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SUMMARY

We compared the efficiencies with which human «,-adrenergic
receptor (AR) subtypes activate inositol phosphate (InsP) for-
mation and increase intracellular Ca2* in transfected cell lines.
Expression of human a,,-, as-, and a,4-AR cDNAs under the
repressible control of anhydrotetracycline in human embryonic
kidney (HEK) 293 cells, which normally express no a4-ARs, was
used to compare responses to norepinephrine (NE) at different
receptor densities. Maximal NE-stimulated InsP formation was
found to increase with increasing density of each subtype,
whereas basal levels and responses to sodium fluoride did not
change. A comparison of multiple subclones over equivalent
ranges of receptor expression showed that activation of each
subtype resulted in different maximal responses (a,q > a4y, >
a,4) in HEK 293 cells. Analogous studies were carried out in
human SK-N-MC cells, which normally express low levels of all
three a,-AR subtypes, using an isopropyi-B-p-thiogalactoside-

inducible expression system. Induction with isopropyl-B-p-thio-
galactoside increased the density of individual a,-AR subtypes
by 4-6-fold over the level of endogenous expression. In-
creased expression of each of these subtypes in SK-N-MC cells
did not alter the EC,, value for NE in stimulating InsP formation
or releasing [Ca®*], but did increase maximal responses to NE.
Similar to our findings in HEK 293 cells, a comparison of re-
sponses at similar expression levels in SK-N-MC cells showed
different maximal responses stimulated by each subtype, for
both InsP (a4 > ayp = @y and [Ca®"] (a1a > ayp > @49
responses. These studies show that agonist-occupied human
a4-AR subtypes have different efficiencies in activating phos-
pholipase C in human cell lines. In both HEK 293 and SK-N-MC
cells, a,,-ARs couple most efficiently, whereas a,4 -ARSs cou-
ple very poorly.

Responses to NE and epinephrine are mediated through
three families (i.e., a,, a,, and B) of AR subtypes (1). Each
family acts through distinct G protein-mediated pathways to
activate a separate signal transduction system. a;-ARs in-
crease intracellular CaZ?*, a,-ARs inhibit adenylate cyclase,
and B-ARs stimulate adenylate cyclase. There are at least
three closely related subtypes within each family, each of
which seems to activate the same signaling system. It is not
yet clear whether closely related subtypes within a family are
equally capable of activating such common signaling mecha-
nisms or whether different subtypes might do so with differ-
ent efficiencies.

There are three a,-AR subtypes (i.e., a,,, a;5, and a,p)
encoded by separate genes (i.e., a,,, @, and a,4) (2-7).
a;-ARs are involved in a variety of important functions,
including smooth muscle contraction, neurotransmission,

This work was supported by National Institutes of Health Grant NS32706
(KP.M.).

and control of cell growth. These receptors seem to act
through G proteins of the G, and/or G,, families (8, 9) to
increase InsP production through activation of PLC and in-
crease [Ca%*]; via release of stored Ca%?* and/or activation of
voltage-dependent Ca?* channels (2, 10, 11). All three recom-
binant a,-AR subtypes can increase InsP production and
[Ca%*]); (12-15), although some experiments suggest that
there may be differences in the ability of each subtype to
activate these responses (12, 13).

In this study, we compared the relative coupling efficien-
cies of human «a,-AR subtypes in increasing both [*H]InsP
formation and [CaZ*];. Because the coupling efficiency of the
agonist-occupied receptor should be reflected in its ability to
activate the signaling response at a particular receptor den-
sity, we measured changes in agonist-stimulated second mes-
senger responses over a range of receptor expression. We
stably transfected two different human cell lines with induc-
ible or repressible eukaryotic expression systems containing

ABBREVIATIONS: NE, norepinephrine; AR, adrenergic receptor; PLC, phospholipase; PCR, polymerase chaine reaction; ANTET, anhydrotetra-
cycline; [Ca®*}, intracellular Ca2* concentration; InsP, inositol phosphate; IPTG, isopropyl-g-D-thiogalactoside; HEK, human embryonic kidney;
tTA, tetracycline trans-activator; EGTA, ethylene glycol bis(B-aminoethyl ether)-N,N,N',N'-tetraacetic acid; HEPES, 4-(2-hydroxyethyi)-1-piper-

azineethanesulfonic acid.
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sequences encoding the three human «,-AR subtypes (16—
18). A tetracycline-repressible expression system (19) was
used in HEK 293 cells, whereas an IPTG-inducible vector
system (20) was used in SK-N-MC human neuroblastoma
cells. HEK 293 cells express no detectable a,-ARs, whereas
SK-N-MC cells endogenously express low levels of all three
a,-AR subtypes (10, 18). G protein-coupled receptor signaling
mechanisms have been well characterized in both cell lines
(21, 22). An examination of agonist-stimulated responses in
these two human cell lines over a range of different receptor
densities allows a direct comparison of the efficiencies with
which each of the recombinant a,-AR subtypes activates a
common signaling pathway.

Experimental Procedures

Materials. SK-N-MC and HEK 293 cells were obtained from
American Type Culture Collection (Rockville, MD). The cDNA for the
human «,,-AR and the gene fusion construct for the human a,,-AR
were generously provided by Dr. G. Tsujimoto (National Children’s
Hospital, Tokyo, Japan) and by Dr. R. Graham (Victor Chang Insti-
tute, Sydney, Australia), respectively. The tetracycline-repressible
expression vectors pUHD 15-1, pUHD 10-3, and pUHC 13-3 were
kindly provided by Dr. Hermann Bujard, Zentrum fur Molekulare
Biologie der Universitat Heidelberg (Heidelberg, Germany). Lac-
Switch vector system was from Stratagene (La Jolla, CA); phentol-
amine mesylate was from Ciba-Geigy (Summit, NJ); hygromycin B
was from Boehringer-Mannheim (Indianapolis, IN); BE 2254 ([2-8-
(4-hydroxyphenyl)ethylaminomethyl]-tetralone) was from Beiers-
dorf AG (Hamburg, Germany); [*HlJinositol (2040 Ci/mmol) was
from American Radiolabeled Chemicals (St. Louis, MO); carrier-free
Na'#?%] was from Amersham (Arlington Heights, IL); ANTET was
from Acros (Geel, Belgium); Fura-2/AM was from Molecular Probes
(Eugene, OR); fetal bovine serum, geneticin, and trypsin/EDTA were
from GIBCO BRL (Gaithersburg, MD); and digitonin, (—)-norepi-
nephrine bitartrate, yohimbine hydrochloride, sodium fluoride, Dul-
becco’s modified Eagle’s medium, penicillin, streptomycin, and all
other chemicals were from Sigma Chemical (St. Louis, MO).

Construction of hygromycin-resistant pUHD 15-1 plasmid.
To select for transfected HEK 293 subclones, we introduced the
hygromycin-B/phosphotransferase gene into the pUHD 15-1 plas-
mid (19). Primers were designed to produce a PCR product encoding
the entire hygromycin-B/phosphotransferase gene from pCEP4 (In-
Vitrogen, San Diego, CA) with BamHI (GIBCO BRL) restriction sites
at both ends. The ¢cDNA sequences of the primers were sense (up-
stream from the promoter site), 5'-CGGGATCCATGCCCTGCT-
TCATCC-3', and antisense [downstream from the poly(A)* tail],
5'-CGGGATCCAGTCGTGGACCAGACC-3'. The cDNA amplifica-
tion product was predicted to be 1670 bp long.

cDNA for the hygromycin-B/phosphotransferase gene was ampli-
fied by PCR in a 100-ul reaction mixture containing 2.5 mM Tris-HCI,
pH 8.9; 5 mM KOAc; 0.2 mM MgSO,; 200 uM concentration each of
dATP, dCTP, dGTP, and dTTP; 0.5 uM concentration of each primer;
1.5 units of Tag polymerase (Life Technologies, Gaithersburg, MD);
and 0.003 unit of Vent polymerase (New England Biolabs, Beverly,
MA). The PCR was performed with a Biometra TRIO-Thermoblock
with the following cycle parameters: 30 cycles of 1 min at 94°, 1 min
at 43°, and 5 min at 72°. A single PCR product of ~1.7 kb was
obtained, representing the full-length hygromycin-B/phosphotrans-
ferase gene. The PCR reaction mixture was passed through a size-
exclusion resin (PCR Magic Prep, Promega, Madison, WI), digested
with BamHI, and ligated into the unique BamHI site of pUHD 15-1,
distal to the gene encoding the tTA protein.

Preparation of expression vectors. The full-length human
a;,-AR cDNA (16), the a;,-AR gene fusion construct (17), and the
a,4-AR cDNA/gene fusion construct (18) were cloned into the multi-
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ple cloning site in the pUHD 10-3 operator vector of the tetracycline-
repressible expression dual-plasmid system. The full-length cDNAs
for these subtypes were also subcloned into the operator vector
(pOPRSVICAT) of the inducible Lac-Switch system (Stratagene),
modified as described previously (23).

Cell culture. SK-N-MC (10) and HEK 293 (15) cells were propa-
gated in 75-cm? flasks in a humidified 7% CO, incubator in Dul-
becco’s modified Eagle’s medium containing 4.5 g/liter glucose, 100
mg/liter streptomycin and 10° units/liter penicillin and supple-
mented with 10% fetal bovine serum.

Transfection and selection. HEK 293 cells were cotransfected
by calcium phosphate precipitation with the pUHD 15-1 vector (3
1g/100-mm plate) and pUHD 10-3 vector containing one of the three
human «;-AR cDNA clones (3 pg/100-mm plate). The cells were
allowed to recover for 3 days and subjected to selection pressure with

" 25 ug/ml hygromycin. Resistant cells were propagated and individ-

ual subclones were isolated by limiting dilution plating. Subclones
were screened for receptor density and stability of receptor expres-
sion and propagated in the continued presence of hygromycin. A total
of six subclones (two of each subtype) were chosen for further studies.
Receptor expression was repressed by the addition of a single dose of
1 pg/ml ANTET from 3 hr (for minimal repression) to 7 days (for
lowest expression levels). The medium was not changed for the
duration of ANTET treatment.

SK-N-MC cells were first transfected with the Lac-Switch repres-
sor vector (p3'SS) by calcium phosphate precipitation, and cells
resistant to 200 ug/ml hygromycin were selected and propagated.
These resistant cells were then transfected with the individual op-
erator vectors containing one of the human a,-AR subtypes. After
recovery, the cells were exposed to geneticin (400 ug/ml) for several
weeks to select resistant cells, which were propagated in the pres-
ence of both antibiotics. Subclones expressing each of the different
a;-AR subtypes were obtained through screening for cell lines that
exhibited low constitutive and high inducible levels of «,-AR binding
sites. Cells for radioligand binding, [*H]InsP formation, and Fura-2
measurements of [Ca®*]; were plated at lower (10%) antibiotic con-
centrations before assays.

1351.BE 2254 binding. '2°I-BE 2254 binding was performed in
membrane preparations as described previously (10).

Luciferase assay. HEK 293 cells were pretreated with tetracy-
cline for 2 days before transfection with 3 ug of pUHD 15-1 and
pUHC 13-3 (identical to pUHD 10-3 with the luciferase gene replac-
ing the multiple cloning site). The luciferase assay used was a mod-
ification of the method described by deWet et al. (24). Cells were
washed twice with phosphate-buffered saline and lysed for 10 min at
22° by the addition of 0.2 ml of lysis buffer (25 mM Tris-PO,, 2 mM
dithiothreitol, 2 mm EGTA, 10% glycerol, 1% Triton X-100, pH 7.8).
The lysates were scraped, transferred to microcentrifuge tubes, and
centrifuged for 5 min. A 50-ul aliquot of the supernatant was added
to 350 ul of assay buffer (25 mM Tris-PO,, 20 mM MgSO,, 4 mM
EGTA, 2 mM ATP, and 1 mM dithiothreitol, pH 7.8) in a luminometer
(model TD-20e, Turner Designs, Sunnyvale, CA); 100 ul of 1 mM
luciferin was injected, and integrated peak luminescence was mea-
sured over a 10-sec window after a 5-sec delay.

InsP formation. Accumulation of [*H]InsP was determined in
confluent 35-mm dishes. Cells were prelabeled with myo-[*Hlinositol
(2 uCi/plate) for 34 days, and the production of total [*H]InsPs was
determined as described previously (10).

[Ca®*], determinations. [Ca?*), was determined with Fura-2 as
described previously (10). In brief, cell suspensions were prepared
(3—4 X 108 cells/ml) and loaded for 15 min with 1 uM Fura-2/AM. The
cells were then washed and resuspended in balanced salt solution
[130 mM NaCl, 5 mM KCl, 1 mM CaCl,, 1.5 mm MgCl,, 20 mM
HEPES, 10 mM glucose, with 0.1% bovine serum albumin (2 x 108
cells/ml)], and 3-ml aliquots were used for each assay. Fura-2 mea-
surements were performed in a Perkin-Elmer (Beaconsfield, Buck-
inghamshire, UK) LS 50 luminescence spectrofluorometer as de-
scribed previously.
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Determination of surface receptors by whole-cell binding.
To ensure that expressed receptor-binding sites were localized to the
external cell membrane, whole-cell binding approaches were used
(25). Comparison of the displacement of radioligand from whole-cell
preparations by the hydrophilic agonist NE and the hydrophilic
antagonist phentolamine allows conclusions to be made about the
proportion of receptor-binding sites that are located on the external
cell surface.

Cells were harvested as described for [Ca?*]; determinations, and
suspended in lithium-containing Krebs-Ringer bicarbonate buffer.
125].BE binding was performed in lithium-Krebs-Ringer bicarbonate
buffer in a final volume of 0.25 ml containing suspended cells, 50 pM
125].BE, and drugs. Cells were incubated for 16 hr on ice or 20 min at
37°, and incubations were stopped by dilution and filtration as de-
scribed previously for membranes (10). Total specific binding was
defined as binding displaced by 10 uM phentolamine. Surface acces-
sible binding was defined as binding displaced by 1 mM NE. The
difference between surface accessible and total binding was pre-
sumed to be due to internalized binding sites (25).

Preliminary studies were performed on HEK 293 cells transfected
with constitutively active expression vectors containing the bovine
a,,, hamster a,;, and rat a,4 subtypes (15). In these experiments, NE
displaced whole-cell specific **I-BE binding (three experiments)
with —log ICy, values of 4.7 + 0.2,4.2 + 0.1, and 6.7 + 0.1 on ice and
4.6 * 0.3,3.9 * 0.1, and 6.1 + 0.1 at 37° for the a,, a;;, and a,4
subtypes, respectively. The proportion of specific binding displaced
by 1 mM NE was 87 *+ 7%, 96 + 6%, and 92 *+ 3% on ice and 43 * 5%,
87 + 6%, and 69 * 3% at 37° for the a,,, a;;, and a,4 subtypes. In
HEK 293 cells transfected with the pUHD vectors containing the
human subtypes (not repressed), 1 mM NE displaced total whole-cell
specific binding (defined by 10 uM phentolamine) on ice by 93 + 4%,
88 + 3%, and 85 * 11% for a,,, a;;, and a,4 subtypes, respectively.
These data suggest that most of the measurable binding sites in
these cells are located on the cell surface.

Results

Characterization of a tetracycline-repressible ex-
pression system in HEK 288 cells. The tetracycline-re-
pressible expression system described by Gossen and Bujard
(19) was used to control a;-AR expression in HEK 293 cells.
In this two plasmid system, one vector constitutively ex-
presses a tTA fusion protein that binds with high affinity to
the promoter of the second vector and increases transcription
of the cDNA in the second vector. Transcription is suppressed
by the addition of tetracycline, which binds to the tTA protein
and prevents its actions. To examine this system in HEK 293
cells, we performed transient transfections with a luciferase
reporter gene, and modulation of luciferase activity by tetra-
cycline treatment was examined. As previously reported in
other cell lines (19), tetracycline caused >100-fold repression
of luciferase activity, with an EC;, value of 0.01 ug/ml and
maximal repression at 1.0 ug/ml (data not shown).

ANTET, a close structural analog of tetracycline that is
100-fold more potent (26), was used in subsequent experi-
ments. Fig. 1 shows the time course for inhibition of a;-AR
expression by exposure to ANTET in a subclone of HEK 293
cells (no. 17) transfected with this vector system containing
the cDNA for the human a,,-AR. Incubation of cells with a
single high dose of ANTET (1 ug/ml) caused a 75-80% de-
crease in receptor density with a t,, of ~7 hr. Maximal
inhibition was observed after 24-hr ANTET exposure and
was maintained for =1 week (data not shown). Similar ef-
fects were observed in the other subclones studied and when
tetracycline itself was used for repression, although the time

72 96
Time (hr)

Fig. 1. a,-AR expression is repressed in a time-dependent manner by
ANTET in transfected HEK 293 cells. ANTET (1 ug/ml) was added to
100-mm plates of an a,,-expressing subclone (no. 17) for the indicated
time intervals. Receptor density (Bna,) Was determined by nonlinear
regression analysis of saturation of '2%-BE binding to membrane
preparations. The results are expressed as a percentage of B, in
control, untreated plates (4379 *+ 120 fmol/mg of protein). Data are
mean *+ standard error from three separate experiments.

course and maximal inhibition showed some variability (data
not shown).

In contrast to the >99% repressibility of luciferase activity
in HEK 293 cells, ANTET treatment reduced a,-AR expres-
sion by only 50—80% in plates prepared from the same cul-
ture passage (data not shown). Similar observations were
reported by Howe et al. (27), who used this system to express
the glutamate receptor subunit 6 in HEK 293 cells. However,
many of our subclones gradually lost receptor expression
with increasing passage number. A comparison of data from
multiple passage numbers, multiple times of ANTET expo-
sure, and multiple subclones allowed us to study a wider
range of receptor densities than was possible with ANTET
repressibility alone.

To ensure that changes in agonist-induced responses were
due to changes in receptor expression and not to other effects
of prolonged ANTET exposure, several parameters were com-
pared in treated and untreated cells. There were no visible
changes in the shape, growth, or clumping of cells during
ANTET exposure (data not shown). Exposure to ANTET (1
pg/ml) for <4 days did not alter total protein levels, basal
InsP formation, or InsP formation stimulated by 20 mm NaF
in these cells (data not shown). Similar data were also ob-
tained for the other subclones examined.

Relationship between expression levels of each sub-
type and NE-stimulated InsP formation in HEK 293
cells. We compared the magnitude of NE-stimulated InsP
formation with the expression level (B,,,,) of each a,-AR
subtype to determine the relative coupling efficiencies with
which each subtype activates a common second messenger
system. Transfected HEK 293 subclones expressing each
subtype were exposed to a single dose of 1 ug/ml ANTET at
six time points (from 3 hr to 7 days) before assays to produce
a range of receptor expression levels. Maximal NE-stimu-
lated InsP formation (stimulation by 100 uM NE) and the
Bmax for 2°I-BE binding determined by saturation analysis
were measured in parallel plates. These two parameters
were compared to assess the changes in [*H]InsP formation
associated with an increase in receptor expression levels.

In individual experiments, we found striking correlations
between NE-stimulated InsP formation and increasing re-
ceptor density (Fig. 2). The magnitude of the response
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Fig. 2. Effect of density of a,-AR subtypes on NE-stimulated InsP
formation in subclones of transfected HEK 293 cells from individual
experiments. A range of receptor densities was obtained by incubating
subclones expressing the a,,-AR (subclone no. 3, top), a,,-AR (sub-
clone no. 9, middle), and a,4-AR (subclone no. 27, bottom) subtypes in
the presence or absence of ANTET (1 ug/ml) for 3 hr to 7 days.
Duplicate plates were then incubated with (@) or without (O) 100 um NE
for 1 hr, and [PH]insP formation measured as described in Experimental
Procedures. Data are expressed as percentage of hydrolysis of total
3H-labeled phospholipid and represent the mean of duplicate determi-
nations. Saturation of '2%-BE binding in membranes prepared from
cells treated identically was analyzed by nonlinear regression to deter-
mine receptor density (Bna.). Best fit lines of the comelations were
determined by linear regression and are extrapolated to cover the entire
range of receptor expression of the three different subclones. The slope
of the regression line for NE is significantly different from zero for the
ay, (p = 0.026) and a,4 (p = 0.008) subtypes and is very close to
significance (p = 0.052) for the a,, Ssubtype. The slope of the regression
line in the absence of NE is not significantly different from zero for any
of the three subtypes.

seemed to depend on both receptor density and the identity of
the subtype expressed. NE-stimulated InsP formation is
most robust in HEK 293 cells expressing the a,,-ARs, inter-
mediate in cells expressing the a,,-ARs, and low in cells
expressing the a,4-ARs. Similar patterns were observed in
additional experiments with the same subclones (three ex-
periments) and in experiments with other subclones (see
below), although the levels of basal and agonist-stimulated
responses often varied substantially among experiments.
The relationship between NE-stimulated InsP formation
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and receptor density for each a,-AR subtype is also observed
in data compiled from multiple experiments with two differ-
ent subclones (Fig. 3). Again, differences among the three
subtypes are apparent, with robust responses in a,,-AR-
expressing cells, intermediate responses in a,,-AR-express-
ing cells, and weak and variable responses in a,s-AR-ex-
pressing cells. Although there is a positive correlation
between the magnitude of the InsP response and receptor
density for both a,,- and a,,-AR subtypes in HEK 293 cells,
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Fig. 3. Effect of density of a,-AR subtypes on NE-stimulated InsP
formation in subclones of transfected HEK 293 cells from compiled
data. Top, a,,-AR subclones no. 3 (@, O) and no. 17 (A, A). Middle,
a,,-AR subclones no. 9 (@, O) and no. 20 (A, A). Bottom, a,4-AR
subclones no. 5 (@, O) and no. 27 (A, A). Subclones were exposed for
various time periods to 1 ug/ml ANTET or no ANTET to induce a wide
range of expression levels. Duplicate plates were then incubated with
(closed symbols) or without (open symbols) 100 um NE for 1 hr, and
[PH]insP formation was measured as described in Experimental Proce-
dures. Data are expressed as percentage hydrolysis of total >H-labeled

ipid and the mean of duplicate determinations. Sat-

_phosphol
uration of '25|-BE binding in membranes prepared from cells treated

identically was analyzed by nonlinear regression to determine receptor

> density (Bmax). Data are from three to five individual experiments on

each subclone, each of which includes seven time points of ANTET
exposure. The slopes of the regression lines for the a,, (p = 0.0004)
and ay, (p = 0.0001) subtypes are significantly different from zero in
the presence of NE. However, the slope of the regression line for the a4
(p = 0.69) subtype is not significantly different from zero.
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no significant increase is seen with the a,4-AR subtype (the
slope of the regression line through values for NE-stimulated
InsP formation is not significantly different from zero).

Altered expression of a,-AR subtypes does not affect
basal or NaF-stimulated InsP formation. It was impor-
tant to ensure that the relationship between a, AR density
and NE-stimulated InsP formation is an accurate reflection
of the coupling efficiency of each subtype. It is possible that
phenotypic changes might have occurred during expansion
and propagation of individual clonal cell lines and/or that
important signaling proteins might have been affected by
ANTET exposure. To control for these possibilities, we mea-
sured both basal and NaF-stimulated InsP formation in each
experiment.

Fig. 4 (top) shows compiled data for mean basal and NaF-
stimulated InsP responses in all experiments from each sub-
clone studied. Although some variability was observed, it
could not account for the differences observed in InsP re-
sponses to different a,-AR subtypes. The a,,-expressing sub-
clones showed the largest variability in both basal (5.5 *
0.3% to 9.3 * 0.4%) and NaF-stimulated (11.3 * 1.0% to
23.2 * 0.9%) levels of InsP formation, whereas basal and
NaF responses were similar in a,,- and a, 4-expressing sub-
clones. When data from multiple subclones expressing each

subtype were averaged, there were no significant differences
between basal or NaF-stimulated InsP for the subclones ex-
pressing the different subtypes (Fig. 4, bottom). Finally, both
basal and NaF-stimulated InsP formation were relatively
constant at all levels of a,-AR expression for all three sub-
types (Fig. 5). No significant correlation was observed be-
tween basal or NaF responses and receptor expression for
any of the three subtypes, with linear regression resulting in
slopes not significantly different from zero.

Comparison of responses over the same ranges of
receptor densities. The cell lines expressing the a,,-, a;,-,
and a,4-AR subtypes showed different levels of NE-stimu-
lated InsP formation but also different levels of receptor
expression. To control for these different expression levels
and to directly compare coupling efficiencies of the different
subtypes, we examined responses of subclones within a lim-
ited common range of receptor expression. The a,,- and a,,-
expressing subclones were compared over the range of 500-
1000 fmol/mg of protein, whereas a,,- and a,4-ARs were
compared over the range of 50-250 fmol/mg of protein. The
data points included within each range of receptor expression
(a subset of the data in Fig. 3) showed no significant differ-
ences in distribution (Table 1), allowing us to directly com-
pare mean responses within these ranges.

Fig. 4. Basal and NaF-stimulated InsP formation in
HEK 293 subclones expressing different a,-AR sub-
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types. Subclones of HEK 293 cells expressing human
a4-AR subtypes were incubated in the absence (basal)
or presence of 20 mm NaF for 1 hr, and total [°H]insP
formation was measured as described in Experimental
Procedures. Top. data represent the mean * standard
error (21-28 duplicate measurements) of the percent-
age hydrolysis of the H-labeled phospholipid pool for
individual transfected HEK 293 subclones. Bottom,
compiled data represent the mean * standard error of
the percentage hydrolysis of the 3H-labeled phospho-
lipid pool for transfected HEK 293 subclones express-
ing the same a,-AR subtype. Data from all experiments
are combined.
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TABLE 1

Distribution of a,-AR densities (B,,,,) within 500-1000 and 50-
250 fmol/mg of protein ranges of expression in HEK 293
subciones .

Data are subsets of the compiled data displayed in Fig. 3. One-way analysis of
variance showed no significant difference between the distribution of expression
levels in a,4 and a,,, subclones within the 500-1000 (p = 0.662) range or between
ayp, and a,4 Subclones within the 50-250 range (p = 0.665).

N Expression Data points Brnax
a;°AR subtype range limits within range  (mean =+ standard deviation)
fmol/mg of protein n
. 500-1000 24 738 + 98
o 500-1000 12 757 + 160
aqp 50-250 12 138 = 84
Qg 50-250 32 128 = 63

Within the 500-1000 fmol/mg of protein expression range,
a,,- and a,,-AR-expressing subclones showed similar levels
of basal and NaF-stimulated InsP formation (Fig. 6, fop).
However, the average NE-stimulated InsP response was sig-
nificantly higher for the a,,-AR subtype than for the a,,-AR
subtype (p < 0.05). Within the 50-250 fmol/mg of protein
expression range, a,;,- and a, ;-AR-expressing subclones also
showed similar levels of basal and NaF-stimulated InsP for-
mation (Fig. 6, bottom), but a,;,-AR-expressing subclones pro-

duced a significantly larger response to NE than the a,4-AR-
expressing cells (p < 0.05).

Control of a,-AR subtype expression with an IPTG-
inducible vector system in transfected SK-N-MC cells.
To further compare coupling efficiencies of human «,-AR
subtypes, we studied both InsP formation and Ca?* re-
sponses in human SK-N-MC cells transfected with an IPTG-
inducible vector system. We have shown previously that
a,5-AR density can be controlled by IPTG in a concentration-
and time-dependent manner in stably transfected DDT,-
MF?2 cells by using this system (23). Treatment with 1 mm
IPTG for 4-6 days caused a maximal increase in the density
of each recombinant human «,-AR subtype in SK-N-MC cells
transfected with that subtype (data not shown). A maximal
4-6-fold increase in total a,-AR binding sites was seen in
each case (Table 2). Before induction, the densities of a,-AR
binding sites were very similar in subclones expressing all
three subtypes (27-33 fmol/mg of protein) and similar to
those in untransfected SK-N-MC cells (10), suggesting lit-
tle constitutive activity of the vector in the absence of
IPTG. Induction of receptor expression with 1 mm IPTG for
4-6 days resulted in similar induced levels in each cell line
(111-190 fmol/mg of protein; Table 2). These expression
levels are lower than those observed in HEK 293 cells and
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Fig. 6. Comparison of NE-stimulated InsP formation by different
a4-AR subtypes over the same range of receptor expression in trans-
fected HEK 293 cells. Top, levels of basal and NaF- (20 mm) and NE-
(100 um) stimulated InsP formation in HEK cells expressing a,,- and
a4,-AR subtypes within a range of 500-1000 fmol/mg of protein. Bot-
tom, levels of basal and NaF- (20 mm) and NE- (100 uM) stimulated InsP
formation in HEK cells expressing a,,- and a,4-AR subtypes within a
range of 50-250 fmol/mg of protein. Data are subsets of data given in
Fig. 3 and are presented as mean =+ standard error. Table 1 shows that
average receptor expression was similar for each of the subtypes within
these ranges. *, p < 0.05, significant differences within a treatment
group (Student-Newman-Keuls analysis of variance).

are more likely to reflect a physiological level of expres-
sion.

Induction of different «,-AR subtypes in SK-N-MC
cells produces different maximal effects on NE-stimu-
lated InsP formation. Subclones of transfected SK-N-MC
cells were treated with or without 1 mM IPTG for 4-6 days to
determine the effect of increased expression of each human
a;-AR subtype on NE-stimulated InsP formation (Fig. 7).
Increasing receptor density with IPTG caused increases in
the maximal response to NE (Table 2). The greatest increase
in maximal response occurred in cells expressing «,,-ARs.
When levels of this subtype were induced 4.8-fold over the
level of endogenous receptor expression, the maximal NE-
stimulated InsP response increased 7.1-fold above basal lev-
els. In contrast, when expression of a,,- and a,4,-ARs were
increased to a similar extent (5.8- and 4.0-fold, respectively),
the maximal NE-stimulated InsP responses increased only
2.9- and 2.7-fold over basal levels, respectively. The effect of
increased expression of each subtype on the potency of NE in
stimulating InsP formation can be seen in Fig. 7 and Table 2.
Although the maximal response to NE increased with the
induction of each subtype, EC;, values for NE did not change
significantly after induction of any of the three subtypes.

Induction of different «,-AR subtypes in SK-N-MC
cells produces different maximal effects on NE-stimu-
lated increases in [Ca®*],, We also examined NE-stimu-
lated increases in [CaZ*], in SK-N-MC cells to determine

whether a similar pattern occurred. Fig. 8 shows that in-
creasing the expression of the different «,-AR subtypes
caused effects on NE-stimulated increases in [CaZ*]; in SK-
N-MC cells similar to those seen with InsP formation. In-
creasing receptor expression through IPTG exposure caused
increases in the maximal [Ca2*], response to NE (Fig. 8, top)
with only a,,- and a,,-ARs. There was little effect of induc-
tion of &, 4-ARs on this response in SK-N-MC cells. The great-
est increase in the maximal NE-stimulated increase in
[Ca2%*];, occurred in transfected SK-N-MC cells expressing
@,,-ARs. The maximal NE-stimulated increase in [Ca®*],
was 9.3-fold over basal levels when the receptors were in-
duced 4.8-fold over the endogenous level of receptors. The
NE-stimulated increase in [Ca%*]; in induced a,,-AR-trans-
fected cells was only 2.7-fold greater than basal [Ca?*); levels
despite a 5.8-fold increase in the level of receptor expression.
The level of expression of the a,4-AR subtype in transfected
SK-N-MC cells was increased 4-fold, but the maximal in-
crease in NE-stimulated [CaZ*]; was only 2.0-fold greater
than the basal [Ca®*]; levels, essentially the same NE-stim-
ulated response seen in uninduced, control cells. Again, the
EC,, values of NE for stimulating the [Ca2*]; responses
remained relatively constant for all three subtypes under
either control or induced levels of receptors (Fig. 8 and Table
2).

Effect of induction of a,-AR subtypes on carbachol-
stimulated InsP formation in SK-N-MC cells. To deter-
mine whether induction of ,-AR expression had other effects
on cell signaling, we compared basal and carbachol-stimu-
lated InsP formation and [CaZ*]; in transfected SK-N-MC
cells before and after IPTG-induced expression of each sub-
type. Basal levels of InsP formation and [CaZ*], were not
changed by increased expression of any of the three a,-AR
subtypes (Figs. 7 and 8). The effect of carbachol, a muscarinic
receptor agonist, on [Ca®*]; was unaffected by IPTG-induced
increases in expression of any of the three subtypes (Fig. 9
and data not shown). In addition, induction of either the a;;-
or a,4-AR subtypes did not significantly alter InsP responses
to carbachol in these cells (data not shown). However, carba-
chol-stimulated InsP formation was significantly increased
after induction of the a,,-AR subtype (Fig. 9), although to a
much lower extent than the response to NE.

The IPTG-induced increase in the InsP response to carba-
chol in a,,-transfected cells is examined further in Fig. 9.
Responses to both NE and carbachol were blocked by the
a,-selective antagonist prazosin, suggesting that the re-
sponse to carbachol is mediated at least partially through
a,-ARs in these cells. In the presence of prazosin, there was
no significant increase in the carbachol InsP response on
induction of a,,-ARs (Fig. 9), suggesting that it might be
subsequent to «,-AR activation.

Relationship between receptor density and respon-
siveness in transfected SK-N-MC cells. Fig. 10 shows the
relationship between a,-AR density in the transfected SK-
N-MC cells and basal and maximal responses to NE. Increas-
ing expression by 4-6-fold does not alter the basal level of
InsP formation or [CaZ*]; for any of the three a,-AR subtypes
(Fig. 10, left), showing a lack of agonist-independent consti-
tutive activity of the induced receptors. However, similar
increases in receptor expression reveal notable differences in
NE-stimulated responses for the three subtypes (Fig. 10,
right). The a,.-AR-transfected cells elicit the largest re-
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Comparison of receptor expression levels and NE-stimulated signaling responses of the three human a,-AR subtypes expressed in

SK-N-MC cells

InsP formation is expressed as percentage of hydrolysis of the total 3H-labeled phospholipid pool, and [Ca2*] is shown as the concentration (nv) measured by Fura-2
fluorescence. Basal and maximal responses were those measured in the absence and presence of 100 um NE, respectively. Data are represented as the mean =
standard error of six to eight experiments performed in duplicate (InsP formation) or four experiments ([Ca2*], responses).

Qg Qyp ®d
Control Induced Control Induced Control Induced
125|-BE binding
Biax (fmol/mg of protein) 28.7 * 6.3 138.8 + 30.3 33.1+79 190.5 = 475 27.4 + 8.2 110.9 = 345
Ky (P™) 442 + 65 48.6 + 7.6 73.8 = 18.5 93.9 + 22.6 47.8 + 6.0 67.3 + 8.6
InsP formation (%)
Basal 6.57 = 0.64 6.19 = 0.69 5.29 + 0.77 5.58 + 0.87 8.19 = 1.00 9.38 + 1.17
Maximal 20.68 + 3.38 43.89 * 4.77 10.50 + 1.34 16.43 = 1.49 15.06 * 2.02 25.39 *+ 4,91
—log ECso 5.64 = 0.04 6.23 = 0.09 5.54 + 0.14 5.83 + 0.14 5.75 + 0.27 5.94 + 0.20
[Ca®*]; (M)
Basal 52.2 + 6.45 50.25 + 8.81 57.0 3.2 65.8 + 7.2 642 7.0 575+ 134
Maximal 2218 + 26.5 446.8 + 57.0 121.0 = 12.0 166.8 = 13.0 174.0 = 19.2 152.2 + 121
—log ECygp 5.94 = 0.06 6.17 = 0.16 541 +0.16 5.81 + 0.30 5.55 + 0.10 5.59 + 0.08
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Fig. 7. Effect of IPTG induction on NE-stimulated InsP formation in subclones of SK-N-MC cells stably transfected with a,4-, ay,-, OF a;4-AR
operator vectors. Subclones of cells stably transfected with human «,-AR subtypes in IPTG-inducible vectors were labeled with 2 uCi of
myo-[PHJinositol in the absence (O) or presence (®) of 1 mm IPTG for 4—6 days. After washing, confluent cells were stimulated with increasing
concentrations of NE for 1 hr, and the percentage hydrolysis of the H-labeled phospholipid pool was determined as described in Experimental
Procedures. The concentration-response curves were fit by nonlinear regression; points, mean *+ standard error from six to eight experiments.

sponses for both InsP formation and increased [CaZ*];,
whereas a,4-ARs cause very small responses in transfected
SK-N-MC cells.

Discussion

We directly compared the coupling efficiencies of the three
human «,-AR subtypes in human cell lines. Cells were stably
transfected with inducible or repressible expression vectors
containing coding sequences for each subtype, and agonist-
induced responses were examined over a wide range of re-
ceptor densities. We observed clear differences among the
coupling efficiencies of the different a,-AR subtypes. For both
InsP and [Ca2*]; responses, it seems that a,,-ARs couple
most efficiently, a,,-ARs couple with an intermediate effi-

ciency, and a,4-ARs couple very poorly. Similar patterns
were observed in all of the experiments despite differences in
human cell type, expression vector, presence or absence of
endogenous a,-AR expression, specific subclones, range of
expression levels, and type of response measured. Previous
work has also raised the possibility of differences in coupling
efficiencies for a;-AR subtypes (12, 13, 15), although these
have been difficult to evaluate because of differences in ex-
pression levels and potential complications due to clones
from different species. This suggests that these results may
have general applicability and provides the first quantitative
comparison of the abilities of human «,-AR subtypes to cou-
ple to a common signaling mechanism.

Both HEK 293 and SK-N-MC cell lines have been used
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Fig. 8. Effect of IPTG induction on NE-stimulated [Ca?*}, responses in subclones of SK-N-MC cells stably transfected with a,,-, a;-, OF a;4-AR
operator vectors. Subclones of cells stably transfected with human a,-AR subtypes in IPTG-inducible vectors were incubated in the absence
(Control) or presence (Induced) of 1 mm IPTG for 4-6 days. Top, cell suspensions loaded with Fura-2/AM were stimulated with 100 um NE (arrow),
and [Ca?*], measurements were determined as described in the text. Results are representative of four experiments. Bottom, cell suspensions
were individually assayed for each indicated concentration of NE, and peak [Ca?*], was determined. The order of NE concentrations added to the
cells was varied between experiments. The concentration-response curves were fit by nonlinear regression; points, mean * standard error from

four experiments.

previously to examine signaling mechanisms activated by G
protein-coupled receptors, and both cell lines express the
machinery necessary for coupling of a;-ARs to InsP forma-
tion and [Ca?*],, HEK 293 cells are widely used to study
signal transduction pathways activated by recombinant re-
ceptors, and they express at least two G protein a subunits
within the G, family, a, and a,, (22, 28). SK-N-MC cells
endogenously express a wide variety of G protein-coupled
receptors and are known to express a, (29). HEK 293 cells
normally express no endogenous a,-ARs, whereas SK-N-MC
cells express low levels of all three subtypes (10, 18, 21).
Earlier studies (10) showed that inactivation of natively ex-
pressed a,p- and a,-ARs with chloroethylclonidine did not
significantly reduce NE-stimulated increases in [Ca®*); in
wild-type SK-N-MC cells, despite decreasing receptor density
by almost 50%. This supports the idea that similar differ-
ences in coupling efficiency occur with endogenously ex-
pressed a,-ARs, with the a,,-AR subtype coupling more effi-
ciently than the a,5- and a,,-AR subtypes.

We used tetracycline-repressible (19) and IPTG-inducible
(20) vectors to control a,-AR expression. The tetracycline-re-
pressible system resulted in higher levels of expression (<2500
fmol/mg of protein), whereas the IPTG-inducible system gave
expression at lower levels (100-200 fmol/mg of protein). Even
with very high receptor expression, however, we found little
evidence for increases in basal or NaF- or carbachol-stimulated
responses. We did find small increases in carbachol-stimulated
InsP formation, but not [Ca®*],, on induction of a,,-ARs (but
not the other two subtypes) in SK-N-MC cells. However, this
response was blocked by prazosin, suggesting that it may be
due to carbachol-induced release of catecholamines. In most
cases, however, non-a,-AR-mediated responses were not al-
tered by increasing expression of any of the three subtypes in
either cell line. This indicates that the receptors do not show
significant agonist-independent constitutive activity and sug-
gests that high receptor expression does not alter other cellular
signaling proteins.

Some technical difficulties were encountered with the tet-
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Fig. 9. Effect of IPTG induction on carbachol-stimulated responses in
subclones of SK-N-MC cells stably transfected with a,,-AR operator
vector. Top, SK-N-MC cells stably transfected with the human a,,-AR
in an IPTG-inducible vector were incubated in the absence (Control) or
presence (Induced) of 1 mm IPTG for 4-6 days as described in the
legend to Fig. 7. Cells were loaded with Fura-2, and basal and carba-
chol- and NE-stimulated Ca®* responses were determined as de-
scribed in the legend to Fig. 8. Middle, InsP formation was determined
in the absence (Basal) or presence of 1 mm carbachol (Carb) or 100 um
NE for 1 hr. Bottom, Similar experiments on InsP formation were
performed in the presence of 1 um prazosin to block a,-ARs. Bars,
mean * standard error from four to eight experiments. *, p < 0.05 by
Student-Newman-Keuls analysis of variance.

racycline-repressible expression system. We found positive
a,-AR expression in only 28 of 86 subclones screened after
transfection and selection, and each of these subclones lost
expression progressively over time, although at different
rates. Shockett et al. (30) recently reported that the activat-
ing domain of the tTA fusion protein can be toxic to cells,
which may account for the low proportion of positive sub-
clones isolated. Modification of the vector system by placing
the tTA gene under the control of its own repressible pro-
moter was found to reduce toxicity (30) and will improve the
usefulness of this system. The only major problem we en-
countered with the IPTG-inducible vector system seems to be
some leakiness in control of the operator vector (23). This
manifests itself as a basal constitutive activity of cDNA ex-
pression in the absence of IPTG, which can be substantially
reduced or eliminated through screening of subclones for low
basal and high inducible expression of the protein of interest.

The rank order of receptor coupling to increases in [CaZ?*];
in transfected SK-N-MC cells is similar to that for stimula-

Human a,-AR Subtypes and Signaling 1385

tion of InsP formation in both cell lines. Whether compared
at high receptor expression in HEK 293 cells or at lower,
more physiological levels of expression in SK-N-MC cells, the
same order of coupling efficiency (a;, > a;, > a;4) was

observed. This is especially pronounced for the a,, subtype,
for which even a small increase (5-fold) in receptor density in
SK-N-MC cells markedly increased both responses. A similar
rank order of receptor coupling to InsP and [Ca%*]; responses
is not unexpected because both responses are thought to be
subsequent to activation of PLC. It is useful to point out,
however, that these two responses were measured over very
different time scales. The [Ca?*]; responses were measured
within seconds of the addition of agonist and presumably
reflect rapid receptor activation, whereas InsP formation was
influenced by events occurring over the entire 60-min expo-
sure to NE. It is possible that other phenomena, such as
desensitization (of both receptor and signaling proteins) and
downstream consequences of signaling mechanisms acti-
vated (PKC activation, Ca®*-dependent processes), influence
InsP formation. However, the similarity of the coupling effi-
ciencies observed for the two different responses suggests
that they accurately reflect a,-AR coupling. In fact, calcium
mobilization can be viewed as a “bioassay” for formation of
the active InsPg isomer, suggesting that total InsPs mea-
sured in the presence of lithium over a 1-hr exposure to
agonist are a reasonable reflection of short term InsPg for-
mation. Increased expression of each of the a,-AR subtypes
did not alter the ECg, value for NE in stimulating these
responses, suggesting that no receptor reserve is created by
increasing receptor density. Similar results were obtained
with a,,-ARs when InsP formation and [Ca®*]; responses
were examined at multiple receptor expression levels (23,
31).

The differences noted in coupling efficiency for a,-AR sub-
types are likely to reflect differences in receptor/G protein
interaction, as well as subsequent interactions between G
protein subunits and their effectors. Wu et al. (8) showed that
different members of the G, family were differentially acti-
vated by different «,-AR subtypes. Both G,, and G,,, were
found to couple all three cloned a,-AR subtypes to PLC in
COS-7 cells, whereas G,,, coupled only a,,- and a,,-ARs,
and G_,¢ coupled only the a;,-AR. It is clear that discrete
regions in the third intracellular loop of a,-ARs control cou-
pling to G proteins (32, 33), and it is possible that sequence
differences among subtypes may underlie the differences in
relative coupling efficiencies we observed. Because both of
the cell lines that we used express G,,, which can couple all
three subtypes to PLC, our results may indicate that the
a,-AR subtypes couple with different efficiencies to this G
protein. However, other G protein subunits may also be ex-
pressed in these cells and play a role in coupling efficiency
that has yet to be determined.

Selectivity in coupling of G protein a and By subunits to
PLCB isoforms may also contribute to observed differences in
coupling efficiency. To date, no clear differences in the ability
of the G, class of proteins (G.q, Ga11) Garer and G,,¢) to
activate the multiple PLCB isoforms have been reported (34).
G, and G,,,, are ubiquitously expressed and cause similar
activation of PLCB, in transfected COS-7 cells (34), although
other members of the G,, or PLCB family might show some
selectivity. No information is yet available about the speci-
ficity of By subunits in activating PLC isoforms. More direct
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Fig. 10. Comparison of the density of a,-AR subtypes

and basal and NE-stimulated signaling responses in transfected SK-N-MC cells. Left,

increasing a,-AR density did not increase the basal level of InsP formation (top) or [Ca?*], (bottom). Right, increasing a,-AR density increased both
InsP formation (top) and [Ca?*], responses (bottom) stimulated by 100 um NE in a subtype-dependent manner. Data are from Figs. 7 and 8; points,

mean * standard error from four to eight experiments.

measurement of G protein activation, such as agonist-stim-
ulated labeling of G proteins with [a->?P]GTP azidoanilide
(22), would be necessary to directly address this question.

Although we found that InsP formation and mobilization of
[Ca%*); are activated most effectively by a,,-ARs and least
effectively by a, 4-ARs, it is possible that these subtypes show
different selectivities in activating other signal transduction
mechanisms. Perez et al. (13) showed recently that recombi-
nant a,,- and a,4-ARs couple to multiple signaling mecha-
nisms in a G protein- and cell type-specific manner. In addi-
tion, much evidence from studies of isolated smooth muscle
contraction suggests that the a, , subtype may preferentially
couple to Ca®* influx through voltage-dependent Ca®* chan-
nels (2, 35, 36). It will be important to determine whether
a,-AR subtypes demonstrate similar differences in coupling
efficiencies for activation of other second messenger re-
sponses.

In conclusion, we have shown that a,-AR subtypes show
different efficiencies in coupling to second messenger forma-
tion in two different human cell lines. The rank order of
coupling efficiency was determined by comparing the ability
of NE to stimulate responses at different receptor levels and
was found to be a;, > a;, > a,4 for increasing both InsP
formation and [Ca®*];. Increasing receptor expression pro-
duced a subtype-dependent increase in the maximal response
to NE without changing the EC;, value. These results sug-
gest that a;-AR subtypes differ in their abilities to activate

the same intracellular signaling mechanisms. The a,,-AR
shows the greatest efficiency in activating InsP formation
and increasing [Ca%*];, whereas the a,4-AR is very weak in
activating both of these responses.
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