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ABSTRACT

The cytotoxicity of benzalkonium chloride (BAC) and disodium edetate (EDTA) was
evaluated in vitro in rabbit corneal epithelial primary cells and in the immortalized hu-
man corneal epithelial cell line SV40. Cell injury was assessed by lactate dehydrogenase
(LDH) leakage and by reduction of the tetrazolium salt WST-1 to formazan by mito-
chondrial metabolic activity. Cell cultures were exposed to test compounds both in serum-
free and in serum-containing medium. Although WST-1 and LDH tests measured differ-
ent physiological endpoints, they yielded comparable results. However, the LDH test
seemed less reliable due to great variation. The use of serum was found to result in lower
toxicity of the compounds in both tests. The rabbit primary cell culture and the human
corneal cell line were quite similar in their responses to BAC and EDTA. The human cell
line is a promising in vitro alternative in oculotoxicity testing.

INTRODUCTION

The Draize eye irritation test (1) is based on the scoring of the responses of rabbit eye comea,
conjunctiva and iris to test substances. The Draize test has been extensively criticized in the litera-
ture for its subjectivity, lack of discrimination of fine response differences, and overestimation of the
human response (2-5). The reproducibility of the Draize test has also been found to be poor both
within and among laboratories (6-9).

In recent years, ethical considerations have increased the need to reduce the use of laboratory
animals in the safety testing of various chemicals and formulations. In search of alternatives for lab-
oratory animals, many researchers have focused on cytotoxicity assays that are simple and repro-
ducible and yield a clearly defined endpoint. Measurements of various physiological endpoints have
been introduced (10).
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As epithelial cells form the outermost layer of the cornea and, thus, are readily exposed to in-
jury, they are a very promising alternative for in vitro cytotoxicity testing. Primary cultures of rabbit
corneal epithelial cells have been extensively used for the assessment of potential ocular irritation
(11-12). The use of human corneal epithelial cells has been restricted, partly due to the limited avail-
ability of human corneas. Furthermore, culturing human corneal epithelium has been found prob-
lematic with the same methods that work well with the rabbit (22). The disadvantage of primary cells
is their short life span which increases the need for seeding new primary cultures.

In the present study, we used a human corneal epithelial (HCE) cell line SV40, and compared
it to the rabbit corneal epithelial (RCE) cell culture. The choice of these culture models was made
because rabbit is the generally used species in eye toxicology, and because there is a need to find a
test using human cells and tissues as methods in the safety evaluation of drugs. Benzalkonium chlo-
ride (BAC) and disodium edetate (EDTA) were used as test compounds when evaluating the culture
models and cytotoxicity tests. BAC and EDTA are commonly used in topical ophthalmic prepara-
tions. BAC is a cationic surfactant and a very effective antimicrobial agent that is widely used as a
preservative in many eye drops. Like many other surfactants, BAC exerts its bactericidal effects by
destroying bacterial cell walls. In vivo studies have shown that BAC is a severe eye irritant. EDTA
is a known calcium chelator. To ophthalmic preparations, EDTA is added for stability purposes, and
it has been used for removal of the superficial calcific opacities and as an aid for the decontamina-
tion of the eye (23). Cell injury caused by BAC and EDTA was assessed with lactate dehydrogenase
(LDH) leakage as an index of cell membrane integrity and with reduction of the tetrazolium salt WST-
1 (4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate) to formazan as an
index of mitochondrial metabolic activity. The effects of different factors (exposure time, recovery
time and serum content in the medium) on the test results were evaluated.

MATERIALS AND METHODS

Rabbit Corneal Epithelial Cell Culture

Primary cultures of rabbit corneal epithelial cells were established with an endothelium-free ex-
plant method. This method was modified from the methods described by Ebato et al. (22), Araki et
al. (24), and Kahn et al. (25). Male New Zealand rabbits were sacrificed by intravenous sodium pen-
tobarbital injection through the ear vein. The lamellar corneal button was excised and rinsed in Hank’s
balanced salt solution (HBSS) containing penicillin (100 U/ml), streptomycin (100 pg/ml), and am-
photericin B (0.25 pg/ml) (from Gibco, Paisley, UK), then the endothelium side of the cornea was
discarded. The epithelium was cut into twelve segments in a culture dish and let to dry for 5 minutes
to insure a good attachment of the tissue segments to the dish. All the cell culture equipment (petri
dishes, culture flasks, multiwell plates) were obtained from Nunc (Roskilde, Denmark). The culture
medium contained 1 vol of Dulbecco’s modified Eagle’s medium (DMEM) and 1 vol of Ham’s nu-
trient mixture F-12 (Gibco). The medium was supplemented with 15% (vol/vol) heat-inactivated fe-
tal bovine serum (FBS, Gibco), 1% (vol/vol) antibiotic, antimycotic solution (penicillin 10,000 U/ml,
streptomycin 10,000 ug/ml and amphotericin B 25 pg/ml, Gibco), 2 mM L-glutamine (Gibco), 5
pg/ml insulin (Sigma, St. Louis, MO), and 10 mg/ml human epithelial growth factor (EGF, Sigma).
The medium was carefully added upon each tissue segment with a Pasteur pipette, and the tissue was
allowed to incubate in 5% CO,/95% air at 37°C in a humidified atmosphere. On the next two days,
medium was carefully added on the tissue segments using a Pasteur pipette. Outgrowth was normally
observed on the third day. When cells migrating away from the explants were observed, the tissue
segments were aseptically removed with forceps in order to avoid fibroblast contamination, and 2 ml
of medium was added. The whole of the medium was changed within 3 days and then every 2 days.
About two weeks after the culture was initiated, the cells were transferred into 25 cm? T-flasks. In-
cubation was continued at 37°C in 5% CO»/95% air. The medium was changed every 2nd day until
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the cell culture reached confluence. Due to their limited life span, RCE cells were stored in liquid ni-
trogen for later use. After cryopreservation, the cell culture was first initiated in a 25 cm? T-flask and
then plated at a density of 15,000-20,000 cells/well in a 96-well flat bottom microwell plate. After
plating, the cells were allowed to grow for 24 hours. Cytotoxicity tests were conducted with passage
three cells before the cells in culture had reached full confluence.

Human Corneal Epithelial Cell Line

An immortalized human corneal epithelial cell line (HCE) was established by Araki-Sasaki and
colleagues (26) by infecting primary human corneal epithelial cells with a recombinant SV40-aden-
ovirus vector and by cloning three times to obtain a continuously growing cell line. The HCE SV40
cell line used in this study was a generous gift of the research group of Araki-Sasaki and co-work-
ers. Initially, HCE cells were grown in a culture medium containing 1 vol of Dulbecco’s modified
Eagle’s medium and 1 vol of Ham’s nutrient mixture F-12 supplemented with 15% (vol/vol) fetal
bovine serum, 1% (vol/vol) antibiotic, antimycotic solution (penicillin 10,000 U/ml, streptomycin
10,000 pg/ml and amphotericin B 25 pg/ml), 2 mM L-glutamine, 5 ug/ml insulin, 10 ng/ml human
epithelial growth factor, 0.5% (vol/vol) dimethylsulfoxide (DMSO, Sigma), and 0.1 wg/ml cholera
toxin (Calbiochem, San Diego, CA). The cells were grown in 80 cm? T-flasks and serially passaged
at a split ratio of 1:5 twice a week. For cytotoxicity assays, cells with passage numbers 49-81 were
used. For cytotoxicity testing, HCE cells were grown in the same medium as RCE cells (without di-
methylsulfoxide and cholera toxin) and plated at the density of 15,000-30,000 cells/well in a 96-well
microtiter plate. The cells were exposed to the test compound-containing medium 24 hours after plat-
ing before the cell culture started to form multilayers and became confluent. DMSO and cholera toxin
were eliminated from the growth medium to simulate better the natural physiological conditions. The
elimination of DMSO and cholera toxin did not affect the morphology of the cell; however, a de-
crease in growth rate was observed.

Treatment Of Cell Cultures For Cytotoxicity Assays

BAC was manufactured by FeF Chemicals A/S (Kgke, Denmark) and EDTA by Merck KGaA
(Darmstadt, Germany). For cytotoxicity testing, the test compounds were dissolved in two kinds of
mediums: serum-lacking medium or a medium containing 15% (vol/vol) fetal bovine serum. The orig-
inal medium was discarded, and 100 ul of test compound-containing medium was added to the cul-
ture wells for a treatment period of five minutes or one hour. The test compound-containing medium
was removed and used for lactate dehydrogenase leakage test. After the removal of the test com-
pound-containing medium, the cells were at first rinsed once with basal medium (Dulbecco’s modi-
fied Eagle’s medium and Ham’s F12, 1:1) without serum. In parts of the experiments, 100 ul of nor-
mal growth medium with 15% (vol/vol) FBS was added, and the cells were returned to the incubator
for a one-hour recovery period, after which the WST-1 test was initiated. In other parts of the ex-
periments, the WST-1 test was initiated immediately after medium change (no recovery).

LDH Test

LDH test was modified from the “Automated Analysis Boehringer Mannheim LD/LDH Assay”
(Boehringer Mannheim GmbH Germany, cat. no. 191353). After the exposure period, 25 ul of test
compound-containing sample was pipetted into a 96-well microtiter plate, and 250 ul of coen-
zyme/buffer containing 56 mM Tris buffer (pH 7.4), 0.17 mM NADH (disodium salt), and 5.6 mM
EDTA (tetrasodium salt) was added. The reaction was started by the addition of 25 ul of 14 mM
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pyruvate solution (monosodium salt). The average rate of disappearance of NADH (LDH activity)
was monitored at room temperature by measuring the absorbance for 3 min at a wavelength of 340
nm with the Multiskan MS EIA reader (Labsystems Oy, Helsinki, Finland). Enzyme leakage into the
medium was expressed as percentage of control.

WST-1 Test

The WST-1 test was based on a commercially available cell proliferation reagent WST-1
(Boehringer Mannheim, cat no. 1644807). The purpose of the WST-1 test was to determine the via-
bility of the cells (cells left attached on the dish). Immediately after changing the medium or after a
one-hour recovery period, 10 ul of WST-1 proliferation reagent was added on cells in normal medium.
The cells were incubated in a humidified atmosphere at 37°C in 5% CO,/95% air for two hours, af-
ter which the absorbances were measured using a wavelength of 450 nm with the Victor 1420 Mul-
tilabel Counter (Wallac Oy, Turku, Finland). The use of a two-hour incubation time was based on
preliminary experiments conducted with the WST-1 reagent.

Statistics

Cytotoxicity data for the one-hour exposure were obtained from four to seven different experi-
ments by testing six concentrations per plate with eight wells per concentration, while cytotoxicity
data for the 5-min exposure were obtained from four different experiments by testing six concentra-
tions per plate with sixteen wells per concentration. The mean optical density values corresponding
to the non-treated controls were taken as 100%. The results of treated cultures were expressed as per-
centages of non-treated control cultures. ECsg values (%) were determined as the concentrations of
test agents, which decreased the WST-1 reduction values to 50% of the control value (GraphPad
Prism, GraphPad™, San Diego, USA). The statistical significance of the differences of the ECsq val-
ues between cultures exposed to test agents without FBS and with 15% FBS were determined with
Student’s two-tailed t-test (GraphPad Prism).

TABLE 1.
Toxicity of Benzalkonium Chloride (BAC) and EDTA in Corneal Epithelial Cells
Test  Cell Exposure % FBS Recovery WST-1 ECs No of plates
agent type time in exposure time values (%) (N)
(min) medium (min) (MEAN+SEM)
BAC HCE 60 0 60 0.00108+0.00009 }P=0'0025 w7
60 15 60 0.00197+0.00021 7
5 0 60 0.00076+0.00011 } 4
5 0 0 0.00145+0.00035 § P=0.0645 3
RCE 60 0 60 0.00106+0.00030 } . 5
60 15 60 0.00332+0.00066 § P=0-0178* ¢
EDTA HCE 60 0 60 0.07855+0.00696 Y ,_ * 4
60 15 60 0.09520+0.00252 } P=0.0304 6
RCE 60 0 60 0.07886+0.01003 } 5
60 15 60 0.10870+0.00463 § P=0.0738 3
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FIGURE 1. Reduction of WST-1 (4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene
disulfonate) in Human Corneal Epithelial Cell Line (A) and Rabbit Corneal Epithelial Primary Cells (B)
Exposed to Benzalkonium Chloride (BAC) for 1 hr. Recovery time after exposure was 1 hr.

RESULTS
WST-1 Formazan Formation

The test substances BAC and EDTA caused a concentration-dependent decrease in WST-1 for-
mazan formation in both cell types. The EC values (%) determined are summarized in Table 1.

Exposure to 0.001% (w/v) BAC for one hour caused about 40% decrease of viability both in
RCE cell culture and in HCE cells (Fig. 1). Both cell types were killed when treated with 0.005%
(w/v) BAC for one hour. There were no differences between the ECsg values of the RCE cell culture
and HCE cells exposed to BAC (P > 0.05). Serum [15% (v/v)] protected the cells from the toxic ef-
fects to some extent (Table 1).

EDTA was less cytotoxic to the corneal cell cultures than BAC (Fig. 2). A slight (10%) reduc-
tion in viability of RCE cell culture was detected when exposed to 0.05% EDTA. No such reduction
was seen in HCE cells. EDTA (0.1%) reduced the viability of HCE cell cultures by about 90%, and
RCE cells by about 80%. There were no statistical differences between the ECsq values of the EDTA
treated human and rabbit corneal epithelial cell cultures (P > 0.05). Serum protected the cell cultures
slightly from the EDTA toxicity (Table 1).
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FIGURE 2. Reduction of WST-1 (4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-ben-
zene disulfonate) in Human Corneal Epithelial Cell Line (A) and Rabbit Corneal Epithelial Primary
Cells (B) Exposed to EDTA for 1 hr. Recovery time after exposure was 1 hr. .
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Five min BAC treatment (Fig. 3A) caused an equally severe effect on HCE cells as one hour
BAC treatment (Fig. 1A). In the WST-1 test performed immediately after five min BAC treatment,
the cytotoxicity was less severe than in the test performed after one hour recovery time (Fig. 3A).
However, the difference between ECsq values was not statistically significant (P = 0.0645, Table 1).
Five min EDTA treatment (Fig. 3B) was far less cytotoxic to HCE cells than one hour treatment (Fig

2A). Moreover, the recovery period (1 hr) did not affect the cytotoxic effect of five min EDTA treat-
ment.

LDH I eakage

Considerable LDH leakage was detected both in HCE cells (Fig. 4A) and RCE cell culture (Fig.
4B) starting from 0.005% BAC concentration. LDH was found to leak more in RCE cell culture than
in the HCE cells subjected to BAC. Serum protected cells from LDH leakage. In serum-containing
medium, no increased leakage of LDH was found when HCE cells were exposed for one hour to
0.005% (w/v) BAC or less. Five min exposure to BAC (0.01% w/v) (Fig. 6A) caused similar leak-
age of LDH as 1 hr exposure. Higher concentrations (0.05% w/v and 0.1% w/v) reduced the activity
of LDH in the medium after five min exposure.

In EDTA-treated cells, LDH leakage increased when the cells were treated with 0.1% (w/v)
EDTA or above for one hour (Fig. 5). LDH leaked more in RCE cell cultures than in HCE cells. As
with BAC, great variations were found in LDH leakage when the cells were exposed to EDTA in
serum-lacking medium. Serum protected HCE cells from LDH leakage in the whole concentration
range of EDTA (0.01-1% w/v). In RCE cell cultures, LDH leakage increased, whether or not serum
was added, starting from 0.1% (w/v) EDTA concentration. Five min exposure to EDTA caused only
a small effect in the WST-test (Fig. 6B).

DISCUSSION

The evaluation of cell toxicity with in vitro methods is based on the measurements of various
physiological endpoints, such as cell membrane integrity and metabolic function. Several intracellu-
lar enzymes have been used as markers of physiological alterations in a cell. Lactate dehydrogenase
(LDH) is commonly found in most cell types, and the LDH test is relatively easy to perform (27,28).
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FIGURE 3. Reduction of WST-1 (4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-ben-
zene disulfonate) in Human Corneal Epithelial Cell Line Exposed for 5 min to Benzalkonium Chlo-
ride (BAC) (A) or to EDTA (B). Exposure without fetal bovine serum (FBS).
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FIGURE 4. LDH (Lactate Dehydrogenase) Leakage in Human Corneal Epithelial Cell Line (A) and
Rabbit Corneal Epithelial Primary Cells (B) Exposed to Benzalkonium Chloride (BAC) for 1 hr. FBS
(fetal bovine serum).

The tetrazolium salt WST-1 test is based on the measurement of the function of mitochondrial suc-
cinate dehydrogenases (29). The cleavage of the tetrazolium salt WST-1 to formazan only occurs in
the active mitochondria of living cells. Unlike MTT test, which is widely used to measure cell via-
bility and proliferation, WST-1 test yields water-soluble cleavage products and, thus, does not require
any additional solubilization steps before photometric measurements.

Although the LDH leakage test as an index of membrane integrity and the WST-1 test as an in-
dex of cell viability and metabolic function measure different physiological endpoints, they provide
comparable results, especially in the case of EDTA-treated cells. In BAC-treated cells, however, the
WST-1 test appeared to be an earlier indicator of cytotoxicity than the LDH leakage test. Table 2 pre-
sents in vivo and in vitro information of benzalkonium chloride found in the literature. Draize scores
indicate that out of the possible 110 points, 1% BAC produces 56 points, 5% BAC produces 84 points
and 10% BAC produces 108 points (30,31). The reported ECsq values evaluated by the MTT test for
primary cells of rabbit corneal epithelium vary from 0.0005 to 0.0008% (w/v) (13,15,17). Our ECsg
value for BAC-treated HCE cells (determined in serum-free conditions) in the WST-test was four
times smaller than previous results in the MTT-test for the same cell line (32). In addition to the sen-
sitivity of WST-test, the presence of serum in the medium may have caused these differences. After
initial leakage of LDH (increase in LDH activity) in BAC-treated cells, there was a reduction of LDH
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FIGURE 5. LDH (Lactate Dehydrogenase) Leakage in Human Corneal Epithelial Cell Line (A) and
Rabbit Corneal Epithelial Primary Cells (B) Exposed to EDTA for 1 hr. FBS (fetal bovine serum).
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FIGURE 6. (LDH) Lactate Dehydrogenase Leakage in Human Corneal Epithelial Cell Line Exposed
for 5 min to Benzalkonium Chloride (BAC) (A) or EDTA (B). Exposure without FBS (fetal bovine
serum).

activity starting from 0.01% BAC concentration. This could be partly due to inactivation of LDH by
BAC, because cationic surfactants can inactivate LDH isoenzymes (33). According to our experience,
possible interactions of the test compounds with LDH and great variations in the LDH test reduce the
reliability of the test in assessing the cytotoxicity of drugs.

The utilization of transformed or established cell lines has been criticized, because cell lines gen-
erally lack some of the specific biochemical and physiological functions characteristic of the target
cell (34). Moreover, the use of primary cells as toxicity-screening systems has been considered more
reliable in predicting the cytotoxicity in vivo, since primary cultures are believed to be more sensi-
tive to a given concentration of test agents than the established or transformed cell lines (34). We did
not find any statistically significant differences between RCE cell culture and HCE cell line in their
responses to BAC and EDTA. In the comparison of the cytotoxicity in primary corneal cultures and
in non-corneal cell lines, Borenfreund and Borreo (34) found that although early-passage rabbit corneal
epithelial cells were more sensitive to a given concentration of test agents than the more established
cell lines, the general ranking of test agents was similar for all cell types. The widely used rabbit

TABLE 2.
In Vivo and in Vitro Information of Benzalkonium Chloride (BAC)

In vivo test In vitro test References
Draize test ECs) (MTT test)
MMAS* (MEANSEM (%))
RCE HCE
1% BAC. 34.3/56.3** 30,31
5% BAC 84
10 % BAC 108
0.00070+ 0.00001 13
0.00080 15
0.00051+ 0.00004 17
0.00468 + 0.00051 32

*Modified Maximum Average Score, ** Two Different Results in the Same Laboratory. According to the Draize test,
chemicals can be categorized as nonirritating (0.0), minimally irritating (0.1-15), mildly irritating (15.1-25), moderately
irritating (25.1-50), severely irritating (50.1-80), or extremely irritating (80.1-110). RCE (Rabbit Comneal Epithelial Cells),
HCE (Human Comneal Epithelial Cells).
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corneal cell line SIRC has also been used to assess the cytotoxicity of various surfactants (35-37).
However, SIRC has been reported to possess features that are more prominent to a fibroblastic cell
type than an epithelial cell type (38). In the characterization study of HCE cell line used in the pre-
sent study, it was shown to express epithelial cell characteristics (our unpublished data).

While most of the drugs are lost from ocular tissues and fluids in a few hours, anionic and cationic
surfactants show retention (39). The surfactants are retained in the corneal epithelium, which may act
as a reservoir for further penetration. This also affected our results. When the HCE cells were ex-
posed to the cationic surfactant BAC for five minutes, washed once and then subjected to the WST-
1 test immediately or after one-hour recovery time, less cytotoxic effects appeared in the cells that
were not allowed to recover after the BAC treatment, which suggests a permanent binding of BAC
on the cells. The binding of substances to biological membranes due to their physicochemical prop-
erties may affect the in vitro determinations (40). In our work, the 1 hr incubation in the medium af-
ter the removal of BAC seemed not to work for the cells as a time to recover, but as an extended ex-
posure time. This phenomenon should be taken into consideration when the toxicity of BAC and other
related surfactants is evaluated.

EDTA is a known calcium chelator. It is added to ophthalmic preparations for stability purposes.
Traditionally, EDTA has been used for removal of the superficial calcific opacities and as an aid in
the decontamination of the eye after splash of calcium hydroxide or lime (23). EDTA increases the
permeability of the cornea (41). At low concentrations, EDTA has little effect other than what can be
attributed to loss of calcium, as has been shown by studies on excised corneas, permeability, cyto-
toxicity, and ion flux (23). EDTA (0.1%) has been shown to be non-irritating in vivo with the rabbit
blinking count test (42). Our in vitro studies support the in vivo findings that EDTA is less oculo-
toxic than BAC. This was also seen in the five min exposure, which corresponds better to the clini-
cal treatments.

The protective nature of serum in the medium was also evaluated. It is well known that serum
promotes the growth of all cell types. The disadvantages of serum are that it contains a mixture of
unknown growth factors and its content varies batch by batch, which brings along additional varia-
tions in terms of cell growth and response to toxic chemicals (43). Furthermore, chemicals may bind
to serum proteins and give an underestimation of cytotoxic effects. As expected, our results also show
that toxic effects appear at lower test agent concentrations in serum-free medium than in serum-con-
taining medium. We suggest that serum should be eliminated from a culture medium in cytotoxicity
testing to avoid underestimation of the toxic effects of the test compounds.

In conclusion, our cytotoxicity results were similar in human corneal epithelial cell line and in
rabbit primary corneal epithelial cell culture. As repeated cstablishment of fresh primary corneal ep-
ithelial cells is time-consuming and effortful, and leads to great heterogeneity, we conclude that the
human corneal epithelial cell line is a better model for studies of the corneal toxicity of drugs. Even
though in vitro cytotoxicity tests cannot be considered as a complete alternative to in vivo ocular ir-
ritation testing, these tests could be used in preliminary screening and in finding toxic ranges.

ACKNOWLEDGMENTS
This study was supported by the European Union (BMH4-97-2324). We are grateful to Ms. Paula
Helpitld and Ms. Maija Koskela for their expert technical assistance.
REFERENCES
1. Draize, J.H., Woodard, G., and Calvery, H.O. Methods for the study of irritation and toxicity

of substances applied topically to the skin and mucous membranes. J. Pharmacol. Exp. Ther.
82:377-390, 1944,

171



10.

11.

12.

13.

14.

15.

Schlatter, C. and Reinhardt, C.A. Acute irritation tests in risk assessment. Food Chem. Toxicol.
23:145-148, 1985.

Sharpe, R. The Draize test—motivations for change. Food Chem. Toxicol. 23:139-143, 1985.

Swanston, D.W. Assessment of the validity of animal techniques in eye-irritation testing. Food
Chem. Toxicol. 23:169-173, 1985.

Frazier, JM., Gad, S.C., Goldberg, A.M., and McCully, J.P. Current in vivo testing protocols,
procedures, and practices. In A Critical Evaluation of Alternatives to Acute Ocular Irritation
Testing, Alternative Methods in Toxicology, Vol. 4, Goldberg, A.M., ed., Mary Ann Liebert,
New York, 1987, pp. 9-20.

Weil, C.S. and Scala, R.A. Study of intra- and interlaboratory variability in the results of rab-
bit eye and skin irritation tests. Toxicol. Appl. Pharmacol. 19:276-360, 1971.

Williams, S.J., Graepel, G.J., and Kennedy, G.L. Evaluation of ocular irritancy potential: in-
tralaboratory variability and effect of dosage volume. Toxicol. Lett. 12:235-241, 1982.

McCulley, J.P. and Stephens, T.J. Alternatives to the Draize eye test including the use of tissue
cultured corneal cells. Toxicol. Methods 4:26-40, 1994.

Earl, L.K., Dickens, A.D., and Rowson, M.J. A critical analysis of the rabbit eye irritation test
variability and its impact on the validation of alternative methods. Toxicol. in vitro 11:295-304,
1997.

Curren, R.D. and Harbell, J.W. In vitro alternatives for ocular irritation. Environ. Health Per-
spect. 106 (Suppl 2):485-492, 1998.

Lazarus, H.M., Imperia, P.S., Botti, R.E., Mack, R.J., and Lass, J.H. An in vitro method which
assesses corneal epithelial toxicity due to antineoplastic, preservative and antimicrobial agents.
In Ocular Toxicity, Lerman, S. and Tripathi, R.C., eds., Marcel Dekker, Inc., New York and
Basel, 1988, pp. 59-85.

Lazarus, HM., Irﬁperia, P.S., Botti, R.E., Mack, R.J., and Lass, J.H. An in vitro method which
assesses corneal epithelial toxicity due to antineoplastic, preservative and antimicrobial agents.
Lens Eye Toxic. Res. 6:59-85, 1989.

Grant, R.L. and Acosta, D. Delayed toxicity of benzalkonium chloride and sodium dodecyl sul-
fate evaluated in primary cultures of rabbit corneal epithelial cells. Toxicol. Methods 4:259-273,
1994.

Grant, R.L. and Acosta, D. Interactions of intracellular pH and intracellular calcium in primary
cultures of rabbit corneal epithelial cells. In Vitro Cell Dev. Biol. Anim. 32:38-45, 1996.

Grant, R.L. and Acosta, D. Prolonged adverse effects of benzalkonium chloride and sodium do-
decyl sulfate in a primary culture system of rabbit corneal epithelial cells. Fundam. Appl. Tox-
icol. 33:71-82, 1996.

172



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

Grant, R.L. and Acosta, D. Ratiometric measurement of intracellular pH of cultured cells with
BCECEF in a fluorescence multi-well plate reader. In Vitro Cell Dev. Biol. Anim. 33:256-260,
1997.

Grant, R.L., Yao, C., Gabaldon, D., and Acosta, D. Evaluation of surfactant cytotoxicity po-
tential by primary cultures of ocular tissues: I. Characterization of rabbit corneal epithelial cells
and initial injury and delayed toxicity studies. Toxicology 76:153-176, 1992.

Grant, R. and Acosta, D. Characterization and toxicity studies utilizing primary cultures of rab-
bit corneal epithelial cells. In Vitro Cell Dev. Biol. 26:62A, 1990.

Tripathi, B.J., Tripathi, R.C., and Kolli, S.P. Cytotoxicity of ophthalmic preservatives on hu-
man corneal epithelium. Lens Eye Toxic. Res. 9:361-375, 1992.

Yang, W. and Acosta, D. Cytotoxicity potential of surfactant mixtures evaluated by primary cul-
tures of rabbit corneal epithelial cells. Toxicol. Lett. 70:309-318, 1994.

Yang, W. and Acosta, D. A digitized fluorescence imaging study of intracellular Ca2+, pH, and
mitochondrial function in primary cultures of rabbit corneal epithelial cells exposed to sodium
dodecyl sulfate. In Vitro Cell Dev. Biol. Anim. 31:499-507, 1995.

Ebato, B., Friend, J., and Thoft, R.A. Comparison of central and peripheral human corneal ep-
ithelium in tissue culture. Invest. Ophthalmol. Vis. Sci. 28:1450-1456, 1987.

Grant, W.M. and Schuman, J.S. Edetate. In Toxicology of the Eye, Volume 1: Effects on the
eyes and visual system from chemicals, drugs, metals and minerals, plants, toxins and venoms;
also, systemic side effects from eye medications, 4th. ed., Charles C. Thomas, Springfield, 1993,
pp. 618-623.

Araki, K., Ohashi, Y., Sasabe, T., Kinoshita, S., Hayashi, K., Yang, X.Z., Hosaka, Y., Aizawa,
S., and Handa, H. Immortalization of rabbit corneal epithelial cells by a recombinant SV40-ade-
novirus vector. Invest. Ophthalmol. Vis. Sci. 34:2665-2671, 1993.

Kahn, CR., Young, E., Lee, I.H., and Rhim, J.S. Human corneal epithelial primary cultures and
cell lines with extended life span: in vitro model for ocular studies. Invest. Ophthalmol. Vis. Sci.
34:3429-3441, 1993. .

Araki-Sasaki, K., Ohashi, Y., Sasabe, T., Hayashi, K., Watanabe, H., Tano, Y., and Handa, H.
An SV40-immortalized human corneal epithelial cell line and its characterization. Invest. Oph-
thalmol. Vis. Sci. 36:614-621, 1995.

Korzeniewski, C. and Callewaert, D.M. An enzyme-release assay for natural cytotoxicity. J. Im-
munol. Methods 64:313-320, 1983.

Decker, T. and Lohmann, M. A quick and simple method for the quantitation of lactate dehy-
drogenase release in measurements of cellular cytotoxicity and tumor necrosis factor (TNF) ac-
tivity. J. Immunol. Methods 115:61-69, 1988.

Mossman, T. Rapid colorimetric assay for cellular growth and survival: Applications to prolif-

eration and cytotoxicity assays. J. Immunol. Methods 65:55-63, 1983.

173



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Bagley, D.M., Botham, P.A., Gardner, JR., Holland, G., Kreiling, R., Lewis, R.W., Stringer,
D.A., and Walker, A.P. Eye irritation: Reference chemicals data bank. Toxicol. in vitro
6:487-491, 1992.

Balls, M., Botham, P.A., Bruner, L.H., and Spielmann, H. The EC/HO international validation
study on alternatives to the Draize eye irritation test. Toxicol. in vitro 6:871-929, 1995.

Saarinen, S., Jarvinen, T., Araki, S., Watanabe, H., and Urtti, A. Evaluation of cytotoxicity of
various ophthalmic drugs, eye drop excipients and cyclodextrins in an immortalized human
corneal epithelial cell line. Pharm. Res. 15:1275-1280, 1998.

Sanford, K.J., Meyer, D.J., Mathison, M.J., and Figueras, J. Selective inactivation of lactate de-
hydrogenase isoenzymes with ionic surfactants. Biochemistry 20:3207-3214, 1981.

Borenfreund, E. and Borrero, O. In vitro cytotoxicity assays. Potential alternatives to the Draize
ocular allergy test. Cell Biol. Toxicol. 1:55-65, 1984.

North-Root, H., Yackovich, F., Demetrulias, J., Gacula, M., and Heinze, J .E. Evaluation of an
in vitro cell toxicity test using rabbit corneal cells to predict the eye irritation potential of sur-
factants. Toxicol. Lett. 14:207-212, 1982.

Demetrulias, J. and North-Root, H. Prediction of the eye irritation potential for surfactant-based
household cleaning products using the SIRC cell toxicity test. In Approaches to Validation, Al-
ternative Methods in Toxicology, Vol 5, Goldberg, A.M., ed., Mary Ann Liebert, New York,
1987, pp. 145-152.

Roguet, R., Dossou, K.G., and Rougier, A. Prediction of eye irritation potential of surfactants
using SIRC-NRU cytotoxicity test. Altern. Lab. Anim. 20:451-456, 1992.

Niederkorn, J.Y., Meyer, D.R., Ubelaker, J.E., and Martin, J.H. Ultrastructural and immuno-
histological characterization of the SIRC corneal cell line. In Vitro Cell Dev. Biol. 26:923-930,
1990.

Green, K., Chapman, Jr. JM., Cheeks, L., Clayton, R M., Wilson, M., and Zehir, A. Detergent
penetration into young and adult rabbit eyes: Comparative pharmacokinetics. J. Toxicol. Cut.

Ocul. Toxicol. 6:89-107, 1987.

Giilden, M., Morchel, S., and Seibert, H. Factors influencing nominal effective concentrations
of chemical compounds in vitro: cell concentration. Toxicol. in vitro 15:233-243, 2001.

Grass, G.M., Wood, R.W., and Robinson, J.R. Effects of calcium chelating agents on corneal
permeability. Invest. Ophthalmol. Vis. Sci. 26:110-113, 1985.

Sasaki, H., Tei, C., Nishida, K., and Nakamura, J. Effect of ophthalmic preservatives on serum
concentration and local irritation of ocularly applied insulin. Biol. Pharm. Bull. 18:169-171,
1995.

Yao, C. and Acosta, D. Surfactant cytotoxicity potential evaluated with primary cultures of oc-

174



ular tissues: A method for the culture of conjunctival epithelial cells and initial cytotoxicity stud-
ies. Toxicol. Methods 2:199-218, 1992. ‘

Received: July 6, 2001
Accepted for Publication: October 3, 2001

Reprint Requests: Hannu Uusitalo, M.D., Ph.D.
Medical School
University of Tampere
FIN-33014 University of Tampere, Finland
Email: hannu.uusitalo@eyenet.fi

175



	Copyright: © 2002 Mary Ann Liebert, Inc. Publishers. Reprinted with permission from Journal of Ocular Pharmacology and Therapeutics 18,
	Copyright 2: No. 2, pages 163-175.


