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Abstract. Continued exposure of many P-adrenoceptor-coupled adenylate cyclase systems to 
high doses of agonist causes diminished responsiveness, a phenomenon called desensitization. 
After exposure of isolated guinea pig tracheae to a high concentration of isoproterenol for 30 
min, relaxation produced by subsequent challenge by a lower concentration was attenuated, as 
expected. However, potentiation of isoproterenol-induced relaxation by aminophylline was greater 
after desensitization as compared to that prior to desensitization. This observation was further 
investigated using a graphical method that allows quantitative and statistical evaluation of com- 
binations of synergistically acting drugs. Concentration-relaxation curves (CRC) for isoproterenol 
alone and in the presence of a fixed concentration of aminophylline were determined in isolated 
rat trachea. A theoretical additive curve was constructed from the data obtained, and the dis- 
placement of the isoproterenol CRC from the theoretical additive curve caused by aminophylline 
in tracheae desensitized by 2.5 hr of exposure to 2 X lo-’ M isoproterenol (DESN) was compared 
to that in tracheae equilibrated for a similar period in physiologic salt solution (CON). Desensi- 
tization had no significant effect on aminophylline-induced relaxation but caused a marked 
depression and right-shift of the isoproterenol CRC. In the CON group aminophylline shifted the 
isoproterenol CRC upward and to the left indicating that the synergistic interaction between the 
two agents was greater than additive. The left-shift and elevation of the ceiling effect of the iso- 
proterenol CRC caused by aminophylline were significantly greater in the DESN group vs the 
CON group. These observations from intact tissue are compared with published data from bio- 
chemical and broken cell studies. The possibility of increased phosphodiesterase activity as an 
explanation for the observations reported is discussed. o 1987 Society for Experimental Biology and Medicine. 

Based on data gathered from isolated cells 
(e.g., erythrocytes, cell culture) by ligand 
binding and biochemical techniques, several 
laboratories have constructed detailed hy- 
potheses to explain stimulation of adenosine 
3’5’-cyclic monophosphate (CAMP) synthesis 
by P-adrenoceptor agonists ( 1-3). The resul- 
tant cAMP then mediates ensuing biochemical 
events characteristic of the given cell. Signifi- 
cantly, inactivation by phosphodiesterase also 
modulates the intracellular level of CAMP. 

In most tissues and cells continued exposure 
of the P-adrenoceptor-coupled adenylate cy- 
clase system to relatively high doses of agonist 
induces a decrease in responsiveness, a phe- 
nomenon called desensitization. Desensitiza- 
tion may take two forms, “homologous” 
which is specific for the desensitizing agonist 
and “heterologous” in which one agonist at- 
tenuates the response to other agonists acting 
through adenylate cyclase (4, 5). Evidence 
from biochemical experiments suggests that 
desensitization occurs in multiple steps, the 
kinetics of which vary widely among different 

cell types. As a result of the sequential nature 
of the process, the extent of involvement varies 
with time of exposure. Homologous desensi- 
tization may involve rapid uncoupling of p- 
adrenoceptors from other components of the 
adenylate cyclase system, sequestration of re- 
ceptors from the cell surface, and actual loss 
of receptors. Heterologous desensitization may 
occur in cells in which homologous desensi- 
tization occurs but is usually slower in onset 
and may involve, among other factors, an in- 
crease in cAMP degradation (4-7). 

While biochemical techniques employing 
individual cells and broken cell preparations 
have helped delineate specific steps in the 
complex chain of biochemical events mediat- 
ing P-adrenoceptor-coupled adenylate cyclase 
responses, the experimental conditions re- 
quired by biochemical techniques may distort 
the relationships existing between the various 
components in intact cells (3, 8). For this rea- 
son, these findings must be reconciled with 
observations in intact tissues. 

This report describes observations made in 
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isolated smooth muscle tracheal preparations. 
The observations are compared with published 
data obtained from biochemical experiments. 

Materials and Methods. Guinea pig exper- 
iments. Adult male Hartley albino guinea pigs 
were stunned by a blow on the head, and the 
tracheae were removed with minimal trauma 
and cleaned of extraneous tissue. Stainless steel 
clips were placed in the lumen of approxi- 
mately 12-mm segments of the tracheae; one 
clip was secured to the bottom of an isolated 
chamber bath (20 ml) and the other was con- 
nected by a silk thread to a Narco isometric 
force transducer. Changes in isometric tension 
were recorded on a Narco polygraph. 

The tissues were bathed in physiologic salt 
solution (PSS) of the following composition 
[ a ] :  NaCl [ 1181, KCl [4.7], KH2PO4 [ 1.21, 
MgS04 7HOH [ 1.21, CaC12 2HOH [2.5], 
NaHCO [25], glucose [ 1 13, EDTA 2Na 
2HOH [0.02]. Temperature was maintained 
at 37°C throughout the experiment. The baths 
were bubbled with a gas mixture containing 
5% carbon dioxide in oxygen. 

The tracheae were equilibrated for 1 hr at 
4 to 6 g of tension. A submaximal concentra- 
tion (2.5 X M )  of carbachol was used to 
induce a state of contraction against which to 
measure relaxation caused by isoproterenol 
and aminophylline. When contractile tension 
had stabilized, isoproterenol(5 X loM9 M )  was 
added to the bath and relaxation was allowed 
to reach completion. The baths were drained, 
fresh PSS was added, and the tissues were al- 
lowed to return to the initial baseline. They 
were again contracted with carbachol and 
when contraction had stabilized, aminophyl- 
line (1.4 X M )  was added to the bath. 
After the relaxation had stabilized and was re- 
corded, isoproterenol(5 X 1 0-9 M )  was added 
to the bath and the combined response was 
recorded. 

The tissues were then exposed to a desen- 
sitizing concentration ( 5  x I o - ~  M )  of isopro- 
terenol for 30 min after which they were 
washed with PSS at 5-min intervals for 30 min. 
Responses to aminophylline and isoprotere- 
nol, alone and combined, were again obtained 
as described above, except that the tissues were 
reexposed to 5 X 1 OW6 M isoproterenol before 
the final administration of aminophylline and 
isoproterenol. 

Relaxation was measured as the decrease in 
tension from the carbachol-induced contrac- 
tile tone, and was expressed as a percentage of 
the contraction caused by carbachol. 

Rat experiments. Female outbred albino 
rats (approximately 250 g) were stunned, and 
the tracheae were removed and prepared for 
measurement of isometric tension as described 
above. One group of tissues (Control) was 
equilibrated at 2 to 4 g of tension for 2.5 hr 
in PSS while another group (Desensitized) was 
exposed to 2 X 1 OP5 M isoproterenol. The so- 
lution in the bath was changed every 20 rnin 
during this equilibration period after which 
the tissues were washed with fresh PSS every 
10 min for 30 min. 

After equilibration the tissues were con- 
tracted with 5 X lo-’ M carbachol, and in- 
creasing concentrations of isoproterenol were 
added cumulatively to the bath. Maximum 
relaxation for each tissue was determined by 
addition of a supramaximal concentration of 
tetracaine (1 X loP4 M).  The rat trachea makes 
an ideal preparation for studying synergism of 
isoproterenol- and aminophylline-induced re- 
laxation because the maximal relaxation pro- 
duced by isoproterenol is less than that pro- 
duced by tetracaine. This allows observation 
of any increase in the ceiling response to iso- 
proterenol caused by aminophylline. 

The baths were drained, and the tissues of 
the Control group were re-equilibrated in fresh 
PSS. Preliminary experiments suggested that 
desensitized trachea tended to regain sensitiv- 
ity to isoproterenol after removal from the 
high-desensitizing concentration. Since deter- 
mination of the first isoproterenol concentra- 
tion-response curve required a significant pe- 
riod of time, the tissues of the Desensitized 
group were reexposed to 2 X A4 isopro- 
terenol. After 1 hr all the tissues were washed 
with fresh PSS every 10 min for 30 rnin and 
then again contracted with carbachol. Ami- 
nophylline ( 1.4 X lo-’ M )  was added to the 
bath, relaxation was recorded, and a second 
isoproterenol concentration-relaxation curve 
was determined in the presence of aminoph- 
ylline. 

The data obtained from these experiments 
were analyzed by the method of Poch and 
Holzmann (9). This graphical method allows 
quantitative and statistical evaluation of com- 
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binations of synergistically acting drugs. A 
theoretical additive concentration-response 
curve is constructed from the experimental 
concentration-response curve of one drug and 
the response to a fixed concentration of a 
second drug. This theoretical additive curve 
extends from the second drug's effect to the 
ceiling effect of the first drug. A second ex- 
perimental concentration-response curve is 
determined in the presence of the second drug 
and compared with the theoretical additive 
curve. An additive drug interaction is char- 
acterized by coincidence of the experimental 
and theoretical curves with respect to location 
on the concentration axis and magnitude of 
ceiling effect. An overadditive synergism is 
characterized by a shift to the left and an in- 
creased ceiling for the combined drugs as 
compared with the theoretical additive curve. 
The magnitude of the shift is measured by the 
ratio of EDs0 doses for the two curves. This 
dose ratio or dose factor, as well as the increase 
of the ceiling effect, can be analyzed statisti- 
cally allowing quantitative comparison of dif- 
ferent drug combinations or, in the case of 
this report, the effect of experimental condi- 
tions on the synergistic interactions between 
two drugs. 

Drugs. dl-isoproterenol HCl, carbamyl- 
choline chloride (carbachol) and aminophyl- 
line( [ the~phyllinel~ethylenediamine) were 
obtained from Sigma Chemical Co. Working 
solutions were made in PSS; isoproterenol 
working solutions were kept on ice. 

Analysis of data. Comparison of individual 
responses obtained in the same tissue was 
made by analysis of variance (ANOVA) for 
paired comparisons. Comparison of responses 
obtained in different tissues (i.e.? Control vs 
Desensitized groups, rat experiments) was 
made by a simple one-way ANOVA. Student's 
t test was used to test for deviation of the log 
dose factor from zero, the theoretical value 
expected for additive synergism. 

Results. In vitro exposure of isolated guinea 
pig trachea to 5 X M isoproterenol for 
30 min did not significantly affect relaxation 
caused by 1.4 X M aminophylline (Fig. 
1). In contrast, it markedly attenuated the re- 
sponse to 5 X Misoproterenol. Although 
the relaxation caused by combined adminis- 
tration of both agents was reduced after de- 
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FIG. 1 .  Effect of acute desensitization on relaxation of 
guinea pig trachea caused by aminophylline (Amino) and 
isoproterenol (Iso), alone and combined. Relaxation of 
isolated guinea pig trachea was measured as the decrease 
in tension from carbachol-induced contraction and was 
expressed as percentage of the magnitude of contraction 
caused by carbachol. The bars represent the mean (n = 4) 
relaxation caused by Amino (1.4 X M )  and Is0 (5.0 
X M )  administered alone and in combination, prior 
to (open bars) and after (stippled bars) exposure to 5 
X M Is0 for 30 min. Standard errors of the mean are 
represented by the vertical lines. *Significantly different 
(P < 0.05) from the response prior to desensitization. 

sensitization as compared with that prior to 
desensitization, the magnitude of the decrease 
appeared less than would be expected given 
the marked attenuation of the isoproterenol 
response. Prior to desensitization, combined 
administration of isoproterenol and ami- 
nophylline caused a mean response 36% 
greater than the sum of the mean responses 
to the same doses of these agents when ad- 
ministered individually. After desensitization 
the mean response to combined administra- 
tion was 126% greater than the sum of the 
individual mean responses. 

The above observations, while suggestive, 
are limited by the inherent danger of com- 
paring the effect of combined administration 
of two drugs to the sum of their individual 
actions as pointed out by Poch and Holzmann 
(9). For this reason, a series of experiments 
was performed in rat trachea following their 
method which allowed determination of the 
entire isoproterenol concentration-response 
curve alone and in the presence of a fixed con- 
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centration of aminophylline (see Materials and 
Methods). Similar to the results observed in 
guinea pig trachea, exposure to 2 X M 
isoproterenol for 2.25 hr had no statistically 
significant effect on the relaxation caused by 
aminophylline but caused a marked right-shift 
and depression of the isoproterenol concen- 
tration-relaxation curve (Fig. 2). 

Figure 3 illustrates the concentration-re- 
laxation curves for isoproterenol alone and in 
the presence of 1.25 X M aminophylline. 
The dotted line represents the theoretical ad- 
ditive curve calculated from the responses to 
aminophylline (vertical bar) and isoproterenol 
alone. The horizontal line illustrates the log 
dose factor (LDF) derived from the theoretical 
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FIG. 2. Effect of acute desensitization on aminophylline- 
and isoproterenol-induced relaxation of rat trachea. One 
group (Desensitized; n = 8) of isolated rat tracheae was 
exposed to 2 X M isoproterenol (Iso) for 2.25 hr 
while the control group (Control; n = 7) was equilibrated 
in normal physiologic salt solution. After contraction with 
5 X lop6 M carbachol, aminophylline (Amino; 1.25 
X M) or increasing concentrations of Is0 were added 
to the bath. After relaxation had stabilized, a maximally 
effective concentration of tetracaine (1  x lop4 M )  was 
added. Relaxation was measured as the change in tension 
from the carbachol-induced contractile tone and expressed 
as percentage of the response to tetracaine. Amino-induced 
relaxation in the Desensitized group (stippled bar) was not 
significantly different from that of the Control group (open 
bar). Iso-induced relaxation in the Desensitized group at 
the doses indicated (*) were significantly (P < 0.01) dif- 
ferent from the respective values of the Control group. 
The bars and points represent mean relaxation; the vertical 
lines represent the standard errors of the mean. 
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FIG. 3. Synergism between isoproterenol (Iso) and am- 
inophylline (Amino) in naive rat trachea. Isolated rat tra- 
cheae (n = 7) were contracted with 5 X Mcarbachol 
and increasing concentrations of Is0 were added in a cu- 
mulative manner (Alone). After the response to the last 
concentration of Is0 had stabilized, a maximally effective 
concentration of tetracaine ( 1  X lop4 M )  was added to 
the bath. Following a reequilibration period, the tissues 
were again contracted with carbachol and 1.25 X M 
Amino was added to the bath. After the response (stippled 
bar) had stabilized, a second Is0 cumulative concentration- 
response curve was determined (+ Amino). Relaxation 
was measured as the change in tension from the carbachol- 
induced contractile tone and expressed as percentage of 
the response to tetracaine. The responses indicated rep- 
resent the means and standard errors of the means. The 
dotted line represents the theoretical curve expected if the 
response to combined administration to Is0 and Amino 
was due to additive synergism (see Material and Methods). 
The horizontal line connecting the theoretical curve for 
additive synergism and the Is0 concentration-response 
curve in the presence of Amino illustrates the log dose 
factor by which the experimental curve deviates from the 
theoretical. 

additive and experimental combined concen- 
tration-relaxation curves. The mean LDF was 
tested by Student’s t test against the null hy- 
pothesis of LDF = 0 as would be expected for 
additive synergism and found to be signifi- 
cantly different (P < 0.001; 6 df). The geo- 
metric mean and 95% confidence limits were 
3.4 (2.2,5.3). The maxima estimated from the 
individual concentration-relaxation curves 
were tested by ANOVA for paired compari- 
sons and the maxima of the isoproterenol 
curves in the presence of aminophylline were 
significantly different (P < 0.0 1)  from those of 
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isoproterenol alone. The means k SEM were 
61.2 _+ 6.2% and 56.4 _+ 5.7%, respectively. 

Figure 4 resembles Fig. 3 except that the 
tissues were exposed to 2 X M isoproter- 
enol prior to determination of the concentra- 
tion-relaxation curves. The mean LDF was 
significantly different from zero (P < 0.01; 7 
df); the geometric mean and 95% confidence 
limits were 30.0 (3.7, 242.5). The maxima es- 
timated from the individual isoproterenol 
concentration-relaxation curves in the pres- 
ence of aminophylline were significantly dif- 
ferent (P < 0.01) from those of isoproterenol 
alone. The respective means _+ SEM were 47.9 
_+ 4.3% and 35.9 k 4.6%. 

The data given in Table I illustrate ami- 
nophylline’s potentiation of isoproterenol-in- 
duced relaxation. Desensitization was asso- 
ciated with a significantly greater (P < 0.05) 
left-shift of the isoproterenol concentration- 
relaxation curve by aminophylline. In addi- 
tion, aminophylline caused a significantly 
greater (P < 0.05) elevation of isoproterenol’s 
ceiling effect in the desensitized group as com- 
pared with the control group. 

Discussion. Aminophylline increased iso- 
proterenol-induced relaxation in both un- 
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FIG. 4. Effect of acute desensitization on synergism be- 
tween isoproterenol (Iso) and aminophylline (Amino) in 
rat trachea. The data represented were obtained as de- 
scribed in Fig. 3 except that during the initial equilibration 
period and the reequilibration period between determi- 
nation of the concentration curves, the tracheae (n = 8) 
were exposed to 2 X lop5 M isoproterenol (Iso) for 2.25 
and 1 hr respectively. 

TABLE I. EFFECT OF DESENSITIZATION ON THE 
POTENTIATION OF ISOPROTERENOL-INDUCED 
TRACHEAL RELAXATION BY AMINOPHYLLINE 

Log dose Difference 
factoru in maxima 

Control (n = 7) 0.54 f 0.08 4.9 f 1.2 
Desensitized (n = 8) 1.48 k 0.38* 12.0 f 2.9* 

Note. Data are the means and SEM calculated from the 
individual concentration-relaxation curves represented by 
Figs. 3 and 4. 

a Shift in the isoproterenol concentration-relaxation 
curve caused by aminophylline from the theoretical curve 
predicted by additive synergism as measured by the dif- 
ference between the respective log EDSo values. 

Difference in the ceiling response to isoproterenol alone 
and in the presence of aminophylline (percentage of tet- 
racaine maximum). 

* Significantly different from control value (P < 0.05); 
ANOVA of individual values. 

treated guinea pig and rat trachea. The signif- 
icant left-shift and elevation of the ceiling effect 
of the isoproterenol concentration-relaxation 
curve (Fig. 3) from that predicted by additive 
synergism suggest that aminophylline’s effect 
on the relaxation produced by isoproterenol 
was not one of simple additive synergism but 
one of potentiation. This finding is consistent 
with the hypothesis that P-adrenoceptor-me- 
diated tracheal relaxation results from acti- 
vation of adenylate cyclase and increased in- 
tracellular levels of cAMP while aminophyl- 
line inhibits phosphodiesterase inactivation of 
intracellular cAMP ( 1, 4, 10- 12). 

Exposure of both guinea pig and rat tracheae 
to high concentrations of isoproterenol mark- 
edly attenuated the relaxation caused by iso- 
proterenol but had no statistically significant 
effect on aminophylline-induced relaxation 
(Figs. 1 and 2). These observations suggests a 
possible decrease in isoproterenol-activated 
cAMP synthesis with no change in basal 
cAMP turnover. However, if decreased iso- 
proterenol-induced cAMP synthesis alone was 
responsible for the attenuated isoproterenol- 
induced relaxation observed, one would expect 
desensitization to have attenuated propor- 
tionately the response to isoproterenol in the 
presence of aminophylline. This was not the 
case (Fig. 1; c.g. Figs. 3 and 4; Table I). 

The marked increase in aminophylline’s 
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potentiation of isoproterenol-induced relaxa- 
tion after desensitization suggests that other 
factors, in addition to decreased synthesis, may 
have contributed to the desensitization ob- 
served. Similar observations have been re- 
ported in cultured cell preparations. For ex- 
ample, Fishman et al. (1 3, Table 6) reported 
that incubation of cultured rat glioma cells 
with 10 pA4 isoproterenol for 3 hr markedly 
decreased cAMP accumulation resulting from 
subsequent challenge with isoproterenol but 
basal cAMP accumulation was unaffected. 
Similar to the observations of the present ex- 
periments employing intact tissue, addition of 
a methylxanthine phosphodiesterase inhibitor 
caused an almost sixfold increase (corrected 
for basal accumulation) in isoproterenol-in- 
duced cAMP accumulation in desensitized 
C6LP cells as opposed to a twofold increase 
in naive cells. Similar data were reported by 
Browning et al. (14, Table 1). 

Desensitization of the P-adrenoceptor-cou- 
pled adenylate cyclase system appears to in- 
volve several steps with different kinetic char- 
acteristics. In most in vitro systems a rapid un- 
coupling of the P-adrenoceptor from adenylate 
cyclase appears to occur followed by a loss of 
high-affinity agonist binding (4,6, 7). Contin- 
ued exposure to the agonist results in a loss of 
P-adrenoceptors. 

In addition to the above changes related to 
the P-adrenoceptor and its coupling to the ad- 
enylate cyclase enzyme, some in vitro studies 
have reported an increase in the rate of CAMP 
hydrolysis by phosphodiesterase in cells ex- 
posed to high concentrations of adrenergic ag- 
onists. Browning et al. (14) found that C6 as- 
trocytoma cells incubated for 3 hr with norr 
epinephrine lost the ability to respond to 
norepinephrine by accumulating high con- 
centrations of cAMP as compared with naive 
cells. Their data indicated that the attenuated 
accumulation of CAMP by the treated cells re- 
sulted from a more rapid hydrolysis of cAMP 
due to increased cyclic nucleotide phospho- 
diesterase activity. Bourne et al. ( 15), in mouse 
lymphoma cells, and Schartz et al. (16), in C6 
rat glioma cells, reported that increased CAMP, 
whether endogenous as a result of exposure to 
catecholamines or as exogenously applied di- 
butyryl CAMP, was associated with increased 
phosphodiesterase activity. 

The participation of increased degradation 
of cAMP in the desensitization phenomenon 
appears to depend on the dose and time of 
exposure to the desensitizing agent. Su et al. 
(1 7 )  found that the rate constant for cAMP 
degradation in human astrocytoma cells 
( 1 32 1 N 1) exposed to catecholamines and 
PGEl did not change during the first 60 min 
of exposure even though cAMP accumulation 
was diminished. They concluded from this 
observation that increased degradation was not 
involved in agonist-specific desensitization 
occurring within the first 60 min of exposure. 
They also noted, however, that the rate con- 
stant increased significantly after 90 min and 
was increased twofold after 180 min of ex- 
posure. 

At least two forms of phosphodiesterase, one 
with high and oqe with low affinity for CAMP, 
have been shown to exist in various tissues 
(12, 18, 19). Uzunov et al. (20) studied the 
effects of a protein activator extracted from 
rat brain on highly purified low-affinity phos- 
phodiesterase from both rat brain and frog 
sympathetic chain. They found that the acti- 
vator decreased the KM of this enzyme for 
cAMP fourfold bringing the affinity of the en- 
zyme into the range of intracellular levels, es- 
pecially after stimulation of synthesis by hor- 
mones and neurotransmitters. A similar in- 
crease in activity of a low-affinity form of 
phosphodiesterase caused by desensitization 
would be consistent with the data observed in 
the present study since desensitization did not 
affect the relaxant action of aminophylline it- 
self but significantly potentiated the effects of 
isoproterenol. 

Although the reports cited above suggest a 
possible role for inhibition of phosphodiester- 
ase by aminophylline in explaining the obser- 
vations reported in the present study, it should 
be noted that intact tissue was employed and 
phosphodiesterase activity was not measured. 
Any discussion of changes in its activity, 
therefore, must remain speculative. In addi- 
tion, the doses of aminophylline used were 
lower than those now thought to produce sig- 
nificant phosphodiesterase inhibition in most 
tissues (2 1). The methylxanthines produce 
other actions, i.e., modulation of cellular cal- 
cium mobilization and inhibition of adeno- 
sine receptors, whose involvement in the ob- 
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servations reported in this study cannot be 
ruled out. 

12. 
This work was supported by research funds provided 

by Baylor College of Dentistry. The author is grateful to 
Mr. Jim Curtis for excellent technical assistance and Mrs. 
Cynthia Hamilton for typing the manuscript. 

1. Lekowitz RJ, Stadel JM, Caron MG. Adenylate cy- 
clase-coupled beta-adrenergic receptors: Structure and 
mechanisms of activation and desensitization. Annu 
Rev Biochem 52: 159- 186, 1983. 

2. Gilman AG. Guanine nucleotide-binding regulatory 
proteins and dual control of adenylate cyclase. J Clin 
Invest 73: 1-4, 1984. 

3. Perkins JP. Adenyl cyclase. Adv Cyclic Nucleotide 
Res 3:l-64, 1973. 

4. Sibley DR, Lekowitz RJ. Molecular mechanisms of 
receptor desensitization using the P-adrenergic recep- 
tor-coupled adenylate cyclase system as a model. Na- 
ture (London) 317:124-129, 1985. 

5. Harden TK. Agonist-induced desensitization of the 
beta-adrenergic receptor-linked adenylate cyclase. 
Pharmacol Rev 355-32, 1983. 

6. Su Y-F, Harden TK, Perkins JP. Catecholamine-spe- 
cific desensitization of adenylate cyclase. Evidence of 
a multistep process. J Biol Chem 2257410-7419, 
1980. 

7. Homburger V, Lucas M, Cantau B, Barabe J, Penit 
J, Bockaert J. Further evidence that desensitization 
of P-adrenergic-sensitive adenylate cyclase proceeds 
in two steps. Modification of the coupling and loss of 
8-adrenergic receptors. J Biol Chem 255: 10436- 
10444, 1980. 

8. Caron MG, Lekowitz RJ. Temperature immutability 
of adenyl cyclase coupled P-adrenergic receptors. Na- 
ture (London) 249:258-260, 1974. 

9. Poch G, Holzmann S. Quantitative estimation of 
overadditive and underadditive drug effects by means 
of theoretical, additive dose-response curves. J Phar- 
macol Methods 4:179-188, 1980. 

10. Newman DJ, Colella DF, Spainhour CB Jr, Brann 
EG, Zabko-Potapovich B, Wardell JR Jr. CAMP- 
phosphodiesterase inhibitors and tracheal smooth 
muscle relaxation. Biochem Pharmacol27:729-732, 
1978. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

relaxation of canine tracheal smooth muscle. Biochem 
Pharmacol27:254-256, 1978. 
Polson JB, Krzanowski JJ, Anderson WH, Fitzpatrick 
DF, Hwang DPC, Szentivanyi A. Analysis of the re- 
lationship between pharmacological inhibition of 
cyclic nucleotide phosphodiesterase and relaxation of 
canine tracheal smooth muscle. Biochem Pharmacol 

Fishman PH, Mallorga P, Tallman JF. Catachol- 
amine-induced desensitization of adenylate cyclase in 
rat ghoma C6 cells. Mol Pharmacol20:3 10-3 18, 198 1. 
Browning ET, Brostrom CO, Gropi VE Jr. Altered 
adenosine cyclic 3’,5’-monophosphate synthesis and 
degradation by C-6 astrocytoma cells following pro- 
longed exposure to norepinephrine. Mol Pharmacol 

Bourne HR, Tomkins GM, Dion S. Regulation of 
phosphodiesterase synthesis: Requirement for cyclic 
adenosine monophosphate-dependent protein kinase. 
Science 181:952-954, 1973. 
Schwartz JP, Passonneau JV. Cyclic AMP-mediated 
induction of the cyclic AMP phosphodiesterase of C- 
6 ghoma cells. Proc Natl Acad Sci USA 71:3844-3848, 
1974. 
Su Y-F, Johnson GL, Cubeddu XL, Leichtling BH, 
Ortmann R, Perkins JP. Regulation of adenosine 
cyclic 3’: 5’-monophosphate content of human astro- 
cytoma cells: Mechanism of agonist-specific desensi- 
tization. J Cyclic Nucleotide Res 2:271-285, 1976. 
Thompson WJ, Appleman MM. Multiple cyclic nu- 
cleotide phosphodiesterase activities from rat brain. 
Biochemistry 10:311-316, 1971. 
Brooker G, Thomas LJ Jr, Appleman MM. The assay 
of adenosine 3’-5’-cyclic monophosphate and guano- 
sine 3’5’-monophosphate in biological materials by 
enzymatic radioisotopic displacement. Biochemistry 

Uzunov P, Lehne R, Revuelta AV, Gnegy ME, Costa 
E. A kinetic analysis of the cyclic nucleotide phos- 
phodiesterase regulation by the endogenous protein 
activator. A study of rat brain and frog sympathetic 
chain. Biochim Biophys Acta 422:326-334, 1976. 
Rall TW. Evolution of the mechanism of action of 
methylxanthines: From calcium mobilizers to antag- 
onists of adenosine receptors. Pharmacologist 24:277- 
287, 1982. 

2811 39 1-1395, 1979. 

12:32-40, 1976. 

7:4 177-41 8 1, 1968. 

1 1. Polson JB, Krzanowski JJ, Fitzpatrick DF, Szentivanyi 
A. Studies on the inhibition of phosphodiesterase-cat- 
alyzed cyclic AMP and cyclic GMP breakdown and 

Received February 5 ,  1987. P.S.E.B.M. 1987, Vol. 185. 
Accepted April 13, 1987. 


