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SUMMARY

1. The structural integrity of the cornea is maintained by an active
fluid transport system which depends on metabolism. Experiments were
designed to establish the respiratory activity of each corneal layer.

2. A rapid micropolarographic technique was used to determine the
oxygen consumptions of the individual layers of the rabbit cornea.

3. Inherent problems of the determinations have been made minimal by
the use of both denuded and whole corneal tissue preparations. Four inde-
pendent measures were obtained for each limiting layer (epithelium and
endothelium).

4. Results show that the endothelium, epithelium and stroma use 21,
40 and 39 % respectively of the total oxygen consumption of the cornea.
On the basis of volumes of oxygen per unit volume tissue, epithelial
oxygen utilization is about ten times that of the stroma and approximately
0x2 that of the endothelium.

5. The endothelium has a larger oxygen uptake than previously reported.
6. The present results, in conjunction with other studies, indicate that

the ratio of glycolytic to oxidative activity in the rabbit cornea is 0 87: 0-13.

INTRODUCTION

Although the cornea is avascular except for a limited peripheral zone, the
metabolic requirements of living and reproducing cells must be met. The
considerable oxygen permeability and respiration of the tissue suggest a
negligible oxygen penetration from the cornea's outer capillary network.
Furthermore, experiments on tissue fluid flow (Maurice, 1960) and diffu-
sional spread (Maurice & Watson, 1965) indicate that the limbal blood
supply cannot provide metabolites for the entire tissue. Therefore, the
cornea respires primarily across its anterior and posterior surfaces.
The nature of corneal respiration is important because the tissue's

structural integrity is maintained by a metabolically dependent fluid
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transport system. Corneal utilization of atmospheric oxygen has been
demonstrated (de Roetth, 1950; Langham, 1952), but questions have re-
mained regarding the amount of oxygen consumed by each layer. Previous
studies are subject to two main criticisms.

First, the process of isolation of the tissue layers may cause cell damage.
Some trauma is likely in the mechanical separation of layers and cell
environment is necessarily altered. For example, it has been reported that
the staining properties of stromal cells are modified by substances released
from a damaged epithelium (Weimar, 1962). Another effect of trauma is
illustrated by the finding that homogenization of the epithelium consider-
ably decreases its oxygen uptake (de Roetth, 1950).

Secondly, the different corneal layers may interact metabolically. This
could account for the observation that higher lactate levels are found in
isolated stroma than in the stromal portion of intact cornea (Hermann &
Hickman, 1948). If metabolic interaction is substantial, estimates of
oxygen consumption based on differences in rate between whole and de-
nuded cornea could be spurious.

In addition to these inherent problems, previous experimental deter-
minations have been made with macerated as well as whole tissue, various
types of tissue media, variations of the Warburg technique, and several
polarographic methods. As a consequence, results of different studies are
not readily comparable.

This paper describes an investigation intended to minimize the intrinsic
difficulties noted above by the use of rapid micropolarography on samples
of both whole cornea and denuded tissue. Measurements have been made,
from which the oxygen consumptions ofthe component layers ofthe rabbit
cornea have been calculated. The methods incorporate a distinct advan-
tage in that two independent determinations may be made with both
whole and denuded cornea. Thus, each layer may be obtained in four ways
by an identical experimental procedure.

Results show that the oxygen utilization of both limiting layers is of the
same order of magnitude. In terms of unit tissue volume, the endothelial
consumption is about five times that of the epithelium and around fifty
times that of the stroma. For the endothelium, oxygen uptake is signi-
ficantly greater than previously reported.

THEORY

For a thin slab of living tissue, oxygen consumption may be determined
by monitoring oxygen tension at one surface under given conditions. The
analytical procedures used for a single-layer may be readily extended to
the case of a multilayered tissue.
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In the experiments described here, measurements were made with an
oxygen electrode on corneal tissue samples consisting of stroma, stroma
plus endothelium, stroma plus epithelium, and whole cornea. To compute
oxygen consumptions from the measured oxygen tensions, the following
relationships are required. Details are given in the Appendix.

Single layer tissue
In accordance with the classic treatment (Hill, 1928), the non-steady

state diffusion equation that gives oxygen tension as a function of time
and position for a homogeneous slab of oxygen consuming tissue is

bx2 kl At' (1)
where D is the diffusion coefficient of oxygen in the tissue (cm2 sec-'), P is
the oxygen tension (mm Hg), k is Henry's law constant (ml. 02 ml. tissue-'
mm Hg-1), Q is the oxygen consumption rate (ml. 02 ml. tissue-1 sec-1),
x is the distance perpendicular to the surface (cm), t is time (sec). For the
steady-state case, OP/at = 0 and eq. (1), with rearrangement, becomes

d2P Q 0 2
d---=0. (2)
dX2 Dic

The boundary conditions for eq. (2) are established by the experimental
procedure of suspending the excised tissue in a moist air chamber before
placement on the oxygen electrode.

x-=A P = Pe,
where Pe is the oxygen tension of air (155 mm Hg) and A is the thickness of
the corneal tissue (cm). Integrating eq. (2) and imposing the conditions
of (3) yields Q() Q22 +Pex (4)

P~)=2DlC2Dk+e(4
Assumptions of this solution are considered further on (see Results).

After air equilibration, the corneal tissue is placed on the surface of the
oxygen sensor so that one side is closed off. Therefore, eq. (4) is the initial
condition (t = 0) of eq. (1). There is no oxygen flux at the electrode-tissue
interface and the top surface of the tissue is exposed to air. Therefore, the
boundary conditions of eqn. (1) are

dP l
x=I°dx = °'t

(5)

x , ; :}Pe.
The general solution of eqn. (1) with the above conditions is given in the
Appendix. For the single layer tissue (the stroma in this case) the result
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shows that the steady-state oxygen tension difference (AP,=.) between the
top and bottom surfaces is QA2/2Dk, or

pi= Pe-Q~k, where Pi= Po. (6)

sap_-ekP, -
Pe2Dk co2Dk

Closed -o

0 1
X

Model stroma

Fig. 1. Model stroma indicating the conditions for analysis. Before placement
on the electrode, both surfaces are equilibrated at an oxygen tension of
155 mm Hg. The steady-state oxygen tension drop at the electrode surface
is equal to QA2/2Dk.

These relationships are indicated in Fig. 1, a model of the stroma. Re-
arrangement of eqn. (6) gives

Q 2Dk(Pe-Pj) (7)

which is used to compute the steady-state oxygen consumption of the
stroma.

Multi-layered tissue
Models for a two-layered tissue (stroma plus epithelium or endothelium)

and a whole cornea are shown in Fig. 2. The condition for either surface
closed at the electrode is illustrated. For the two-layered case, the descrip-
tive steady-state equations are

d2P1 Q
dX2 Djkj = (8)

d2P2 Q2 °(
dX2 D2lc2 (9)

18



CORNEAL OXYGEN CONSUMPTION

The general solutions are

PL(x) = Ax2+Bx+C,
P2(x) = Ex2+Fx+G.

19

(10)
(11)

It is directly determined that A = Q1/2D kL and E= Q2/2D2k2. The
boundary conditions of the experiment are as follows. At the closed tissue-
electrode boundary, there is no flux. At the layer interface, there is

Closed ( (() Open

0 a b
X--

®) Stroma
(D Epithelium or

endothelium

Closed

0 a
X->

Q) Epithelium or
endothelium

(D Stroma
Model two layered cornea

Open

O a b
X -3

Q Endothelium
( Stroma
( Epithelium

c

Closed eOpen

0 a b c
X- :

Epithelium
( Stroma
(G Endothelium

Model whole cornea

Fig. 2. Models of denuded cornea and whole cornea. In each case, the closed
boundary is the surface positioned down on the oxygen electrode and the
open surface is at an oxygen tension of 155 mm Hg.

continuity of P(x). In addition, there must be continuity of the gradient-
permeability product in accordance with Fick's law. Finally, at the open
boundary, oxygen tension is fixed at a PO, of air. So the boundary conditions
for eqns. (8) and (9) are:

(12)

IOpen

b

Closed

= O' dx
x = a, P1(a) = P2(a)
dP _ dP2 here
z __r~a dx x=a D2k2

x = b, P2 = Pe.
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Also, P1(O) = C, which is therefore the measured P1. Substitution of the
above conditions into eqns. (10) and (11) gives a system of linear algebraic
equations that may be arranged with unknowns on the left for either
surface positioned down on the oxygen sensor. For the stroma placed
down, the equations are

a2E+aF+G = a2A+C,
2a+F=2aA/ct, (13)

b2E+bF+G = Pe J

and for epithelial or endothelial placement on the electrode, the result is

a2A-aF-G = a2E-C,)

2aA/x2-F = 2aE, (14)
-bF-G =b2E-Pe.)

In these systems of eqns., (13) and (14), the left-hand upper case letters are
constants, the lower-case letters denote the distances indicated in Fig. 2,
a1 is the ratio of epithelial or endothelial Dk to stromal Dk, and ac2 is the
inverse of a1. A and E in systems (13) and (14) respectively, represent the
known ratio of stromal Q to stromal oxygen permeability (Dk) (see Results
for values).
For the experiments using whole cornea, modelled as a three-layered

system in Fig. 2, the analysis is just an extension of that described above.
The result is a system of five equations and five unknowns (see Appendix).

All the systems of equations were expressed in matrix notation and the
solutions were obtained using a digital computer (Control Data Corp. 6400).

METHODS

Apparatus
A schematic representation of the main components of the equipment is shown in

Fig. 3. Pumped air or nitrogen was passed through gas-washing bottles into a gas
manifold which fed into a Lucite tissue chamber. Temperature within the chamber
was controlled by a thermoelectric device driven by a low-ripple d.c. power supply.
Tissue temperature, maintained at 23-5+0.50C, was monitored with a calibrated
thermistor probe and connecting bridge.

Tissue oxygen tensions were measured by a micropolarographic technique. The
electrode is a modification of the membrane-covered Clark type (Clark, 1956) and its
theory, construction and operation have been fully described previously (Fatt,
1968). In brief, the electrode is comprised of a silver-silver chloride anode and a
platinum cathode enclosed in a Lucite cylinder. A very thin buffer layer is placed on
the surface of the sensor which is covered by a semipermeable polyethylene mem-
brane. Oxygen diffuses through the membrane, dissolves in the buffer and is reduced
at the cathode in a system isolated from the corneal tissue. The oxygen concentration
gradient does not extend outside the membrane and the flux to the cathode and the
sensor current are proportional to the oxygen concentration at the membrane's outer
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surface. Oxygen consumption by the electrode is negligible, so the sensor surface
comprises a closed boundary.
By means of a simple Hg cell and voltage divider the electrode received an applied

potential of 0-8 V. Measurements confirmed the previous finding (Halpert & Foley,
1963) using this voltage, that oxygen tension bears a linear relation to electrode
current. The sensor current output was amplified by a chopper-stabilized d.c. ampli-
fier and recorded by a standard servo-recorder.

Water
in

Gas in
M

Gas
out

Water
put

Cathode (Pt)

Anode (Ag)

08 V

Fig. 3. Schematic diagram of the apparatus (not to scale). A, amplifier;
B, water beaker; CT, corneal tissue; E, oxygen electrode; F, water flow-
meter; M, gas manifold; PS, power supply; R, recorder; TB, thermistor
bridge; TC, tissue chamber; TD, thermoelectric unit; TP, thermistor probe.

A microscope fitted with a dial micrometer was used to measure tissue thickness.
A specially constructed Lucite tissue mount was positioned in the centre of the micro-
scope stage.

Procedure

Following a lethal dose of sodium pentobarbital, one eye of the rabbit was closed
with tape and the other was proptosed in preparation for corneal excision. A stromal
sample was prepared as follows. The epithelium was carefully removed from the in
situ cornea with a small electrically rotated emery disk. A nearly complete perilim-
bal excision was made, the endothelium was removed with a scalpel, and the remain-
ing stroma was cut free. Small radial edge incisions were made in the tissue and it was
then suspended in a moist chamber to obtain boundary equilibration with air.
For tissue samples consisting of whole cornea, stroma plus epithelium, or stroma

plus endothelium, the procedure was similar to the above with the relevant layers
left intact.
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Before each measurement the oxygen electrode was calibrated using water-

saturated nitrogen for the zero current level and air for the initial condition of tissue
placement. The sample was then gently placed flat on the electrode and an optical
check was made to ensure that no air bubbles remained between the tissue surface
and electrode membrane. The subsequent decrease in oxygen tension was recorded
for about 45 sec, the time required to reach the steady-state level at which Pi of
eqn. (6) and C of eqn. (10) are defined. Total preparation and measuring time was
such that no significant diminution of glucose level could have occurred (Reim &
Lichte, 1965). Fig. 4 represents a typical experimental run and indicates quantities
involved in stromal tissue analysis.

Air COn

AP=X Pe -Pi (for stroma)

0

Pe ~~~~Pi
bO

x
0

O N2

Time
Fig. 4. A typical experimental run. The arrow (On) indicates placement
of the tissue on the electrode surface. The time from tissue placement to
equilibrium is about 45 sec.

At the conclusion of each run, the tissue was positioned on the microscope stage
and thickness was measured by noting the difference in focus between tissue surface
granules and the Lucite mount. The tissue was then placed in a formaldehyde solution
to preserve it for histological examination.

RESULTS

Data analysis
The solution of eqn. (2) requires Q, D, and k to be independent of P.

This condition holds for D and k (Goldstick & Fatt, 1970), but for the
stroma, Q is an approximately linear function of P over a considerable
range (R. D. Freeman, in preparation). To take this into account, eqn. (2)
would be

d2P Q(P) -0, (15)
dx2 Dki

which has the general solution
P(x) = A' sinh yx+B' cosh yx,

22

(16)



CORNEAL OXYGEN CONSUMPTION

where

4[Q(D) and Q(P) = Qpe

For the boundary conditions of the experiment, eqn. (16) becomes

= Pe
cosh J[Q(P)]A (17)

from which Q can be found for any P, where Q is a linear function ofP with
origin at zero.
For tissue samples of stroma there is only a small drop in P0o across the

tissue, i.e. Pi and Pe are both high. Therefore there should not be a signi-
ficant difference in stromal Q02 results between eqns. (15) and (2). But for
the multi-layered samples, the variation in Po, across the stroma is large
and the dependence of stromal Qo, on P0, must be taken into account. This
may be done by either using eqn. (15) or by making an adjustment to
permit use of eqn. (2). The latter would, of course, be preferable and it is
worth examining the possibility. A simple way of allowing for the depen-
dence of Q02 upon Po2 is to use an average oxygen tension from which
Q0, is obtained, i.e.

| [2Dk 2Dk +Ped(18)
JA&

where the term in brackets is given by eqn. (4). To demonstrate the accu-
racy ofthis adjustment, Fig. 5 shows a linear regression fit ofexperimentally
determined stromalQ0, v8. P data compared with Qo2 as a function of
Po0 obtained by eqn. (17). It is evident by the close agreement that the
dependence of Q02 upon PO2 is adequately accounted for by use of P. So
P is used for the single and multilayered computations.
To evaluate eqn. (7) and the various systems of equations [see (13) and

(14)], data are required for Pi, Pe, A, D, and k. P, is the measured oxygen
tension at the electrode-tissue interface. Pe is set at the oxygen tension of
air (155 mm Hg). A, the over-all tissue thickness, varied little between
samples and the mean (403 ,u + 14 S.D.) was used in calculations, as it was
found that tissue thickness variability of + 25 /s did not greatly affect
Qos results. Epithelium and endothelium comprise 40 and 4 It respectively
of the total. These values are in accord with other studies (von Bahr,
1956; Maurice, 1969). Finally, values for D, the diffusion coefficient, and k,
the solubility constant, are required. The product Dk defines the tissue
oxygen permeability because it is the proportionality constant in Fick's
law relating oxygen flux to the oxygen tension gradient. A separate
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procedure, described elsewhere, was devised to determineDk ofeach corneal
layer (Freeman & Fatt, 1972). The values for the stroma, epithelium, and
endothelium are respectively, 3-0, 1-9, and 0 54 (10-10 ml. 02 cm2 ml.
tissue-' sec-' mm Hg-1).

1 4 1 1 | 1 1 1

12 -

1.0 _

0 8 -

E 0-6

Eo -- Q(P)
,,, 0-2 -

1 11 1

Cv I I I
0 20 40 60 80 100 120 140 160

Po. (mm Hg)

Fig. 5. Stromal oxygen consumption as a function of oxygen tension.
Equations for Q(P) and P are given in the text.

Histological analysis
A great deal of care was given to tissue preparation. But it was of

obvious importance to confirm that what was intended surgically was in
fact achieved. To do this, samples of each type of tissue used were halved,
and 5 ,u sections were sliced at about 0 5 mm and 1-0 mm from the centres.
Harris's haematoxylin was applied regressively followed by Eosin Y
staining. Mallory's heidenhain was used for some stromal samples.
Examination of mounted sections showed that the tissues conformed to

what was intended. Epithelial and/or endothelial removal was complete
when desired or one or both layers were intact with the stroma.
The endothelium was given special attention because it is thought to

exhibit weak adhesion and cohesion (Maurice, 1969). On the other hand, it
has been reported that persistent rubbing of the posterior corneal surface
with a blunt instrument fails to completely remove the endothelium
(Harris, 1957). The structural question is complicated by the very rapid
post-mortem development of cytoplasmic vacuoles in the endothelium
which can only be prevented by special fixation techniques (Hodson,
1968). With regard to the present study, some endothelial alteration may
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have occurred in the tissue samples used. But the histological findings
suggest that the layer was adequately intact for the measurements.

TABLE 1. Oxygen consumption of individual corneal layers

Surface on
Layer* Tissue sample electrode: P (mm Hg)§ Q0211

Stroma Stroma - 131-1+3-1 (9) 1-13+0-15

Epithelium Epithelium plus stroma Epithelium 81-3 + 4-2 (8) 10-5 + 1-4
(endothelium removed) Stroma 120-7 + 44 (4) 11-7 + 1-6

Whole cornea Epithelium 70-9 + 6-4 (5) 9-8 + 1-9
Endothelium 97-5+6-1 (3) 15-3+2-2

Endothelium Endothelium plus Endothelium 100-2+4-1 (6) 55-6+ 3-1
stroma (epithelium Stroma 126-3 + 45 (3) 69-1 + 4-8
removed)

Whole cornea Endothelium 98-1+ 4-2 (4) 49-8 + 3-8
Epithelium 77-5+ 5-0 (3) 59-3+ 4-1

* The layer for which Q°2 is determined.
t Composition of the experimental tissue used.
t The tissue surface in contact with the electrode.
§ Measured oxygen tension at the electrode-tissue interface, S.D., and the

number of samples.
11 Oxygen consumption and S.D. in units of 10-5 m 1.02 ml. tissue-' sec-' at

23-5 + 0.50 C.

Oxygen consumption values
Results of individual layer oxygen consumptions are given in Table 1.

Each column contains the following information. The first indicates the
layer of interest. Composition of the tissue used in the experiments is
given in the second. The third indicates which tissue surface is positioned
down on the electrode. Measured oxygen tensions (Pi) are given in the
fourth along with the S.D. and number of experiments. The last column
contains computed Qos values with S.D.
As shown in Table 1, the bi-layered and whole cornea samples are each

measured in two surface positions. This means that the oxygen consump-
tions of the limiting layers of the cornea (epithelium and endothelium) are
determined in four separate types of measurement. Thus, there is an
opportunity to check the internal consistency of the results. For the type
ofexperiment, the agreement indicated in column 5 of Table 1 is quite good.
This constitutes firm support for the validity of the methods used and the
results obtained.
The mean Q02 findings are given in column 1 of Table 2. For the epithe-

lium and endothelium, selected mean values are used (most experiments,
least variability). Q02 for the whole cornea (Table 2, column 1, row 4)
was determined from the sum of the component consumptions weighed by
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the proportionate volume of each layer. For the model whole cornea of
Fig. 2,

Q_ - (Q,(Al+QA2+QA3) A (19)
where QT is total corneal oxygen consumption (ml. 02 ml. tissue-1 see-'),

TABLE 2. Principal oxygen utilization values

Tissue

Epithelium Stroma Endothelium Whole cornea

10; ml. 02 10.5 1*13 55-6 2.61
ml. fresh tissue x sec

(230 C)

Al- 02 1-22 0*17 6-47 040
mg dry wt x hr

(230 C)

Ald 02 3-09 044 16*4 1.01"Ig. dry wt x hr
(370 C)

10-7 l.
Se

4.19 4 04 2*22 10*4
cm' x see
(230 C)

cm'- x 2 3.83 3*68 2-03 9-54
cm2 x hr
(370 C)

A is area (cm2), A is thickness (cm). The other data in Table 2 are conver-
sions of column 1 to other units for comparison purposes. Values expressed
at 370 C have been calculated using the finding that Q10 A- 2 for the rabbit
cornea (R. D. Freeman, in preparation). Dry tissue weights are determined
from the ratio of water density to dry tissue density (Maurice, 1957) and
the mean stromal and limiting layer hydration values found by Duane
(1949) and Otori (1967) respectively. Dry tissue weight is obtained from
fresh tissue volume by the relation

Qd - HQf+ X (20)
P. Pt

where Qd is oxygen consumption of dry tissue (A. 02 mg dry wt.- hr-),
Qf is oxygen consumption of fresh tissue (ml. 02 ml. tissue-' sec'), H is
hydration (g H20 g dry tissue-'), Pw. is density of water (g cm-3), pt is
density of tissue (g dry tissue cm-3).

Table 2 contains the main experimental findings. On the basis ofvolumes
ofoxygen per unit volume tissue (column 1), epithelial oxygen utilization is
about ten times that of the stroma and 0-2 that of the endothelium. In
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terms of volumes consumed per unit surface area (columns 4 and 5), endo-
thelium, epithelium, and stroma consume 21, 40 and 39% respectively of
the total corneal Qo2. The 02 uptake across a unit area of stromal or
epithelial tissue is nearly twice that for endothelium. Assuming the ratio
of epithelial to endothelial cells is about 7: 1, the per cell consumption of
the endothelium is approximately three times that of the epithelium.

DISCUSSION

Theoretical considerations
The inherent difficulties in corneal Qo2 determinations, mentioned at the

outset, are concerned primarily with interactions between component
layers. For example, with selected layer removal, there is the possibility
that damaged epithelial or endothelial cells might cause metabolic or
other changes in the stroma. In one study, injury to the rat cornea appeared
to activate fibrocytes in the stromal cells to take up the vital dye neutral
red (Weimar, 1962). The reaction did not occur in normal stromal cells, nor
was it observed with atraumatic removal of the epithelium. It was thought
that the mechanism depended on actively functioning cell metabolism
because the dye uptake was prevented by metabolic inhibitors. However,
it took a few hours after injury for the stromal cells to become activated.
Even after severe injury caused by removing the epithelial cells by
crushing, it took around an hour for the effect to occur. Because of the
very short measuring time required in the present experiments, it is rather
unlikely that the Q02 results have been influenced by this type of
phenomenon.
But other metabolic interactions between corneal layers could affect

Q02 determinations. Removal of one or both limiting layers might alter the
respiratory activity of the remaining layer of interest resulting in spurious
Qo, values. Evidence supporting this possibility was reported by Hermann
& Hickman (1948) who found a high lactate level in the isolated stroma
and concluded that the rate of glycolysis in that layer was influenced by the
presence of the epithelium. They further suggested that the epithelium
consumed the lactate produced by the stroma. However, in their experi-
ments, the epithelium was removed from the stroma a few hours after
enucleation and the lactate concentration would have significantly
increased (Langham, 1954). Furthermore, their conclusions did not allow
for the possible removal of lactate via the aqueous humour.
The present QO results provide relevant information regarding corneal

inter-layer metabolic reactions. If interactions do occur, the oxidative
component is apparently not significantly affected since Q0, values for
denuded tissue are concordant with those for whole cornea.
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Implications of Qo2 values
Table 3 summarizes the results of previous determinations of Q0, on the

rabbit cornea.
In spite of the variations in experimental conditions, most of the stromal

and epithelial values are in fair agreement. The present result for endo-
thelial Q0, appears significantly higher than previous findings with the
possible exception of Ridge's (1956). He did not report experimental
temperature. If his study was done at room temperature, our values would
agree (see Table 2, column 2). Also, the dry weights given by Matsumoto &
Kudo (1960) are high, indicating that some stromal tissue may have been
included in their samples which would cause artificially low endothelial
QO, values.

TABLE 3. Previous determinations of the oxygen consumption of the
rabbit cornea (#Ie. 02 mg dry wt.-' hr41 at 370 C)

Endo- Whole
Stroma Epithelium thelium cornea Method
0.8 4.8 6.0 1-6 Warburg (Ringer)"
015 70 0-46 Warburg (Ringer)b
023 6.2 5-7 0-86 Warburg (dry)c

4.8* - Semi-microrespirometerd
0-7 3-2 6-8 1-1 Polarography (Ringer)"
0.2 - - Polarography (dry)f

- -- 11 Polarography (perfusion)g
0-44 3.1 16.4 1 01 Polarography (buffer)h

a, Kohra (1935); b, Robbie, et al. (1947); c, Langham (1952); d, Ridge (1956); e,
Matsumoto & Kudo (1960); f, Takahashi et al. (1966); 9, Riley (1969); h, present
experiments.

* Probably at room temperature; not converted to 37° C.

Since only about 2-5% of the stroma is cellular (Otori, 1967), stromal
keratocytes have a high metabolic activity. It has been suggested that this
could be a factor in the mechanism of corneal deturgescence, but calcula-
tions indicate that the energy required to maintain normal hydration is
only a fraction of that available in any corneal layer (Maurice, 1969).
As already noted, the present results indicate that endothelial per cell

consumption is around three times that of the epithelium. Evidence rele-
vant to this finding is somewhat conflicting. One of the dissimilarities
found in the fine structure of these layers is that endothelial cells contain a
substantially greater number of ovoid mitochondria than epithelial cells
(Kaye & Pappas, 1962; Jakus, 1962). This indicates a high endothelial
oxidative rate. On the other hand, many endothelial inner mitochondrial
membrane invaginations, the cristae, are in parallel alignment to the mito-
chondrion axis (Iwamoto & Smelser, 1965). And it is thought that this
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arrangement indicates a low oxidative capacity (Maurice & Riley, 1969).
The question of limiting layer Q02 difference is confounded by the fact that
the epithelium replaces itself every few days. Therefore, at any given time,
it must contain a number of inactive cells and a number of very active cells
involved in synthetic functions.
For the whole cornea, Table 3 shows that the recent Qo2 findings are in

rather close accord. One recent study is of particular interest because the
experiments were done using whole cornea mounted in a chamber which
enabled posterior perfusion with synthetic aqueous, thus simulating in
situ conditions (Riley, 1969).

In addition to oxygen utilization, Riley determined usage of glucose,
lactate and glycogen. He found that the total substrate used was 92-5 ,sg
glucose (plus 6-7 /,g endogenous glucose) plus 4 7 ,ug glycogen, or an equiva-
lent total of 104 /ug glucose cm-2 hr-. Of this amount, 91-2 ug was con-
verted to lactate and therefore 132 jug had to be oxidized. This amount of
glucose requires an oxygen uptake of 95,ul. 02 cm-2 hr-, which is exactly
that found in the present experiments (Table 2, column 5).
The above results show that 87 % of the glucose and glycogen is con-

verted to lactate and 13% is oxidized. This is the ratio of glycolytic to
oxidative activity in the rabbit cornea.

APPENDIX

Single layer tissue
For very thin layers, diffusive flow can be considered unidirectional, i.e.

perpendicular to the plane of the layer. In this case, the layer is a slab of
oxygen consuming corneal tissue which for convenience may be taken to be
a parallelepiped with area A, thickness dx, and volume A dx. By consider-
ing a mass balance, one obtains

aix Q aC (1A)

where J. is the flux dissolved oxygen perpendicular to the surface (ml.
02 cm-2 sec'), C is the concentration of oxygen in the tissue (ml. 02 ml.
tissue-) and the other terms are defined in the text. Fick's first law and
Henry's law state that ac

J = -D-, (2A)

and C= kP. (3A)
Substituting eqns. (2A) and (3A) into (IA) and rearranging gives eqn. (1)
of the text. Its solution, with the conditions stated, is obtained as follows.
The sink parameter, Q/k, is eliminated by using a transformation vari-

able to obtain an equation of a form which has a solution available in a
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standard reference. From Carslaw & Jaeger (1959) the general result,
expressed in the present terms, for the oxygen sensor at x = 0 is

2Dk +2DkT2n=o(2n+1)2exp [ 4n+l) 2IJ(4A)
This equation shows that the oxygen tension at the electrode falls from
Pe at t = O tope - (QA2/2Dk) at infinite time. In the experiments reported
here, equilibrium is reached in about 45 sec. Therefore, the steady-state
oxygen tension difference between the air and electrode surface is QA2/2Dk,
which is expressed as eqns. (6) and (7) in the text.

Multi-layered tis8ue
Fig. 2 shows model 2 and 3 layered corneas for which either surface

may be closed at the electrode. The analytical steps required for the whole
cornea model are given in what follows. The descriptive steady-state equa-
tions are

d2PI Q1
&x2 D11 = ' (5A)
d2P2 Q2
dX2 D2k2 ' (6A)

d23 Q3 = (7A)
dX2 D3k3

The general solutions are
P1 (x) = Ax2+Bx+C, (8A)

P2 (x) = Ex2+Fx+G, (9A)
P3 (x) = HX2+Ix+K. (10A)

It is directly determined that

2D E= and H 2D3kID11 2D2k
The boundary conditions of the experiment are

x= O. dd~j o)' dx

x a, P,(a)=P2(a),
dP1 = a dP2 where a D2k2
diXxa d7&x a=a' Djkl' (A)
x = b, P2 (b) =P3 (b),
d P2 | 2=2d l where a2 D3k3
dX x=b dx x=b D2k2
X =Cy P3=Pe.
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Also, P1(0) = C which is therefore the measured Pi. Substituting the
boundary conditions into eqns. (8A) to (1OA) gives a system of linear
algebraic equations which may be arranged with unknowns on the left for
either surface positioned down on the oxygen sensor. For endothelial
Qo, determination, when the epithelium is placed down on the electrode,
the equations are

Fa+G= a2(A -E)+C,
-Fb-G+Hb2+Ib+K = 2bE1
aF = 2a(A-ME), 1A)
-F+2acizlb+c2I = 2Eb,
Hc2+Ic+K = Pe,

and for the endothelium positioned down, the result is

-Aa2+Fa+G = C-Ea2,
-Fb-G+lb+K = b2(E-H),
-2Aa+x1F = -2ac1Ea, (13A)
-F+a2I = 2b(E-A2H),
Ic+K = Pe-HC2.

For epithelial Q0, the equations are similar to the above and take into
account the reverse direction. These equations are expressed in matrix
notation for computer solution.

I thank Dr I. Fatt for helpful suggestions during the course ofthe research reported
here and Dr D. M. Maurice for valuable discussions. This investigation was supported
in part by a training fellowship under the Biophysics Training Section of the National
Institutes of Health, grant no. 5-T1-GM-829, and Biomedical Sciences Support
Grant FE-7006 from the General Research Support Branch, Division of Research
Resources, Bureau ofHealth Professions Education andManpower Training, National
Institutes of Health.

REFERENCES

CARsLAw, H. S. & JAEGER, J. C. (1959). Conduction of Heat in Solids, 2nd edn.,
p. 113. London: Oxford University Press.

CLAYx, L. C. (1956). Monitor and control of blood and tissue oxygen tensions. Trans.
Soc. artif. int. Org. 2, 41-46.

DE ROErirH, A. (1950). Respiration of the cornea. Arch8 Ophthal. N.Y. 44, 666-676.
DuANE, T. D. (1949). The steady state of corneal hydration. Am. J. Ophthal. 32, 203-

207.
FATT, I. (1968). The oxygen electrode: some special applications. Ann. N.Y. Acad.

Sci. 148, 81-92.
FREEMAN, R. D. & FATr, I. (1972). Oxygen permeability of the limiting layers of the

cornea. Biophys. J. 12, 237-247.
GoLDsTicx, T. K. & FATr, I. (1970). Diffusion of oxygen in solutions of blood pro-

teins. Chem. Engin. Sympos. Ser. 66 (99), 101-111.

31

2 P 11Y 225



32 RALPH D. FREEMAN
HALPERT, G. & FOLEY, R. T. (1963). The detection of oxygen by gas-phase polaro-
graphy at low temperatures and low pressures. J. electroanal. Chem. 6, 426-433.

HARRIs, J. E. (1957). The physiologic control of corneal hydration. Am. J. Ophthal.
44, 262-280.

HERMANN, H. & HicKmNIA, F. H. (1948). XII. Further experiments on corneal
metabolism in respect to glucose and lactic acid. Johns Hopkins Hosp. Bull. 82,
260-272.

HILL, A. V. (1928). The diffusion of oxygen and lactic acid through tissues. Proc. R.
Soc. B 104, 39-96.

HODSON, S. A. (1968). Inadequacy of aldehyde fixatives in preserving the ultrastruc-
ture of corneal endothelium in rabbit and monkey. Expl Eye Res. 7, 221-224.

IWAMOTO, T. & SMELSER, G. K. (1965). Electron microscopy of the human corneal
endothelium with reference to transport mechanisms. Investve Ophth. 4, 270-284.

JAxus, M. A. (1962). Further observations on the fine structure of the human cornea.
Investve Ophth. 1, 202-225.

KAYE, G. I. & PAPPAS, G. D. (1962). Studies on the cornea. I. The fine structure of
the rabbit cornea and the uptake and transport of colloidal particles by the cornea
in vivo. J. cell Biol. 12, 457-479.

KoHRA, T. (1935). 'Ober den Stoffwechsel der Hornhaut. Acta soc. ophthoal., jap. 39,
1429.

LANGIIAM, M. E. (1952). Utilization of oxygen by the component layers of the living
cornea. J. Physiol. 117, 461-470.

LANCGAM, M. E. (1954). Glycolysis in the cornea of the rabbit. J. Physiol. 126, 396-
403.

MATSUMOTO, K. & KuDo, T. (1960). Determination of the oxygen consumption of
the cornea after polarography. Acta soc. ophthal. jap. 64, 1610-1622.

MAuRIcE, D. M. (1957). The structure and transparency of the cornea. J. Physiol.
136, 263-286.

MAURIcE, D. M. (1960). The movement of fluorescein and water in the cornea. Am.
J. Ophthal. 49, 1011-1016.

MAURIcE, D. M. (1969). The cornea and sclera. In The Eye, vol. 1, 2nd edn., ed.
DAVSON, H. New York: Academic Press.

MAURIcE, D. M. & RILEY, M. V. (1969). Biochemistry of the Eye, chap. 1, ed. GRAY-
mORE, C. N. London: Academic Press.

MAURIcE, D. M. & WATSON, P. G. (1965). The distribution and movement of serum
albumin in the cornea. Expl Eye Res. 4, 355-363.

OTORI, T. (1967). Electrolyte content of the rabbit corneal stroma. Expl Eye Res. 6,
356-367.

REIM, M. & LIcirrE, H. (1965). Beziehungen zwischen Energiestoffwechsel und
Hornhauttrubung. Albrecht v. Garaefes Arch. Ophthal. 168, 365-377.

RIDGE, J. W. (1956). Preservation of corneal endothelium by freezing. Nature, Lond.
178, 1404-1405.

RILEY, M. V. (1969). Glucose and oxygen utilization by the rabbit cornea. Expl Eye
Res. 8, 193-201.

ROBBIE, W. A., LEINFELDER, P. J. & DuANE, T. D. (1947). Cyanide inhibition of
corneal respiration. Am. J. Ophthal. 30, 1381-1392.

TAKAHAsRI, G. H., FATr, I. & GOLDSTIcK, T. K. (1966). Oxygen consumption rate of
tissue measured by a micropolarographic method. J. gen. Physiol. 50, 317-335.

VON BAHR, G. (1956). Corneal thickness. Its measurement and changes. Am. J.
Ophthal. 42, 251-263.

WEIMAR, V. (1962). Effect of amino acid, purine, and pyrimidine analogues on activa-
tion of corneal stromal cells to take up neutral red. Investve Ophth. 1, 226-232.


