
expression. With respect to the activation of CAT itself, much
happens in the 4-hr incubation; cAMP increases, protein kinase
A is activated, cAMP response element binding protein is
phosphorylated, the CAT gene is transcribed, etc. With the
possible exception of the stimulation of adenylyl cyclase activ-
ity discussed earlier (7), marked differences in the coupling of
a,AR subtypes to second messengers have not been described.
It is possible that functional differences between the a;AR
subtypes might not be appreciated by biochemical determina-
tions that are either too close in the pathway (e.g., GTPase or
adenylyl cyclase) or too close in time with respect to receptor
activation. A possible advantage of the present system is that
it is more downstream and it may reflect a summation of more
than one signaling pathway. It is significant that, in otherwise
identical systems, the activation of closely related subtypes can
produce unique intracellular responses. Should the receptors
be present in different cells, with a different complement of G
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proteins, adenylyl cyclase isozymes, etc., then the potential for
unique signaling by the same endogenous agonist would be even
greater. For pharmacologists the potential to influence this
signal transduction is significant, because we are not limited in
our choice of agonist.
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