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1 Muscarinic cholinoceptor stimulation leads to an increase in guanylyl cyclase activity and to a
decrease in adenylyl cyclase activity. This study examined the effects of cocaine and
methylecgonidine (MEG) on muscarinic receptors by measurement of cyclic GMP and cyclic
AMP content in cultured human embryonic lung (HEL299) cells which specifically express M,
muscarinic receptors.

2 A concentration-dependent increase in cyclic GMP production was observed in HEL299 cells
incubated with carbachol, cocaine, or MEG for 24 h. The increase in cyclic GMP content was 3.6
fold for 1 um carbachol (P<0.01), 3.1 fold for 1 uM cocaine (P<0.01), and 7.8 fold for 1 um MEG
(P<0.001), respectively. This increase in cyclic GMP content was significantly attenuated or
abolished by the muscarinic receptor antagonist atropine or the M, blocker methoctramine.

3 In contrast, cocaine, MEG, and carbachol produced a significant inhibition of cyclic AMP
production in HEL299 cells. Compared to the control, HEL299 cells treated with 1 uM cocaine
decreased cyclic AMP production by 30%. MEG and carbachol at 1 uM decreased cyclic AMP
production by 37 and 38%, respectively. Atropine or methoctramine at 1 or 10 uM significantly
attenuated or abolished the cocaine-induced decrease in cyclic AMP production. However, the
antagonists alone had neither an effect on cyclic GMP nor cyclic AMP production. Pretreatment of
HEL299 cells with pertussis toxin prevented the cocaine-induced reduction of cyclic AMP
production.

4 Western blot analysis showed that HEL299 cells specifically express M, muscarinic receptors
without detectable M; and Mj. Incubation of HEL299 cells with cocaine, carbachol, and atropine
did not alter the expression of M, protein levels. However, the inducible isoform of nitric oxide
synthase (iNOS) was induced in the presence of cocaine or carbachol and this induction was
significantly attenuated after addition of atropine or methoctramine.

5 The present data show that cocaine and MEG significantly affect cyclic GMP and cyclic AMP
production in cultured HEL299 cells. Our results also show that these effects result from the drug-
induced stimulation of M, muscarinic receptors accompanied with no alterations of receptor
expression. However, the induction of iNOS by cocaine may result in the increase in cyclic GMP
production.
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Introduction

It is well known that acetylcholine (ACh) decreases heart
rate, slows atrial-ventricular conduction, and attenuates
catecholamine-stimulated effects. Several recent studies show
that ACh had a direct chronotropic and negative inotropic
effect on ferret and rat ventricular myocytes (Boyett et al.,
1988; McMorn et al., 1993). In addition, ventricular myocytes
isolated from cat, guinea-pig, and human hearts (Koumi &
Wasserstrom, 1994), as well as from ferret hearts (Xiao &
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Morgan, 1998) expressed ACh-activated muscarinic K™
channels. Muscarinic cholinoceptor stimulation triggers its
signal transduction system that leads to activation of
guanylyl cyclase and an inhibition of adenylyl cyclase
(Richardson et al., 1991). The cardiac negative inotropic
effect of ACh was accompanied by a decrease in intracellular
cyclic AMP content (Boyett et al., 1988; Fleming et al., 1987;
Fleming & Watanabe, 1988), and at the same time by an
increase in intracellular cyclic GMP production (George et
al., 1970; Goldberg et al., 1975). Muscarinic receptor agonists
reduced isoproterenol-stimulated contractility either by pre-
venting the isoproterenol-enhanced formation of cyclic AMP
via inhibition of adenylyl cyclase (Murad et al., 1962; Watson
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et al., 1988), or by stimulating the catabolism of cyclic AMP
via activation of the cyclic GMP-dependent phosphodiester-
ase (Fischmeister & Hartzell, 1987). In contrast, MacDonell
et al. (1995) reported that change in intracellular cyclic GMP
levels was not responsible for the inhibitory effects of
muscarinic receptor agonists on the contractility of rat
ventricular cardiomyocytes during catecholamine stimulation.
The mechanism underlying the muscarinic receptor-mediated
inhibition of cyclic AMP-dependent physiological responses
remains to be delinecated (Ramesh et al., 1998).

Cocaine use has climbed rapidly and become a serious
social and medical problem in many countries. A large
variety of cardiovascular diseases have been associated with
cocaine abuse, including acute myocardial ischaemia and
infarction (Cregler & Mark, 1985; Pasternack et al., 1985;
Isner et al., 1986), arrhythmias and sudden death (Nanji &
Filipenko 1984; Benchimol ez al., 1978; Isner et al., 1986),
myocarditis (Virmani et al., 1988), cardiomyopathy (Weiner
et al., 1986), hypertension (Resnick et al., 1977), accelerated
atherosclerosis (Dressler et al., 1990), and endocarditis
(Chambers et al., 1987). However, the mechanism about
how cocaine affects the heart has not yet been fully
elucidated. Our recent studies indicate that cocaine and
MEG at relatively low concentrations produced a negative
inotropic effect in ferret myocardium or isolated ventricular
myocytes (Miao et al., 1996; Huang et al, 1997, Woolf et al.,
1997). This negative inotropic effect could be abolished by
addition of the muscarinic antagonist atropine and methoc-
tramine, a selective M, receptor blocker, but not by M;
(pirenzepine) and M3 (4-diphenylacetoxy-N-methylpiperidine
methiodide) blocking agents (Huang et al., 1997). In addition,
large doses of MEG caused structural damage to myocytes.
These results suggest that the negative inotropic effects of
cocaine and MEG may result from, at least in part, their
muscarinic receptor stimulation.

Multiple muscarinic receptor subtypes have been identified
in cardiac tissue of different species, but the M, receptor
subtype predominates in the heart (Goyal, 1989; Pappano &
Mubagwa, 1992). In our previous study pharmacological
methods were used to test muscarinic stimulation and the
negative inotropic effects of cocaine and MEG in isolated
ferret cardiomyocytes (Huang et al., 1997). The negative
inotropic effects of cocaine and MEG were blocked by the
M, receptor blocker methoctramine, but not by M; or M3
blocking agents. Selectivity and potency are always con-
cerned when antagonists are used to distinguish receptor
subtype functions. To provide conclusive evidence for our
hypothesis of cocaine and MEG stimulation of M,
muscarinic receptors we used HEL299 cells, which specifi-
cally express the M, receptor subtype, in the present
experiments. The effects of cocaine and MEG on cyclic
GMP and cyclic AMP production were investigated in
cultured HEL299 cells. We also tested the effects of the
cholinergic agonist carbachol and the muscarinic antagonists,
atropine and methoctramine (a selective M, blocker), on
cyclic GMP and cyclic AMP levels in control and cocaine- or
MEG-treated HEL299 cells. Western blot analysis was
performed to determine whether the effects of cocaine and
MEG on cyclic GMP and cyclic AMP production resulted
from a stimulation of M, protein expression. Other
muscarinic receptor subtypes, such as M; and M; were also
determined in cultured HEL299 cells.

Methods
Cell culture

All tissue culture media and supplements were obtained from
Gibco BRL (Grand Island, NY, U.S.A.). Culturing flasks
and dishes were from Becton Dickinson Company (Franklin
Lakes, NJ, U.S.A.). Human embryonic lung (HEL299) cells,
which specifically express M, muscarinic receptors, were
obtained from American Type Culture Collection (Manassas,
VA, US.A)) and cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) containing non-essential amino acids,
10% fetal bovine serum (FBS), 1 mM sodium pyruvate, at
37°C, in 5% CO,/humidified air. After incubation of cultured
HEL299 cells with different concentrations of cocaine, MEG,
carbachol and atropine for 24 h confluent cultures were
harvested for Western Blotting analysis and cyclic AMP and
cyclic GMP assay. Atropine and methoctramine (Sigma, St.
Louis, MO, U.S.A.) was added to culture dishes 30 min
ahead of the treatment of cocaine, MEG or carbachol to
block muscarinic receptors. Pertussis toxin (PTX) obtained
from Sigma was applied 3 h ahead of other treatments.

Measurement of cyclic AMP and cyclic GMP

Both cyclic AMP and cyclic GMP were measured by using
commercially available enzyme immunoassay kits (Cayman
Chemical Company, Ann Arbor, MI, U.S.A.) and by
following the manufacturer’s procedures. In brief, harvested
cells were sonicated and centrifuged at 14,000 x g for 10 min
at 4°C. A small amount (50 ul) of supernatant was added to
each well of a 96-well microtilter plate coated with anti-rabbit
IgG monoclonal antibody. The plate was incubated for 18 h
at room temperature. After rinsing five times with wash
buffer (TBS containing 0.05% Tween-20), optimum develop-
ment was obtained by incubating with 200 ul of Ellman’s
Reagent (provided by kit) in the dark for 90 min. The plate
was read at 405 nm by using a Thermo max Microplate
Reader (Molecular Devices Co., Menlo Park, CA, U.S.A)).

Immunoprecipitation and Western blot analysis

Dishes with 100 mm diameter containing confluent cells were
washed three times with cold PBS. Cells were lysed in 10 mM
Tris pH 7.4, 1 mM sodium orthovanadate, 1% SDS, 0.1 mm
leupeptin and sonicated. Samples were centrifuged at
14,000 x g for 5 min at 4°C. Protein concentrations of the
supernatant were determined with a Bio-Rad Protein Assay
Kit (Life Science, Hercules, CA, U.S.A.). One hundred
microlitres total lysate was incubated with 0.5-5 ug of
anti-goat muscarinic 1, 2, and 3 receptor polyclonal Ig G
(Santa Cruz Biotechnology Inc., Santa Cruz, CA, U.S.A.) at
4°C for 1 h. After addition of 10 ul of Protein G Plus-
Agarose (Calbiochem, Cambridge, MA, U.S.A.), samples
were incubated with agitation overnight at 4°C. Agarose
beads were resuspended in 30 ul of sample buffer (250 mm
Tris pH 6.8, 4% SDS, 10% glycerol, 0.006% bromophenol
blue, 2% p-mercaptoethanol) and boiled for 5 min before
electrophoresis. After separation on 10% SDS-PAGE,
proteins were transferred to nitrocellulose. The membrane
was blocked in 5% mnonfat dry milk in TBS with 0.1%
Tween-20 (TTBS) for 2 h. Blots were incubated with specific
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antibodies to M, M,, and M; muscarinic receptors at 37°C
for 1 h. After three TTBS washes, the membrane was
incubated with an anti-goat peroxidase-conjugated antibody
(Sigma Chemical Co., St. Louis, MO, U.S.A.) at 37°C for
30 min. Blots were detected with Western Blotting Luminol
Reagent (Santa Cruz Biotechnology, Santa Cruz, CA,
U.S.A.) and exposed to autoradiographic X-ray film and
bands were quantified with ImageQuant (Molecular Dy-
namic, Sunnyvale, CA, U.S.A.) software.

Data analysis

To correct for variation in the number of cells, the data for
cyclic GMP and cyclic AMP were normalized to total protein
content. The expression levels of M, receptor protein after
HEK?299 cells treated with different agents were normalized
to cyclophilin A internal standard during the blotting
measurement. Data were presented as mean +s.e.mean unless
otherwise noted. Statistical differences between two groups
were determined by the unpaired Student’s #-test. Data
derived from more than two experimental groups were tested
by one-way analysis of variance (ANOVA). When a P value
was less than 0.05, statistical significance of the difference was
considered.

Results

Effect of carbachol on cyclic GMP and cyclic AMP
production in HEL299 cells

Carbachol is a potent cholinergic stimulator. To determine
whether HEL299 cells express muscarinic receptors and what
was the effect of carbachol on cyclic GMP and cyclic AMP
production, cultured HEL299 cells were incubated with 1 um
carbachol with or without 10 uM atropine for 24 h. Figure
1A shows that 1 uMm carbachol significantly enhanced cyclic
GMP production and reduced cyclic AMP content. The value
of cyclic GMP content was increased from 1.28 +0.08 pmol
(mg protein)~' for the control to 4.54+0.25 pmol (mg
protein)~! for carbachol (n=4, P<0.01). In contrast, cyclic
AMP content was decreased from 612.7+30.3 pmol (mg
protein)~! for the control to 380.34+25.3 pmol (mg protein) !
for carbachol (Figure 1B, n=4, P<0.05).

To test whether these effects of carbachol on cyclic GMP
and cyclic AMP production were via stimulation of
muscarinic receptors, the nonselective muscarinic antagonist
atropine (10 M) was applied to block muscarinic receptors in
cultured HEL299 cells. While atropine alone had no
significant effect on cyclic GMP and cyclic AMP levels in
HEL299 cells, pre-application of atropine abolished the
increase in cyclic GMP content and the decrease in cyclic
AMP production in carbachol-treated HEL299 cells (Figure
1). These results demonstrate that HEL299 cells express ACh
muscarinic receptors and carbachol stimulation increases
cyclic GMP content and reduces cyclic AMP production.

Cocaine-induced alteration of cyclic GMP and cyclic
AMP levels in HEL299 cells

Recently, we found that a negative inotropic effect of cocaine
in ferret myocytes might result from a stimulation of

A

6_
v *k
= T
(o)
B 4
o s
= o
O E
© 3
24
e : :
0
A N
O O 8 <
) o &
S S S \(@v OQ\
$ S F
B Y
T
_ 600+ T
'/\ T
c
9 *%
a g_ 400 1 T
<§( @
o E
Q 200 -
£
o.
0 \ \ 3> (2]
Q O &) &
\ QN N
S & & ¢ K
SR A
¢} O7 ¥

Figure 1 Effects of carbachol on cyclic GMP and cyclic AMP
production in cultured HEL299 cells. (A) Content of cyclic GMP was
measured in the absence (Control, n=4) and presence of | um
carbachol (Carbachol, n=4; P<0.01 vs control), 1 um carbachol
plus 10 um atropine (Carbachol and Atropine, n=4; P>0.05 vs
control), 10 um atropine alone (Atropine, n=4; P>0.05 vs control).
(B) Content of cyclic AMP was detected in the absence (Control,
n=4) and presence of 1 um carbachol (Carbachol, n=4; P<0.01 vs
control), 1 uMm carbachol plus 10 um atropine (Carbachol and
Atropine, n=4; P>0.05 vs control), 10 uM atropine alone (Atropine,
n=4; P>0.05 vs control). Statistical significance was tested with
unpaired Student’s z-test. **P<0.01 vs control.

muscarinic receptors, probably M,, because atropine and
methoctramine (M, blocker) abolished cocaine’s effect
(Huang et al., 1997). To test the hypothesis of cocaine
stimulation of muscarinic receptors, specifically M,, we
incubated HEL299 cells, which specifically express M,
muscarinic receptors, with cocaine for 24 h. The effects of
cocaine on cyclic GMP and cyclic AMP production were
evaluated in cocaine-treated cells. Figure 2A shows that
cocaine at 1 uM significantly enhanced cyclic GMP produc-
tion. The increase in cyclic GMP content was from
1.2840.08 pmol (mg protein)~' for the control to
4.0140.35 pmol (mg protein) ' for 1 uM cocaine (P<0.01,
n=4). Pre-treatment of HEL299 cells with 10 uM atropine or
1 uM methoctramine prevented the cocaine-induced increase
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Figure 2 Enhancement of cyclic GMP production in HEL299 cells
incubated with cocaine. (A) Compared to the control, content of
cyclic GMP was significantly increased in the presence of 1 um
cocaine (Cocaine, n=4; P<0.01 vs control). Addition of 10 um
atropine (Cocaine and Atropine, n=4, P>0.05 vs control) or 1 um
methoctramine (Cocaine and Metho, n=5, P>0.05 vs control))
abolished the cocaine-induced increase in cyclic GMP production. (B)
Concentration-dependent increases in cyclic GMP levels were
observed in HEL299 cells incubated with various concentrations of
cocaine. Addition of 10 um atropine significantly attenuated the
cocaine-induced enhancement of cyclic GMP production. Each point
represents the meants.e.mean of at least four measurements.
**P<0.01 (tested by unpaired Student’s ¢-test between cocaine and
cocaine plus atropine). #P <0.01 (tested by ANOVA among control
and treated groups with various concentrations of cocaine alone or
plus atropine).

in cyclic GMP production (Figure 2A). The effect of cocaine
on cyclic GMP production was concentration-dependent
(Figure 2B). For example, cocaine at the highest concentra-
tion (100 uM) tested in our experiments increased cyclic GMP
content approximately 4 fold, 5.8 +0.71 pmol (mg protein) .
The cocaine-induced increase in cyclic GMP production was
almost abolished in HEL299 cells pre-treated with 10 um
atropine, especially at the points of 1 and 10 uM cocaine
(Figure 2B).

In another series of experiments the effects of cocaine on
cyclic AMP levels were assessed in cultured HEL299 cells.
Figure 3A shows that a 30% reduction of cyclic AMP was
observed in HEL299 cells incubated with 1 uM cocaine.
Content of cyclic AMP was decreased from 614+22 for the
control to 431419 pmol (mg protein)~' for 1 uM cocaine
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Figure 3 Inhibition of cyclic AMP production in HEL299 cells

incubated with cocaine. (A) Incubation of HEL299 cells with 1 um
cocaine (Cocaine) significantly reduced cyclic AMP content (n=4;
P<0.01 vs control). Addition of 10 um atropine (Cocaine and
Atropine, n=8, P>0.05) or 1 uM methoctramine (Cocaine and
Metho, n=4, P>0.05) abolished the cocaine-induced decrease in
cyclic AMP production. (B) Concentration-dependent changes in
cyclic AMP content were observed in HEL299 cells incubated with
various concentrations of cocaine. The differences of cyclic AMP
levels between control and cocaine alone, and between control and
cocaine plus atropine are shown. Addition of 10 uM atropine
significantly attenuated the cocaine-induced decrease in cyclic AMP
production. Each point represents the mean+s.e.mean of at least
four measurements. **P<0.01 and ***P<0.001 (tested by unpaired
Student’s t-test between cocaine and cocaine plus atropine). #P <0.01
(tested by ANOVA among control and treated groups with various
concentrations of cocaine alone or plus atropine).

(P<0.01, n=6). Pre-incubation of HEL299 cells with
atropine at 10 uM or the M, blocker methoctramine at
1 uM abolished the cocaine-induced decrease in cyclic AMP
production (Figure 3A). The cocaine-induced decrease in
cyclic AMP production was concentration-dependent (Figure
3B). Cocaine at 100 uM decreased cyclic AMP production by
245414 pmol (mg protein)~' (P<0.01, n=4). Atropine
(10 um) markedly attenuated the cocaine-induced changes in
cyclic AMP content (Figure 3B). In addition, a lower
concentration (1 uM) of atropine had a smaller effect on the
cocaine-induced decrease in cyclic AMP production (data not
shown). For example, atropine blocked the effects of 1 um
cocaine on cyclic AMP production by 50% (n=6) and 76%
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(n=8) for 1 and
respectively.

To test whether co-application of cocaine and carbachol
had a synergic effect on cyclic GMP and cyclic AMP
production, HEL299 cells were treated with these compounds
for 24 h in the absence or presence of atropine. Figure 4A
shows that 1 uM cocaine plus 1 uM carbachol significantly
increased cyclic GMP production from 1.28 +0.08 pmol (mg
protein)~' for the control to 5.61+0.35 pmol (mg protein) '
for the treatment (P<0.01, n=4). In contrast, cyclic AMP
levels were decreased in the presence of 1 uM cocaine plus
1 uM carbachol, from 612.84+30.3 pmol (mg protein)~' for
the control to 358.8+37.3 pmol (mg protein)~' for the
treatment (Figure 4B, P<0.01, n=4). The effects of cocaine

10 um of the muscarinic antagonist,
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Figure 4 Synergic effects of cocaine and carbachol on cyclic GMP
and cyclic AMP production in cultured HEL299 cells. (A) Content of
cyclic GMP was measured in HEK299 cells for control (Control,
n=4), 1 uM cocaine plus 1 um carbachol (Cocaine and Carbachol,
n=4; P<0.01 vs control), and 1 um cocaine plus 1 um carbachol plus
10 um atropine (Cocaine and Carbachol and Atropine, n=4; P>0.05
vs control). (B) Compared to control (Control, n=4), cyclic AMP
production was significantly decreased in HEK299 cells treated with
1 um cocaine plus 1 um carbachol (Cocaine and Carbachol, n=4;
P<0.01 vs control). This reduction was abolished by addition of
10 um atropine (Cocaine and Carbachol and Atropine, n=4; P>0.05
vs control). Statistical significance was tested with unpaired Student’s
t-test. **P<0.01 vs control.

plus carbachol on either cyclic GMP or cyclic AMP
production were abolished by addition of 10 uM atropine
(Figure 4). It is interesting to note that the effects of 1 um
cocaine plus 1 uM carbachol on cyclic GMP and cyclic AMP
production are greater than those of 1 uM cocaine alone
(P<0.05, n=4), but similar to those of 1 uM carbachol alone
(P>0.05, n=4). These results suggest that carbachol is a
more potent agent than cocaine in terms of muscarinic
receptor stimulation, because carbachol alone at 1 um
produced almost maximal stimulation of muscarinic receptors
in cultured HEL299 cells, but cocaine alone at 1 uM did not.

Effect of MEG on cyclic GM P and cyclic AM P content in
HEL299 cells

MEG is a major pyrolysis product formed from heating
cocaine base (Meisels & Loke, 1993). MEG has been reported
to have a cholinergic stimulatory effect on airway smooth
muscle in some species (El-Fawal & Wood, 1995). This
cholinergic action of MEG is probably due to its structural
similarity to the muscarinic agonists arecoline and anatoxin
A (Ettinger & Albin, 1989). To test the effects of MEG on
cyclic GMP and cyclic AMP production and to compare the
MEQG effects with cocaine, HEL299 cells were incubated with
MEG at various concentrations for 24 h in the absence and
presence of 10 uM atropine. Figure 5A shows that MEG
caused a concentration-dependent increase in cyclic GMP
production in HEL299 cells. Pre-incubation of HEL299 cells
with 10 uM atropine significantly attenuated the MEG-
induced increase in cyclic GMP production at the concentra-
tions of 0.1, 1 and 10 uM MEG. The levels of cyclic GMP
were 1.7740.36 pmol (mg protein)~' for the control (n=6),
13.74+1.70 pmol (mg protein) ' for 1 uM MEG (n=38), and
4.06+0.99 pmol (mg protein)~' for 1 uMm MEG plus 10 um
atropine (n=4), respectively. The MEG-induced increase in
cyclic GMP production (7.8 fold) is much greater than those
induced by 1 um carbachol (3.1 fold, Figure 1A) and 1 um
cocaine (3.6 fold, Figure 2A). This result indicates that MEG
is more potent in terms of stimulation of M, muscarinic
receptors.

To test whether MEG also produced an inhibition of cyclic
AMP production as cocaine did, cultured HEL299 cells were
incubated with various concentrations of MEG for 24 h.
Figure 5B shows that a concentration-dependent decrease in
cyclic AMP levels was observed in HEL299 cells incubated
with MEG. It is interesting that the MEG-induced decrease
in cyclic AMP production reached almost the maximum at
1 pMm. This is similar to the result found in cocaine-treated
HEL299 cells, but cocaine required 10 uM. Again, in terms of
inhibition of cyclic AMP production, MEG is almost 10 fold
more potent than cocaine. Figure 5B also shows that atropine
at 10 uM significantly attenuated the MEG-induced decrease
in cyclic AMP production in HEL299 cells treated with
MEG. The differences at 1 and 10 uMm MEG are significant
between MEG and MEG plus atropine (P <0.001).

Prevention of the cocaine-induced decrease in cyclic AMP
production by pertussis toxin

Stimulation of muscarinic receptors (M,) activates the
pertussis toxin-sensitive inhibitory GTP-binding protein, G;,
which inhibits adenylate cyclase activity and reduces cyclic
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Figure 5 Effects of methylecgonidine on cyclic GMP and cyclic
AMP production in cultured HEL299 cells. (A) Concentration-
dependent increases in cyclic GMP production were observed in
HEL299 cells incubated with various concentrations of MEG.
Addition of 10 um atropine significantly attenuated the MEG-
induced increase in cyclic GMP production. (B) Concentration-
dependent decreases in cyclic AMP were detected in HEL299 cells
incubated with various concentrations of MEG. Addition of 10 um
atropine significantly attenuated the MEG-induced inhibition of
cyclic AMP production. Each point represents the mean +s.e.mean of
4—8 measurements. **¥*P<0.01 (tested by unpaired Student’s #-test
between MEG and MEG plus atropine). #P<0.01 (tested by
ANOVA among control and treated groups with various concentra-
tions of MEG alone or plus atropine).

AMP production. To test whether the cocaine- or MEG-
induced decrease in cyclic AMP content involved the G-
protein, HEL299 cells were preincubated with 10 ng ml™!
pertussis toxin (PTX) for 3 h and then treated with cocaine
or carbachol for 24 h. Figure 6 shows that the effects of
cocaine and carbachol on cyclic AMP production were
prevented in PTX-preincubated HEL299 cells. Compared to
the control value, 597428 pmol (mg protein)~!, of cyclic
AMP production (n=6), the cyclic AMP levels were
significantly decreased in HEK299 cells incubated with either
1 uM cocaine, 452+ 33 pmol (mg protein)~! (n=6, P<0.05),
or 1 um carbachol, 402434 pmol (mg protein)~' (n=6,
P<0.01). This reduction was abolished by addition of
10 ng ml~" pertussis toxin. The values of cyclic AMP were
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Figure 6 Abolition of the effects of cocaine and carbachol on cyclic
AMP production by pertussis toxin. Content of cyclic AMP was
measured in cultured HEK299 cells for control (Control), 1 um
cocaine (Cocaine), 1 uM carbachol (Carbachol), 10 ng ml~! pertussis
toxin (PTX), and 1 uM cocaine plus 10 ng ml~! pertussis toxin
(Cocaine and PTX), and 1 uM carbachol plus 10 ng ml~' pertussis
toxin (Carbachol and PTX). Compared to control (Control), cyclic
AMP production was significantly decreased in HEK299 cells
incubated with 1 uM cocaine (Cocaine) or 1 um carbachol (Carba-
chol). This reduction was abolished by addition of 10 ng ml~!
pertussis toxin (Cocaine and PTX, and Carbachol and PTX). Each
bar represents the mean+s.e.mean of six measurements. *P<0.05;
**P<0.01; ***P<0.001; vs control.

540+25 pmol (mg protein)~' and 549+ 14 pmol (mg pro-
tein)~! for HEL299 cells treated with cocaine plus PTX and
carbachol plus PTX, respectively. However, cyclic AMP
production was not significantly affected in HEL299 cells
incubated with the toxin alone. This result indicates that the
cocaine-induced reduction of cyclic AMP levels in HEL299
cells was mediated by the PTX-sensitive G-protein.

Effect of cocaine and carbachol on muscarinic receptor
expression

HEL299 cells are claimed to specifically express the ACh
muscarinic receptor subtype, M,. To determine whether
HEL299 cells solely express the M, muscarinic receptor
without expression of other muscarinic subtypes, the specific
antibodies of M|, M, and Mj protein isoforms were used in
Western blot analysis. Figure 7a (control) shows that in the
presence of the specific antibody to M, receptor a band with
about 50 kDs of molecular weight was blotted. In contrast,
Western blot analysis of M; and M3 in the presence of their
specific antibodies did not detect any specific bands for these
two receptor subtypes (data not shown). These results
indicate that M, muscarinic receptors are specifically
expressed in HEL299 cells.

To examine whether the effects of cocaine and carbachol
on cyclic GMP and cyclic AMP production were related to a
change in the expression of M, muscarinic receptor proteins,
we analysed M, protein levels in HEL299 cells after different
treatments. HEL299 cells incubated with cocaine and/or
carbachol at 1 uM did not significantly alter the expression of
M, protein levels (Figure 7b,c and e). In addition, atropine at
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Figure 7 Effects of carbachol and cocaine on the expression of M, muscarinic receptors in HEL299 cells. Western blot analysis
was carried out in cultured HEL299 cells incubated with different compounds for 24 h. The experimental groups were divided as
control (a), 1 uM cocaine (b), 1 uM carbachol (c), 10 uMm atropine (d), 1 um cocaine plus 1 uM carbachol (e), 1 uM cocaine plus
10 um atropine (f), 1 uM cocaine plus 1 um carbachol plus 10 uM atropine (g), 1 um carbachol plus 10 um atropine (h).

10 um (Figure 7d) either with or without cocaine or
carbachol (1 pMm, Figure 7f—h) did not affect the expression
of M, protein levels. These results demonstrate that the
effects of cocaine and carbachol on cyclic GMP and cyclic
AMP production result from the stimulation of M,
muscarinic receptors, not from changes in the protein
expression of M, receptors.

Induction of iNOS by cocaine and carbachol

Stimulation of cardiac muscarinic receptors results in an
increase in intracellular cyclic GMP content (Pappano et al.,
1988; Eschenhagen, 1993; Stein et al., 1993). The primary
activator of guanylate cyclase activity during stimulation of
muscarinic receptors is nitric oxide (NO) produced by
activation of NO synthase (Balligand et al., 1993; Schmidt
et al., 1993). On the other hand, excessive NO production
mediated by iNOS may contribute to the myocardial
depression and beta-adrenergic hyporesponsiveness (Hare &
Colucci, 1995). To understand whether the increase in cyclic
GMP production by cocaine and carbachol was due to an
induction of iNOS, we incubated HEL299 cells with cocaine
or carbachol for 24 h. Western blot analysis shows that there
was no detectable iNOS in the absence of cocaine or
carbachol (Figure 8). However, a significant induction of
iNOS was observed in cultured HEL299 cells incubated with
10 uM cocaine or 1 uM carbachol. The induction of iNOS by
cocaine and carbachol was markedly attenuated after
addition of 10 uM atropine or 1 uM methoctramine. These
results indicate that the cocaine- or carbachol-induced
increase in cyclic GMP production in cultured HEL299 cells
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Figure 8 Induction of iNOS by cocaine in HEL299 cells. Western
blot analysis was carried out in cultured HEL299 cells incubated with
different compounds for 24 h. The experimental groups were divided
as control (a), 10 um cocaine (b), 1 uM carbachol (c), 10 umM cocaine
plus 10 um atropine (d), 1 um carbachol plus 10 um atropine (e),
10 um cocaine plus 1 uM methoctramine (f). Note the induction of
iNOS by cocaine and carbachol and the abolishment by addition of
atropine or methoctramine.
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may result from an increase in NO production by the
induction of iNOS during the muscarinic stimulation.

Discussion

The present study demonstrates that cocaine, MEG, and the
ACh receptor agonist carbachol enhanced cyclic GMP
production in HEL299 cells, which specifically express M,
muscarinic receptors. The effects of cocaine and MEG on
cyclic GMP production were concentration-dependent. The
increase in cyclic GMP production in cocaine-, MEG-, and
carbachol-treated cells was blocked by atropine, an antago-
nist of muscarinic receptors. In contrast, cyclic AMP levels of
cultured HEL299 cells were decreased in the presence of
cocaine, MEG or carbachol. The inhibitory effects of cocaine,
MEG or carbachol on cyclic AMP content were abolished or
significantly attenuated by atropine and methoctramine, a
selective M, blocker. These results suggest that the effects of
cocaine, MEG, and carbachol on cyclic GMP and cyclic
AMP production in cultured HEL299 cells result from
stimulation of ACh M, muscarinic receptors. In addition,
atropine alone had no effects on cyclic GMP and cyclic AMP
production in cultured HEL299 cells. Cocaine, an alkaloid
extracted from the leaves of the Erythroxylon coca plant is
one of the most widely abused drugs in many countries.
Cocaine abuse causes a growing number of drug-related
myocardial infarction, cardiac arrhythmia, rupture of the
ascending aorta, pulmonary and obstetrical complications,
and intestinal ischemia (Cregler & Mark, 1986). Our findings
may provide new information for the understanding of drug-
induced medical complications and deaths at cellular and
molecular levels.

ACh muscarinic receptors regulate many important
physiologic activities, such as heart rate, cardiac and smooth
muscle contractility, exocrine and endocrine secretion, and
neuronal functions. Therefore, our finding of cocaine-induced
stimulation of ACh muscarinic receptors has clinical
significance for explanation of medical complications caused
by cocaine abuse. Most intracellular responses to stimulation
of muscarinic receptors are mediated through guanine-
binding proteins (G-proteins, Goyal, 1989; Eschenhagen,
1993). Activation of the inhibitory G-protein (G;, a PTX-
sensitive protein) inhibits adenylate cyclase activity, which
causes a decrease in intracellular cyclic AMP levels. In our
experiments, preincubation of HEL299 cells with PTX
prevented the decrease in cyclic AMP production caused by
cocaine. This result indicates that the cocaine-induced
decrease in cyclic AMP production is mediated through the
involvement of the PTX-sensitive GTP-binding protein.

One possible explanation for the increase in cyclic GMP
production in HEL299 cells incubated with cocaine, MEG, or
carbachol is via stimulation of muscarinic receptors, because
atropine or methoctramine blocked the effects. It is well
documented that muscarinic stimulation results in an increase
in cardiomyocyte cyclic GMP content (Pappano et al., 1988;
Eschenhagen, 1993; Stein et al., 1993). In many tissues, the
production of nitric oxide (NO) by activation of NO synthase
is the primary activator of guanylate cyclase activity during
stimulation of muscarinic receptors (Balligand et al., 1993;
Schmidt et al., 1993). Excessive NO production mediated by
iNOS may cause the myocardial depression and Dbeta-

adrenergic hyporesponsiveness (Hare & Colucci, 1995). In
the present study, we found that incubation of culture
HEL299 cells with cocaine or carbachol induced an
expression of iNOS and this induction was abolished by
addition of atropine or methoctramine. Therefore, the
increase in intracellular cyclic GMP levels in cocaine- or
carbachol-incubated HEL299 cells may result from an
increase in NO production due to the expression of iNOS.
In addition, our recent experiments showed that incubation
of cultured neonatal rat cardiomyocytes with cocaine or
MEG for 2 days also induced an expression of iNOS and
increased NO production by 3 fold of control (Yang & Xiao,
unpublished data). The cocaine-induced increase in NO
production was significantly attenuated by addition of
atropine. It is interesting that the effects of cocaine on iNOS
and NO were even greater (>2 fold) in cultured cardiomyo-
cytes transfected with the M, cDNA than in myocytes
without transfection. The greater effects were not observed in
cardiomyocytes with transfection of M; or M; (Yang & Xiao,
unpublished data). Furthermore, Fischmeister & Hartzell
(1987) found that stimulation of ACh muscarinic receptors
caused an increase in intracellular cyclic GMP content and a
decrease in cyclic AMP production in cardiac myocytes. The
increase in cyclic GMP stimulated the cyclic-nucleotide-
dependent phosphodiesterase to enhance breakdown of cyclic
AMP. Our present data provide direct evidence that cocaine
and MEG are able to modify intracellular cyclic GMP and
cyclic AMP production via stimulation of ACh muscarinic
receptors in cultured HEL299 cells expressing ACh M,
receptors. The cocaine-induced cyclic AMP reduction may
result from both an inhibition of adenylate cyclase via
activation of G; and a stimulation of cyclic GMP-dependent
phosphodiesterase when the drug activates muscarinic
receptors. This modification leads to an inhibition of cyclic
AMP-dependent kinase activity and a decrease in Ca**
channel phosphorylation in cardiac myocytes. Therefore,
cocaine and MEG reduced cardiac Ca?* influx and
contractility (Huang et al., 1997).

Cholinergic modulation of the cardiovascular system by
cocaine has been demonstrated in several animal studies. For
example, a study in conscious dogs showed that the
significant modulation of an adrenergic response to cocaine
was via the cholinergic mechanism (Stambler et al., 1993).
This effect was eliminated by combined ganglionic and post-
synaptic muscarinic receptor blockers. Cocaine at lower
concentrations has a muscarinic agonist effect on isolated
ferret myocytes (Boyett ez al., 1988; Qiu & Morgan, 1993;
Miao et al., 1996) and human ventricular trabeculae (Woolf
et al., 1997). Diversity of cholinergic receptors in structure,
signaling, and regulation was recognized in the last decade.
Three pharmacologically identifiable types and at least five
different molecular forms (M; to Ms) have been claimed
(Goyal, 1989; Pappano & Mubagwa, 1992; Sharma et al.,
1997). The heart is predominated by the M, receptor subtype
(Sharkey er al., 1988; Goyal, 1989; Pappano & Mubagwa
1992). Western blotting analysis in our present experiments
confirms that HEL299 cells highly express M, receptors.
However, these cells have no detectable proteins of M; and
M3 receptors. Application of cocaine, MEG, and carbachol
did not alter the level of protein expression of M, receptors.
Therefore, the increase in cyclic GMP production and the
decrease in cyclic AMP content caused by cocaine and MEG
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are due to their functional stimulation of M, receptors. As
atropine alone had no effects on M, protein expression, the
antagonistic action of atropine on the drug-induced effects
further supports the hypothesis of cocaine or MEG
muscarinic stimulation.

On the other hand, cocaine as a competitive antagonist of
muscarinic receptors has been reported in cardiac and brain
tissues (Sharkey er al., 1988; Billman & Loppi, 1993). Billman
& Loppi (1993) found that cocaine decreased the cardiac
vagal tone index in conscious dogs. In addition, a binding
study (Sharkey et al., 1988) presented evidence for cocaine as
an antimuscarinic agent, particularly at higher concentra-
tions, in heart and brain. Whereas cocaine interacts
nonselectively with brain and heart muscarinic receptors
(Flynn et al., 1992), the binding affinity of cocaine is
markedly higher for M, than for M; with K; values of 19
and 40 uM, respectively (Sharkey et al., 1988). The mechan-
ism of the antimuscarinic actions of cocaine has not been
delineated. A possible explanation for cocaine as an
antimuscarinic agent in the binding study and as an agonistic
compound in our present experiments is that cocaine may
have the ability of binding to different sites, primary and
secondary recognition sites, of muscarinic receptors (Flynn et
al., 1992). Therefore, cocaine may act as a partial agonist
which produces different functional effects, especially at
higher concentrations. Another explanation for functional
studies is that cocaine may act behind muscarinic receptor
levels and cause a suppression of cardiac vagal tone. The
second hypothesis is supported by our recent finding that
cocaine suppressed the ACh-activated K* current (Ixacn)) in
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