MOLECULAR PHARMACOLOGY, 13, 1060-1075

Evidence for Alpha Adrenergic Activation of Phosphorylase and
Inactivation of Glycogen Synthase in Rat Adipocytes

Effects of Alpha and Beta Adrenergic Agonists and Antagonists on Glycogen
Synthase and Phosphorylase

JOHN C. LAWRENCE, JR.,! AND JOSEPH LARNER

University of Virginia School of Medicine, Department of Pharmacology, Charlottesville, Virginia 22903
(Received April 18, 1977)
(Accepted July 7, 1977)

SUMMARY

LAWRENCE, JoHN C., JR. & LARNER, JosEPH (1977) Evidence for alpha adrenergic
activation of phosphorylase and inactivation of glycogen synthase in rat adipocytes.
Effects of alpha and beta adrenergic agonists and antagonists on glycogen synthase
and phosphorylalse. Mol. Pharmacol., 13, 1060-1075.

The effects of alpha and beta adrenergic agonists and antagonists on the percentages of
phosphorylase a and glycogen synthase I activities were investigated in isolated rat
adipocytes. (—)-Epinephrine, (—)-norepinephrine, and (—)-isoproterenol increased the
concentration of adenosine cyclic 3',5'-monophosphate (CAMP) and the percentage of
phosphorylase a activity in a dose-dependent manner. Isoproterenol was about 10 times
more potent than epinephrine or norepinephrine with respect to these increases as well
as to decreases in the percentage of glycogen synthase I activity. Although all three
agents decreased synthase I activity to the same extent, the maximal effects of
epinephrine and norepinephrine on phosphorylase a activity were approximately 25%
greater than the maximal effect of isoproterenol. In the presence of the alpha adrenergic
antagonists phentolamine, phenoxybenzamine, and dihydroergotamine, the maximal
effect of norepinephrine on increasing the percentage of phosphorylase a was reduced
to that of isoproterenol. All three alpha adrenergic antagonists potentiated the ability
of norepinephrine to increase the concentration of cAMP. The maximal effect of (—)-
phenylephrine on phosphorylase a activity was less than the maximal effect of
isoproterenol. When cells were incubated with isoproterenol plus phenylephrine,
phosphorylase a activity was increased to levels observed with epinephrine or norepi-
nephrine. Methoxamine also increased phosphorylase a activity, and the effects of
isoproterenol and methoxamine on phosphorylase were additive. Incubation of cells
with 5 mm dibutyryl cAMP decreased synthase I activity and increased phosphorylase
a activity to the level observed with isoproterenol. When dibutyryl cAMP was added to
cells together with isoproterenol or epinephrine, no further increase in phosphorylase a
activity over that obtained with the catecholamines alone was observed. However,
when cells were incubated with phenylephrine plus dibutyryl cAMP, the percentage of
phosphorylase a activity was increased to that observed with epinephrine. (—)-Propran-
olol completely blocked the rise in cAMP observed following incubation of cells with
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epinephrine, norepinephrine, or phenylephrine; yet an increase in phosphorylase a
activity and a decrease in synthase I activity were still observed. Incubation of cells
with 20 uM propranolol together with 1 uM phenoxybenzamine did not reverse the
decrease in synthase I activity produced by 200 milliunits/ml of adrenocorticotrophic
hormone, but completely abolished the effect of 200 uM phenylephrine. Incubation of
cells with methoxamine (1-10 uM) decreased glycogen synthase I activity. Phentolamine
(20 um) completely blocked this effect of methoxamine, as well as the ability of
methoxamine to increase phosphorylase a activity.

INTRODUCTION

Recent studies have provided evidence
that the catecholamine stimulation of glu-
coneogenesis and glycogenolysis in rat
liver involves mechanisms independent of
changes in cAMP? (1-7). It now appears
that the primary means by which catechol-
amines activate rat hepatocyte phospho-
rylase and inactivate glycogen synthase is
through alpha adrenergic receptor activa-
tion (6). Several reports describe effects of
catecholamines on rat adipocyte glycogen
synthase and phosphorylase (8-12), but
the data are not complete enough to char-
acterize the adrenergic receptors responsi-
ble for these effects. In this report we
present results demonstrating that the rat
adipocyte has both alpha and beta adre-
nergic receptors and that the activation of
either of these receptors leads to an in-
crease in phosphorylase a activity and a
decrease in glycogen synthase I activity.

MATERIALS AND METHODS

Fat cells were prepared from epididymal
adipose tissue of 120-180-g Wistar rats fed
ad libitum (13). All incubations of adipo-
cytes were performed using plastic bottles
or tubes and a medium composed of Krebs-
Ringer-phosphate buffer (128 mm NaCl,
1.4 mMm CaCl,, 1.4 mm MgSO,, 5.2 mMm
KCl, and 10 mM Na,HPO,) and 30 mg/ml
of bovine serum albumin (fraction V,
Sigma, lot 16C-0027). The medium was
prepared daily and adjusted to pH 7.4 with
NaOH after addition of albumin. Fat pads
were cut into small pieces, and 1-3 g of
tissue were incubated in 3-8 ml of medium
and 1 mg/ml of crude collagenase (Clos-

2 The abbreviations used are: cAMP, adenosine
cyclic 3',5'-monophosphate; ACTH, adrenocortico-
trophic hormone; EGTA, ethylene glycol bis(8-ami-
noethyl ether)-N,N’-tetraacetic acid.

tridium histolyticum, Worthington, lot
45J112X) for 1 hr at 37°. The cells were
filtered through two layers of cheesecloth,
washed twice-with 10 ml of medium, and
resuspended in 10 ml of medium per gram
of original tissue. Cells were counted in a
hemocytometer, and 4-8 x 10° cells/ml
were used.

Cells were incubated at 37° in 5 ml of
medium with additions (20 wl) as indi-
cated. A 1-ml sample of cells was removed
for cAMP determination. The remaining
cells (in 4 ml) were centrifuged for 15 sec
in a clinical centrifuge; after the medium
had been removed, the incubation was
terminated by adding 0.6 ml of cold buffer
(100 mm KF and 10 mm EDTA, pH 7.0).
The cells were then homogenized in a
chilled glass homogenizer at 0° (10 strokes
with a Teflon pestle driven at 1000 rpm).
After centrifugation of the homogenates
at 10,000 x g for 15 min, the supernatants
were collected and assayed for glycogen
synthase and phosphorylase activities.

The incubation of the 1-ml cell sample
was terminated at the same time as the
above 4-ml incubation sample by adding 1
ml of 100 mg/ml trichloroacetic acid. The
tubes were vigorously agitated for 30 sec,
using a Vortex-Genie mechanical mixer,
then centrifuged at 10,000 x g for 10 min.
The supernatants were removed and ex-
tracted four times with 3 volumes of water-
saturated ether. After a 5-fold dilution,
samples (0.5 ml) were acetylated and the
cAMP content of the original cell sample
was determined by radioimmunoassay us-
ing the procedures described by Harper
and Brooker (14).

Glycogen synthase was assayed by the
incorporation of radioactivity from UDP-
[U-"Clglucose into glycogen essentially as
described by Thomas et al. (15). Phospho-
rylase activity was assayed in the direc-
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tion of glycogen synthesis from [U-
4Clglucose-1-P as described by Gilboe et
al. (16). The experimental conditions used
in these assays were those previously de-
scribed (12). Glycogen synthase I activity
is expressed as a percentage of the total
synthase activity (assayed in the presence
of 7.2 mm glucose-6-P). None of the agents
used in this study altered total synthase
activity. Phosphorylase a activity is ex-
pressed as a percentage of the total phos-
phorylase activity (measured in the pres-
ence of 2.0 mM AMP).? The activation of
phosphorylase was associated with an in-
crease in the total activity similar to that
previously observed in rat adipocytes (10)
and in a purified preparation of swine
phosphorylase (17).

Statistically significant differences in
the results were determined using Dun-
nett’s test (18) for comparing multiple
treatments with a control, or Tukey’s
method (19) for comparing differences be-
tween treatment groups. Differences at
the p < 0.05 level were considered signifi-
cant.

(-)-Epinephrine bitartrate (—)-isopro-
terenol bitartrate, (—)-norepinephrine bi-
tartrate, (—)-phenylephrine HCl, dihydro-
ergotamine tartrate, N°®0?%-dibutyryl
cAMP, ACTH (porcine, 85 units/mg), and
rabbit liver glycogen were obtained from
Sigma. The glycogen was purified before
use by passing a 5% solution over a mixed-
bed ion-exchange resin (Amberlite MB-3)
as described by Larner et al. (20). (—-)-Pro-
pranolol was a gift from Ayerst Laborato-
ries. Phentolamine HC] was obtained from
Ciba-Geigy; phenyoxybenzamine HCI,
from Smith Kline & French; and methox-
amine, from Burroughs Wellcome. UDP-
(U-*Clglucose and a-p-[U-'*Clglucose-1-P
were purchased from New England Nu-
clear.

RESULTS

Khoo et al. (10) previously demonstrated
that activation of phosphorylase and inac-

3 The percentage of phosphorylase a activity is
equivalent to 100 times the activity ratio
(—AMP:+AMP) used by others (10). Use of the
term phosphorylase a is not meant to imply a
similarity to forms of the enzyme from other tissues.
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tivation of glycogen synthase by epineph-
rine in rat adipocytes corresponded with
increases in cAMP. These observations
supported the concept that cAMP mediates
the effects of epinephrine on glycogen syn-
thase and phosphorylase. To investigate
this relationship further, studies were car-
ried out with three beta adrenergic ago-
nists. Figure 1A shows the concentrations
of cAMP resulting from a 4.5-min incuba-
tion of fat cells with increasing concentra-
tions of (-)-isoproterenol, (—)-epineph-
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F1Gc. 1. Dependence of adipocyte glycogen syn-
thase, phosphorylase, and cAMP on concentrations
of adrenergic agonists

Fat cells were incubated for 4 min at 37° before
the indicated concentrations of (-—)-isoproterenol,
(-)-norepinephrine, or (—)-epinephrine were added.
After 4.5 min, the incubations were terminated and
glycogen synthase, phosphorylase, and cAMP were
assayed as described under MATERIALS AND METH-
oDS.
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TaBLE 1
Failure of gel filtration to alter percentage of phosphorylase a or glycogen synthase I activity of extracts from
cells incubated with norepinephrine and isoproterenol

Adipocytes were incubated in 10 ml of medium without additions or with 10 uM (—)-norepinephrine or
10 uM (-)-isoproterenol for 4.5 min at 37°. Extracts containing glycogen synthase and phosphorylase were
prepared after the incubations were terminated by adding 1.2 ml of buffer composed of 100 mm KF and 10
mum EDTA (pH 7.0). Extracts were kept on ice, and AMP (1 mm) was added as indicated. Samples (0.4 ml)
of each were filtered through columns (1.1 x 6.5 cm) containing Sephadex G-25 that had been equilibrated
with the same buffer. Glycogen synthase and phosphorylase activities in the extracts, as well as the
activities eluted in the void volume of the columns, were assayed as described under MATERIALS AND
METHODS.

Addition to cells Addition to ex-  Glycogen synthase I Phosphorylase a ac- Total
tracts activity tivity phospho-
rylase ac-
Extract Extract Extract Extract tivity re-
kept on ﬁ?;sed kept on covered
1ce through ice through from col-
column column umn
% % %
None None 14.8 13.6 39.5 36.5 71
None AMP -9 —a 1.5 38.9 81
Norepinephrine None 3.9 3.3 80.1 78.4 84
Isoproterenol None 3.7 4.1 64.7 65.3 79
¢ Not measured.

rine, and (—)-norepinephrine. In keeping
with the findings of Butcher and Suther-
land (21) in adipose tissue homogenates,
isoproterenol was more potent with respect
to increasing cAMP than either norepi-
nephrine or epinephrine, with the latter
two agents being approximately equal in
potency. As shown in Fig. 1B and C, this
order of potency was also maintained for
the activation of phosphorylase and the
inactivation of glycogen synthase. While
higher concentrations of all three agonists
equally decreased glycogen synthase I ac-
tivity, the maximal activation of phospho-
rylase observed with isoproterenol was
less than that observed with either epi-
nephrine or norepinephrine. The differ-
ence in maximal effects was not explained
by cAMP, because the increase in the
cyclic nucleotide observed with isoprotere-
nol (10 uM) was twice that seen with
epinephrine (10 M) or norepinephrine (10
uM).

Stimulation of phosphorylase b in the
cellular extracts by endogenous AMP or
other effectors was considered as an expla-
nation for the greater maximal effect of
norepinephrine on phosphorylase. How-
ever, separation of small molecules from
the enzymes by gel filtration using col-

umns of Sephadex G-25 did not alter the
effects of norepinephrine (10 uM) or isopro-
terenol (10 uM) on either glycogen syn-
thase or phosphorylase (Table 1). The ap-
parent increase in phosphorylase a activ-
ity produced by adding AMP (1 mm) to an
extract from control cells was abolished
by the column treatment, demonstrating
the effectiveness of the separation. In
other experiments, the effects on phospho-
rylase produced by incubating cells with
10 uM norepinephrine or 10 uM isoproter-
enol were not altered by a 5-fold dilution
of the extracts. These results indicate
that the changes in both glycogen syn-
thase and phosphorylase activities due to
norepinephrine and isoproterenol reflect
stable modifications of the enzymes.

The time courses of phosphorylase acti-
vation and glycogen synthase inactivation
by 10 uM norepinephrine and 10 uM iso-
proterenol are shown in Fig. 2B and C.
The maximal effects of these agents on
both enzymes were observed after a 4.5-
min incubation. The percentage of phos-
phorylase a activity was again greater
with norepinephrine than with isoprotere-
nol, even though isoproterenol produced

4 J. C. Lawrence, Jr., and J. Larner, unpublished
observations.
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higher concentrations of cAMP (Fig. 2A).
The difference in the effects of the two
catecholamines on phosphorylase was
more pronounced after 1 min, but was
observed at all incubation intervals tested.
Also shown in Fig. 2 are the increase in
phosphorylase a activity and decrease in
synthase I activity produced by 200 um
(=)-phenylephrine, a comparatively pure
alpha adrenergic agonist.
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F1G6. 2. Dependence of adipocyte phosphorylase a
activity, glycogen synthase I activity, and cAMP on
time of incubation with isoproterenol, norepineph-
rine, and phenylephrine

Fat cells were incubated at 37° for 32 min, then
centrifuged and homogenized. (—)-Isoproterenol (10
uM), (—)-norepinephrine (10 uMm), or (—)-phenyleph-
rine (200 uM) was added after the appropriate period
of this incubation to obtain the times of exposure
indicated below. Enzyme activities and cAMP levels
were determined as described under MATERIALS AND
METHODS.
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Incubation of fat cells for 9.5 min with
increasing concentrations of (—)-propran-
olol alone did not detectably alter the
concentration of cAMP (Fig. 3A) or the
percentages of phosphorylase a (Fig. 3B)
or glycogen synthase I activities (Fig. 3C).
Propranolol (20 uMm) completely blocked
the increase in cAMP produced by epi-
nephrine or norepinephrine, yet did not
abolish the increase in phosphorylase a
activity observed with these agents. A

CAMP (picomeles/ 10°celis)

Phospherylase %a Activity

Glycogen Synthase % | Activity

SR |
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Fi1c. 3. Effects of increasing concentrations of
propranolol on activation of phosphorylase and in-
activation of glycogen synthase by adrenergic ago-
nists

Fat cells were incubated with the indicated con-
centrations of (—)-propranolol at 37°. After 4 min, 5
pM (—)-norepinephrine, 5 uM (-)-epinephrine, or
50 um (-)-phenylephrine was added. The incuba-
tions were terminated after 4.5 min, and glycogen
synthase, phosphorylase, and cAMP were assayed
as described under MATERIALS AND METHODS.
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decrease in synthase I activity was ob-
served with epinephrine and norepineph-
rine even in the presence of 200 um pro-
pranolol (Fig. 3C). However, the effects of
the catecholamines on phosphorylase were
abolished by 200 um propranolol. The ef-
fects of this concentration of propranolol
may not result entirely from beta adrener-
gic receptor blockade. As discussed by
Fain (22), propranolol at concentrations
above 20 uM has nonspecific effects on fat
cells, some of which may be related to
local anesthetic properties of the antago-
nist. Such nonspecific actions may par-
tially contribute to the effects of proprano-
lol at the concentrations used in this
study. In the other experiments presented,
the concentration of propranolol used was
limited to 20 uM to minimize nonspecific
effects of the antagonist.

Phenylephrine (50 uM) increased the
percentage of phosphorylase a activity
(Fig. 3B) and decreased the percentage of
glycogen synthase I activity (Fig. 3C),
even in the presence of 2 uM propranolol.
These results suggested that alpha adre-
nergic receptor activation might be re-
sponsible in part for the effects of the
mixed-action adrenergic agonists epineph-
rine and norepinephrine.

Incubation of cells with increasing phen-
tolamine concentrations decreased the per-
centage of phosphorylase a activity ob-
served with 100 uM norepinephrine to the
level observed with 0.05 or 10 uM isopro-
terenol (Fig. 4). The concentrations of nor-
epinephrine selected were 10 times greater
than those of isoproterenol because we
wanted to use concentrations of these ago-
nists that had produced approximately the
same increases in cAMP, and isoprotere-
nol was about 10 times more potent with
respect to increasing cAMP than was nor-
epinephrine (Fig. 1). None of the concen-
trations of phentolamine tested detectably
altered control percentages of glycogen
synthase I or phosphorylase a activities.
However, as shown in Fig. 4A, phentol-
amine potentiated the increase in cAMP
due to 0.5 and 100 uM norepinephrine, but
not that due to 0.05 uMm isoproterenol. A
similar finding with epinephrine and
phentolamine in human fat cells was re-
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F1G. 4. Effects of phentolamine on activation of
phosphorylase and increases in cAMP produced by
isoproterenol and norepinephrine

Adipocytes were incubated with the concentra-
tions of phentolamine indicated for 4 min at 37°.
(-)-Norepinephrine or (-)-isoproterenol was added,
and after 4.5 min enzyme activities and cAMP were
assayed as described under MATERIALS AND METH-
oDs.

ported by Robison et al. (23). In some
experiments we observed an increase in
cAMP due to phentolamine in the presence
of higher concentrations of isoproterenol
(Fig. 4A), which might be due to blockade
of alpha adrenergic effects. In this regard,
Hittelman et al. (24) previously reported
that isoproterenol showed some alpha ad-
renergic activity in hamster white fat
cells.

To investigate further the effects of pro-
pranolol and phentolamine on the activa-
tion of phosphorylase and inactivation of
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glycogen synthase by norepinephrine, the
experiments presented in Table 2 were
performed. ACTH was used as a control,
since this hormone presumably does not
act through alpha or beta adrenergic re-
ceptors. Consistent with this reasoning,
neither 20 uM propranolol nor 20 um phen-
tolamine altered the concentration of
cAMP or the percentages of phosphorylase
a or glycogen synthase I activities pro-
duced by incubating cells with 200 milli-
units/ml of ACTH. The increase in cAMP
observed with ACTH was approximately
the same as that produced by incubating
cells with norepinephrine (1-10 um), but
the percentage of phosphorylase a activity
was greater with the catecholamine. Incu-
bation of fat cells with phentolamine in-
creased the concentrations of cAMP ob-
served with norephinephrine, but de-
creased the percentage of phosphorylase a
activity to that observed with ACTH. Pro-
pranolol abolished the rise in cAMP pro-
duced by 4 uM norepinephrine, but an
increase in the percentage of phosphoryl-
ase a activity and a decrease in glycogen
synthase I were still observed.

Incubation of cells with phenoxybenza-
mine (1 uM) or dihydroergotamine (1 uM)
did not alter the control percentage of
phosphorylase a activity or the percentage
of phosphorylase a activity observed with
10 uM isoproterenol (Table 3). However,
like phentolamine, these antagonists po-
tentiated the increase in cAMP produced
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by norepinephrine. Also, incubation of fat
cells with either phenoxybenzamine or di-
hydroergotamine reduced the percentage
of phosphorylase a activity observed with
norepinephrine to that observed with iso-
proterenol.

Incubation of cells with 5§ mm dibutyryl
cAMP increased the percentage of phos-
phorylase a activity to that observed with
isoproterenol (Table 4). In these experi-
ments, cells were also incubated with 200
uM phenylephrine, 10 uM epinephrine,
and 10 uMm isoproterenol, which, when
added alone, produced their respective
maximal effects on the percentages of gly-
cogen synthase I and phosphorylase a ac-
tivities (Table 5 and Fig. 1). All three
agents, as well as dibutyryl cAMP, de-
creased glycogen synthase I activity to the
same extent. When cells were incubated
with epinephrine or isoproterenol, to-
gether with dibutyryl cAMP, the percent-
age of phosphoryalse a activity was no
different from that observed following in-
cubation of cells with the catecholamines
alone. However, when cells were incu-
bated with phenylephrine plus dibutyryl
cAMP, the percentage of phosphorylase a
activity was increased to that observed
with epinephrine.

Table 5 summarizes the results obtained
from experiments in which increasing con-
centrations of phenylephrine were added
to cells either together with 10 uMm isopro-
terenol or following a 4-min incubation

TaBLE 3
Effects of phenoxybenzamine and dihydroergotamine on activation of phosphorylase and increase in cAMP
produced by isoproterenol and norepinephrine

Fat cells were incubated for 4 min with or without 1 uM phenoxybenzamine or 1 uM dihydroergotamine
before 10 uM (—)-norepinephrine or 10 uM (—)-isoproterenol was added. After 4.5 min, the incubations
were terminated and phosphorylase a activity and cAMP were measured as described in MATERIALS AND
MeTHODS. The cAMP concentration in cells incubated without additions was 15.1 + 1.8 pmoles/10° cells.
The results presented are the mean values + standard errors of three experiments performed on different

days.
Alpha adrenergic an- Phosphorylase a activity Increase in cAMP

tagonist No addi- Norepi-  Isoprotere- No addi- Norepi- Isoproter-

tion nephrine nol tion nephrine enol
% % % % % %

None 475+13 804+10 728=+1.0° 0 27115 43541
Phenoxybenzamine 47.2+17 T740=x15° 71.0=0.2 8+17 426+21 465 =31
Dihydroergotamine 47.1+x15 735=x0.8° 742=15 32+11 457 +24 452 =40

% p < 0.05 vs. results obtained with norepinephrine alone.
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TABLE 4
Effect of dibutyryl cAMP on activation of phosphorylase and inactivation of glycogen synthase by alpha and
beta adrenergic agonists
Fat cells were incubated at 37° with or without 5§ mM dibutyryl cAMP for 10 min before the addition of
200 um (-)-phenylephrine, 10 uM (-)-isoproterenol, or 10 um (—)-epinephrine. After 4.5 min, glycogen
synthase and phosphorylase were assayed as described under MATERIALS AND METHODS. The results
represent the mean values + standard errors from four experiments performed on different days.

Additions Glycogen synthase I activity Phosphorylase a activity
Control Dibutyryl cAMP Control Dibutyryl cAMP
% % % %
None 11.3 = 0.6 3.1+0.1 42.7 = 0.5 74.1 £ 1.2
Phenylephrine 3.3+0.1 2.9+0.2 65.1 = 1.3° 81.2 + 1.6
Isoproterenol 2.7+0.1 3.1+0.2 70.8 £ 1.0 73.8 £ 2.0
Epinephrine 2.7+0.1 2902 814 +1.1° 82.6 = 1.7

9 p < 0.05 vs. results obtained with isoproterenol or dibutyryl cAMP alone.

with 20 uM propranolol. Incubation of cells
with phenylephrine (0.02-2 mm) resulted
in a small increase in cAMP that was
blocked by propranolol. Propranolol par-
tially reversed but did not abolish a de-
crease in glycogen synthase I activity or
an increase in phosphorylase a activity
produced by incubation of cells with phen-
ylephrine. When phenylephrine was
added to cells together with isoproterenol,
no further decrease in synthase I activity
was observed, although the percentage of
phosphorylase a activity was increased
over that produced by isoproterenol alone.
A depression of the rise in cAMP produced
by isoproterenol was observed with phen-
ylephrine. We have noted in other experi-
ments that this effect of phenylephrine
could be partially reversed by phentol-
amine.*

If the ability of phenylephrine to in-
crease phosphorylase a activity over the
increase produced by isoproterenol was
due to the alpha adrenergic agonist prop-
erties of phenylephrine, this effect should
be abolished by an alpha adrenergic an-
tagonist. Incubation of cells with 20 um
phentolamine (Fig. 5) was without effect
on basal phosphorylase a activity or the
increase in phosphorylase a activity pro-
duced by 10 um isoproterenol; however,
phentolamine reduced the effect of 200 um
phenylephrine on increasing phosphoryl-
ase a activity. When cells were incubated
with isoproterenol plus phenylephrine in
the presence of phentolamine, no further
increase in the percentage of phosphoryl-

ase a activity over that produced by isopro-
terenol was observed. In other experi-
ments, replacement of phentolamine with
1 uM phenoxybenzamine produced the
same results.*

Further evidence that alpha adrenergic
receptor activation can lead to an increase
in the percentage of phosphorylase a activ- -
ity was provided by the observation that
10 uM methoxamine, an agent thought to
activate only alpha adrenergic receptors
(25), increased phosphorylase a activity
(Fig. 6). In other experiments, the maxi-
mal activation of effect of methoxamine
on phosphorylase was observed at 10 um.*
The extent of phosphorylase activation
was approximately the same as that pro-
duced by 200 uM phenylephrine in the
presence of 20 uM propranolol (Table 5).
As also shown in Fig. 6, the effects of
methoxamine and 10 uM isoproterenol on
activation of phosphorylase activity were
additive.

Because an increase in cellular cAMP
appears to be sufficient to inactivate gly-
cogen synthase maximally, the abilities of
alpha adrenergic antagonists to oppose the
effects of norepinephrine or epinephrine
are probably obscured by beta adrenergic
receptor activation. Phenylephrine has
some activity as a beta adrenergic agonist
in fat cells, although much less than epi-
nephrine and norepinephrine (26). This is
indicated in Table 5, where incubation of
cells with phenylephrine resulted in a
small increase in cAMP that was blocked
by propranolol. Therefore both an alpha
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[T Ne Adremergic Agonist
[ 2004 Phenylephrine
E=3 10uM isepreterenst
] Phenylephrine plus
seproterens!

Phospherylase % a Activity

[ ]
Witheut Ph
Fi1c. 5. Effects of phentolamine on activation of
phosphorylase by phenylephrine and isoproterenol
Adipocytes were incubated with or without 20
uM phentolamine for 4 min at 37°. (-)-Phenyleph-
rine, (—)-isoproterenol, or both were added as indi-
cated and incubated with the cells for 1.5 min before
the incubations were terminated. The results rep-
resent the mean values + standard errors from four
experiments performed on different days.

20pM Py

and a beta adrenergic antagonist should
be necessary to abolish the effects of phen-
ylephrine on glycogen synthase. The ef-
fects of 20 uMm propranolol and 1 um phe-
noxybenzamine on the inactivation of gly-
cogen synthase by 200 uM phenylephrine
were investigated (Fig. 7). Again, 200
milliunits/ml of ACTH were used as a
control for possible nonspecific effects of
the two adrenergic antagonists. Proprano-
lol only partially reversed the decrease in
synthase I activity due to phenylephrine,
presumably by blocking the beta adrener-
gic receptor-mediated rise in cAMP. Phe-
noxybenzamine altered neither the control
nor the percentages of synthase I activity
produced by incubating cells with phenyl-
ephrine. When both antagonists were
added together, the effect of phenylephrine
was abolished, but no difference in the
effect of ACTH was observed.

Adipocytes were incubated with increas-
ing concentrations of methoxamine to in-

LAWRENCE AND LARNER

vestigate further the alpha adrenergic re-
ceptor-mediated decrease in glycogen syn-
thase I activity (Fig. 8). The maximal
effect of methoxamine on decreasing gly-
cogen synthase I activity (approximately
50%) was observed at a concentration of
10 uMm. The same decrease in glycogen
synthase I activity was observed with 200
uM phenylephrine in the presence of 20
uM propranolol (Fig. 7).

One interpretation of these results is
that both alpha and beta adrenergic recep-
tor-mediated processes contribute to the
abilities of phenylephrine (as well as those
of epinephrine and norepinephrine) to in-
activate glycogen synthase and to activate
phosphorylase. Blockade of the beta adre-
nergic receptor by propranolol leaves only
the alpha adrenergic receptor-mediated ef-
fects of phenylephrine (Table 5). In con-
trast, incubation of cells with methoxa-
mine results in inactivation of glycogen
synthase and activation of phosphorylase

801
[ centrol
[N 10uM Methoxamine
E 10uM isoproterenc!
Methoxamine plus
70} L Isoproterencl

Phosphorylase % a Activity

o]

Fic. 6. Activation of phosphorylase by methoxa-
mine in the absence and presence of isoproterenol

Adipocytes were incubated for 4 min at 37° before
10 uM methoxamine and 10 uM (-)-isoproterenol
were added as indicated. Incubations with the adre-
nergic agonists were terminated after 1.5 min, and
phosphorylase was assayed. The results represent
the mean values + standard errors from four exper-
iments performed on different days.
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Fi1G. 7. Blockade of inactivation of glycogen syn-
thase by phenylephrine with propranolol and phe-
noxybenzamine

Fat cells were incubated for 4 min with 20 um
(—)-propranolol and 1 uM phenoxybenzamine at 37°.
Following a 4.5-min incubation with 200 um (-)-
phenylephrine or 200 milliunits/ml of ACTH, glyco-
gen synthase activity and cAMP were measured as
described under MATERIALS AND METHODS. The re-
sults presented represent the mean values + stan-
dard errors of four experiments performed on differ-
ent days.

through only an alpha adrenergic recep-
tor-mediated mechanism. If this interpre-
tation is correct, an alpha adrenergic an-
tagonist should completely block the ef-
fects of methoxamine. As shown in Fig. 9,
20 puM phentolamine abolished both the
inactivation of glycogen synthase and the
activation of phosphorylase produced by
incubating cells with 10 uM methoxamine.

DISCUSSION

Using human adipocytes, Burns and
Langley (27) demonstrated that phentol-
amine potentiated the ability of norepi-
nephrine to increase lipolysis but did not
potentiate the effect of isoproterenol.
These authors suggested that both alpha
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and beta adrenergic receptors were present
in human fat cells and acted in a divergent
manner in mediating the effects of epi-
nephrine on lipolysis. Robison et al. (23)
later showed that these effects on lipolysis
were reflected by changes in cAMP. It
was proposed that beta adrenergic receptor
activation increased cAMP and lipolysis
in the human adipocyte, and that alpha
adrenergic receptor activation served to
oppose these increases. This hypothesis
would explain why phentolamine poten-
tiated the increase in cAMP produced by
the mixed-action adrenergic agonist epi-
nephrine, but not the relatively pure beta
adrenergic agonist isoproterenol. Hittel-
man et al. (24) studied the effects of var-
ious agents on the concentrations of cAMP
in hamster fat cells and obtained results
supporting the above proposal. Yet, be-
cause of unsuccessful attempts to demon-
strate inhibition of cAMP accumulation
by alpha adrenergic agonists in rat adipo-

14+

12} | |
ol I I I
0 0.1 1 10 100

Methoxamine (uM)

F1G. 8. Dependence of adipocyte glycogen syn-
thase I activity on concentration of methoxamine

Fat cells were incubated for 4 min at 37° before
the indicated concentrations of methoxamine were
added. After 1.5 min the incubations were termi-
nated and glycogen synthase was assayed. The
results represent the mean values + standard errors
from three experiments performed on different days.
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F1G6. 9. Blockade by phentolamine of effects of methoxamine on adipocyte glycogen synthase and phospho-

rylase

Adipocytes were incubated at 37° in the presence and absence of 20 uM phentolamine for 4 min, then for
1.5 min with or without 10 uM methoxamine, before glycogen synthase and phosphorylase were assayed.
The results represent the mean values + standard errors from five experiments.

cytes (27, 28), these cells were believed to
be devoid of this alpha adrenergic recep-
tor-mediated function.

In the present study, the ability of phen-
tolamine to potentiate the increase in
cAMP produced by norepinephrine is
clearly evident (Fig. 4 and Table 2). Fur-
thermore, similar potentiating effects
were produced by two other alpha adrener-
gic antagonists, phenoxybenzamine and
dihydroergotamine (Table 3). Fain (22) has
pointed out that because of many nonspe-
cific effects of alpha adrenergic antago-
nists on adipose tissue, the potentiation of
the effects of epinephrine by these drugs
does not necessarily result from a specific
effect on alpha adrenergic receptors. For
example, Ward and Fain (29) found that
dihydroergotamine (20-100 uM) was an
inhibitor of adipocyte phosphodiesterase.
A decrease in phosphodiesterase activity
could result in potentiation of the in-
creases in cAMP by agents like norepi-
nephrine that activate adenylate cyclase.
It seems unlikely that this mechanism
could account for the results in Table 3,
since 20 times less dihydroergotamine was
required to observe the potentiation of the
effects of norephinephrine on the concen-
trations of cCAMP than was required to
inhibit phosphodiesterase (29). Further-
more, no effect of the antagonist was ob-
served on the increase in cAMP produced
by isoproterenol. A similar argument can

be used for the specificity of the other
alpha adrenergic antagonists used in the
present study. For example, phenoxybenz-
amine did not potentiate the increase in
cAMP produced by isoproterenol (Table
3), and phentolamine did not alter the
concentrations of cAMP increased by
ACTH (Table 2). Thus the results of this
report provide strong evidence for the oc-
currence of alpha adrenergic receptor-me-
diated inhibition of cAMP accumulation
in rat adipocytes.

The effects of isoproterenol and norepi-
nephrine on increasing phosphorylase a
activity and cAMP were maximal after
4.5 min (Fig. 2). In agreement with the
earlier findings of Butcher et al. (30) using
rat fat pads, the initial increases in cAMP
concentration in the presence of norepi-
nephrine or isoproterenol became smaller
after longer periods of incubation. In ex-
periments in which cAMP measurements
were made, except those represented by
Fig. 2, cells were incubated with adrener-
gic agonists for 4.5 min because this period
was optimal for the detection of increases
in cAMP. Nevertheless, the results of ex-
periments in which propranolol was used
to block the increases in cAMP due to
various beta adrenergic agonists should
be interpreted with caution. For example,
Soderling et al. (31) presented evidence
that very small increases in cAMP were
associated with maximal rates of lipolysis
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and increases in protein kinase activity in
adipose tissue. It could thus be argued
that 4 uM norepinephrine increased phos-
phorylase a and decreased glycogen syn-
thase I activity in the presence of 20 um
propranolol (Table 2) because of very
small, nondetectable increases in cAMP.
However, additional evidence strongly fa-
vors the hypothesis that a cAMP-inde-
pendent pathway exists for phosphorylase
activation. First, the maximal effects on
phosphorylase activation of epinephrine
and norepinephrine, agents that have both
alpha and beta adrenergic agonist activ-
ity, were greater than the maximal effect
of isoproteranol, even though the concen-
trations of cAMP were increased more
with isoproterenol (Fig. 1). Second, when
phenylephrine and isoproterenol (Table 5),
or methoxamine and isoproterenol (Fig.
6), were added together at concentrations
that produced their maximal effects when
added alone, a further increase in phos-
phorylase a activity was observed. Finally,
addition of isoproterenol together with di-
butyryl cAMP resulted in a level of phos-
phorylase a activity no different from that
obtained with either agent alone (Table
4). However, when phenylephrine and di-
butyryl cAMP were added together, an
additional increase in phosphorylase a ac-
tivity was observed, analogous to the re-
sults obtained with isoproterenol plus
phenylephrine (Table 5). These experi-
ments with phenylephrine and methoxa-
mine support an alpha adrenergic recep-
tor-mediated mechanism for phosphoryl-
ase activation. Additional support is pro-
vided by the observations that the alpha
adrenergic antagonists phentolamine (Fig.
4), phenoxybenzamine, and dihydroergot-
amine (Table 3) reduced the phosphorylase
a activity obtained with norepinephrine
to the level obtained with isoproterenol.
Furthermore, the activation of phospho-
rylase by methoxamine was abolished by
phentolamine (Fig. 9).

Establishing the occurrence of alpha ad-
renergic receptor-mediated inactivation of
glycogen synthase was complicated by the
ability of beta adrenergic receptor activa-
tion to decrease glycogen synthase I activ-
ity maximally, as shown in experiments
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in which cells were incubated with isopro-
terenol (e.g., Fig. 1). That dibutyryl cAMP
was also effective in this respect is consist-
ent with the idea that increases in cellular
cAMP mediate the effects of beta adrener-
gic agonists. However, when the increase
in cAMP due to epinephrine (Fig. 3), phen-
ylephrine (Table 5), or norepinephrine
(Table 2) was completely blocked by pro-
pranolol, inactivation of glycogen syn-
thase by these alpha adrenergic agonists
was still observed. Also, the relatively
pure alpha adrenergic agonist methoxa-
mine inactivated glycogen synthase, and
this effect was abolished by the alpha
adrenergic antagonist phentolamine (Fig.
9). The observation that the effects of 200
M phenylephrine on glycogen synthase I
activity were abolished by 20 um propran-
olol and 1 um phenoxybenzamine only
when the two antagonists were added to-
gether strongly suggests that both alpha
and beta adrenergic receptor-mediated
processes contribute to the inactivation of
glycogen synthase.

It seems likely that the effects resulting
from beta adrenergic receptor stimulation
are mediated by increased cAMP-depend-
ent protein kinase(s) activity resulting
from elevations in intracellular cAMP. An
increase in protein kinase activity should
result in decreased glycogen synthase I
activity and increased phosphorylase b ki-
nase activity, leading to phosphorylase
activation.

Recent evidence has implicated calcium
in the activation of rat hepatocyte phos-
phorylase by alpha adrenergic agonists
(32, 33). Because rat liver phosphorylase b
kinase has been shown to be dependent on
calcium for activity (32, 34), an increase
in cellular calcium could result in stimu-
lation of phosphorylase b kinase activity
and, thereby, in activation of phosphoryl-
ase. Khoo (35) has demonstrated that adi-
pose tissue phosphorylase b kinase is de-
pendent upon calcium for activity. In pre-
liminary experiments, we found that when
cells were incubated in a Ca**-free me-
dium containing 1 mM EGTA, the ability
of 4 uM norepinephrine to activate phos-
phorylase was abolished by 20 um pro-
pranolol, although an effect of norepineph-
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rine in the presence of propranolol was
still observed when the cells were incu-
bated in the same medium to which 2.4
mMm Ca** was added back before the addi-
tion of norepinephrine.* It is therefore pos-
sible that a mechanism similar to that
proposed for the alpha adrenergic recep-
tor-mediated activation of phosphorylase
in rat hepatocytes (32, 33) exists in the rat
adipocyte. This mechanism would explain
the synergistic effects of alpha and beta
adrenergic receptor-mediated activation of
phosphorylase. An additional level of in-
teraction between the two adrenergic re-
ceptor-mediated mechanisms might also
arise from the phosphorylation of phospho-
rylase kinase by cAMP-dependent protein
kinase. Brostrom et al. (36) have shown
that the activated form of purified rabbit
skeletal muscle phosphorylase kinase has
a K, for Ca** that is about an order of
magnitude less than the K,, of the nonac-
tivated kinase. While comparable studies
have not been performed using purified
adipose tissue phosphorylase kinase, phos-
phorylation of this enzyme might increase
its sensitivity to stimulation by Ca**. This
mechanism could explain why the activa-
tion of phosphorylase by 1 uM norepineph-
rine was blocked by propranolol (Table 2),
although the alpha adrenergic receptor-
mediated component of phosphorylase ac-
tivation (i.e., the difference between the
norepinephrine and isoproterenol re-
sponses) was observed in the absence of
propranolol at this concentration of norep-
inephrine (Fig. 1). In other words, in the
absence of events associated with stimula-
tion of beta adrenergic receptors, more
alpha adrenergic receptor stimulation
might be required to elicit the alpha re-
sponse. Experiments will be performed to
investigate this idea.

In summary, the prominence of the beta
adrenergic receptor-mediated mechanism
of phosphorylase activation and glycogen
synthase inactivation in rat adipocytes
distinguishes fat cells from rat hepatocytes
(6). The mechanism(s) by which alpha
adrenergic receptor activation acts to-
gether with beta adrenergic receptor acti-
vation to increase phosphorylase a activity
and decrease glycogen synthase I activity,

LAWRENCE AND LARNER

while acting to oppose the beta adrenergic
receptor-mediated rise in cAMP, is cur-
rently under investigation in this labora-
tory.
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