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Abstraet-Tumour-promoting phorbol esters such as phorbol 12-myristate 13-acetate (PMA) have been 
reported to modulate beta-adrenergic receptor responses in various cell types, presumably by the 
activation of protein kinase C. In the present investigation we assessed the effect of PMA on the beta- 
adrenergic receptor-adenylate cyclase system of human mononuclear leukocytes (MNL). It was found 
that incubation of MNL with PMA resulted in a time- and concentration-dependent desensitization of 
isoproterenol-induced adenylate cyclase activity. However, the effect of PMA was not restricted to the 
beta-adrenergic receptor system, since basal adenylate cyclase activity and histamine-, prostaglandin 
Er,  5'-guanylylimidodiphosphate (GppNHp)-, and NaF-stimulated values were also reduced. By 
contrast, no effect was found on the forskolin-induced adenylate cyclase activity. The inactive phorbol 
ester, 4o~-phorbol 12,13-didecanoate had no effect on adenylate cyclase at all, suggesting that the 
observed PMA effect was specifically mediated by activation of protein kinase C. The reduced beta- 
adrenergic response induced by PMA was not associated with a reduced beta-adrenergic receptor 
number, indicating uncoupling of this receptor from adenylate cyclase. Isoproterenol competition curves 
for 3H-dihydroalprenolol binding to membranes from untreated and PMA-treated cells demonstrated 
that the uncoupling was due to a reduced ability of the agonist to promote formation of the guanine 
nucleotide-sensitive high affinity state of the receptor. The results indicate that PMA may cause 
desensitization of catecholamine-responsive adenylate cyclase in MNL, and that the major locus of 
alteration is the guanine nucleotide regulatory protein. 

Phorbol esters, such as phorbol 12-myristate 13- 
acetate (PMA), are well known tumour-promoting 
agents that may induce a great variety of effects in 
different cell types, including activation of human 
mononuclear leukocytes (MNL) [1-4]. These actions 
of phorbol esters appear to be mediated by specific 
binding to and stimulation of the Ca 2+- and phos- 
pholipid-dependent protein kinase C [5, 6]. Due to 
structural similarities, phorbol esters may substitute 
for diacylglycerol which is produced from hormone- 
induced turnover of polyphosphoinositides [7, 8]. 
Phorbol esters have also been shown to influence 
various plasma membrane-associated receptor sys- 
tems, including those for epidermal growth factors 
[9], insulin [10], transferrin [11], hCG [12], and 
alpha- and beta-adrenergic agonists [13-21]. 

Depending on the cell type studied, different 
effects of phorbol esters on beta-agonist-induced 
adenylate cyclase activity have been found in animal 
cells [14-21]. Thus, phorbol ester caused aug- 
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mentation of the beta-adrenergic response in mouse 
$49 lymphoma cells, presumably by an increased 
interaction between the stimulatory guanine nucleo- 
tide regulatory protein (Ns) and the catalytic unit 
of adenylate cyclase (C) [14]. By contrast, phorbol 
esters had no effect on the beta-adrenergic response 
in rat hepatocytes [15] and caused beta-adrenergic 
desensitization in mouse epidermis cells [16, 17], rat 
C6 glioma cells [18], and avian erythrocytes [18-21]. 
In mouse epidermis [16, 17] and in turkey erythro- 
cytes [19], the phorbol ester-induced desensitization 
was associated with uncoupling of the beta-adre- 
nergic receptor from adenylate cyclase with no 
change in receptor number. In the avian erythrocytes 
it was further demonstrated that the reduced beta- 
adrenergic responsiveness and beta-receptor 
uncoupling were correlated with hyperphosphoryl- 
ation of the receptor, which could directly or 
indirectly result from activation of protein kinase C 
[19-21]. 

In man, MNL have frequently been used as an 
easily obtainable model to study mechanisms of 
beta-adrenergic receptor regulation, both in health 
[22-24] and in disease [25, 26]. The aim of the present 
study was to extend these investigations by assessing 
the effect of PMA on the beta-receptor-adenylate 
cyclase system of normal human MNL in vitro. 

4217 
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MATERIALS AND METHOI)S 

Mononuclear leukocyte preparation. MNL were 
isolated from heparinized blood from healthy donors 
by density gradient centrifugation on Ficoll-Paque as 
described by Boyum [27]. The cells at the interphase 
were washed three times in cold 25 mM Tris-HCI, 
pH7.4,  containing 120raM NaC1, l m M  MgCh, 
5 mM KCI, (1.6 mM CaC12, 5 mM glucose, and 0.1<:'~ 
human serum albumin (Tris buffer). One cen- 
trifugation step was performed at 160 g for 10 rain in 
order to reduce platelet contamination. The mono- 
nuclear cell fraction contained approximately 90% 
lymphocytes, 10% monocytes, and <1(~ poly- 
morphonuclear leukocvtes with a viability >950; as 
determined by trypan blue exclusion. 

Incubation conditions. MNL were suspended in 
25 mM HEPES-buffered RPMI-1640 medium, sup- 
plemented with 10% foetal calf serum, 125 ug/ml 
streptomycin, and 125 IU/ml sodium benzylpeni- 
cillin, at a density of 0.(>-1 × ll) 7 cells/ml. The cells 
(3-5 × 107) were incubated at 37 ° in the presence 
of various concentrations of phorbol ester during 
different periods of time as indicated in the results. 
Phorbol esters were dissolved in dimethylsulphoxide 
(DMSO). The final DMSO concentration during the 
incubation was 0.00125%. Incubations with 
0.00125% DMSO in HEPES-buffered RPMI-164(/ 
medium served as controls. 

PreparaUon of  membranes. After the incubation, 
the cells were centrifuged and washed twice in 5 ml 
Tris buffer. For determination of adenylate cyclase 
activity and beta-adrenergic receptor density, crude 
membranes were prepared according to Williams et 
al. [22[. 

The cells were swollen in 5 ml 50 mM Tris-HC1, 
10mM MgCI> pH 8.1 for 2(tmin at 0 ° and hom- 
ogenized in an ice-cooled Potter-Elvehjem glass 
homogenizer with a motor-driven Teflon pestle (25 
strokes), The homogenate was centrifuged at 
36,000g for 15 min at 4 °, and the pellet was washed 
with 10 ml of 50 mM Tris-HC1 and 10 mM MgC12, 
pH 7.4. The final pellet was resuspended in the same 
buffer, resulting in a suspension containing 1-2 mg 
protein/ml. 

For competition binding studies, membranes were 
prepared according to a slight modification of the 
method of Feldman et al. [24]. The cells were sus- 
pended in 5 ml ice-cold distilled water and hom- 
ogenized twice for 15see using a Polytrom hom- 
ogenizer (Kinematica, Kriens-Luzern. Switzerland: 
setting 5). After homogenization, 5 ml 100 mM Tris- 
HC1, 20mM MgCI a. pH7.4 was added and the 
homogenate was centrifuged at 36,0(10g for 15 min 
at 4 ° . The pellet was resuspended in 10 ml 50mM 
Tris-HCl, 12.5 mM MgCI 2, 1.5 mM EDTA, hom- 
ogenized by Polytron action for 5 sec, and centrifuged 
at 36,000 g for 15 min. The final pellet was suspended 
in the same buffer by manual use of a Potter 
Elvehjem glass-Teflon llomogenizer (20 strokes), to 
a protein concentration of 0.5-1 mg/ml. Protein was 
determined according to Lowry et al. [2S], using 
bovine serum albumin as a standard. All membrane 
preparations were immediately used for assay. 

Adenylate c3,clase assay. Adenylate cyclase activity 
was determined as described previously [25]. In 

short. 20 ul of niembrane suspension was added to a 
final incubation volume of 100 !d, containing 5(I mM 
Tris-tlCl,  pH 7.4, 5 mM MgCI2, 1 mM ATP, 1 mM 
dithiothreitol, 211 mM creatine phosphate,/1.5 mg/ml 
creatine phosphokmase, 0.5raM 1-methyl-3-iso- 
butytxanthine, l mM ascorbic acid, and various 
stimuli at maximally responsive concentrations as 
indicated in the results. For agonist stimulations, 
100 HM GTP was included in the incubation buffer. 
Incubations were carried out at 3(I ° for ltl rain, The 
reaction was stopped by addition of 40(I !t] 5(i mM 
Tris HCI, 4 mM EDTA, pH 7.5 to the samples and 
heating the tubes for 11) rain in a boiling water bath. 
Precipitated protein was centrifuged and cAMP was 
determined by a protein-binding assay as described 
before [29]. cAMP production was linear for at least 
15 rain and proportional to the amount of protein. 

Determination o[" bem-adrenergic t~imting ~ite.~. 
Beta-adrenergic binding sites were determincd as 
described previously [3(i)]. Aliquots of 100 ul nlein- 
brane suspension were incubated in 50mM Dis 
HC1, l()inM MgC12, pH7.4 with various con- 
centrations of 3H-DHA ((I.25-8 nM) in the absence 
or presence of 1 HM 1-propranolol, for 15 min at 37 ° 
(final volume of 150H1 ). Incubations were ter- 
minated by rapidly diluting the samples with 5 ml of 
ice-cold 50raM Tris-IiC1, 10raM MgCI2, pf!7.4. 
immediately followed by vacuum liltration through 
Whatman GF/C glass fiber filters. Subsequently. the 
filters were rapidly washed with ll] ml of the same 
buffer. After washing, the tilters were counted in 
1(1 ml Plasnrasol (Packard, U.S.A.), in a liquid scin- 
tillation spectrometer. All results were corrected for 
cotinting efficiency (about 45c;-). Specific receptor 
binding was defined as the difference between total 
~tt-DttA binding, as determined m the absence of 
1-propranolol, and non-specilic ~H-DHA binding, as 
determined in the presence of IHM l-propranolol. 
Beta-receptor lmmber and Kd for ~fI-DttA were 
derived from the saturation data of specific ~I I-DttA 
binding as analyzed by the method of Scatchard [31]. 

Competition binding studies. Isoprotcrcnol con> 
petition curves for 3tt-DHA binding were con- 
structed to assess the affinity' of the beta-receptor for 
the agonist. Samples of 100 HI membrane suspension 
were incubated for 15 rain at 37 ° in 511 mM Tris-It( ' l ,  
pH7.4, containing l(ImM MgCI2, lmM ascorbic 
acid. approximately 2.5 nM ~H-DtlA, and various 
concentrations of isoproterenol as indicated in the 
results (tinal volume 15()HI). Maximal ~tl-DtIA 
binding was obtained in the presence of buffer 
instead of isoproterenol. The effect of guanine 
nucleotides on the agonist binding was determined 
in the presence of II)(I!~M 5'-guanylylimidodi- 
phosphate (GppNttp),  the hvdroh, sis-resistant ana- 
logue of GTP. 

The experimental binding data wcrc analyzed for 
high- and low-affinity agonist binding states of tile 
receptor by using the non-linear least-squares curve 
titting program LIGAND 1321 on a Zenith Z-I{I() 
microcomputer. This iterati~,c fitting progranl v, as 
run intcractively and pt+oxidcd the best estimates 
(with their standard error) for the affinity constants 
of the agonist and the concentrations of tile cor- 
responding receptor states, corrected for non-specilic 
bind ing and real I igand concentrat ions,  l h c  ct;lla 



Beta-adrenergic receptor uncoupling in human mononuclear leukocytes 4219 

were repeatedly  fitted for a one-,  two- or three- 
affinity state model .  For  each model  the best fit was 
chosen on the basis of the lowest value of mean 
squares of residuals. A multiple state model  was 
accepted only if it statistically significantly improved 
the fit over  the simpler model(s)  by an F-ratio test. 
According  to the current  concept  of agonist binding 
to beta-adrenergic  receptors [33], only a one- or a 
two-affinity state model  was revealed.  

Statistics'. Statistical analysis of the data obtained 
from PMA-t rea ted  and non-t reated cells was per- 
formed by the Student 's  t-test for paired 
observations.  

Materials'. Ficoll-Paque was obtained from Phar- 
macia Fine Chemicals ,  Uppsala ,  Sweden. Foetal  calf 
serum (heat- inact ivated) and 25 mM HEPES-buf -  
fered RPMI-1640,  supplemented  with 1-glutamine 
were from G I B C O  Europe ,  Hoofddorp ,  The Nether-  
lands. Forskolin was obta ined from Calbiochem, La 
Jolla, CA.  Phorbol 12-myristate 13-acetate, 4cr-phor- 
bol 12,13-didecanoate,  1-isoproterenol, histamine, 
prostaglandin El ,  A T P ,  GTP,  G p p N H p ,  creatine 
phosphokinase,  creat ine phosphate ,  dithiothreitol  
and 1-methyl-3-isobutylxanthine were purchased 
from Sigma Chemical  Co. ,  St. Louis,  MO.  ( - ) 3 H -  
dihydroalprenolol  ( 3 H - D H A ;  105Ci /mmol )  was 
obtained from New England Nuclear ,  Boston,  MA.  
Reagents  for c A M P  determinat ions  were from the 
Radiochemical  Center ,  Amersham,  U.K.  1-Pro- 
pranolol  was a kind gift f rom ICI,  Macclesfield, U.K.  

R E S U L T S  
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Fig. 1. Time course of PMA-induced desensitization of 
adenylate cyclase. MNL were incubated at 37 ° in HEPES- 
buffered RPMI-1640 medium in the absence (control cells) 
or in the presence of 1 uM PMA for the times indicated. 
After incubation, the cells were rapidly chilled by the 
addition of an excess of ice-cold medium and centrifuged 
immediately. The cells were washed twice, crude mem- 
branes were prepared,,and adenylate cyclase activities were 
determined in the presence of buffer (11; basal), 100/iM 
isoproterenol + 100 #M GTP (O), or 100 #M GppNHp (&) 
as described under Methods. Adenylate cyclase activities in 
membranes of the PMA-treated cells are expressed as 
percentage of the control activities found in membranes of 
the non-treated cells. These control values were 134.6-+ 
2.0, 195 _+ 17.9 and 238.5 -+ 15.9 pmol cAMP/mg protein/ 
min for basal, isoproterenol-stimulated, and GppNHp- 
stimulated adenylate cyclase activity, respectively. The 
results are derived from duplicate determinations in each 
membrane preparation and are representative of two sep- 

arate experiments. 

Figure 1 shows that M N L  exposed to 1 #M P M A  
at 37 ° developed a rapid desensit ization of iso- 
proterenol-s t imulated adenylate cyclase activity with 
an essentially maximal  effect within 30 min and an 
apparent  tl of 2 -3min .  A similar pattern was 
observed for basal and GppNHp-s t imula ted  adenyl- 
ate cyclase activity, indicating a mechanism of non- 
specific desensitization. The dose-dependence  of the 
PMA-induced  desensit ization after 30 min of incu- 
bation is shown in Fig. 2. Maximal desensitization of 
all activities was observed at 0.1-1 uM P M A  with a 
half-maximal effect at 1-2 nM. In contrast to PMA,  
incubation of the cells with 4cr-phorbol 12,13-di- 
decanoate  (4o~-PDD), which is devoid of tumour-  
promot ing activity and which does not  activate pro- 
tein kinase C, failed to promote  desensitization in 
these cells (Fig. 2). P M A  (0.1 n M - l u M )  added 
directly to control membranes  had no effect on 
adenylate cyclase activity (not shown). 

Table l summarizes  the maximal effects of P M A  
(1 #M, 30 min incubation at 37 °) on various adenylate 
cyclase responses and beta-adrenergic receptor  
characteristics. In accordance with the results pre- 
sented in Figs 1 and 2, the desensitization of adenyl- 
ate cyclase was not restricted to the catecholamine-  
induced activity, but also implied significantly 
reduced activities in response to other  agonists (his- 
tamine,  prostaglandin El ) .  guanine nucleotides 
(GTP,  G p p N H p ) ,  and NaF. All these activities and 
basal activity were similarly reduced by approxi- 
mately 5{)%, which strongly suggests that P M A  
exerts its effect mainly at site distal to the hormone  
receptors.  However ,  the adenylate  cyclase response 
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Fig. 2. Dose dependence of PMA-induced desensitization 
of adenylate cyclase. MNL were incubated for 30 rain at 
37 ° in HEPES-buffered RPMI-1640 medium in the absence 
(control cells) or in the presence of various concentrations 
of PMA (closed symbols) or 4G-PDD (open symbols) as 
indicated. After incubation, the cells were washed twice, 
crude membranes were prepared, and adenylate cyclase 
activities were determined in the presence of buffer (n, D; 
basal), 100 uM isoproterenol + 100 tiM GTP (O. ©), or 
100 elM GppNHp (&, A) as described under Materials and 
Methods. The data shown are expressed as percentage of 
the control activities found in the membranes of the non- 
treated cells. The control values were 97.2± 11.2. 
185.2 -+ 12.5, and 182.6 _+ 23.0 pmol cAMP/mg protein/ 
min for basal, isoproterenol-stimulated, and GppNHp- 
stimulated adenylate cyclase activity, respectively. The 
results are derived from duplicate determinations in each 
membrane preparation and are representative of two sep- 

arate experiments. 
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Table 1. Adenylate cyclase activities and beta-adrenergic receptor characteristics in mem- 
branes of human mononuclear leukocytes after 30 min incubation of the cells with buffer 

(Controls) or 1 ,uM PMA 

Incubation 

Controls PMA N 

Adenylate cyclase (pmol/mg/min) 
Basal 1(}5.9 + 9.1" 48,9 ± 7.61i (46.2)+ 13 
GTP (100 uM) 120.0 _+ 10.0 56.2 ± 8.41! (46.8) 13 
ISO (100 #M)/GTP (100/*M) 165.4 + 13.3 75.2 ± 9.8 H (45.5) 13 
HIS (100 pM)/GTP (100/~M) 143.7 + 35.2 84.3 ± 24.2; (58.7) 4 
PGE~(10gM)/GTP(100uM) 180.8 +- 34.(I 112.1 ± 22.7; (62.0) 4 
GppNHp (100 uM) 168.8 + 15.0 87.9 ± 9.911 (52.1) 13 
NaF (10 mM) 161.1 _+ 20.9 86.5 ± 12.0§ (53.0) (~ 
Forskolin (100 #M) 178.5 ± 21.2 175.1 ± 19.3 (98. l) 3 

Beta-adrenergic receptors 
number/cell 866 +- 92 744 ± 56 (89.4) 3 
Kd 3H-DHA (nM) 0.6 ± 0.1 0.8 ± 0.1 (133.3) 3 

* Mean + S.E.M. 
+ Values in parentheses represent the percentage of adenylate cyclase activity 
treated preparations relative to control membranes. 
+. P < 0.05. 
§ P < 0.005. 
] P < 0.001 vs buffer incubation, 

in PMA-- 

to forskol in  was u n c h a n g e d  af ter  incuba t ion  of the  
cells with  the  p h o r b o l  es ter  (Tab le  1). 

P M A  had  no  significant effect  on  the  be t a -ad ren -  
ergic r ecep to r  n u m b e r  and  on  the  affinity of this 
recep tor  for 3 H - D H A  (Table  1). Since the  iso- 
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Fig. 3. Isoproterenol competition curves for 3H-DHA bind- 
ing to membranes of MNL incubated with buffer (3() rain, 
37°; circles) and MNL incubated with 1 uM PMA (30 rain, 
37°; triangles). The membranes were incubated for 15 rain 
at 37 ° with 2.9 ± 0.2 nM 3H-DHA in the presence of the 
indicated concentrations of isoproterenol, with (open sym- 
bols) or without (closed symbols) 100 uM GppNHp. 3H- 
DHA binding is expressed as the percentage of specific 
binding, defined as total 3H-DHA bound in the absence 
of competing isoproterenol minus 3H-DHA bound in the 
presence of 100 ,uM isoproterenol. Hundred percent bind- 
ing was 44.6 -+ 1.4 fmol/mg protein for control membranes 
and 41.6 ± 4.5 fmol/mg protein for membranes of PMA- 
treated cells. The results shown represent the mean of 
single (in the presence of GppNHp) or duplicate (in the 
absence of GppNHp) determinations from three (in the 
presence of GppNHp) or four (in the absence of GppNHp) 
separate experiments with a standard error of generally less 

than 10~.  

p ro t e reno l - induced  adenyla te  cyclase activity was 
significantly r educed  by abou t  55% (P < 0.001), this 
obse rva t ion  impl ied uncoupl ing  of the be ta-adre-  
nergic recep tor  f rom adenyla te  cyclase. Figure 3 
demons t r a t e s  tha t  the uncoupl ing  was associated 
with a r educed  affinity of the recep tor  for the agonist ,  
since the  i sopro te reno l  compe t i t ion  curve for 3H- 
D H A  binding  to m e m b r a n e s  of P M A - t r e a t e d  cells 
was shif ted to the  r ight  of tha t  ob ta ined  in the control  
m e m b r a n e s .  C o m p u t e r  analysis of the shallow com- 
pe t i t ion  curves  f rom the control  m e m b r a n e s  revealed  
a two-affinity s tate  model  for the agon i s t - r ecep to r  
in te rac t ion ,  with  42 + 5 ~  of the  receptors  having a 
high-affinity dissociat ion cons tan t  (Ru; Kit = 
20 ± 6 n M )  and  58 ± 5% of the receptors  having a 
low-affinity dissociat ion cons tan t  (RL; K L = 
632-+ 1 4 8 n M :  see Table  2). Compe t i t i on  curves 
ob ta ined  f rom m e m b r a n e s  of P M A - t r e a t e d  cells 
were s teeper  and  showed a significant shift from 
high- to low-affinity s tates  ( % R u =  1 2 -  + 12%: 
P < 0.05). In the  p resence  of 100 uM G p p N H p .  the 
compet i t ion  curves  f rom bo th  m e m b r a n e  prep- 
a ra t ions  were essential ly indis t inguishable  and best 
descr ibed by a one-aff ini ty state model  with a low- 
affinity dissociat ion cons tan t  similar to the Kk-values 
found in the absence  of this guanine  nucleot ide  ana- 
logue, indicat ing a comple te  shift from high- to low- 
affinity sites (Fig. 3, Tab le  2). 

I ) I S C U S S I O N  

The present  findings indicate that  the tumour-  
p romot ing  phorbo l  es ter  P M A  may induce a t ime- 
and d o s e - d e p e n d e n t  desensi t iza t ion of i soprotere-  
nol -s t imula ted  adenyla te  cyclase activity in human  
MNL,  to a maximal  degree  of abou t  55%. In cont ras t  
to be ta -agon is t - induced  desensi t iza t ion of MNL [23[. 
P M A - i n d u c e d  be ta -adrenerg ic  subsensi t ivi ty was not  
associated with down-regula t ion  of the be ta-adre-  
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Table 2. Binding parameters for isoproterenol competition curves in membranes of control cells 
(Controls) and PMA-treated cells (PMA), determined in the absence and in the presence of 

100 #M GppNHp 

4221 

Controls PMA Controls + GppNHp PMA + GppNHp 
(N = 4) (N = 4) (N = 3) (N = 3) 

R~ (%) 42 _+ 5* 12 + 125 0 0 
R t (%) 58 ± 5 88 ± 12:~ 100 100 
K~j ( n M )  2 0  ± 6 67  ± 32+ - -  - -  

K L (nM) 632 _+ 148 564 ± 217 445 ± 30 546 -+ 47 

* Results are the mean ± S.E.M. 
+ Value (+SD) obtained from one experiment; no high affinity binding was observed in three 

other experiments. 
$ P < 0.(15 vs controls. 

nergic receptor, indicating that the receptor was 
uncoupled from adenylate cyclase. Similar findings 
have also been reported for mouse epidermis cells 
[16, 17] and avian erythrocytes [19, 20]. In the latter 
cell type it was further established that PMA-induced 
desensitization was associated with increased phos- 
phorylation of the beta-receptor, which could rep- 
resent an important mechanism for the observed 
uncoupling and consequently for the reduced hor- 
monal stimulation of adenylate cyclase. Although 
our results do not exclude such a phosphorylation 
reaction, it appears that other imortant mechanisms 
must be involved in the PMA-induced desen- 
sitization of MNL adenylate cyclase. This assumption 
is based on the observation that in addition to the 
beta-adrenergic response, adenylate cyclase 
responses to other agonists such as histamine and 
PGE1, and to activators of Ns such as GppNHp and 
NaF, were also reduced by approximately the same 
degree. This non-specific desensitization suggests 
that alterations distal to the receptor must play a 
prevalent role in the action of PMA. By contrast, 
PMA-induced desensitization in the avian eryth- 
rocytes was largely specific for the beta-adrenergic 
response, although there was a small but significant 
change in fluoride-stimulated adenylate cyclase 
activity in these cells [20]. The cause of this apparent 
difference is not clear. However, it has been estab- 
lished that agonist-induced non-specific or het- 
erologous desensitization can be associated with 
modifications in the adenylate cyclase system at both 
the level of the receptors and the level of Ns-protein, 
which contributions may differ in extent in different 
cell types [34]. This could possibly also apply to 
PMA-induced desensitization. Thus, our results are 
more in line with the recent observation of Mukho- 
padyay and Schumacher [12], who found that PMA- 
induced non-specific desensitization of hCG-respon- 
sive adenylate cyclase in purified mouse Leydig cells 
is mainly determined by a change in the N~-protein. 
Several indications suggest that N~ is also the main 
site of PMA-induced alteration in human MNL. 
First, the reduced adenylate cyclase responses to 
GppNHp and NaF indicated a reduced activity of 
N~-stimu[ated C. This reduced stimulation appeared 
not to be due to a change at the catalytic site since 
the adenylate cyclase response to forskolin was 
unaltered, Particularly in membrane preparations, 
forskolin is thought to act mainly via direct stimu- 

lation of C [35, 36]. Secondly, isoproterenol com- 
petition curves indicated a reduced ability of the 
agonist to promote the guanine nucleotide-sensitive 
high affinity state of the beta-adrenergic receptor. 
This high affinity state has been identified as a ternary 
complex of agonist, receptor, and Ns [37], which is an 
essential intermediate in adenylate cyclase activation 
[38]. Thus, a reduced ability to form this complex 
indicates a reduced coupling between the receptor 
and Ns. Although other explanations, such as recep- 
tor phosphorylation, could be advanced to account 
for this reduced coupling, our data are most con- 
sistent with the hypothesis that a change in Ns con- 
tributes to both the impaired receptor-N~ and the 
impaired Ns-C interaction. 

The mechanism of the PMA-induced change in the 
adenylate cyclase complex of MNL is still unclear; 
however, it appears to differ from the specific, hom- 
ologous desensitization induced by agonists such as 
isoproterenol and histamine (manuscript in prep- 
aration). Several lines of evidence indicate that the 
observed effects of PMA are probably mediated by 
an action of the phorbol ester on protein kinase C. 
First, treatment of the intact cells with the inactive 
phorbol ester, 4cl~PDD, did not have any effect on 
MNL adenylate cyclase activation. Secondly, the 
ECs0-value for PMA-induced desensitization (1- 
2 nM) was in the range of the Kd- and K~ct-values of 
active phorbol esters for binding to and activation of 
protein kinase C, respectively [3, 6, 8]. Finally, PMA 
had no effect on adenylate cyclase activity when 
added directly to the membrane preparation of 
untreated cells (data not shown), indicating that 
PMA was not in some way interacting with (one of) 
the components of the adenylate cyclase system, 
either specifically or non-specifically. 

The physiological significance of the PMA-induced 
adenylate cyclase desensitization remains to be 
established. However, it is tempting to speculate that 
the phorbol ester effect represents a mechanism of 
adenylate cyclase regulation which is involved in 
the activation of MNL, and which is physiologically 
mediated by hormone-induced diacylglycerol pro- 
duction and activation of protein kinase C. 
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