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SUMMARY 

I. An active transport mechanism appears to be at least in large part responsible 
for the maintenance of corneal deturgescence. The site of the mechanism has been 
in dispute, with the endothelial or epithelial limiting layers favored by different sorts 
of evidence. 

2. Fresh bovine and feline corneal endothelium and epithelium were assayed 
for (Na + + K+)-activated ATPase and for Mg2+-activated ATPase (EC 3.6.1.4) activi- 
ties by quantitative biochemical methods, employing ouabain at a concentration of 
o.I mM. Epithelium was collected by three different methods. A ouabain inhibition 
curve was also determined for the enzyme of bovine endothelium. 

3. Bovine endothelium was compared with epithelium collected by the most 
satisfactory method. In terms of enzymatic levels based on tissue nitrogen, the 
endothelium had 6. 4 times as much (Na + + K+)-activated activity, and 5 times as 
nmch Mg2+-activated activity, as the epithelium. 

4. The fewer determinations for the feline cornea indicate that the (Na + + K ÷)- 
activated activity levels for both the endothelium and epitheliunl are within the same 
ranges as those of the bovine cornea. 

5. The ouabain inhibition curve for the bovine endothelial enzyme matches 
rather closely the curve from other work for the rate of swelling of the rabbit cornea 
when different concentrations of ouabain were perfused on the endothelial side of 
the cornea in culture. 

6. The present results fit well with the results of recent metabolic studies of 
others on corneal endothelium and epithelium, which support the endothelium as 
the major site of the mechanism that maintains corneal deturgescence. 

INTRODUCTION 

Although it is fairly generally agreed that an active secretory process is largely 
responsible for maintaining the relative dehydration of the cornea 1, the site of the 
mechanism has been in dispute. On the basis of various types of observations, the 
endothelium (mesothelium, or mesenchymal epithelium) has been said to be the 
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primary site of the mechanism that removes water z-5. Electron-microscopic evidence 
has been used to implicate the endothelium in the process of transport by means of 
pinocytotic vesicles e-12, as well as to deny that it could act in transport, owing to 
the absence of vacuoles and infolded cell membranes lz. The epithelium has also been 
held to be the primary site, because of the existence of transcorneal and transepithelial 
potentials, and the movement of Na+ across the cornea from the epithelial to the 
endothelial side 14-1s. The stroma has been shown to be capable of maintaining its 
own state of dehydration when portions of it are partially isolated experimentally 
from the endothelium and epithelium TM. 

(Na + + K +)-activated ATPase has been linked to active cation transport in cell 
membranes of many kinds of cells, with accompanying water secretion in many 
epithelial cell types 2°. BONTING, SIMON AND HAWKINS 21 reported ATPase levels of 
corneal epithelium, stroma and endothelium of the cat. (Na + + K +)-activated ATPase 
activity comprised 5.1% of the total ATPase activity in the epithelium and 33 % of 
the total activity in the endothelium. Nevertheless, on the basis of tissue wet weight, 
the level of (Na + + K+)-activated ATPase activity of the epithelium was approxi- 
mately twice that of the endothelium. Stlomal levels were listed as being below a 
minimal measurement level. LANGHAM 22 found that the collagen of the rabbit corneal 
stroma, comprising 0. 9 of the corneal mass, has low metabolic activity compared 
with the epithelium and endothelium. LANGHAM AND KOSTELNIK 23 studied the ATPase 
of bovine and rabbit epithelium of corneas in some cases stored at 4 ° for up to 72 h. 
The ouabain-sensitive enzymatic activity amounted to about IO % of the total when 
the high concentration of I.O mM ouabain was employed. No determinations were 
made for the endothelium. The present work reports the comparative quantitative 
levels of Mg2+-activated and Mg2+-dependent, (Na + + K +)-activated ATPase activities 
for bovine and feline corneal endothelium and epithelium, and a ouabain inhibition 
curve for the ATPase of bovine corneal endothelium. 

MATERIALS AND METHODS 

Materials and preparation 
Cattle eyes were obtained from a commercial slaughter house. Eyes were placed 

on cracked ice in an insulated container with the corneas upward and in contact only 
with moist air, in the minimum time feasible after the death of the animals. Scraping 
of endothelium and epithelium began 20 to 25 min after the eyes were placed on ice. 
Beaver blades (No. 64) with rounded cutting edge were used under a dissecting micro- 
scope, and the tissue was collected in a measured amount of glass-redistilled water 
at o °. Any pieces of stroma that appeared in the water were picked out and discarded. 
About 20 eyes were used in each assay. In the course of 5 experiments, IO determi- 
nations on epithelium and 9 on endothelium were made. Because of its delicacy, 
endothelium was collected first from excised corneas in experiments in which both 
sides were to be scraped. The tissue was homogenized by hand in ice-cold glass 
homogenizers. Material in the various experiments was placed in the homogenizers 
from 1.5 to 5 h after the death of the animals. 

Endothelium and epithelium from the eyes of 18 cats were prepared as described 
for the bovine eyes. About IO h elapsed while the tissue was added. Each type of 
tissue was pooled for enzymatic determination. 

Biochim. Biophys. Acta, 163 (1968) 50-50 



5 2 I(. T. R()GFIIS 

Serial  sections of scraped corneas cut  at  IO 1,~, employed  to see if the  epi the l ium 
was comple te ly  removed,  showed tha t  much of the  epi the l ium was res i s tan t  to this 
sor t  of scraping.  Add i t iona l  de tern l ina t ions  were therefore made  on corneal  epi the l ium 
collected by  o the i  methods.  The endothe l ium was first removed,  and  both  corneal  
surfaces were careful ly  washed with  ice-cold water .  A motor-dr iven ,  wire contra-angle  
de rm-abras ion  brush  rou t ine ly  employed  in skin surgery  was used to remove epi- 
the l ium in wate r  at  o °. 5 de te rmina t ions  were made  on bovine epi thel ium. 

Dur ing  the course of this  work it became appa ren t  t ha t  if the endothe l imn 
were removed  and the  cornea were p laced with  t ha t  surface on an iced Syracuse dish 
for several  minutes ,  the epi the l ium loosened from the s t roma  so tha t  i t  could easi ly 
be scraped off wi th  the Beaver  blade.  IO Enzyn la t i c  de te rmina t ions  in 2 exper iments  
on bovine  ep i the l ium and 9 de te rmina t ions  in 3 exper iments  on feline epi thel ium,  
col lected in this  manner ,  were made.  All r . :aterial  from the  bovine corneas was placed 
in homogenizers  less than  2.5 h af ter  dea th  of the animals,  and  fronl feline corneas, 
in less than  1.25 h. 

A TPase assays 

The assay med ium of BONTING, SIMON AND HAWKINS 21, modified b y  two 
changes,  was used throughout .  M g S Q . 7 H 2 0  was subs t i tu t ed  for MgC12.6H20, and  
the  amoun t  of Mg 2+ was doubled  to 2 raM, to make  i t  equal  to the  ATP concentra t ion.  
Ouaba in  was employed  at  o . i  mM concentra t ion ,  as in the  BONTING medium.  In 
7 assays  in which Na  + and K + were omi t t ed  from the media,  resul ts  were v i r tua l ly  
the  same as the  resul ts  wi th  ouabain,  except  for one case, in which the ac t i v i t y  level 
wi th  ouaba in  was a l i t t le  lower. The resul ts  repor ted  are based  on ouaba in  inhibi t ion.  
Constr ic t ion nf icropipet tes  were used to t ransfer  i oo  t~l of homogena te  and 200/xl of 
a s say  med ium to each tube,  kep t  in c racked ice. Assay  tubes  were capped  and incu- 
ba t ed  for I h in a wate r  ba th  at  38°, wi th  shaking  b y  hand  every  15 rain. A t  the  end 
of the  incuba t ion  per iod they  were r e tu rned  to ice, and  1.5 ml of cold IO % (w/v) 
t r ichloroacet ic  acid was added  to each tube.  Tissue b lank  tubes  remained  in ice and 
received the t r ichloroacet ic  acid at  the  s t a r t  of the incubat ion  period. All tubes  were 
cent r i fuged for IO rain at  2700 rev . /min  in a ref r igera ted  centrifuge, 1.2 ml of super-  
n a t a n t  was t ransfer red  from each tube  to a Coleman cuve t te  tube,  1.2 ml of ferrous 
s u l f a t e - a m m o n i u m  m o l y b d a t e  color reagent  was added,  and  the color was al lowed 
to develop for 0.5 h. Readings  were made  at  700 m/ ,  on a Coleman spee t rophotometer .  
The resul ts  from 4 s imilar ly  p repared  tubes  were averaged  for each assay or t issue 
blank.  Phospha te  s t a n d a r d  di lut ions  were p repa red  and  read  with  each exper iment ,  
and  the exper imen ta l  phospha te  mM concent ra t ions  were read  from the resul t ing 
curves.  These were conver ted  to ac tua l /maoles  per  mg of t issue ni t rogen by  calculat ion.  

A ouaba in  inhib i t ion  curve was de te rmined  for the  ATPase  of bovine endo- 
thel ium,  p repared  as descr ibed above.  Ouabain  was employed  at  s tepwise concen- 
t ra t ions  from I .o  mM to o .o i  ~M. 

Nitrogen determinations 
Nit rogen  conten t  was de te rmined  for each homogenate ,  using a modified 

CONWA¥ diffusion mic ro -method  a d a p t e d  from PARKEI~ 24, wi th  some changes based 
on our micro-KJELDAHL method  25. Nine IOO-~1 al iquots  of each homogena te  were 
d iges ted  and 6 to 9 t i t r a t ed .  
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RESULTS 

Table I contains the levels of ATPase activity determined for bovine corneas. 
Expt. A consists of the determinations made on tissue scraped from the eyes im- 
mediately after removal from the cold box, with no other treatment. Based on tissue 
nitrogen, the endothelium had 12.8 times as much (Na + + K+)-activated activity and 

T A B L E  I 

B O V I N E  E N D O T H ~ E L I A L  A N D  E P I T H E L I A L  AZPase 

Da ta  are presented as/2moles of phosphate  liberated per mg of tissue nitrogen per h of incubation, 
followed by the s tandard  errors. Percentages represent  the port ion of total  ATPase act ivi ty  t ha t  
was ouabain-sensi t ive ((Na + + K+)-activated). Expt .  A, tissue scraped f rom corneas wi th  Beaver  
blade; means  of 9 determinat ions for endothel ium and io determinat ions  for epithelium. Expt .  B, 
epithelium removed from corneas with motor-dr iven wire brush ;  means  of 5 determinat ions .  
Expt .  C, endothel ium removed, corneas chilled on ice-cold glass for several minutes,  and epithelium 
scraped off wi th  Beaver blade; means of io determinations.  

Expt. .~Ig 2+- plus (Na + + K+)-activated A TI'ase Mg2+-activated A TPase 

Endothelium Epithelium Endothelium Epithelium 

A 13.5 ± 1.9 (33%) 1.1 ! 0.32 (12%) 27.5 ± 1.5 7.5 ± 0.8 
B I.O ± o. I I  (26%) 2.8 i 0.08 
C 2.1 ± 0.27 (28%) 5.5 ± 1.1 

3.7 times as much Mg2+-activated activity, as the epithelium. Expt. B contains the 
values obtained for epithelium taken from corneas from which the endothelium was 
scraped and discarded, and the corneas gently washed on both sides, before the 
epithelium was removed with the motor-driven wire brush. Serial sections of one of 
these corneas showed that the epithelium was completely removed. Expt. C contains 
the values obtained for epithelium from corneas from which the endothelium was 
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Fig. 1. Solid circles and l ine: Inh ib i t i on  curve of bovine corneal endothel ial  to ta l  ATPase a t  
various molar  concentrat ions of ouabain. Open circles and dashed line: rate of swell ing of the 
rabb i t  cornea in cul ture when the corresponding concentrat ions of ouabain were perfused on 
the endothel ial  side (data k ind ly  supplied by Dr. S. MlSI~IMA). Vert ical  bars: standard errors, 
based on 4 clup]icate assay tubes for  ATPase and 5 corneas for  swelling rate. 
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scraped and discarded and the corneas washed and placed on glass at o ° for several 
minutes before the epithelimn was scraped off. Sections of both a bovine and a feline 
cornea treated in this manner showed that the epithelium was cleanly and completely 
removed. The previously determined levels for endothelium are 6. 4 times higher for 
(Na + -- K+)-activated activity and 5.o times higher for Mg2+-activated activity than 
these epithelial levels. 

Fig. I shows the ouabain inhibition curve for ATPase of the bovine corneal 
endothelium, plotted against data kindly supplied by Dr. S. MISHIMA for the rate of 
swelling of the rabbit cornea when the corresponding concentrations of ouabain were 
perfused on the endothelial side of the cornea in culture. 

Table II  contains the values obtained for feline endothelium and epithelium. 
Expt. A consists of the determinations for tissue scraped from eyes immediately after 
enucleation and kept in water at o ° until the material from 18 cats could be pooled. 
Expt. B contains the results of determinations on epithelium removed after thecorneas 
were chilled and in which the preparation time was very short. 

T A B L E  [[ 

F E L I N E  E N D O T H E L I A L  A N D  E P I T H E L I A L  ATPase  

D a t a  are p resen ted  as/~nloles of p h o s p h a t e  l iberated per  m g  of t i ssue n i t rogen  per  h of incuba t ion ,  
followed in Exp t .  B by  t he  s t a n d a r d  errors. Pe rcen tages  represen t  the  por t ion  of to ta l  ATPase  
ac t i v i t y  t h a t  was ouaba in  sensi t ive.  E xp t .  A, t i ssue  scraped f rom corneas  wi th  Beaver  blade,  
pooled t i ssue f rom 18 cats .  Exp t .  B, e n d o t h e l i u m  removed ,  corneas  chilled, and  ep i the l ium 
scraped.  Means  of 9 de t e rmina t ions .  

Expl. Mg 2+- plus (Na + + If  +)-activated A TPase 2VIg2+-activaled A TPase 

Endothelium Epithelium Endothelium Epithelium 

A 7.9 o.o 6. 7 6. 4 
B 2.2 ~- 0.6 (6.6~/o) 31.2 ~ 3.2 

DISCUSSION 

The relative (Na + + K+)-activated ATPase activities of endothelium and epi- 
thelium reported here differ from those of BONTING, SIMON AND HAWKINS 21 for the 
cat cornea. Because of the delicacy of the endothelium and attendant difficulties in 
freeing it from aqueous humor, we do not believe that it is possible to obtain a 
meaningful wet weight for this tissue. 

The enzymatic levels for the epithelium in Table I, Expt. A, may be influenced 
by the inclusion of some blood cells in assays, since these corneas were not washed 
before scraping. Not all of the epithelium was removed from these corneas in the 
scraping process and the preparation time was relatively long, undoubtedly resulting 
in some loss of enzymatic activity. However, in this series the preparation time was 
the same for endothelium and epithelium. The levels in Expt. B are low, but it is 
not apparent what factors in the motor-driven wire-brush treatment are responsible. 
The epithelium in Expt. C had the shortest preparation time of any of the bovine 
material. Nevertheless, the epithelial level of (Na + + K+)-activated activity was very 
much lower than the endothelial level in Expt. A, determined in experiments in which 
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the average preparation time was longer. The feline material in Table II,  Expt. A, 
was collected over a Io-h period, during which enzymatic loss undoubtedly occurred, 
in greater amount in the material collected earlier in this period. Nevertheless, the 
value determined for endothelium was the same as the two lowest individual values 
determined for bovine endothelium. The epithelial value for (Na + +K+)-act ivated 
ATPase activity in Expt. B is nearly the same as that determined for bovine epi- 
thelium with the same method of preparation. The preparation time for this tissue 
was the shortest of any of the experiments. Only with regard to the Mg2+-activated 
ATPase activity does there appear to be a species difference. 

GREEN 16-18 has reiterated the viewpoint that an active transport pump exists 
in the corneal epithelium but not in the endothelium. This belief rests on the demon- 
stration of Na ÷ movement from the epithelial side to the endothelial side of the rabbit 
cornea in culture chambersla,16,17 and on the demonstration of an epithelial potential, 
negative on the tear sidelS-~s, 2e-3°. Using a microelectrode method, KIKKAWA 31-33 

obtained different results for corneal potentials. Epithelial potentials were found to 
be negative on the stromal side. A small endothelial potential was measured, and 
the stromal side was always negative with reference to the aqueous humor. Other 
workers have not been able to demonstrate a potential across the endothelium with 
their methods. In any case, several of the reports on the epithelial potential26, ~ 
strongly emphasize that there is no relation between the potential difference across 
the corneal epithelium and the state of hydration of the corneal stroma. 

Metabolic and biochemical studies have contributed several lines of evidence 
in support of the endothelium as the major site of the activity that maintains the 
normal state of hydration of the cornea. The data of HARRIS AND NORDQUIST a4 fit 
the concept of an active endothelial transport system that moves both Na + and water 
into the aqueous humor. During temperature reversal recovery, the actual amount 
(not the concentration) of Na ÷ in rabbit corneas decreased, while Na + concentration 
in the aqueous humor rose. 

ITOI, KOMATSU AND TANDA 5 favored a water-pump mechanism because they 
found that  the process was not susceptible to ouabain inhibition. There is abundant 
evidence, however, that ouabain does affect this processl,n,23, a5-37. The experiments 
of MISHIMA AND KUDO as and TRENBERTH AND MISHIMA s7, utilizing rabbit corneas in 
a perfusion culture chamber, favor an endothelial site for the pump mechanism that 
governs stromal dehydration. With proper medium, normal corneal thickness could 
be maintained, and temperature reversal recovery could be demonstrated. When 
carefully removed, the epithelium was shown to play no role in these phenomena, 
but the endothelium was shown to be essential. Furthermore, inhibition of the endo- 
thelium by ouabain, removal of the energy source from the endothelial side (reversible 
by resupply), or removal of Ca 2÷ from the endothelial side, all caused corneal hy- 
dration and swelling. In the last case, electron microscopy showed that endothelial 
cell boundaries had broken down 39. With similar culture methods, TAKAHASHI AND 
MISHIMA 4° have shown that anoxia of the endothelial side, but not of the epithelial 
side, resulted in swelling of the cornea. With both sides anoxic and the cornea swollen, 
some recovery was noted when the endothelial surface was resupplied with 7 % 02, 
5 % CO2 and balanced N 2. 

The present enzyme studies do not in themselves tell which corneal limiting 
layer is more important in maintaining stromal deturgescence, but they fit well with 
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the results just cited. The similarity of the ouabain inhibition curve for the enzyme 
and the curve for ouabain effect on corneal hydra t ion  and thickening (Fig. I) make 
it seem likely tha t  the enzyme is associated with the mechanism of relative de- 
hydrat ion.  
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