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Abstract

Two drops of a chlorobutanol --or benzalkonium chloride- pre-
served artificial teardrops were instilled in to the right eye of six
female grey rabbits (2 kg) at 21.00 and 09.00. A group of six con-
trol animals received no eyedrops. The animals were euthanized at
15.00 h and the central region of the corneal epithelium essessed
by scanning electron microscopy using a digitizer pad/computer
system. After recovery from the exposure to artificial teardrops,
there were up to 2% exfoliating cells evident at the ocular surface
but with no difference between the two products; controls had no
cell exfoliation. After recovery from the chlorobutanol-preserved
artificial tears, the distribution of surface areas of the squamous
cells (n = 500 cells evaluated) was shifted to slightly larger values
compared to controls but the number of epithelial cell craters /cell
was unchanged from controls. Following recovery from
benzalkonium chloride-preserved artificial tears, the cell areas were
shifted o significantly smaller values than controls and there were
fewer epithelial cell craters/cell. The methods and assessment pro-
tocol are presented as a basis for objectively comparing different
types of eyedrops on the corneal surface where there is no overt
cytotoxicity.

Introduction

The use of artificial tear pharmaceuticals in pa-
tients with irritated or dry eyes is commonplace’.
Those pharmaceutical products that are intented
to be used many times by a patient (e.g. 5 mL multi-
use bottles of eyedrops) will usually contain pre-
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servative agents. These preservative agents are
included so as to reduce the risk of substantial
multiplication of most microorganisms should the
container or the actual solution become acciden-
tally contamined with microorganisms such as
bacteria or fungi. A large number of these chemi-
cal preservative agents have been tried over the
last 40 years 2°. Several of these agents have become
widely used and have an acceptable record of effi-
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cacy in maintaining the sterility of cyedrops™. Sig-
nificant microbial growth can occur however, pre-
sumably if the level of pathogen contamination is
high or there is repeated exposure of the eyedrop
container to the pathogen(s). ** As a consequence,
it is necessary that the concentrations of chemi-
cal preservative agents included in the pharma-
ceuticals be sufficiently high so as to be able to
effect as rapid inactivation or destruction of the
microorganisms as possiblie. However, in deciding
on the concentration of the preservative agent that
is to be included in the eyedrops, consideration
must be given to the potential eytotoxic effects of
the preservative agent on the tissues ot the cye,
especially the corneal and conjunctival epithelia.
As it result of these considerations, it can be stated
that the overall toxicity risk, with the most com-
mouly used concentrations of these preservative
agents, is very low, That this statement is a valid
retlection of the use of preserved evedrops comes
from the overall scarcity of reports on complica-
tions (that could be atributed to cytotoxice eftfects
or even microbitl contimination) acising from the
usce of such evedrops. This overall situation needs
o be carctully distinguished from the occasional
occurrence of allerric or hypersensitivity reactions
W preservitives (e.g. thimerosal ™) or any other
ingredicents of the evedrops, ' Despite this re-
peiated use of multiple-use evedrop products with-
OUE CONRCQUEIICE, PRESETVRLIVE agents continue o
receive adverse publicity. Part of the reason for
this situation is that there is only limited informa-
tion on the etfects of these preservatives on the
ocutar surtace of the living eyve.

Scanning clectron microscopy has been used for
many years o evaluate the etfects of numerous
chemicals (including preservative agents), drugs
and pharmaceuticals on the surtace of the comeal
cpithclinm. ' For the most part. the technique
has been used o provide high magnification im-
s of the actual cells at the epithelial surtace.

The images have been onty subjectively assessed
in mast cases. Furthermore, the technique has

been largely used to only document the cellular
damage or cell exfoliation that can occur within
an hour of application of the test substance to the
ocular surface. Scanning electron microscopy can
however also be used to provide images of the
mosaic of cells at the epithelial surface that can
then be subjected to a quantitative analysis by
planimetry. Discrete cell changes and low levels
of cell exfoliation associated with artificial tear use
have been quantified in this way ' 1.

Overall however, despite the large number of
published papers reporting the effects of preser-
aative agents on the corneal epithelium (as assessed
by scanning electron microscopy '%), few of the
studies compare preservative agents under condi-
tions resembling clinical use of eyedrops and none
of these comparative studies has been quantitative.

In the present study. an objective comparison
was made of the effects of an exposure of the cor-
neal epithelium én eiro to two different preserva-
tive agents included in the same type of polyvinyl
alcohol-based eyvedrop. Particular attention was
given to the extent of cell exfoliation. '* the sur-
face areas of the residual squamous cells '* and a
cell surface feature that is often called the epithe-
lial hole or crater. '***

Materi;ﬂs and_m_cthods

Animals and treatment protocols

Female grey (Dulch Belt) rabbits were housed
individually in Canadian Council for Animal Care
(CCAQ) -approved cages and quarters and pro-
vided with unrestricted access to food and water.
All procedures were reviewed by and approved
by the local. CCAC -approved animal care com-
mittee. The animals were firts acclimatized to the
University facilities for ~ 1o 9 days after receipt
from a kocal supplier. An artificial light: dark cveke
of 14:10 h was imposed with the light cvele start-
ing at 06.00. A fter aclimatization, the animals (2.0
0 2.2 k) were checked by stit-iimp biomicroscopy
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ind assigned to control or test groups. The test
wnimals received two drops of an artificial tear
olution in the right eye only at 21.00 local time
ind the eyedrop instillation was repeated at 09.00
he following morning. Control animals received
10 eyedrops. At 15.00 h (i.e. 6 h after the instilla-
ion of the second set of eyesdrops for the test ani-
nals), the rabbits were euthanized with an over-
lose of T-61 euthanasia solution (0.5 mL/kg) ad-
ninistered via a peripheral ear vein. The right eye
vas used for the electron microscopy studies.

Preparation of corneas for scanning electron
nicroscopy

Immediately after euthanasia, all neck blood
essels were severed and the animal drained over
sink about 30 s. With the animals then placed on
heir left side, two drops of a glutaraldehyde fixa-
ive solution were carefully applied to the surface
he right eye. The lids were then resected to the
rbital rim, two more drops of fixative applied and
1e eyeball carefully enucleated. The corneas was
1en prepared for scanning electron microscopy
s previously detailed '2. In brief, the technique
wolves the occasional application of drops of the
xative solution to the surface of the eyeball over

period of 70-80 min at room temperature be-
yre the aqueous humor of the eye was replaced
rith fixative solution and the cornea excised on a
:leral rim. The fixative was a freshly prepared so-
ition of 2% w/v glutaraldehyde in 80 mM sodium
1icodylate buffer and was warmed to 35 to 36°C
ist before use. The pH was adjusted to 7.2 to 7.4
ith a few drops of dilute hydrochloric acid. The
nal solution osmolarity was 330-340 mOsm/kg
1d ultraviolet absorbance spectroscopy was rou-
nely used to check that the polymer content of
ie fixative was less than 5% '%.

Scanning electron microscopy and image
nalysis

Six corneas were successfully processed for each
 the three experimental groups (controls,
imlorobutanol-preserved eyedrops and benzalko-

nium chloride-preserved eyedrops). From three
of the corneas in each group, the inferior-nasal
quadrant was taken for analysis and the superior-
temporal quadrant was taken from the other three
corneas in each group. Scanning electron micros-
copy was performed using a Hitachi $570 micros-
copy operating at 15kV. From each quadrant, a

- series of micrographs were taken at a position

close to the apex of the quadrant, i.e. within 1.5
mm of the true apex of the corneal surface. The
micrographs were all taken at a working distance
of 8 mm and with the epithelial surface normal to
the electron beam (to within £5°). All micrographs
were identified only by a number code at the time
of the assessments being made. Micrographs were
taken at 200 X at-stage magnifi-cation and printed
at 10 x 8 inches to allow assessments of approxi-
mately 0.35 mm? portions of the corneal surface.
From these micrographs, assessments were made
of any regions of the ocular surface where any from
of cell damage or abnormality was evident. These
regions of approximatel 0.06 mm? were quantita-
tively assessed by mannual planimetry > using a
commercial digitizer pad and computer software
(Bioqant IV, R & M Biometrics. Nashville, TN). Mi-
crographs were also taken at 500 X at-stage mag-
nification (and also printed at 10 x 8 in) from the
same portion of the corneal surface. These micro-
graphs were used to measure the surface area of a
total of 500 to 550 squanious cells from each ex-
perimental group (i.e. approximately 90 cells/
corneal quadrant) by use of the digitizer pad sys-
tem '3, All surface area values were core- ceted
for fixation and processing related tissue shrink-
age as previously detailed !3.and only groups of
fully tesselated cells were used in these morpho-
metric analyses. Finally, from micrographs taken
at 500 X magnification, a count was made of the
number of crater-like surface structures on the
surface of the 500 to 550 cells used for surface
area measures. Only those crater-like structures
that had a conspicuous colar or rim '%!” were in-
cluded in the counts.

Chemicals and pharmaceuticals

All chemicals used for the electron microscopy
were of the highest purity grade available and were
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obtained from J.B.EM. Inc, Larval, Quebec. All
solutions were prepared in double-distilled water.
The artifical tear products were Kindly provided
by Allergan Inc (Canada). The LIQUIFILM TEARS™
products contain 1.4% polyvinyl alcohol and were
preserved with cither chlorobutanol or benzal-
konium chloride.

Results

Scanning clectron nifcroscopy evaluation of

the corneal surfuce at 1000 X at-stage magnifi-
cation

Hlustrated in (Figure 1) are representative mi-
crographs showing the appearance of the normal
corneal epithelial surface at 1000 X and 5000 X at-
stage magnification. These magnifications were
chosen since the atlow eesolution not only of the
cell-cell borders and epithelial eraters but also the
actual surface teatures of the cells. The epithelial
surface can be seen to be composed of a continu-
ous mositic ot cells that appear to be in very close
contact or apposition to one another. The cell sur-
faces are decorated both with a uniform mosaic
of micropliciace (with only occasional solitary mi-
crovilli) and the epithelial craters. These micro-
graphs are presented to show that the epithelial

o
3 oo
Figure 1 Representative scanning clectron microgeaphs tak-
ken from the close to the apex of the normal rabbit corne-
al epithelial surtace in the superiortemporal quadrant. (A)
00O X, (B SO0 X, bar indicates 42 and 8.4 pm respetively
in A and B (corrected for tissue shrinkage)

surface is qualitatively similar when compari
controls with eyedrop-treated epithelia. The n
crographs are representative not only of the s
samples studied for each group but also of the cc
neal surface at mid-peripheral and peripheral sit
as well.

Quantitative evaluation of cellular exfoliatia
or other alterations of the epithelial surfa
evaluated at 200 X and 500 X magnification.

Micrographs taken at 200 X magnification wei
used to assess the presence of any gross alteratior
in the epithelial surface. The results are presente
in (Table 1). The analyses show that the corne:
surface appeared to be largely uncompromised b
the exposure to the preservative agent-containin
eyedrops. The incidence of exfolialting or othe
wisc abnormal cells averged only 3.5% and did nc
exceed 5%. No difference was seen between th
two treatments. From micrographs taken at 500
magnification, occasional exfoliating cells wen
cvident in addition to the occasional cell tha
showed evidence of partial surface disruption

TABLE 1

ASSESSMENTS OF CELL EXFOLIATION
AND OTHER SURFASE DAMAGE

DAMAGED REGIONS
(Percentage of epithelial
surfase analyzed)

NUMBERS OF EXFOLIAT
ING CELLS {Percenta
ofcells analyzed)

Controls 0.26 + 0.11 0.42:0.07
Chlorobutanol 236095 170+ 0.26
Benzalkonium 1072072 2112034

6 micrographs were evaluated for each set of
data (means 1SD)

nucleus changes or had uplifted edges (suggestive
of the initial phases of exfoliation). Three examples
are ilustrated in (Figure 2) and the numbers of
such cells detailed in (Table 1). For control cor-
neas, only 1 of 510 cells analyzed was designated
as being abnormal. Both of the treatments with
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figure 2 Scanning electron microscope images of the
torneal surface to illustrate the appcarance of isolated
:xfoliating cells observed after treatment with cither of the
syedro- ps. For quantification, sce Table 1. Bar indicates 42
um (corrected for tissue shrinkage).

artifical tears resulted in the appearance of small
numbers of exfoliating or abnormal cells. The rela-
tive incidence of these cells was however very low
when assessed as a percentage of the approxi-
mately 500 cells that were analyzed from the 6
micrographs of each test group, i. €., 1,7% and 2.1%
respectively for the chorobutanol and
benzalkonium preserved artificial tears respec-
tively

Qualitative evaluation of the appearance of
the epithelial surface after exposure to artifical
teardrops.

In Figure 3 and 4 are illustrated representative
scanning electron micrographs of the corneal epi-
thelial cells obtained 6 h after the exposure to
artifical tears containing chlorobutanol (Figure 3)
or benzalkonium chloride (Figure 4). For the
chlorobutanol - exposed epithelia, the electron
microscope image was routinely of relatively low
contrast compared to controls (compare Figure 1A
with Figure 3A) but the cell - cell borders were
still evident and there was little evidence of cell
damage etc. The main reason for the low contrast
image is that the surface of many of the cells was
routinely found to be covered with small to large
guantities of an amoprhous material. However, that

Figure 3 Representative scanning electron micrographs
taken from close to the apex of corneas 6 hours after
exposure to two sets of eyedrops preserved with
chlorobutanol. Other details as Figure 1.

this is just a superficial coverage (perhaps of de-
graded mucins) is evident from the higher magni-
fication images (Figure 3B) which cleary show the
presence of normal - appearance microplicae on
the cell surface. Following recovery from the
benzalkonium chloride treatment, the electron
images all showed less contrast than controls (com-
pare Figure 1A with figure 4A) but the image qual-
ity was generally superior to that seen following
the chlorobutanol exposure. The cell - cell bor-
ders were well resolved and the cell surface fea-
tures such as the microplicae largely unchanged
(Figure 4B)

Figure 4 Representative scanning electron micrographs
taken from close to the apex of corneas 6 hours after
exposure to two sets of eyedrops preserved with
benzalkonium chloride. Other details as Figure 1.
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Evaluation of surfuace areus of squamaous cells
after exposure to arlificial tears

From cach sct of 6 micrographs of part of the
central region of the corneal epithelial surface, a
total of 500 to 550 cclls were digitized. Examples
of tracing overlays of the cell borders arc given in
(Figure 5) to iltustrate the overall cffect obscrved.
The squamous cclls appear to have a similar range
of sizes when the control micrograph (Figure 5A)
is comparced to the micrograph from a chlorobu-
tanol-treated epithelium (Figure 5B). The squamous
cell of the corneal epithelium treated with
benzalkonium chloride however were gencerally

HENZALKONIUM CHLORIDE
PHESERYED  EYEORUPS

CONTRON e vedinpn CHEURONUTANOLPRESERVED FYEDROPS

Figure 5. Representative tracing overlays made from scanning
clectron micrographs to ilustrate diflerences in celi sizes
between controls (A: from Figure 1A), Chlorobutanol -expo-
sed epithelia (3: from Figure 2A) and benzalkonium chloride-
exposcd cpithadia (C; from Figure 4A).

Morphometric measures and analyses provide
an unambiguous documentation of the change in
surface arcas of the squamous cells. These resules
are presented in (Figure 6). For cach group of cor-
ncas, the cell arca data was pooled. A histogram
of the cell surface arcas from the control group
(Figurc GA) revels a wide range of cell sizes from
<50 ym2 (0 2127 ym?2 The distribution is clearly
skewed o larger cell arcas and is clearly non-
Gausian. The average cell area (n = 510) was 525
um? and the median cell arca was 388 pymz2. Fol-
lowing recovery from the Ltwo scts of exposure Lo
the chlorobutanol-prescerved artificial teardrops,
a similar rangce of cell sizes was observed, i.¢. <50
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Figure 6. Histograms to illustrate distributions of squamous
cell sizes at the corneal epithelial surface. The data was
pooled from 6 corneas for each group and the cell surfase
area values are corrected for tissue shrinkage. (A) control
corneas, (B) chlorobutanol - exposed corneas , (C) benzalk-
onium chloride - exposed corneas. Other detials as Figure 1

to 2410 pym? (Figure 6B). However, the distribu
tion was now not only skewed to larger areas but
showed clear indications of bimodality with peaks
at both 150 pm2 and around 1500 ym2. The num-
ber of cells with surface areas of 199 ym2 or smaller
was clearly less than that seen in the control group.
The mean cell area (n = 53G) was slightly larger
than controls at 537 ym2 but the median cell area
was 353 ym?2. A rather different histogram was
obtained for the squamous cell surface areas after
recovery from two exposures to the benzalkonium
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chloride-preserved artificial teardrop (Figure 6C).
While essentially the same range of cell sizes was
observed (i.e. <50 to 2179 ym?2), there were fewer
cells with areas over 1100 ym2. This change was
accompanied by the appearance of a higher num-
ber of cells with arcas between 200 and 899 pm2.
As an overall result, the average cell surface area
was smaller than that for the control corneas (i.e.
482 compared to 525 pym?2). A small decrease in
the median cell area resulted from the change in
the distribution (i.e. 372 compared to 388 ym2 in
the controls).

Quantitative assessmment of the epithelial cell
surface craters.

With the special preparative methods used in
this study, crater-like structures with an encircling
colar or ring were evident on all cell types in all
three of the experimental groups of corneas (i.e.
controls, chlorobutanol-and benzalkonium chlo-
ride - exposed corneas). It can be qualitatively
noted that the epithelia exposed to benzalkonium
chloride (Figure 4A) clearly had fewer craters than
the chlorobutanol - exposed or control corneas.
In order to quantitatively assess the occurrence of
these features on the cells, a count was simply
made of the number of craters on each of the cells
that was digitized for the cell surface area mea-
sures. The results of these counts are presented in
histogram form in (Figure 7). For control corneas,
140 of 510 cells (i.e. 27.5%) did not have any obvi-
ous crater-like structure on their surface. Similarly,
for the chlorobutanol-exposed cpithelia, 159 of
536 cells (29.1%) did not have obvious craters. In
contrast, following recovery from the exposure to
the benzalkonium chloride-preserved artificial tear-
drops, 42.9% (219 of 511) of the cells did not have
obvious crater-like structures on them. For all of
the rest of cells, one or more crater-like structures
were evident. The distributions of crater numbers
was very similar for control cells and those ex-
posed to chlorobutanol-containing cycdrops 6
hours previously (compare Figures 7A and 7B), e.g.
144 cells had 1 crater in both these groups while
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Figure 7. Histograms to show incidence of cells with diffe -
rent numbers of epithelial craters (holes). The cells anal-
lyzed with the same as those in Figure 4. (A) control
corneas, (B) chlorobutanol - exposed corneas, (C) benzalko-
nium chloride - exposed corneas. Sce text for criteria for
counting of epithelial craters.

94 and 90 cells respectively had 2 craters. How-
ever, these numbers were rather lower for those
cells that had been exposed to the benzalkonium
chloride, e.g. 137 cells with 1 crater and only 79
cells with 2 craters etc. (Figure 7C). The cells ob-
served after benzalkonium chloride exposure thus
have a lower incidence of crater-like structures on
their exposed surfaces.

Discussion

In this study, the effect of preservative agent-
containing artificial teardrops on the surface cells
of the corneal rabbit epithelium has been objec-
tively assessed. Measures of cell cytotoxic effects
(assessed by estimates of the number of exfoliat-
ing cells), non-toxic cell changes (assessed by cell
surface area measurces) and surface membrane-re-
lated phenomena (assess¢d by counts of cell cra-
ters) are all presented as methods of quantitative
evaluation of the effects of artificial teardrops on
the scanning electron microscope image of the
ocular surface. Such methods are time-consuming
but provide an objective means of comparing
chemicals, drugs or pharmacecuticals. Such quan-
tification is clearly neccessary since even control
epithelia (where such micrographs have been pre-
sented) have often been different both between
studies from the same laboratories and between
laboratories. ' The most likely reason for these
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differences is a lack of standardization of fixation
protocol, even in studies from the same group of
researchers in some cases. '? Subjective grading
schemes have been proposed 2°2' and used by
some investigators 2*22 and may well be sufficient
to distinguish between effects at the gross level,
e.g. cell exfoliation or conspicuous cell damage.
The assessments however appear to require that
the electron micrographs be taken at very high
magnifications (e.g. 2000 X to 3000 X magnifica-
tion) so that the microplicae (or microvilli) on the
cell surfaces can be seen. As a result, a large num-
ber of separate micrographs need to be taken to
obtain a representative sample '

The study was designed only to assess the ef-
fects of occasional use of an artificial teardrop on
the corneal epithelial surface in a healthy eye. It
was not intended as a cytotoxicity evaluation nei-
ther was the interest in documenting the acute
cellular or ultrastructural changes that clearly can
occur when the ocular surface is exposed to single
or multiple drops of preservative agent-containing
ophthalmic solutions. Numerous other studies
have provided documentation of the acute effects
(i.e. within 30 min) of the effects of higher con-
centrations of benzalkonium chloride-containing
sohutions on the ocular surface; gross cell exfolia-
tion has been reported in several scanning elec-
tron microscope studies. ' 2>?” Similar results have
been obtained from light microscope - % or
transmission electron microscope studies. ** While
the concentrations of benzalkonium chloride used
in some of the studies have been close to those
commonly used in commercially-available
eyedrops, the exposure has either been intense
(i.e. 10-15 drops administered over several min-
utes to an hour) or continuous (i.e. the continu-
ous application over many minutes or even immer-
sion of the globe for a few minutes in preservative
agent-containing solution)****3°_ The present stud-
ies provide information on the state of the epithe-
lial surface well after the eyedrops were instilled
and were designed to show that the exfoliation
that can be seen with benzatkonium chloride (or

even chlorobutanol %) is not progressive when just
a couple of drops of the eyedrops are instilled.

The reason for the observed effects is not en-
tirely clear at this time. Several tentative conclu-
sions can however be drawn to provide a basis for
further investigations. The overall lack of cell ex-
foliation seen after recovery from exposure to the
chlorobutanol-preserved eyedrops reflects the
proable fact that the peak exfoliation rate has not
been realized. In a previous study, '* it was ob-
served that, at the same period of time after expo-
sure of the epithelial surface to these eyedrops,
the percentage exfoliating cells was maximal at
some time between 3 and 5 days of twice daily
use. The shift to slightly larger squamous cells pre-
sumably reflects a reduced rate of exfoliation of
squamous cells, at least in the short term. For the
benzalkonium chloride-exposed epithelia, while
little cell exfoliation was evident at 6 hrs after the
last set of eyedrops, the occurrence of higher num-
bers of smaller cells suggests that significant cel-
lular exfoliation had occurred during the period
after the eyedrop instillation; the surface being
viewed by scanning electron microscopy would
thus reflect a newly uncovered layer of cells. !
The kinetics of these changes, over the 6 h pe-
riod, thus need to be studied in more detail both
with the dosage used in these studies and with
more frequent instillation of the eyedrops. The sig-
nificantly reduced numbers of well-formed epithe-
lial craters (epithelial holes) after recovery from
benzalkonium chloride exposure can be taken both
as an indication that the most superficial layer of
cells has been lost after the treatment *' and that
the nature of the tear film and epithelial surface
intercation is immature. '® It remains to be estab-
lished if these craters reflects exocytosis (of intra-
cellular vesicles ') or an ongoing process of en-
docytosis and exocytosis of surface mucin. !®
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