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b-Amyloid peptide (Ab), the major pathological factor in Alzheimer’s disease, has recently been reported
to be implicated in the development of glaucoma. In this study, we explored the effect of muscarinic acti-
vation on abnormal processing of b-amyloid precursor protein (APP) induced by a risk factor hypoxia in
retinal ganglion cells. Hypoxia mimetic compound cobalt chloride could increase the generation of Ab via
up-regulating the expression of APP as well as the expression of b-secretase and c-secretase, whereas
muscarinic receptor agonist pilocarpine could significantly attenuate this abnormal pathway, thereby
resulting in a decreased amyloidogenic cleavage of APP. This finding may provide an insight into better
understanding of pathophysiology for the retinal neurodegenerative disease and searching for its new
modifying approach.

� 2009 Elsevier Inc. All rights reserved.
b-Amyloid peptide (Ab), the major constituent of senile plaques
in Alzheimer’s disease (AD), has been reported to be implicated in
the development of glaucoma, with evidence of abnormal b-amy-
loid precursor protein (APP) processing, increased expression of
Ab in retinal ganglion cells (RGCs) in experimental glaucoma [1]
and decreased vitreous Ab levels (consistent with retinal Ab depo-
sition) in patients with glaucoma [2]. Further evidence of a link be-
tween retinal neurodegenerative disease such as glaucoma and AD
has emerged from studies showing that patients with AD have
RGCs loss associated with typical glaucomatous changes, such as
optic neuropathy and visual functional impairment [3–5].

Ab is derived from APP by sequential proteolytic cleavages from
b-site APP-cleaving enzyme 1 (BACE1) and presenilin-1 (PS1), the
major proteases for b and c-cleavage of APP separately. BACE1 is
a membrane-bound aspartic protease, which is the rate-limiting
enzyme in Ab production from APP. Alternatively, APP can be
cleaved by a-secretase within the Ab domain to generate
non-amyloidogenic soluble APPa (sAPPa). A disintegrin and metal-
loprotease domain 10 (ADAM10) is the major protease for a-cleav-
age of APP [6–8]. On the basis of the amyloid hypothesis, the
neurodegenerative process comprises a series of events triggered
by the abnormal processing of APP. It is well known that the retina
is highly sensitive to reduction in oxygen tension and hypoxia is a
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major risk factor in the pathophysiology of glaucoma [9–11]. How-
ever, hypoxia-induced abnormal process of APP in RGCs remains to
be identified.

The animal experiment has suggested that cortical cholinergic
deafferentation may be the cause of age-related Ab deposition
[12]. In vitro studies have found that muscarinic receptor (M1
and M3) agonists could stimulate the non-amyloidogenic pathway
of APP, resulting in increased release of sAPPa or reduced Ab pro-
duction [13–15]. The muscarinic receptor agonists were also the
first class of agents used for the treatment of glaucoma by improv-
ing the trabecular outflow of aqueous fluid and exhibiting neuro-
protective and trophic effects on RGCs [16,17]. However, the
mechanisms of muscarinic receptor agonists on the regulation of
APP metabolism in RGCs have not been defined. Therefore, it is
of great interest to investigate the amyloidogenic pathway of APP
under glaucoma related pathophysiological condition and pharma-
cological intervention of muscarinic receptor agonists.

Materials and methods

Treatment of cell cultures. The rat retinal ganglion cells (RGC-5
cells), purchased from American Type Culture Collection (Manas-
sas, VA), which have been previously characterized as expressing
ganglion cell markers and exhibiting ganglion cell-like behavior
in culture [18]. Cells were cultured in DMEM (Invitrogen Life Tech-
nologies, Carlsbad, CA) containing 1 mM glucose, 100 U/ml penicil-
lin/streptomycin (Invitrogen Life Technologies, Carlsbad, CA),
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2 mM glutamine and 10% of heat-inactivated fetal calf serum
(Invitrogen Life Technologies, Carlsbad, CA) in a humidified incuba-
tor with 5% CO2 at 37 �C. Cobalt chloride (CoCl2) (Sigma–Aldrich, St.
Louis, MO) was dissolved in distilled H2O and sterilized through a
0.2 lm filter prior to use. After being pretreated with 1 lM pilocar-
pine (Sigma–Aldrich, St. Louis, MO) for 6 h, the cells were subjected
to 200 lM CoCl2 in the presence of 1 lM pilocarpine for 24 h.
Treatment with 200 lM CoCl2 was applied to the cultures to cause
chemical hypoxia.

Ab ELISA assay. The supernatants of cultured RGC-5 cells were
collected and the concentrations of secreted Ab peptides (Ab40
and Ab42) in conditioned medium were quantified using commer-
cial ELISA kits from Wako Chemicals GmbH (Neuss, Germany), fol-
lowing the manufacturer’s protocols.

Western blot analysis. RGC-5 cells were washed twice in phos-
phate buffered saline and lysed in ice-cold SDS buffer (2% SDS,
30 mM Tris–HCl pH 6.8, 10% glycerol, 2 mM EDTA). Lysates were
sonicated and protein concentrations were determined using the
BCA Protein Assay Kit (Pierce Chemical, Rockford, IL, USA). Prior
to loading, 2.5% 2-mercaptoethanol and 0.0125% bromphenol blue
were added and lysates were boiled for 5 min. Proteins were sepa-
rated by SDS–PAGE and transferred into PVDF membrane (Milli-
pore Billerica, MA). The membranes were incubated overnight at
4 �C with the following primary antibodies: anti-rat-APP antibody
(1:500, Chemicon, Temecula, CA), or anti-rat-actin antibody
(1:1000, Santa Cruz Biotechnology, Santa Cruz CA, USA) as control.
The membranes were incubated with the proper horseradish per-
oxidase conjugated secondary antibody (1:10,000, Pierce Chemical,
Rockford, IL, USA) at room temperature for 1 h. The immunoblots
were visualized by using an enhanced chemiluminescence detec-
tion kit (Pierce Chemical, Rockford, IL, USA). Relative levels of pro-
tein were quantitated by optical density analysis. To avoid
interassay variations, values were normalized to the control value
in each experiment.

Quantitative real-time polymerase chain reaction. RGC-5 cells
were homogenized in Trizol Reagent (Invitrogen Life Technologies,
Carlsbad, CA). Total RNA was extracted according to the manufac-
turer’s instruction. SuperScript First-Strand Kit (Invitrogen Life
Technologies, Carlsbad, CA) was used to synthesize first strand
cDNA from samples with an equal amount of RNA. Real-time PCR
was carried out with ABI Prism 7500 Sequence Detection System
(Applied Biosystems, Foster City, CA). Nucleotide sequences of
primers are shown in Table 1. APP, BACE1, PS1, ADAM10 mRNA
levels were normalized to levels of b-actin. Specificity of the pro-
duced amplification product was confirmed by examination of dis-
sociation reaction plots. A distinct single peak indicated that a
single DNA sequence was amplified during PCR. Each sample was
tested in triplicate and threshold cycle (CT) values were averaged
from each reaction. The DDCT method of relative quantification
was used to determine the fold change in expression. This was
done by first normalizing the resulting CT values of the target
mRNAs to the CT values of the internal control b-actin in the same
Table 1
Sequences of primers used in the present study.

Name Sequence

b-Actin forward primer 50-AATCCTGTGGCATCCATGAA-30

b-Actin reverse primer 50-GGACAGTGAGGCCAGGATAGA-30

APP forward primer 50-GGACTCTGTGCCAGCCAATAC-30

APP reverse primer 50-CCTGAATCATGTCCGAACTCC-30

BACE1 forward primer 50-TTGTCACGGCAGACATGGAA-30

BACE1 reverse primer 50-CATGAGGCAGAGTGGCAACA-30

PS1 forward primer 50-GCGATGATGGTGGCTTCAG-30

PS1 reverse primer 50-TCCTGGACAGCAGCTCTTGA-30

ADAM10 forward primer 50-GCACCTGTGCCAGCTCTGAT-30

ADAM10 reverse primer 50-TCCGACCATTGAACTGCTTGT-30
samples (DCT = CTTarget � CTb-actin). It was further normalized with
the control (DDCT = DCT � CTControl). The fold change in expression
was then obtained (2�DDCT). Results obtained from at least three
independent experiments were used to calculate the mean ± SEM.

Statistical analysis. The data are presented as the mean ± SEM.
The statistical significance of differences between groups was as-
sessed by using a Student–Newman–Keuls test, where P < 0.05
indicated a significant difference.

Results

Muscarinic activation on Ab generation in hypoxia-treated RGC-5 cells

As shown in Fig. 1, in RGC-5 cells, hypoxia markedly increased
Ab42 and Ab40 levels to 252.8 ± 16.2% (P < 0.01) and 331.1 ± 24.6%
(P < 0.01), respectively. With 1 lM pilocarpine pretreatment, the
levels of Ab42 and Ab40 decreased to 121.1 ± 21.1% and
153.0 ± 14.8%, respectively. And incubation with 1 lM pilocarpine
alone could also decrease the levels of Ab.

Muscarinic activation on the expression of APP in hypoxia-treated
RGC-5 cells

Western blot analysis indicated that the exposure to hypoxia
resulted in a significant increase in APP expression compared with
the control. Pretreatment with 1 lM pilocarpine completely pre-
vented hypoxia-induced increase in APP expression (Figs. 2 and 3).

Muscarinic activation on the mRNA levels of BACE1, PS1 and ADAM10
in hypoxia-treated RGC-5 cells

BACE1 and PS1 but not ADAM10 mRNA levels could significantly
increase in hypoxia-treated group. Pretreatment with 1 lM pilocar-
pine completely prevented hypoxia-induced increase in BACE1 and
PS1 mRNA levels. And the incubation with 1 lM pilocarpine alone
can decrease the BACE1 mRNA level in RGC-5 cells (Fig. 3).

Discussion

Hypoxia is one of the major risk factors for neurodegenerative
diseases such as AD and glaucoma [19–21]. Although several stud-
Fig. 1. Muscarinic activation attenuated the overexpression of secreted Ab induced
by hypoxia in RGC-5 cells. Conditioned media were collected and secreted Ab (Ab40
and Ab42) was quantified using commercial ELISA kits. All data represent
mean ± SEM of levels relative to that of control from three independent experi-
ments. (A) Control. (B) Cells were treated with 200 lM CoCl2 for 24 h. (C) Cells
pretreated with 1 lM pilocarpine for 6 h were incubated with 200 lM CoCl2 in the
presence of 1 lM pilocarpine for 24 h. (D) Cells were treated with 1 lM pilocarpine
alone for 24 h. *P < 0.05, **P < 0.01.



Fig. 2. Muscarinic activation attenuated the expression of APP induced by hypoxia
in RGC-5 cells. (a) Immunoreactive bands of APP and Actin. (b) The densitometric
quantitation ratio of APP normalized to Actin. (A) Control. (B) Cells were treated
with 200 lM CoCl2 for 24 h. (C) Cells pretreated with 1 lM pilocarpine for 6 h were
incubated with 200 lM CoCl2 in the presence of 1 lM pilocarpine for 24 h. (D) Cells
were treated with 1 lM pilocarpine alone for 24 h. **P < 0.01.

Fig. 3. Muscarinic activation attenuated the overexpression of APP, BACE1 and PS1
mRNA levels induced by hypoxia in RGC-5 cells. (A) Control. (B) Cells were treated
with 200 lM CoCl2 for 24 h. (C) Cells pretreated with 1 lM pilocarpine for 6 h were
incubated with 200 lM CoCl2 in the presence of 1 lM pilocarpine for 24 h. (D) Cells
were treated with 1 lM pilocarpine alone for 24 h. *P < 0.05, **P < 0.01.
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ies have addressed the effects of hypoxia on enzymes involved in
APP processing/Ab production [22,23], the results are still contra-
dictory. Some studies reported that both activity and expression
of BACE1 were significantly increased in rats under transient cere-
bral ischemia [24]. Hypoxia facilitated b-cleavage of APP and in-
creased the neuritic plaque formation by enhancing BACE activity
[21]. Whereas another study reported a drastic decrease in
ADAM10 protein levels with unchanged BACE1 levels in human
neuroblastoma SH-SY5Y cells subjected to chronic hypoxic treat-
ments [25]. It is difficult to reconcile these results from different
experimental procedures, such as cells/tissues examined, culture
conditions, the methods and duration of hypoxic treatment. The
present results indicated that hypoxia in RGCs could up-regulate
the expression of APP, BACE1 and PS1, thus increase Ab generation.
It is well documented that accelerated Ab generation and deposit
in cholinergic neurons could lead to cell death and involve in the
neurodegeneration of AD. Glaucoma is also a common neurode-
generative disease that affects RGCs. Thus we hypothesize that hy-
poxia-induced abnormal processing of APP in RGCs may be
involved in the development of glaucoma.

It was reported that cholinergic activity could regulate the cel-
lular APP processing in several types of cells. In particular, a-secre-
tase processing of APP can be accelerated by the stimulation of
muscarinic receptors, thus the formation of Ab is concomitantly
decreased [12–14]. However, in our study, it is firstly demon-
strated that muscarinic activation could attenuate hypoxia-in-
duced abnormal APP processing in RGCs. This finding may
provide an insight into better understanding of pathophysiology
and modifying approach of glaucoma.
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