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Abstract
Neurospecific acetylcholinesterase inhibitors have been
shown to lower intraocular pressure (IOP) in normal rab-
bits and might have additional neuroprotective effects.
This study was set out to explore and compare the toxici-
ty of two selective acetylcholinesterase inhibitors, rivas-
tigmine and donepezil, on two standardized cell lines of
epithelial origin. Chang and Vero cells were incubated
with various concentrations of rivastigmine or donepezil.
Acute toxicity (4 h) was assessed by monitoring the per-
meability of cells to propidium iodide. Chronic toxicity (7
days) was determined by monitoring the effect of the two
drugs on esterase activity and cell proliferation. The via-
bility of cells was also assessed morphologically by
microscopic inspection. Signs of acute toxicity became
manifest at a rivastigmine concentration of 50 mg/ml in
both Chang and Vero cells. Indications of chronic toxic-
ity became obvious at concentrations of as low as 1 !
10–5 mg/ml. In contrast, degenerative morphological
changes became manifest only at a concentration of as

high as 1 mg/ml. In donepezil-treated cells, acute toxicity
was not observed in the concentration range tested,
whereas chronic toxicity was detected at 1 ! 10–1 mg/ml
in both Chang and Vero cells, a concentration at which
degenerative morphological changes became evident as
well. In contrast to rivastigmine, donepezil elicited no
signs of acute or chronic toxicity in either Chang or Vero
cells at the IOP-lowering concentration of 1 ! 10–4 mg/
ml. At this dose, the drug is therefore unlikely to evoke
deleterious effects on ocular surface tissues in the clini-
cal setting.

Copyright © 2002 S. Karger AG, Basel

Introduction

Cholinergic drugs (parasympathetics) have been used
in the treatment of glaucoma since the 1870s, making
them the oldest of the antiglaucomatous drugs [1]. These
drugs fall into two categories. They act by stimulating ace-
tylcholine receptors at the neuroeffector junction (as in
the case of direct-acting cholinergic agonists) or inhibiting
acetylcholinesterase (AChE), thereby potentiating the ac-
tion of endogenous acetylcholine (cholinesterase inhibi-
tors). Actually, only three unspecific cholinesterase inhib-
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itors (demecarium, echothiophate and physostigmine)
have been clinically approved for the treatment of glauco-
ma in various countries. The main ocular side effects
associated with their use include fixed small pupils and
accommodation-induced myopia. However, these agents
can also precipitate cataract formation, and they are
therefore indicated primarily for patients who have un-
dergone cataract extraction [2]. Systemic symptoms in-
clude diarrhea and abdominal cramps [3], even after local
application of the drugs. Such side effects have largely
contributed to the unpopularity of these agents.

Recently, new selective and specific AChE inhibitors
have been developed and approved for the treatment of
Alzheimer’s disease.

Rivastigmine (SDZ ENA 713) is a carbamate-type
inhibitor of AChE that preferentially inhibits the globular
monomer (G1) form of the different molecular enzymatic
forms of the AChE [4].

Donepezil (E 2020) is a piperidine-based specific
AChE inhibitor, selective for AChE in the central nervous
system [5, 6].

The most abundant form of AChE found in the brain is
the tetramer G4. G1 is also mainly present in smaller
amounts therein, whereas the dimer G2 is found domi-
nantly in human erythrocytes [7]. There is evidence that
three different molecular forms of AChE exist in the
human ciliary body [8]. The distribution of the different
forms of AChE in the rest of the human eye is still
unknown.

Since the ciliary epithelium develops from the neu-
roectoderm, we assumed that the AChE subtype distribu-
tion would most likely resemble that manifested in the
brain. On this assumption, we reported that a specific
inhibitor of the G1 form, such as rivastigmine or donepe-
zil, would be lowering intraocular pressure (IOP) without
inducing the systemic side effects commonly associated
with the use of non-selective AChE inhibitors [9, 10].

Even though these two drugs are both selective AChE
G1 inhibitors, their pharmacokinetics and chemical
structures are not related, and therefore their side effect
profiles are likely to be dissimilar. As with any topical
treatment, these two substances given locally will mainly
affect the most superficial cells of the external eye at the
applied concentration. The potential toxic effects of done-
pezil or rivastigmine on cultured epithelial cells have not
been reported yet.

Therefore, the purpose of this study was to explore tox-
icity of both donepezil and rivastigmine on highly prolif-
erating cells of epithelial origin and to compare the
effects.

Material and Methods

Cell Cultures
Human transfected conjunctival Chang P12 cells were purchased

from ECACC (Salisbury, UK) and transfected African monkey kid-
ney epithelial Vero cells from ICN Flow (Allschwil, Switzerland).
Each cell line was cultured in MEM (Gibco), enriched with 10% fetal
calf serum (Gibco) and supplemented with L-glutamine (2 mM ),
penicillin (10,000 U/ml), streptomycin (10,000 Ìg/ml), amphotericin
B (25 Ìg/ml) in a humidified atmosphere containing 5% CO2 at
32°C.

Drugs
Rivastigmine (SDZ ENA 713) (S)-N-Ethyl-N-methyl-3-[1-(di-

methylamino) ethyl]-phenyl carbamate, hydrogen-(2R,3R)-tartrate
(molecular formula: C14H22N2O2 + C4H6O6 = C18H28N2O8, molecu-
lar weight: 250.34 + 150.09 = 400.43) was obtained from Novartis
(Basel, Switzerland). Donepezil (E 2020) (B)-2,3-dihydro-5,6-dime-
thoxy-2-[[1-(phenyl-methyl)-4-piperidinyl]methyl]-1H-inden-1-one-
hydrochloride (molecular formula: C24H29NO3HCl, molecular
weight: 415.96) was obtained from Eisai Inc. (New York, USA).

Experimental Set-Up
Rivastigmine and donepezil were dissolved in the culture me-

dium and tested on subconfluent cultures in concentrations ranging
between 10–5 and 50 mg/ml in 10-fold steps. For this, cells were
seeded at a density of 30,000 per well in a standard fashion (in 24-
well Costar culture plates) and grown to subconfluent monolayers
overnight before the addition of one of the drugs. Cell viability was
determined with the various methods described below and also
assessed by microscopic inspection.

Each experimental condition was tested four times, a negative
control being included in all instances.

Tests for Chronic Toxicity
Chronic toxicity was assessed 7 days after continuous exposure of

cells to donepezil or rivastigmine using cell viability and cell esterase
activity and the estimated cell numbers as parameters for viability.
Culture medium including the tested drugs was changed once after 4
days.

Esterase and Viability Testing
Calcein-AM (Molecular Probes Europe) is a fluorogenic esterase

substrate which is converted to free calcein intracellularly. Calcein is
a membrane-impermeable green fluorescent dye which is retained
only by viable cells. It can be quantified by measuring the fluores-
cence emitted at 485 nm in a CytofluorTM (Millipore). Monolayers
were washed in PBS and then incubated with 200 Ìl of MEM (w/o
Phenol Red) containing 1.5 ÌM calcein-AM for 30 min. They were
then rinsed twice and covered with 500 Ìl MEM (w/o Phenol Red)
for the measurement of fluorescence resulting from calcein uptake
and activation.

Cell Counting
After performance of the calcein-AM assay, the monolayers were

washed, trypsinized and harvested. The numerical density of cells
was determined using a cell counter calibrated for this application
(Sysmex, Digitana).
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Fig. 1. Calcein-AM assay for chronic toxici-
ty in cultured Chang and Vero cells: the
esterase activity of cells after incubation
with various concentrations of donepezil or
rivastigmine for 7 days is expressed as a per-
centage of the maximal fluorescence (incu-
bation without drug). All values are present-
ed as the mean (B SD) of the 4 experi-
ments.

Morphological Assessment
The cell morphology was analysed microscopically using phase

contrast and a magnification of 40-fold. The presence of morphologi-
cal changes was assessed by increased pleomorphism, elevated nu-
clei, shrunken cytosol or by the disruption of intercellular junctional
complexes.

Tests for Acute Toxicity
Acute toxicity was assessed according to the propidium-iodide

assay described by Ventura and Böhnke [11]. Propidium iodide (Sig-
ma) enters non-viable cells and binds irreversibly to their nucleus,
whereupon it acts as a fluorescent stain. The amount of bound pro-
pidium iodide can be quantified by measuring the fluorescence
in a Cytoflour (Millipore) (excitation/emission wavelengths: 530/
645 nm).

Monolayers were incubated with 1 ml of serum-free MEM con-
taining propidium iodide (20 Ìg/ml) and various concentrations of
donepezil or rivastigmine. Fluorescence measurements were per-
formed every 15 min during the first hour and every 30 min during
the following 3 h. To determine the maximal endpoint fluorescence,
cells were incubated for 1 h with 1 ml of 1.5% Tween 20 (Gibco) to
effect complete permeabilization of the cell membranes. Fluores-
cence micrographs of the nuclei were recorded routinely using a high-
resolution camera (type CF 15 MCC, Kappa) after 1 h, and the pro-
portion of necrotic cells estimated.

Statistical Evaluation
The results represent the average of the four experiments in each

group. Fluorescence measurements and cell counts were compared
statistically using Student’s t test (including Bonferroni’s correction).
Differences with a first-order error of p ! 0.05 were considered as
significant.

Results

Chronic Toxicity
Chronic toxicity was assessed by monitoring the de-

crease in esterase activity and cell growth. Rivastigmine-
incubated Chang cells showed a first significant decrease
in esterase activity and cell number at 1 ! 10–5 mg/ml
(p ! 0.02), interestingly in the absence of any visible mor-
phological changes and a second highly significant drop at
1 mg/ml (p ! 0.0005; fig. 1), at which concentration mor-
phological changes also became apparent (fig. 2). Rivas-
tigmine-incubated Vero cells, in contrast, showed a signif-
icant reduction in esterase activity only at 10 mg/ml (p !
0.0005). However, cell proliferation was inhibited in two
steps, first at 1 ! 10–4 mg/ml (p ! 0.0005) and then at
1 mg/ml (fig. 2). Again, degenerative morphological
changes were only observed at rivastigmine concentra-
tions above 1 mg/ml in these cells.

At a concentration of 1 ! 10–1 mg/ml, donepezil elicit-
ed a significant decrease in esterase activity (p ! 0.0005;
fig. 1), as well as on cell growth in human conjunctival
Chang cells (p ! 0.0005; fig. 2), coinciding with the onset
of degenerative morphological changes. In monkey kid-
ney Vero cells, donepezil induced a reduction in esterase
activity at a concentration of 1 ! 10–1 mg/ml (p ! 0.0005;
fig. 1). At the same concentration (1 ! 10–1 mg/ml; p !
0.0005), a suppressive effect on cell growth and degenera-
tive morphological changes were detectable (fig. 2).

Acute Toxicity
The membrane permeability of human conjunctival

Chang cells started to increase 45 min after exposure to
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Fig. 2. Proliferation assay for Chang and
Vero cells: the numerical density of cells
recorded after 7 days of incubation with var-
ious concentrations of donepezil or rivastig-
mine is expressed as a percentage of that
obtained in the absence of this drug. Each
point represents the mean (B SD) of the 4
experiments.

rivastigmine (fig. 3) only at a concentration of 650 mg/ml
according to the propidium-iodide dead/live-assay (p !
0.05). Morphologically, no changes were apparent in ei-
ther cell type, even after 4 h of exposure to 50 mg/ml
rivastigmine.

Donepezil-treated cells showed clear morphological
changes and increased membrane permeability at 10 mg/
ml (fig. 4).

Discussion

Testing for acute and chronic toxicity of ocular drugs is
the basis in pharmacological research to define the range
of applicable drug concentrations in humans. This was
usually evaluated using animal models. Such tests gener-
ally involve monitoring for signs of epithelial irritation in
vivo [12]. Similarly, the more or less beneficial effects of
drugs applied locally to the eye were assessed by monitor-
ing the epithelial wound-healing response after mechani-
cal or chemical lesions in vivo [13, 14].

Nowadays, however, the availability of well-defined
cell lines and standardized monolayers permits an evalua-
tion of drug toxicity in vitro, thereby dramatically cutting
down the number of animal experiments. Such in vitro
models are already being employed in some medical fields
[15–17] and have been suggested for pharmacological
testing of ocular drugs [18–22]. Long-term use of topical
antiglaucomatous drugs has been shown to induce ocular
surface inflammation [23] and fibrosis [24]. Therefore, in
vitro toxicity testing of potential new topical antiglauco-

matous drugs is crucial before running into clinical test-
ing. In the present study, concentrations of rivastigmine
(1 mg/ml) and donepezil (1 ! 10–1 mg/ml) that apparent-
ly failed to induce membrane damage in Chang and Vero
cells (fig. 3, 4) nonetheless decreased their viability, as
determined by intracellular esterase activity (fig. 1) and
cell density (fig. 2). Donepezil had equal, chronically toxic
effects on Chang and Vero cells with inhibition of their
proliferation as well as reduced esterase activity at 1 !
10–1 mg/ml. In contrast, rivastigmine led already to a
mild but significant reduction in Chang cell proliferation
at the lower concentration of 1 ! 10–5 mg/ml. A second
more important decrease appeared at 1 mg/ml. Rivastig-
mine-incubated Vero cells proliferation was inhibited
moderately at 1 ! 10–4 mg/ml, whereas again the impor-
tant decrease was found at 1 mg/ml. Additionally, ester-
ase activity only decreased at the high concentration of
10 mg/ml. Therefore, donepezil elicited no signs of acute
or chronic toxicity in either Chang or Vero cells at IOP-
lowering concentration of 1 ! 10–4 mg/ml. Rivastigmine
expressed a comparable decrease of cell proliferation only
at a ten times higher concentration but, in contrast, tested
slightly toxic even at low doses. Nevertheless, we assume
that, due to a further local dilution by the tear film, doses
of both drugs below 0.1 mg/ml applied topically would be
unlikely to have deleterious acute or long-term effects on
ocular surface cells.

Only 9.7% of the cholinesterase in the human cornea is
attributable to ‘true’ AChE. The rest is butyrylcholinester-
ase (BuChE) [25]. In intraocular tissues, in contrast, only
AChE is found [26]. It seems that up to 5 different iso-
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Fig. 3. Propidium-iodide assay for acute toxicity of rivastigmine in Chang and Vero cells: the permeability of cells to
propidium iodide – an index of necrosis – when exposed to different concentrations of propidium iodide is expressed
as a percentage of maximal fluorescence. Maximal fluorescence (control) was established by completely permeabiliz-
ing cell membranes with the detergent Tween 20, thereby inducing necrosis of all cells. Each bar represents the mean
of the 4 experiments. The membrane permeability of Chang and Vero cells increased significantly at a rivastigmine
concentrations above 50 mg/ml (p ! 0.05).

Fig. 4. Propidium-iodide assay for acute
toxicity of donepezil in Chang and Vero
cells: the permeability of cells to propidium
iodide is expressed as a percentage of maxi-
mal fluorescence. Maximal fluorescence
(control) was established by completely per-
meabilizing cell membranes with the deter-
gent Tween 20. Each bar represents the
mean of the 4 experiments. The membrane
permeability of Chang and Vero cells in-
creased significantly at 10 mg/ml.

enzymes could be present in the human ciliary body,
whereas only 1–3 of the AChE subtypes have been
detected in other ocular tissues that have been subjected
to qualitative analysis (iris, lens, aqueous, vitreous and
retina) [25]. Nothing is known about the different effects
of these isoenzymes, nor have their distribution principles
and patterns been studied in ocular tissues. According to
in vitro data, donepezil is highly specific for AChE as
opposed to BuChE. The ratio of donepezil IC50 values for
BuChE/AChE was 1,252 compared with a ratio of 12 for
physostigmine [6]. Rivastigmine is also a potent, selective
inhibitor of brain AChE. In animal studies, rivastigmine

produced a 10-fold greater inhibition of AChE in the hip-
pocampus and cortex than on BuChE and AChE in the
heart, skeletal muscle and other peripheral tissues [27].
This lower inhibition of the non-central ChE explains the
reduced severity of the peripheral side effects (gastro-
intestinal, cardiac, neuromuscular).

Donepezil and rivastigmine are both used in the treat-
ment of Alzheimer’s disease. It seems, therefore, highly
worth noting that the cellular mechanisms underlying
neuronal degeneration in glaucoma and the correspond-
ing clinical findings parallel those described for Alzhei-
mer’s disease [28–31]. Furthermore, donepezil and rivas-
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tigmine were found to have neuroprotective effects on
neurological and motor functions [32–35]. Acetylcholine
has been assumed by Kashii and Honda [36] to protect
retinal neurons against glutamate neurotoxicity by stimu-
lating the nicotinic receptors, which release dopamine.
Therefore, any drug acting by either stimulating acetyl-
choline receptors at the neuroeffector junction (as in the
case of direct-acting cholinergic agonists, e.g. pilocarpine)
or inhibiting AChE, thereby potentiating the action of
endogenous acetylcholine (cholinesterase inhibitors),
might have neuroprotective effects. Such neuroprotective
effects on the retina and optic nerve, if present after topi-
cal application, would broaden its therapeutic use and
have an additive important effect above its direct IOP-
lowering potency.

In conclusion, donepezil did not show a clinically rele-
vant toxicity in concentrations from 1 ! 10–5 to 1 ! 10–2

mg/ml, whereas rivastigmine showed only minor, incon-

gruent changes at concentrations between 1 ! 10–5 and
1 ! 10–1 mg/ml. Therefore, in a next step, both drugs
should be tested in vivo to prove the ocular hypotensive
potency of this obviously well-tolerated new category of
antiglaucomatous agents. Additionally, they are assumed
to have neuroprotective properties, which suggests further
therapeutic benefit from these drugs in glaucoma treat-
ment in the future. However, further investigations and
clinical studies are urgently required to evaluate their
clinical application and possible long-term side effects.
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