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A B S T R A C T Three types of adrenergic receptors,
beta, alpha-i, and alpha-2, were identified in human
adipocytes, isolated from properitoneal adipose tissue,
using both the binding of radioactive ligands and the
effects of adrenergic agents on receptor-specific
biochemical responses. Adrenergic binding studies
showed the following results: [3H]dihydroalprenolol
binding (beta adrenergic) Bmax 280 fmol/mg protein,
KD 0.38 nM; [3H]para-aminoclonidine binding (alpha-2
adrenergic) Bmax 166 fmol/mg protein, KD 0.49 nM;
[3H]WB 4101 binding (alpha-I adrenergic) Bmax 303
fmol/mg protein, KD 0.86 nM. In adipocytes from
subcutaneous adipose tissue, [3H]dihydroergocryptine
binding indicated the presence of alpha-2 but not
alpha-i receptors.
Beta and alpha-2 adrenergic receptors appeared to

be positively and negatively coupled to adenylate
cyclase, respectively. Cells or cell membranes were
incubated with epinephrine (10 ,M) alone and in
combination with the antagonists yohimbine (alpha-2)
and prazosin (alpha-i). Epinephrine alone prompted a
modest increase in adenylate cyclase activity, cyclic
AMP, and glycerol release, an index of lipolysis.
Yohimbine (0.1 ,tM) greatly enhanced these actions
whereas prazosin was without effect. The beta agonist,
isoproterenol, stimulated glycerol release, whereas the
alpha-2 agonist, clonidine, inhibited lipolysis and
cyclic AMP accumulation. To assess further alpha-i
receptors, cells were incubated with [32P]phosphate
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and epinephrine (10 ,uLM) alone and in combination
with prazosin and yohimbine. Epinephrine alone
caused a three- to fourfold increase in 32p incorporation
into phosphatidylinositol. Prazosin (0.1 ,uM) blocked
this action whereas yohimbine (0.1 uM) was without
effect. Thus, in a homogeneous cell preparation, the
human adipocyte appears to have three different
adrenergic receptors, each of which is coupled to a

distinct biochemical response.

INTRODUCTION

Over 30 yr ago, Ahlquist (1) proposed that the
cellular responses to epinephrine, norepinephrine, and
the synthetic catecholamine, isoproterenol, could be
divided into two groups, which he designated alpha
and beta, according to their potencies in interacting
with the proposed receptors. With alpha-mediated
responses, epinephrine was most potent and iso-
proterenol least potent; with beta-mediated responses,
isoproterenol was most active and norepinephrine
least so. Subsequently, Lands et al. (2) suggested that
beta receptors could be further divided into two groups,
beta-i and beta-2. Both beta-i and beta-2 receptors
appear to stimulate adenylate cyclase leading to an
increase in cyclic AMP and to an expression of the
tissue-specific function. More recently, alpha receptors
have been divided into alpha-i and alpha-2 subtypes
(3-5). Although the initial classification was based on
anatomic localization, it appears that a classification
related to function is more reasonable (3, 4). The
means by which alpha adrenergic stimulation affects
cellular function is not completely understood. In
several systems, stimulation of alpha-i adrenoceptors
increases phosphatidylinositol turnover and calcium
gating or mobilization whereas activation of alpha-2
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sites decreases cyclic AMP through adenylate cyclase
inhibition (4, 5).
The human adipocyte is of interest because it is a

single cell type that has both alpha and beta receptors.
Catecholamines seeril to be physiologically important
mediators for lipid 'mijbilization in these cells (6-13).
Beta adrenergic stimulation increases adenylate cy-
clase activity, raises cyclic AMP, and enhances the
cyclic AMP-dependent processes such as lipolysis,
whereas alpha adrenergic activation, in general, has
opposite effects (6-13). These observations support
the hypothesis put forward by Robison et al. (14) that
some cell types have both alpha and beta adreno-
ceptors that mediate opposite effects on cyclic AMP
and cell function. The studies reported here were
carried out to characterize further the adrenergic
receptors of human adipocytes and the metabolic
functions they subserve by using selective agonists
and antagonists.

METHODS

Cell preparation. Abdominal adipose tissue samples
were obtained from subjects undergoing elective abdominal
surgery. Informed consent, approved by the institution's
Human Experimentation Committee, was obtained from
each subject. Because all subjects were infused with 5%
dextrose during surgery, they were considered to be in the
fed state. Fat cells were obtained by collagenase digestion of
adipose tissue (15). For experiments involving measurement
of cyclic AMP and glycerol release, cells were isolated and
then suspended in Krebs bicarbonate buffer containing 4%
bovine serum albumin and 2.5 mM glucose. Flasks containing
portions of cell suspensions were incubated with gentle
shaking in an atmosphere of 95% 02 and 5% CO2. Fat cell
ghosts were prepared by hypotonic lysis at 10°C with 5 mM
Tris HCI buffer (pH 7.5, 25°C) containing 2.5 mM MgCl2 and
1 mM EDTA as described by Bimbaumer et al. (16).
Radioligand binding assays. Binding studies with dihy-

droalprenolol, p-aminoclonidine, and WB4101 were per-
formed using membranes prepared from adipocyte ghosts
stored at -20°C for 1-4 d. The ghosts were homogenized
(Tissumizer, Tekmar Co., Cincinnati, Ohio; setting 8, 30 s) in
35 ml of ice-cold 50 mM Tris HCI buffer (pH 8.0 at 25°C).
This homogenate was centrifuged (10 min at 49,000 g) and then
resuspended in buffer at a concentration of -0.10 mg
protein/ml.
Beta adrenergic receptors were assayed as described

previously (17). Total binding was deternined with one
set of incubation tubes, which contained 970 ul of the
membrane suspension in 50 mM Tris HCl buffer (pH 8.0)
and 20 ,ul of increasing concentrations of [3H]dihydroal-
prenolol diluted in 5 mM HCI. The final concentration of
[3H]dihydroalprenolol ranged from about 0.2 to 4.0 nM. A
parallel set of incubations containing 0.3 ,M propranolol was
used to determine nonspecific binding. Specific binding is
taken as the difference between total and nonspecific
binding. After a 25-min incubation at 230C, the suspensions
were filtered through Whatman GF/B glass filter paper
(Whatman, Inc., Clifton, N. J.) using a manifold (Brandel
Cell Harvester, Biomedical Research and Development),
which filters 24 samples simultaneously. The tubes and
filter paper were washed with 3 and 6 ml of cold buffer,

and then radioactivity retained by the filter paper was
determined for each sample by scintillation spectroscopy.
Alpha adrenergic receptor assays with [3H]WB4101 as the

radioligand (concentration range, 0.3-4 nM) were per-
formed as described by U'Prichard et al. (18), and 100
,uM norepinephrine was used to determine nonspecific
binding. Alpha-2 adrenergic receptor binding was deter-
mined by the procedure of Rouot and Snyder (19) using
[3H]para-aminoclonidine as the radioligand (concentration
range, 0.1-2.0 nM), and 10 ,uM norepinephrine was used to
determine nonspecific binding. The pH of the buffer was 7.4
for the alpha-2 adrenergic receptor binding studies.

All studies were done using adipocytes isolated from
properitoneal adipose tissue at the University of Missouri
except for the studies with [3H]dihydroergocryptine binding,
which were performed using membranes obtained from
adipocytes isolated from subcutaneous adipose tissue at
Duke University. The following procedure was used for
studies on dihydroergocryptine binding. Adipocytes that
had been washed three times were homogenized at room
temperature with 10 strokes of a Teflon pestle in buffer
containing 0.25 sucrose, 10 mM Tris HCI, and 1 mM EDTA
at pH 7.4. The lysate was spun at 39,000 g for 10 min at
4°C. The pellet was resuspended in 50 mM Tris HCI, 10 mM
mgCl2 (pH 7.5), and spun down again at 39,000 g for 10 min.
The resulting pellet was resuspended in 50 mM Tris HCI,
10 mM MgCl2 (pH 7.5) at a protein concentration of 2 mg/ml,
frozen, and stored under liquid nitrogen until used within
1 wk. Assay conditions for [3Hldihydroergocryptine binding
and computer modeling techniques were as previously de-
scribed (5).
Cyclic AMP, glycerol, and adenylate cyclase assays. For

the determination of cyclic AMP, test substances were in-
cubated in 1 ml of cell suspension for 20 min. At the end of
incubation, the contents ofeach flask were mixed with 1 ml of
0.6 N perchloric acid, and after removal of the protein, the
perchloric acid was neutralized with potassium hydroxide.
After centrifugation to remove the precipitated potassium
perchlorate, the cyclic AMP content of the supernate was
then estimated by radioimmunoassay using a modification
of Steiner et al. (20). Cyclic AMP concentration is expressed
as picomoles/106 cells.
To evaluate effects on lipolysis, test substances were in-

cubated for 4 h with 1 ml of cells in each of three
flasks. After incubation, cell-free filtrates were prepared and
analyzed for glycerol using the method of Garland and
Randle (21). The concentration of glycerol is expressed as
micromoles/106 cells in 4 h. For adenylate cyclase assay,
membranes prepared by the method of Bimbaumer et al. (16)
were resuspended in sufficient buffer to provide a con-
centration of 4 mg protein/ml. Adenylate cyclase activity was
determined by the method of Salomon et al. (22) at pH 8.0.
Enzyme activity is expressed as picomoles of cyclic AMP
formed per milligram protein per minute.

Phospholipid analysis. The incorporation of [32P]phos-
phate into phospholipids was measured as previously de-
scribed (5, 23). Fat cells were incubated in plastic bottles
containing 3 ml of phosphate-free medium and [32P]phos-
phoric acid at a -concentration of 10-15 ,uCi/ml. 1 ml of
packed cells was added to each bottle. After 1-h incubation,
the medium was aspirated and lipids extracted with chloro-
form/methanol (2:1). Phospholipids were absorbed on silicic
acid granules and removed from the silicic acid with methanol.
Major phospholipids were separated by one-dimensional
thin-layer chromatography on glass plates coated with silica
gel H (Merck Chemical Div., Merck & Co., Rahway, N. J.)
containing 1 g of magnesium acetate for each 40 g silica.
The solvent system was chloroform/methanol/water/28%
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NH40H (130:70:5:5). This procedure was suitable for the
separation of phosphatidylcholine, phosphatidylethanol-
amine, and phosphatidylinositol. Phosphatidic acid was not
separated from phosphatidylserine, which migrated only
slightly above the origin. Although the amount of phos-
phatidylserine plus phosphatidic acid may be overestimated
by the presence of some contaminants at the origin, nearly
all the radioactivity corresponded with phosphatidic acid.
The same comment is applicable to phosphatidylinositol
caused by incomplete separation from sphingomyelin. The
incorporation of label into phosphatidylserine or sphingo-
myelin is less than 10% of that of phosphatidic acid or phos-
phatidylinositol in rat adipocytes (23). There is no effect of
catecholamines on the labeling of phosphatidylserine or
sphingomyelin in rat adipocytes (23). Lipids were visualized
by iodine vapor staining. The phosphorus content of phos-
pholipids was determined by a micro modification of the
procedure of Bartlett (24) after acid hydrolysis of silica gel
scraping containing each individual phospholipid.
Materials. [3H]dihydroalprenolol (49.0 Ci/mmol),

[3H]para-aminoclonidine (52 Ci/mol), [3H]WB4101 (2,6-
dimethoxyphenyloxyethyl aminomethyl-1, 4-benzodioxane,
24 Ci/mmol), [3H]dihydroergocriptine (32 Ci/mmol), [3H]-
cyclic AMP (30 mCi/mmol) and (a32P) ATP (15 Ci/mmol),
and [32P]phosphoric acid (carrier-free, 99% radionuclide pu-
rity) were obtained from New England Nuclear (Boston, Mass.).
The following drugs were kindly donated by the indicated

company: (-)-propranolol (Ayerst, Laboratories, New York),
(-)-isoproterenol (Sterling-Winthrop Research Institute,
Rensselaer, N. Y.), phentolamine (Ciba-Geigy Corp., Pharma-
ceuticals Div., Summit, N. J.), prazosin (Pfizer, Chemical
Div., Pfizer Inc., New York), clonidine (Boehringer Ingel-
heim, Elmsford, N. Y.), and methoxamine (Burroughs-Well-
norepinephrine, and yohimbine were obtained from Sigma
Chemical Co. (St. Louis, Mo.). Adenosine deaminase was
obtained from Boehringer Mannheim, Biochemicals (In-
dianapolis, Ind.).

RESULTS

Binding of radioligands to adrenergic receptors of
the human adipocyte. The three radioligands, [3H]-
dihydroalprenolol, [3H]para-aminoclonidine, and [3H]-
WB4101 demonstrated specific binding to adipo-
cyte membranes prepared from properitoneal tissue
suggesting the presence of beta, alpha-2, and alpha-i
adrenergic receptor binding sites. Saturation experi-
ments for each ligand indicated the presence of a
single class of high affinity sites (Figs. 1 and 2). The
KD and Bmax values were calculated from a least-
squares analysis plotted as bound/free vs. bound (25).
The KD and Bmax values for membranes prepared from
adipose tissue from five patients are given in Table I.
The binding of [3H]dihydroalprenolol to beta ad-
renergic receptors had a mean KD of 0.38 nM and a
Bmax (receptor density) of 280 fmol/mg protein. In the
same membrane preparation the binding of [3H]para-
aminoclonidine to alpha-2 receptors had a KD of 0.49
nM and a Bmax of 166 fmol/mg protein. Similarly,
[3H]WB4101 appeared to label alpha-i adrenergic
receptors with a KD of 0.86 and a Bmax of 303 fmol/mg
protein. The density of beta adrenergic receptors was
remarkably constant in five patients, whereas alpha-2

13HILIGAND 3
BOUND, pM 30

13HIIWB4DAD
.00-
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1 2 3 4'
13HILIGAND ADDED, nM

FIGURE 1 Saturation of specific radioligand receptor binding
sites. Membranes derived from adipocytes were incubated
for 25 min at 23°C with increasing concentrations of each
radioligand: upper panel, [3H]dihydroalprenolol (DHA) (beta
receptors); middle panel, [3H]para-aminoclonidine (PAC)
(alpha-2 receptors); and lower panel, [3H]WB4101 (alpha-i
receptors). The concentration of radioligand is plotted on the
abscissa, and the concentration of bound radioligand is
plotted on the ordinate. Specific binding (0) is the difference
between the total binding (0) and nonspecific binding
(O). Results shown are from a representative experiment
(number 705 in Table I) in which the protein concentration
was 0.11 mg/ml.

and alpha-i receptor densities were more variable. The
ratio of dihydroalprenolol binding to that of p-amino-
clonidine was 1.8+0.4 (mean±+SEM) whereas the
ratio of dihydroalprenolol to WB4101 binding was
1.0+0.2. For all three receptors, the KD was relatively
constant among the different preparations.

[3H]dihydroergocryptine, an alpha antagonist, labels
alpha-i and alpha-2 receptors with equal affinity in a
variety of systems (26). In membranes derived from
subcutaneous human adipose tissue, [3H]dihydroergo-
cryptine binding is saturable and of high affinity.
The KD was 1.2 nM, and the Bmax was 120±+18 fmol/mg
protein (n = 7). In an effort to determine whph alpha-
adrenergic receptor subtype(s) were present in these
adipocyte membranes, competition curves of [3H]-
dihydroergocryptine were performed with several
antagonists (26, 27) (Fig. 3). The alpha-2-selective
qptagonist yohimbine was much more potent (KD
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FIGURE 2 Rosenthal analysis of specific radioligand binding.
The binding data presented in Fig. 1 were transformed
according to Rosenthal. Specific binding (0) is plotted on the
abscissa, and the ratio of specific binding to free radioligand
is plotted on the ordinate. The concentration of binding
sites (B.ax) is the intercept on the abscissa, and the affinity
(KD) is the negative reciprocal of the slope.

= 8 nM, n = 2) than the alpha-i selective antagonist
prazosin (KD = 4,600 nM, n = 4). Also, low concentra-
tions of prazosin did not significantly inhibit [3H]-
dihydroergocryptine binding suggesting that the alpha
receptors of adipocytes from subcutaneous tissue con-
tain predominantly alpha-2 receptors with very few
alpha-I receptors. In previous studies using [3H]-
dihydroergocryptine, about 90% of the alpha receptors
of the hamster adipocytes were found to be of the
alpha-2 subtype (5). Similarly, alpha-i receptors were
not detected in adipocyte membranes from sub-
cutaneous tissue using [3H]WB4101 as the radioligand
(Bylund, D. B. Unpublished observations).
Alpha-2 adrenergic responses: depression of

lypolysis, cyclic AMP, and adenylate cyclase activity.
Cells were incubated with increasing concentrations of
isoproterenol (pure beta), epinephrine (mixed alpha/
beta), methoxamine (alpha-i) or clonidine (partial
alpha-2), and glycerol release measured after 4-h in-

cubation (Fig. 4). Isoproterenol stimulated lipolysis
substantially, epinephrine was less potent, methox-
amine had little or no effect, and clonidine depressed

TABLE I
Adrenergic Receptor Binding in Human

Adipocyte Membranes

Beta Alpha-2
adrenergic adrenergic Alpha-1
[3Hldihydro- ['Hp-amino- adrenergic

Prepa- alprenolol clonidine [3H]WB4101
ration
number Bmax KD Bmax KD Bmax KD

705 227 0.41 213 0.50 291 0.91
709 297 0.45 175 1.00
715 323 0.32 185 0.36 451 0.99
717 269 0.23 92 0.57 345 0.70
718 284 0.47 174 0.51 253 0.68

Mean 280 0.38 166 0.49 303 0.86
SEM 16 0.04 26 0.04 46 0.07

Bmax (receptor density, femtomoles per milligram protein)
and KD (affinity, nanomolar) were determined for each re-
ceptor as described in Fig. 1. Each preparation is from a
different patient.

basal glycerol release (Fig. 4). In other experiments,
epinephrine (10 ,uM) was incubated in the presence
of increasing concentrations of the antagonist yohim-
bine (alpha-2), phentolamine (alpha-i and alpha-2),
or prazosin (alpha-i). At a concentration of 0.1 ,uM both
yohimbine and phentolamine enhanced epinephrine
stimulated lipolysis whereas prazosin even at 10 ,uM
was without effect (Fig. 5).

Cells were incubated with clonidine and methox-
amine, and, in other experiments, with epinephrine
alone and in combination with varying concentrations
of the antagonist yohimbine, phentolamine, and

x
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* Prozosin \\

\. \\-- , *
O _

310 9 8 7 6 5 4

-LOG10 [ADRENERGIC ANTAGONIST] (M)

FIGURE 3 Competition curves of (3H]dihydroergocryptine
(DHE) by alpha adrenergic antagonists. Membranes were
prepared from adipocytes derived from subcutaneous fat. In
this representative experiment, performed in duplicate,
yohimbine was 500-fold more potent than prazosin indicating
the predominant presence of alpha-2 receptors. The
[3H]dihydroergocryptine concentration was 8 nM.
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FIGURE 4 The effect of adrenergic agonist on glvcerol re-
lease by humian adipocytes. Cells were ineubated for 4 h with
increasing concentrations of the agonists shown. The values
shown are the means±SEM of four experiments.

prazosin. Cyclic AMP was estimated at the end of a 20-
min incubation. Clonidine depressed basal cyclic AMP
accumulation whereas methoxamine even at 0.1 mM
was without effect (Fig. 6). Yohimbine and phentol-
amine both markedly enhanced epinephrine-stimu-
lated cyclic AMP whereas prazosin was without effect
(Fig. 7). Isoproterenol (10 FLM) elevated cyclic AMP
from a basal value of 55 to 9,980 pmol/105 cells (data
not shown) whereas epiinephrine 10 A.M increased the

O 0.lpJM 1pM

AGONIST

10PM 0.1 mM

FIGURE 6 The effect of clonidinie and methoxamiine oIn basal
eyelic ANIP. Cells wvere incubated for 20 immin with
iniereasiing coneenitrations of the agonists. The values are the
means+SENI of four experimiients in the presence of 0.5
,ug/miil of adenosine deamiiinase and 0.1 nm-M theophylline.

nucleotide only to 90 pmol/106 cells. If the failure of
epinephrine to elevate cyclic AMP to the same extent
as isoproterenol were caused by concurrent stimulation
of alpha-2 receptors, one would expect yohimbine
and phentolamine to enhance the epinephrine stimula-
tion and prazosin to have no effect. The results were as
predicted and indicate the presence of alpha-2 cate-
cholamine receptors, which inhibit both lipolysis and
cyclic AMP accumulation (Figs. 5 and 6).

Fat cell ghosts were incubated for 15 min with
epinephrine 10 ,uM alone and with increasing concen-
trations of yohimbine, phentolamine, and prazosin.
None of the antagonists affected basal adenylate
cyclase activity (data not shown). Both yohimbine and
phentolamine enhanced the stimulating action of
epinephrine on enzyme activity whereas prazosin was
withouit effect (Fig. 8).
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ANTAGON IST

FIGURE 5 The effect of adrenergic antagonists on epi-
nephrine-stimulated glycerol release. Cells were incubated
for 4 h with epinephrine (10 AM) and increasing concentra-
tions of the antagonists shown. The values shown are the
means ± SEM of four experiments.

WITH EPINEPHRINE, 10 pM

YOHIMBINE

PHENTOL-
AMINE

PRAZOSIN
,, _

O 10 nM 0.1 MM 1MM 10 M
ANTAGONIST

FIGURE 7 The effect of adreniergic antagonists on the cyclic
ANMP conicentratioin of humani adipocytes. Cells were in-
cubatedl for 20 min with epinephrine and varying con-
centrations of the antagoniists shown in the presence of 0.5
,.g/tml of adenosine deaminase and 0.1 mIM theophylline.
The values are the means±SEM of four experiments.
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FIGURE 8 The effect of adrenergic antagonists on the
adenylate cyclase activity (expressed as picamoles of cyclic
AMP formed per milligram protein per minute) of human
adipocyte membranes. Membranes were incubated for 10
min in Tris buffer containing [32P]ATP, epinephrine, and
varying concentrations of the antagonists shown. The values
are the means ±SEM of four experiments.

Alpha-i adrenergic response: stimulation of phos-
pholipid turnover. The phospholipid composition
and the incorporation of radioactive phosphate into

major phospholipids in human fat cells were similar to

those observed in rat and hamster adipocytes (5, 23).
Under basal conditions, phosphatidic acid and phos-
phatidylserine contained 20±t2% (mean and SEM of
four experiments) of the total phosphate, phospha-
tidylinositol, and sphingomyelin, 15+1%, phospha-
tidylcholine, 28±1%, phosphatidylethanolamine
30±2%, and cardiolipin 7±1%. The incorporation of
radioactive phosphate was mainly into phosphatidyl-
choline (67±11% of the total incorporation into phos-
pholipids), phosphatidic acid plus phosphatidylserine
(24±10%), and phosphatidylinositol (6±1%). Less in-

corporation was observed into phosphatidylethanol-
amine (3±1%) and cardiolipin (<1%). The values are

the means±SEM of four experiments.
Epinephrine produced a dose-dependent increase

in the incorporation of radioactive phosphate into

phosphatidylinositol and phosphatidic acid (Fig. 9).
A small decrease in the labeling of phosphatidyl-
ethanolamine and phosphatidylcholine was observed

at concentrations of epinephrine above 10 ,uM (Fig. 9),
whereas the labeling of cardiolipin was not affected
by 10 ,M epinephrine (Table II). The decrease in the
labeling of phospholipids at high concentrations of

epinephrine was previously observed in rat adipocytes
and attributed to intracellular accumulation offree fatty
acids (23). The pure beta adrenergic agent, isopro-
terenol, did not mimic the effect of epinephrine on

the labeling of phosphatidylinositol and phosphatidic

0.1 pM 1jM 10plM

EPINEPHRINE

0.1 mM

FIGURE 9 Stimulation of 32P uptake into phosphatidic acid
(PA) and phosphatidylinositol (PI) by epinephrine. Adipo-
cytes were incubated with increasing concentrations of
epinephrine. Basal values are given in Table II. The values
given are the means + SEM of four paired experiments. There
was little or no effect of epinephrine on phosphatidylcholine
(PC) or phosphatidylethanolamine (PE) turnover.

acid indicating that this effect of epinephrine is medi-
ated through the stimulation of alpha receptors (Table
II). Furthermore, the action of epinephrine on phos-
phatidylinositol labeling was actually greater in the
presence of the beta adrenergic blocking agent, pro-

pranolol (Table II). Propranolol itselfproduced a small
increase in labeling of phosphatidylinositol and phos-
phatidic acid (Table II). This effect of propranolol has
been observed in the rat adipocyte (23), and in other
tissues (28, 29) but seems to be caused by its local anes-

thetic properties rather than by its action as a beta'
blocker.
The stimulation by epinephrine of 32P incorporation

into phosphatidylinositol and phosphatidic acid was

blocked by selective alpha adrenergic antagonists
(Fig. 10). The potency order was prazosin > phentol-
amine > yohimbine, indicating that this action of
epinephrine is mediated by the activation of alpha-I
adrenoceptors. Prazosin (1 ,uM), phentolamine (10
,uM), and yohimbine (0.1 mM) each alone did not

modify the labeling of phospholipids (Table II).

DISCUSSION

The principal finding of these studies is that a single
type of cell, the human adipocyte, appears to have
three different types of adrenergic receptors, each
coupled to a distinct biochemical response: beta,
activation of adenylate cyclase; alpha-2, inhibition of
adenylate cyclase; and alpha-i, stimulation of phos-
phatidylinositol turnover. The data supporting this con-
clusion derive from two different types ofexperiments:
(a) the binding of specific radioligands, and (b) the
effects of pharmacological agents on receptor-specific
biochemical responses.
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TABLE II
Phospholipid Content and Effects of Various Agents of 32P Uptake into Adipocyte Phospholipids

Phosphatidic
acid Phosphatidyl-

+ phospha- inositol Phospha- Phosphatidyl- Cardio-
tidylserine + spingornyelin tidylcholine ethanolamine lipin

Phosphate content, ,ug 0.77 0.57 1.01 1.13 0.26
32P uptake in counts per minute 6,540 2,120 30,210 980 300

Effect of agents on 32P counts per minute as percent control+SE

Epinephrine, 10 IAM 220± 16 376±30 88± 12 89± 14 128±14
Prazosin, 1 ,uM 110±10 105+3 104±10 150±22 170+23
Phentolamine, 10,uM 112±14 121±7 84±1 117±18 175±25
Yohimbine, 100 ,uM 120±14 131±13 112±1 105±2 103±19
Isoproterenol, 10 ,uM 95 93 83 78 99
Propranolol, 30 AM 130 171 82 88 121
Propranolol, 30,M + epinephrine, 20,uM 208 567 82 86 156

Human adipocytes (1 ml ofpacked cells) were incubated for 60 min in 4 ml of buffer containing 6% albumin and 10- 15 ,Ci/mnl
of [32P]P1. The values are for four paired experiments except for those with propranolol or isoproterenol which represent
the means of two experiments.

Whereas the beta effect of catecholamines has long
been recognized as being mediated by the activation
of adenylate cyclase, the mechanism of action of the
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FIGURE 10 Inhibition of epinephrine-stimulated incorpora-
tion of 32P into phsophatidylinositol and phosphatidic
acid by alpha antagonists. Adipocytes were incubated
with epinephrine (10 ,uM) alone or with varying con-
centrations of prazosin (Pz), phentolamine (Ph), and yohim-
bine (Yo). Basal values and those for the highest con-
centrations of each inhibitor in the absence of epinephrine
are given in Table II. The values are the means+SEM of
four experiments.

alpha receptor has been controversial. We (6) andl
others (13) have obtained various evidence suggesting
that the decrease in lipolysis and in cyclic AMP coni-
centration resulting from alpha stimulation of the
human adipocyte is mediated by the inhibition of
adenylate cyclase. The present studies confirm these
results and, in addition, define this alpha responise as
being of the alpha-2 subtype. A similar conclusioni
was also reached by Lafontan and Berlan (30) based
on agonist inhibition of theophylline-inducedl lipolysis
in human adipocytes and antagonism of clonidinie
action. It appears that the alpha-2 receptor in a numlliber
of other tissues and species may also be negatively
coupled to adenylate cyclase (4, 5).

Alpha-i stimulation in the human adipocyte results
in the increased turnover of phosphatidylinositol and
phosphatidic acid. It is thought that the increased
turnover ofthese phospholipids in many tisstues results
in an increase in the cytoplasmic calcium ion concen-
tration (4, 31, 32). For example, in the rat adipocyte
alpha-i adrenergic stimulation results both in an in-
crease in phosphatidylinositol turnover and the in-
activation of glycogen synthase (33). This inactivation
can be mimicked by the divalent cation ionophore
A23187 (34, 35). There is little effect of either alpha-I
adrenergic activation or the divalent cation ionophore
A23187 on cyclic AMP accumulation and lipolysis in
hamster or rat adipocytes (5, 36, 37). Michell and his
associate (31, 32) have pointed out the remarkable
correlation between these two processes and suggested
that turnover of phosphatidylinositol is involved in
some fashion in the gating or mobilization of calcium.
However, the link between the ability of alpha-I
catecholamines to elevate cytosolic calcium in many
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cells and increased turnover of phosphatidylinositol
is not yet proven (31, 32).
Each of the radioligands used in the binding studies

exhibited high affinity and saturable binding to a single
class of binding sites. The affinity of each radioligand
at its receptor binding site and the density of receptor
binding sites found in the human adipocyte are similar
to those in other adipocytes (5, 38). Preliminary results
of studies in progress using unlabeled adrenergic
agents are consistent with the conclusion that the radio-
ligands are specifically labeling the appropriate re-
ceptors (Bylund, D. B. Unpublished data). For exam-
ple, isoproterenol is more potent in inhibiting [3H]-
dihydroalprenolol binding than is either epinephrine
or norepinephrine. Furthermore, prazosin, an alpha-i
antagonist, was considerably more potent in inhibiting
[3H]WB4101 binding than [3H]para-aminoclonidine,
whereas yohimbine, an alpha-2 antagonist, was more
potent on [3H]para-aminoclonidine binding. It is
particularly noteworthy that whereas properitoneal and
subcutaneous adipose tissue appear to have similar
levels of alpha-2 receptors, the former has O-50% more
alpha-i than alpha-2, while alpha-i receptors were not
detected in the latter.
The ability to study the three adrenergic receptors

of the human adipocyte on the basis of both binding
and biochemical response should provide an excellent
model system for the study of the regulation, function,
and interrelationships of the various adrenergic
receptors. Circumstances that may modify the balance
between alpha-2 and beta receptors, e.g., fasting (39)
and hypothyroidism (12, 40) should be especially
interesting experimental paradigms.

ACKNOWLEDGMENTS

This work was supported by U. S. Public Health Service Re-
search grants AM 10149, AM 11265, HL 16037, and HL
20399, as well as grant BNS 78 24715 from the National
Science Foundation.

REFERENCES

1. Ahlquist, R. P. 1948. A study of the adrenotropic
receptors. Am. J. Physiol. 153: 586-600.

2. Lands, A. M., A. Arnold, J. P. McAuliff, F. P. Ludueno,
and T. G. Brown. 1967. Differentiation of receptor
systems activated by sympathomimetic amines. Nature
(Lond.). 214: 597-598.

3. Berthelsen, S., and W. A. Pettinger. 1977. A functional
basis for classification of alpha-adrenergic receptors.
Life Sci. 21: 595-606.

4. Fain, J. N., and J. A. Garcia-Sainz. 1980. Role of
phosphatidylinositol turnover in alpha-I and of adenylate
cyclase inhibition in alpha-2 effects of catecholamines.
Life Sci. 26: 1183-1194.

5. Garcia, Sainz, J. A., B. B. Hoffman, S. Y. Li, R. J.
Lefkowitz, and J. N. Fain. 1980. Role of alpha-I
adrenoceptors in the turnover of phosphatidylinositol

and of alpha-2 adrenoceptors in the regulation of cyclic
AMP accumulation in hamster adipocytes. Life Sci.
27: 953-961.

6. Burns, T. W., P. E. Langley, and G. A. Robison. 1971.
Adrenergic receptors and cyclic AMP in the regulation of
human adipose tissue lipolysis. Ann. N. Y. Acad. Sci.
185: 115-128.

7. Robison, G. A., P. E. Langley, and T. W. Burns. 1972.
Adrenergic receptors in human adipocytes-divergent
effects on adenosine 3',5'-monophosphate and lipolysis.
Biochem. Pharmacol. 21: 589-592.

8. Burns, T. W., and P. E. Langley. 1975. The effect of alpha
and beta adrenergic receptor stimulation on the adenylate
cyclase activity ofhuman adipocytes.J. Cyclic Nucleotide
Res. 1: 321-328.

9. Ostman, J., and S. Efendic. 1970. Catecholamines and
metabolism of human adipose tissue. Acta Med. Scand.
187: 471-476.

10. Carlson, L. A., R. W. Butcher, and H. Michelli. 1970.
Fat mobilizing lipolysis and levels of cyclic AMP in
human and dog adipose tissue. Acta Med. Scand. 187:
525-528.

11. Bray, G. A., and 0. Trygstad. 1972. Lipolysis in human
adipose tissue: comparisons ofhuman pituitary hormones
with other liplytic agents. Acta Endocrinol. 70: 1-20.

12. Reckless, J. P., C. H. Gilbert, and D. J. Galton, 1976.
Alpha-adrenergic receptor activity, cyclic AMP and lipol-
ysis in adipose tissue of hypothyroid man and rat.
J. Endocrinol. 68: 419-430.

13. Kather, H., J. Pries, J. B. Schrader, and B. Simon. 1979. a-
adrenoceptor mediated inhibition of human fat cell
adenylate cyclase. Br. J. Clin. Pharmacol. 8: 594-595.

14. Robson, G. A., R. W. Butcher, and E. W. Sutherland.
1967. Adenyl cyclase as an adrenergic receptor. Ann.
N. Y. Acad. Sci. 139: 703-723.

15. Rodbell, M. 1964. Metabolism of isolated fat cells. I.
Effect of hormones on glucose metabolism and lipolysis.
J. Biol. Chem. 239: 375-380.

16. Birnbaumer, L., S. L. Pohl, and M. Rodbell. 1969. Adenyl
cyclase in fat cells. I. Properties and the effects of
adrenocorticotropin and fluoride. J. Biol. Chem. 244:
3468-3476.

17. Bylund, D. B., S. H. Snyder, 1976. Beta-adrenergic
receptor binding in membrane preparations from mam-
malian brain. Mol. Pharmacol. 12: 568-580.

18. U'Prichard, D. C., D. A. Greenberg, and S. H. Snyder.
1977. Binding characteristics ofa radiolabeled agonist and
antagonist at central nervous system alpha noradrenergic
receptors. Mol. Pharmacol. 13: 454-473.

19. Rouot, B. R., and S. H. Snyder. 1971. [3H]Para-amino-
clonidine: a novel ligand which binds with high
affinity to alpha-adrenergic receptors. Life Sci. 25:
769-774.

20. Steiner, A. L. R. E. Wehmann,' C. W. Parker, and D. M.
Kipnis. 1972. Radioimmunoassay for the measurement of
cyclic nucleotides. In Adv. Cyclic Nucleotide Res.
2: 51-61.

21. Garland, P. B., and P. J. Randle. 1962. A rapid enzymatic
assay for glycerol. Nature (Lond.). 196: 987-988.

22. Salomon, Y., C. Londos, and M. Rodbell. 1974. A highly
sensitive adenylate cyclase assay. Anal. Biochem. 58:
541-548.

23. Garcia-Sainz, J. A., and J. N. Fain. 1980. Effect of insulin,
catecholamines and calcium ions on phospholipid metab-
olism in isolated white fat cells. Biochem. J. 186:
781-789.

24. Barlett, G. R. 1949. Phosphorus assay in column
chromatography. J. Biol. Chem. 234: 466-468.

474 Burns et al.



25. Rosenthal, H. E. 1967. Graphic method for the deter-
mination and presentation of binding parameters in a
complex system. Anal. Biochem. 20: 525-532.

26. Hoffman, B. B., A. DeLean, C. L. Wood, D. D.
Schocken, and R. J. Leftkowitz. 1979. Alpha-adrenergic
receptor subtypes: quantitative assessment by ligand
binding. Life Sci. 24: 1739-1746.

27. Hoffman, B. B., D. Mullikin-Kilpatrick, and R. J.
Lefkowitz. 1980. Heterogeneity of radioligand binding
to alpha-adrenergic receptors. J. Biol. Chem. 255:
4645-4652.

28. Eichberg, J., and G. Hauser. 1974. Stimulation by local
anesthetics of the metabolism of acidic phospholipids in
the rat pineal gland. Biochein. Biophys. Res. Commun.
60: 1460-1467.

29. Eichberg, J., J. Gates, and G. Hauser. 1979. The
mechanism of modification by propranolol of the metab-
olism of phosphatidyl-CMP (CDP-diacyl-glycerol) and
other lipids in the rat pineal gland. Biochim. Biophys.
Acta. 573: 90-106.

30. Lafontan, M., and M. Berlan. 1980. Evidence for the alpha-
2 nature of the alpha-adrenergic receptor inhibiting
lipolysis in human fat cells. Eur. J. Pharmnacol. 66:
87-93.

31. Michell, R. H. 1975. Inositol phospholipids and cell
surface receptor function. Biochimn. Biophys. Acta. 415:
81- 147.

32. Jones, L. M., and R. H. Michell. 1978. Stimulus-

response coupling at alpha adrenergic receptors. Bio-
chem. Soc. Trans. 6: 672-688.

33. Garcia-Sainz, J. A., and J. N. Fain. 1980. Effect of
adrenergic amines on phosphatidylinositol labeling and
glycogen synthase activity in fat cells from euthyroid and
hypothyroid rats. Mol. Pharmacol. 18: 116-121.

34. Lawrence, J. C., Jr., and J. Lamer, 1977. Evidence of alpha-
adrenergic activation ofphosphorylase and inactivation of
glycogen synthase in rat adipocytes. Mol. Pharmacol.
13: 1060-1075.

35. Lawrence, J. C., Jr. and J. Lamer. 1978. Effects of insulin,
methoxamine and calcium on glycogen synthase in rat
adipocytes. Mol. Pharmacol. 14: 1079-1091.

36. Fain, J. N., and F. R. Butcher. 1976. Cyclic guanosine
3',5'-monophosphate and the regulation of lipolysis in
rat fat cells. J. Cyclic Nucleotide Res. 2: 71-78.

37. Hales, C. N., A. K. Campbell, J. P. Luzio, and K. Siddle.
1977. Calcium as mediator of hormone action. Biocheml.
Soc. Traits. 5: 866-872.

38. Williams, L. T., L. Jarett, and R. J. Lefkowitz. 1976.
Adipocyte beta-adrenergic receptors. J. Biol. Chem.
251: 3096-3104.

39. Burns, T. W., P. A. Boyer, B. E. Terry, P. E. Langley,
and G. A. Robison. 1979. The effect of fasting on the
adrenergic receptor activity of human adipocytes. J.
Lab. Clin. Med. 94: 387-394.

40. Rosenqvist, U. 1972. Adrenergic receptor response in
hypothyroidism. Acta Med. Scand. Suppl. 532: 1-28.

Characterization of Adrenergic Receptors in Human Adipocytes 475


