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When young rats are placed on a high 
galactose diet, they develop mature cataracts 
in approximately 3 weeks. Each of the 3 
weeks may be considered as a stage in the 
cataractogenic process inasmuch as the end 
of each of the weeks is punctuated by an 
important development. 

During the first week, the cataractogenic 
process is initiated with major changes occur- 
ring in the lens. Growth of the lens is gradu- 
ally stopped. Dulcitol accumulates as a result 
of the reduction of galactose. The retention 
of dulcitol leads to lens swelling. These 
changes reach a maximum at the end of the 
first week (1) .  

During the second week, these changes are 
maintained. Vacuoles, which are first ob- 
served on the second or third day in the 
equatorial region, occupy a steadily increas- 
ing area which extends towards the central 
pole of the lens. During the second week, the 
process is still reversible. However, a t  about 
the end of 2 weeks, i t  becomes irreversible 

During the third week, the effects of galac- 
tose feeding persist and the cataractogenic 
process culminates in the relatively sudden 
appearance of a mature cataract which is 
observed as a white opacity that is visible to 
the naked eye and is located in the central 
portion of the lens. Termination of the galac- 
tose diet during the third week usually will 
not prevent the development of a mature 
cataract. The appearance of a mature cat- 
aract coincides with major physiological 
changes in the lens, which are consistent with 
the destruction of lens fiber membranes and 
a free exchange of cations and small mole- 
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(2 ) .  
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cules between the lens and its environment (1, 
374). 

Similar events occur in the development of 
mature cataracts as a result of diabetes or 
the feeding of a high xylose diet. The time 
required for the development of a mature 
cataract, however, is variable and seems to 
correlate with the degree of lens swelling (5). 
The exact connection between lens swelling, 
irreversibility, and the final destruction of 
lens fiber membranes is unknown. 

It is possible that lens swelling or some 
parallel phenomena results in the gradual 
changes which lead to a sudden destruction 
of cell membranes when the reserves of com- 
pensating mechanisms are depleted. Inas- 
much as Na/K ATPase is associated with 
cell membranes and believed to be responsi- 
ble for maintaining cellular cation and water 
balance ( 6 ) ,  i t  is possible that the critical 
change occurring during the process of cat- 
aractogenesis may be associated with changes 
in this key enzyme. 

The present paper reports changes occur- 
ring in the levels of Na/K ATPase and Mg 
ATPase at key periods (0, 6, 15, and 23 
days) during the course of cataractogenesis. 
Na/K ATPase is associated with cell mem- 
branes; is dependent on the presence of Na, 
K, and Mg ions for activity; and is inhibited 
by ouabain. Mg ATPase is nonspecific, ac- 
tivated by Mg alone, and insensitive to oua- 
b i n .  

Methods. Male, Sprague-Dawley rats, 
4-5-weeks-old and weighing 80-85 g, were 
placed on an unlimited diet consisting of 3 5 % 
galactose and 65% ground chow for an ex- 
perimental period of 23 days. Control groups 
were fed laboratory chow. Animals were sac- 
rificed by decapitation after 0, 6, 15, and 23 
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days of the experiment. The eyes were enu- 
cleated as previously described (7).  The len- 
ses were examined under a dissecting micros- 
cope; and any adhering ciliary body was dis- 
sected away with a fine pair of forceps. Any 
damaged lenses were discarded. When de- 
sired, the epithelium and capsule were re- 
moved from the rest of the lens by making an 
incision through the posterior capsule and 
peeling them away from the cortex with a 
pair of fine forceps. 

Whole lenses and decapsulated lenses were 
individually holmogenized in 1.5 ml of a 
buffer containing in final concentration 0.03 1 
M glycylglycine, 0.029 M imidazole, and 
0.003 .M magnesium chloride adusted to a 
pH of 7.4. Aliquots of 0.1 ml were placed in 
small test tubes and frozen by placing them 
in a blath containing dry ice and acetone. 
Samples were stored a t  -20" until analysis 
were made at  a later time. 

ATPase activity was determined by mea- 
suring the amount of Pi released from ATP 
by the enzyme under standard conditions. 
The value for total ATPase activity was ob- 
tained when Mg, Na, and K ions were all 
present in the medium. The value for Mg 
ATPase activity was obtained when Mg ions 
were present and Na and K ions were absent 
from the medium. To insure against any ac- 
tivation of the Na/K ATPase by cations 
from the lens, ouabain was added to the 
medium that did not contain Na or K. The 

activity of the NaJK ATPase was calculated 
by subtracting the Mg portion from the to- 
tal ATPase activity. 

A 0.1dml sample of lens homogenate was 
incubated in a final volume of 0.4 ml a t  44" 
for 30 min. Except when indicated, the incu- 
bation medium contained in final concentra- 
tion 2.7 mM ATP, 90 mM NaCl, 22 mild 
KCl, and 1 mM oaubain. The reaction was 
stopped by the addition of 0.1 ml of 0.24 M 
silicotungstic acid containing 2.2 % perchloric 
acid. The tubes were mixed and placed on 
ice. All further work was done in an ice bath 
until the final stage of color development, 
which was done a t  roam temperature. 

The inorganic phosphorus was determined 
by an extraction procedure developed by 
Wahler and Wollenberger (8) which was 
modified by Post (9). This method was fur- 
ther modified in this laboratory to a semimi- 
crotechnique. 

One-half ml of sodium molybdate reagent 
was added to the solution containing 0.4 ml 
of the incubation mixture plus 0.1 ml of the 
silicotungstic acid reagent. The sodium mo- 
lybdate reagent contains 245 ml of 60% 
HC104; 90 g of NaOH, adusted to pH 7.4; 
and 14.5 g of Na2Mo04/liter. One ml of 
butyl acetate was added to the same tube and 
then mixed thoroughly on a Vortex Jr. mix- 
er. The tubes were centrifuged at 1800 rpm 
for 2 rnin to separate the organic layer from 

aqueous layer. A 0.5-ml aliquot from the 

TA.BLE I. Activity of ATPase in Whole Lenses from Normal and Galactose-Fed Rats (&If Pi 
per lens per hour & SD). 

ATPase activity 

In diet (days) n Total Mg Na/K 

0 
6 

1 5  
23 

0 
6 

15 
23 
23" 

1 0  
10 
10  
10 

10 
10 
15 
10 
10 

Normal 
0.93 5 0.04 
1.16 2 0.06 
1.21 2 0.04 
1.19 & 0.04 

0.93 & 0.04 
0.92 & 0.03 
0.93 & 0.05 
0.77 & 0.03 
0.54 & 0.05 

Galactose fed 

0.40 & 0.05 
0.47 & 0.06 
0.56 & 0.06 
0.58 & 0.04 

0.40 2 0.05 
0.38 f 0.03 
0.43 & 0.06 
0.35 t 0.03 
0.36 2 0.04 

0.53 -I- 0.05 
0.59 & 0.04 
0.65 & 0.04 
0.61 & 0.03 

0.53 +: 0.05 
0.54 + 0.02 
0.50 2 0.05 
0.39 & 0.03 
0.18 & 0.02 

a Mature cataract. 
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TABllE 11. Activity of ATPasc in Decapsulated Lenses from Normal aiid Galactose-Fed Rats 
(@ P, per lens per hour 2 SD). 

ATPase activity 

0 1 1  diet (days) n Total Mg Na/K 

0 
6 

15 
23 

0 
6 

15 
23 
23" 

16 
10 
18 
1 4  

16 
10 
13 
10 
10 

Normal 
0.65 k 0.03 
0.77 & 0.04 
0.88 k 0.04 
0.85 k 0.03 

0.65 & 0.03 
0.67 k 0.04 
0.56 & 0.05 
0.54 & 0.04 
0.41 2 0.04 

Galactose fed 

0.25 & 0.03 
0.32 & 0.03 
0.39 & 0.06 
0.41 k 0.05 

0.25 & 0.03 
0.32 2 0.03 
0.34 & 0.04 
0.36 & 0.03 
0.31 & 0.03 

0.40 2 0.04 

0.49 2 0.04 
0.44 & 0.01 

0.40 & 0.04 
0.35 k 0.04 
0.22 k 0.03 
0.18 & 0.03 
0.10 & 0.02 

0.45 2 0.04 

a Mature cataract. 

top, organic layer, containing the phosphomo- 
lybdate complex was removed and placed in 
a clean test tube. To this aliquot, 0.5 ml of 
an isopropanol reagent (500 ml of isopro- 
panol containing 5.1 mg of CuC12*2H20 and 
7.5 ml of concentrated H2S04) was added. 
One drop of mercaptoethanol, a reducing 
agent, was added; and the contents were mix- 
ed well on a Vortex Jr. mixer. The color was 
allowed to develop for 30 min. The optical 
density was read at  725 mp on a spectropho- 
tometer and compared with a standard con- 
taining inorganic phosphate. Activity is ex- 
pressed in terms of the amount of inorganic 
phosphate released per unit per hour. 

Epithelial cell counts were made as fol- 
lows: The epithelia and capsules were re- 
moved and immediately placed in tubes con- 
taining 0.5 ml of 2 %  citric acid. The tubes 
were periodically agitated. (The citric acid 
plus the agitation lyses the cells, freeing the 
nuclei from the cell and from the capsule.) 
Each tube was checked under an inverted 
microscope to determine if all the cells were 
lysed and freed from the capsule. If they 
were, 0.1 ml of crystal violet (0.1% crystal 
violet in 0.1 M citric acid) was added to 
stain the nuclei blue for easier counting. An 
aliquot was then taken for enumeration in a 
hemocytometer. If all the cells were not 
lysed, the tube was agitated until they were, 
then stained, and counted. 

Drv weights were determined bv removing 

the lenses and cleaning them as described 
above, weighing them quickly and placing 
them in an oven at 90" and drying them to 
constant weight. The standard time period 
was 16 hr. 

Resdts .  The level of total ATPase activi- 
ty, Mg ATPase activity, and, by difference, 
Na/K ATPase activity for whole lenses from 
normal control and galactose fed rats at  0, 
6, 15, and 23 days is shown in Table I. 
Similar data for decapsulated lenses which 
represents the activity of the fibers is shown 
in Table 11, and as calculated for the epithe- 
lium by subtracting the values for decap- 

TABLE 111. The Calculated Activity of ATPase 
in Epithelium plus Capsule from Normal and 
Galactose-Fed Rats (puM P, per lens per hour). 

ATPase activity 

011 dicht (clays) Total Mg Na/K 

0 
6 

15 
23 

0 
6 

15 
23 
23" 

Normal 
0.28 0.15 
0.29 0.15 
0.33 0.17 
0.84 0.17 

Ga1:ictose fed 
0.28 1.15 
0.25 0.06 
0.37 0.09 
0.23 0.02 
0.13 0.05 

0.13 
0.14 
0.15 
0.17 

0.13 
0.19 
0.28 
0.21 
0.08 

a Mature cataract. 
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TABLE IV. Activity of ATPase in Isolated Epithelia plus Capsules froin Normal and Galactose- 
Fed RaB (# Pi per lens per hour). 

ATPase activity 

On diet (days) n Total Mg N a / E  

0 
6 

15 
23 

0 
6 

15 
23 
23" 

Nolr m a1 
0.25 
0.27 
0.31 
0.33 

Galactose fed 
0.25 
0.22 
0.33 
0.21 
0.12 

0.14 
0.15 
0.16 
0.17 

0.14 
0.015 
0.09 
0,.02 
0.05 

0.11 
0.12 
0.15 
0.16 

0.11 
0.17 
0.24 
0.19 
0.07 

" Mature cataract. 

sulated lenses from comparable values for 
total lenses in Table 111. The values for 
Na/K ATPase activity were described in a 
preliminary report (10) and are repeated 
here foir comparison with the activity of Mg 
ATPase and for the calculation of specific 
activity. The level of activity of Na/K 
ATPase in the decapsulated lens is about 7 5 % 
of that found in the whole lens. This is in 
agreement with the ratio reported by Yuge 
for calf lens (11). The values calculated for 
activity in the epithelium plus capsule shown 
in Table 111 were confirmed by direct analy- 
sis of activity in isolated 'epithelia plus cap- 
sules. These results are shown in Table IV. 

Changes in the epithelial cell population in 
lenses From normal and galactose-fed rats 
during the experimental period are shown in 
Table V. The epithelial cell population for 
lenses from rats fed a normal diet are in 
agreement with those reported by VonSall- 
man ( 1 2 )  for rats of a similar age. The 

observation of a cell population almost three 
times as high as normal in rats fed a galac- 
tose diet is in keeping with histological 
studies that demonstrate a proliferation and 
stratification of epithelial cells during the cat- 
aractogenic period ( 13). 

The ATPase activities per epithelial cell 
were calculated by dividing the average ac- 
tivity of the epithelium plus capsule, as 
shown in Table 111, by the average number 
of epithelial cells in comparable lenses as 
shown in Table IV. The calculated results are 
shown in Table VI. The Mg ATPase and the 
Na/K ATPase activities per epithelial cell 
are essentially the same throughout the ex- 
perimental period for lenses from rats receiv- 
ing a normal diet. The levels of activity per 
epithelial cell are lower in the lenses obtained 
from rats on a galactose diet. 

The dry weights of lenses obtained from 
rats on normal and galactose diets of compar- 
able age and experimental conditions to those 

TAIBLE V. Cell Counts i n  Lens Epithelia from Noriiial and Galactose-Fed Rats (in thousands). 

Normal Galactose fed 

On diet (days) n Cells/lenB n Cells/lens 

0 
G 

15 
23 
23" 

~ 

10 
10 
10 
10  

~~~~~ ~ 

92 & 0.5 
102 & 0.7 
119 2 0.G 
120 2 0.8 

10 92 4 0.5 
11 165 4 0.7 
12 262 4 0.7 
12 316 2 1.0 
1 5  316 4 1.0 

" .Mature cataract. 
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TABLE VI. The Activity of ATPase per Lens 
Epit,helial Cell froiii Normal and Galuctose-Fed 

Rats ( f ipH P, cell per hour). 

ATPase activity 

On diet (days) Mg Na/K 

Normal 
0 1 . G  
G 1.5 

15 1.4 
23 1.4 

Ga.lnctose fed 
0 1.6 
G 0.4 

15 0.4 
23 0.2 
23" 0.2 

1.4 
1.3 
1.3 
1.5 

1.4 
1.2 
1.1 
0.7 
0.3 

a Mature cataract. 

reported in other experiments in this series 
are shown in Table VII. The specific activi- 
ties for Mg ATPase and Na/K ATPase per 
unit of dry weight are depicted in Figs. 1 and 
2. 

The effects of galactose feeding on the 
levels of ATPase activity in the epithelial 
and fiber portions of the lens may be studied 
by comparing the activities found in lenses 
from galactose-fed rats with those in the len- 
ses oif comparable rats that have been on a 
normal diet. This type of comparison has 
been made in Table VIII by calculating the 
activity of the experimental group as a per- 
centage of the control. The most pronounced 
effects of galactose feeding appear to be an 

early and pronounced lowering of Mg 
ATPase activity in the epithelium, and, a t  15 
days, a marked lowering of the Na/K 
ATPase activity in the fibers. 

Discussion. The changes occurring in lens 
epithelia during the cataractogenic process 
take place under circumstances of cell prolif- 
eration, therefore, changes in ATPase activity 
are the possible resultant of many simul- 
taneous processes. The significance of a low- 
ered activity of Mg ATPase in lenses from 
galactose-fed rats is not known and it is diffi- 
cult to postulate inasmuch as the role of t h i s  
type of enzyme activity in cell physiology 
remains unknown. 

The fiber mass of the lens remains relative- 
ly stable during the cataractogenic process. 
Therefore, the changes in ATPase activity 
are more likely to be the resultant of effects 
on the enzyme without the complications of 
cell division and new cell formation. Viewed 
in this light, the decrease in Na/K ATPase 
activity in the decapsulated lens or lens fibers 
after 15 days of galactose feeding might be 
the result of enzyme destruction or inactiva- 
tion. The fact that Mg ATPase activity is not 
lowered suggests that this enzyme is not 
being destroyed and that the decrease in 
Na/K ATPase activity may be related to 
inactivation of the enzyme. Inasmuch as this 
is a sulfhydryl enzyme, inactivation might be 
related to oxidation or to chemical combina- 
tion. In red blood cells, the activity of Na/K 
ATPase is known to be decreased by oxidized 
glutathione (14) and preliminary experi- 

TABLE VII.  The Dry Weight of Lenses from Normal and Galactose-Fed Rats (mg & SD). 

Total lens Decapsulated lens Epithelium and capsule 

On diet (days) n w t  n w t  n wt 

0 
G 

15 
23 

0 
6 

15 
23 
23" 

15 7.9 -r- 0.2 
13 9.0 2 0.1 
18 10.4 2 0.3 
15 11.7 f 0.2 

15 7.9 2 0.2 
12 8.5 2 0.3 
12 9.3 5 0.5 
13 9.6 2 0.4 

Norn1:11 
15 7.6 -+ 0.1 
15 8.6 2 0.2 
32 9.9 2 0.2 
14 11.0 & 0.3 

15 7.6 -+ 0.1 
10 7.9 2 0.2 
13 8.5 2 0.3 
12 8.5 2 0.3 

Galactose fed 

5 0.4 2 0.1 
4 0.4 & 0.2 
4 0.6 & 0.1 
5 0.6 * 0.2 

5 0.4 -+- 0.1 
5 0.6 2 0.3 
5 0.9 2 0.2 
4 1.3 & 0.2 

* Mature cataract. 
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LENS EPITHELIUM 

NORMAL GALACTOSE FED 

0 6 15 23 0 6 15 23 

DAYS 

FIG. 1. Specific activity of ATPase in the epitheli- 
um of lenses from normal and galactose-fed rats 
during the cataractogenic period. 

DECAPSULATED LENS 
I 

NORMAL GALACTOSE FED 

0 6 15 23 0 6 15 23 

DAYS 

FIG. 2. Specific activity of ATPase in the fiber 
portion of lenses from normal and galactose-fed rats 
during the cataractogenic period. 

ments in this laboratory indicate that the 
activity of thi,s enzyme in whole lens may be 
decreased to less than 50% of normal activity 
in the presence of M oxidized glutath- 
ione. The known decrease in glutathione 
levels early in the cataractogenic process 
(15) may result in a shift of the oxidation-re- 
duction environment of the fiber with a loss 
of enzyme activity. 

The observed results are consistent with 
the view that the final destruction of fiber 
membranes may be the result of the inability 
of the cation pump in the fiber membranes 
to maint4ain salt and water balance. 

TABLE VIII. Comparison of Lenses [of the Same 
Age] from Galactose-Feid Rak with Those on a 

Normal Diet (percmtage of normal value). 

On diet (days) 

6 15 23 

Epithelium 

lens 
unit  of dry wt  
cell 

Mg ATPase activity per 
lens 
unit of dry wt  
cell 

Na/K ATPase activity per 

Fibers 
Na/K ATPase activity per 

lens 
unit  of dry wt  

Mg ATPase activity per 
lens 
unit of dry wt  

136 175 123 
91 109 75 
84  80 47  

40 53 1 2  
27 33 7 
24 24 4 

78 37 23 
85 48 52 

100 87 88 
110 10m3 113 

~~ 

Summary. Determinations of Mg ATPase 
and Na/K ATPase activity in lens epitheli- 
um and in decapsulated lenses or lens fibers 
were made in lenses obltained from rats on 
normal and galactose diets at  0, 6, 15, and 23 
days of the experimental period. Galactose 
feeding resulted in a marked lowering of Mg 
ATPase activity in the epithelium after 6 
days on the diet. The level olf Na/K ATPase 
activity was markedly decreased in the 
fibers after 15 days on the diet. The lowering 
of Na/K ATPase activities in the fibers 
may provide a possible link between the 
known decrease in the glutathione early in 
the cataractogenic process and ithe known de- 
struction of fiber membranes that is associ- 
ated with the appearance of mature cat- 
aracts. 
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