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long-term use. Spanakis et al. reported that cultured corneal fibroblasts and
myofibroblasts have functional gap junctions to maintain intercellular communication
with themselves and with nopactivated keratocytes [2]. To examine gap junction
dependent intercellular communication (GJIC), a fluorescent dye transfer protocol based
on the scrape-loading and dye transfer (SLDT) method developed by El-fouly et al.
[3,4,5] was used for cultured monolayers. Gap junctién channels play important roles in
the maintenance of the stratified structure of the comneal cells [6,7]. Gong et al. reported
the importance of gap junctions in maintaining normal lens transparency by providing a
cell-cell signaling pathway [8]. We described a method for determining the inhibitory
effects of MPS on the GIIC along with its cytotoxic effects. The method provides a-
means for the direct exposure of cornea cells to MPS. Cytotoxicity was indicated by
significant increases in the number of dead cells relative to controls. In this study, three
commercial MPS containing a variety of preserving/disinfecting agents were examined.
The results indicate that this method is useful for measuring the safety of a multipurpose
solution for contact lenses.

2. Materials and Methods

Cell culture: Human cornea cells were cultured in DMEM (GIBCO BRL)
supplemented with 10% heat-inactivated fetal calf serum (FCS; GIBCO BRL) and
antibiotics [penicillin (100 vnit/m!}-streptomycin (100 pg/ml)]. Human cornea cells in
DMEM-10% FCS medium were maintained in a humidified 5% CO; incubator at 37 °C.

The cells were allowed to form a fully confluent monolayer.

Scrape-loading and dye transfer (SLDT) analysis: Human comea parenchymal cefls
were incorporated at very high densities into the dish and allowed to form a fully
confluent monolayer. The cell-monolayer was rinsed three times with
phosphate-buffered saline containing Ca? and Mg?* [PBS(+)] before the addition of the
fluorescent dye (Lucifer yellow : MW 457.2). The cell monolayer was scraped using a
surgical blade and loaded with 0.1% Lucifer yellow solution. The dye solution was
left with the cells, and they were incubated at 37 °C for 5 min in a humidified
atmosphere containing 5% CO; and 95% air. The dye solution was discarded from 35
mm? plastic Petri dishes, and the dishes were washed three times with PBS(+) solution
to remove detached cells and background fluorescence. The distance of dye migration
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was measured at room temperature under the fluorescence microscope, equipped with a
type UFX-DXII and Super High Pressure Mercury Lamp Power Supply (NIKON,
Japan). Measurement was carried out within 10 min after dye-loading.

MEM elution test: For measurement of cell toxicity, 5 x 10* cells seeded into 12 well
plastic dishes. After 1 day, 0, 3.15, 6.25, 12.5, 25, 50, 100% volumes of multi-purpose
solutions (MPS) in the media were applied to each well. The MPS-treated dishes were
kept at 37 °C for 5 min in a humidified atmosphere containing 5% CO; and 95% air.
After 3 days of MPS treatment, the extent of cell toxicity was measured by
alamarBlue™ assay.

3. Results and Discussion

The GIC functions of cornea cells were affected by MPS., Assessment of GJIC function
was performed by SLDT assay using Lucifer yellow. Figure 1 shows fluorescent images
of cells exposed to three types of MPS. The images show that Lucifer yellow diffuses
through gap junctions from loaded cells to neighboring cells. The profile of percentages
of dye migration in cornea cells is shown in Fig. 2. In the presence of MPS-A, dye
transfer length has no significant change in comparison with the control (Fig. 2). While,
the dye transfer extents of the cells treated with MPS-B and MPS-C were lower than
that of the control. Decrease rate of dye transfer of MPS-B and MPS-C to the control is
about 30% (Fig. 2). Therefore, these data indicated that cornea cells cultured with the
MPS-B and MPS-C were induced GJIC down-regulation. These results suggest that the
components of the MPS-B and MPS-C might cause the GJIC down-regulation.

Cell toxicity was evaluated for the assessment of the cell viability according to
colony method and USP elution method. Figure 3 shows the estimation result of the cell
toxicity performed by USP elution test. In all samples tested, the cell toxicities were
higher than in saline buffer samples as the control. Thus, cell toxicities of afl samples
highly increased between 25% and 50% of MPS concentrations in the cell culture
medium. Especially, the cell toxicity of MPS-B indicated high level in the colony
method (data not shown). Bascd on these results, our results indicated that the
conditions of MPS concentrations and MPS components are closely associated with
safety of cornea cells, specifically with the expression of gap junction channels. Further
investigations are required to clarify the cause of the inhibitory action on the GIC and

its in vivo adverse effects.
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Fig.1 Appearace of fluorescence dye of Lucifer yellow in human corneal cells for the estimation of the
function of GIJIC using Scrape loading dye transfer assay.
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Abstract: To ensure the effects of multipurpose solutions (MPS) for hydrogel contact lenses
on the cornea, the inhibitory activity of three types of MPS on corneal cells has been evaluated
with the use of scrape loading and dye transfer assay (SLDT assay) and Western blotting on
rabbit corneal keratocytes (RC4), In SLDT assay, MPS-A and poloxamine showed dose-
dependent inhibitory activity, suggesting the inhibitory action of MPS-A and poloxamine to
gap junctional intercellular communication (GJIC) in the tested cells. Moreover, after treat-
ment with MPS-A, the GJIC was initially inhibited within 4 h, and thereafter gradually turned
to an approximately 60% level of the initial value. When MPS-A was removed from the
incubation media after exposure of the cells, the recovery of GJIC was time dependent and
returned to approximately initial levels at 8 h. Complete recovery was established after
approximately 24 h. These findings suggested that the inhibitory action of MPS-A on corneal
keratocytes was reversible. This inhibition was accompanied by a decrease in the quantity of
connexin-43, which is a major protein constituting the gap junctional channel of these cells,
and its change in the phosphorylation state. Taken together, it was suggested that MPS-A
interacts with connexin-43, inducing an inhibitory action on GJIC. © 2002 Wiley Periodicals, Inc.
I Biomed Mater Res Part B: Appl Biomater 64B: 57-64, 2003

Keywords: multipurpose solution (MPS); gap junctional intercellular communication
(GJIC); metabolic cooperation assay (MC assay); scrape loading and dye transfer (SLDT

assay); connexin-43

INTRODUCTION

The use of contact lenses has gained popularity due to the
comfort and convenience of lens wear. Contact lenses are
medical devices that require proper care for safe use. Most
complications associated with contact lens wear, such as
conjunctivitis and red-eye syndrome, have been attributed to
improper hygiene and noncompliance with recommmended
lens care procedures. Proper care of contact lenses requires
the wearer to follow a precise lens care regimen, which
normally includes cleaning, rinsing, and disinfection.
In,general, there are two ways to disinfect hydrogel con-
tact lenses. One is thermal disinfection, which was the first
method used; the other is chemical disinfection. The advan-
tages of thermal disinfection include short cycle times, effi-
cacy against a variety of vegetative microorganisms, and low
risk of ocular reaction when unpreserved saline is used. On
the other hand, it may not be compatible with all lenses types,

Correspondence to: T. Tsuchiya, Division of Medical Devices, National Institute of
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and repeated heating may change the physical parameters of
lenses. Furthermore, denatured proteins adhering to the lenses
because of heating cause an allergic reaction in some indi-
viduals. In an attempt to provide a more convenient, less
destructive regimen than thermal disinfection, chemical sys-
tems were introduced. These contain antimicrobial agents
that interact with microorganisms; each agent has a unique
chemical structure and reactive groups that induce varying
degrees of microbial damage. This system, which does not
use heat, is termed cold disinfection. Multipurpose solutions
(MPSs), a type of cold disinfection, were introduced recently,
MPSs that can be used for cleaning, rinsing, disinfecting, and
storing have become as popular as cold disinfection. The
convenience of MPSs leads to high compliance. On the other
hand, in contrast to other care solutions, the eye, especially
the cornea, is exposed directly to MPS. Although the numbers
of those who use MPSs have been increasing, there are few
exact criteria to evaluate whether the MPSs have severe
effects on the cornea.

Gap junctions are membrane channels that permit the
transfer of ions and small molecules between neighboring
cells.' These channels are composed of hexametric
hemichannels, or connexons, which are attached to the con-
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TABLE I. Main Ingredients of Three Types of MPS

Chemical

Disinfectants Main Ingredients
MPS-A Polyhexamethylenebiguanide, poloxamine
MPS-B Polyhexamethylenebiguanide
MPS-C Polidronium chloride

nexon in the plasma membrane of neighboring cells. Gap
junctional intercellular communication (GJIC) is suggested to
play an important role in cell growth, cell differentiation, and
tissue homeostasis. Moreover, GJIC inhibition by chemical
substrates and some materials has been recognized as being
involved in tummorigenesis.** The gap junction is composed
of connexin, which is a membrane protein. On the cornea,
connexin-43 is expressed in epithelial cells, keratocytes, and
endothelial cells.5~°

Previous studies have assessed three types of MPS with
the use of a V79 MC assay,10 which evaluates the inhibitory
activity of the intercellular gap-junctional communication
that plays important roles in tissue homeostasis with the use
of the V79 ¢ell line, as this assay i5 a more sensitive method
to evaluate contact lens care solutions. The results indicated
that one MPS had an inhibitory action on GJIC. Moreover,
the surfactant, poloxamine, which is one of the ingredients,
had an inhibitory action on GIIC. In the present study, the
effects of MPS on gap-junctional intercellular communica-
tion were assessed by SLDT assay, which evaluates the GJIC.
Moreover, an attempt was made to conduct an immunohis-
tochemistrical method to focus on connexin-43, which is a
major protein-constituting gap junctional channel of these
cells, in rabbit corneal keratocytes.

MATERIALS AND METHODS

Materials

Three types of multipurpose solution (MPS-A, MPS-B,
MPS-C) were investigated in this study. Their main ingredi-
ents are shown in Table I. PHMB was obtained from Avecia
Co, Ltd. Poloxamine and poloxamer-407 were obtained from
BASF. Lucifer Yellow was purchased from Molecular
Probes, Inc.

Cell Culture

The standard medium of ME10 in this experiment was Ea-
gle's Minimal Essential Medium (MEM) (Nissui Pharmaceu-
tical Co., Ltd., Japan) containing 10 vol% fetal calf serum
(Sanko Junyaku Co., Ltd., Japan).

Rabbit corneal keratocytes (RC4) were obtained from the
RIKEN gene bank. They were thawed and cultared in ME10
medium in 25-cm? culture flasks (Corning) in incubators
under standard conditions (37 °C, 5% CO,, 95% relative
humidity). The cells were fed every 2 days with ME10 and
subcultured in 75-cm? culture flasks (Corning).

Scrape Loading and Dye Transfer Assay (SLDT Assay)

GIJIC was assessed by scrape loading and dye transfer assay
(SLDT assay).'"'? As test solutions, appropriate concentra-
tions of MPSs or their ingredients diluted by ME10 were
used. After confluent RC4 cells were treated in 35-mm?
dishes with test solutions, they were washed with phosphate-
buifered saline containing CaCl, and MgCl, [PBS(+)]. Ten
scrapes were made with a steel-blade scalpel and the cells
were incubated with 0.2% Lucifer Yellow solution for 5 min
under standard conditions (37 °C, 5% CO,, 95% relative
humidity). The cells were then washed with PBS(+).

The distance that Lucifer Yellow had traveled through gap
junctions was observed and recorded with an inverted fluo-
rescent microscope equipped with a camera. The distance
was measured at 30 points per dish and the average value was
calculated. Each value was analyzed statistically with
Tukey(a) multiple-comparison test. Each experiment was
performed in triplicate.

Western Blotting

First, confluent cultures of RC4 cells were treated with ME10
containing 0.065 vol% MPS-A for 30 min under standard
conditions (37 °C, 5% CO,, 95% relative humidity). Then,
they were quickly washed with ice-cold PBS(+). The cells
were lysed by treating with 2% SDS containing 1-mM phe-
nylmethyl sulfonyl fluoride (PMSF), 50-mM NaF, and
100-mM Na,VQ,. These cell lysates were centrifuged
(10,000 rpm) at 4 °C for 20 min to remove insoluble material.
The protein concentration of the lysates was determined with
BCA assay (Pierce, IL). The proteins were separated by 8%
SDS polyacrylamide gels and transferred to PVDF membrane
at 120 V for 30 min. Connexin-43 was detected with the use
of anti-connexin-43 monoclonal antibody (anti-CX43 Chemi-
con, CA), followed by incubation with horseradish peroxi-
dase (HRP)-conjugated secondary antibody and detection
with ECL chemiluminescent detection reagent (Amersham
Pharmacia Biotech UK Ltd., UK)."?

Balb 3T3 Two-Steps Cell-Transformation Assay

Balb 3T3 clone A3-1-1-1 cells were provided by Dr. Kuroki,
University of Tokyo., The cells were cultured in ME10 in
incubators under standard conditions (37 °C, 5% CQO,, 95%
relative humidity). For the cell-transformation assay, 10*
cells were plated per 60-mm tissue-culture dish; 15 dishes
were used for each point in all cell-transformation assays.
After 24 h, 0.5-mg/ml 3-methylcholanthrene (MCA), a pos-
itive control, was added to culture medium, and 72 h later the
cultures were washed with fresh medium and incubated in
MEIO for 3 days. The cells were subsequently cultured in
normal medium until the end of the culture. The medium was
changed twice per week for 6 weeks. In the case of the assay
for MPS, the medium was changed following a procedure
similar to that described above, except there was addition of
MCA. The cells were fixed and stained with 5% Giemsa
solution. The types of transformed focus were determined
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TABLE (1, Inhibitory Potentials of MPS-A, MPS-B, and MPS-C in
V79 MC Assay

TABLE lll. Inhibitory Potentials of Poloxamine, PHMB, and
Poloxamer-407 in V79 MC Assay

MC Assay® MC Assay®
Chemical Lowest Effective Cytotoxicity Chemical Lowest Effective  Cytotoxicity
Disinfectants Result Concentration ICs0° Substrate Result Concentration 1C50°
MPS-A + 0.625 vol% 1.8 vol% Poloxamine + 0.125% 04%
MPS-B - - >10 vol% PHMB - - 1.2 ppm
MPS-C - - >10 vol% Poloxamer-407 - - 0.4%

* The results of MC assay were obtained from a previous study (Reference 10). +,
the inhibitory activities were observed in noncytotoxic concentrations; —, no inhibitory
activities.

® 1CS0: the concentration that suppressed colony formation to 50% of the control
value.

under a dissecting microscope. Foci that showed a clearly
transformed phenotype were counted as described in the
report of the IARC/NCI/EPA Working Group.'* Each finding
(the average number of transformed foci) was statistically
analyzed with Tukey’s (a) multiple-comparison test.

RESULTS AND DISCUSSION

In previous studies, three types of multipurpose solutions
were investigated with the use of the cytotoxicity test and the
MC assay.'” The MC assay is a method used to clarify the
inhibitory activity of gap junctional intercellular communi-
cation. The method was described previously,'>'® with re-
sults as shown in Table II. The IC50 value of MPS-A was
approximately 1.8 vo0l%. On the other hand, those of MPS-B
and MPS-C were greater than 10 vol%. In the MC assay,
MPS-A inhibited GJIC at concentrations ranging from 0.625
vol% (lowest effective inhibitory concentration) to 1.25
vol%, whereas on MPS-B and C no inhibitory activities were
observed. The order of the strength of MC assay was there-
fore judged to be MPS-A > MPS-B and MPS-C. To analyze
what caused the inhibitory activities of MPS-A, the main
ingredients of MPS-A, PHMB and poloxamine, were evalu-

(2)

* The results of MC assay were obtained from a previous study (Refecence 10). +,
the inhibitory activities were observed in noncytotoxic concentrations; —, no inhibitory
activities.

B IC50: The concentration that suppressed colony formation to 50% of the control
value,

ated with the use of a cytotoxicity test and an MC assay. At
the same time, poloxamer-407, which also belongs to the
surfactant of Pluronic acid was also evaluated. The results of
the cytotoxicity test and MC assay are shown in Table IIL
The IC50 value of PHMB was approximately 1.2 ppm, and
those of poloxamine and poloxamer 407 were approximately
0.4% each. Poloxamine inhibited GIIC at concentration rang-
ing from 0.125% (the lowest effective inhibitory concentra-
tion) to 0.25%, while on PHMB no inhibitory activities were
observed. This result suggested that the inhibitory activity
observed in MPS-A was caused by poloxamine. Interestingly,
no inhibitory action was observed in poloxamer-407, al-
though poloxamer-407 has a comparable cytotoxicity to
poloxamine. Because the conventional cytotoxicity test was
not able to detect the difference between poloxamine and
poloxamer-407, this MC assay is suitable for the screening of
ingredients of MPSs.

Then an in vitro assay of GJIC was conducted by SLDT
assay with the use of using RC4. The SLDT assay is a method
to evaluate the GIIC by the distance of dye migration through
the gap junction. The inhibitory action on GJIC could be
detected by measuring the distance of dye (Lucifer yellow)
migration through gap junctions (Figure 1). If there is an
inhibitory action on GJIC, the distances of dye transfer de-

(b)

(X200)

Figure 1. The image of SLDT assay. (a} Example where no inhibitory action was observed. (b)

Example where inhibitory action was observed.
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Figure 2. Dose-related inhibition of GJIC in RC4 cells treated with
thres types of MPS. (a) MPS-A, (b} MPS-B, (c) MPS-C. All data are
expressed as the mean * standard deviation of 30 determinations
and treated statistically with Tukey's(a) multiple-comparison test,
*p < 0.01, significant difference in comparison with control,

crease. First the concentration-dependent inhibition of MPSs
were evaluated. These results are shown in Figure 2. After
24-h incubation under standard conditions, a dose-dependent
inhibition was observed in all tested MPS. Especially for
MPS-A, the inhibition was observed from 0.3125 vol% to a
maximum at 10 vol%, revealing a 50% decrease. MPS-B
produced dose-dependent inhibition from 2.5 vol% to a max-
imum at 10 vol%, compared “with nontreatment cells
[Tukey’s(a) multiple-comparison test;’)p << 0.01]. There was
an inhibitory action of GJIC in MPS-C at 10 vol% compared
with the nontreatment cells {Tukey’s(a) multiple-comparison
test; p < 0.01]. Compared with MC assay, SLDT was more
sensitive for the detection of inhibitory action on GIIC.

Second, the concentration-dependent inhibitions of poloxam-
ine, PHMB, and poloxamer-407 were evaluated. These re-
sults are shown in Figure 3. After 24-h incubation under
standard conditions, a dose-dependent inhibition was ob-
served in poloxamine. It was observed from 0.03125% to a
maximum at 1%, revealing a 50% decrease, whereas PHMB
was not in its noncytotoxic concentration, compared with the
nontreatment cells [Tukey’s(a) multiple-comparison test; p <
0.01]. These results coincided with those of the MC assay, so
it strongly suggesting that the inhibitory activity observed in
MPS-A was caused by poloxamine. Moreover, a difference
between poloxamine and poloxamer-407 in the method of

(a) poloxamine

Dye migration ( % of control)

0 00313 0.0625 0125 025 05 1

peloxamine conceatration (%)}

(B)PHMB

Dye migration ( % of control)

0 00313 00625 0025 025 08 1
PHMB concentration (ppm)

{c)poloxamerd(7

124
100
80
60
40

20

Dye migration ( % of control)

o

0 00313 00625 - 0.125 025 0.5 1
poloxamer 407 concentration(%a)

Figure 3. Dose-related inhibition of GJIC in RC4 cells treated with
poloxamine, PHMB, and poloxamer-407. (a) Poloxamine, {b) PHMB,
{c) poloxamer-407. All data are expressed as the mean * standard
deviation of 30 determinations and treated statistically with Tukey's{a}
multiple-comparison test. *p < 0.01, significant difference in compar-
ison with control.
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Figure 4. Time course of GJIC in RC4 cells after treatment with
MPS-A and poloxamine for up to 96 h. (2) MPS-A, (b) poloxamine. All
data are expressed as the mean * standard deviation of 30 determi-
nations and treated statistically with Tukey's{a) multiple-comparison
test. "p < 0.01, significant difference in comparison with control,

influencing on GIIC was suggested. These results also coin-
cided with those of the MC assay.

Time-dependent GJIC inhibition was assessed after RC4
cells were treated with ME10 containing 0.625 vol% MPS-A
or 0.125% poloxamine (Figure 4). In this experiment, con-
fluent cultures of RC4 cells were treated with MPS-A or
poloxamine under standard conditions. After that, the dis-
tance of dye migration was measured at appropriate times.
(096 h after treatment), In MPS-A, an apparent inhibition of
approximately 40% was observed at 30 min, and then GJIC

(a) 1 hour

Dyye migration { % of control)

24
48
72

No treatment

time after removal of MPS-A (hr)
(b) 24 hour

140
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20
0

Dye migration { % of control)
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:
g
s

time after removal of MPS-A (hr)

Figure 5. Time course of recovery of GJIC in RC4 cells after removal
of MPS-A for up to 72 h. {a) 1-h treatment with MPS-A, (b) 24-h
treatment with MPS-A, All data are expressed as the mean + stan-
dard deviation of 30 determinations and treated statistically with
Tukey's(a) multiple-comparison test, *p < 0.01, significant difference
in comparison with no treatment of control,

was gradually returned to 60% at § h, but the GJIC was not
completely restored to the initial level after 8 h [Tukey’s(a)
multiple-comparison test; p < 0.01]. In poloxamine, similar
inhibitory action on GJIC was observed, and GIC was not
restored completely [Tukey’s(a) multiple-comparison test;
p < 0.01)].

(b) 24 hour

P2 :; )
P1

Po =P

1 2’

Figure 6. Westem blotting of connexin-43 in RC4 cells treated with MFS-A. (a) 1-h treatment with
MPS-A, (b) 24-h treatment with MPS-A. Connexin-43 is phosphorylated at least twice.2? This results
in three species®' of connexin-43, which can be detected by Westem blot (P, P,, P,).2! P, is not
phosphorylated, and P, and P, are phosphorytated.??
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Figure 7. Two-stage Balb3T3 cell transformation test for MPS-A. Each bar represents the mean +
standard deviation of 15 determinations in graph. Transformed foci were deeply stained by Giemsa
staining, as shown in the dishes {upper photos). All data are expressed as the mean * standard
deviation of 15 determinations and treated statistically with Tukey's (g) multiple-cormparison test. *p <
0.05, significant difference in comparison with no treatment of control. Experiments were repeated at

least two times.

Then, the time course for recovery from MPS-A-induced
inhibition of GJIC was examined (Figure 5). In this experi-
ment, confluent cultures of RC4 cells were treated with
MPS-A (0.625 vol%) or poloxamine (0.125%) for 1 h under
standard conditions. After that, the medium was replaced
with fresh ME10 and the distance of dye migration was
measured at appropriate times (0-72 h after treatment). As a
result, the recovery of GJIC was time dependent and reached
former levels in 24 h [Tukey’s{a) multiple-comparison test;
p < 0.01]. The time course of recovery after exposure for

24 h is also shown in Figure 5. Similarly, time-dependent
restoration was observed after 4 h, and complete recovery
was established after approximately 24 h [Tukey’s(a} multi-
ple-comparison test; p <C 0.01}. These results showed that
the method- of inhibition induced by MPS-A was reversible,

Western-blotting analysis was conducted for connexin-43,
which is a major protein constituting the gap junctional
channels of these cells, to examine whether MPS-A caused
changes in the amounts of this protein, in addition to the
degree of its phosphorylation after treatment of RC4 cells
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with MPS-A (Figure 6). The three typical bands (Pg, P,, P,)
of connexin-43 corresponding to three forms of connexin-43
that have been identified in other cells, were detected in
untreated RC4 cells. They were separated according to the
degree of phosphorylation state; the P, represents nonphos-
phorylated connexin-43, and P, represents a much higher
phosphorylated state than P,. After 30 min of incubation with
0.625 vol% MPS-A in RC4 cells under standard conditions,
the total level of connexin-43 in the cells was reduced.
Importantly, decreasing amounts of P, were observed com-
pared with the amounts in control cells. After 24 h incubation,
the total level of connexin-43 was approximately restored and
the amounts of P, were also restored. Therefore, it was
suggested that this short-time decrease in the amount of
connexin-43 was ascribed to the inhibitory action on GIJIC.
Moreover, the inhibitory action might be induced by the
change in connexin-43 to the dephosphorylated form, such as
the P, level, to P, or Pg. It was reported that the phosphor-
ylated state of connexin-43 is important for its accurate
assembly and distribution in cells.* Probably, connexin-43 on
RC4 was not phosphorylated to the P, level by MPS-A
exposure, so that the gap junction could not assemble, which
was ascribed to the inhibitory action on GJIC. To clarify this,
the localization of connexin-43 is currently being evaluated
by immunostaining.

The results in the present study supported the idea that the
change in connexin-43 expression is the major cause of the
change in GIJIC function on the cornea when the cells were
exposed to MPS-A. The method of the inhibitory action in
RC4 was reversible, but it took approximately 24 h for the
GIIC to be restored completely. Many contact lens users
typically wear contact lenses for over 12 h, and in some cases
hydrogel contact lenses swell or absorb the ingredients of
MPS-A. Therefore, there might be a situation that some
MPS-A or its ingredient remains on the surface of contact
lenses, which suggests that the comeas of wearers are ex-
posed directly to them. In this case, MPS-A or its ingredients
might canse disorder to the GJIC on the cornea, and so the
phenomenon, which is always a disorder of the homeostasis
of the cornea, is in a stationary state. It is possible that this
state may lead to poor resistance for diseases. The finding that
several diseases originated from the lack or damage of con-
nexin'? supports this kind of risk. In addition, recent immu-
nchistochemical and immunoblotting studies showed that
there was less connexin-43 in rat corneas exposed to MPS-A
than in cornea exposed to MPS-B and C in vivo (data not
shown). It was suggested that there is a disorder of the
homeostasis of the cornea exposed to MPS-A in vivo, because
it was suggested that the quantity and function of the gap
junction is linked to the abundance of connexin-43. It is
possible that the same phenomenon occurs on the corneas of
humans (MPS-A users).

To study the tumor activity of MPS-A, a Balb3T3 two-
stage cell transformation assay was conducted (Figure 7). No
significant difference was found between MELD containing
MPS-A 1.25 vol%, 0.625 vol%, and negative controls (ME10
alone) [Tukey’s(a) multiple-comparison test; p > 0.05].
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These results suggested that the tumor-promoting potency of
MPS-A is low, compared with positive controls {(MCA) or
phorbol esters that are well known as tumor-promoting
agents.'® However, there is definitely a disorder of GJIC on
cells exposed to MPS-A, which causes a dysfunction to the
homeostasis of the cornea. Recently, it was reported that
disruption of connexin leads to cataractogenesis in mice.'®
So, it is possible that exposing the cornea to MPSs, which
inhibit GJIC, can have a severe influence on the homeostasis
of the cornea and induce cataractogenesis or other diseases.?’

The present study tried to introduce methods to evaluate
the effects on GIIC as a criterion for safety for the cornea.
These methods could detect inhibitory activities of GJIC at
non-cytotoxic concentrations. Compared with previous meth-
ods, this one is thought to be more suitable for evaluating the
long-term safety of MPS.

The authors thank Yuki Suita for her technical assistance,
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Abstract. The effects of the y-irradiatted PLLA on the osteoblasts and apatite formation were
investigated in vitro. The PLLA sheet was y-ray irradiated at the dose of 10, 25 or 50 kGy. The
mouse osteoblast-like MC3T3-El cells and normal human osteoblast NHOst cells were
micromass cultured on the PLLA sheet for 2 weeks, and then the proliferation and differentiation
of the cells were determined. The proliferations of MC3T3-E1 and NHOst cells hardly changed
with increasing irradiation dose. However, the differentiations of MC3T3-El and NHOst cells
increased with irradiation dose. On the other hand, the surface of the PLLA sheet after soaking in
the medium without the cells was characterized by SEM, EDX, FT-IR and XPS. The
hydroxyapatite was formed on the surface of the PLLA sheet after soaking, and the amount of
hydroxyapatite increased with irradiation dose. In summary, the y-irradiated PLLA increased the
differentiation of osteoblasts and also increased apatite-forming ability even without the
osteoblasts. The osteoblast differentiation was enhanced well in the apatite formation on the
surface of PLLA after the y-irradiation.

Introduction

Poly(L-lactide} (PLLA}) has been well reported on a good osteocompatibility ir vive and in vitro.
The y-ray sterilized PLLA sample was implanted in vivo, and newly bone was formed around the
PLLA implant [1]. It was not clear whether therc was the effect of y-irradiation on the formation
of newly bone in this result. However, it was the fact that y-iradiation decreased the molecular
weight and mechanical strength of PLLA [2]. On the other hand, PLLA fibers formed bone-like
apatite in a simulated body fluid {3]. It was reported that the apatite layer formed on the bioactive
glass increased the attachment and initial proliferation of osteoblasts [4]. If the apatite-forming
ability of PLLA is increased by y-irradiation, there may be a good influence on osteoblasts
cultured on the irradiated PLLA. Therefore, we clarified the effects of the y-irradiatted PLLA
sheet on the osteoblasts and apatite formation in vitro,

Materials and Methods

Materials. PLLA sheet with 0.3 mm thickness (Shimadzu Co., Japan) was y-ray irradiated at the
dose of 10, 25 or 50 kGy using %o as the radiation source. The weight average molecular weight
(Mw) of the unirradiated PLLA was 271,000 and the Mw’s of the irradiated PLLA’s at the dose
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of 10, 25 and 50 kGy were respectively 195,000, 142,000 and 95,000 by GPC.

Micromass Culture of Osteoblasts. Mouse osteoblast-like MC3T3-El cells (RIKEN Cell
Bank, Japan) and normal human osteoblast NHOst cells (Clonetics Corporation, MD, USA) were
grown in alpha minimum essential medium (a-MEM}) supplemented with 20% fetal bovine serum.
The PLLA sheet was cut into 14.0 mm diameter disk and laid in a 24-well dish. The 20 gl of cell
suspension (2x10° cells/ml) was delivered on the disk. After the cells were attached on the disk, |
ml of the complete medium that contained 10 mM disodium B-glycerophosphate in the cufture
medium was added. The complete medium was changed three times a week, and the cells cultured
for 2 weeks in a 37°C humidified atmosphere of 5% CO;.

Proliferation Assay. The number of the cells cultured on the PLLA sheet was determined by
WST-8 assay [5]. Moreover, the protein and DNA contents of the cell lysate were measured by
the Lowry method and the fluorescence assay using Hoechst 33258 dye, respectively [5].

Differentiation Assay. The calcium depositions of the cell cultures were stained by alizarin
red S, and the areas stained dark-red were measured using the program Scion Image (Scion Co.,
MD, USA) {5]. The calcification was calculated as the normalized area in the cell number.
Moreover, the collagen synthesis was evaluated by the hydroxyproline content of the cell lysate,
and ALP activity of the cells was measured using p-nitrophenylphosphate as a substrate [5].

Soaking in the Medium. The PLLA sheet was cut into 14.0 mm diameter disk and laid in 2
24-well dish. The complete medium of 1| m! was added without the cells. Then, the dish was
stored in a 37°C humidified atmosphere of 5% CO», and the complete medium was changed three
times a week. After soaking for 2 weeks, the PLLA disk was washed in deionized water five
times quickly and dried in a silica gel desiccator.

Surface Analysis. The surface of the PLLA sheet after soaking in the complete medium

without the cells was characterized by SEM, EDX, FT-IR and XPS according to the conventional
methods.

Results

Proliferation of Osteoblasts Cultured on the PLLA Sheet. The cell number of MC3T3-El cells
cultured on the PLLA sheet did not change with increasing irradiation dose (Fig. 1a). The protein
and DNA contents of the cells also did not change. The other side, the cell number (Fig. 1b),
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Fig. 1. The cell numbers of (a) MC3T3-E1 and (b) NHOst cells cuitured on the y-irradiated PLLA sheet.
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Fig. 2. The calcifications of (a} MC3T3-E1 and (b) NHOst cells cultured on the y-irradiated PLLA sheet.

protein and DNA contents of NHOst cells cultured on the PLLA sheet slightly decreased with
irradiation dose.

Differentiation of Osteoblasts Cultured on the PLLA Sheet. The calcification of
MC3T3-El cells (Fig. 2a) and NHOst cells (Fig. 2b) remarkably increased with irradiation dose.
The collagen synthesis and ALP activity of MC3T3-E1 and NHOst cells also increased as same as
the calcification, respectively. The y-itradiated PLLA remarkably promoted the differentiation of
osteoblasts.

Apatite Formation on the PLLA Sheet. The SEM micrograph exhibited crystal particles on
the surface of the PLLA sheet after soaking in the complete medium without the cells. The crystat
particles were identified with hydroxyapatite by EDX, FT-IR and XPS spectra. The phosphate
band in ATR/FT-IR spectra became strong with irradiation dose (Fig. 3). Moreover, the element
rations of calcium and phosphorus increased but that of carbon decreased with irradiation dose, in

XPS analysis (Fig. 4). The amount of hydroxyapatite formed on the y-irradiated PLLA sheet
increased with irradiation dose.
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Fig. 3. The phosphate band of the y-irradiated Fig. 4. The element ratios of -calcium,
PLLA sheet after soaking in the medium., phosphorus and carbon of the y-irradiated PLLA
sheet after soaking in the medium.
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Discussion

In the present study, the y-irradiated PLLA hardly affected the proliferation but remarkably
promoted the differentiation of osteoblasts. It was expected that the low molecular weight PLLA
eluted to the medium, because the molecular weight of PLLA decreased by y-irradiation. In our
recent studies, the low molecular weight PLLA enhanced the differentiation of MC3T3-El cells
but inhibited that of NHOst cells [6, 7]. The present results, which the differentiations of
MC3T3-El and NHOst cells both increased on the y-irradiated PLLA sheet, would not be caused
by the low molecular weight PLLA. The surface of the y-irradiated PLLA should good influence
on the differentiation of osteoblasts.

On the other hand, the y-irradiation increased the apatite-forming ability of the PLLA sheet.
Tanahashi and Matsuda reported that some negatively charged groups such as phosphate and
carboxyl group strongly induced apatite formation in a simulated body fluid. They described that
the apatite formation was initiated via calcium ion-absorption upon complexation with a negative
surface-charged group [8]. In our study, the molecular weight of PLLA decreased with hydrolysis
of ester bonds by y-irradiation [2]. Therefore, the amount of carboxy! group of the y-irradiated
PLLA would increase with irradiation dose, and the carboxyl group would promote the
apatite-forming ability of the PLLA sheet.

Fujibayashi et al. compared in vive bone ingrowth and in vitro apatite formation on
N2;0-Ca0-Si0; glasses. The quantities of newly bone formed on the glasses correlated with their
apatite-forming abilities in simulated body fluid. They propose to evaluate the apatite-forming
ability in order to confirm the in vivo bioactibity of biomaterials [9]. In our present study, the
y-irradiation enhanced the apatite-forming ability of the PLLA sheet, and then the y-irradiated
PLLA sheet promoted the differentiation of osteoblasts. The osteoblast differentiation should
connect with the apatite formation on the y-irradiated PLLA sheet.

In conclusion, the y-irradiated PLLA hardly affected the proliferation but promoted the
differentiation of osteoblasts with increasing irradiation dose. On the other hand, the
hydroxyapatite was formed on the PLLA sheet in the medium, and the y-irradiation enhanced
apatite-forming ability of the PLLA. It was suggested that the connection between the osteoblast
differentiation and apatite formation on the y-irradiated PLLA sheets.
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