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Abstract

It was previously believed that the neuronal type of nitric oxide (NO) synthase was congtitutive in nature, and that changes in the
concentration of intracellular Ca?* represent the sole input that regulates its activity. Recent reports, however, suggested that this enzyme
could also be induced under certain conditions. We report here that prolonged stimulation of M; muscarinic acetylcholine receptors
results in potentiation of maximal receptor-mediated activation of neuronal NO synthase in Chinese hamster ovary cells. This effect was
dependent on the concentration of agonist during the treatment and was abolished by a muscarinic receptor antagonist. These findings are
important for understanding the sequelae of prolonged administration of muscarinic agonists in vivo. © 1997 Elsevier Science B.V.
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1. Introduction

The effects of nitric oxide (NO) on blood vessels and
cGMP formation have long been known before it was
discovered that it can be produced endogenously by a
group of enzymes called NO synthases (Ignarro et al.,
1981; Pamer et al., 1987, 1988). NO aso has diverse
effects on neurons, and it has been shown to play an
important role in learning (Dinerman et al., 1994), neuro-
toxicity (Nowicki et al., 1991, Dawson, 1994) and in
regulation of neuronal excitability (Bagetta et al., 1992).
Three isoforms of NO synthase have been cloned. Two
isoforms are constitutive and their activity is Ca*-
calmodulin dependent (Bredt and Snyder, 1990). These
enzymes are expressed predominantly in neurona and
endothelial cells (Bredt and Snyder, 1992). The third is
Ca?* independent and its expression is induced by agents
such as gamma-interferon and tumor necrosis factor and
by foreign agents such as bacterially-derived lipopolysac-
charides (Bredt and Snyder, 1994).
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Recent evidence, however, has shown that the activity
of neuronal NO synthase is not purely constitutive, since
the level of expression of the enzyme is altered under
certain conditions. These conditions include brain lesions
(Yu, 1994) and ischemia (Kato et al., 1994). Since NO is
not stored in neurons, its rate of formation is dependent on
the level of activity of neuronal NO synthase, which in
turn is dependent on the level of expression of the enzyme.
In this report we used Chinese hamster ovary (CHO) cells
which co-express M, muscarinic receptors and neuronal
NO synthase to investigate whether the activity of this
important enzyme is modulated by prolonged receptor
activation. Our data demonstrate that maximal activation
of neuronal NO synthase by M, muscarinic receptors is
markedly potentiated following long-term exposure to the
muscarinic agonist carbachol.

2. Materials and methods

2.1. Materials

[*H] L-arginine was obtained from Amersham (Arlin-
gton Heights, IL). Carbachol and pirenzepine were pur-
chased from Sigma Chemicals (St. Louis, MO).
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2.2. Cdl culture

Chinese hamster ovary (CHO) cells that stably express
human muscarinic M, receptors were donated by Dr. M.
Brann (University of Vermont). These cells were stably
transfected with the neuronal NO synthase gene obtained
from S.H. Snyder (John Hopkins University). CHO trans-
fects were grown in Dulbecco’s modified Eagle's medium
(Gibco, Gaithersburg, MD) supplemented with 10% bovine
caf serum (Hyclone, Logan, UT), in the presence of
geneticin (50 wg/ml) and hygromycin 50 ug/ml. Cells
were used when they reached confluency.

2.3. Assay of NO synthase activity

Intact cells were assayed for NO synthase activity as
previously described (Wang et al., 1994). Briefly, cells
were harvested, washed and suspended in a buffer contain-
ing (in mmol): NaCl, 109; KCl, 5.4; CaCl,, 1.8; MgSO,,
1.0; HEPES, 20, glucose; 58 (pH, 7.4; osmolarity adjusted
to 335-340 mOSM by addition of sucrose). Suspended
cells were distributed in assay tubes (5x 10° cells per
tube) in a volume of 0.3 ml containing 0.6 uCi of [°H]
L-arginine, in the presence or absence of the indicated
concentrations of carbachol for one hour a 37°C. The
reaction was stopped with 0.75 ml of buffer containing 4
mM EDTA and 5 mM L-arginine. Afterwards, cells were
centrifuged and the buffer containing excess radiolabeled
substrate was aspirated. Cells were then lysed with 0.3 M
HCIO, and subseguently neutralized with 0.15 M K ,CO,.
[*C] L-citrulline (= 1500 d.p.m.) was added to each sam-
ple as an internal elution standard. Samples were trans-
ferred into Dowex AG50W-X8 (sodium form) columns
and the flow through eluate was collected into scintillation
vials, followed by the addition of 2 ml of H,O that was
also collected. Econalite scintillation fluid was added to
the collected samples and radioactivity counted in a Beck-
man LS6000TA liquid scintillation counter.

2.4. Data analysis

Results of each experiment were expressed as percent
of the respective control maximum [*H] L-citrulline pro-
duced. Non-linear regression (variable sope) and one way
andysis of variance (ANOVA) were generated by Graph-
pad Prism (Graphpad, San Diego, CA).

3. Results

CHO cells which co-express M; muscarinic receptors
and neuronal NO synthase were preincubated in culture
flasks with varying concentrations of carbachol for 48 h at
37°C. At the end of preincubation, cells were harvested
and each group was incubated with [*H] L-arginine with or
without 100 wM carbachol for 1 h at 37°C. [*H] L-citrul-
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Fig. 1. Effects of prolonged carbachol pretreatment on M; muscarinic
receptor-mediated activation of NO synthase. CHO cells which express
the M; muscarinic receptor and neuronal NO synthase were incubated
with or without increasing concentrations of carbachol for 48 h. This was
followed by determination of synthesis of [®H] L-citrulline in the presence
or absence of 100 uM carbachol. Data are represented as percent of [*H]
L-citrulline formation in the presence of 100 uM carbachol in control
cells for each experiment (mean+ S.E.M., n= 4). Carbachol stimulated
[®H] L-citrulline formation by 5.6+ 0.7 fold in control cells. * P < 0.01,
one way ANOVA. Carb = carbachal.

line formation was assayed as described in Section 2.
Pretreatment with carbachol resulted in a concentration-de-
pendent potentiation of subsequent agonist-induced activa-
tion of neuronal NO synthase. In contrast, there was no
significant change in the basal level of neuronal NO
synthase activity following agonist pretreatment (Fig. 1).
Maximal potentiation averaged 210 4+ 9% of the response
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Fig. 2. Antagonism of carbachol-induced changes in M, muscarinic
receptor coupling to activation of neuronal NO synthase by pirenzepine.
Transfected CHO cells were preincubated with or without 3.3 uM
carbachol for 48 h in the presence or absence of 100 nM pirenzepine.
Washed cells were then stimulated in the presence or absence of increas-
ing concentrations of carbachol. Data are presented as percent of the
maximal response in control cells (mean+S.E.M., n=5). Maxima
response averaged 4.0+ 0.3 fold over basa in control cells. Carb=
carbachol.
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in control cells treated in parallel in the absence of carba-
chol during the preincubation phase, with a half maximal
effective concentration (EC-,) of 543 + 261 nM carbachol.

We studied the effects of pretreatment with 3.3 wM
carbachol for 48 h on complete concentration—response
curves of M, receptor-mediated activation of neuronal NO
synthase. While there was an increase in the maximal
response following this treatment (220 + 17% of maximal
stimulation of control, p < 0.01, one way ANOVA), there
was a marked decrease in agonist potency noticed as an
increase in ECy, from 0.23 +0.03 to 3.5+ 0.5 uM for
control and treated cells, respectively (Fig. 2). The effects
of agonist pretreatment were abolished in the presence of
100 nM of the muscarinic M; receptor-selective antago-
nist, pirenzepine, during preincubation with carbachol (Fig.
2). Preincubation of cells with pirenzepine alone for 48 h
followed by washing did not ater the profile of carbachol-
induced activation of the enzyme when compared to con-
trol (Fig. 2). Together, these data suggest that the observed
phenomenon is a specific consequence of muscarinic re-
ceptor activation.

4. Discussion

Preliminary studies show that pretreatment with 3.3
M or 1 mM carbachol for 48 h both resulted in a marked
increase in the expression of neuronal NO synthase. How-
ever, pretreatment of CHO cells with either concentration
of carbachol was also accompanied by significant reduc-
tion in muscarinic receptor density, dampening of
receptor-mediated generation of inositol phosphates and
desensitization of the Ca?* response to carbachol (Cuadra,
unpublished data). These findings might explain the ob-
served decrease in agonist potency in activation of NO
synthase, due to the Ca®" dependence of this enzyme
(Bredt and Snyder, 1992).

Previous studies demonstrated an increase in both
mRNA encoding neuronal NO synthase and the Ca?*-
stimulated activity of the enzyme in cytosolic preparations
of rat brain after combined administration of the
cholinesterase inhibitor, tacrine, and LiCl (Bagetta et a.,
19933,b). In addition, we have preliminary evidence ob-
tained in N1E-115 mouse neuroblastoma cells that shows a
considerable increase in the expression of endogenous
neuronal NO synthase after 24 h pretreatment with 1 mM
carbachol (Chell, unpublished observation). Together with
our present findings, it is logical to speculate that pro-
longed activation of muscarinic receptors in vivo might
result in an enhancement of maximal receptor-mediated
activation of NO synthase. This possibility should be
tested, since the proposed treatment of Alzheimer’s demen-
tiawith M ,-selective muscarinic receptor agonists involves
long-term administration of such agents (McKinney and
Coyle, 1991). While an enhancement of maximal coupling
of muscarinic receptors to generation of NO is expected to

be beneficial for memory enhancement, it might also un-
derlie certain adverse effects of chronic cholinergic treat-
ment observed in anima studies, e.g. nheurotoxicity
(Verones et al., 1990) and induction of epileptic foci
(Mollace et al., 1991; Bagetta et al., 1992). Future research
should test the possible role of enhanced maximal mus-
carinic receptor-mediated generation of NO in the etiology
of these serious untoward effects, since some studies have
demonstrated neurotoxic and epileptogenic actions of NO
(Nowicki et al., 1991; Dawson, 1994).

Acknowledgements

The authors thank Sheng Zu Zhu for the preparation of
the transfected cell line used in this study. This work was
supported by NIH grant NS25743.

References

Bagetta, G., lannone, M., Scorsa, A.M., Nistico, G., 1992. Tacrine-in-
duced seizures and brain damage in LiCl-treated rats can be prevented
by N omeganitro-L-arginine methyl ester. Eur. J. Pharmacol. 213,
301-304.

Bagetta, G., Corasaniti, M.T., Melino, G., Paoletti, A.M., Finazzi-Agro,
A., Nistico, G., 1993a. Lithium and tacrine increase the expression of
nitric oxide synthase mRNA in the hippocampus of rat. Biochem.
Biophys. Res. Commun. 197, 1132—-1139.

Bagetta, G., Massoud, R., Rodino, P., Federici, G., Nistico, G., 1993b.
Systemic administration of lithium chloride and tacrine increases
nitric oxide synthase activity in the hippocampus of rats. Eur. J.
Pharmacol. 237, 61-64.

Bredt, D.S., Snyder, SH., 1990. Isolation of nitric oxide synthetase, a
calmodulin-requiring enzyme. Proc. Natl. Acad. Sci. USA 87, 682—
685.

Bredt, D.S., Snyder, SH., 1992. Nitric oxide, a novel neuronal messen-
ger. Neuron 8, 3-11.

Bredt, D.S., Snyder, S.H., 1994. Nitric oxide: A physiologic messenger
molecule. Annu. Rev. Biochem. 63, 175-195.

Dawson, D.A., 1994. Nitric oxide and focal cerebral ischemia: Multiplic-
ity of actions and diverse outcome. Cerebrovasc. Brain Metab. Rev. 6,
299-324.

Dinerman, J.L., Dawson, T.M., Schell, M.J., Snowman, A., Snyder, SH.,
1994. Endothelial nitric oxide synthase localized to hippocampal
pyramidal cells: Implications for synaptic plasticity. Proc. Natl. Acad.
Sci. USA 91, 4214-4218.

Ignarro, L.J,, Lippton, H., Edwards, J.C., Baricos, W.H., Hyman, A.L.,
Kadowitz, P.J., Gruetter, C.A., 1981. Mechanism of vascular smooth
muscle relaxation by organic nitrates, nitrites, nitroprusside and nitric
oxide: Evidence for the involvement of S-nitrosothiols as active
intermediates. J. Pharmacol. Exp. Ther. 218, 739—749.

Kato, H., Kogure, K., Liu, Y., Araki, T., Itoyama, Y., 1994. Induction of
NADPH-diaphorase activity in the hippocampus in a rat model of
cerebral ischemia and ischemic tolerance. Brain Res. 652, 71-75.

McKinney, M., Coyle, J.T., 1991. The potential for muscarinic receptor
subtype-specific pharmacotherapy for Alzheimers disease. Mayo Clin.
Proc. 66, 1225-1237.

Mollace, V., Bagetta, G., Nistico, G., 1991. Evidence that L-arginine
possesses proconvulsant effects mediated through nitric oxide. Neu-
roreport 2, 269-272.



110

Nowicki, J.P., Duval, D., Poignet, H., Scatton, B., 1991. Nitric oxide
mediates neuronal death after focal cerebral ischemia in the mouse.
Eur. J. Pharmacol. 204, 339-340.

Palmer, RM.J.,, Ferrige, A.G., Moncada, S., 1987. Nitric oxide release
accounts for the biological activity of endothelium-derived relaxing
factor. Nature 327, 526-527.

Palmer, R.M., Ashton, D.S., Moncada, S., 1988. Vascular endothelial
cells synthesize nitric oxide from L-arginine. Nature 333, 664—666.

AE. Cuadra, E.E. El-Fakahany / European Journal of Pharmacology 334 (1997) 107-110

Veronesi, B., Jones, K., Carey, P., 1990. The neurotoxicity of subchronic
acetylcholinesterase (AChE) inhibition in rat hippocampus. Toxicol.
Appl. Pharmacol. 104, 440-456.

Wang, S.Z., Zhu, S.Z., El-Fakahany, E.E., 1994. Efficient coupling of m5
muscarinic acetylcholine receptors to activation of nitric oxide syn-
thase. J. Pharmacol. Exp. Ther. 268, 552—-557.

Yu, W.H., 1994. Nitric oxide synthase in motor neurons after axotomy. J.
Histochem. Cytochem. 42, 451-557.



