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SUMMARY Human and rabbit corneas were stored at 4°C in K-Sol with and without antioxidants
(ascorbic acid, reduced glutathione, a-tocopherol, and retinol acetate) for two to three weeks. All
the corneas were then examined visually and by scanning electron microscopy. They appeared
clear and slightly oedematous. Scanning electron micrographs were used to grade corneal
endothelial cell morphology in a masked manner in terms of cell shape, cell borders, cell swelling,
and apical holes. Corneas stored in K-Sol without antioxidants showed changes in cell shape, cell
borders, and apical holes. Human corneas showed more morphological changes than rabbit
corneas. The results suggest that antioxidants in K-Sol have an important role in the preservation
of endothelial cell morphology.

K-Sol corneal preservation medium allows better
long-term storage of corneas than storage in
McCarey-Kaufman (M-K) medium.'" Chondroitin
sulphate, the major component of K-Sol, acts as an

antioxidant5 apart from its role in maintaining
osmolality. Lipid peroxides are known to cause
considerable damage to membranes by altering their
structural and functional components.6 Since the
maintenance of endothelial cell viability is the most
important consideration in long-term preservation of
Correspondence to Professor Roger W Beuerman, LSU Eye
Center, 2020 Gravier Street, Suite B, New Orleans, Louisiana,
USA.

corneas, we have undertaken the present studies to
understand the effect of antioxidants in K-Sol on the
morphology of endothelial cells.7

Materials and methods

K-Sol corneal preservation medium was prepared as

described previously34 or obtained from Cilco, Inc.
(Bellevue, Washington). The quantities of anti-
oxidants in K-Sol were as follows: ascorbic acid, 0-28
FiM; a-tocopherol phosphate, 0*02 FM; vitamin A
acetate, 0-43 FM, and reduced glutathione,
0-16 FiM. K-Sol without antioxidants was prepared

Table 1 Details ofhuman corneas stored in K-Sol

Age Cause ofdeath Time of Eye Days stored Days stored Visual appearance
(years) enucleation in K-Sol in K-Sol

with without
antioxidants antioxidants

85 Vascular insufficiency 2 hr 45 min OD 18 - Clear and slightly oedematous
OS 3* 15

80 Acute renal failure 1 hr OD 4* 14 Clear and slightly oedematous
OS 18 -

69 Renal failure 2 hr 15 min OD 16 - Clear and slightly oedematous
OS 2* 14

72 Respiratory arrest 11 hr52 min OD 4* 14 Clear and slightly oedematous
OS 18 -

40 Malignant melanoma 2 hr 50 min OD 17 - Clear and slightly oedematous
OS 3* 14

*Received from eye bank in standard K-Sol (with antioxidants) and then transferred to K-Sol without antioxidants in our laboratory.

803

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://bjo.bm

j.com
/

B
r J O

phthalm
ol: first published as 10.1136/bjo.73.10.803 on 1 O

ctober 1989. D
ow

nloaded from
 

http://bjo.bmj.com/


804 TSanjeeva Reddy, Emily D Varnell, Roger W Beuerman, Nicolas C Bazan, and Herbert E Kaufman

Fig. ID

Fig. I Rabbit corneal endothelial cells after 14 days ofstorage in K-Sol. Corneas stored in K-Sol with (A and B) and without
(C and D) antioxidants (a-tocopherol, ascorbic acid, retinol acetate, and reduced glutathione). (Scanning electron
microscopy; A and C, x 160; B and D x800).

from custom-made medium 199 without ascorbic
acid, cc-tocopherol, retinol acetate, or reduced
glutathione (Gibco Laboratories, Grand Island, New
York).

Six New Zealand white rabbits weighing 4 to 6 kg
each were used. The rabbits were killed by an
overdose of pentobarbital. The eyes were enucleated
and washed with normal saline. Corneas with a
narrow scleral rim were obtained. The time between

the death of the rabbits and the use of the corneas did
not exceed 2 hours. The corneas were washed with
balanced salt solution and then transferred into
K-Sol. One cornea from each rabbit was stored at 40C
in K-Sol with antioxidants and the other cornea in K-
Sol without antioxidants. Four corneas from each
group were removed after 14 days of storage, washed
with balanced salt solution, examined visually, and
processed for scanning electron microscopy. The
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Endothelial cell damage in human and rabbit corneas stored in K-Sol without antioxidants

Table 2 Morphological characteristics ofendothelium ofcorneas stored in K-Sol

Species Days of n Antioxidants Cell Cell Cell Apical Total
storage shape borders swelling holes morphological

grade

Human 16-18 5 + 1 88(0-13) 1.50(0-00) 1 50±0 00 1-75(0.14) 1.66((0-06)
14-15 5 2.63 (0.13)* 3-00 (0-20)* 1 50±0 00 3-50 (0.20)* 2.66 (0.09)*

Rabbit 14 4 + 1 50(0 20) 1.50(0-00) 1 50+0 29 1.50(0.20) 1.50(0.16)
14 4 1.83(0.17) 2-00(0.00)* 1-67±0 17 3.33(0-17)* 2.21(0.11)*

Rabbit 21 2 + 2-00 2.00 2-00 2 50 2 13
21 2 300 300 200 350 2288

Morphological characteristics of endothelial cells of corneas stored in K-Sol were graded from 1 to 4 using scanning electron micrographs
taken from centre of the cornea. Values are mean with standard error of the mean in parentheses. The details of grading are explained in the
'Methods and materials' section. Values marked with asterisks are significantly different from values obtained for corneas stored in K-Sol
with antioxidants (p<001 by Student's t test).

remaining corneas were processed similarly after 21
days of storage.

Five pairs of human corneas were obtained from
different eye banks round the country (Table 1). The
human corneas had been stored in K-Sol (with
antioxidants) by the eye banks for two to four days
for preservation during transport. On arrival at the
Eye Center the corneas were washed with balanced
salt solution. One cornea from each pair was stored
in K-Sol with antioxidants and one in K-Sol without
antioxidants. The corneas were removed from stor-
age after 14 to 15 days, washed, examined visually,
and processed for scanning electron microscopy.

For scanning electron microscopy the corneas
removed from K-Sol medium were washed with
balanced salt solution and transferred into fixative
solution (1% paraformaldehyde and 2-5% glutaral-
dehyde in 0-1 M sodium cacodylate buffer, pH 7-4)
and stored at 40C for 3 hours. After further dissection
the fixed corneas were incubated in an isotonic buffer
solution (0.1 M sodium cacodylate buffer, 0-5%
sucrose) overnight at 40C. After postfixation in
1% osmium tetroxide in 0-1 M sodium cacodylate
buffer (pH 7.4) and ethanolic dehydration, the
specimens were further processed for scanning
electron microscopy.2

Corneal endothelial cell damage was quantified in
a masked fashion from scanning electron micro-
graphs of the centre of the cornea at magnifications of
x200, x500 and x1000. A scoring system was used
for grading cell shape, cell borders, cell swelling, and
apical holes in the cell. Cell shape was graded from
1 (normal hexagonal shape) to 4 (irregular pleo-
morphic cells). Cell borders were graded from 1
(borders with no irregularities and interdigitations)
to 4 (irregular borders with prominent interdigita-
tions). Cell swelling was graded from 1 (flat cells
without swelling) to 4 (marked swelling). Apical
holes on the endothelial cell surface were graded

from I to 4: 1, 0% holes; 2, 10-20% holes; 3, 40-50%
holes; and 4, 70-100% holes. The mean of the sum of
all these measurements was termed the total morpho-
logical grade.

Results

Human and rabbit corneas stored in K-Sol with and
without antioxidants for 14 to 21 days were clear but
slightly oedematous on visual examination. Rabbit
corneas stored in K-Sol without antioxidants for 14
days showed significantly higher numbers of endo-
thelial cell apical holes than corneas stored in K-Sol
with antioxidants, as shown by scanning electron
micrographs (Fig. 1, Table 2). When the storage was
prolonged to 21 days, endothelial cell shape and cell
borders were more significantly distorted and apical
holes were more numerous in corneas stored in K-Sol
without antioxidants than in corneas stored in
K-Sol with antioxidants (Fig. 2, Table 2).
Human corneas stored for a total of 16 to 18 days

(including transportation time) in K-Sol with anti-
oxidants showed only minor changes in endothelial
cell shape, cell borders, swelling, and apical holes
(Fig. 3, Table 2). In contrast, human corneas stored
for two to four days in K-Sol with antioxidants
(during transportation by the Eye Bank), followed by
14 to 15 days in K-Sol without antioxidants in our
laboratory, showed significant changes in endothelial
cell shape, cell borders, and apical holes (Fig. 3,
Table 2).

Discussion

The present investigation shows that the lack of
antioxidants (ascorbic acid, a-tocopherol, retinol
acetate, and reduced glutathione) in K-Sol results in
considerable damage to the endothelial cells. The
damage seems to be greater in human corneas than in
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Fig. 2A

Fig. 2C Fig. 2D

Fig. 2 Rabbit corneal endothelial cells after 21 days ofstorage in K-Sol. A and B: corneas stored in K-Sol with antioxidants.
C and D: corneas stored in K-Sol without antioxidants. Scanning election microscopy: A and C. x 160: B and D, x8X().

rabbit corneas. The amount of damage may depend
on the levels of antioxidants in individual corneas and
the presence of various ions and other metabolites
that increase or decrease lipid peroxidation. The
levels of antioxidants in K-Sol (a-tocopherol,
0-02 FtM; retinol acetate, 0-43 [tM; ascorbic acid,
0-28 FtM; and reduced glutathione, 0-16 [M) are
low. Recent studies indicate that the concentrations
of ascorbic acid8 and ct-tocopherol' required to cause

significant inhibition of arachidonic acid oxidation
range from 10 A to 10-4 M. Further, the chemical and
metabolic fate of added antioxidants in the medium,
which may influence the viability of corneal endo-
thelium, is not yet clear. For example, Edelhauser
and others"' reported that the ratio of oxidised
to reduced glutathione in K-Sol is important in
maintaining endothelial cell structure and function.
Although the levels of glutathione in M-K medium
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Fig. 3A Fag. 3B

Fig. .*

Fig. 3 Human corneal endothelial cells after 16 days ofstorage in K-Sol. The corneas had been stored in K-Sol with
antioxidants for two days by the eye banks from which they were obtained. On arrival in our laboratory the corneas were
washed and transferred one each into K-Sol wit/i antioxidants (A and B) and K-Sol without antioxidants (C and D).
The corneas were removedfrom storage 14 days later and processed for scanning electron microscopy. (A and
Co x160; Band D x800).

were not in the detectable'range, the endogeneous
levels of glutathione in the endothelium of corneas
stored in M-K medium did not show significant
change over 14 days of storage. 'These authors"' also
reported that the amount of oxidised glutathione,
which is toxic to endothelium, decreased from 12-6%
in fresh corneas to 4-0% in corneas stored in M-K

medium for 14 days. Since K-Sol contains compon-
ents essentially similar to those in M-K medium,
except for the 5% dextran in M-K medium which is
replaced with 2-5% chondroitin sulphate in K-Sol, it
is reasonable to assume that most of the glutathione
may remain in reduced form.

Although it is clear that antioxidants are necessary
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for the preservation of endothelial cell morphology in
corneas stored in K-Sol medium, the relative import-
ance and optimum levels of various antioxidants are
not known. Future studies are needed to define the
role of particular antioxidants and the optimum
levels of these substances to preserve corneal endo-
thelial cells during long-term storage in preserving
media such as K-Sol.

This work was supported in part by Public Health Service grants
EY02580, EY04074, and EY02377 from the National Eye Institute,
National Institutes of Health, Bethesda, Maryland.
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