R . f. 7./f | : . C?00-£0/R~'y

e : 4 : )

&t : . ~ Cy

BIOCHEMICAL STUDIES ON THE OCULAR LENS IN

RELATION TO CATARACTOGENESIS

PRI

PROGRESS KEPORT { 8

February 1, 1970 to January 31, 1971

[ SOV PSP RE PN T S LY S

V. Everett Kinsey and V. N. Reddy
Institute of Biological Sciences
‘ Oakland University

: Rochester, Michigan 48063

-LEGAL NOTICE

: | This report was prepared ‘as an account of work
i sponsored by the United States Government, Neither
" | the United States nor the United States Atomic Energy
Commission, nor any of their employees, nor any of
their contractors, subcontractors, or their employees,
. | makes any warranty, express or implied, or assumes any
1 | legal liability or responsibility for the accuracy, com-
| pleteness or usefulness of any information, apparatus,
. | product or process disclosed, or represents that its use
| | would not infringe privately owned rights,

!

|

PISTRIBUTION OF THIS DOCUMENT LS Uumﬁ




DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



TRANSPORT SYSTEMS IN THE LENS AND CILIARY PROCESSES

Transport mechanisms across the blood aqdeous barrier and into the
lens have béen extensively studied in this laboratory. One of the major
objectives of the program supported by the AEC is investigation of the
biochemical'and transpﬁrt mechanisms in the lems. Insofar as the
metabolic ﬁeeds and the elimination of metabolitesof this avascular
organ depéend on the compésition of the intraocular flui&s, knowledge
of the mechanisms of transport acréss blood aqueous barriers is likewise
§f importance to our understanding of lens physiology. Accordingly,
some of the studies during the current year deal with parallel investi-

gations in the lens and ciliary body.

-

Cations in the Lens

Measurement of accumulation of radioactive isotopes in cultured lenses
and iﬁ isotope-~free medié was  obtained on over a 1000 lenses under the
foilowing'conditions;

Nonlabeled K Conc. 0, 1, 5, 10 mM

42y ,//////””’ Nonlabeled Rb Cone. O, 1, 5, 10 mM

Nonlabeled Cs Conc. 0, 1, 5, 10 mM

Nonlabeled K Conc. 0, 1, 5, 10 mM

86gy, Nonlabeled Rb Conc. 0, 1, 5, 10 mM
Nonlabeled Cs Conc. 0, 1, 5, 10 mM
Nonlabeled K Conc. 0, 1, 5, 10 mM
137¢ Nonlabeled Rb Conc. 0, 1, 5, 10 mM

Nonlabeled Cs Cons. 0, 1, 5, 10 mM
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The experiments provided the data on cross saturation needed to
evaluate the Michaeiis—Menten constants for these éations and the Vmax
of the carrier responsible for active transport into the lens. They
also made it possible to determine the relative permeability coefficients
for the cations and their turnover rate in the lens. These evaluations
were made on the basis of a mathematical model oflthe pump—leak hypothesis
of transport described in the accompanying reprint entitled "Kinetics
of the pump-leak system of transport in the‘ocular 1éns, derived from
classic enzyme'kinetics and diffuéiqn theory." It is assumed that a
carrier interacts with substrate or inhibitor ions by Michaelis~Menten
kinetics both of which compete for the activelsite of a carrier; and
fhe passive movement of each ion takes place by diffusion across both
- a uniform electric as well as a chemical gradient.

" Values, calculated on the basié of the model for parameters governing
the pump, support the conclusion that these cations are actively trans-
ported into the 1ens by a carrier-mediated system which has a single
kind of active site and which freferentially transports potassium and
rubidium with respect té cesium. The electric forces have a significant
effect on‘transport of these ions, increasing influx by about 15 per cent
and decreasing efflux by over 60 per cent. The computed values of the
perméabili;y coefficient for the leak are consistent with the hypothesis
that perméability of the léns for the three ions is dependent on absorptive
rather than frictional forces, i.e., on the anionic field strength of
the membrane that limits diffusion. The values are incompatible with
any model based on purely structural considerations of the lens membrane

in which transport is assumed to occur by sieving through hydrated pores.
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Details of this investigation and the conclusions are provided in

the enclosed preprint of a paper published in Investigative Ophthalmology

(9:769—784 1970, reprints are not yet available). 62%%¢¢dﬂﬂé/a%44¢¢“?/

Taurine in the Lens

Studies on intraocular transport of taurine in both the ciliary body
and in the lens have been discussed in last year's AEC report. The details
of this investigation are given in the attached réprint which was publishéd
during the present grént peribd. The transport system for taurine has
been characterized and its relation to membrane ATPase established. The
transport gystem appears to be highly specific for B-amino acids and
differs in many respects from the transport system for neutral amino

acids in general, and more specifically from that of a-AIB.

Myoinositol in Lens and Ciliary dey

Myoinositol is an important component of biological membrares and
'is present in unusually high concentrations in most ocular tissues; its
concentration decreases in the lenses of galactose~fed animals. Inositol
has been implicated in the transport of certéin‘amino acids across membranes
and phosphatidyl inositol is thought to play a role in membrane perm-
ability although the mechanism is unknown. In view of the apparent
importance of myoinositol in transport across membranes, we have under-
taken extensive investigations concerning the mechanisms which may be
responsible for maintaining high concentration of this substance in the

‘lens and intraocular fluids.
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These investigations déalt with the accumulation of labeled
inositol in the ciliary body and in the lens in vitro as well as transport
of this substance across the blood aqueous barrier in vivo. The transport
system for myoinositol in both the ciliary body and in the lens has been
characterized. While the transport system for myoinositol in both tissues
is similar, there are certain important differences. For examplé, the
myoinositol transport system is affected by a number of neutral amino
acids in the lens while it is not in the ciliary Body.

Studies also dealt with the role of sodium ion in the transpért of‘
myoinositol in the lens and ciliary body. When the sodium ion is replaced
by equivaient.amounts of various other cations or by sucrose, the transport

' process was affected differently, suggesting that in addition to the
possible effect of the lack of sodium ion on the transport mechanism, the
substituent ions may affect the transport system. These investigations

-raise important questions with regard to the role of sqdium ions in the
'transport of amino acids and carﬁohydrafes in several other tissues where

a deficiency of sodium ions was shown to affect transport of these

substances. Since the details of these investigations are recorded in
tﬁe accompanying reprints, only brief summaries of the findings are gi§en
here.

[2—3H] Myoinositol accumulates in rabbit ciliary body-iris preparations
in vitro ;gainst a concentfation gradient. The transport system is
energy and temperature dependent (Qlo = 2.3) and demonstrates saturation
kinetics (Kp = 0.9 mM.). It is inhibited by ouabain, iodoacetate,
phlorhizin, and shéwé requirements for Na™, K+, and ca't. fhe transport

‘system appears highly specific; various amino acids, ascorbic acid,
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glucoascorbic acid, and sugar alcohols were without effect on the
accumulation of inositol. The stereocisomer scylloinositol was found
to inhibit the t;ansport of myoinositol. D- ;nd L-chiroinositols had
no effect. The phosphate esters of inositol competitivel& inhibited’
transport of myoinositol. The steady state concentrations of inositol
in the lens, ciliary body-iris, aqueous humbrs, and plasma weré
determined. The concentration in posterior aqueous was higher than

in the anterior aqueous and still higher than in plaéma. Evidence 1is
presented to show that the transport of inositol acroés fhe blood-
aqueous barrier in vivo is a carriér—mediated process ané'it is suggested
that the high concentration of inositol in the aqueoué humors is the
result of active transport from plasma into ﬁosterior aqueous.

The characteristics of myoinositol trapsport in the lens were
studied by culturing them in a medium containing the tritigm—labeled
compound. The accumulation in the lens takes place against a concentration
gradient and is inhibited by ouabain, iodpacetate, phlorhizin, and at
reduced temperature (Qjg = 3). The energy for transport is derived from

glycolysis. The transport system follows Michaelis-Menten kinetics

v

max = 0-02 pmoles per lens per hour, Ky = 0.4 mM.) and requires the

presence of Na¥ and x*. AltHough a relafiohship between Na' concentration
.and inositol transport was observed, the lenses in Nat deficient media
could not be maintained in.a physiological state so that the decreased
transport cannot be ascribed solely to the effect of this cation.A Similar
to the observations made in the ciliary body, the transport system in the

lens is inhibited by inositol mono- and hexaphosphates and shows the same
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specificity for the stereoisomers: of inositol. Unlikev£he findings .
in the case of ciliary body, inositol Accumulation in 1eps is 1nhibited
by several amino acids. The reciprocal inhibition of a—-aminoisobutyric
acid transport by inositol, however, could not be démonstrated. See

‘reprints for details.
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- BIOELECTRIC POTENTIAL IN THE LENS

We have now excellent evidence that the lens acts as a pump—léak
system involving active transport of ions in and out of this organ
balanced by passive diffusion across chemical gradients. Associated
with these gradients is a bioelectric potential of some 40 millivolts
(inside negative) and a translens potential, under short circuit
conditions, of about 25 millivolts (anterior side positive);

The bioelectric -potential is importanf in the present studies

because a knowledge of its magnitude is required to characterize the

.carrier systems responsible for active transport and to evaluate the

permeabilify coefficients for various ions in the lens. To make these
evéluations, for fhe'lA cations K, Rb, and Cs, as described in a
preceding section of this report, the bioéieqtfic potential of lenses
has been determined following culture in both a medium resembling
aqueous humor, and in one in which these ions were substituted for Na
in varying concentrations.; In addition, the translenticular potentiaI'
has been measured on intact and decapsulated lensés under varying
circumstances with the object of clarifying.the soﬁrce of the potentials
existing in the lens.

Potentials were measured by inserting glass microelectrodes (1-2
meg ohms) filled with 3 M CK1 into normél or decapsulated lenses to a

depth of 1 or 2 mm or by applying cotton wick electrodes to the exposed

anterior or posterior surface of the lens. Reference electrodes in both

instances were placed in media bathing the lens. Appropriate electrical

connections were made through calomel cells to an NF1l Bioelectric
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Instrﬁments high impedance émplifier.' The potential differences were
read on a microvolt ammeter.

The bioelectric potentials determined with the miéroelectrodes
weré measured at 37°C in rabbit lenses bathed in vitreous humor or a
complete synthetic medium (KEI-4) and found to be approximately ~40 mv.
The potential was maintained essentially constant in lénses cultured
for 24 hours.

The bioelectric potential of lenses cultured for varyiﬁg periods
in media in which the carrier system for K was partially saturated with
50 mM K, Rb, or Cs, is shown in Fig. i. The potential is seen to decrease
from an average of -42 mv to approximately 28 mvlwithin the first hour
of culture in all three media. In the medium containing K, it remains
steady for as long as 24 hours whereas in those containing Rb or Cs it
declines'further, reaching a level of about -17 and —13 mv, respectively,
at 24 hours.

The wick, or translens potential, which is =23 mv in freshly removed
lenses, also decfeases éfter cﬁlture in all of the media, but mﬁch more
rapidly in the one céntaining 50 mM K (Fig. 2). Like the bioelectric
potential it remains constant up to 24 hours whereas‘in lenses cultured in
the media containing Rb or Cs the transiens.potential continues to fall.

The bioelectric potential of 1enses.cu1£ured for 24 hours in media
containing K, Rb, or Cs, is shqwn'as a_function of concentration of these
ions in Fig. 3. The potential decreases linearly with concentration of
K to'50 ﬁM, an effect that pfher expefiments show.continues up to
concentrations prevailing inside fibers, viz. 120 mM, at which point

it is -9 mv. The potential falls more rapidly with concentration of Rb
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or Cs than K, but only in the range of O to 10 mM. With higher concentra-
tions the effect on all 3 ioﬁs appears to be the same.
The lens potential of lenses cﬁltured for 24 hours also decreases
linéarly with increasing concentrations of all‘three cations (Fig. 4).
The effect of each ion appears to bg the same within the expefimental
error. -
- The fiber éotential alone as determined in decapsulated lenses in
the presence of 50 mM Rb and Cs is maintained at apprbximately -19 mv
for at least 5 héurs a cultu;e (Fig. 5). The potential of decapsulated
lenses cultured in medium containing K at the same concentration decreases
slightly with time. The transmembrane potential of decapsulated lenses
is zero. |
A concentration of 1077 M ouabain has né appreciable effect‘on the
‘bioelectric potential, but at 10~3 M ouabain the potenfial decreases
significantly after a delay of severai hours (Fig. 6).
While the4immédiate‘purpose of this investigation was, as
previously stated; to acquire infqrmation needed to evaluate the
carrier systems responsiblé for the transport and diffusion of cations
in lens, as already descriﬁed, some conclusions can be drawn on source =
of the potential. It appears that the bioelectric potential represents
;he sum of two approximately equal potentials (22 and 19 mv) across
the epithelium and fiber meﬁbranes, respéctively. Thus the removal
’of the epithelium results in a reduction of the bioelectric potential

to about 22 mv, and abolishes the translens potential entirely.




-10-

The bicelectric and translens potentials are both reduced by
increasing the concentration of the three cations in thé media whereas
similar changes had no significant effect on the fiber potential. These
observations suggest that i1t is only the potentialAacross tbe epi;helium
that is affected‘by changes in the ionic composition of the media bathing
the lens, |

The cationévapparently do not exert their effect on potential
tﬁrough reduction in the amount of sodium present in the media sincé

both the rate of change of and the magnitude of the potential differs

when equal concentrations of K, Rb,Aahd‘Cs are substituted for

sodium. Further work on the significance of potential with regard

to the méchanisms‘involved in the transport of ions is contemplated.
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ROLE OF GLUTATHIONE IN CATARACTOGENESIS

It is a‘common‘featuré of all types of cataracts that tHeAlevelt‘
of glutathione decreases in the leps. It has repeatedly been pbserved
that one of the earliest changes that takes place in the leﬁs of galactoge—
fed aﬁimalé is in the level of glutathione which is observed long before |
. the onset of any opacity. The mechanism by whiéh glutathione is 1qst from
the lens has never been adequately explaineé. Studieé were, therefore,

undertaken to investigate this problem as stated in the earlier report.

Preliminary'studies indicated that when lenses are-cultured in
an adquate medium, very little glutathione was found to leave the lens,
confirmiﬁg the eariier observétions of Kinoshita. If was further observed
thaﬁ following irradiation of the lenses in vitro there was no significant
increase in the rate of efflux of glutathione. While the possibility re-
mainé that the loss of giutathione from the lens ma& be affected after a
latent period following irradiation, it becamg‘appafentlhat the problem
of the loss of glutathione from the lens, not only under conditions leading
to cataract formation, but even in the normal lens, needed investigation

at a more fundamental level.

In studies supported by AEC in this laboratory, -it was demonstra-
ted that approximately 27 per h&ur of total glﬁtathione in the lens is con-
tin&ously being synthesized. Since the steady stﬁte lével of glutdhione
remains constant thrbugh the experimental period, it is presumed that the
synthesis is balanced by .a similar'rate of degradation of the tripeptide.

However, to date there is no convincing evidence that lens contains pepti-

dases which are capable of degrading glutathione since gamma glutamyl bond
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of glutathione appears to be resistant to the peptidase activity of the lens.
The alternative possibility that'glutathione may be continuously lost by
leakage out of the lens is also not substantiated by the preliminary experi-’

ments on the efflux of the tripeptide.

Reports have recently appeared that there is an increased efflux
of glﬁtathione from'cétaractous lenses in the form of oxidized‘glutathione.
On‘ﬁhe basis of -such studies, it has been postulated that glutathione leaves
the lens primarily as GSSG, i.e. the oxidized compound, possibly involving
active tfansport of the oxidized peptide. Experimentai evidence ié lacking
at.the present time for such a hypothetical mechanism. Moreover, the possi-
bility that cataractoﬁs lenses become moré permeable to glutathione molecule

cannot be exclﬁded.

In the light of this background, a number of exploratory sfudies
have been undertaken. In order to increase the semsitivity of the method
employed for measuring the efflux of glutathione, the tripeptide in the 1lens
was labeled by culturing lenses in the presence of 14C glycine. Therefflux‘
of glutathione was meagured by following the radioactivity present in gluta-
,thione molecule after the GSH and GSSG were separated by ion exchange chroma-

tography.

In nearly all lenses that were incubated either_in a physiologic
medium, or hypotonic Tyrode's to enhance glutathione efflux, small amounts
of oxidized glutatﬁione appeared in the medium. A typical experiment on
the efflﬁx of glutathione from intact lenses incubated in hypotonic medium
is shown in Figures 7a, 7b,and 7c. There is no evidence for the presence of
GSH, but.a progressive increase in the amount of GSSG in the incubation medium

is observed. These experiments suggest two possibilities. One, that reduced
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glutathione may be bound in some form within the lens beéause of the re-
active sulfhydryl groups and that only GSSG may 1éak out of the lens. The
second possibility is that glutathione leaves the lens in the

reduced form but gets oxidized within the incubation medium.

In contrast fo the exgremely slow rate of efflux of glutathioné
from intact lenses <6nly 3% of lens‘glutathione was found in the medium
after 24 hour incﬁba;ion), the loss of‘glutathione was much more rapid
from decapsulateé‘lenses (Fig. 8). NearlyAZSZ of total glutathione in the
léns was recovered in the medium within’one hour of c&iture and almost 40%
at the end of four hours. This may mean that eithgr the capsule and epi-
thelium or possibly the lens fiber membranes, if they are damaged in the
process of removing the capsule;‘may serve as a barrier to the diffusion of
glutathione from the lens. The sﬁudies witb'decapsulated lenses further
showed that the bulk of glutathione found in the &edium at the end of the
first hour of incubation was preéent in the rgduced form and only 5% of
total glutathione was present in the oxidized form. With increasing time
of incubation, there was a gradual increase in the recovery of oxidized
glptathione and a proportionate decrease or leveling cff qf GSH. These re-—

sults suggest that from decapsulated lenses glutathione leaves in the form

- of reduced compound and the oxidation must take place outside the lens.

Secondly, glutathione may not be‘tighfly bound to the proteins.

. Question then remains whéfher from an intact lens, glutathione is
lost as a reduced or oxidized compound. This problem ﬁaf be approached by
studying the efflux of glutathione from lenses in which the intracellulér
(intralenticular) distribution of reduced. and oxidized glutathione is al-

tered. While it is easy to alter the relative amounts of reduced and oxi-
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‘ dized glutathione in a cell, it is difficult to maintain the cell in a

physiologic state since the agents may bring about other changes in addition
to the oxidation of glutathione. Recently, Kosower has introduced a com~
pound known as "diamide" which is said to oxidize selectively the sulfhydryl
groups of GSH. This compound may serve as a very important tool in study-

inguthe role of reduced and oxidized glutathione within the lens. One of

. the suggested functions of the high level of glutathione in the lens is to

maintain the protein sulfhydryl in.a reduced state. and since there is a.re-
duction in the glutathione levels in situations leading to lens opacities, -
it has been speculated that reduced level of glutathione ﬁay bring about
changes in the physical characteristics of the proteins. ‘With the avail-
ability of a éompound'which is known to oxidize sulfhydryl groups of gluta-
thione selectively, a numbar of Qorthwhile experiments can be pursued”in

order to delineate the role of GSH in maintaining lens clarity.

~

- Preliminary experiments indicate that there is a greater efflux
of glutathione primarily in the form of GSSG from lenses which have been
treated with the specific glutatbione oxidant, "diémide". _Considerably'
more information is needed before one can éoncludelthét glutathione‘isllost
from the lens priwmarily as the oxidized compound. Moreover, it remains to
be demonstrated if there exists a mechanism for the tranéport of GSSG out
of the lens, a mechanism that has been suggested for the red blood cell.

These studies will be continued during the coming year.
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Fig. 8 - Efflux of glutathlone from decapsulated lenses. Glutathione
© was labeled in intact lenses by culturing them in KEI-4 medium
in the presence of cl glycine. Following incubation, capsule
and ep1the11um were removed and efflux of glutathione into a
. notmal Tyrode's meédium was followed by analyzing the media for
reduced and oxidized glutathione. The values for reduced, oxi-
dized and total glutathione are all expressed as the concentra-

tion of the reduced compound.
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