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The aim of the present work was to examine the role of muscarinic acetylcholine receptors (mAChRs) on apoptosis in human skin
fibroblast cells. Neonatal human skin fibroblast cultures were stimulated with pilocarpine in the presence or absence of specific
antagonists. Pilocarpine stimulates apoptosis, total inositol phosphates (InsP) accumulation and nitric oxide synthase (NOS) activity. All
these effects were inhibited by atropine, mustard hydrochloride (4-DAMP) and pirenzepine, indicating that M1 and M3 mAChRs are
implicated in pilocarpine action. Pilocarpine apoptotic action is accompanied by caspase-3 and JNK activation. The intracellular pathway
leading to pilocarpine-induced biological effects involved phospholipase C, calcium/calmodulin and extracellular calcium as U-73122, W-7,
verapamil, BAPTA and BAPTA-AM blocked pilocarpine effects. L-NMMA, a NOS inhibitor, had no effect, indicating that the enzyme does
not participate in the apoptosis phenomenon. These results may contribute to a better understanding of the modulatory role of the
parasympathetic muscarinic system on the apoptotic human skin fibroblast process.

J. Cell. Physiol. 9999: 1–8, 2009. � 2009 Wiley-Liss, Inc.
Contract grant sponsor: The National Agency for Science and
Technology;
Contract grant numbers: PICT’s 02120, 01647.
Contract grant sponsor: University of Buenos Aires, Buenos Aires,
Argentina;
Contract grant number: UBACYT O-003.
Contract grant sponsor: Argentine National Research Council,
Buenos Aires, Argentina;
Contract grant number: PIP 05680.

*Correspondence to: Enri Borda, Pharmacology Unit, School of
Dentistry, University of Buenos Aires, M. T. de Alvear 2142, 4to.
Piso ‘‘B’’, 1122AAH Buenos Aires, Argentina.
E-mail: enri@farmaco.odon.uba.ar

Received 13 May 2009; Accepted 9 October 2009

Published online in Wiley InterScience
(www.interscience.wiley.com.), 00 Month 2009.
DOI: 10.1002/jcp.21981
Fibroblasts are considered important connective-tissue cells
that construct a supporting framework crucial for tissue
integrity and repair. Furthermore, fibroblasts from different
anatomical regions display characteristic phenotypes. They are
not a homogeneous population, even within a single tissue, but
exist as subsets of cells much like tissue macrophages and
dendritic cells (Phipps et al., 1999; Buckley et al., 2001). Human
skin fibroblasts play pivotal roles in connective-tissue
production, physiological skin remodelling and wound repair.
They have also been found to be important modulators of the
immune system (Fries et al., 1995; Smith et al., 1997).

Human fibroblasts express muscarinic acetylcholine
receptors (mAChRs) of different subtypes (Carsi-Gabrenas
et al., 1997; Buchli et al., 1999). We demonstrated that mAChRs
are expressed in human skin fibroblasts and their activation by
carbachol induced an increment in DNA synthesis and in CD40
expression (Casanova et al., 2006). Pharmacological analysis
with different mAChR antagonists allowed us to identify which
of the known mAChR subtypes are active in human skin
fibroblasts. Data showed that M1 and M3 subtypes are
important mediators of carbachol-induced biological effects,
while M2 and M4 seem to have no relevance in these actions.
This finding is consistent with the respective Ki of the
antagonists obtained by competition-binding assay. Therefore,
our results satisfy the pharmacological criteria for the
coexistence of active M1 and M3 mAChRs in human fibroblasts.
In agreement with this, Vestling et al. (1995) have identified
M1 and M3 as the causes of agonist-stimulated DNA synthesis
in fibroblasts. However, using the reverse transcription-
polymerase chain reaction and Northern blot technique
the m2, m4 and m5 mAChR subtypes were identified human skin
fibroblast surface (Buchli et al., 1999), but only negligible activity
of these receptors was documented (Van Riper et al., 1985).

Fibroblasts differ, depending on the tissue origin and mAChR
subtypes differ, depending on organ location. Thus, Chinese
hamster lung fibroblast (CCL39) cell lines expressed
predominantly high levels of human M1 mAChR.

Fibroblasts of lung parenchyma from a pig expressed M4

subtype in contrast to the M3 subtype of large airways in this
species (Mckenzie et al., 1992).
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The mAChR subtypes are generally grouped according to
their functional coupling, either (1) to mobilize intracellular
calcium (M1, M3, M5) through the activation of phospholipase C
(PLC), which results in the release of the second messenger
inositol 1,4,5-trisphosphate (IP3) or (2) by inhibiting adenylyl
cyclase (M2, M4), which results in reduction of the intracellular
levels of cyclic adenosine monophosphate (Hulme et al., 1990).
It is important to note that the same receptor may generate
more than one set of intracellular second messengers and that
considerable cross-talk exists between signalling cascades
(Felder, 1995; Nicke et al., 1999). The ability of these receptors
to either stimulate or inhibit cell growth has been attributed to
differences in the cell models, but the real mechanisms involved
in these cell type-dependent differences in growth response are
unknown (Gutkind and Robbins, 1992).

Apoptosis is a highly regulated form of cell death that is
known to sculp tissues during development and maintains tissue
homeostasis by eliminating unnecessary or harmful cells.
Extensive research has been established the critical role of
caspases, a family of cysteine proteases, in mediating the signal
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transduction and execution of apoptosis (Yi and Yuan, 2008).
To programmed apoptosis, cell human requires eleven
caspases. Such expansion of the caspases family might arise for
dual proposed: the execution of apoptotic cell death and to
carry out other cellular processes such as remodelling.

A number of G-protein coupled receptors can regulate
apoptotic signalling (Dale et al., 2000; Gu et al., 2000).
b-Adrenergic stimulation in cardiac myocytes promotes
apoptosis via a mechanism that may involve the
dephophorylation of the proapoptotic protein, Bcl-2, and, in so
doing, initiate its translocation to the mitochondria (Saito et al.,
2000; Zhu et al., 2001).

Among these receptors are the mAChRs, whose activation
can stimulate or inhibit cell growth and apoptosis, depending on
prior levels of cellular activity (Lanzafame et al., 2003).

The key role that mAChRs play in controlling cellular
function rests not only in this diversity of receptor subtypes, but
also in the fact that each receptor has the ability to activate a
large array of interconnecting, intracellular signalling pathways
(Leloup et al., 2000; Marinissen and Gutkind, 2001; De Sarno
et al., 2003).

The biochemical mechanisms involved in the initiation and
execution of apoptosis have been extensively studied and are
now extremely well understood at the molecular level. During
the course of these studies it has emerged that components of
apoptotic signalling pathways are regulated by phosphorylation,
and in many cases the protein kinases responsible for these
modifications have been identified (Gutcher et al., 2003; Liu
et al., 2005).

Little is known about the apoptotic modulator mechanisms
activated by skin fibroblast mAChRs and the participation of
these receptors in the phenomenon. In this work, we have
demonstrated that pilocarpine, through mAChR activation of
human skin fibroblasts, stimulated apoptosis. In addition, a
direct functional relationship between the activation of M1

and M3 mAChRs and the enhancement of the apoptotic cascade
in human skin fibroblasts was observed. The mechanisms
underlying mAChR activation enhancement of fibroblast
apoptosis involves PLC and calcium/calmodulin (CaM)
activation via InsP hydrolysis.

Materials and Methods
Cell culture

Pure cell cultures of neonatal human (7 days after birth) skin
fibroblast (2� 106 cells/ml) were established from the foreskin
obtained after circumcision and grown in Dulbecco’s modified
Eagle’s medium (GIBCO) supplemented with 10% foetal bovine
serum (FBS), 2 mM L-glutamine and penicillin (100 U/ml) and
streptomycin (100mg/ml) in a 5% CO2 environment at 378C
described by Varani et al. (1990). The medium was replenished
every 3–4 days. Confluent cells were sub-cultured by detaching the
monolayer with 0.25% trypsin in phosphate buffered saline solution
(0.1 M pH 7.2) containing (PBS): Na2HPO4 anhydrous 1.09 g;
NaH2PO4 anhydrous 0.32 g; NaCl 9.00 g and distilled water 100 ml
serum-free. Only cell of passages 4–6 were used in the experiments
and all the experiments were carried out in serum-free medium.
To identify the fibroblast experiments was carrying out to establish
the incubation time and the number of cell used throughout.
Human studies have been performed in accordance with the ethical
standards laid down in an appropriate version of the 1964
Declaration of Helsinki.

Fibroblast cell treatment

To evaluate the apoptosis, cell cultures were subjected to
treatment with pilocarpine (from 1� 10�10 to 1� 10�6 M) for
48 h. When different non-specific (atropine 1� 10�6 M) or specific
(pirenzepine and 4-DAMP from 1� 10�9 M to 1� 10�6 M)
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mAChR antagonists and different enzymatic inhibitors:
phospholipase C (PLC) (U-73122 5� 10�6 M) and its analogue
(U-73343 5� 10�6 M), calcium calmodulin (CaM) (W-7
5� 10�6 M), calcium flux (verapamil 1� 10�5 M), calcium
chelators (BAPTA 5� 10�6 M, BAPTA-AM 5� 10�6 M), JNK
activity (SP 600125 1� 10�5 M) and nitric oxide synthase (NOS)
NG-monomethyl-L-arginine (L-NMMA 1� 10�6 M) were used,
they were added 20 min before the addition of mAChR agonist
pilocarpine. Controls included both untreated cells and cells
incubated for 48 h with the pro-apoptotic agent actinomycin D
1� 10�7 M.

Determination of apoptosis

TUNEL assay. We also assayed apoptosis by the terminal
deoxynucleotidyl transferase-mediated deoxyuridine triphosphate
nick end-labelling (TUNEL) method, which examines DNA strand
breaks that occurs during apoptosis, using and in situ cell death
detection reagent (Roche Molecular Biochemicals, Mannheim,
Germany). We performed this assay as described previously (Takada
et al., 2005). Briefly 2� 106 cells were incubated with pilocarpine from
1� 10�10 to 1� 10�6 M for 48 h and when the mAChR antagonist and
enzymatic inhibitors were used, they were added 20 min before to
pilocarpine. Then, fixed with 4% paraformaldehyde and permeabilised
with 0.1% triton-X100 in 0.1% sodium citrate. After quenching
endogenous peroxidase activity with 3% (v/v) H2O2 and rinsing in
150 mM NaCl, 10 mM Tris pH 7.4 buffer (TBS), terminal
deoxynucleotidyl transferase (TdT) was subsequently applied for 1 h
add 378C in biotynylated nucleotide mix and equilibration buffer
(Tris acetate pH 7.9, 50 mM potassium acetate, 10 mM magnesium
acetate, 1 mM dithiothreitol, 0.25 mM CoCl2 and 24mM biotin-dATP).
The cells then blocked with stop/wash buffer, and incubated with
100ml streptavidin-horseradish peroxidase (HRP) (1:500 dilutions) for
30 min at room temperature. Finally, after several washings in TBS, the
cells were developed using 3,30-diaminobenzidine (DAB) and
counterstained with haematoxylin and eosine. Apoptotic nuclei
(percent of total number) were evaluated at 100� magnification in
10 different fields of at least 100 cells in each field. Values are expressed
as a percentage above control without drugs taken as 100%.

DNA fragmentation of fibroblasts. Degradation of fibroblast
cell DNA was used as an index of apoptosis. Fibroblast cells (2� 106)
from each treatment were washed in phosphate buffer solution (PBS)
and lysed in 10 mM Tris pH 7.4, 5 mM ethylenediaminetetraacetic acid
(EDTA), 1% (v/v) Triton X-100 for 20 min on ice. Then, 1 ml of DNA-
zol (Molecular Research Center Inc., OHQ2) was added to cells in the
presence of proteinase K (100mg/ml) for 30 min at 378C. After
centrifugation at 11000 g for 20 min at 108C, the supernatant was
collected and RNAse A (20mg/ml) was added for 1 h at 378C, in order
to eliminate contaminating RNA. The DNA extracted was precipitated
in 100% (v/v) ethanol and centrifuged at 11000 g for 20 min. Purified
DNA was dissolved in 8 mM NaOH separated by electrophoresis in a
2% (w/v) agarose gel and visualised by ethidium bromide staining.

Measurement of inositol phosphates (InsP). Fibroblasts
(2� 106 cell/ml) were incubated for 120 min in 0.5 ml of Krebs-
Ringer bicarbonate (KRB) gassed with 5% CO2 in O2 with 1 mCi
(myo-3H)-inositol ([3H]-MI) (Sp.Act. 15 Ci/mmol) from Dupont/New
England NuclearQ3 and LiCl (10 mM) was added for determination of
inositol monophosphate accumulation according to the technique
previously described (Borda et al., 1998). Pilocarpine (1� 10�7 M)
was added 30 min before the end of the incubation period and the
enzymatic inhibitors and mAChR blockers were added 20 min before
the addition of pilocarpine. Water-soluble InsPs were extracted after a
120 min incubation period. Tissues were washed with KRB and
homogenized in 0.3 ml of KRB with 10 mM LiCl and 2 ml chloroform/
methanol (1:2, v/v) to stop the reaction. Then, chloroform (0.62 ml)
and water (1 ml) were added. Samples were centrifuged at 3,000g for
10 min and the aqueous phase of the supernatant (1–2 ml) was applied
to a 0.7 ml column of Bio-Rad AG (Formate Form) 1� 8 anion-
exchange resin (100–200 mesh) suspended in 0.1 M formic acid that
had been previously washed with 10 mM Tris-formic pH 7.4. The resin
was then washed with 20 volumes of 5 mM myoinositol followed by 6
volumes of water and InsP were eluted with 1 M ammonium formate in
0.1 M formic acid. One ml fractions were recovered and radioactivity
was determined by scintillation counting. Peak areas were determined
by triangulation (Hokin-Neaverson and Sadeghian, 1976). Results were
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expressed as a percentage of the total radioactivity incorporated
(1st plus 2nd peaks). In order to determine the absence of (3H)-MI in
the eluted peaks of InsP, chromatography in silica gel 60 F254
sheets (Merck & Co, Inc., Whitehouse Station, NJ) was performed
using propan-2-ol-6,NH4 (14:5) as the developing solvent
(Hokin-Neaverson and Sadeghian, 1976). Spots were located by
spraying with freshly prepared 0.1% ferric chloride in ethanol followed,
after air drying with 1% sulphosalicylic acid in ethanol. To assay the
radioactivity a histogram was constructed by cutting up the sheet gel,
placing each sample in Triton-toluene based scintillation fluid and the
counting.

Determination of nitric oxide synthase (NOS) activity

Nitric oxide synthase (NOS) activity was measured in cells
(2� 106/ml) by production of (U�14C)-citrulline from
(U�14C)-arginine according to the procedure described by
Bredt and Zinder (1999). Briefly, after 20 min preincubation in KRB
solution, cells were transferred to 500ml of prewarmed KRB
equilibrated with 5% CO2 in O2 in the presence of (U�14C)-
arginine (0.5mCi). Appropriate concentrations of pilocarpine were
added and the cells were incubated for 20 min under 5% CO2 in O2

at 378C. When pirenzepine and 4-DAMP were used, they were
added 20 min before pilocarpine. Measurement of basal NOS
activity in cells by the above mentioned procedure was inhibited
95% and 78% in the presence of 0.5 mM and 0.05 mM L-NMMA
respectively. The results were expressed as picomol per gram of
tissue wet weight (pmol/g/tissue wet wt).

Caspase-3 assay

Caspase-3 activity was measured by means of the CaspACE Assay
System Fluorometric Kit (Promega Corporation, Madison, WI).
Cells were initially seeded at a density of 1� 109 in 10 cm dishes.
After pilocarpine treatment for the indicated time, caspase-3
activity was measured by the leavage of the fluorometric substrate
Ac-DFVD-AMC according the manufacturer’s instructions. When
enzymatic inhibitors were used, they were added 20 min before
pilocarpine.

JNK assay

JNK activity was assessed using a recombinant protein fragment of
c-Jun as an affinity ligand and substrate glutathione Stransferase
(GST-c-Jun [1-79]) (Wylie et al., 1999). Cleared cell lysates were
prepared exactly as described above and incubated for 60 min at
48C with 20ml of a 25% (v/v) slurry of glutathione� Sepharose
(Pharmacia-LKB), pre-coupled to GST-c-Jun (5mg of protein).
Beads were collected by centrifugation and washed twice in 200ml
of lysis buffer and twice in 200ml of kinase buffer. Reactions were
initiated by addition of 40ml of kinase buffer containing 20mM
[g-32P]ATP (2.5mCi/nmol). After incubation for 20 min at 308C,
reactions were terminated by addition of 40ml of Laemmli sample
buffer and boiling. Phosphorylated proteins were resolved by
PAGE through 12% acrylamide in the presence of 0.1% SDS, stained
with Coomassie Blue R250 and visualized by autoradiography.
Radioactivity incorporated into GST-c-Jun was quantified by
liquid-scintillation counting of the excised bands.

Drugs

Pilocarpine, atropine, pirenzepine, verapamil, U-73343,
L-NG-monomethyl arginine citrate (L-NMMA), L-arginine and
actinomycin D were provided by Sigma Chemical Company
(St. Louis, MO); U-73122 and 4-DAMP were provided by ICN
Pharmaceuticals Inc. (Costa Messa, CA); BAPTA, BAPTA-AM,
W-7 and SP 600125 were provided by Tocris Biosciences (Ellisville,
MO). Stock solutions were freshly prepared in the corresponding
buffers. The drugs were diluted to achieve the final concentrations
stated in the text.
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Statistical analysis

Student’s t-test for unpaired values was used to determine the
levels of significance. When multiple comparisons were necessary,
after analysis of variance, the Student–Newman–Keuls test was
applied. Differences between means were considered significant if
P< 0.05.

Results

We initially determined the effect of different concentrations
of pilocarpine at varying times of culture (Fig. 1A). We found
that pilocarpine caused a marked increase in the number of
apoptotic fibroblasts, compared with the same cells without
drugs, as shown by the TUNEL assay. Maximal effect of the
muscarinic receptor agonist was obtained at 48 h with a
concentration of 1� 10�7 M pilocarpine. Figure 1B shows the
increase in the number of apoptotic fibroblasts in the presence
of increasing concentrations of pilocarpine at 48 h. It can be
seen that 1� 10�7 M pilocarpine and 48 h are critical conditions
needed to reach the maximal capacity of stimulation of the
agonist.

Figure 2A shows that the maximal capacity to stimulate
apoptotic fibroblasts in the presence of 1� 10�7 M pilocarpine
was approximately 25% less than that obtained with 1� 10�7 M
actinomycin D. Figure 2 also shows the lack of action of
1� 10�7 M pilocarpine, in the presence of 1� 10�6 M atropine.
Moreover, SP 600125 (1� 10�5 M), at concentration known
that inhibited JNK enzyme activity (Wylie et al., 1999)
prevented the pilocarpine induced apoptosis [apoptotic nuclei
% of total number (mean� SE mean): basal 11� 2.0, n¼ 5;
pilocarpine 1� 10�7 M 76� 6.1, n¼ 5; pilocarpine plus SP
600125 1� 10�5 M 25� 5.2, n¼ 5].

DNA fragmentation analysis in fibroblast cells treated with
1� 10�7 M pilocarpine and 1� 10�7 M actinomycin D yielded
the same results (Fig. 2B). We have already demonstrated
that mAChRs are expressed in human fibroblasts and that M1

and M3 subtypes are important mediators of the agonist
induced biological effect, while M2 and M4 do not seem to have
relevance (Mckenzie et al., 1992). To determine if M1 and M3

subtypes are responsible for the apoptotic effect of pilocarpine
on skin fibroblasts, the action of pirenzepine and 4-DAMP were
selectively studied. Figure 3 shows that pirenzepine (A) and
4-DAMP (B), from 1� 10�9 M to 1� 10�6 M, shifted to the
right the stimulatory dose-response curve of pilocarpine on the
number of apoptotic fibroblasts. A Schild plot shows a pA2
of 9.37 and 10.21 for pirenzepine and 4-DAMP, respectively.

To elucidate if there were changes in the post-receptor
mechanisms involving PLC and NOS activities, we studied the
participation of InsP and nitric oxide (NO) in the system. With
this purpose, we explored the action of U-73122 (PLC inhibitor,
5� 10�6 M), W-7 (CaM inhibitor, 5� 10�6 M), verapamil
(calcium blocker, 1� 10�5 M) and LNMMA (NOS inhibitors,
1� 10�6 M) on the apoptotic effect of pilocarpine. It can be
seen in Figure 4 that the enzymatic inhibition of PLC, CaM and
calcium mobilisation decreased the pilocarpine-increased
apoptotic effect. Moreover, to identify the source of calcium
in this event we used a selective calcium chelator BAPTA
(5� 10�6 M) and a cell-permeable calcium chelator
BAPTA-AM (5� 10�6 M), corroborating the role for calcium in
pilocarpine-induced apoptosis [apoptotic nuclei % of total
number (mean� SE mean): basal 12� 2.0, n¼ 5; pilocarpine
alone 1� 10�7 M 78� 7, n¼ 4; pilocarpine plus BAPTA
5� 10�6 M 17� 3.1, n¼ 5; pilocarpine plus BAPTA-AM
5� 10�6 M 15� 2.2, n¼ 5]. On the contrary, the inhibition of
NOS activity was not effective in impairing the apoptotic effect
of pilocarpine. All the inhibitory agents at the concentration
used had no effect on the number of apoptotic fibroblast basal
values (Table 1). As control the inactive analogue for U-73122



Fig. 2. A: Apoptotic effect measure by TUNEL of 1 T 10�7 M
pilocarpine alone or in the presence of 1 T 10�6 M atropine. The effect
of 1 T 10�7 M actinomycin D and the basal value without drug are
also shown. Values are means W SE mean of n U #5 in each group
performed by duplicate. MP < 0.0001 between pilocarpine alone versus
atropine R pilocarpine or basal values; MMP < 0.05 between
actinomycin D versus pilocarpine alone. B: Apoptotic effect measure
by DNA laddering of 1 T 10�7 M pilocarpine (line 2) or 1 T 10�7 M
actinomycin D (line 3) compared with untreated cells (line 1). The
molecular weight standard was shown in line bp.

Fig. 1. Effect of pilocarpine on apoptosis of human skin fibroblast
by TUNEL assay (performed as describe in material and methods).
A: Time course of apoptotic effect of different concentrations of
pilocarpine: 1 T 10�7 M (*—*), 1 T 10�8 M (&—&), 1 T 10�9 M
(~—~) and 1 T 10�10 M (!—!). Control without drug (&- - -&) is
also shown. B: Concentration-response curve of pilocarpine at 48 h of
culture. Values are means W SE mean of n U #6 in each group
performed by duplicate.

4 R E I N A E T A L .
(U-73343 5� 10�6 M) was uneffective in the studied system
[apoptotic nuclei % of total number (X� SE mean): pilocarpine
1� 10�7 M 74� 6.1, n¼ 4; pilocarpineþU-73343 5� 10�6 M
71� 7.2, n¼ 4].

To determine if the apoptotic effect of pilocarpine was
related to PLC signalling, we measured InsP accumulation and
NOS activity. As shown in Figure 5, pilocarpine increased InsP
accumulation (A) and NOS activity (B). Pirenzepine
JOURNAL OF CELLULAR PHYSIOLOGY
(1� 10�6 M) and 4-DAMP (1� 10�6 M) shifted to the right
the stimulatory dose-response curve of pilocarpine on InsP
accumulation and NOS activity. As control, the histograms
inserted in Figure 5 show that the pilocarpine induced InsP
accumulation and NOS stimulation was prevented by U-73122
and L-NMMA at 5� 10�6 M, respectively (Figure 5C and D).
L-Arginine at 1� 10�4 M restored the inhibitory action of



Fig. 3. Effect of 1 T 10�9 M (^- - -^), 1 T 10�8 M (&- - -&),
1 T 10�7 M (~- - -~) and 1 T 10�6 M (*- - -*) of pirenzepine (A) and
4-DAMP (B) on the concentration response-curve of pilocarpine
(*- - -*) induced stimulation on apoptotic fibroblasts. Each point
represents the means W SE mean of n U #5 performed by duplicate.
Values are expressed as a percentage of increase upon basal value
(b) taken as 100%. C: Schild plots and (D) pirenzepine and 4-DAMP
respectively antagonism of pilocarpine-mediated apoptotic fibroblast
stimulation.

Fig. 4. Effect of 1 T 10�7 M pilocarpine alone or in the presence of
U-73122 (5 T 10�6 M), W-7 (5 T 10�6 M), verapamil (1 T 10�5 M) and
L-NMMA (1 T 10�6 M) on pilocarpine-induced apoptotic effect on
fibroblast. Values are means W SE mean of n U #6 in each group
performed by duplicate. MP < 0.0001 between pilocarpine alone versus
pilocarpine R U-73122, W-7 or verapamil.

TABLE 1. Influence of inhibitory agents upon number of apoptotic nuclei

Inhibitory agents Number of apoptotic nuclei n

Control 11� 1.6 10
Pirenzepine (1� 10�6 M) 10� 1.7 5
4-DAMP (1� 10�6 M) 12� 2.2 5
U-73122 (5� 10�6 M) 9� 2.0 6
W-7 (5� 10�6 M) 11� 1.9 6
L-NMMA (5� 10�6 M) 13� 1.8 5
Verapamil (1� 10�5 M) 13� 2.4 5
U-73343 (5� 10�6 M) 11� 1.1 4
BAPTA (5� 10�6 M) 12� 2.3 5
BAPTA-AM (5� 10�6 M) 13� 3.1 5
SP 600125 (1� 10�5 M) 13� 2.7 5

Results are means� SE mean for control without drugs. Values showing number of apoptotic
nuclei of n¼ number of experiments tested by duplicate.
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L-NMMA on pilocarpine-increase NOS activity (Fig. 5D). The
close structural analogue of U-73122 (U-73343 5� 10�6 M)
failed to affect the InsP accumulation by pilocarpine (Fig. 5C).

Figure 6 demonstrates a significant correlation between
the increase in apoptotic nuclei and the increase in InsP
accumulation in the presence of increasing concentration of
pilocarpine. On the other hand, no correlation was observed
between increase in apoptotic nuclei and increase in NOS
activity in the presence of increasing concentration of
pilocarpine (Pearson r: 0.9376, P value: 0.0057, R2: 0.8790).

To corroborate that cell death induced by pilocarpine is
apoptotic we evaluated the activation of caspase-3. Figure 7
shows that pilocarpine 1� 10�7 M at 48 h (critical conditions
needed to reach the maximal apoptotic effect of the muscarinic
agonist), triggered an increase in caspase-3 activity. Active
caspase-3 was observed also in actinomycine D-treated cells.
JOURNAL OF CELLULAR PHYSIOLOGY
The pilocarpine-induced caspase-3 increment was inhibited
by U-73122 (5� 10�6 M), W-7 (5� 10�6 M), verapamil
(1� 10�5 M), BAPTA (5� 10�6 M) and BAPTA-AM
(5� 10�6 M). All the inhibitory agents at the concentration
used had no effect on the basal caspase-3 activity (data no
shown).

To support that JNK activation is involved in pilocarpine-
induced apoptosis by M1/M3 mediated signalling the JNK activity
was assessed in the presence of the mAChR agonists. Figure 8
show that 1� 10�7 M pilocarpine induced activation of JNK
enzyme. This effect was blocked by U-73122, W-7, BAPTA and
BAPTA-AM. All the inhibitory agents at the concentration used
had no effect on the basal JNK activity (data no shown).

Discussion

Our studies demonstrated an enhancement of apoptosis in
cultured human skin fibroblasts in response to mAChR agonist
pilocarpine as assessed by both the TUNEL and DNA



Fig. 5. Changes in (A) intracellular total inositol phosphates (InsP) and (B) NOS activity in response to incubating fibroblast in the presence of
increasing concentration of pilocarpine alone (*- - -*), or in the presence of 1 T 10�6 M pirenzepine (&- - -&) or 4-DAMP (*- - -*). Histogram
showing the effect of PLC inhibitor (U-73122 5 T 10�6 M) and its analogue (U-73343 5 T 10�6 M) (C); NOS inhibitor (L-NMMA 1 T 10�6 M) and
L-NMMA plus L-arginine (1 T 10�4 M) (D) on pilocarpine (1 T 10�7 M). MP < 0.0001 between pilocarpine alone versus pilocarpine R U-73122.
MMP U 0.0005 between pilocarpine alone versus pilocarpine R L-NMMA. Values are means W SE mean of n U #5 in each group performed by
duplicate and are expressed as a percentage of increase upon basal value (b) taken as 100%.
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fragmentation assays. The increase in the apoptotic process is
provoked by an activation of fibroblast-mAChR M1 and M3

subtypes. Previously, by pharmacological analysis, we had
shown that M1 and M3 mAChR subtypes were important
mediators of mAChR agonist-induced biological effects on
human skin fibroblasts (Casanova et al., 2006), while M2 and M4

seemed to have no relevance in these actions. Depending on the
receptor subtype and the cell type in which the receptor is
expressed, G-protein coupled receptors (GPCRs) can either
induce apoptosis or protect cells from apoptotic stimuli. For
example, b1 adrenergic receptors in cardiac myocytes can
induce apoptosis through a Gs-mediated pathway, whereas b2

adrenergic receptors in the same cell type can protect cells
through a Gi-mediated mechanism (Zhu et al., 2001).
Furthermore, experimental protocols that prevent
desensitisation of certain GPCRs, such as metabotropic
glutamate receptors in transfected cell lines (Dale et al., 2000;
JOURNAL OF CELLULAR PHYSIOLOGY
Koh et al., 1991) result in unregulated GPCR signalling and
stimulus-dependent apoptosis. On the contrary, M3 mAChR in
cerebellar primary neuronal cultures can protect against cell
death induced by culturing in non-depolarising conditions (Yan
et al., 1995).

The present result provides unequivocal evidence that in
cultured human neonatal skin fibroblasts, mAChR agonist
pilocarpine consistently induces apoptosis. An explanation of
the discrepancy between anti apoptotic and pro apoptotic
mAChR activation might be related to different cell phenotypes.
This concept would be consistent with several studies that
have shown that skin fibroblasts can differentiate into a new
phenotype, known as myofibroblasts, in response to different
stimuli (Powell et al., 1999; Urata et al., 2005). These
myofibroblasts are responsible for normal wound healing.
During the process they die via apoptosis (Saed and Diamond,
2002).



Fig. 6. Correlation in the effect of pilocarpine-induced apoptotic
action and pilocarpine-increased InsP accumulation. Values are
means W SE mean of n U #5 in each group performed by duplicate.

Fig. 7. Effect of pilocarpine 1 T 10�7 M alone or in the presence
of U-73122 (5 T 10�6 M), U-73343 (5 T 10�6 M), W-7 (5 T 10�6 M),
verapamil (1 T 10�5 M), BAPTA (5 T 10�6 M) and BAPTA-AM
(5 T 10�6 M) on pilocarpine-induced increase caspase-3 activity.
The actinomycine D (1 T 10�7 M) effect is also shown. Values are
means W SE mean of n U #7 in each group performed by duplicate.
MP < 0.0001 between pilocarpine alone versus basal value or
pilocarpine R U-73122, W-7 and BAPTA-AM. MMP U 0.0008 between
pilocarpine alone versus pilocarpine R verapamil. MMMP U 0.0003
between pilocarpine alone versus pilocarpine R BAPTA.

Fig. 8. A: Effect of pilocarpine 1 T 10�7 M alone or in the presence
of U-73122 (5 T 10�6 M), U-73343 (5 T 10�6 M), W-7 (5 T 10�6 M),
BAPTA (5 T 10�6 M) and BAPTA-AM (5 T 10�6 M) on pilocarpine-
induced increase JNK activity. B: The lower portion of part A show
representative autoradiograms of GST-Jun phosphorylation and
activities represent the means W SE mean for six separate
determinations. Values are means W SE mean of n U #8 in each group
performed by duplicate. MP < 0.0001 between pilocarpine alone versus
basal values or pilocarpine R U-73122, W-7, BAPTA and BAPTA-AM.
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Concerning the mechanism by which pilocarpine induces
apoptosis, we found agonist-enhanced InsP production to
be at the same concentration as that which enabled it to
increase apoptosis and a correlation between pilocarpine
induced-apoptosis and pilocarpine increased InsP
accumulation. Moreover, the relative potency of the receptor
subtype antagonist for inhibiting pilocarpine-stimulated
apoptosis was identical to its relative potency for blocking
pilocarpine-induced InsP accumulation. Thus, pilocarpine’s
activating the M1 and M3 mAChRs results in InsP accumulation,
which in turn, accelerates the apoptotic process. The
mechanism appears to relate to an increase in intracellular
calcium concentration. This initial rise of intracellular calcium
may be regulated by calcium influx and by IP3, which triggers
the release of calcium from intracellular stores. The fact that
inhibitors of calcium influx, PLC and CaM, prevented the
pilocarpine effects indicates the participation of both enzymes
in pilocarpine-promoted fibroblast apoptosis. In human renal
cancer cells, m-3M3FBS treatment induces apoptosis via PLC
signalling pathways and increases the intracellular calcium level
(Jung et al., 2008). Moreover, angiotensin II stimulates cardiac
fibroblast proliferation in cultured neonatal rats and stimulates
apoptosis via the PLC pathway, which is accompanied by an
increase in the intracellular calcium level (Vivar et al., 2008).

On the other hand, studies that report an antiapoptotic
response of M3 mAChR activation in CHO cells show that this
response is not linked to the ability of the receptor to signal
through the calcium/PLC pathways, but does appear to involve
gene transcription and changes in the level of anti apoptotic
Bcl-2 protein (Saed and Diamond, 2002). The fact that M1
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and M3 mAChR subtypes of human skin fibroblasts regulate
apoptosis and proliferation may be a key mechanism in
regulating adhesion development in the postoperative healing
process.

The apoptotic mechanism may involve at least two pathways;
one dependent on JNK and other independent on JNK. The
M3 mAChR stimulation can activate JNK via calcium and
PLC-dependent mechanisms (Wylie et al., 1999; Lanzafame
et al., 2003). In our case, the M1/M3 mAChR activation triggers
apoptosis using a pathway involving JNK activation as the
pilocarpine-apoptotic action was attenuated by SP 600125, a
JNK inhibitor (Wylie et al., 1999). Moreover, pilocarpine was
able to stimulate JNK activity.

Our findings also demonstrated that pilocarpine activating
M1 and M3 mAChR induced the activation of effector
caspase-3. Both, the caspase-3 and JNK increased activity also
involved receptor-mediated InsP accumulation and calcium/
CaM signalling system.

In conclusion, the results of our studies have revealed that M1

and M3 mAChRs express in skin fibroblast cells are able to
stimulate apoptotic cell death and proliferation. Both
mechanisms proceed via PLC and calcium signalling pathway.
The mayor challenger will be to link these observations with
physiologically relevant scenarios where mAChRs may well play
a key role in determining the fate of specific cell populations in
intact tissues.

Acknowledgments

The authors thank Mrs. Elvita Vannucchi for her excellent
technical assistance. This work was supported by: The National
Agency for Science and Technology (PICT’s 02120, 01647),
University of Buenos Aires (UBACYT O-003) and Argentine
National Research Council (PIP 05680), Buenos Aires,
Argentina.

Literature Cited

Borda T, Genaro A, Sterin-Borda L, Cremaschi G. 1998. Involvement of endogenous nitric
oxide signaling system in brain muscarinic acetylcholine receptor activation. J Neural
Transm 105:193–204.

Bredt DS, Zinder SH. 1999. Nitric oxide mediates glutamate-linked enhancement of cyclic
GMP levels in the cerebellum. Proc Natl Acad Sci USA 86:9030–9033.

Buchli R, Ndoye A, Rodriguez JC, Zia S, Webber RJ, Grando SA. 1999. Human skin fibroblasts
express m2, m4 and m5 subtypes of muscarinic acetylcholine receptors. J Cell Biochem
74:264–277.

Buckley CD, Pilling D, Lord JM, Akbar AN, Scheeltoellner DS, Salmon D. 2001. Fibroblast
regulate the switch from acute resolving to chronic persistent inflammation. Trends
Immunol 22:199–204.

Carsi-Gabrenas JM, Van Der-Zee EA, Luiten PG, Potter LT. 1997. Non selectivity of the
monoclonal antibody M35 for subtypes of muscarinic acetylcholine receptors. Brain Res
Bull 44:25–31.

Casanova M, Furlán C, Sterin-Broda L, Borda ES. 2006. Muscarinic cholinoceptor activation
modulates DNA synthesis and CD 40 expression in fibroblast cells. Autonomic Autacoid
Pharmacol 26:293–301.

Dale LB, Bhattacharya M, Anborgh PH, Murdoch B, Bhatia M, Nakanishi S, Ferguson SSG.
2000. G Protein-coupled receptor kinase-mediated desensitization of metabotropic
glutamate receptor 1A protects against cell death. J Biol Chem 275:38213–38220.

De Sarno P, Shestopal SA, King TD, Zmijewska A, Song L, Jope RS. 2003. Muscarinic receptor
activation protects cells from apoptotic effects of DNA damage, oxidative stress, and
mitochondrial inhibition. J Biol Chem 278:11086–11093.

Felder CC. 1995. Muscarinic acetylcholine receptors: Signal transduction through multiple
effectors. FASEB J 9:619–625.
JOURNAL OF CELLULAR PHYSIOLOGY
Fries KM, Sempowski GD, Gaspari AA, Blieden TM, Looney RJ, Phipps RP. 1995. CD40
expression by human fibroblast. Clin Immunol Immunopathol 77:42–51.

Gu C, Ma YC, Benjamin J, Littman D, Chao MV, Huang XY. 2000. Apoptotic signaling through
the beta-adrenergic receptor a new Gs effector pathway. J Biol Chem 275:20726–
20733.

Gutcher I, Webb PR, Anderson RG. 2003. The isoform-specific regulation of apoptosis by
protein kinase C. Cell Mol Life Sci 60:1061–1070.

Gutkind JS, Robbins KC. 1992. Activation of transforming G-protein-coupled receptors
induces rapid tyrosine phosphorylation of cellular protein including p165FAK and the
Pv-src substrate. Biochem Biophys Res Commun 188:155–1161.

Hokin-Neaverson M, Sadeghian K. 1976. Separation of 3H-inositol monophosphates and
3H-inositol on silica gel glass-fiber sheets. J Chromatogr 120:502–505.

Hulme EC, Birdshall NJ, Buckley NJ. 1990. Muscarinic receptors subtypes. Annu Rev
Pharmacol Toxicol 30:633–673.

Jung EM, Lee TJ, Park JW, Bae YS, Kim SH, Choi YH, Kwon TK. 2008. The novel phospholipase
C activator, m-3M3FBS, induces apoptosis in tumor cells through caspase activation, down-
regulation of XIAP and intracellular calcium signaling. Apoptosis 13:133–145.

Koh JY, Palmer E, Cotman CW. 1991. Activation of the metabotropic glutamate receptor
attenuates N-methyl-D-aspartate neurotoxicity in cortical cultures. Proc Natl Acad Sci
USA 88:9431–9435.

Lanzafame AA, Christopoulos A, Mitchelson F. 2003. Cellular signaling mechanisms for
muscarinic acetylcholine receptors. Recep Chann 9:241–260.

Leloup C, Michaelson DM, Fisher A, Hartmann T, Beyreuther K, Stein R. 2000. M1 muscarinic
receptors block caspase activation by phosphoinositide 3-kinase- and MAPK/ERK-
independent pathways. Cell Death Differ 7:825–833.

Liu J, Li M, Zeng WS, By XC, Luo SQ. 2005. Inhibition of phospholipase C gamma 1 signaling
pathway promotes apoptosis of human colorectal carcinoma cells. Di Yi Jun Yi Da Xue Xue
Bao 25:177–180.

Marinissen MJ, Gutkind JS. 2001. G-protein-coupled receptors and signaling networks:
Emerging paradigms. Trends Pharmacol Sci 22:368–376.

Mckenzie FR, Seuwen K, Pouyssegur J. 1992. Stimulation of phosphatidylcholine breakdown
by thrombin and carbachol but not by tyrosine kinase receptor ligands in cells transfected
with M1 muscarinic receptors. Rapid desensitization of phosphocholinespecific (PC)
phospholipase D but sustained activity of PC-phospholipase C. J Biol Chem 267:22759–
22769.

Nicke B, Detjen K, Logsdon CD. 1999. Muscarinic cholinergic receptors activate both
inhibitory and stimulatory growth mechanisms in NHI3T3 cells. J Biol Chem 274:21701–
21706.

Phipps RP, Borrello MA, Blieden TM. 1999. Fibroblast heterogeneity in the periodontium and
other tissues. J Periodont 32:159–165.

Powell DW, Mifflin RC, Valentich JD, Crowe SE, Saada JI, West AB. 1999. Myofibroblasts. II.
Intestinal subepithelial myofibroblasts. Am J Physiol (Cell Physiol) 277:C183–C201.

Saed GM, Diamond MP. 2002. Apoptosis and proliferation of human peritoneal fibroblasts in
response to hypoxia. Fertil Steril 78:137–143.

Saito S, Hiroi Y, Zou Y, Aikawa R, Toko H, Shibasaki F, Yazaki Y, Nagai R, Komuro I. 2000.
Beta adrenergic pathway induces apoptosis through calcineurin activation in cardiac
myocytes. J Biol Chem 275:34528–34533.

Smith RS, Smith TJ, Blieden TM, Phipps RP. 1997. Fibroblasts as sentinel cells. Synthesis of
chemokines and regulation of inflammation. Am J Pathol 151:317–322.

Takada Y, Murakami A, Aggarwal BB. 2005. Zerumbone abolishes NF-kappa B and kappaB
alpha kinase activation leading to suppression of antiapoptotic and metastatic gene
expression, upregulation of apoptosis, and downregulation of invasion. Oncogene
24:6957–6969.

Urata Y, Nishimura Y, Hirase T, Yokoyama M. 2005. Sphingosine 1-phosphate induces
alpha-smooth muscle actin expression in lung fibroblasts via Rhokinase. J Med Sci 51:
17–27.

Van Riper DA, Absher MP, Lenox RH. 1985. Muscarinic receptors on intact human fibroblast.
Absence of receptor activity in adult skin cells. J Clin Invest 8:882–886.

Varani J, Mitra RS, Gibbs D, Phan SH, Dixit DM, Mitra RJ, Wang T, Siebert J, Nickoloff BJ,
Voorhees JJ. 1990. All-trans retinoic acid stimulates growth an extracellular matrix
production in growth-inhibited cultured human skin fibroblasts. J Invest Dermatol 94:
717–723.

Vestling M, Cowburn RF, Venizelos N, Lannfelt L, Winblad B, Adem A. 1995.
Characterization of muscarinic acetylcholine receptors in cultured adult skin fibroblasts:
Effects of the Swedish Alzheimer’s disease APP 670/671 mutation on binding levels.
J Neural Transm 10:1–10.

Vivar R, Soto C, Copaja M, Mateluna F, Aranguiz P, Muñoz JP, Chiong M, Garcia L, Letelier A,
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