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SUMMARY 

The transport of water into or out of the lens was regulated by the osmotic 
gradients between lens and incubation media. Rabbit lenses incubated in hyposmotic 
Tyrode's media gained water while water losses were found in lenses incubated in 
hyperosmotic Tyrode's media. Concomitant decreases or increases of intralenticular 
osmolarities to equilibrate the osmolarity of the bathing fluid were found in lenses 
incubated in the anisotonic media. The water gains or losses from lenses, induced by 
osmolarity changes, were reversible. Within the 238-368-mosM range of media 
osmolarities, the lens behaved as a "perfect osmometer". Minimal lens swelling 
resulted in hydropic changes in lens epithelium ceils and in lens fibers. Additional 
overhydration led to fluid collection ill the interfibrillar space. The rate of 8GRb efflux 
fronl the lens increased in swollen lenses proportionally to the degree of hydration. 
The net transport of 86Rb into the lens was increased (+8,  + I 8 % )  in minimally 
swollen lenses and markedly decreased ( 5o ,o) in lenses incubated in media 26o 
mosM hypotonic to the lens. The waler permeability coefficient (k) of lens was 
o. 4/~. ulin -1. atm -1, a value smaller than the k of erythrocytes, of similar magnitude 
to the k of leukocytes and slightly higher than the k of marine invertebrate eggs. 

INTRODUCTION 

In terms of water transport the lens can be compared to a unicellular structure 
as it is enveloped by a capsule, and changes in its water volume follow alterations 
of the environmental osmolarity 1. The swelling or dehydration of the lens is responsible 
for refractive errors, and scattering of light entering the eye'-'. Recent studies indicate 
the accmnulation of impermeable sugar alcohols by lenses incubated in high glucose 
or high galactose media may result in increased lens osmolarity and movement of 
water into the lens 3. Measurements of intralenticular osmolarity indicate tile lens, 
aqueous humor, and vitreous hunlor have identical osmolarities. NORDMANN 4,5 found 
the freezing point depression (A) of bovine lens varied from --o.51 to ---o.63 ~, and 
averages for rabbit and human lens to be --0.53 and --o.580 , respectively. The latter 
values correspond to osmolarities of 288 and 312 mosM/kg lens water. To quantitate 
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the effects of media osmolarity on the lens, we have incubated rabbit lenses in control 
Tyrode's  media and in various anisotonic media, and measured the transport of water 
and the intralenticular osmolarities. The majority of these studies were conducted in 
media slightly hypertonic (+33,  +66 mosM) or hypotonic (--32, 64 mosbl) to the 
lens. In extremely hypotonic media (--26o mosM) marked lens hydrations resulted 
from osmolarity changes. In addition, the effects of medium osmolarity on the efflux 
and uptake of S~Rb by the lens were studied. I t  is known Rb + behave as K +, and that  
they are actively transported against the concentration gradient 6 and efflux rapidly 
from the lens 7. 

MATERIAL AN1) METHODS 

Rabbit lenses and Tyrode's media of various osmolarities 
Albino rabbits (Haskins Rabbitry,  Creve Coeur, Mo.), 2-3 kg weight, were 

sacrificed painlessly by intracardiae air injection, and the eyes enucleated immedia- 
tely. The lenses were obtained by opening the eves at the posterior pole, and gently 
separating the vitreous humor to the side, and sectioning the zonules with curved 
blunt scissors. 

TABLE l 

COMPOSITION OF TYRODN'S MEDIA OF VARIOUS OS~IOLARITIGS 

Media NaCl £'ucrose Calc. 
(raM) (raM) osmolarily 

(mosM) 

Control Tyrode 's  137.0 302 

--32 mosM hyposmot ic  Tyrode 's  12o. 4 270 
Na+-subst i tuted isosmotic Tyrode 's  I2o. 4 30.45 299 

- 64 mosM hyposmot ic  Tyrode 's  lo2.8 238 
Na+-subst i tu ted isosmotic Tyrode 's  lO2.8 0o.8 3oo 

26o mosM hyposmotic  Tyrode 's  o.o 42 
Na+-subst i tuted isosmotic Tyrode 's  0.o 231.8 302 

@32 nlosM hyperosmotic  Tyrode 's  i37.o 30.4 334 

+64  mosM hyperosmotic  Tyrode 's  r37.o 60.8 360 

The composition of complete Tyrode's media was similar to that  used in 
previous studies on lens transport< a. Hyposmolar  Tyrode's  medium was prepared by 
omission of various concentrations of NaC1 and hyperosmolar Tyrode's medium by 
addition of various sucrose concentrations as shown in Table I. Na+-substituted 
isosmotic Tyrode's medium was prepared by replacing equal molarities of NaC1 by 
sucrose. The rationale for including the Na+-substituted experiments was that  the 
absence of Na + from the media affected the lens efflux or uptake of 8~Rb in addition 
to osmolarity. Consequently, all osmolarity experiments on 86Rb uptake or efttux had 
to be corrected for such Na + effects. Osmolarities were expressed in mosM (mosM/kg 
water). Hyposmotic solutions were referred to as the difference between isotonicity 
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and the calculated value for osmolarity udth the negative sign (--). In hyperosmotic 
solutions the difference between isotonicity and the calculated osmolarity were 
indicated with the positive sign (+).  

Measurements of lens water transport 
Two methods were used for lens water determinations : (a) intermittent weighing 

during incubations, (b) water content by differential weighing before and after 
drying at IOO °. 

(a) Intermittent weighing. Determinations with this method carried the as- 
sumption that the dry weight of the lens (33.3°0 of the original weight) remained 
constant during the incubations, and that any changes in total lens weight reflected 
variations in lens water. Immediately after removal from the eyes, the lenses were 
weighed in a Roller-Smith precision balance. After initial weighing, the lenses were 
carefully transferred to quadrant-styled petri dishes containing IO nfl of media of 
various osmolarity in each quadrant, and incubated at 37 ° in a rocking water bath 
moving at a speed of 18 times/rain. At intervals of 3o rain, I h, 2 h, 3 h, and 4 h, the 
lenses were temporarily removed from the media, and weighed. Extreme care was 
exercised in the transfer maneuvers to avoid any trauma to the lens capsule. The 
results indicated the water and total weight content of the lens remained constant 
after 5 h of incubation in media isotonic to the lens, and validated the method of 
repeated weighing. 

(b) Water content by differential weighing. At the end of experiments on either 
water transport by the lens or on 86Rb uptake and efflux, the lenses were weighed, 
dried for 24 h at IOO °, and weighed again. The differential weight between the fresh 
and dry lenses represented lens water. 

Intralenticular osmolarities 
The lens osmolarities were measured by adapting methods previously used in 

red blood cells and brain~-*L Basically, it consisted of homogenizing the tissue in a 
solution of a known osmolarity. Total rnosM in the homogenate =- total mosM in the 
tissue (lens) + total mosM in the diluting solution. The differential value between 
the osmolarity of the tissue homogenate and its solvent represented the tissue osmo- 
larity. Calculations were based on the formulag,m: 

~s~Vs - 2/3[Vl.'rl ~ ~ia(Ws 4- 2/3[V1 ) (t) 

~ - ~  observed osmolarity of the solvent Tyrode's solution; Ws = weight (volume) 
of solvent Tyrode's solution; W1 = weight of the lens (or lenses), 2/3 of this value 
represents the tissue water, average value of 66.6% for rabbit lens; ~l = osmolarity 
of lens (unknown) ; ~h ~ observed osmolarity of the homogenate ; from where 

2/3 Wl~t =- ~h(Ws + 2/3 W1) -- ~sWs (2) 

~h(~Vs @ 2/3 H'~I) --  -Tsli's 
=1 = (3) 

2/3W! 

In practice two lenses were homogenized in a conical pyrex tube containing 1.8 ml 
of isotonic Tyrode's solution (3o2 mosM). Tile lens to solvent ratio was approx, z :4. 
Osmolarities of the solutions and lens homogenates were obtained in a freeze point 
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depression Advanced  Osmometer  (Advanced  Ins t ru lnents ,  Inc., Newton Highlands ,  
Mass.). Osmolar i t ies  in lens fluid were expressed in mosM/kg lens water .  

A:a + and ]~+ delermimtlioJts i,t leJtses 
Following tissue water  determinati<m, the dr ied lenses were digested in HNOa 

as previous ly  described.  Io  mI of dist i l led water  were added,  the digests were centr i -  
fuged at  25oo rev. /min and 2 ml of supe rna t an t  used for Na + and K + de te rmina t ions  
by  flame pho tome t ry  8. Tissue cat ion content  was expressed in mequiv/kg  dry  lens 
weight.  

86Rb e/}htx from rabbit letzses into media o/various osmolarities 
R a b b i t  lenses were t ransfer red  to Kjektahl  round- t )o t tom flasks conta in ing 

io  ml of K! - f r ee  Tyrode ' s  lnedium and 0. 4 tzC;'ml 86Rb (Abbot t  Labora tor ies ,  Abbo t t  
Park ,  Ill.) (specific ac t iv i ty  0.82 mC/mg) and incuba ted  as previous ly  described for 
2 h (ref. 6). At  the end of the  incubat ions,  the lenses were t ransfer red  into 2 ml of 
Tyrode ' s  medium of various osmolari t ies .  In a separa te  set of exper iments  to prevent  
the  re -en t ry  of S6Rb and obta in  es t imates  <d efflux independen t  <>f the  ( N a ! - K ) -  
ATPase  "pu lnp" ,  ouabain ,  in concent ra t ions  of i raM, was added  to the  media . f  some 
flasks. Al iquots  of 20/~1 were ob ta ined  from the efflux media  at  15, 30, 6o rain, and 
2, 3, and 4 h, and p la ted  in pkmchets .  At  the end of the incubat ion  period, the lenses 
were removed  from the media,  weighed, aim t ransferred to c<mical homogenizers  
conta in ing  2 ml of I5 0o (w/v) t r ichloroacet ic  acid, and  ground.  The homogenates  were 
centr i fuged at  25oo rev. /min for 2o rain, and  2o-/,1 al iquots  of the supe rna tan t s  p la ted  
in planchets .  Tlle p l a t ed  samples  of efflux media  and superna tan t s  were counted in a 
Nuclear  Chicago gas-flow counter  a t  infinite thickness.  The results  were ca lcula ted  
in s61),b counts / ra in  per ml of efitux media  and S"Rb counts/rain per ml of lens af ter  
the  corresponding background  subtract ions .  The percentage of S~Rb effluxed from 
the to ta l  S~Rb present  in the  lens at  var ious  t imed  intervals  was:  

t:.fl media 
Elf lens := - > loo (4) 

.\cc lens -' Eft media 

Eft lens = efflux from lens or efflux at  any  t ime in terva l  as % of total  ini t ial  S6Rb in 
lens; Eft media  = to ta l  S~Rb efltux from the lens into the  media  at  an) '  t ime in terval  
= counts / ra in  per  ml final media  . final medium volume;  Act: lens to ta l  8~Rb 
accumula ted  b y  the lens at  any  t ime in terva l  SGRb counts/rain per ml lens water  

volume lens water.  

S6Rb tra~spor! Mto le~,ses iu Tvrode's media of vario~ts osmolarilies 
After  removal ,  the lenses were t ransfer red  into 2 ml of (I) control  Tyrode ' s  

media,  (2) Na=-subs t i tu ted  isotonic Tyrode ' s  media,  and in (3) hypo-  or hyperosmot ie  
Tyrode ' s  media  wi th  0. 4/~C/nfi of S°Rb in each media.  The lenses were incuba ted  in 
Kje ldah l  flasks processed as in previous experimentsa,  7, and  the rates  of accumula t ion  
af ter  4 h ca lcu la ted  in tissue t .  med ium rat ios of the S6Rb counts/rain per ml of lens 
water  over the  S6Rb counts / ra in  per ml of final media.  The to ta l  S~Rb (in counts/rain 
per  lens) t r anspor t ed  into lens ( transp.  lens) in 4-h incubat ions  was de te rmined  by  
adding  the to ta l  S~Rb accumula ted  by  the lens (counts/rain per  lens) at  4 h to the  to ta l  
S6Rb effluxed from the lens dur ing 4 h exper iments  (counts/rain per lens). The la ter  
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values were obtained from the efflux experiments, using the nomenclature in (5)- 

Transp. lens -- Acc lens -- Eft lens (5) 

Gh~cose tran@ort and utilization ~, lenses incubated in Tyrode's media of various 
osmolarities 

In 2o-~1 samples of the initial and final incubation media glucose was determined 
by  glucose oxidase with Wor th ington  Glucostat  (Worthington Biochemical Corpora- 
tion, Freehold, N.J.). The lenses had been incubated in complete Tyrode 's  media, and 
in Tyrode 's  media of various osmolarities as in other experinaents on this series. The 
difference between initial and final glucose content  of the media represented total  
glucose t ransported and utilized by  the lens, and was expressed in mnloles/kg wet 

lens weight per h. 

Histology of incubated lenses 
After incubations for 4 h in complete Tyrode 's  media and iu Tvrode 's  media 

of various osmolarities, the lenses were fixed in 2 i % formaldehyde. 6-/, sections of 
the lenses were stained with hematoxvlin-eosin.  

Fitness of the lens to a "perfect osmometer" 
Changes in the extracellular osmotic pressure brought  about  changes in volmne 

bv transfer of water to or from the lens. If an infinitely large volume of extracellular 
fluid was present, the application of the modified van ' t  Hoff osmotic pressure equation ~2 
(PONDER'S 13 equation) tha t  follows, determined the fitness of the lens to a "perfect 

osnlometeI ". 
~]t (o ) 

l" = lI'o . j r  - -  I, + IOO 

1 

where V = cell volume (which is arbitrari ly set at IOO at isomolarity) ; [l" 0 = fraction 
of cell volume occupied by  H20  at isosmolarity (the lens = 66%);  A t = freezing 
point depression of intracellular (lens) solvent phase at isosmolarity; A t = freezing 
point depression of extracellular (Tyrode's) fluid. 

The V value was the theoretically expected value for change in lens volume 
(lens water content) with changes in t o n M t y  of the media (zlt~/At0). W i t h  the tonicitv 
of the media equal to I, the cell volume remained unchanged at lOO%. The parameters  
A t, Ato, and W 0 were measured experimentally to determine whether  the found value 
V fitted the theoretically expected value for the corresponding change in osmolarity. 

Permeability coe~cient (k) of water i nfl~x into lens 
The volume of water crossing per unit  area of lens membrane  per unit time in 

response to a difference of one atmosphere represented the osmotic permeabil i ty of 
tile lens. The permeabil i ty coefficient k was expressed in tz 3 of water per tz 2 of lens 
surface per rain per a tm (/~3 water./z~ lens surface - l ' a t m  - 1 _  /x .min-~.a tm ~). 
If tile water  diffusion through the lens membranes was a process of simple diffusion, 
and the resistance of the membrane remained constant  during the osmotic w)lume 
change then 1438 : 

dVe lens 
k .A (~o - -  -~) (7) 

dt 
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where V e lens = volume of lens at  osmotic pressure ~e; t = t ime of measurement  ; 
A = surface area  of the  lens (lens capsule area);  n0 = in ternal  osmotic pressure at  
t = o (in mosM/kg lens water ) ;  ae  - -  ex terna l  osmotic  pressure (in mosM/1 of media) ;  
and from the basic re la t ionships  between osmotic pressure and volume 

~ e l  "e l e n s  = .-r0I "° l e n s  (8) 

where V ° l e n s -  volume of lens at  osmotic  pressure ~0- If ~ = in ternal  osmotic 
Dessure  of the  lens in equi l ibr ium with ne at  any  t ime in terva l  t and subs t i tu t ing  in 
(7) and  (8) 

:'rol "o l e n s  d ~  

~a d !  

and  in tegra t ing  

( i) - -  .'r01"° l e n s  I __ k . q t  - : r ° l ' ° l e n S l n ~ ( ' - r °  ~e) ~ . . . . . .  q _ _  ( I O )  

By solving (Io) the  wate r  pe rmeab i l i t y  coeffiecient k was found. The volmne of 
the  lens was ca lcula ted  form the lens weight and  specific g r a v i t y  (s.g. 1.12). Assuming 
the lens is an obla te  spheroid,  the surface area  (A) was found as 

b'-' t + e  
. q  ---  2 : - r a  2 2_ _ _  logo  - - -  ( I I )  

where a and  b are the  ma jo r  and  minor  semi-axes,  respect ively ,  and  e the  eccentr ic i ty .  
The average value  used for A was 24o mm 2. 

RESULTS 

Effect of medium osmolarities ou water transport into lem 
Fig. I shows the percentage  of change in water  content  of r abb i t  lenses in- 

cuba ted  in media  of var ious  osmolar i t ies  for a per iod of 4 h. The wate r  content  of 
those lenses incuba ted  in isotonic media  remained  unchanged  at  the  end of 4 h. 
Those lenses incuba ted  in hypoton ic  media  of - 32, - -64,  and ---26o mosM, showed 
gains of 5°.o, I4°.o, and  64.5% of the  original water  content ,  respect ively.  Lenses 
incuba ted  in hyper ton ic  med ia  of + 3 3  and + 6 6  mosM lost 5 °  and I I ° o  of to ta l  
water  content ,  respect ively.  Absolu te  values in rag/lens are shown in Fig. 2. Some of 
the changes in water  content  were reversible as demons t r a t ed  in Fig. 3. In those 
exper iments ,  the  lenses were incuba ted  in various hypoton ic  solut ions for 3 h, and 
then t ransfer red  to a +lOO mosM hyper tonic  medium.  The results  showed gradual  
reverse of the previous lens water  gains, and even a loss of pa r t  of thei r  original water  
content .  Only 3o°o of the  to ta l  water  gains of lenses incuba ted  in 26o mosM 
hypoton ic  media  effluxed when t ransfer red  to a +IOO mosM hyt)ertonic med ium 
(Fig. 4) for 4 h. 

Effect of medium osmolarities o~t iJdrale~zticular osmolarities 
The change in water  content  of lenses incuba ted  in media  of var ious  osmolar i t ies  

was accompanied  by  a l te ra t ions  in in t ra len t icu la r  osmolari t ies.  Table  I I I  shows the  
in t ra len t i cu la r  osmolar i t ies  of r abb i t  lenses incuba ted  in var ious  exper imenta l  con- 
di t ions  af ter  4 h and 22 h. At  4 h, lenses in both hypoton ic  ( 32 and 64 mosM), 
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and hypertonic Tyrode's medium ( + 3 3  to + 6 6  mosM) had attained complete osmotic 
equilibrium with the media, and the intralenticular osmolarity values approached 
osmolarity values very close to those of the media. Of interest, is the decrease of lens 
osmolarity of 61 mosM when incubated in a medium hypotonic by --67 mosM as 
compared to an increase of lens osmolarity of 38 mosM when incubated in a medium 

70 -260  mosM 

/ (  

o / 

c 
5 / 
g 
g i ~ _ ~ - ~ - ~  -64 m o s M  

~-~ -10 3 - - n  o c - - - - ,  -32 mosM . i  I s o s m o t i c  

• ~ i ~ •  , 6 4  mos M 
i i i ~ i i i , 
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T i m e  (rnin) 

*14C "U_ 
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E 
-12C 

O "7_ >o .1OC 

E 
.~ 

+4C 

5 

c~ ,2(: 
_o 
.c_ 
g 
E 2 
(D 

Hypos m o t [ c  

-64  m osM 

H y p o s m o t i c  ~ 
-32 m osM 

H y p e r o s  rnot]c  
* 32 m osM 

-2£ 
l y p e r o s m o L i c  

~66mosM 

Hyposmot[c 

-260  mosM 

11 
Fig. i .  Change in water  content  of lenses incubated  in isosmotic ,  hyposmot ic ,  and hyperosmot ic  
Tyrode's  media  as the  percentage of tota l  water  in the  lenses at  the  beginning of the  experiments .  
Each  curve  represents  the  average of an exper imenta l  set of io  or more  lenses. 

Fig. 2. Change in water  content  of lenses incubated  in i sosmot ic  and anisosmot ic  Tyrode's  media  in 
m g  H.~O per lens, compared  to the  initial  water  content  at the  beg inning  of tile experiments .  Each 
block represents  the  average of an exper imenta l  set of io  or more  lenses. 

• 15 Tronsfer to lOOmosM hyperosrnot ic 
4 y p o s m o t i c  Ty rode's 
64mos 

2 

Iso~mot,c 

g 
g 

-1% ' d o '  1 ) o '  1 ; o '  6 ;  ' 1 ) o '  1do ' 2~o '  - -  
O U m e  (min) 

Fig. 3. Change in water content of lenses incubated in isosmotic and hyposmotic Tyrode's media 
made plus ioo mosM hyperosmotic by addition of sucrose, expressed as the percentage of the 
total  water in the lenses at the beginning of the experiments. Each experimental set includes 
4 or more lenses. 
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+6  4 mosM. These values parallel the water gains or losses shown in 

7C 

o 

50 

3C 

g 

r cnsfer tc ?C:CmOSWI hFpercsmot~c 

Hyposmot,c ~ k ~ o  Tyro, rids 

/ 

' do ' / 5 o '  1 ~ o '  6b ' 4 o '  ~ o '  2~o ~ 
Time (min) 

Fig .  4. C h a n g e  in  w a t e r  c o n t e n t  of  l en se s  i n c u b a t e d  in  - - 2 6 0  m o s M  h y p o s m o t i c  T y r o d e ' s  m e d i a  
a n d  t r a n s f e r r e d  a t  2 h t o  + i o o  m o s M  h y p e r o s m o t i c  m e d i a ,  in  p e r c e n t a g e  of  t h e  w a t e r  p r e s e n t  
a t  t h e  b e g i n n i n g  of  t h e  e x p e r i m e n t .  T h e  i n d i v i d u a l  clots a r e  t h e  a v e r a g e  of  4 l enses .  

T A B L I , ;  I I  

E F F E C T  OF O S M O L A R I T Y  ON L E N S  ~VATER C O N T E N T  

A v e r a g e  of 2 4 l ense s  in  e a c h  g r o u p  i n c u b a t e d  as  d e s c r i b e d  in  5IE'rHoDs. 

Change of  calc. A of  le~zs A of  calc. Change of lens 
osmolarity volume at end of wdume to fit a water (rag~lens) 
(mos3I) 4 h "perfect osmometer" at 4 h 

( 'o of conlrol) (% o f  control )  

~ -  O0 - - l I  - 1 2  2 2  

-k 33 - -  5 - 6 - 1o 

I s o s m o t i c  m 0. 5 o o .6  
-- 32 @ 5 q- 8 + t o  

- 64  + 1 4  - ]  I8  @ 31 
260 + 6 4 .  5 * + 4 3 2  + i 2 7  

* + 1 o 2  % of  c o n t r o l  a t  22 h.  

Fitness of the lens to a "perfect osmometer" 
From the measurements of intralenticular osmolarities (Table III) ,  it was evi- 

dent lenses incubated in hypo- or hyperosmolar media (--64 to +66 mosM) were in 
equilibrimn with tile environmental fluid at 4 h as no substantial changes in osmola- 
rities occurred at 22 h of incubation. However, in a --260 mosM hyposmotic Tyrode's 
medium further decreases in intralenticular osmolarities and water gains took place 
in the interval between 4 and 22 h of incubation, indicating the lens was not equili- 
brated with the media. 

The results in Table II  and Fig. 5 show no major discrepancies between ex- 
perimental and expected values for AV (A lens w)lume; A lens water) of lenses sub- 
jected to osmolarities of --64 to +66 mosM from isotonicity. This would indicate the 
lens fits a "perfect osmometer" within that experimental range but not when the 
medium is higMy hypotonic. 
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E~ux of S6Rb from rabbit lenses i~zcubated in media of various osmolarities 
The 8~Rb effluxes from lenses incubated in media hypotonic to the lens by -32, 

--64, and --26o mosM, as compared to those incubated in isotonic Tyrode's solution 
with and without Na + substitutions, are shown in Figs. 6-8. The increased 8~Rb 
efflux from lenses in hypotonic media as compared to those lenses incubated in 
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of var ious  tonic i t ies  ~, where  n0 or i so ton ic i ty  to the  hms = I.o. 

Fig. 6. The e i f lux of 86Rb from rabbi t  lenses transferred to i sosmot ic  control  Tyrode 's  m e d i u m  and 
to i sosmot ic  Na+-subs t i tu ted  and - -32  and 64 mosM h y p o s m o t i c  media.  Each e x p e r i m e n t a l  
set represents  an average  of 4 lenses.  Bars  represent  S.I). of controls .  
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Fig. 7. The  ef l lux of S6Rb from rabbit  lenses transferred to i sosmot ic  contro l  Tyrode 's  m e d i u m  and 
to i sosmot ic  N a - - s u b s t i t u t e d  and  - -26o  mosM h y p o s m o t i c  media.  E a c h  exper imenta l  set represent  
average  of 4 lenses.  Bars represent  S.D. of controls .  

Fig. 8. The  eliqux of S6Rb from rabbit  le]lses transferred to i sosmot ic  contro l  Tyrode 's  m e d i u m  to 
i sosmot ic  contro l  Tyrode 's  m e d i u m  plus o . i  mM ouaba in  ( (Na<IC+)-ATPase) ,  to 3 e mosM 
h y p o s m o t i c  Tyrode ' s  and to - -32 mosM h y p o s m o t i c  Tvrode 's  plus o. I mM ouaba in  ( (Na+-K e)- 
ATPase) .  E a c h  e x p e r i m e n t a l  set represents  averages  of- 4 lenses.  Bars  are S.I). of controls .  

Hiochi.z. Biophys. Aria, I5o (t968) 7o5-722  
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T A B L E  I1 [ 

E F F E C T  OF M E I ) I U M  O S M O L A R I T Y  ON I N T R A L E N T I C U L A R  OSMOLARIT'~" 

Each  va lue  a~crage  of 2 sets of expe r imen t s  as descr ibed in the text .  

Compositio~r~ o[ 

7[yrode's media 

( ) smola r i ty  of media  
(measured) 360 333 3 o2 2()6 

) smolar i ty  of lens in var ious  
media  af ter  4 h incuba t ion  34 ° 322 302 269 

Osmola r i t v  of lens in var ious  
media  a t  24-h incuba t ion  357 325 298 267 

t37 mM 137 mM 137 mM 12o. 4 mM to2.75 mM o mM 
NaCI + Na('I + Na( ' l  Na('l  Na('l  Na( ' l  
0o.8 mM 3o.4 mM 
StlCFONC SllCFOSC 

]-[yper.smotic < lsosmotic -~ Hyp,smolic 

235 39 

239 Io6 

2.34 45 

T A B L E  IV 

E F F E C T  OF M E D I U M  O S M O L A R I T Y  ON RABI3IT L E N S  Na + A N D  l~ ± C O N C E N T R A T I O N  

Kach va lue  average  of 3 lenses i ncuba t ed  for I h and  processed as descr ibed in the text .  

Ty'rode's medium AH,,O (mg/hms) A'a+ i~z le~zs K + i~z lens 
osmolarity mean (meqmv/kg dry wt.) (mequiv/kg dr), wt.) 
{mosM) mea~ mea~ 

3 °2 + 0.5 34--t 247 
237 + 1 1 . 7  4o.o 234 
I()5. 9 +-41.2 5 o. 1 22o 
lO2.1 + 7 1 . 9  59.8 202 

Total 
Na~ + K + itz lens 
(mequiv/kg dry wl.) 
nz~'a~l 

2 8 1 .  4 

274.0 
27o.1 
2(ir.8 

T A B L I :  V 

E F F E C T  OF O S M O L A R 1 T Y  A N D  N a  = ON T H E  ~61{b E F F L U X  FROM T H E  L E N S  (4 h)  

Each  va lue  average  of 6-8 lenses i ncuba t ed  as descr ibed in the  text .  

2lledia ~Rb efftu.ved into 
media (°~o of total 
~6Rb in lens) 

Experime~ztal Experimental Experimental 
control co~trol conlrol 
(total) (Na + deficit) ( ~ isomolarity) 
(%) (%) (%) 

Control  Tyrode ' s  6.2 
(137 mM Na  T) 

--32 mosM Tyrode ' s  i5. 9 9.7 5 .o 
(12o. 4 mlVI Na +) 

-64 mosM Tyrode ' s  27. 4 t5.2 4.o 
(lO2.75 mM Na +) 

--260 tnosM Tyrode ' s  49.0 42.,"; I 1.2 
(o mM Naq) 

4.7 

I I . 2  

31.6 

]3iockim. tJiophys...tcla, 15o (t908) 705-722 
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control Tyrode's medium was due to (I) osmolarity factors, (2) the decreased Na + 
concentration in the media. The contributions of these various fractions to the 
increased ~Rb effluxes from lens are separated, and analyzed in Table V. In the 

o/ and 4-h experiments, osmolaritv accounted for ~Rb efflux increases of 4.7 %, I I . 2  o ,  

3z.6%, in media hypotonic to the lens by --32, --64, and --26o mosM, respectively. 
There was, however, an active 86Rb lens "pump" that could counteract the 

increased S6Rb effluxes into the media when the osmolarities were varied. To establish 
whether the osmolarity effects were independent from or associated with a stimula- 
tion or deficit of the Na+-K + "pump" in the following series of experiments, the 
Na+-K + "pump" was suppressed with ouabain. The results in Fig. 8 are indicative of 

6c -  02°  

c 

a 
5 

K + 

S srno c 6 5  -136  - 2 0 0  

Conch. (mOSM) 

2 5 O  

E 

>.  

c~ 

2 3 0  . ~  

E 

k 
k 
O 

210 "5  

6 

c 

Fig. 9- The Na * and K + concentrat ions  of lenses (in m e q u i v / k g  dr5,, wt,) incubated for i h in 
Tyrode's  media  isotonic and hypoton ic  to the  lens. 

B 

Fig. IO. Sect ion through  capsule and lens epi the l ium of lenses incubated  3 2 mosM hyposmot i c  
Tyrode's  m e d i u m  (A) and - -6  4 mosM hyposmot i c  Tyrode's  m e d i u m  (B) for i h. In the  photograph 
above  (A) notice  hydrat ion  of the  cy top lasm of epithelial  cells, f lattening of the  nuclei  and hydropic  
subepithel ia l  vacuoles .  In photograph below (B) marked  epithelial  and subepithel ial  vacuolat ion.  
t H e m a t o x y l i n  eosin staining, magnif icat ion 4oo ~ .) 

Biochim. Biophys. Acta, I5o (I968) 7o5 722 
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the  i n d e p e n d e n t  effects  of o s m o l a l i t y  on  t h e  SSRb eff luxes f rom lenses  w i t h  a sup -  

p r e s s e d  ( N a + - K + ) - A T P a s e  " p u m p " .  T h e  p e r c e n t a g e  of i n c r e a s e d  eff luxes f ron l  lenses  

h y p e r t o n i c  to  t h e  m e d i a  w i t h  a n d  w i t h o u t  a n  a c t i v e  ( N a ~ - K : ) - A T P a s e  a re  s h o w n  

in  T a b l e  VI .  A t  t h e  low m e d i u m  o s m o l a r i t i e s  ( 260 mosM)  t h e r e  was  no  a d d i t i v e  effect .  

T h e  d i s r u p t i o n  of t h e  lens  e p i t h e l i u m  a n d  f ibers  e v i d e n t  b y  h i s t o l o g y  in t h e s e  ove r -  

h y d r a t e d  l enses  p r o v i d e d  a n  e x p l a n a t i o n  for t h e  l a t t e r  resu l t s .  

T r a n s p o r t  q f86Rb  iT#o lefts iJzcubaled iJz T v r o d e ' s  m e d i a  o f  v a r i o u s  o s m o l a r i t i e s  

T i s s u e  to  m e d i u m  a c c u m u l a t i o n  r a t i o s  r e p r e s e n t  a p p r o x i m a t e  e s t i m a t e s  of a c t i v e  

t r a n s p o r t  i n t o  t i s sues  i n c u b a t e d  i~l vi tro ,  w h e n  (a) s h o r t - t e r m  e x p e r i m e n t s  a re  c a r r i e d  

ou t ,  a n d  (b) t h e  efflux is o n l y  a s m a l l  a n d  c o n s t a n t  f r a c t i o n  of t h e  t o t a l  t r a n s p o r t e d  

i n t o  t h e  t i ssue.  D u e  to  t h e  h igh  Sq{b efl tux f r o m  t h e  lenses ,  t he  a b o v e  r e q u i r e m e n t s  

were  n o t  m e t  b y  t h e  e x p e r i m e n t s  of lenses  i n c u b a t e d  in m e d i a  of v a r i o u s  o smo la r i t i e s .  

To  d e t e r m i n e  t h e  e x a c t  n e t  f luxes  of '~(~Rb i n t o  lens,  t h e  SaRb losses to  efflux were  

a d d e d  to t h a t  S~Rb a c c u l n u l a t e d  by  t h e  t i ssue.  T h e  t o t a l  S'~Rb t r a n s p o r t e d  b y  lenses  

"1" \BI Ai" VI 

E F F E C T  ( )F  O S M O L A R I T Y  A N D  ( g ~ l  i 1 ~  ) - . \ ] ' P A S E  O N  s6Rb F F F L U X  F R O M  T H E  L E N S  (4 ]l) 

Each value average of 6-8 lenses incubated as described in the text. 

3tedia '~C'lCb c~lt.vcd i~zA, Sr'l~b e~zt:v,:d iJzto 
media (~3'o " f  media (°//o oj 
h)tal S~Rb i*~ lc~s) total S~Rb i,e h'*is) 

oztabai~ ~ o.I roB1 ottabai~ 

Control Tyrode's 
(~37 mM -Na~) ().2 I0.t) 

--3 z mosM 
(i2o. 4 mM Na ÷) 15. 9 24.9 

- 04 mosM 
(m2.75 mM Na !) -'t.4 34-5 

--260 mosM 
(o mM Na-) 49.o 50.0 

T A B L I :  VI l 

]~]I*FECT O F  O S M O L A R I ' I ' V  O N  T H E  T R A N S P O R T  A N D  U T H A Z A T I O N  O F  G L U C O S E  B Y  T H E  L E N S  

l{ach value average of 4 lenses incubated as described in the text. 

3icdia A'aCl Tris l tCI  Osmolarilv (~'~ of  ccuztrol 
(meqzdv/l) (meqlti*,,'l) (mos3I) 

Isosmotic Tyrode's t.37 298 ioo 

Hyposmotic Tyrode's 68. 5 - 166 87. 5 
Na'--substituted Tyrode's 68. 5 68. 5 i 12.o 

Hyposmotic Tyrode's 34.25 99 63.5 
Na i-substi tuted Tyrode's .34.25 IO2. 7 i22.o 

Hyposmotic Tyrode's o 38 I2. 7 
Na ~ -substituted Tyrode's o 137.o 94.6 

Biochfm, tHophys. Acfa, 15o (~968) 7o5-7zz 
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in various osmolar i t ies  in 4-h exper iments  are shown in Table  VI I I .  Medium hypo-  
ton ic i tv  of -32 or - -6  4 mosM resul ted in 8°'o and z8° ;  increases in S6Rb t r anspor t ed  
into lens as compared  to lenses in isotonic Tyrode ' s  medium.  Thus, a sl ight  increase 
in the act ive t r anspor t  of 86Rb resulted from the gains in water,  p robab ly  a com- 
pensa to ry  mechanism for the  increased effluxes of the ion. At  much lower medium 
tonici t ies  (- -26o mosM), a decrease in 5o% of 86Rb t ranspor t  into lens, as comt)ared 
t<~ control  lenses in isotonic Tvrode ' s  medium was found. The large gains in lens 
wate r  of these lenses m a r k e d h '  affected the act ive cat ion " p u m p " .  

Effect of medium osmolarilies on lens K ~ and Na+ coJ#ent 
The ent rance  of water  into the  lens following incubat ion in hyposmot ic  media  

resul ted  in shifts of the  Na ! and K~ concent ra t ions  of the lens (Fig. zI ,  Table  IV). 
Lowering med ium osmolar i tv  to lO2 mosM resul ted in 2o°6 losses and 8o°.o increases 
of the lens K ~ and Na+ concentra t ions ,  respect ively ,  in I h. The K~ effluxes from the 
lens were a fur ther  confirmat ion of the above exper iments  on increased 86Rb effluxes 
in o v e r h y d r a t e d  lenses. The increased Na + concent ra t ions  e i ther  followed the move-  
ment  of wate r  as a "so lvent  d rag"  or represented  the inhibi t ion of the extrusion 
' p u m p '  for Na~. 

Histology of le~ses incubated in Tvrode's medium of various osmolarities 
The f ixat ion of lenses for rout ine  his tology resul ted in d is rupt ion  of the hydra -  

t ion of lens fibers and  epi thel imn.  The osmolar i ty  of IO°o formalin rout ine ly  used for 
t issue fixation was z43o mosM. I t  was possible to main ta in  the tonic i tv  of the f ixation 

l : ig.  1 ~. Sec t ion  t h r o u g h  t he  e q u a t o r i a l  lens  f ibers  d e m o n s t r a t e s  i n t r a l i b r i l l a r  v a c u o l e s  a n d  i n t e r -  
f i b r i l l a r  a c c u m u l a t i o n  of wa t e r .  T h e  lens  h a d  b e e n  i n c u b a t e d  in t~-t mosM h s p o s m o t i c  T v r o d e ' s  
m e d i u m  for -' h a n d  f ixed in  2. i  ~/o f o r m a l d e h v ( l e  ( H e m a t o x y l m  eosin s t a i n i n g ,  magn i t~ca t i on  
200 ~ .) 

t~iochi~n. Biophys. .4eta, 15o (I9()~) 705 722 
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solut ion at  i so tonic i ty  wi th  the normal  lenses by  using 2.I°'o formalin.  Lenses in- 
cuba ted  in + 3 3  and + 6 6  mosM hyper ton ic  Tyrode ' s  media  had  lost 5% and 14°o 
of the to ta l  wa te r  content ,  respect ively .  However ,  no histologic evidence of dehvdra -  
t ion was found. The lens epi thel ium,  lens fibers and capsule of these lenses were 

Fig. i2. Section through the equatorial region of a lens incubated - 260 mosM hyposmotic 
Tyrode's medium for 4 h and fixed in 2.1% formaldehyde. The shrinking of the equatorial region 
induced by fixation is evident in the folds of the lens capsule. Many overhydrated lens fibers at the 
disrupted lens bow. Swollen fibers with displaced nuclei at the lens box resemble 'balloon-cells' 
seen in human and experimental cataracts. (Hematoxylin eosin staining, magnification 4oo ~ .) 

normal .  Lenses incuba ted  in - -32  mosM and 64 mosM hypotonic  solut ions had  
hydropic  vacuoles in tile cy top lasm of epi thel ia l  cells (Figs. IoA and IOB) and lens 
fibers (Fig. I I), in add i t ion  to wa te r - induced  separa t ion  of lens fibers a t  the  equa tor ia l  
areas.  Otherwise,  the  capsules were normal ,  and  the  lens bow intact .  The most  s t r ik ing 
histologic changes were found in lenses incuba ted  in very  hyposmot ic  ( 260 mosM) 
Tyrode ' s  solutions.  In  those lenses the cells of the  lens epi the l ium were ove r -hyd ra t ed  
to the point  t ha t  m a n y  cell membranes  were broken.  In  addi t ion,  the  lens bow was 
d i s rup ted  (Fig. i2),  and  nuclei of equa tor ia l  cells migra ted  poster ior ly.  Tile lens fibers 
were sepa ra t ed  b y  large vacuoles and clefts. Many areas showed broken and d i s rup ted  
lens fibers. 

Effect of medium osmolarily on the transport and utilization of glucose, by the lens 
The t r anspor t  and  u t i l iza t ion  of glucose by  lenses incuba ted  in med ia  hypo ton ic  

to  the  lenses by  --IOO mosM or less were found within normal  l imits  (Table VII ) .  
This po in ted  to the  re la t ive  insens i t iv i ty  of glucose t r anspor t  and u t i l iza t ion  mecha-  
nisms to the  osmola r i ty  changes. At  med ium osmolar i t ies  of 166, 99, and 38 mosM, 
the glucose t r anspo r t  and  u t i l iza t ion  b y  the  lenses were 87.5, 63.5, and  12.7% of the  
corresponding controls  in 4-tl exper iments .  Control  lenses ut i l ized glucose at  a ra te  
of 3-4  mmoles /kg  lens per  h (mean ± S.D., 3.58 ~ o.23). 

Biochim. Biophys. Acla, I5O (1968) 705-722 
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DISCUSSION 

From tile above  exper iments ,  it  was evident  tha t  the t r anspor t  of water  in to  
and out  of t i le lens was largely regula ted  by  the osnlolar i ty  gradient  between the lens 
and the sur rounding media.  The increased or decreased water  content  of tile lens were 
p ropor t iona l  to these osmolar i ty  gradients .  As tile w)lume of lnedia was large (2 or 
I0 ml) compared  to tile volume of lens, the  changes in osmolar i ty  to equalize bo th  
sides of the membrane ,  were evident  only  in tile measurements  of in t ra len t icu la r  
osmolari t ies .  Tile lens behaved  as a "per fec t  osmomete r"  in the  range of oslnolar i t ies  
from 238 to 368 mosM. A perfect  biological  osmometer  would be a cell t ha t  could 
h y d r a t e  or dehyd ra t e  as an art if icial  physical  model. Most cells, however,  resist  
changes in area  brought  about  by  changes in water  content .  This is due to physical  
l imi ta t ions  of th in  cell membranes  or the  pressure of the adjo in ing  cells. Red  blood 
cells gained or lost sufficient wate r  to remain  in equi l ibr ium with the  surroundings  in 
the  range from 21o to 52o mosM ~5. Red blood cells and lens p robab ly  represent  the 
best  examples  of m a m m a l i a n  cells whose osmotic  response approaches  tha t  of an 
art if icial  osmometer .  

The half-t i lne,  t !..;, for water  diffusion towards  a t t a i n m e n t  of a new s t eady  s t a t e  
between lens and media  was dependen t  on the osmolar i ty  gradients .  The lens t ~  to 
equi l ibra te  to ---32 mosM hypoton ic  Tyrode ' s  medium was 5.5 rain ; to equi l ibra te  to 
- -64  mosM hypoton ic  was I I  rain, and  to equi l ibra te  to - 26o mosM hypoton ic  was 
I6O luin. When  compared  to red blood cells the  t r anspor t  of wate r  into tile lens, t(~ 
equalize osmola r i ty  gradients ,  was slow. t i nde r  an osmotic  gradient ,  tile tmmolysis 
of red blood cells suspended in dist i l led water  occurred in 2,4 sec (ref. I5). 

Measurements  of pe rmeab i l i t y  coefficient (k) of lens were also ra ther  small  
(k = 0.36-0.45 / , . m i n - < ' a t m  l) when compared  to human e rv th rocv te  (k = 5.7 
/x 'nlin t-atlll-1)16 or ox e ry th rocy t e  (k = 2.5/*" rain 1. a tm 1). The /e values for lens 
were equal  to mouse or ra t  lymphocy tes  (k = o.4 z-o.56 t~" rain 1. atm~ 1), and higher 
than mar ine  inve r t eb ra te s  eggs ( / e -  0 .o5-o ,3o/z .  rain * .a tm 1), or r abb i t  leukocyte  
( / , " - - - o . 2 0 / , . m i n - l . a t m - 1 ) l L  Our k measurements  for the lens were ob ta ined  from 
the  changes in w)lume following minimal  ( 3e mosM) a l te ra t ions  in osmolar i ty ,  and 
carr ied  the assumpt ion  tha t  the capsule was the only barr ier  to water  diffusion into 
the lens. This point  could be deba ted  as the  lens epi thel ium and superficial cort ical  
lens fibers as cell membranes  p robab ly  offered resistance to the in t racel lu lar  water  
t ranspor t .  On the other  hand, as the in t ra len t icu la r  melnbranes  are p robab ly  a 
l imit ing factor  to water  t r anspor t ,  ttle half- t i lne required for osmotic water  movemen t  
through the lens capsule alone may  be considerably  less. 

A water  "pun~p" independen t  of the  "cation p u m p "  does not opera te  in the  
lens. The mean of measurements  of in t ra len t icu la r  osmolar i t ies  (3o2 mosM) is super-  
imposable  to tile mean of r abb i t  aqueous hmnor  osmolar i t ies  (3o2 mosM) (B. B>:cK>:lL 
personal  communica t ion) .  As the  lens is isotonic to aqueous humor  it would not  require  
energy to main ta in  an osmolar i t}  gradient .  

The increased S6Rb or K:  efflux from ove rhvdra t ed  lenses were p robab ly  the  
consequence of the physical  s t re tching  of the cell membrane  with the ot)ening of 
add i t iona l  "pores" ,  changes in the/<,n for efflux, or ac t iva t ion  of efflux "carr iers" .  Tha t  
the  increased effluxes of S6Rb were not  caused by  an inhibi t ion of the  (Na*-K ~)- 
ATPase  is shown by the addi t iona l  S6Rb efflux in the  presence of ouabain.  These 
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increased SSRb efftuxes caused by lens swelling can, however, simulate the increased 
S6Rb effluxes from inhibition of the (Na+-K+)-ATPase. Although minimal swelling 
results in a stimulation of the S"Rb "pmnp" ,  the more marked hydrations eventually 
inhibit active transport  by  50 O//o. 

The lens electrolytes probably contribute the major fraction of the 302 mosM 
inside the lens. Although values for K +, CI- and PO4H- are available for the rabbit  
lens, there are no comparable adequate values for COaH-. Furthermore, it is difficult 
to assess the contribution of free amino acids, inositol, glutathione, ascorbic acid and 
anionic proteins. In intact red blood cells where hemoglobin concentrations are 
34 g/Ioo ml, its contribution to a total of 285 mosM is only 18. 7 mosM 1'~. Osmolaritv 
contribution of the lens proteins in concentrations of 330 g/kg wet tissue may not be 
significantly higher than that  of erythrocytes. 

Electrolyte inbalances can bring about osmolarity changes that  result in water 
gains by the lens. For instance, when the cation "pmnp"  that  regulates the active 
transport of K ~ and extrusion of Na ~ by the lens is completely abolished by iodo- 
acetate (i raM), the concentrations of lens K= decrease from 125 to 16.4 mequiv/1 
and the concentration of Na + increase from 24 to 148. 3 mequiv/1 (ref. I9). With an 
increase in the total concentration of Na + phts K~ in the lens, there is a net increase 
in anion (C1- and/orCO3H- ) and osmolaritv to the point that  the lens imbibes water 
(30°:0 increase in total water content) 1:'. On the other hand, inhibitors such as ouabain 
(o.I IuM) with an effect on the lens (Na+-K=)-ATPase, do not suppress the "pump"  
completely and increase in Na + concentrations to 71.6 mequiv/1 and decrease in K + 
concentrations to 75.2 mequiv/1 (unpublished results) result but in 25 °o increases in 
CI- transport  (as measured with '%C1) "~°. 

Although this report deals with "freely-transported" water, bound water or 
water as a part  of protein molecules may be significant in the lens. I t  is accepted that  
the physicochemistry of protein hvdration is complex but that  the H20 dipoles are 
oriented around the exposed charged groups of the protein molecules. The hydration 
of protein might be similar to that  of electrolytes in solution, may involve an ice-like 
lattice around the apolar side chain of protein molecules, or may immobilize water 
between the filaments of intertwining protein molecules °-1,2~. Water inside the protein 
macromolecules could furnish the crystalline state needed for the preservation of lens 
transparency. 
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