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SUMMARY
Stimulation of �2-adrenoceptors with the selective j3� agonist
procaterol caused a biphasic decrease in cell surface M2 mus-
carinic receptor number in human embryonic lung 299 cells
when measured with the hydrophilic antagonist �H]N-methyI-
scopolamine. In contrast, total muscarinic receptor number,
measured with the lipophilic antagonist [3Hjquinuclidinylbenzi-
late, decreased after only 24-hr treatments with procaterol. The
loss in receptor number at 24 hr was mimicked with the use of
forskolin and the cAMP analogue 8-bromo-cAMP, indicating a
cAMP-mediated mechanism. Northern blot analysis showed a
small and transient increase in m2-receptor mRNA levels up to
2 hr but no long term (24 hr) effect. Chronic (24-hr) treatment
with 8-bromo-cAMP also had no effect on m2 muscarinic re-
ceptor mRNA, whereas forskolin caused a 50% reduction in the
steady state levels of m2 mRNA that could be only partially
blocked by the cAMP-dependent protein kinase inhibitor H-8
and the protein kinase C inhibitor GF 1 09203X. Procaterol-
induced down-regulation of M2 receptors was fully blocked by

N-[2-(methylamino)ethyl]-5’-isoquinoline-sulfonamide and
2-[1 -(3-dimethylaminopropyl)-inol-3-yl]-3-(indol-3-yl)maleim-
ide, implicating both of these kinases in the M2 muscarinic
receptor down-regulation. Conversely, the forskolin- and
8-bromo-cAMP-induced down-regulation was only partially in-
hibited and unaffected by these inhibitors, respectively. In con-
trol cells and those treated with procaterol for �2 hr, cAMP
generation was significantly inhibited by carbachol. The inhib-
itory effect of carbachol was, however, lost after 24-hr expo-
sure to procaterol. This desensitization was partially reversed
by preincubations with H-8 and GF 109203X. Collectively,
these results suggest that transregulation of M2 muscarinic
receptors by j32-adrenoceptor stimulation can be demonstrated
at the protein level in human embryonic lung 299 cells. Further-
more, a role is suggested for cAMP-dependent kinase and PKC
in M2 muscarinic receptor down-regulation and their functional
desensitization.

The muscarinic acetyicholine receptors belong to the larger
superfamily of receptors that couple to G proteins. Five mus-

carinic receptor subtypes (ml-m5) are known to exist within

the human genome and are preferentially coupled to distinct
signal transduction pathways. Stimulation of ml, m3, and
m5 muscarinic receptors results in P1 hydrolysis, whereas
stimulation of m2 and m4 muscarinic receptors causes the

inhibition of adenylyl cyclase, along with a weaker stimula-
tion of P1 breakdown (1-3).

Cross-talk between G protein-coupled receptors has been

demonstrated in a number of systems (4). For example, stim-

ulation of f32-adrenoceptors in DDTI MF-2 vas deferens
smooth muscle cells alters a1-adrenoceptor mRNA and pro-

tein levels through changes in gene transcription (5). In HEL

299 cells, we previously demonstrated that activation of PKC

This work was funded by the United Kingdom Medical Research Council.

stimulates muscarinic receptor down-regulation and reduced
m2 receptor gene transcription (6). Heterologous regulation
has also been demonstrated between muscarinic and adreno-
ceptors cotransfected into Chinese hamster ovary cells,
where agonist stimulation of the 132-adrenoceptors resulted

in a PKA-mediated desensitization, internalization, and

down-regulation ofthe M1 muscarinic receptors in these cells

(7). Transregulation has also been described between adeny-
lyl cyclase-coupled receptors. For example, in rat ventricular
myocytes, carbachol promoted a time- and concentration-

dependent decrease in cell surface j31-adrenoceptors (8). Sim-

ilarly, muscarinic and /3-adrenoceptor transregulation has

been also demonstrated at the functional level. Thus, in ileal

and tracheal smooth muscles, antagonism of M2 muscarinic
receptors leads to an increase in the relaxant potency of �3

agonists (9-11).

In HEL 299 cells, a primary cell line derived from human
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embryonic lung, functional M2 muscarinic, and (32-adreno-

ceptors has been demonstrated (6)1 and therefore represents

a useful system to investigate cross-talk between these re-

ceptors. In this study, we investigated cross-regulation be-

tween M2 muscarinic and p2-adrenoceptors at the gene and
protein levels in an attempt to explain molecular mecha-
nisms for the cross-talk described functionally between these

receptors.

Materials and Methods

Cell culture. HEL 299 cells (code CCL 137; American Type Cul-

ture Collection, Rockville, MD) were maintained in culture as prey-
ously described (6). The medium was replaced every 3-4 days, and on

reaching confluence, cells were subcultured through detachment of
the monolayer with 0.05% trypsin/l m�s EDTA. Treatments were
carried out so that cells could be harvested simultaneously at pre-

confluence.
Cells were exposed to one or more of the following: procaterol (5

jiM), forskolin (50 tiM), 8-bromo-cAMP (5 mM), H-8 (30 iM), GF
109203X (1 p�M), cycloheximide (10 �ig/m1), org 20241 (30 �.tM), and

carbachol (100 tiM). Control cells were incubated with an equivalent
dilution of DMSO where appropriate. All reagents except H-8 and

GF 109203X (CalBiochem-NovaBiochem, Nottingham, UK) were ob-
tamed from Sigma (Poole, Dorset, UK).

Binding studies. Radioligand binding experiments were per-
formed on crude cell homogenates at 4#{176}.Cells (-5-10 x 106 for each

binding reaction) were washed twice with ice-cold TrisHCl buffer (25
mM, pH 7.4), harvested by cell scraping, and homogenized with an

Ultra-Turax homogenizer (one 30-sec burst). The crude membrane
homogenates were isolated by centrifugation at 40,000 X g for 20

mm and resuspended in an appropriate volume of Tris buffer. The
protein concentration was measured according to the method of

Lowry et al. (12).

[3H}NMS, [3H}QNB, and [‘251]IPIN (specific activity, 80.4, 49, and

2200 Cilmmol, respectively; New England Nuclear, Stevenage, UK)
saturation curves were elucidated with the use of concentrations of

0.06-2 aM, 0.02-1 nis�, and 3-400 pM, respectively. Nonspecific bind-
ing was measured in the presence of 1 pM atropine for [3H]NMS and

[3HIQNB binding and of 200 �iM (-)-isoproterenol for [‘251]IPIN
binding. Incubations were performed for 2 hr at 30#{176}for [3H}NMS, 3

hr at 30#{176}for [3HJQNB, and 30 mm at 37#{176}for [‘251]IPIN in 25 mM
TrisHC1 buffer (supplemented with 0. 1 mg/ml ascorbic acid for
[‘251]IPIN). The reaction was terminated by rapid vacuum filtration
over 0.2% polyethyleneimine pretreated Whatman GF/C glass fiber
filters with the use of a Brandel cell harvester. Filters were washed

three times with 4 ml ofice-cold Tris buffer and placed into vials with
4 ml of scintillation cocktail (Filtron X; National Diagnostics, Man-
ville, NJ), and cells were counted with a Packard f3 counter (model
2200 CA) for tritiated ligands and with a Packard y counter (model

Cobra II) for [‘251]IPIN. Binding data were analyzed with use of the
computerized iterative nonlinear regression program LIGAND (13).

Northern blot analysis. Cells were washed twice with Hanks’
balanced salt solution and harvested by detachment of the mono-
layer with trypsin/EDTA. Total cellular RNA was prepared as de-

scnbed previously (6) before isolation ofPoly(A)� RNA with use of an
m.RNA extraction kit (Promega) according to the manufacturer’s
instructions. Northern blots to nylon N� membranes (Amersham)

were prepared subsequently to size fractionation by gel electrophore-
sis of the denatured mRNA on 1% agarose/formaldehyde gels con-

taming 20 mM morpholinosulfonic acid, 5 mi�i sodium acetate, and 1
mM EDTA, pH 7.0. A cloned Hm2 EcoRJJPstI fragment of human
muscarinic Hm2 cDNA (a gift from Dr. N. J. Buckley, Wellcome
Laboratory for Molecular Pharmacology, University College, Lon-

1 J� C. W. Mak, J. Rousell, E.-B. Haddad, and P.J. Barnes, unpublished

observations.

don, UK) and a 1272-base pair PstI fragment specific to rat GAPDH
rnRNA were used as probes for the Northern blot analyses.

Prehybridizations and hybridizations were carried out at 42#{176}with

the probes labeled to -1.5 x 106 cpm/ml in a buffer containing 50%

formamide, 50 mM ThsHCl, pH 7.5, 5x Denhardt’s solution, 0.1%
sodium dodecyl sulfate, 5 mM EDTA, and 250 pg/ml denatured

salmon sperm DNA. After hybridization, the blots were washed to a
stringency of 0.1 x standard saline citrate/0.1% sodium dodecyl sul-
fate at 65#{176}before exposure to Kodak XAR-5 film. After suitable

exposure times, autoradiographs were analyzed with the use of laser

densitometry (PDI).
cAMP measurements. After stimulation, cells were washed with

Hanks’ balanced salt solution, and the phosphodiesterase inhibitor

Org 20241 (30 iM) was added to fresh media for 15 mm. cAMP levels
were then measured in the presence or absence of carbachol ( 100 jiM

for 15 mm). Cells were harvested by the addition of 1 ml of boiling
water directly to each well followed by cell scraping before being
boiled for an additional 2 mm. After centrifugation at full speed in a
microcentrifuge at 4#{176}for 10 mm, the supernatant was collected and

stored at - 20#{176}before being assayed by radioimmunoassay as de-
scribed by Dent et al. (14). Protein was estimated with a Bio-Rad
protein assay (Hemel, Hempstead, UK), according to the manufac-
turer’s instructions.

Results

Radioligand binding studies. Receptor binding studies
were performed to determine muscarinic and �-adrenoceptor
protein levels after cell stimulation with the f32-adrenergic

agonist procaterol and the muscarinic agonist carbachol, re-
spectively. All receptor binding studies were performed on

cells at -70% confluence because a significant loss in the

number of receptor binding sites was observed when the cells
were allowed to reach confluence (data not shown). Satura-
tion studies performed with the nonselective muscarinic re-
ceptor antagonists [3HINMS and [3HIQNB revealed a single

class of binding site (Bm�, 452 ± 23.4 and 453 ± 23.1

fmol/mg protein, respectively) with equilibrium dissociation
constants (KD) of 0.20 ± 0.03 and 0.02 ± 0.01 nM, respec-

tively.

Pretreatment of HEL 299 cells with procaterol caused a
biphasic decrease in [3HJNMS binding. A 40% loss in the
number of receptor binding sites at 30 mm was followed by a
recovery to control levels at 2 hr before a slower reduction to

50% after exposure to procaterol for 24 hr (Fig. lA). Binding
experiments with [3H}QNB, however, showed a different pro-
file of binding, although a loss in receptor number was seen

after treatment with procaterol for 24 hr, suggesting seques-

tration of the M2 muscarinic receptors followed by recycling
back to the cell surface (Fig. 1A). Procaterol did not alter KD

values for either ligand. Further evidence to support this
conclusion was obtained from studies with the protein syn-
thesis inhibitor cycloheximide. The recovery in receptor num-

ber to control levels after 2 hr of procaterol treatment could
only be partially blocked by pretreatment of HEL 299 cells
with cycloheximide (data not shown). Collectively, the data
suggests that two distinct mechanisms are involved in the

down-regulation process: an initial sequestration and cycling

of receptors, followed by down-regulation after chronic stim-
ulation with procaterol.

HEL 299 cells were also exposed to other agents that

elevate cellular cAMP levels (Fig. 1B). Forskolin (50 jiM),

which we have shown previously to elevate cAMP levels in
these cells (6), and, after treatment for 24 hr, the stable
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2 J� C. W. Mak, unpublished observations.

Fig. 1. Effects of cAMP elevation on M2-receptor binding. A, HEL 299
cells were exposed to procaterol for the times indicated, and rH]NMS
and rH]QNB binding assays were performed as described in Materials
and Methods. B, Effects of treatment for 24 hr with procaterol (5 jiM),

8-bromo-cAMP (5 mM), and forskolin (50 jiM) on rH]NMS binding. All
data are the mean ± standard error of four to six independent exper-
iments. *, Significant at p < 0.01 with Student’s t test.

cAMP analogue 8-bromo-cAMP (5 m�) caused down-regula-
tion ofthe M2 receptors to an extent similar to that seen with

procaterol (Fig. 1B), suggesting a link between the elevated
cAMP levels and M2 muscarinic receptor down-regulation.

Functional (32-adrenoceptors were demonstrated in these

cells. The fJ-adrenoceptor antagonist [‘25I]IPIN identified a

single population of binding sites with KD value and binding
capacity of 20.9 ± 1.7 �M and 62 ± 18 fmol/mg protein,

respectively. These binding sites display characteristic prop-
erties of the �2-adrenoceptor subtype with regard to ligand
binding, functional response (cAMP accumulation), and
mRNA expression.2 Saturation binding studies were per-

formed with the f3-adrenoceptor antagonist [‘25I]IPIN to

Fig. 2. Time-dependent effects of procaterol on the steady state levels
of m2 receptor mRNA. Northern blot analyses were performed with
32P-Iabeled cDNA probes specific to m2 receptor and GAPDH on
isolated mRNA as descnbed in Materials and Methods. Shown are m2
receptor mRNA levels relative to GAPDH after procaterol treatment for
the times indicated after assessment by laser densitometry. Data are
the mean ± standard error of four independent experiments.

measure �32-adrenoceptor number. Chronic stimulation of M2
receptors with carbachol (100 jiM for 24 hr) had no effect on

[125IJIPIN binding characteristics (Bm,,.� 59.6 ± 18.0

fmol/mg protein after carbachol treatment). Although carba-

chol had no effect on �3-adrenoceptor density, procaterol

treatments (24 hr) resulted in a significant decrease in a-ad-

renoceptor density (40% of control, p < 0.05) without any
significant change in KD, indicating homogeneous down-reg-

ulation of the receptor.
Muscarimc receptor gene expression. Northern blot

analyses of isolated mRNAs revealed the presence of a 6.1-

kilobase transcript corresponding to the m2 receptor. Short
incubations (�2 hr) ofHEL 299 cells with procaterol resulted

in a small (25%) increase in the steady state levels of m2
receptor mRNA (Fig. 2), which resolved with longer incuba-

tion periods (�24 hr; Fig. 2). Although 24-hr procaterol and
8-bromo-cAMP treatments had no effect on m2 receptor

mRNA levels, forskolin significantly reduced the steady state
levels of m2 receptor mRNA after 24 hr of incubation by 50%

(Fig. 3).
Role of PKA and PKC in M� muscarinic receptor and

m2 receptor mRNA down-regulation. Experiments with
the PKA inhibitor H-8 and the PKC inhibitor GF 109203X
were performed to address the potential involvement of PKA

and PKC in �-adrenoceptor-, forskolin-, and 8-bromo-cAMP-
mediated receptor down-regulation ofM2 receptors. The data
from these experiments are summarized in Figs. 4 and 5.
Both H-8 and GF 109203X completely inhibited the down-
regulation observed with procaterol (95 ± 4.9% and 1056 ±

7.0% of control, respectively) without having an effect alone,

suggesting that both of these kinases are involved in the
down-regulation process. Although the procaterol-induced

down-regulation was blocked completely by these enzyme
inhibitors, the forskolin effect was only partially blocked by
both inhibitors (81% and 80% of control for H-8 and GF

l09203X, respectively; p < 0.05 for H-8, p > 0.05 for GF

l09203X). Furthermore, preincubations with these inhibitors
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Fig. 3. Effect of agents that elevate cellular cAMP on steady state
levels of m2 receptor mRNA. Northern blot analyses were performed on
isolated mRNA from cells treated with procaterol (5 jiM), 8-bromo-
cAMP (5 mM), and forskolin (50 jiM). Top, representative Northern blot
for these treatments. Bottom, m2 receptor mRNA levels relative to
GAPDH after the treatments indicated after assessment by laser den-
sitometry. Data are the mean ± standard error of five independent
experiments. *, Significant at p < 0.05 with Student’s t test.

had no effect on the 8-bromo-cAMP-mediated down-regula-

tion. The inhibitory effects of H-8 and GF l09203X on the

forskolin-induced down-regulation at the receptor level were

mirrored at the mRNA level (Fig. 5). Both inhibitors attenu-

ated the forskolin effect to a similar degree as seen in the
binding experiments (78% and 75% ofcontrol for H-8 and GF
l09203X, respectively). Thus, the effects offorskolin (and the
inhibitory effects of H-8 and GF 109203X) may be attributed

to changes at the mRNA level.
Receptor coupling studies. Stimulation of HEL 299

cells with procaterol resulted in a rapid accumulation of

cAMP, which decreased afterward in a time-dependent man-
ner (Fig. GA). cAMP levels remained significantly above basal

levels after treatment with procaterol for 24 hr (0. 18 ± 0.01

at base-line; 8.59 ± 0.569 pmollmg protein at 24 hr). In cells
treated with vehicle or procaterol (�2 hr), cAMP accumula-

tion was significantly inhibited by carbachol (-�50%). The

inhibitory effect of carbachol was, however, lost after 24 hr of

treatment with procaterol, suggesting M2 muscarinic recep-
tor uncoupling (Fig. 6B). This was confirmed by restimula-

tion of HEL 299 cells with PGE2 (Fig. GC). In untreated cells

and in cells coincubated with procaterol and PGE2 for 15 mm,

Control 4- Forskolin -,.

Fig. 4. Involvement of PKA and PKC in the down-regulation of m2
mRNA in HEL 299 cells. Cells were treated with vehicle (Control) or 50
jiM forskolin (Forskolin) in the presence of DMSO, H-8, or GF 109203X
for 24 hr before mRNA was extracted, and Northern blots were per-
formed as described in Materials and Methods. The graph represents
m2 mRNA levels relative to GAPDH after assessment by laser densi-
tometry. Data are the mean ± standard error of four separate experi-
ments. *, Significantly different than control at p < 0.05 with Student’s
t test. #, Significantly different than 24-hr forskolin at p < 0.05 with
Student’s t test.

cAMP accumulation was significantly inhibited (30% and

25%, respectively; p < 0.05) by carbachol, but this inhibitory

effect was lost in cells treated with procaterol for 24 hr, even

though restimulation of adenylyl cyclase was possible. Co-

treatments with procaterol and PGE2 resulted in a greater

accumulation of cAMP, indicating that �3-adrenoceptors and

PGE2 receptors do not couple exclusively to the same pool of
adenylyl cyclase. The uncoupling of M2 receptors elicited

with procaterol could be reversed by preincubations with the

PKA and PKC inhibitors H-8 and GF 109203X (3l%,p < 0.05

for H-8; 29%, p < 0.05 for GF 109203X), implicating a role for

both of these kinases in the receptor desensitization process

(Fig. 6D).

Discussion

These results demonstrate transregulation of M2 musca-

rinic receptors by f32-adrenoceptor stimulation in HEL 299

cells and suggest the involvement of PKA and PKC in the

desensitization and down-regulation processes.

Specific [3HINMS and {3HJQNB binding to muscarinic re-

ceptors in HEL 299 cell membranes was saturable and best

described by interaction of the radioligands with a single

population of high affinity binding sites. In these cells, mus-

carinic receptors can be equally recognized by tertiary and

quaternary antagonists, in agreement with data obtained in

other cell lines (15, 16). Stimulation of f32-adrenoceptors re-

suited in a biphasic decrease of cell surface receptors as

measured with the hydrophilic ligand [3H]NMS, whereas

saturation binding experiments with the lipophilic ligand
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Fig. 5. Involvement of PKA and PKC in the down-regu-
lation of M2 receptors in HEL 299 cells. Cells were treated
in the presence of vehicle, 30 jiM of the PKA inhibitor H-8,
or 1 jiM of the PKC inhibitor GF 109203X in the absence
(Control) or presence of procaterol (Procaterol), forskolin
(Forskolin), or 8-bromo-cAMP (8-Br-cAMP) for 24 hr be-
fore preparation of membranes. Saturation binding assays
were performed with [3H]NMS as described in Materials
and Methods. Data are the mean ± standard error of three
to six independent experiments. *, Significantly different
than control at p < 0.01 with Student’s t test. +, Signifi-
cantly different than 24-hr procaterol at p < 0.05 with
Student’s t test. #, Significantly different than 24-hr fors-
kolin at p < 0.05 with Student’s t test.

Control Procaterol Forskolin 8-Br-cAMP

[3HIQNB revealed a different profile, in which long but not

short treatments with procaterol resulted in a loss of receptor

number. Together, these data suggest that short term treat-

ment of HEL 299 cells with procaterol induces sequestration

of the muscarinic receptors followed by their recycling to the

cell surface before subsequent down-regulation, a process

reminiscent of that seen on agonist occupancy of muscarinic

receptors (17-19). This conclusion was further substantiated

with the use of cycloheximide. Preincubation of the cells with

this protein synthesis inhibitor did not prevent receptor re-

covery at 2 hr, thus excluding the synthetic origin of the new

receptors (data not shown). Although stimulation of f32-adre-

noceptors resulted in a loss of M2 receptor binding sites,

carbachol (100 jiM) stimulation had no effect on the levels of

f32-adrenoceptor number, indicating that cross-talk was uni-
directional. This is in contrast to previous studies (8) showing

carbachol-induced down-regulation of �3-adrenoceptors in rat

cardiac myocytes. Our data, however, are consistent with a
number of other studies. Lee et al. (7) described cross-talk

between �-adrenoceptors and muscarinic receptors cotrans-

fected into Chinese hamster ovary cells, where /32-adrenocep-

tor stimulation resulted in sequestration of M1 receptors.

Our results also agree with data reported in both rat heart
and lung, where chronic f3 antagonist treatment (6 days)

resulted in a significant down-regulation of M2 muscarinic

and A1 adenosine receptors (20). Although carbachol did not

elicit any heterologous regulation of �-adrenoceptor receptor

density, we have previously shown that the same treatments

result in a significant loss in M2 muscarinic binding sites in

these cells (21). Similarly, homogeneous regulation of p2-
adrenoceptors occurred in HEL 299 cells where prolonged 13

agonist treatment resulted in a significant reduction in P2�

adrenoceptor density. This is in accordance with published

data from a number of other systems (for a review, see Ref.
22).

The decrease in muscarinic receptor binding sites seen on

chronic stimulation with procaterol was mimicked with

8-bromo-cAMP, a stable cAMP analogue, and forskolin, an

agent that directly stimulates adenylyl cyclase. These data

strongly implicate a cAMP-dependent process in the M2 re-

ceptor down-regulation.

We also evaluated the steady state levels of m2 muscarinic

receptor mRNAs after procaterol treatment. Northern blot

analyses of cellular mRNA revealed no overall changes in the

steady state levels of m2 mRNA, although a small increase

was seen after shorter incubation periods (�2 hr). Unlike the

data obtained with procaterol and 8-bromo-cAMP, 24-hr for-

skolin treatments resulted in a significant reduction in the

steady state levels of m2 muscarinic receptor mRNA. The

reasons for the discrepancy in the results obtained with these

compounds are not clear but may reflect the differential

sensitivity of the adenylyl cyclase isoforms (of which at least

eight have been identified) to different stimuli (23). Forskolin

is also known to elicit several other effects that are not

adenylyl cyclase dependent (24). Preincubation with PKA

inhibitor H-8 (25) was able to partially but not significantly

attenuate the reduction in m2 receptor mRNA, suggesting

such a nonselective effect of forskolin. Furthermore, preincu-

bations with the PKC inhibitor GF 109203X also inhibited

the forskolin-induced down-regulation. This may indicate a

role for this kinase in the changes in m2 mRNA as we have

previously described a role for PKC in the down-regulation of

m2 mRNA in these cells (6).

To assess the roles of PKA and PKC in the M2 receptor

down-regulation, H-8 and GF 109203X (26) were used in

binding studies. Both compounds attenuated the loss of

[3HINMS binding sites in HEL 299 cells treated for 24 hr

with procaterol, implicating a role for both ofthese kinases in

the down-regulation process. PKA is known to phosphorylate

muscarinic receptors (27, 28), and similar results were re-

ported by Lee et al. (7), including reduction in the down-

regulation of M1 receptors through stimulation of 132-recep-

tors in Chinese hamster ovary cells with H-8. The

involvement of PKC, however, was more surprising. A vari-

ety of studies provide evidence to support cross-talk between

the PLC and cAMP signal transduction pathways (4), and

PKC is known to phosphorylate muscarinic receptors (29,
30). Stimulation of PKA has also been shown to enhance
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Fig. 6. Coupling studies in HEL 299 cells. Cells were treated for the times indicated before the addition of a phosphodiesterase inhibitor for 15
mm. A, Cells were then treated with vehicle or 100 jiM carbachol for an additional 15 mm before cAMP was extracted. Accumulation of cAMP with
procaterol could be significantly inhibited by carbachol for �2 hr but not after 24 hr. B, Percentage inhibition by carbachol for the times indicated.
C, Accumulation of cAMP through stimulation of PGE2 receptors in the presence and absence of carbachol before (PGE2) and after procaterol
treatments for 15 mm (Pro 15 + PGE2) and 24 hr (Pro 24 + PGE2). D, Effect of pretreatment with the PKA and PKC inhibitors H-8 and GF 1 09203X
on procaterol-stimulated cAMP levels. Data are the mean of at least three independent experiments performed in triplicate. **, Significant at p <

0.01 with Student’s t test. *, Significant at p < 0.05 with Student’s t test.
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inositol-1,4,5-trisphosphate-mediated Ca� � mobilization

(31-33), which may account for the activation of PKC. Non-

selective inhibition of PKA by GF 109203X is unlikely be-
cause inhibition of PKA activity by GF 109203X in bovine

airway smooth muscle indicates an IC50 value of > 10 jiM,3

although the effect ofH-8 on PKC is not known in these cells.
Although preincubations with H-8 and GF 109203X were
able to completely inhibit the procaterol-induced down-regu-
lation of M2 receptors, forskolin-induced down-regulation
was only partially blocked by these inhibitors. This result is

consistent with the Northern blot data suggesting that the
effects of forskolin are a result of changes in the levels of m2
mRNA and not the result of any phosphorylation events at

the receptor protein level. Finally, H-8 and GF 109203X did

not inhibit the 8-bromo-cAMP-induced down-regulation, for
reasons that are not clear. Although the reasons for the
discrepancies in the action of these three adenylyl cyclase
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activators are not known, the experiments may illustrate

subtle differences in the pathways activated by these com-

pounds or selective inhibition of different isoforms of PKA or

PKC by H-8 and GF 109203X.

Receptor coupling studies also revealed an involvement of

PKA and PKC in M2 muscarinic receptor desensitization

through f32-adrenocepthr stimulation. The accumulation of

cAMP after short term procaterol treatment was inhibited by

carbachol. This inhibition was lost after 24-hr treatment with

procaterol, suggesting M2 receptor uncoupling. Although acute

PGE2 (and forskolin) stimulated cAMP was inhibited by carba-

chol, prestimulation with procaterol for 24 hr attenuated this

inhibition. Restimulation of the adenylyl cyclase system was

possible after 24-hr procaterol treatment with PGE2, indicating

that the time-dependent reduction in the accumulation of cAMP

probably occurred at the f3-adrenoceptor level and is consistent

with the loss in j3-adrenoceptor number. The involvement of

PKC and PRA in M2 receptor desensitization was also demon-
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strated as the procaterol-induced uncoupling could be partially

inhibited by H8 and GF 109203X.

In summary, we described a molecular mechanism for the
transregulation of muscarimc M2 receptors by f32-adrenocep-

tor stimulation that results in an uncoupling and down-

regulation of the M2 receptor. The down-regulation of M2
receptors by procaterol did not seem to be the result of

changes in the steady state levels of m2 receptor mRNA.
Furthermore, the loss ofmuscarinic receptors and their func-

tional uncoupling apparently involves PKA and PKC. Al-

though the down-regulation of M2 receptors could be mim-

icked by other agents that activate adenylyl cyclase, the

biochemical pathways involved seem not to be shared.
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