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Factors affecting bovine comeal endothelial cell
density in vitro
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Abstract
Aims-To examine factors influencing the
density and contact inhibition of bovine
corneal endothelial cells cultured in vitro.
Methods-Cell counts were performed on
bovine corneal endothelial cells cultured
for various times in the presence of 10%
fetal calf serum, with or without varying
concentrations of growth factors, 5°/l
dextran T-500, or 2% chondroitin sul-
phate, at 32°C or 370C, and after treat-
ment with [ galactosidase.
Results-Both basic fibroblast growth
factor (FGFb) and retinal crude extract
(RCE), but neither epidermal growth
factor (EGF) nor acidic fibroblast growth
factor (FGFa), increased endothelial cell
density in vitro (p<0.05). Continuous
exposure to RCE resulted in a higher cell
density than did a 24 hour pulse (p<001),
and higher cell densities were achieved at
37°C than at 32°C (p<0000l). In the
absence of RCE, dextran T-500 increased
cell density modestly (p<0*05); in the
presence of RCE, the addition of dextran
T-500 had no effect on final cell density,
whereas chondroitin sulphate signifi-
cantiy decreased final cell density
(p<00l). In the absence of exogenous
growth factors, [ galactosidase treatment
resulted in a 50°/ increase in final cell den-
sity compared with controls (p<0000l).
Conclusions-Bovine corneal endothelial
cell growth can be augmented under
conditions different from those used in
corneal preservation systems. The final
cell density in a confluent monolayer can
be increased by treatment with [3 galac-
tosidase, suggesting that corneal endo-
thelial cells may be contact inhibited
through a [3 galactosidase sensitive recep-
tor system.
(BrJ Ophthalmol 1996; 80: 256-262)

Department of
Ophthalmology,
Flinders University of
South Australia,
Adelaide, South
Australia, Australia
EW Johnstone
H C Wong
D J Coster
KA Williams

Correspondence to:
Dr K A Williams,
Department of
Ophthalmology, Flinders
Medical Centre, Bedford
Park, SA 5042, Australia.
Accepted for publication
30 November 1995

Donor corneas invariably exhibit a degree of
storage associated endothelial cell damage and
it would be useful to initiate corneal endothe-
lial cell replication by appropriate in vitro
manipulations, before transplantation. Extra-
cellular matrix components and soluble growth
factors have been observed to influence the
replication of corneal endothelium in vitro,l1
and growth factors have been used to promote
epithelial and endothelial cell mitosis and
corneal wound repair.5-7
The stimulatory effects of growth factors

have usually been examined at 37'C in well
defined serum free medium or medium con-

taining very low levels of fetal calf serum

(FCS). Components such as colloidal osmotic
agents that are frequently added to corneal
storage media are generally absent. In eye
banks, donor corneas are usually stored at 4°C
or 31-34°C, depending upon the type of
medium employed. Media designed for
corneal storage at 4°C contain colloidal
osmotic agents, whereas media used at
31-34°C contain both colloidal osmotic agents
and FCS.8
Human corneal endothelium may fail to

undergo mitosis in vivo because essential
growth factors may be locally absent within the
microenvironment of the corneal endothelial
cell. However, contact inhibition may also
reduce the likelihood of endothelial cell divi-
sion. The molecules responsible for control of
contact inhibition are probably membrane
bound glycoproteins possessing a terminal
[ glycosidically linked galactose that is critical
for growth inhibition.9-12 It has previously
been demonstrated that the culture of human
fibroblasts in the presence of [ galactosidase
increases cell proliferation rates and results in a
twofold higher final cell density.13

In this study, we examined the effects of
factors with the potential to influence corneal
endothelial cell density. In particular, we inves-
tigated the effect of addition of growth factors
and colloidal osmotic agents and the influence
of incubation temperature and 3 galactosidase
treatment on the density of bovine corneal
endothelial cells grown in vitro as monolayer
cultures in FCS supplemented RPMI 1640
medium. The goal was to identify conditions
under which corneal endothelial cell density
might be increased in preconfluent and con-
fluent cultures and to examine the role, if any,
of contact inhibition in influencing cell density.

Materials and methods

ISOLATION AND CULTURE OF BOVINE CORNEAL
ENDOTHELIAL CELLS
Bovine eyes were obtained from local abattoirs.
Eyes were immersed for 5 minutes in povidone
iodine Johnson and Johnson, North Ryde,
NSW, Australia) and rinsed three times in
0-9% weight/volume (w/v) normal saline.
Corneas were dissected from the globes 2 mm
anteriorly of the limbus. Each cornea was
placed epithelial-side down and HEPES RPMI
1640 medium (ICN Biochemicals, Seven
Hills, NSW, Australia) supplemented with
10% volume/volume (v/v) FCS, 2 mM L-glut-
amine, 100 units/ml penicillin, and 100 ,ug/ml
streptomycin sulphate, hereafter referred to as
HRPMI-10%, was placed into the corneal cup.
Corneal endothelium was removed using a
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gentle scraping action with an olive tipped
spatula. The suspension containing corneal
endothelial cells was passed several times
through the orifice of a pasteur pipette to break
up cell sheets. Isolated cells from five corneas
were then cultured in a 25 cm2 flask (Costar,
Cambridge, MA, USA) in HRPMI-10%.
Culture medium was replaced weekly. Cell
purity was assessed at the microscope:
endothelial cells were identified on the basis of
their distinctive 'cobblestone' appearance.
Multiple separate isolations were performed.
Endothelial cells were always used at the first
subculture after the primary isolation.

SURFACE COATING OF CLUSTER PLATES
Cluster plates (Costar, Cambridge, MA, USA)
were incubated with 0005/o w/v human
plental acid soluble collagen type IV (Sigma
Chemical Company, St Louis, MO, USA) in
0O 1 M acetic acid for 2-3 hours at 32°C. The
coating solution was then aseptically removed
and the cluster plates were dried overnight.

MEASUREMENT OF ENDOTHELIAL CELL
DENSITY
Bovine endothelial cells (2X 104/well) were
seeded on to collagen coated 25 well plates.
Cells were then cultured under varying condi-
tions depending on the experiment, using
HRPMI-10%. For investigations on the effect
of growth factors on endothelial cell density,
non-confluent cultures were used. For all other
experiments, confluent cultures were used.
Cells were harvested from wells by trypsin
digestion and counted in a haemocytometer.
Viability was assessed by trypan blue staining.
The cell counts were converted to viable
cells/mm2 based on culture vessel surface area.
Mean cells/mm2 plus or minus 1 standard
deviation (SD) were calculated from four to
five replicate wells.

GROWTH FACTORS
Murine submaxillary gland epidermal growth
factor (EGF) was obtained from Sigma
Chemical Co, St Louis, MO, USA. Bovine
brain acidic fibroblast growth factor (FGFa)
and human recombinant basic fibroblast
growth factor (FGFb) were obtained from
Boehringer Mannheim GmbH (Mannheim,
Germany). A crude extract of retina was pre-
pared from retinas harvested from bovine eyes
removed within 8 hours of death. Retinas were
placed in Dulbecco's A phosphate buffered
saline supplemented with 0-2% w/v glucose
(1 ml/retina), incubated at room temperature
for 2 hours and centrifuged at 400 g for 10
minutes. The supernatant retinal crude extract
(RCE) was removed and stored in aliquots at
-80°C. RCE was filtered through a 0-22 ,um
filter immediately before use.

EFFECTS OF GROWTH FACTORS ON CELL
DENSITY
The experiments on the influence of growth

factors on endothelial cell density were per-
formed on preconfluent cultures. Cells were
incubated for 7 days at 37°C in supplemented
HRPMI-10%, before the addition of growth
factors. Concentrations of growth factors were
chosen to span ranges that had previously been
found to induce mitosis of comeal endothelial
cells in vitro.3 7 Cells were then incubated with
growth factors for a further 7 days, at which
time the number of viable cells/well was deter-
mined as a measure of density.

ANALYSIS OF INCUBATION TEMPERATURE ON
CELL DENSITY
Bovine corneal endothelial cells were grown in
24 well plates (Costar, Cambridge, MA, USA)
using HRPMI-10% until cells were confluent.
Fresh HRPMI-10% was then added to one
third of the wells. RCE supplemented
HRPMI-10% (40 ,ul RCE/ml) was added to a
further one third of wells for 24 hours only,
after which the medium was replaced with
HRPMI-10%. RCE supplemented HRPMI-
10% was added to the final one third of wells
for the entire experiment. Medium was
replaced weekly. Plates were set up in dupli-
cate: one plate was incubated at 32°C and the
second plate at 37°C. The plates were then
incubated for 25 days before cell densities were
determined.

ANALYSIS OF COLLOIDAL OSMOTIC AGENTS ON
CELL DENSITY
Bovine corneal endothelial cells were grown in
24 well plates (Costar, Cambridge, MA, USA)
in HRPMI-10% until they reached confluency.
One third of wells was supplemented with 2%
w/v shark/whale chondroitin sulphate grade 3
(Sigma Chemical Company, St Louis, MO,
USA). One third was supplemented with 50/O
w/v dextran T-500 (Pharmacia, Uppsala,
Sweden). The final one third received unsup-
plemented medium. Half of each group also
received RCE (40 RI/ml). Cell densities were
determined after incubation for 7 days at
370C.

TREATMENT WITH 3 GALACTOSIDASE
After bovine comeal endothelial cell cultures
had reached confluency in HRPMI-10%, the
medium was replaced and half of the wells
were supplemented with 40 pl/ml retinal crude
extract. The medium was replaced 24 hours
later with 200 ,l of fresh serum free HRPMI.
The enzyme P3 galactosidase (Escherichia coli
grade VIII, Sigma Chemical Co, St Louis,
MO, USA) at 3-2 units/well was added to half
of the wells previously either treated or
untreated with RCE. Cultures were incubated
for 6-5-8 hours at 37°C, after which the
medium was replaced with fresh HRPMI-
10%. Cell density was determined after in-
cubation for 7 days at 37°C.

STATISTICAL ANALYSES
Data from all groups of experiments were
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analysed together by three way analysis of vari-
ance, the variables being temperature of incu-
bation, exposure to RCE and the individual
experiment, or exposure to colloidal osmotic
agent, exposure to RCE and the individual
experiment, depending on which variables
were being tested. Once a treatment was found
to be significant, internal significance was
determined by the Newman-Keuls multiple
range test.'4

Results

INFLUENCE OF GROWTH FACTORS ON CELL
DENSITY
The influence of RCE, EGF, FGFa, and
FGFb on the growth of bovine corneal
endothelial cells is shown in Figure 1. Because
preliminary experiments had demonstrated
that higher cell densities were achieved on
plates coated with collagen type IV rather than
on gelatin or on uncoated plates (data not
shown), all experiments were performed with
collagen coated plates. Of cells initially seeded
into each well, 10-16% had attached at 24
hours; unattached cells were washed away
when the medium was changed.
RCE at concentrations of 20-80 [Ii/ml

induced significantly higher cell densities
(measured by cells/mm2) than were found in
control wells without RCE (p<0 05); RCE at
40 ,uA/ml was used thereafter as a positive con-
trol in all experiments (p<0.01 compared with
negative controls). RCE produced no visible
changes in endothelial cell morphology at any
concentration examined.

Neither EGF (0-50 ng/ml) nor FGFa (0-50
ng/ml) had any significant effect on final cell
density in the presence of 10% FCS (Fig 1),
p>0 05, although EGF did induce fibroblastic
morphological changes in endothelial cells at
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Figure 1 Bovine corneal endothelial cell density (cells/mm2) after culture for 7 days at
37°C with different concentrations ofRCE (representative of three experiments), FGFb
(representative of three experiments), FGFa (representative of three experiments), and
EGF (representative oftwo experiments). RCE at 40 p1/ml was used as positive controlfor
titrations ofFGFb, FGFa, and EGF. Error bars signify plus or minus 1 standard
deviation.

concentrations above 10 ng/ml. Cell con-
fluency was not achieved in these cultures over
the time frame of the experiment, with cell
densities always less than 75 cells/mm2. In con-
trast, FGFb consistently induced cell densities
that were significantly higher than those in
control wells (p<0.05). However, cells grown
in medium supplemented with FGFb at con-
centrations of greater than 25 ng/ml often
developed a fibroblastic appearance (Fig 2).
The pooled cell density data from all titration
experiments using FGFb were separated into
two groups: one composed of values from
wells that received FGFb at concentrations
that did not induce morphological changes
(<25 ng/ml), and the second of values from
wells that received FGFb at concentrations
that did result in morphological changes
(>25 ng/ml). FGFb concentrations of -25
ng/ml resulted in cell densities that were not
significantly different from the densities
obtained in the absence of growth factor
(p>0 05). There was no significant difference
(p>0.05) in the percentage increase in cell
densities achieved between the RCE group
(40 RIl/ml) and the >25 ng/ml FGFb group.

EFFECT OF DURATION OF EXPOSURE TO RCE
A 35 day time course experiment was per-
formed, to investigate the effect of continuous
exposure to RCE compared with a 24 hour
pulsed exposure (Fig 3). Endothelial cell den-
sity reached a peak at 10-15 days, irrespective
of whether RCE was present or absent.
However, cultures continuously exposed to
RCE peaked at cell densities (mean cell density
(SD) = 547 (184) cells/mm2) that were signifi-
cantly higher than the levels reached by
cultures pulsed with RCE for the first 24 hours
only (mean cell density (SD)=288 (114)
cells/mm2) or the levels in the negative control
cultures (mean cell density (SD)= 104 (65)
cells/mm2), p<OOl.

INTERACTION BETWEEN TEMPERATURE AND
DURATION OF EXPOSURE TO RCE
Cultures were exposed for the first 24 hours
only, or continuously exposed to RCE over 25
days (twice as long as was required for cell
densities to peak in the previous experiment) at
either 32°C or 37°C (Fig 4). Control cultures
were not exposed to RCE. Both duration of
exposure to RCE and the temperature of incu-
bation significantly influenced final cell density
(p<0-01 and p<0-0001, respectively), but
there was no interaction between the two vari-
ables (p=0 12). Specifically, incubation at
37°C resulted in a significant increase in cell
density compared with incubation at 320C,
independent of RCE exposure time
(p<0-0001). When data from all experiments
(n= 5) were pooled, pulsed treatment with
RCE produced higher cell densities (24%
increase at 32°C; 36% increase at 37°C) than
were obtained in the respective control wells
(p<00 1 for each temperature). Likewise con-
tinuous exposure to RCE resulted in higher
cell densities again (95% increase at 32°C;
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Figure 2 Morphology of bovine corneal endothelial cells grown (A) in the presence of
25 ng/ml FGFb, or (B) in the presence of 40 ul/ml ofRCE. Fibroblastic changes are

apparent in (A), whereas the cells in (B) have a normal appearance.
Magnification X51O0.

79% increase at 37°C), and these were statisti-
cally significantly different from both the con-

trol (p<001) and the RCE pulsed (p<0-01)
treatment groups.

EFFECT OF COLLOIDAL OSMOTIC AGENTS ON
CELL DENSITY
Cultures of comeal bovine endothelium were

incubated in HRPMI-10% supplemented with
5% (w/v) dextran T-500 or 2% (w/v) chon-
droitin sulphate. Analysis of all experiments
(Fig 5) showed that the choice of osmotic
agent had a significant effect on final cell
density (p<0 0001). A significant interaction
was also observed between the colloidal
osmotic agents and RCE (p=0 005). When no

RCE was added, final cell densities were

dependent on the colloidal osmotic agent to a

lesser extent than when RCE was present. In
the absence of RCE, the addition of chon-
droitin sulphate to the medium had no signifi-
cant effect on the final cell density, compared
with controls, whereas the addition of dextran
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Figure 3 Effect of duration of exposure to RCE. Bovine
corneal endothelial cells were culturedfor 0-35 days at
37°C. RCE (40 ,ul/ml) was present: (A) continuously,
(B) for 24 hours at the outset only, or (C) never. Error
bars signify plus or minus 1 standard deviation.

T-500 resulted in a modest increase in final
cell density compared with cultures where
either no colloidal osmotic agent was added
(21% increase, p<005) or chondroitin sul-
phate was added (31% increase, p<0 01).

In the presence of RCE, final cell densities
were also dependent upon the colloidal
osmotic agent. The addition of dextran T-500
to the medium resulted in no significant differ-
ence in final cell density compared with cul-
tures to which no colloidal osmotic agent was
added (p>0 05). However, the addition of
chondroitin sulphate resulted in a significant
decrease in final cell density, compared with
cultures where either no colloidal osmotic
agent was added (45% decrease, p<001) or
dextran T-500 was added (40% decrease,
p<0-0l).

TREATMENT OF CORNEAL ENDOTHELIAL CELLS
WITH P3 GALACTOSIDASE
Results from five experiments in which con-
fluent corneal endothelial cultures were treated
with 1 galactosidase, with or without RCE,
were analysed (Fig 6). In the absence of RCE,
a galactosidase treatment resulted in a 50%
increase in final cell density (p<0 0001). In the
presence of RCE, enzyme treatment did not
increase cell density significantly compared
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Discussion
Our aim waE

ships among

bovine corme
were selectec
shown to sti

corneal endothelial cells in vitro.15 EGF has
m 320C also been demonstrated to stimulate human
1

370C corneal endothelial cell mitosis'6 and is used as
an additive in some corneal storage media.'7
FGFa was not expected to affect endothelial
cell density and was selected as a negative
control. RCE, a well established general cell
growth promoting agent,'8 19 was initially
chosen as a positive control. Chondroitin sul-
phate, dextran T500, and FCS in differing
combinations and at varying concentrations

introl Pulsed Continuous are components of currently formulated
corneal storage media. Because we were inter-

oftempertrCeeosinuretionanested in maximising the rate of cell growth, we
Fof temperature of incubation and the
5ure to RCE on cultured bovine endothelial incubated cultures at 32°C (the temperature
swere never exposed to RCE ('control), commonly used for organ culture of human
ours only (pulsed'), or exposed donor comeas) and also at 37°C. The latter
)ntinuous9. Data are representative offive was chosen in the knowledge that human, cat,
or bars signifypuormnsItaddvyplus or minus 1 standd

and bovine comeal endothelial cells survive at
least short term culture at this temperature'5 16
and on the premise that cell growth might be
enhanced. Cells were treated with , galacto-
sidase in an attempt to circumvent contact
inhibition.
Our main findings were, firstly, that both

human recombinant FGFb and RCE but
neither EGF nor FGFa produced significant
increases in bovine endothelial cell numbers
over the experimental time frame when added
to preconfluent cultures incubated in serum
containing medium. FGFb is reportedly active

edium Dextran Chon SO4 at concentrations of 0O1 ng/ml and is maxi-
Colloidal osmotic agent mally effective at 100 ng/ml.3 We observed

of5% w/v dextran T-SOO (dextran), 2% mitogenic activity at concentrations above 25
sulphate (Chon SO4), or medium without ng/ml, but these concentrations also produced
agent (medium) on bovine corneal unwanted morphological changes that were
fensity at 7 days, in the absence (solid bars) nwt edmorhologica chngesthat wr
ched bars) ofRCE. Data are representative not observed with active concentrations of
its. Error bars signify plus or minus 1 RCE. Secondly, exposure of confluent
,on. endothelial cell cultures to RCE for even rela-

tively short periods increased cell density,
although the effect was more marked as expo-
sure time lengthened. The use of confluent
cultures in these experiments was designed to
mimic the situation of a damaged comeal
endothelium, in which large, irregular cells are,
none the less, present in an intact monolayer.
Thirdly, in the presence of active concentra-
tions of growth factors, endothelial cell density
was always greater at 37°C than at 32°C.
Fourthly, whereas dextran T-500 appeared

al- f gal+ 3 gal- ,B gal+ stimulatory for corneal endothelial cells in the
absence of RCE and had no particular effect in

Trcomeatmendothwithdenztyme its presence, chondroitin sulphate actually
ne corneal endothelial density following aperdihbtyinhersncofRE
rlactosidase and/or retinal crude extract. appeared inhibitory in the presence of RCE.
Iial cells were incubated in the absence or Finally, achievement of higher endothelial cell
(solid or hatched bars, respectively) to a densities after a brief treatment with the

cy. Half the cultures were treated with 83 enzyme ,B galactosidase suggested that contact
3 gal+ ), whereas the others were untreated inhibition was mediated through a 3 galacto-ta are representative offive experiments.
y plus or minus 1 standard deviation. sidase sensitive linkage.

Neither EGF nor FGFa increased comeal
~d controls: the effects ofRCE and endothelial cell densities in FCS containing
ise were not additive (p=0 2 1). cultures. Confluency was not achieved over the

duration of these experiments, indicating that
any potential mitogenic stimulus was not being
confounded by the attainment of contact in-

s to investigate the inter-relation- hibition. Considering the existing literature in
> factors affecting the growth of which EGF has been shown to promote wound
!al cells in vitro. FGFb and EGF healing,'5 16 these results were somewhat
I for study because both have been unexpected. EGF has previously been shown
imulate DNA synthesis in bovine to be active at 0 01 ng/ml and saturable at
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10 ng/ml.3 In retrospect, we cannot be certain
that EGF was active in our experiments.
However, at levels above 10 ng/ml, it induced
the morphological changes towards spindle-
shaped cells described by others.20 It is unlikely
that serum concentrations of EGF masked
effects on cell density in our experiments. The
normal concentration ofEGF in adult serum is
about 700 pg/ml.21 The EGF in the 10% FCS
used to supplement the medium in our experi-
ments might thus have contributed an addi-
tional 0 07 ng/ml to the exogenous levels we
employed. Even so, this concentration was
not high enough to induced morphological
changes in control cultures. Existing evidence
suggests that EGF acts synergistically with an
unknown factor (or factors) present in
serum.16 We cannot exclude the possibility
that our serum source was deficient in an
unknown mitogenic factor, and that the EGF
was able to affect cell morphology in the
absence of this factor, but unable to drive cell
division. Little information is available from
other sources on the effects of FGFa on
comeal endothelial cell density.
RCE was the most effective growth promot-

ing substance studied. The longer that cells
were cultured with RCE, the greater the cell
densities that were obtained, but even treat-
ment for 24 hours induced a significant effect.
Because Sperling and his co-workers have
demonstrated that more damage is induced to
the endothelia of whole human corneas in-
cubated at 37°C than at temperatures at (or
below) 340C,22 temperatures in the standard
organ culture systems used for the preservation
of human corneas are 31-34°C. Although
greater endothelial cell densities were obtained
when cultures were incubated at 37°C than at
32°C, a positive (albeit weak) effect was still
noted at 32°C.

Colloidal osmotic agents are often incor-
porated into corneal storage media to control
corneal hydration. The effects of these agents
on the endothelium of undamaged comeas
have been investigated previously.8 23-26
Because corneal endothelial cells take up
dextran T-500 into cytoplasmic vacuoles,23 we
considered that this substance might interfere
with cellular events such as mitosis. However,
dextran did not influence the final cell density
achieved in the presence of RCE and actually
was slightly stimulatory in its absence.
Chondroitin sulphate, in contrast, was found
to reduce final cell density in the presence of
RCE. The reason for this antiproliferative
activity is unclear: possibly, chondroitin sul-
phate binds or inactivates exogenous growth
factors. Interestingly, cell density was not
affected as strongly by chondroitin sulphate
when RCE was absent. The effect of chon-
droitin sulphate on endothelial mitosis varies
according to the species, model, and growth
factor examined. Lin et al27 investigated the
effect of the addition of chondroitin sulphate
and FGF on damaged pig corneal endothelial
of corneas maintained in organ culture. FGFb
by itself had no effect. Addition of 1% chon-
droitin sulphate resulted in a significantly
increased endothelial cell density when

compared with controls, although the addition
of chondroitin sulphate, FGFb, and 10% FCS
to the corneas had no stimulatory effect on
endothelial cell density. Lee et al investigated
the effect ofEGF and chondroitin sulphate on
organ cultured pig comeal endothelium.28
Chondroitin sulphate at 25 mg/ml was found
to retard endothelial cell growth. EGF report-
edly antagonised the inhibitory effect of chon-
droitin sulphate, although no statistics were
presented in support. The origin of the chon-
droitin sulphate used may be of importance in
trying to reconcile different experimental data.
Shark chondroitin sulphate is differently sul-
phated from chicken or bovine chondroitin
sulphate29 and it is conceivable that differences
in sulphation may be responsible for differ-
ences in results, as sulphation has been
implicated in growth factor binding to glycos-
aminoglycans.30 Additional sources of varia-
tion may relate to the method by which a cell
culture is supplemented with chondroitin
sulphate and to the final concentration used.
Incorporation of chondroitin sulphate into the
substrate on which endothelial cells are grown,
or addition of low levels (0'08% w/v final con-
centration) of this agent to the culture
medium, have both been reported to promote
endothelial cell proliferation.3'

It has been suggested that the glycoprotein
responsible for contact inhibition has a
terminal c glycosidically linked galactose that
is critical for growth inhibition.32 In addition, it
has been shown that cell culture in the pres-
ence of ,B galactosidase or the lectin Bandeiraea
simplicifolia, which cleave or bind terminal
galactose residues respectively, increases cell
proliferation rates.32 We hypothesised that
corneal endothelial cells might be contact
inhibited through the same a galactosidase
sensitive mechanism that operates for other
cells such as human fibroblasts.12 Treatment
with a galactosidase did, in fact, increase
bovine corneal endothelial cell density to a
significant extent compared with untreated
controls and we suggest that confluent cultures
of comeal endothelial cells may be contact
inhibited through a similar 1 galactosidase sen-
sitive receptor ligand system. 1 galactosidase
treatment and treatment with RCE were
neither synergistic nor additive in our exper-
iments, but the concentration of, and exposure
time to, the enzyme were fixed and it may
be possible to induce higher endothelial cell
densities under differing conditions.

All our experiments were performed in
RPMI 1640 medium containing 10% v/v FCS.
Comeas preserved in organ culture systems
have generally been incubated in Eagle's mini-
mal essential medium (MEM), supplemented
variously with 2%,8 33 5O/%,34 10%,35 36 or
20%22 v/v FCS, while 4°C preservation sys-
tems have usually been based on MEM,
Medium 199 (TC 199), or mixtures of these
media.37 38 RPMI 1640, a medium developed
for the culture of human cells, is quite similar
to MEM although the former has additional
amino acids and other components not present
in the latter and the concentrations of some
constituents do vary. RPMI 1640 clearly
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supported growth of bovine corneal endo-
thelial cells in vitro. We chose a moderately
high concentration of FCS to maximise cell
growth while remaining with the range used by
other workers.

In conclusion, our data suggest that the
optimal conditions for induction of increased
corneal endothelial density are not those that
are optimal for the maintenance of a viable
cornea during storage. None of the stratagems
examined is likely to be of any benefit in 4°C
storage systems and in particular, none of the
purified growth factors tested would appear to
be potentially useful supplements for corneal
storage media at any temperature. Contact
inhibition of corneal endothelial cells may be
one explanation for the generally disappointing
effects of exogenous growth factors on these
cells. However, RCE is an effective18 if poorly
characterised growth promoting agent known
to contain a cocktail of growth factors'9 and is
effective at increasing endothelial cell density
to a small but significant extent at 32°C after
relatively short exposure times. Our data are
also consistent with the possibility that it may
reduce the contact inhibition normally exhib-
ited by corneal endothelial cells. Furthermore,
RCE is effective in serum containing medium
and in the presence of the colloidal osmotic
agent dextran T-500. Addition of RCE to
corneal storage media is clearly unacceptable
because of the inherent dangers of transmis-
sion of infectious agents. However, investi-
gation of mixtures of defined growth factors
may prove a fruitful approach for the future,
especially given that we have demonstrated
that the final endothelial cell density in a con-
fluent monolayer can be increased by factors
capable of overcoming contact inhibition.
We thank Ms Sue Taylor for expert statistical assistance and Dr
Monica Berry for helpful advice on comeal endothelial cell
culture. This work was supported by the NH&MRC, Flinders
2000 and the Lions Eye Care and Research Foundation.
Dr Johnstone is currently affiliated with the Department of

Orthopaedic Surgery, Adelaide Women's and Children's
Hospital, Adelaide, South Australia, Australia.
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