Activation of M1 mAChRs by lesatropane rescues
glutamate neurotoxicity in PC12 cells via PKC-
mediated phosphorylation of ERK1/2.
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ABSTRACT

Lesatropane, a synthesized chiral tropane (3S, 6S-isomer of satropane), is a novel muscarinic agonist, and is being under preclinical develop-
ment in China for the treatment of primary glaucoma. The reports concerning that activation of muscarinic acetylcholine receptors (mA-
ChRs) could protect cells against apoptosis prompted us to study the neuroprotective effects of lesatropane and the mechanism. We found
that lesatropane could protect PC12 cells from glutamate-induced neurotoxicity and reverse the decreased ERK1/2 activation caused by glu-
tamate. Atropine or pirenzepine, antagonist of mAChR or M1 mAChR, antagonized the protective effects of lesatropane respectively and sup-
pressed the lesatropane’s effects on ERK1/2. Furthermore, chelerythrine, a PKC inhibitor, partially suppressed ERK1/2 activation induced by
lesatropane. The results indicated that the specific M1 mAChR via PKC-ERK1/2 pathway might be involved in the neuroprotective effects of
lesatropane. While M1 mAChR is a therapeutic target of Alzheimer’s disease (AD), the results of this paper contribute to further information
concerning the activation of M1 mAChR as a therapeutic target in AD.
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INTRODUCTION

Tropane derivatives (atropine, scopolamine, etc.) usually
serve as muscarinic antagonists. Interestingly, lesatropane
(Figure 1.), a chiral tropane derivative (35, 65-isomer of
satropane) synthesized in our laboratory, is a novel mus-
carinic agonist [1,2], and is being under preclinical develop-
ment in China for the treatment of primary glaucoma [3].
Muscarinic acetylcholine receptors (mAChRs) have
five subtypes (M1-Ms). It has been reported that acti-
vation of the Gg/11-coupled mAChRs (M1, M3, Ms)
could protect cells against apoptosis induced by DNA
damage, oxidative stress, impaired mitochondrial
function, serum deprivation or UV irradiation [4-6].
Glutamate is a major excitatory neurotransmitter in the brain
and also could lead to neuronal injury or cell death when it
released in excess or overstimulated its membrane receptors
[7]. Previously we reported that activation of the M1 mAChR
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FIGURE 1. The chemical structure of lesatropane [2].

could protect rat retinal ganglion cells against glutamate-in-
duced neuronal apoptosis [8]. It is interesting to confirm the
neuroprotective effects mediated through M1 mAChR using
PC12 cells, since PC12 cells as a common model to evaluate
the neuroprotective effects of certain compounds, endog-
enously express mAChRs, predominantly the M1 mAChR.
In this paper, we show that lesatropane protects PC12 cells
from glutamate — induced neurotoxicity and the M1 mA-
ChR is mainly responsible for the neuroprotective effects
partially through the PKC-ERK1/2 pathway. Because of
the important role of M1 mAChR in cognitive processes,
it has long been aimed at a high-profile target for the treat-
ment of neurodegenerative disorders like Alzheimer’s
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disease (AD) [9]. The study of activation of M1 mAChR
against glutamate-induced neurotoxicity may help to vali-
date selective M1 mAChR agonist for the treatment of AD.

MATERIALS AND METHODS

Chemicals

RPMI Medium 1640 was purchased from Gibco (Now York,
U.S.). Lesatropane was synthesized in our group, as previ-
ously described [10]. Its purity and optical purity checked
by HPLC were over 98%. Atropine, pirenzepine dihydro-
chloride, N,N-dimethyl sulfoxide (DMSO), 2,3,5-triphenyl-
tetrazolium chloride solution (TTC), 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), and
L-glutamic acid monosodium salt were purchased from
Sigma (St. Louis, U.S.). Hoechst 33258 was purchased from
Beyotime (Zhejiang, China). Chelerythrine chloride was
from Alexis (Pennsylvania, U.S.) and Uo126 was from Up-
state (Massachusetts, U.S.). Non-Radioactive Protein Kinase
Assay Systems was purchased from Promega (Madison, U.S).

Cell culture and drug treatment

PCi12 cells obtained from the Shanghai Cell Culture Cen-
ter (Shanghai, China) were cultured in RPMI 1640 me-
dium supplemented with 10% fetal bovine serum in a hu-
midified atmosphere with 5% COz2 at 37°C. The cells in the
medium without serum were pre-incubated with lesat-
ropane for 24 h before being exposed to glutamate. Atro-
pine or pirenzepine was used at 1 pM. Uo126 was used
at 20 uM and chelerythrine was at 5 pg/ml. They were
used respectively 30 min before addition of lesatropane.

Measurement of cell viability

PC12 cells were plated in 96-well culture plates at 1.0x10*
1.5x10* cells/well, and pre-incubated with lesatropane for
24 h before being exposed to glutamate for 48 h. Cell vi-
ability assays were performed using MTT method. MTT
in PBS was added to the cultures at a final concentration of
0.5 mg/ml. After further incubation at 37°C for 4 h, the me-
dium was carefully removed and formazan crystals were
dissolved in 150 pl DMSO per well. The absorbance at 490
nm was measured on a plate reader (Bio-tek, Vermont, U.S.).
Preparation of brain slices and drug treatment
The brain slices were made as described before [11]. SD rats
with a mean weight 80 g were decapitated. Whole brains
were quickly removed and immersed in iced ACSF, which
had the following composition (in mM): NaCl 119, KCl 2.5,
CaCl2 2, MgSO4 1, NaH2PO4 1.25, NaHCOz2 26.2, glucose
10 (final pH 7.4). Brains were cut coronally into 400 pm thick
sections with a vibrating tissue slicer (ZQP-86, Xiangshan,
China). Cortical slices were quickly isolated from the sec-
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tions. Before being transferred to an experimental chamber,
all slices were incubated in ACSF bubbled with 95% O2 and
5% CO2 at 37°C for 9o min recovery. After the process, brain
slices were transferred to experimental chambers and ran-
domly assigned to one of the following groups: (1) control
group, in which slices were incubated in oxygenated Mg-
fACSF with the following composition (in mM): NaCl 143,
KCI 5.4, CaCl2 1.8, NaH2PO4 1.0, HEPES 2.4, glucose 5.6
(final pH 7.4) for 1 h; (1) glutamate injury group, in which
slices were pre-incubated in oxygenated MgfACSF for 30
min, and then were incubated in oxygenated MgfACSF
containing 1 mM glutamate for 20 min; (III) glutamate in-
jury + drug group, in which slices were incubated with 1
uM lesatropane in oxygenated MgfACSF 30 min prior to
and during glutamate application. All slices were trans-
ferred to oxygenated ACSF for 2 h recovery, and the activ-
ity of the slices was evaluated by using TTC staining method.

LDH measurement

The plasma membrane damage of the PC1i2 cells was
assessed by the release of LDH into the culture me-
dium. LDH leakage was calculated of the percentage
of LDH in the medium versus total LDH activity in the
cells. After the treatment, the LDH released into the
culture medium was examined by using an assay kit (Ji-
ancheng, Nanjing, China) according to the manufactur-
er's protocol on a plate reader (Bio-tek, Vermont, U.S.).

Hoechst 33258 staining

PC12 cells were plated on coverslips in 24 culture plates
and treated as before. After the treatment, the cells were
fixated with cold 4% paraformaldehyde for 10 min, and
stained with Hoechst 33258 (10 pug/mL) for 15 min under
dim light. For each coverslip, cells were observed under a
fluorescence microscope (Zeiss, Oberkochen, Germany)
with a UV-2A filter, and the apoptotic cells were identified.

Immunoblots

For analysis of the phosphorylated (activated) ERK1/2 and
total ERK1/2, immunoblotting was performed with anti-
pERK1/2 and anti-ERK 1/2 antibodies. After the treatment,
cells were washed with PBS and lysed with a lysis buffer (50
mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, 1 mM EDTA, 1 mM Na3zVOy, 10
mM NaF, 4 pg/ml leupeptin, 1 pg/ml aprotinin and 100 pg/
ml PMSF). Proteins were loaded onto 10% SDS-PAGE gels,
transferred to nitrocellulose membranes (Amersham, U.S))
and blocked at 37°C for 1 h in 5% (w/v) non-fat milk in TBST
(20 mM Tris-HCI, pH 7.6, 500 mM NaCl, 0.1% (v/v) Tween).
The blots were incubated overnight at 4°C in the primary anti-
body dilution. The membranes were incubated with pERK1/2
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FIGURE 2. Effects of lesatropane on glutamate injury in PC12 cells or cortical slices. (A) PC12 cells were pre-treated for 24 h with lesat-
ropane (1 nM -0.1 uM) followed by treatment with 1T mM glutamate for 48 h. Cell survival rates were evaluated by MTT. (B) Cortical slices
were incubated with 0.1 uM lesatropane 30 min prior to and during the treatment of 1 mM glutamate. The viability of cortical slices
was evaluated by using TTC method. Values are expressed as mean + S.E. of n=5 independent observations. * p<0.05 vs. glutamate

injury group.

and ERK1/2 primary antibodies (1:1000, Cell signaling, Mary-
land, U.S.). After washing with TBST, the membranes were
incubated with horseradish peroxidase-conjugated goat anti-
rabbit secondary antibody (1:5000, KPL, Maryland, U.S.) and
visualized with the ECL detection kit (Pierce Biotechnology,
[llinois, U.S.) according to the manufacturer’s instructions.

PKC activity measurement

The non-radioactive protein kinase assay was used to detect
the Protein kinase C (PKC). After the treatment, cells were
suspended in cold PKC extraction buffer and homogenized
using a cold homogenizer. Each sample was combined with
the peptag, PKC reaction buffer, peptag C1 peptide, the
sonicated PKC activator buffer, and was incubated at 30°C
for 30 min. After the separation of phosphorylated and
nonphosphorylated peptag peptides by electrophoresis, the
kinase activity was quantitated by densitometric methods.

Statistical analysis

The data are presented as the mean + standard error of the
mean. The difference between the groups was assessed by
using Student-Newman-Keuls test, where p<o0.05 indicated a
significant difference.

RESULTS

Lesatropane protects PC12 cells and cortical slices against glu-
tamate neurotoxicity.

Treatment of PC12 cells with 1 mM glutamate for 48 h re-
sulted in a decrease of survival rate by around 20% relative
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to the untreated group, which was consistent with the pre-
vious report [12]. Pre-treatment with 0.001-0.1 pM lesat-
ropane for 24 h significantly prevented PC12 cell death
caused by over-mentioned glutamate neurotoxicity, and
the maximal effect was observed at 0.01 uM lesatropane
(Figure 2A). The neuroprotective effects of lesatropane on
cortical slices were also observed. Cortical slices were sub-
jected to 1 mM glutamate for 20 min and following 2 h re-
covery. The survival activity of the brain slices was reduced
to 31.44%5.18% and the pre-treatment with 0.1 uM lesat-
ropane increased the activity to 66.80+8.22% (Figure 2B).

Neuroprotective effects of lesatropane are mediated through Mi
mAChR in PC12 cells

In order to find out if the activation of M1 mAChR was re-
sponsible for the neuroprotection observed, PC12 cells were
pre-treated with atropine (a nonselective mAChR antago-
nist) or pirenzepine (a selective M1 mAChR antagonist) for
30 min respectively before 0.01 pM lesatropane treatment.
Then, the cell viability, LDH release, and the apoptotic status
of PC12 cells were observed respectively. The treatment of
PC12 cells with 1 mM glutamate for 48 h reduced cell viabili-
ty to 82.91+2.88 % and increased in 75.03+21.61% LDH release
compared with the untreated groups, which were consistent
with the previous report [12]. Typical apoptotic nuclei con-
densation of PC12 cells was also observed under the same
conditions by nuclear staining. However, if the cells were
pre-treated with 0.01 pM lesatropane, cell viability increased
significantly by 36.55 + 8.23% (Figure 3A), and the release of
LDH reduced by 61.06+10.03% (Figure 3B). The number of
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FIGURE 3. Neuroprotective effects of lesatropane are through M1 mAChR in PC12 cells. Muscarinic antagonist atropine or M1 mAChR
antagonist pirenzepine was pre-treated 30 min before the treatement of 0.01 uM lesatropane for 24 h and 1T mM glutamate for 48 h.
(A) Cell survival rate evaluated by MTT; (B) The measurement of lactate dehydrogenase release; (C) Cell nuclear morphology stained by
Hoechst 33258. Cells were (a): Non-treated (control); (b): treated with glutamate for 48 h; (c) pre-treated with 0.01 uM lesatropane, then
incubated with T mM glutamate for 48 h; Cells were pre-treated by (d) atropine or (e) pirenzepine 30 min before treatment of lesatro-
pane for 24 h and then treatment with T mM glutamate for 48 h. Values are expressed as mean+ S.E. of n=5 independent observations.

* p<0.05 vs. glutamate injury group, # p<0.05 vs. lesatropane group.

apoptotic cells was significantly decreased in the lesatropane
group. But, when the PC12 cells were pre-treated with 1 pM
atropine, or 1 UM pirenzepine for 30 min before using lesatro-
pane, the protective effects of lesatropane on glutamate neu-
rotoxicity were suppressed (Figs. 3A-C), suggesting that M1
mAChR was involved in lesatropane’s neuroprotective effects.

Activation of ERK1/2 pathway is involved in the neuroprotec-
tive effects of lesatropane

We interested in the intracellular MAPK/ERK1/2 signal-
ing pathway for the neuroprotective effects of lesatropane,
as ERK1/2 is an effecter of mAChRs in PC12 cells [13,14]
and the importance of ERK1/2 in AD has been recognized
[15,16]. Since the activity of ERK1/2 is dependent on its
phosphorylation [17], the phosphorylation of ERK1/2 in
PC12 cells was detected by immunoblot. Treatment of
cells with 1 mM glutamate led to a significant decrease of
the ERK1/2 activity. Lesatropane (0.01 pM ) could acti-
vate ERK1/2 and prevent the decrease of ERK1/2 activity
caused by glutamate (Figure 4A). The lesatropane-induced
ERK1/2 activation can be inhibited by atropine or pirenz-
epine (Figure 4B). In the presence of MEK inhibitor Uo126
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(20 pM), the effect of lesatropane against glutamate-induced
cell death was reduced by 26.62% (Figure 4C). In all, ERK1/2
signaling plays a beneficial protective role in PC12 cells
against glutamate neurotoxicity and lesatropane exerts its

neuroprotective effects via M1 mAChR-ERK1/2 pathway.

Lesatropane-induced ERK1/2 activity is partially dependent on
PKC

M1 mAChR-mediated MAPK activation occurs in differ-
ent mechanisms. Some of them are protein kinase C (PKC)
dependent, others not [13,18]. Treatment of PC1i2 cells
with 1 mM glutamate for 5 min resulted in a decrease of
PKC activity to 27.44% relative to the untreated group. If
the cells were pre-treated with 0.01 pM lesatropane for 24
h and followed by glutamate, PKC activity could increase
to 47.79% (Figure 5sA). When chelerythrine (a PKC inhibi-
tor, 5 pg/ml) was added 30 min before the treatment with
lesatropane, it could somewhat reduce ERK1/2 activa-
tion (Figure sB) and the neuroprotective effect of lesat-
ropane by 62.0% (Figure 5C). These results implied that
the effect of lesatropane against glutamate-induced de-
crease of ERK1/2 activity was partially dependent on PKC.
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FIGURE 4. Activation of ERK1/2 pathway was involved in the neuroprotective effects of lesatropane. (A) lesatropane stimulated activa-
tion of ERK1/2 in PC12 cells. Cells were treated with 0.01 uM lesatropane for 5 min, 15 min, 30 min, 12 h, 24 h, then harvested and lysed.
The activated ERK1/2 (pERK1/2) and total ERK were determined (Western blotting). (B) The activation of ERK1/2 was measured in PC12
cells which were treated with or without 1 UM atropine or pirenzepine 30 min before addition 0.07 uM lesatropane, then 1 mM gluta-
mate. (C) PC12 cells were pre-treated with U0126 (20 uM) 30 min before addition of 0.01 uM lesatropane, then 1 mM glutamate. Cell vi-
ability was quantified using the MTT assay after 48 h. * p<0.01 vs lesatropane group. Data represent the mean + S.E. of n=5 independent
observations.

__ 150
%‘- 150+ =
4 =
z 9]
& Ji « 100 T
2 100+ -
g 2
§ P-ERK1/2 =
5 50 3 501 .
g ]
H o
g Glutamate ( 1 mM) + o+ 0 T
b Glutamate (1 mM ) + +
Glutamate ( 1 mM) +
Lesatropane (0.01 pM) + o+ GRS A LGOS . .
Lesatropane ( 0.01 pM) + _ )
Chelerythrine (5 pg/ml) Gt Vo) .

FIGURE 5. The lesatropane-induced ERK1/2 activity and neuroprotective effects are partially dependent on PKC. PC12 cells were pre-
treated with 5 ug/ml chelerythrine 30 min before the addition of 0.01 uM lesatropane, then 1 mM glutamate. (A) PKC activity measure-
ment by non-radioactive protein kinase assay. (B) ERK1/2 activation was determined by Western blotting. (C) Cell viability was quantified

using the MTT assay after 48 h. * p<0.01 vs lesatropane group. Data represent the meanz+ S.E. of n=5 independent observations.

DISCUSSION

Base on the couple of different G proteins, the mAChRs are
generally considered to divide into two distinct classes and
the Gq/11-coupled M1 and M3 mAChRs are mainly report-
ed for the pro-survival response in a variety of stimuli [19-
22]. Here, we found that lesatropane significantly reversed
the decreased PC12 cell viability caused by glutamate. The
protective effects of lesatropane against glutamate-induced
PCi12 cell death should be principally mediated by the M1
mAChR, since M1 mAChR antagonist pirenzepine can in-
hibit lesatropane’s effects and PC12 cells principally express
M1 mAChR at the mRNA level (data not shown). Although
the activation of ERK1/2 known as an effecter of mAChRs,
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is usually considered to promote neuronal cell survival or
memory preservation [15, 23-26], there are still some evi-
dences implicating the opposite effects [27-31]. In order to
clarify the mechanism of neuroprotective effects of lesatro-
pane, it is critical to identify the role of ERK1/2 pathway in
activation of M1 mAChR in glutamate-induced PC12 cell
death. ERK1/2 activation was markedly reduced after treat-
ment with glutamate and the pre-treatment with lesatropane
could reverse the decrease of ERK1/2 activation. Atropine
or pirenzepine inhibited the rescued activation of ERK1/2
by lesatropane. Meanwhile, MEK inhibitor Uo126 abolished
lesatropane’s effects. So here we found that ERK1/2 played
a pro-survival role in PC12 cells during glutamate neurotox-
icity and the neuroprotective effects of lesatropane should
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be mediated by activating ERK1/2. Considering that M1
mAChR activating MAPK was through PKC in PC12 cells
[13,32], we further examined the role of PKC in lesatropane
induced ERK1/2 activation and finally peculated that lesat-
ropane exerted the neuroprotective effects by activation of
M1 mAChR via PKC-mediated phosphorylation of ERK1/2.
Glutamate neurotoxicity associated with numerous neu-
rodegenerative disorders including AD is considered as a
key factor in the pathogenesis. While acetylcholinesterase
inhibitor was involved in a neuroprotective cascade of glu-
tamate neurotoxicity [33], the present study contributes
the view of action of cholinergic activity could promote
neuron survival during glutamate-induced cell death. More
importantly, the neuroprotective effects of lesatropane are
mainly mediated by M1 mAChR which is well accepted
target in AD. In fact, a number of M1 mAChR agonists
were reported to relieve the symptoms and intervene in the
pathological process [34-36], our studies may help validate
truly selective M1 mAChR agonists for the treatment of AD.

CONCLUSION

This paper indicated lesatropane could protect gluta-
mate induced neurotoxicity through the specific M1
mAChR via PKC-ERK1/2 pathway. While M1 mA-
ChR is a therapeutic target of AD, the results of this
paper may provide further information of the acti-
vation of M1 mAChR as a therapeutic target in AD.
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