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ABSTRACT. The effects of oxotremorine-M (oxo-M), a muscarinic agonist, on cyclic AMP (cAMP) accu-
mulation in slices of the rat peripheral lung were investigated. Oxo-M stimulated cAMP accumulation in a
concentration-dependent manner with an ECsy value of 4.2 uM and a maximal effect of 2.4 + 0.39-fold over
basal. In the presence of forskolin (25 uM), the maximal effect of oxo-M was increased to 14.1 + 4.0-fold over
basal. Forskolin alone caused a 5.9 + 2.2-fold increase in cAMP relative to basal; therefore, the combination of
both drugs was more than additive. The effects of oxo-M on cAMP accumulation were unaffected by tetrodo-
toxin, indicating that the action of oxo-M was not mediated by neuronal release of neurotransmitters. Oxo-M
had a small inhibitory effect on cAMP in a homogenate preparation, indicating that the stimulatory response to
0x0-M in slices of the lung is not due to direct stimulation of adenylyl cyclase. Characterization of the oxo-M
potentiation of forskolin-stimulated cAMP accumulation using different muscarinic antagonists yielded calcu-
lated pKy values that agreed with binding affinities for the M; subtype. Oxo-M elicited phosphoinositide
hydrolysis in the lung, and the nature of the antagonism of this response was also consistent with that expected
for an M;-mediated response. cAMP accumulation in the presence of oxo-M (100 wM), forskolin (12 wM), or
both drugs combined was inhibited by indomethacin (1 uM). These results demonstrate that the M; receptor
stimulates cAMP accumulation and phosphoinositide hydrolysis in the rat peripheral lung, and the mechanism
for cAMP stimulation may involve arachidonic acid metabolites. BIOCHEM PHARMACOL 52;4:643-658, 1996.
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The muscarinic receptors can be divided into five subtypes
(M;—Mj5) on the basis of their primary sequence and phar-
macological properties [1]. Although there is considerable
structural homology in the transmembrane spanning re-
gions of the subtypes, there is divergence in the third cy-
toplasmic loop that confers selectivity for different G pro-
teins and their signaling pathways [2]. The M;, M, and Ms
subtypes couple to phosphoinositide hydrolysis, whereas the
M, and M, subtypes preferentially couple to inhibition of
adenylyl cyclase [3]. However, in transfected cells express-
ing high densities of M, and M, receptors, a weak, pertussis
toxin-sensitive phosphoinositide response has been ob-
served. In contrast, the phosphoinositide response elicited
by the M;, M;, and Ms subtypes is usually pertussis toxin
insensitive [4, 5]. Direct stimulation of adenylyl cyclase also
has been observed. Onali et al. [6] have demonstrated in
homogenates of the rat olfactory bulb that the M, receptor
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stimulates adenylyl cyclase through a pertussis toxin-
sensitive G protein [7]. Also, when transfected into CHO®
cells, the M, receptor has been shown to stimulate adenylyl
cyclase in cellular homogenates [8, 9]. In the intact cell,
more complicated signaling mechanisms exist due to the
accumulation of intracellular mediators such as Ca®*. For
example, M, and M; muscarinic receptors stimulate cAMP
accumulation in intact AL9 cells and bovine iris, respec-
tively, and this effect appears to be dependent upon phos-
phoinositide hydrolysis, which causes a mobilization of
Ca®* and an activation of Ca**—calmodulin-dependent ad-
enylyl cyclase [10-12]. Similar observations have been
made in intact SH-SY5Y cells [13]. However, Baumgold et
al. [14] reported that in SK-N-SH human neuroblastoma

§ Abbreviations: AF-DX 116, [[2-[(diethylamino)methyl]-1-piperidinyl]
acetyl]-5,11-dihydro-6H-pyrido[2,3-b][1,4]benzodiazepine-6-one; AMP,
cyclic AMP; CHO, Chinese hamster ovary; HHSiD, hexahydrosiladifeni-
dol; IBMX, isobutylmethylxanthine; IP;, inositol-1,4,5-trisphosphate;
KRB, Krebs—Ringer bicarbonate; NMS, N-methylscopolamine; oxo-M,
oxotremorine-M; PGE,, prostaglandin E,; PKC, protein kinase C; PMA,
phorbol 12-myristate 13-acetate; and TCA, trichloroacetic acid.
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cells, a muscarinic receptor is able to stimulate cAMP ac-
cumulation independent of elevated intracellular calcium
levels. Other investigators have proposed that muscarinic-
stimulated cAMP accumulation may be mediated by
mechanisms involving cGMP or PKC as well as calcium
[15-18].

Muscarinic receptors in the lung have been identified in
several species and have been shown to be involved in
airway constriction, mucus secretion, and prejunctional
control of neurotransmitter release. The subtypes present in
the central airways are most commonly M, and M; [19].
Functional studies in the trachea have shown M,-mediated
inhibition of adenylyl cyclase and M;-mediated phospho-
inositide hydrolysis resulting in intracellular calcium release
and contraction [20-24]. Species differences arise with re-
gard to the distribution of muscarinic receptor subtypes in
the peripheral lung. The peripheral lung of rats contains
predominantly M, receptors [25, 26], whereas those of the
human [27, 28] and rabbit [29, 30] contain predominantly
M, and M, receptors, respectively. The functional signifi-
cance of these receptors is unclear since the peripheral lung
consists of many different cell types; however, it is possible
that the localization of these receptors may include smooth
muscles, mucus glands, ganglia, or pulmonary vessels [31].
Further studies characterizing these receptors and their
function could be useful in developing therapies for ob-
structive airway diseases.

In this study, we have investigated the effects of a mus-
carinic receptor on cAMP accumulation in the rat periph-
eral lung. We have found that oxo-M, a muscarinic agonist,
potentiates forskolin-stimulated cAMP production and
stimulates phosphoinositide hydrolysis. Both of these re-
sponses are mediated by the M5 subtype, although the ma-
jority of muscarinic receptors present are of the M, subtype.

MATERIALS AND METHODS

Materials

All of the drugs used were obtained from the Sigma Chemi-
cal Co., St. Louis, MO, with the exception of the following:
pirenzepine, methoctramine, and oxotremorine-M, Re-
search Biochemicals Inc., Natick, MA; AF-DX 116, Boeh-
ringer Ingelheim Pharmaceuticals, Ridgefield, CT; HHSID,
Dr. Giinter Lambrecht, University of Frankfurt, Frankfurt,
Germany; [a->*PJATP, ICN Radiochemicals, Irvine, CA;
and [PHladenine, [*H]inositol, and PHINMS, Dupont-New
England Nuclear, Boston, MA.

cAMP Accumulation

cAMP was measured using a modification of the [PH]ad-
enine-prelabeling method described by Daly et al. [32].
Male Sprague-Dawley rats (150-250 g) were killed by de-
capitation. Their lungs were removed and placed into ice-
cold KRB buffer (124 mM NaCl, 5 mM KC], 1.3 mM
MgCl,, 26 mM NaHCO;, 1.2 mM KH,PO,, 1.8 mM
CaCl,, 10 mM glucose) gassed with O,/CO, (19:1). Pe-
ripheral sections of the lung were dissected away carefully
from the majority of the tissue by cutting along the outer
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edges and the surfaces of each lobe. The tissue was cross-
chopped (350 x 350 wm) with a Mcllwain tissue chopper,
and the resulting slices were transferred to an Erlenmyer
flask with KRB buffer. The suspension of slices was degassed
by reduced pressure which caused the slices to settle. The
slices were immediately washed three times with fresh KRB
buffer gassed with O,/CO, (19:1). The tissue was incubated
with [PHladenine (50 nCi) for 40 min at 37° in 10 mL of
KRB hbuffer. Aliquots of gently packed tissue were added to
tubes containing KRB buffer (0.7 mL), 0.5 mM IBMX, and
various drugs as described under Results. The tissue was
incubated for 10 min at 37°. All measurements were done
in triplicate. During antagonism experiments, slices were
incubated with the appropriate antagonist for 30 min prior
to the 10-min incubation with agonist. Reactions were
stopped by the addition of 0.3 mL TCA (30%, w/v) and
homogenization with a polytron. [PHJcAMP was measured
in the TCA extracts as described previously [33].

In some experiments, a mass assay was run simulta-
neously with the [?H]adenine-prelabeling technique. Trip-
licate TCA extracts from above were combined and subse-
quently divided into two aliquots: one for estimation of
cAMP as described above and the other for mass determi-
nation. The TCA extract (1 mL) for the mass assay was
applied to a cation exchange column (3.0 mL of Dowex AG
50W-X4, 200—400 mesh) and washed three times with wa-
ter (1 mL), and the eluates were discarded. The cAMP was
eluted with 7 mL of water, and the mass of cAMP present
in the eluate was determined using the Rainen cAMP ['2°]]
Radioimmunoassay Kit {Dupont, Boston, MA). Protein was
estimated using the method of Lowry et al. [34].

Phosphoinositide Hydrolysis

Oxo-M-stimulated phosphoinositide hydrolysis was mea-
sured as described previously [33] using a modification of
the method described by Berridge et al. [35]. Slices of pe-
ripheral lung were prepared as described above, washed
three times with KRB buffer, and allowed to equilibrate at
37° for 30 min. The slices were incubated for 90 min in a
final volume of 4 mL of KRB buffer containing 40-50 n.Ci
of PHlmyo-inositol, gassed continually with O,/CO, (19:
1). Aliquots of gently packed tissue were added to tubes
containing KRB buffer (0.35 mL), LiCl (10 mM), and vari-
ous drugs as described under Results. The tissue was incu-
bated for 30 min at 37°. During antagonism experiments,
slices were incubated with the appropriate antagonist for 30
min prior to the 30-min incubation with agonist. The re-
actions were stopped as previously described [33]. The
amount of [*Hlinositol phosphate formed (cpm) is ex-
pressed as a percentage of the total amount of radioactivity
in the organic phase plus the inositol phosphate fraction, to
correct for minor variations in the amount of tissue added
to each assay.

Adenylyl Cyclase Activity
Lung tissue was obtained as described above, weighed, and
suspended in ice-cold 30 mM sodium HEPES buffer, pH
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7.5, containing 3 mM dithiothreitol and 1 mM EGTA. The
tissue was homogenized with a Polytron homogenizer,
yielding a final tissue concentration of 50 mg tissue (origi-
nal wet weight) per mL of buffer. An aliquot (0.05 mL) of
this homogenate was incubated in a final volume of 0.2 mL
containing 30 mM sodium HEPES, pH 7.5, 0.25 mM ATP,
[a-**PJATP (1 pnCi), 1 mM cAMP, 0.75 mM dithiothrei-
tol, 0.63 mM EGTA, 0.1 mM GTP, 0.5 mM IBMX, 10 mM
KCl, 5 mM MgCl,, 5 mM phosphocreatine, 30 U/mL cre-
atine phosphokinase, 0.05% bovine serum albumin, and
various drugs as described under Results. The incubation
lasted for 10 min at 37°. The reaction was stopped by the
addition of an aliquot (0.1 mL) containing 40 mM ATP,
1.4 mM cAMP, and 0.1 mM sodium dodecyl sulfate, ti-
trated to pH 7.5 with Tris base. An aliquot (0.8 mL) of
water containing PH]cAMP (approximately 4000 cpm)
was added as an internal standard, and [*?PlcAMP was de-
termined using the method of Salomon et al. [36].

Radioligand Binding

The competitive inhibition of PHJNMS binding to the
lung and to CHO cells transfected with muscarinic receptor
subtypes was measured as described previously [37]. The
lung tissue was dissected from rats as described above and
homogenized with a Polytron homogenizer at setting num-
ber five in 20 mL of ice-cold HEPES buffer (30 mM sodium
HEPES, 100 mM NaCl, 1 mM MgSO,, 0.5 mM EGTA, pH
7.4). The homogenate was centrifuged at 31,000 g for 10
min. The resulting supernatant was discarded, and the pel-
let was resuspended in HEPES buffer to 18.75 mg/mL
(based on original wet weight). An aliquot (0.8 mL) of
tissue homogenate was incubated in a final volume of 1 mL
for 30 min at 25° with [’HINMS (0.5 nM) and various
concentrations of pirenzepine as described under Results.
For experiments on CHO cells, an aliquot (0.8 mL) of cell
suspension (see below) was incubated in a final volume of
1 mL of modified KRB buffer (124 mM NaCl, 5 mM KClI,
3 mM MgSQO,, 26 mM NaHCO; and 10 mM sodium
HEPES, pH 7.4) with [’HINMS and various drugs for 1 hr
at 30°. Non-specific binding was defined as the residual
binding in the presence of 1.0 WM atropine. All assays were
run in triplicate.

Cell Culture

CHO cells stably expressing the human M,-M; subtypes of
the muscarinic receptor were provided by Dr. Mark Brann
(University of Vermont, Burlington, VT). These cells were
grown in Dulbecco’s Modified Eagle’s Medium with high
glucose plus L-glutamine, supplemented with 7% fetal bo-
vine serum, sodium bicarbonate (3.7 g/L), and in the pres-
ence of 500 U penicillin and 500 U streptomycin. Cells
were grown and maintained in a 37° incubator with a hu-
midified atmosphere containing 5% CQO,. Cells were de-
tached by incubation at 37° for 5 min with 2 mL of a
solution of trypsin—-EDTA in normal saline. Tissue culture
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flasks (75 cm?) inoculated with 2.5 x 10° cells were typi-
cally confluent in 3 days. Cells were detached as described
above and centrifuged. The resultant pellets were stored at
~70° until used in the binding assay. On the day of the
binding assay, cell pellets were thawed and resuspended in

modified KRB buffer.

Calculations

The ECsy values (concentration of drug eliciting a half-
maximal response) and maximal responses of oxo-M for
stimulating phosphoinositide hydrolysis and cAMP accu-
mulation were estimated by nonlinear regression analysis of
the concentration—response curves according to a four-
parameter logistic equation as described previously [38].
The high (Ky) and low (K}) affinity dissociation con-
stants of pirenzepine were estimated by nonlinear regression
analysis of the pirenzepine/’HJNMS competition curve ac-
cording to a two-site binding equation as described previ-
ously [37]. The apparent dissociation constants were cor-
rected for the competitive effect of PHINMS assuming a
dissociation constant (Kp) of PHINMS of 0.5 nM. This
value was estimated previously at M, receptors in the rat

heart [39].

Statistics

An analysis of variance technique was used to determine
whether there were significant differences between the K
values of antagonists measured by antagonism of the cAMP
response and those measured by antagonism of the phos-
phoinositide response. Similarly, this technique was also
used to compare K values from the functional studies with
the corresponding binding affinities (K, values) measured
at the M;—M; subtypes of the muscarinic receptor. In this
analysis, all dissociation constants (i.e. Kz and Kp, values)
were converted to logarithms. For each antagonist, the fol-
lowing ratio (R) was calculated:

Log R, =Log <£<7?1>
Bl

in which K5, denotes the dissociation constant of the first
antagonist estimated in one type of assay (e.g. cAMP assay)
and Kj, denotes that determined in another type of assay
(e.g. phosphoinositide assay or binding assay). Four ratios
were determined (R;-R,) corresponding to the four antago-
nists used in this study {i.e. AF-DX 116, HHSiD, methoc-
tramine, and pirenzepine). The variance of each Log ratio
(S%) was estimated as the sum of the variances of the Log
Kg (Se?) and Log K g (S?) values (i.e. Sg? = S + Si?).
If the Ky and Ky values are the same, then their corre-
sponding ratios (R,~R,) should all be the same and equiva-
lent to one [i.e. Log(R) = 0]. Consequently, one-way analy-
sis of variance was used to test these two criteria.

RESULTS

cAMP Accumulation

The effects of oxo-M and forskolin on cAMP accumulation
in slices of the rat peripheral lung are shown in Fig. 1.
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When measured using the mass assay described under Ma-
terials and Methods (see Fig. 1A), basal levels of cAMP
were 3.2 = 0.15 nmol/mg protein. Oxo-M (100 uM) had a
small but nonsignificant effect on the mass of ;cAMP (3.4
0.31 nmol/mg protein), whereas forskolin (12 uM) caused
a 2.2-fold increase (7.2 + 0.41 nmol/mg protein) relative to
basal. In the presence of both oxo-M (100 uM) and for-
skolin (12 pM), the mass of cAMP increased 2.8-fold (9.1
+ 0.60 nmol/mg protein) relative to basal. The effects of

10
| A.

cAMP (nmol/mg protein)
i

Fsk+O0xM Ak gy

7
iz
s | C
7
%’ //
3 | //
A N

E. E. Esqueda et al.

oxo-M and forskolin on cAMP accumulation in the lung
were also investigated using the [*HJadenine-prelabeling
technique described under Materials and Methods (see Fig.
1B). These measurements were made on the same samples
from which mass was estimated in Fig. l A. Using this tech-
nique, the basal level of cAMP was estimated at 1.2 +
0.09% (i.e. expressed as a percentage of the total [*H]ad-
enine-labeled nucleotides). Oxo-M (100 wM) caused a 1.6-
fold increase in cAMP accumulation (1.8 + 0.13%) relative

10
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Fsk (12 uM)
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FIG. 1. Effects of oxo-M, forskolin (Fsk), and their combination on cAMP accumulation in rat peripheral lung slices
as measured by a mass assay (A and C) and the [*H]adenine-prelabeling technique (B and D). (C) The mass data in
A have been replotted with the basal cAMP level subtracted from each stimulated value. (D) The [>H]adenine-
prelabeling data in B have been replotted with the basal cAMP level subtracted from each stimulated value. Each
point is the mean + SEM of 7 experiments using tissue pooled from 2-3 animals for each experiment.
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to basal, whereas forskolin (12 wM) caused a 5.3-fold in-
crease (6.2 £ 0.67%). In the presence of both forskolin (12
uM) and oxo-M (100 pM), cAMP values were increased
8.3-fold (9.7 + 0.74%) relative to basal. The effects of
oxo-M and forskolin on cAMP accumulation were not af-
fected by the addition of 1 pM tetrodotoxin (data not
shown).

A comparison of the data in panels A and B of Fig. 1
shows that, when expressed relative to basal, the cAMP
measurements with the [*H]adenine-prelabeling technique
are much larger than the corresponding measurements with
the mass assay. This difference may be due to a relatively
larger basal measurement with the mass assay. Thus, when
the basal value is subtracted from the measurements made
in the presence of the various drugs, there is much closer
agreement between the two methods (see Fig. 1, C and D).
Furthermore, when the data shown in panels C and D of
Fig. 1 were expressed relative to the effect of forskolin
rather than to basal, there were no significant differences
between the two methods with regard to the effect of
oxo-M by itself (P > 0.1) and its potentiation of the for-
skolin response (P > 0.1). The [*Hladenine-prelabeling
technique was used to characterize cAMP accumulation
further because this method yielded lower basal values,
which enabled a more accurate characterization of the re-
sponse to 0xo-M.

Since the experiments described above were done in the
presence of the phosphodiesterase inhibitor IBMX, it was of
interest to examine the effects of forskolin and oxo-M on

cAMP accumulation in the absence of IBMX (Fig. 2). Con-
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FIG. 2. Effects of oxo-M, forskolin (Fsk), and their combi-
nation on cAMP accumulation in rat peripheral lung slices
in the presence (shaded bars) and absence (hatched bars) of
IBMX (0.5 mM). All data are expressed relative to basal
cAMP levels. Each point is the mean + SEM of 4 experi-
ments using tissue pooled from 2 animals for each experi-
ment.
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sequently, additional experiments were run simultaneously
in both the presence and absence of IBMX. In the presence
of IBMX (0.5 mM), forskolin (25 uM) increased cAMP
production 7.1 + 0.40-fold over basal (0.9 + 0.06%) and
oxo-M (10 pM) caused a 2.2 + 0.15-fold increase. When
forskolin and oxo-M were combined, basal levels were in-
creased 13.8 + 1.59-fold. In the absence of IBMX, basal
levels of cAMP accumulation decreased to 0.6 + 0.07%.
Forskolin (25 uM) and oxo-M (10 uM) stimulated cAMP
accumulation 2.6 + 0.15- and 1.4 + 0.10-fold over basal,
respectively, and their combination caused a 5.0 + 0.58-fold
increase with respect to basal, demonstrating that the
mechanism for these responses is independent of phospho-
diesterase activity. Since measurements of PH]JcAMP were
greater in the presence of IBMX, we included it in the
remainder of our experiments.

The effects of various concentrations of oxo-M on cAMP
accumulation in the rat lung are shown in Fig. 3. Oxo-M
stimulated ¢cAMP production in a concentration-
dependent manner with an EC5, value of 4.2 pM and a
maximal effect of 2.4 + 0.39-fold over basal. When forsko-
lin (25 pM) was combined with oxo-M at various concen-
trations, it potentiated the response elicited by oxo-M. This
potentiation was more than additive since forskolin only
increased cAMP accumulation 5.9 + 2.2-fold over basal by
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FIG. 3. Effects of various concentrations of oxo-M on cAMP
accumulation in the absence (B) and presence (A) of for-
skolin (25 pM) in rat peripheral lung slices. All data are
expressed relative to basal cAMP (solid bar). Effects of for-
skolin in the absence of oxo-M (open bar) were also mea-
sured. Basal cAMP conversion was 0.9 £ 0.09%. Each point
is the mean = range of two experiments using tissue pooled
from two animals for each experiment.
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itself, but the maximal effect of oxo-M was increased to 14
+ 4.0-fold when both drugs were combined.

The effects of various concentrations of forskolin on
cAMP accumulation are shown in Fig. 4. Forskolin stimu-
lated cAMP production in a concentration-dependent
manner with an ECs value of 4.5 pM and a maximal effect
of 4.2 + 0.37-fold over basal. This response was potentiated
by oxo-M (10 wM) which increased the maximal response
of forskolin to 9.4 = 0.83-fold over basal. The effect of the
two drugs combined was more than additive since oxo-M by
itself was only able to increase cAMP accumulation 1.7
0.10-fold over basal (see Fig. 5).

Additional agents known to stimulate adenylyl cyclase
were screened to determine whether oxo-M (10 pM) po-
tentiated their effects on cAMP accumulation (Fig. 5). For
comparison, the potentiating effect of 0xo-M on forskolin-
stimulated cAMP accumulation is also shown in Fig. 5.
Histamine (3 wM) had no significant effect on cAMP ac-
cumulation by itself; consequently, in the presence of both
histamine and oxo-M, the level of cAMP was the same as
that measured with oxo-M by itself (1.7 + 0.10-fold over
basal). Isoproterenol (0.1 uM) caused a 5.0 = 0.54-fold
increase in cAMP over basal, and this effect was increased
significantly by oxo-M to 5.6 + 0.58 (P < 0.01) in an
additive manner. An additive increase by oxo-M was also
observed with PGE; (10 uM). When used alone, PGE,
significantly stimulated cAMP 1.6 + 0.23-fold over basal (P
< 0.02), and when combined with oxo-M, cAMP levels
increased to 2.5 + 0.29-fold over basal. The effect of oxo-M
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FIG. 4. Effects of various concentrations of forskolin on
cAMP accumulation in the absence (l) and presence (A) of
oxo-M (10 pM) in rat peripheral lung slices. All data are
expressed relative to basal cAMP conversion which was
1.02 = 0.18%. Each point is the mean + SEM of 4 experi-
ments using tissue pooled from 2 animals for each experi-
ment.
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FIG. 5. Effects of forskolin (Fsk), histamine (Hist), isopro-
terenol (Iso), and prostaglandin E, (PGE,) on cAMP accu-
mulation in the absence (shaded bars) and presence
(hatched bars) of oxo-M (10 pM) in rat peripheral lung
slices. All data are expressed relative to basal cAMP levels.
Each point is the mean + SEM of 4-8 experiments using
tissue pooled from 2-3 animals for each experiment.

and PGE, was significantly greater than the effect of PGE,
by itself (P < 0.01).

A series of subtype selective muscarinic antagonists were
tested for their ability to antagonize the potentiating effects
of oxo-M on forskolin-stimulated cAMP accumulation to
determine which subtype of the muscarinic receptor was
mediating the response (Fig. 6). cAMP accumulation was
measured in the presence of forskolin (25 uM) by itself, and
combined with various concentrations of oxo-M. The oxo-
M-mediated potentiation was expressed relative to the for-
skolin response. These measurements were repeated in the
presence of a single concentration of antagonist. All of the
antagonists caused parallel rightward shifts of the concen-
tration—response curve of 0xo-M. The dissociation constant
(Kp) of each antagonist was estimated from the following
equation:

[antagonist]
B™ CR ~ 1
in which CR (Concentration Ratio) denotes the ECsy value
of oxo-M measured in the presence of the antagonist di-

vided by that measured in its absence. A summary of these
results is provided in Table 1.

Radioligand Binding in CHO Cells

To provide a valid comparison between the Ky values of
antagonists calculated in Table 1 and their respective bind-
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FIG. 6. Effects of various concentrations of 0xo-M combined with forskolin (25 pM) on cAMP accumulation in the
absence (H) and presence ({) of different muscarinic antagonists in rat peripheral lung slices. (A) 10 pM piren-
zepine, (B) 10 pM AF-DX 116, (C) 1.0 pM HHSID, and (D) 10 pM methoctramine. All data are expressed relative
to the cAMP levels elicited by forskolin. Each point is the mean + SEM of at least 4 experiments using tissue pooled

from 3 animals for each experiment.

ing affinities (Kp values) at subtypes of the muscarinic re-
ceptor, we carried out antagonist/PH]NMS competition ex-
periments in CHO cells transfected with the M;-M; sub-
types of the muscarinic receptor. These binding assays were

run in a modified KRB buffer nearly identical to that used
in the cAMP and phosphoinositide assays because it is
known that ionic strength influences the binding affinities
of muscarinic antagonists [40]. The estimated K, values of

TABLE 1. pKg values for antagonism of cAMP accumulation and phosphoinositide hydrolysis in the rat peripheral lung by
various antagonists and binding affinities (pK,) for the same antagonists at the human M, receptors transfected into CHO cells

Phosphoinositide Radioligand
cAMP accumulation hydrolysis binding

Concentration Concentration Concentration Concentration hM,
Antagonist (nM) ratio* pKgt (nM) ratio* pKgt pKpt
Pirenzepine 10 61.7 6.78 + 0.09 1 7.7 680024 6.59+003
AF-DX 116 10 13.6 6.09 +0.26 10 9.2 591011 6.10+0.06
HHSiD 1 29.8 747 £0.21 1 43.7 7.63+£0.06 7.69 +0.06
Methoctramine 10 20.6 6.28 £ 0.20 10 6.0 5710+£0.02  6.33+0.04

* “Concentration ratio” denotes the ECsq value of 0xo-M measured in the presence of the ancagonist divided by that measured in its absence.
1 Each pKj is the mean + SEM of 4-5 experimencts using tissue pooled from 2-3 animals.

¥ Each pKp, is the mean + SEM of 3 experiments.
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antagonists at the M;—M; muscarinic receptor subtypes are
listed in Table 2, and the values at the M; subtype are also
listed in Table 1 to facilitate comparison with the Ky val-
ues. Analysis of variance (see Materials and Methods)
showed that there were no significant differences between
the Ky values of antagonists measured by antagonism of the
cAMP response and their respective binding affinities at
the M; subtype (F3 ;3 = 0.914; P = 0.457). In contrast,
there were significant differences between the Ky values
from the cAMP response and the binding affinities esti-
mated at the M, (F5,3) = 16.9; P << 0.001), M, (F(3,3, =
35.7; P = << 0.001), M, (F(3 53y = 18.4; P << 0.001), and
M; (F(523) = 10.9; P << 0.001) subtypes of the muscarinic
receptor. We conclude that the M; subtype mediates the
potentiation in the cAMP accumulation elicited by forsko-
lin in the rat peripheral lung.

Adenylyl Cyclase Activity

Adenylyl cyclase activity was measured in homogenate
preparations of the peripheral lung to determine if cAMP
accumulation was due to direct stimulation of adenylyl cy-
clase (Fig. 7). In the absence of drugs, basal adenylyl cyclase
activity was estimated to be 6.3 + 0.85 pmol - min~' - mg
tissue !, Oxo-M (100 pM) inhibited basal adenylyl cyclase
activity by 15% (P < 0.01), whereas forskolin (100 pM)
and isoproterenol (50 pM) caused a 1.5 + 0.07- and 1.5
0.05-fold increase relative to basal, respectively. When for-
skolin (100 pM) and oxo-M (100 pM) were combined,
they caused a 1.5 = 0.04-fold stimulation over basal which
was not significantly different from the response of forskolin
alone (P > 0.1). These data provide no evidence for a direct
stimulation of adenylyl cyclase activity by oxo-M in the
peripheral lung.

Phosphoinositide Hydrolysis

The M;, M3, and M; muscarinic receptor subtypes couple
preferentially to the stimulation of phospholipase C-f,
leading to the production of IP; and diacylglycerol [3]. To
determine if this second messenger pathway was active in
the rat peripheral lung slice preparation, muscarinic recep-
tor-stimulated phosphoinositide hydrolysis was measured.
The muscarinic agonist oxo-M stimulated the accumula-
tion of labeled inositol phosphates with an ECs5q value of 9.0
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FIG. 7. Effects of oxo-M, forskolin (Fsk), their combination,
and isoproterenol (Iso) on adenylyl cyclase activity in ho-
mogenates of the rat peripheral lung. Each point is the mean
£ SEM of 4 experiments.

uM and a maximal effect of 1.9-fold relative to basal (Fig.
8). To determine which subtype of the muscarinic receptor
mediated this effect, the same subtype-selective antagonists
described above were tested for their ability to antagonize
the phosphoinositide response. Oxo-M-mediated phospho-
inositide hydrolysis was measured in the absence and pres-
ence of a single concentration of antagonist (see Fig. 8). All
antagonists caused parallel rightward shifts of the concen-
tration—response curves of oxo-M. Dissociation constants
were calculated for each antagonist as described above (see
equation for calculating Kg) and are listed in Table 1.

TABLE 2. pKj, Values for various muscarinic antagonists in CHO cells transfected with the human muscarinic receptor sub-

types

Antagonist hM, hM, hM, hM, hM,
Pirenzepine 7.77+0.03 5.96 +0.05 6.59 + 0.03 7.23£0.02 6.55 + 0.06
AF-DX 116 6.24 + 0.03 7.27 £0.05 6.10 £ 0.06 6.96 £ 0.12 5.29 £ 0.11
HHSiD 7.66 + 0.08 6.74 £ 0.04 7.69 + 0.06 7.65 £ 0.01 6.77 £ 0.01
Methoctramine 7.04 £ 0.03 7.29 £ 0.06 6.33 £ 0.04 7.02 £ 0.03 6.28 + 0.06

Each pKp, is the mean = SEM of 3 experiments.



M; Muscarinic Receptor and cAMP

~~ 2_
3 A.
< Control
;|
e
5
g 14 Pirenzepine
B
S
:
wn
o
© 0
I I 1 1 I
& "5 7 6 5 4 3
A
&
%’ 29 C.
.= Control
>
an
]
1S
e
'z 14 HHSiD
£
=
o
8
L
&1 0 I I 1 1 1
8 7 6 5 4 -3

651
2.
B.
Control
14 AF-DX 116
0 1 1 ] ] 1
-8 -7 -6 -5 -4 -3
2-
D.
Control
14 Methoctramine
0 1 ] 1 ] 1
-8 -7 -6 -5 -4 -3

Log [Oxotremorine-M]

FIG. 8. Effects of various concentrations of 0xo-M on phosphoinositide hydrolysis in the absence (l) and presence
(0) of different muscarinic antagonists in rat peripheral lung slices. (A) 1 pM pirenzepine, (B) 10 pM AF-DX 116,
(C) 1 pM HHSID, and (D) 10 pM methoctramine. All data are expressed relative to basal inositol phosphate levels.
Each point is the mean = SEM of at least 4 experiments using tissue pooled from 3 animals for each experiment.

Analysis of variance showed that there were significant
differences between the Ky values for antagonism of the
phosphoinositide response and their respective binding af-
finities measured at each of the five subtypes of the mus-
carinic receptor; however, the Ky values agreed best with
the Mj subtype (F(; 19y = 8.04; P = 0.0012) as compared
with the M; (F 19y = 49.6; P << 0.001), M, (E(3 16y = 106;
P << 0.001), My (F3 19y = 49.3; P << 0.001), and M;
(F3.19y = 25.7; P << 0.001) subtypes. Analysis of variance
was repeated omitting the K value of methoctramine, and
it was found that there were no significant differences be-
tween the Kj values of the other three antagonists and their
respective binding affinities at the M; subtype (F; 5y =
1.96; P = 0.18), whereas there were differences at the M;
(F2.15y = 24.5; P << 0.001), M, (F(3 15, = 79.6; P << 0.001),
M, (F3,15) = 27.7; P << 0.001), and M5 (F(; 15y = 25.3; P
<< 0.001) subtypes. We conclude that the M5 subtype me-
diates the phosphoinositide response in the peripheral lung
and that our estimate of the pKj of methoctramine in the
phosphoinositide assay is probably erroneously low (5.70 +

0.02) compared with those measured in the cAMP (6.38 =
0.20) and binding (6.33 = 0.04) assays.

Effects of EGTA on cAMP Accumulation

To investigate the dependency of forskolin- and oxo-M-
stimulated cAMP accumulation on an influx of external
calcium, we measured the effects of a 5-min preincubation
with EGTA (2 mM) on cAMP accumulation (Fig. 9). In
the absence of EGTA, forskolin (25 uM) and oxo-M (10
pM) stimulated cAMP accumulation 7.0 + 0.33- and 2.2 +
0.14-fold over basal (0.8 + 0.08%), respectively. When
combined, oxo-M potentiated the forskolin response, and
increased cAMP levels 12.2 + 0.55-fold over basal. In the
presence of EGTA (2 mM), the forskolin response de-
creased to 2.8 * 0.53-fold over basal (1.0 £+ 0.04%) and the
oxo-M response (0.9 + 0.04%) was not significantly differ-
ent from basal (P > 0.05). When measured in the pres-
ence of both oxo-M and forskolin, the cAMP response (3.0
t 0.53-fold) was not significantly different from that mea-
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FIG. 9. Effects of forskolin (Fsk), oxo-M, and their combi-
nation on cAMP accumulation in rat peripheral lung slices
in the absence (shaded bars) and presence (hatched bars) of
EGTA (2 mM). The preincubation with EGTA was for 5
min. All data are expressed relative to basal cAMP levels.
Each point is the mean + SEM of 5 experiments using tissue
pooled from 2 animals for each experiment.

sured in the presence of forskolin alone, indicating that
EGTA prevented the potentiation of the forskolin response
by oxo-M. These results demonstrate that external calcium
is required for the effects of oxo-M whether alone or in
combination with forskolin. In addition, at least part of the
response to forskolin by itself requires external calcium.

Effects of PMA on cAMP
Accumulation and Phosphoinoesitide Hydrolysis

To investigate the involvement of PKC in the oxo-M-
mediated stimulation of cAMP accumulation, cAMP assays
were done in the presence of PMA, a PKC activator. The
first condition involved using PMA in place of oxo-M to
see if PKC stimulation could mimic oxo-M in stimulating
cAMP accumulation and potentiating forskolin (Fig. 10).
PMA (1.0 pM) increased basal cAMP accumulation by 1.4
+ 0.03-fold, whereas oxo-M caused a 1.8 + 0.09-fold in-
crease with respect to basal (1.2 + 0.10%). When PMA was
combined with forskolin (25 M), the response was nearly
additive since there was a 14% increase in the response of
forskolin alone, which was 5.0 £ 0.33-fold over basal. In
contrast, oxo-M (10 wM) potentiated the forskolin re-
sponse by 66%. These data suggest that PKC activation
may result in a small stimulation of cAMP accumulation;
however, it does not result in the potentiation of the for-
skolin response like that mediated by oxo-M.

The second condition with PMA involved measuring
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FIG. 10. Effects of forskolin (Fsk), oxo-M, their combina-
tion, PMA, and Fsk and PMA on cAMP accumulation in rat
peripheral lung slices following a 1-hr preincubation in the
absence (shaded bars) and presence (hatched bars) of PMA
(1 pM). All data are expressed relative to basal cAMP levels.
Each point is the mean = SEM of 5 experiments using tissue
pooled from 3 animals for each experiment.

cAMP accumulation following a 1-hr preincubation with
PMA (1.0 uM) in an attempt to down-regulate PKC (Fig.
10). In control tissue (preincubated for 1 hr without PMA),
forskolin (25 pM) stimulated cAMP accumulation 5.0 =
0.33-fold over basal (1.2 + 0.10%), whereas oxo-M (10
uM) caused a 1.8 = 0.09-fold increase. When combined,
oxo-M and forskolin caused a 7.6 + 0.61-fold increase in
cAMP. This value corresponds to a 66% potentiation of the
forskolin response by oxo-M. Pretreatment with PMA
caused a small increase in basal levels of cAMP (1.8 +
0.11%). When expressed relative to basal, the increase in
cAMP elicited by forskolin (4.7 £ 0.31-fold) following pre-
incubation with PMA was not significantly different from
control (P > 0.1). In contrast, PMA treatment greatly re-
duced the response to oxo-M (1.3 = 0.07-fold). When com-
bined, forskolin and oxo-M stimulated cAMP 5.3 + 0.39-
fold, which corresponds to a 16% potentiation of the for-
skolin response by oxo-M. These data show that a lengthy
incubation of the lung with PMA has no effect on the
response to forskolin, but greatly inhibits the response to
ox0-M by itself and its potentiation of the response to for-
skolin.

Phosphoinositide hydrolysis was also measured following
preincubation with PMA to investigate whether PMA
treatment affected this signaling pathway upstream from
PKC. Following a 15-min preincubation with PMA (1
uM), oxo-M (9 and 100 uM) stimulated phosphoinositide
hydrolysis 1.2 + 0.05- and 1.4 + 0.04-fold over basal, re-

spectively (N = 4). These measurements were not signifi-
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cantly different from control values (1.3 + 0.08 and 1.4 +
0.10, respectively). After a 1-hr preincubation with PMA
(1 uM), oxo-M (9 pM) increased phosphoinositide hydro-
lysis 1.2 + 0.09-fold over basal which was significantly
lower than the control value (1.4 + 0.08-fold) (P < 0.05).
At the higher concentration of oxo-M (100 wM), phos-
phoinositide hydrolysis following PMA. treatment (1.3 %
0.13-fold} was not significantly different from control (1.5
+ 0.13-fold) (P > 0.05). These data show that lengthy
pretreatment with PMA decreases oxo-M-stimulated phos-
phoinositide hydrolysis by 40-50%.

Effects of Indomethacin on cAMP Accumulation

[t has been shown previously that muscarinic agonists
stimulate arachidonic acid release and that some arachi-
donic acid metabolites can increase cAMP accumulation
[11, 41, 42]. Therefore, we investigated whether indometh-
acin, a cyclooxygenase inhibitor, could inhibit the musca-
rinic response. Figure 11A shows the effects of indometh-
acin (1 wM) on the cAMP response to oxo-M and forskolin
by themselves. Indomethacin had no effect on the basal
levels of cAMP (data not shown). However, indomethacin
caused a 92% inhibition of the cAMP accumulation stimu-
lated by oxo-M (100 uM) and a 46% inhibition of that
stimulated by forskolin (12 wM). In Fig. 11B, the effects of
indomethacin (1 wM) on the interaction between oxo-M
and forskolin are shown. It can be seen that indomethacin
greatly reduced (60% inhibition) the potentiation of the
forskolin response by oxo-M. These data show that arachi-

11+

p—
st
)

B.

A.

cAMP (Fold Stimulation Over Basal)
N
1

Fsk (12 pM)
Fsk (12 pM)

Oxo-M (100 pM) i

Fsk + Oxo-M

653

donic acid metabolites may be involved in cAMP accumu-
lation mediated by oxo-M, forskolin, and their interaction.

Radioligand Binding in Rat Lung

Previous studies, using radioligand binding methods {25] as
well as immunoprecipitation techniques [26], have demon-
strated that the most abundant muscarinic receptor in the
rat peripheral lung is the M, (80-90%). To confirm these
studies, we carried out competitive binding experiments as
described under Materials and Methods. Figure 12 shows
the competitive inhibition of PHINMS binding by various
concentrations of pirenzepine in homogenates of the pe-
ripheral rat lung. Nonlinear regression analysis showed that
the competition curve was consistent with a two-site model
having high (Ky) and low (K;) affinity dissociation con-
stants. Pirenzepine bound to a majority of the sites (90%)
with low affinity (K, = 0.70 uM), whereas the remaining
sites bound pirenzepine with high affinity (Ky = 0.035
pM). These results are consistent with previous findings
demonstrating a large proportion of M, muscarinic recep-
tors (Kp, = 1.0 uM for pirenzepine, see Table 2) in the rat
peripheral lung.

DISCUSSION

We have investigated the effects of a highly efficacious
muscarinic agonist on cAMP accumulation in the rat pe-
ripheral lung, and our results show that oxo-M potentiates
forskolin-stimulated cAMP production, but does not poten-

FIG. 11. (A) Effects of oxo-M
and forskolin (Fsk) on cAMP
accumulation in the absence
(shaded bars) and presence
(hatched bars) of indometha-
cin (1 pM) in rat peripheral
lung slices. (B) Effects of Fsk
alone and combined with
oxo-M (100 pM) on cAMP
accumulation in the absence
(shaded bars) and presence
(hatched bars) of indometha-
cin (1 pM). All data are ex-
pressed relative to basal
cAMP levels. Each point is

N the mean = SEM of 3 experi-
—_ ments using tissue pooled
% 2, from 2 animals for each ex-
o .
~ 5 perniment.
=
KV +
4 4
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FIG. 12. Competitive inhibition of [*H]NMS binding by
pirenzepine in rat peripheral lung membranes. Specific
binding of [*’H]NMS was measured at a radioligand concen-
tration of 0.5 nM. Data are expressed as the percentage of
the specific binding of [’ H]NMS measured in the absence of
pirenzepine. Each point is the mean binding value of six
experiments.

tiate the effects of isoproterenol, PGE,, or histamine. This
observation in peripheral lung contrasts with previous stud-
ies on the central airways where muscarinic agonists inhibit
isoproterenol-stimulated cAMP accumulation [20, 23, 24].
Thus far, we are unable to specify which cell type is medi-
ating the muscarinic response and how muscarinic subtypes
are distributed among the different cell types in the periph-
eral lung. Moreover, the cells bearing the muscarinic re-
ceptors mediating the response may be different from those
in which cAMP accumulates because arachidonic acid me-
tabolites are probably involved in the response (see Fig.
11), and these metabolites may act on cells distinct from
where arachidonic acid is released. However, it is certain
that the ¢cAMP response is not due to muscarinic stimula-
tion of neurotransmitter release because the response was
unaffected by tetrodotoxin.

The results from the mass assay and the [*Hladenine-
prelabeling technique were consistent in demonstrating
that oxo-M potentiated forskolin-stimulated cAMP pro-
duction. However, when cAMP accumulation was ex-
pressed relative to basal, the [*H]adenine method gave
larger estimates of cAMP than did the mass assay. The
difference between the two methods is probably due to
differences in the basal measurement of cAMP. One pos-
sible explanation is that there may be a basal pool of cAMP
that does not get labeled with [*H]adenine, giving rise to
lower basal values with the [*H]adenine-prelabeling assay.

To determine which subtype of the muscarinic receptor
was mediating the cAMP response in the lung, we com-
pared the Ky values of antagonists for blocking the response
with their respective binding affinities (K, values) at sub-
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types of the muscarinic receptor. For this comparison, we
measured the K, values of pirenzepine, AF-DX 116,
methoctramine, and HHSID in CHO cells transfected with
the human M, through M; subtypes. These binding studies
were carried out in a physiological buffer (KRB buffer) the
same as that used in the cAMP assay because it is known
that ionic strength influences muscarinic binding affinity
[4Q]. Figure 13 shows that when the pKj values for antago-
nism of the cAMP response are plotted against the corre-
sponding binding affinity values for the M; receptor, a line
of identity is formed, whereas the binding affinities at the
other muscarinic subtypes are inconsistent with our pKg
values. Similarly, there is close agreement between our pKy
values for antagonism of the phosphoinositide response and
the binding affinities at the M; subtype, with the two sets
of values forming a line of identity (Fig. 14). Collectively,
our results demonstrate the presence of functioning M, re-
ceptors in the rat peripheral lung.

Since both the cAMP and phosphoinositide responses
are mediated by the M; receptor, then it follows that the
antagonist Kj; values for each response should be the same.
To confirm this, we compared our antagonist pKp values for
the cAMP response to those for the phosphoinositide re-
sponse. The pKy values for pirenzepine, AF-DX 116, and
HHSID were in agreement (i.e. within 1.5-fold)} between
the two assays, demonstrating that the M; receptor subtype
is mediating both responses (see Table 1). There was a
modest discrepancy (3.8-fold) in the Ky value of methoc-
tramine; nevertheless, analysis of variance showed no sig-
nificant differences between the Ky values of antagonists
determined from the two assays (F(3 ;) = 2.58; P = 0.080).

The results of competitive binding experiments with sub-
type selective antagonists indicate that approximately 80%
of the muscarinic receptors in the rat peripheral lung are of
the M, subtype [25]. Using antibodies selective for musca-
rinic subtypes, Wall et al. [26] confirmed the existence of a
majority of M, receptors in the lung and detected small
amounts of M; and M5 receptors as well. Our binding ex-
periments also confirm the great abundance of M, receptors
in the rat lung as indicated by the large proportion (90%)
of low affinity (K; = 0.7 uM) pirenzepine binding sites.
This low affinity is unique to the M, receptor since piren-
zepine exhibits intermediate affinity (i.e. K, = 0.1 wM) for
the M3, My, and M; subtypes and high affinity (i.e. K, =
0.02 uM) for the M, subtype (see Table 2; see also Kashi-
hara et al. [43]). It is interesting to note, therefore, that the
cAMP and phosphoinositide responses characterized in this
study are mediated by a very minor population of musca-
rinic receptors in the peripheral lung.

The mechanism for the small increase in cAMP elicited
by oxo-M alone is unresolved at this point; however, it is
probably not due to direct stimulation of adenylyl cyclase
because oxo-M caused a small inhibition of adenylyl cyclase
activity in a homogenate preparation. This inhibitory effect
is probably mediated by the M, receptor which is known to
inhibit adenylyl cyclase. Presumably, the small M,-
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FIG. 13. Comparison of the pKy values of antagonists for blocking cAMP accumulation in the rat peripheral lung
(y-axis) with their respective binding affinities (pKy,) at the M,-M,, receptors (x-axis). The solid line denotes the
line of identity (y = x), and has been inserted for comparative purposes. The pKj, values for pirenzepine,
methoctramine, HHSID, and AF-DX 116 are from Table 2.

mediated inhibition of adenylyl cyclase is overcome in the
intact cell by a larger M;-mediated increase in cAMP ac-
cumulation. It seems likely that the cAMP response to
0x0-M by itself is mediated by arachidonic acid metabolites
because it is blocked by the cyclooxygenase inhibitor indo-
methacin. In previous studies, muscarinic receptors have
been shown to stimulate phosphoinositide hydrolysis and
arachidonic acid release by varying mechanisms {9-11, 41,
44-47]. If the oxo-M-mediated cAMP response is caused by
arachidonic acid metabolites, it is unclear whether this re-
sponse is downstream from M;-stimulated phosphoinositide
hydrolysis or whether the response represents a parallel

mechanism. Since the response was blocked by chelation of
external calcium, it appears that the internal calcium re-
leased by an oxo-M-mediated increase in IP; is insufficient
to generate cAMP accumulation. Nevertheless, this rela-
tively small IP;-mediated release of intracellular calcium
could trigger a large influx of calcium by various mecha-
nisms to activate phospholipase A,. Therefore, these data
are consistent with the hypothesis that the response may be
due to arachidonic acid metabolites. Regardless of the
source of arachidonic acid, its rapid conversion to metabo-
lites could cause an activation of adenylyl cyclase through
a variety of Gg-linked eicosanoid receptors. This phenom-
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FIG. 14. Comparison of the pKj values of antagonists for blocking phosphoinositide hydrolysis in the rat peripheral
lung (y-axis) with their respective binding affinities (pKy, values) for the M,-M, subtypes of the muscarinic
receptor (x-axis). The solid line indicates the line of identity (y = x), and has been inserted for comparative
purposes. The pK,, values of the antagonists are from Table 2.

enon has been demonstrated in the bovine ciliary muscle
[41] and in canine parietal cells [42] following exposure to
a muscarinic agonist.

The effect of EGTA on the oxo-M-mediated increase in
cAMP also raises the possibility that a calcium-dependent
isoform of adenylyl cyclase is mediating the response. How-
ever, since indomethacin completely blocked the response
elicited by oxo-M, it is evident that oxo-M is not directly
stimulating adenylyl cyclase via elevated calcium levels. It
is conceivable that oxo-M may be stimulating the produc-
tion of arachidonic acid metabolites that increase cAMP

accumulation through a calcium-dependent isoform of ad-
enylyl cyclase, but this has not been proven.

Arachidonic acid metabolites may also be involved in
part of the forskolin-stimulated cAMP response because it
was attenuated by indomethacin. It has been shown that
arachidonic acid release can be augmented by cAMP [46].
Therefore, when forskolin directly stimulates adenylyl cy-
clase, a positive feedback phenomenon may occur in which
the resulting cAMP formation triggers the release of ara-
chidonic acid, causing the formation of metabolites such as
prostaglandins that stimulate the formation of more cAMP.
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The effects of EGTA on the forskolin response are consis-
tent with this mechanism as well since arachidonic acid
release may be indirectly dependent on calcium release.
Likewise, the response may be partially due to the presence
of a calcium-dependent isoform of adenylyl cyclase.

At the present time the mechanism for the potentiating
effect of oxo-M on forskolin-stimulated cAMP accumula-
tion is unclear. One possibility is that when forskolin binds
to adenylyl cyclase, it sensitizes the enzyme to Gg so that
the arachidonic acid metabolites generated by oxo-M can
elicit an amplified cAMP response. A synergistic interac-
tion between recombinant GTPyS-G,, and forskolin has
been demonstrated in homogenates of cells transfected with
type 11, IV, V, and VI adenylyl cyclase [48-50], and type II,
V, and VI adenylyl cyclases have been found in the lung
[51]. This mechanism can explain why oxo-M only poten-
tiated the cAMP response to forskolin and not those elic-
ited by isoproterenol and PGE,. This mechanism also pre-
dicts that forskolin should inferact synergistically with
other agonists that signal through Gg in the lung. Interest-
ingly, we have found that the cAMP response to forskolin
and isoproterenol in the lung is much greater than the
summation of their individual effects (data not shown).
Further work is needed to sort out this mechanism.

Our studies with PMA showed that this PKC activator
was unable to mimic oxo-M in potentiating forskolin-
stimulated cAMP accumulation; however, a prolonged pre-
treatment with PMA inhibited muscarinic-stimulated
phosphoinositide hydrolysis and prevented the muscarinic
potentiation of cAMP accumulation. These results can be
rationalized by assuming that PKC does not mediate the
muscatinic-stimulated cAMP response; rather, the response
may be downstream from IP; calcium release, or it may
represent a parallel pathway that is also inhibited by PKC
following excessive activation with PMA.

In summary, we have shown that a muscarinic agonist
potentiates forskolin-stimulated cAMP accumulation and
stimulates phosphoinositide hydrolysis in the rat peripheral
lung. Both of these responses are mediated by the M; sub-
type of the muscarinic receptor. The mechanism for the
muscarinic-mediated increase in cAMP levels has not been
determined as of yet; however, it appears to involve ara-
chidonic acid metabolites.
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