THE PHOTODYNAMIC ACTION OF METHYLINE

BIUE ON THP CATION BALANCE OF THE ISOLATeD LENS

Catherine louise CGruber, D.S.

A THESTS

Presented to the Depariment of Biochemistry
and the (raduate Division of the Univers ty of Orepon Medical School
in partial fulfillment
of the requirements for the depree of
lzster of Seience

Decerber, 1958



k9

APTPROY D 5-




TR T e A
ACEEOWIEDRDET

I wish to exprese my apprecistion Yo . John ¥, Harris and
Dre Zllen l. Talmen for the asslistance and encouragement

given me duxring the course of this work.



INTRODUCTION o o o = » o o

?K?*ermﬁl @ ® B B & @ o

Tigsue

Cabticen sbudive
Gas consumption studies .

«

-

&

@

=4

w

&

P

-

2

TABLE OF CONTTNTS

o

-]

-]

Phoschate deberninstions.

RmzeTSeeeaaaaﬂaoa

GCation

Effect
Lffect

DISCUSSION .

Smﬁ:}x"iRYa & ¥

&

»

®

*

BIRLIOCGRAFHY o «

APPEEDIY . .
TABLES & o «
TILUSTR TIONS

@

'S

&

&

L3

2

3

@

L]

L

&

*

¥

content of normal lenses
Effect of methylene blue . &+ .
Qfli{‘:ht!aoocba
of oxygen

EZffect of cotalase
Oxyren consummtion studies
Foosphate determinations

-3

©

@



LIST OF APPENDICES

Appendiz I, Composition of basic medium

Appendix IT. Composition of Pordee's solutdon



LIST OF TABLE

Table I, Lffect of various techmiques on the phosphate fractions
of lenses prepared initially in the manner described.

Table IT, Concentration of sodium and potassium in fresh lenses,
control lenses bathed in balenced salt solution for LO-hli hours
at 0%, and eontrol lemses bathed in balanced ealt solubion for
Lo-ll houre at 09C. followed by 6 hours at 379C.

Table ITI. Phosphate fractions of rabbit lenses determined afber
two hours ineubation ab 37°C: in indicated medium,

Table I¥, Pffect of light on phosphat% fractions of rabbit lenses
bathed in a medium containing 5 x 10 ™7 ¥ methylene blue for 2L
hours at 379,



LIST OF FIGURES

Figure 1l Bifeet of varying concentrations of *vethylm@ blue on cation
recovery of rabbit lenses during incubstion et 37°C. following a colde
indhiced cetion shift,

Figure 2. #ffect of ambient light on catlon recovery of rabbit lenses
during incubation at 3”5",, following cold-induced catma shift. Bathing
medium conbained 5 x 10 ™ ¥ methylene blue.

Figure 3., LEffect of smbient light on catf.em euz%eenimatwh of rabbild
lenses bathed in medium wnéa.m}..ag methyleno blue at 37° Co for the speei-
fied time under the lmposed condi '%smna@

Figave L, Effect of a:zbiexri: light on eallon recovery of rabbii lenses
durlng »1143“5&»&03 at 37° Cp following cold induced catiom shift. Bathing
medium contoined & x 10 -5 M mLh,,rmm blue reduced with sodium hydro-
Hﬁlf,;?,ues

Flgure 5. J..i‘cx:,t of oxypen on catlon recovery of rabbil lenses durd
ineubation at 37°C. following eoldwizﬁﬁu@ed cation shift.

Pipure 6. Effect of aaﬁaﬁ,ase on cation recovery of rabbii lenses during
ineubation at 37°C. following cold-induced cation shift. Ten units of
cabalese wag added %o the nedium prior to L0 houwr refrigeration peried.

Figure 7, ‘“‘fﬁ:ch of catalase on callon recovery of rabbit lenses during
incubation at 37°C, following cold induced cation shift. Ten unite of
catalase wes added to the medium just prior to the & houwr incubation
L.tﬁ?lﬂd r.lta 3? Ga

Figure 0. "lect of bolled catalase on cation recovery of rabbit lenses
durdng incubation ab 37°%¢. following cold induced cation shift. Ten
units of boiled catalase was added to the medium Just pricr to the 6
hour iﬁmuha’ui.om period at 27°¢.

Figure 9. Effect of hydrogen peraxide on cation recovery of rabbib
lenses during incubatlon at 37°C. following eold-induced cation shift.
Hydrogen peroxide was added just prior o the 6 hour ineubstion perioed
at 37 Ce

Figure 10. Gaseous exchange of lenses in desgignated bicarbonate contain-
ing mediuwm with Pardee’s solubion in center well, Cas phase 95%0,-5HC0,
Temperature 37°C, Time 2 hourse



IIMTRODUCTION

The lens of the eye is a multicellulsr structure but in many rew
spects it behaves as 2 single cell with the capusle assuming the role
of cell membrane, For example, like most cells, the lens normally meine
tains a2 high concentration of potassium and a low coneentretion of sodium
althoungh bathed in fluids of high sodium and low potassium content., Until
fairly recently, the consensus has been that the cellular barriers of ﬁhﬁ
lens were imperneable to the positive ions, Studles with radioisctopes,
however, have demonstrated thet the cations of the lens readily exchange
with those of the fluid rﬁvifsnmenu.l . It follows then, that each ion
gt be continuously seereted against a concentration gradient, and such
a trensport system has been identified. Furthermcre; it seems likely
hat maintenance of normel hydration of the lens requires an setive
sodium gump.B
4 knowledre of the mechanisms by which the active transport of
cations across the lene surfece is mediated 18 of more than acodemic
intercsts Failure of cation conirol leads to incre=sed lenticular hydra=
tlon and the development of an opaciiy or cataract. Thus cabs ractous
lenses have lost potassivm and gained sodium and water, Therefareg
exploration of the fac@ora ﬁontrclling lenticular cation balance should
be of value in helping to elucidate both the pathogenesis of catarsct and
the mechaniems governing cation transport in other tissues. With respect
to the latter consideration, the lens offere several techmical advantages
over other tissues for cation tremsport studies, One, it is easy to
achieve artificial conditions simuleting the in vivo situstion because
the lens is not dependent on a circulating blood supply for its nutri-

tion. 1Two, the difficulties erncountered in tissues where correction mst
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be made for extracellular {luid are obviated. Three, quantitative analy-
ses can be made on a single lens and this is analogous to analyzing a
gingle cell,

When one examines the anatomical relationships of the lens, it does
not seem surprising that it acts as a single cell., The lens is bathed
by the agueoous humor from which it derives its nutrients and into which
it excretes its waste products. In this respcct, it resembles a cell
which is nourished from the extracelluvlar fluid. The lens capsule
which is rich in mucopolysaccharide acts as a membrane encasing the
entire structure. On the anterior surface directly under the capsule
is found the lens epithelium, considered to be metabolically the most
active portion of the lens.510, lens fibers with different metabolic
activity make up the balance of the lens substance.” Consequently within
the lens as in individual cells there is compartmentalisation of meta-
bolic paﬁmays s each part, however, beingr essential for the maintenance
of the whole.

detive transport of cation requires an expenditure of energy which
is suprlicd by the metabolism of the lens. This can be shown in a
variety of ways but is best demonstrated by ;the reversible, cold-induced
cation shift.3’8’9 Vhen the lens is imrersed in a balanced salt solu-
“tion aporoximating the composition of aqueous humor and the metebolie
rate is reduced by chilling, potassium leaves the lens and sodium and

yrater entera

#The lens is unique in that it does not desquasmate old tissue 6 s
new cells form. Instead, the cells lengthen and are pushed backward and
inward to form lens fibers. As a result, the central portion of the
leng (the nucleus) is composed of densely packed old fibers of low neta-
tolic activity. Fibers located on the periphery (the lens coriex) are

g

younger and possess greaber metabolie sctivity.
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If, then, the metabolic activity of the lems is restored by raising
the temperature to 37°C, migration of votassium into and extrusion of
sodiun and water from the lens occurs. These temperature reversible
sbtudies have proved to be a eonveniéﬁt and sensitive tool for cbserving
various influences which effect the cation transport of the lens and
to a certain extent the visbility of the lens itself.

The energy used for active transport is probably derived from the
metabolism of carbohydrates. Tnsymes or intermediates of the Trbdene
Meyerhof glycolytic cycle,1%13 the tricarboxylic acid evele, 15 ang
the hexose monophosphate ngmlé,l? have been demonstrateds. Kinoghita
has siown that in the lens, the major porition of the glucose is metobo-
lized only as far as lactic acid via the pathway of anaerobic glycolyais
- and thet the hexose monophosphate shunt is the preferred serobic pathe
Wy 7 The absolute glucose requirement of the lems is low and dependent
to a cona'derable extent on the age of the lens., Young lenses are able
to maintain normel cation balance in a medium which is low in or deplete
of pglucose considerably better than older lezlsaé. 18 If conditions are
made even more unphysiologic by exoluding oxygen, even the youny lens
loges ite ability to maintain the izormal}.y obgerved cation relationship
with ils environment.

That the active transport of sodium from and potessium into the lens
occurs across a barrier at or near the lens surface has been inferred from
the following in vitro observations., Uhen the lens capsule is sltered by
physical means, such ag trauma or asctual dehiscence, the cation conbent
spproaches equilibrium with the extralenticulsr fluid and hvdration
Qcczm"s.?ﬂs Horeover, depletion of calecium from the medium permits eguili-

- % s,

A 2 ; 3 . Yo B P Lo | " n % 4% 2 o d ey o B e
bration with the bathing fiuvid. 159 1 peneral it is well lmown that
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animal membranes demonstrate sreater permeability to solutes when calcium
is omitted from the surrounding medium.

The investigation deseribed here is concerncd with the effect of
methylene blue on cation transport of the lens. Our interest in the
rroblem was aroused by recent renorts of the deleterious action of
methylene blue on oculer tissues. Constant found that lenses naine
tained in vitro in a medium containing methylene blue developed vacucles
and displayed altered mitotic activity in the epithelium,l? Since these
same changes are observed in cata;act formation, methylene blue can be
consldered to induce cataracts in vitro., In addition, Philpot has re-
ported that meny dyes,2® including methylene blue, caused hydration of
the cornea when injected intraccularly and this observation has been
confirmed in our laboratory. Inasmuch as meny conditions cauging hydrage-
tion of the cornea also cause hyiration of the lens, it seemed reasonsble
to investigzate the effects of methylene blue on hydration and cation
transport in the lene in the hope of raining further insight into the

mechanisms poverning these processes.



EXPERDMENTAL

Tissue

Taired rabbit lenses were used tlwouwrhout. Unless otherwise
indicated, they were oblained from a local slaughter houses The rab-
bits were decapitated and the eyes removed immediately, In most cases,
they were Lmmersed in physiological saline in tubes packed in ice for
transport to the laboratery. Occasionally, when lenses were to be incue
bated without prior rc,f rigeration, the eyes were brought to the labore=
tory at anbient temperature.

lenses were removed from the eye as quickly as possible with aseptic
precavtions being observed. The eyes were opencd posteriorly by dividing
the sclera inte quarters, and these sections of sclera were then turned
bagk exposing the vitreous body and posterior surface of the lens, The
vitreous was pulled away gently with a lens loop, ond the zomules, which
hold the lens in place, carefully cut with 2 palr of fine scissors. Ii-
treme care was taken to avold touching the lens since even slight trama
impairs the ability of the lens to maintain its normesl cotion balancs.

Cation Studies

For the most part, the reversible cold-induced cation shift was used.
For these studies, the lenses were placed on thelr nosterior surfaces in
tubes containing 3 ml., of 2 balanced salt solution (Appendix I) aporoxie
meting the ionic composition of agqueous humor. Unless otherwise gtated,
the tubes vere flushed with a gas mixture corposed of ¢ "’50?—-%502 s tightly
stoppered, and placed in an ice chest at 0°C. for L0 to Lk heurs. Follow-
ing refrigeration, one lens was removed for analysis and the other lens

was incubated at 37°C. for 6 hours™ to determine recovery from the

#Previcusg t""‘:’: & have indicested thilt a2 new steady-stabte has been reached
at the end of hours and thet a more prolonred period of observation
is ne Aecesszr; a?
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cold-induced cation shift. (The lenses were in darkness during the period
of refrigrration. During the i?&ﬂuhé‘i‘:ioﬂ at B?C’C. the lenses were exposed
to ambient light unless otherwise noted.)

Occasionally lenses were incubated at 37°C, for 2l hours withoub
previous refriceration. In gencral, this type of study is not as sensi-
tive an indicator of the factors determing cation balance as the tempera-
ture reversible studies s but it does provide a more direct experimental
nrocedure,

For analysis, the lenses were blotted to remove excess moisﬁure,
rapidly weiched in tared silica crucibles on a Hettler microbalance,
and dried at 105°C, for L0 hours.™ The water content was caleulated
from the differcnce between the wet and dry weights. The lenses were
then cherred under infra-red lishts with the aid of a drop of concentrated
sulphurie acid, and ashed in a muffle fwrnace at L75°C. for 18 to 22 hours
or until mo charred ash was visible.

lens ash was taken up in hot distilled water and transferred quanti-
tatively to a 25 ml. volumetric flask. ILithium sulfate was added to pro=
vide a final concentration of 150 ppm of lithium. The sodium and potassiwa
analyses were carried out on a Baird Associates flame photometer with am
internal standard. To insure accuracy, known sodium and potassium solue
tions were analysed cach time. Results were calculated as mTq/1000 mm.
of lens water,

Results of the cold-induced cation shift experiments are expressed
as per cent recovery and indicate the sbility of the lens to return toward
normal by exereting scdium and concentrating potasaium foilwing & prriod

of equilibration in the cold. It is calculobed from the formula Cr - Cix1N0
I -

#Previous studics ha@ indicated that constant weicht is attained in L0 hours
of drying st 105 C, 9
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in which Or indlcates the cotion concentration of the refriperated lonses,
TIR Y Bl & g & o ey O o, "
01 the cation concentration in lenses refyicerated at 0°C for LO-bli hours
followed by incubation at 37°C, for 6 hours, and Cn the cation concentra-
ion in fresi lenses which have been neither refri:erated nor incubated.

Gas Consumption Shudies

Eyes were obtained from 3 o I kilopram rebbite killed in the
laboratory by sir embolism, Lenses wez‘é removed in the manner previously
degeribed, weirhed and placed in the flasks. The construction of the
flasks made it imposeible to plsce the lens on its posterior surface so
a random distribution of poesitioning must be assumed,

An Aminco Warburg apparatus was used for rcas consumptlon studies,
The flasks were of approximately 17 ml. capacity with a center well and
& gide ax'm. Four ml, of medium” were placed in the main compartment
end 0.6 ml. of a Fardee's solution®’ in the center well. {Appendix II)™™
Fluted filtér paper strips vere inserted in the center well to increase
the shsorbing surface.

Two waber thermoberomelers and two blanks con’aaﬁrﬁ.ng medium and
Pardeetes golution were run with each exporimental Q:L{;uation. In experi=-
ments where light was o be excluded the flasks were wrapped in aluminm
foil. Fliaske which were %o receive lenses were packed in ice until they

were attached to the menometers and ploced on the machine. After the

#Appendix I.

#eh phosphate buffer is used for oxygzen consumption studies whenever
poasible. However, control studies hzd showm that phosphate buffers did
not support cetion trangrort as well as our usual mediuwm which has &
bicarbonate concentration approximating that found in the squeocus humor,

(30 nEq. /1) Pardee's solution is a reversible 80, buffer system designed
to malntain a constant atmosphoric CO? tension, 2252 This it does with
ressongble efficiency and 1s valid within limits when the oxyren consump—
tion is high. Actuclly the oxyren consumpiion of the lens is low” and the
resulte obtained cannot be interpreted as absolute values of oxyren consumpe
tione
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flesk and manomoter asserblies had been attached to the instrument for
a few winubes, they were removed.and the ground plass joints were re-
seated to assure a gas~tight connection. Flasks were then passed with
95%05-5%C0p for a 15 minute equilibration period, the height of the
fluid in the manomcter was adjusted and zere readings were taken at 37°C.
Gaseous axnhaﬁge wes measured over a 2 hour period. At the end of thig
time the lenses were quickly removed for phosphate determinations, The
ugual corrections for changes due to temperature, pressure and medium
were made and the results are expressed as micro liters of gas exchanged
per leng per 2 hours.

FPhoszphate Determinations

In vascular tissues specimens must be frozen almost instantaneously”
to preserve creatine phosphate. Therefore, several technigues were ex-
plored to determine the best procedure for handling the lenses to avoid
loss of the labile comporents of the phosphate fraction, In one method
the inﬂact eye was placed in acetone~dry ice and [rozen immediately.

The lens was removed from the eye while still frozen and weighed in a
tared tube containing frozen trichloracetic acide The lens was btritu-
rated ﬁith a glass rod and as the 1ens~§cid mixture thawed it wes re-
fromen before trituration was ¢0ntinned. In a second method, the lens
weg renoved as for cation studies, weighed rapidly and placed in a tube
containing frozen trichloracetic acid, and immediately frozen by placing
the tube in dry ice. The lens was then triturated as above. Last,'tha
lens was removed as for cation studies, weighed, and quickly homo-
genized in lce cold trichloracetic aeid in a Fatter-@lvjehm homorenigers
Subsequent handling was the same in a1l procedures.

| No significant difference was observed in the inorganic phosphate,

grestine phosphate, or ATP-ADP fractions of lenses initially handled in



the ways described ghove., For this reeson the third technique was
routinely employed. Apparently speed in handling is not so ir:zgmr'i:amf
with the lens as with other tissues, >proba§31y because the lens is an
avascular structure having a low metabolic rates (Table I)

The lens-acid mixbture was then thawed and frozen three times during
a ten minute extraction period, centrifuged for one minute, and {1ltered
into tubes packed in dry ice. To determine ihe zh fferent phosphate {rac-
tions the filtrate was trested in the method described in Unbreitls
llsnometric Techniqu 4'5':3..21

The filtrate was thawed and an aiiquc'i; wag lmmediately pipeﬁ’aeﬁ into
a calibrated centrifupe tube and quickly neutralized with 20 MaOH using
phenolphthalein as an indicator., The true inorganic phosphate was pre=
cipitated with caleium, leaving creatine phosphate in solution, and the
phosphate determination made on the precipitate. Since creatine phog=
phate is unstable in acid solution, phosphate determination of the crude
filtrate gives an spparent inorganic phosphate value which actually cone
tains the true inorganic phosphate plus the crestine phosphate. The
difference between the epparent inorganic phosphate and the true inorganie
phosphate is considered to be e¢rcatine pﬁcsz:thate. Another aliguot was
hydrolyzed in 1 W hydrochlorie acid for seven minutes at 100°¢C, 3 3 the
differcnce between this phosphorus value and the spparent Inorganic
phoasphorus value is considered to be the ATP-ADP fraction. Total phoge
phate was obbained by digestion of the filtrate with concentrated hydroe
chloric m%d end oxidation with 30% hwdrogen peroxide at 150%,

The method of f}argox’-‘izl‘ was used for determining the amount of phope
phorus in the various fractions. Color was developed by molybdate sule

ifter o é(} ke
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developing period the determinations were read in a Coleman Jr. spectro=
photometer at 690 millimicrons. Results were expressed as mg. per 100 gm.

of wet lens,.



RESULTS

Cation Content of NHormal lenses

In order to obtain a yardstick for measuring deviations from the
normal, a series of lenses were analyzed for sodium, pobassium and water
immediately upon removal from the eye. These figures for fresh lenses
represent the concentrations normally found in lens tissue. Another
series of lenses, designated as control lenses, were subjected to the
reversible, cold~induced cation shift procedure described previously.
The dsta are tabulated in Table II. Wobte that the lens lost approxi-
mately 35 mEq. of potassium and gained an equivalent amount of sodium
during refrigeration. During the subsequent incubation at 37°C., this
sodium was excrebted and the potassium concentration returned toward
normal, attaining approximately 100% recovery.

Zffect of lethylene Blue

Lenses were bathed in the usual balanced salt solution containing
varying concentrations of methylene blue and subjected to the reversible
cation shift technique. Dye concentrabtions of ¥ x 10 "5 i and asbove
abolished cation recovery and caused hydration of the lenses.™ & methye
lene blue concentration of 1 x 10 -5 i inhiblted cation recovery only
slightly and lower concentrations had no effect. (Fig. 1)

Effect of Light

Hethylene blue has been shown to exhibit a photodynamic action on

many blological systems. For instance, upon exposure to methylene blue

#Dye content of the commercisl reagent was not taken into account in
caleulating the smount to use. Since the reagent used assayed 899
nmethylene blue, the actual moler concentration of the dye is somewhat
less than indicated.
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in the light, soume bacteriazs are killed, some bacteriaphageseé aﬁd
virusese! are inactivated, whole blood loses its ability to c1ot28 ang
erythrocytes?’ are hemolysed. These actions of methylene blue are not
manifest in the dark.

The primery event in photodynamic sction is the sbsorption of a
guantun of light by the sensitiszing material,Bl in this case methylene
blue, to form an active dye molecules. Not 2ll activated molecules will
react with a substrate but no molecule can react without absorption of
light. The action spectrum of methylene blue i in the visible Tange
and corresponds to its absorption spectrunm.

To determine whether the deleterious effects of methylene blue on
the lens were photodynamic in nature, lenses bathed in 5 x 10 -5 u
methylene blue were sﬁbjccted to the cold-induced cation shifﬁ in the
absence of light. (Pig. 2) These lenses recovered significantly from
the stress pleced upon them by chilling in contrast to the previous experim
ments carried ocut in ambient lirht, in which cation recovery was abol-
ished by the same concentration of methylene blue.

Purther study of the light sensitivity was sccomplished by incu=-
bating lenses without priocr refrigerstion at 37°C. for 2 hours. Ambient
light was permitted during the day, and at night light was supplied by a
L0 watt bulb approximetely 1L inches from the lenses, The arbient light
varied by as mch as 1003 but rouwhly it corresronded to Le0x 10° ergs/fend/sce.
Hormal lenses mainbain thelr cation content during e 2L hour incubation
period at 379, Indeed;, the potassium concentraetion tends to increase
during this period, with s resulting increase in total buse. lenses ex=
posed to methylene blue in the dark showed the same peneral behavier. (Fig.3)

However, lenses exposed to mothylene blue in the light for 2k hours at



13
37°C geained sodium and lost potassium, the total base, however, increasing.
Te determine if this was an induction pericd in the light followsd
by further change in the dark, lenses were ineubated ot 37°C, as sbove.
Both lenses of a pair were exposed to lirht for 6 hours. A% that time,
one lens was removed for analysis and the other lens wes incubated for
an additional 18 hours in the dark by wrspping the tubes with black
electrician's tape, The lenses analyzed at the end of 6 hours had also
concentrated votassium and Little further change occured in the subsequent
18 hours. Therefors, whatever the nature of the photodynamic action, it
seems to require sn induchtion period before the results are detectable
in the cation shift. 4 similer induction period is seen when erythro-
yhes are treated with enzyme poisons such as Eluaridc‘31, It 48 also
evidenced when erythrocytes are exposed to rose bengal in the 1ighﬁ.32
Further investipgation of the light reguirement was carried out by
reducing methylene blue to its colorless state with sodium hydrosulfite,
Since photodynamic action can occcur only when light ie abeorbed by the
sensitizing molecule, if methylene blue were reduced to its colorless
fornm, considerably less light would be absorbed and hence photodynamic
activity'shﬁulé be reduced, To achieve a satisfactory experimental
gitustlion, certain alterations in our usual procedure‘wera required,
If the reduced solution was flushed with the usual 95%0,-5%C0s mixture,
reduced methylane blue was promptly oxidized. However, when atmospheric
air was employed this oxidation was not evident for several hours.
Two control situations were therefore necessary. One served as a
control for the altered gas phase; the other served as a2 control for
the sodium hydrosulfite, receiving asg mch hydrosulfite as was added

to H e blue mediume Reducling the oxypen tension from that of
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95% oxygen to simespherie sir had no sppreciable effect en cation recov-
orys, The hydrogulfite itself was toxic to the lens system;, bub never-
theless the lenses recovered aprrecisbly in the presence of reduced
nethyvlens blue. (Pig. &)

Eifect of Oxypen

Resullts obtained thus far indicate that the major action of methy-
lene blue is phobodynamie in nature, l.e., light is essenbial for the
roaction. One of the outstanding characteristices of photodynamic activity
as observed in other systens; is its éﬁhemcmm by moleculsr oxygen.

e

This wae investigated with the lens,” Methylene blue medium was @q&ili%
brated with 55%Hs-5%005, the tubes were wefriaici with the same ges mix-
ture, and studies of the temperature reversible shift verried out in
arbient light as previcusly deseribed. These lenses recovered noticeably
fyom the cold-induced cation é%&i%s (Pig. 5) Cerbainly, the presence
of exypen enhances the photodymenie action of methylene blue on cation
wrangport in the lens.

Effeet of Catalase

Yo one hos yet been able *530 define the exact role played by axgren
in this complex phobtody amiec reaction, Predominant thinking at this
time favors the eoncept thet an essential material, i.e. protein, con-
plexes with the activated dye or that protein and dye foram & complex

which is activated and the meterial is then oxidized in the presence of

#hctually the requirement for oxypen by the lens has not been definitely
establighed. The relative importance of the Embdem-leyerhof cyele would
gugpest thet the reguirement should be minimal. Coenflicting results have
been chbiained in our laboratory on the exypen requirement for cagtion trans-
port in the lens. DBarly data indicated & definite requirement.”’ However,
other workers in the same lsborabtory have found cation transport to be
1ittle altered under anaersbic canditione. The reason for the discrepancy

T o il R o [ . | L . Puowe = Y s
has not been resclved. The data glven here are ny owne
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moleeulor m.gen,%. However, in the asbsence of readily oxidizable
material, and in some cases in its presence, it has been shown thab
hydrogen peroxide is forneds>3 ¥ gince the lens protein is contained
within the capsule and is not readily availlable for complexing with the
extralencicular dye it seenmed that toxic concentrations of hydrogen
peroxide might possibly be formed in the bathing medium, If this were
the case, addition of catalase should block the toxic effect of methylene
blue by destroying the hydrogen peroxide. To test this, 10 units of
catalase were added to the methylene blue medium in which the lens was
imrersed and the terpersture roversible cation shift measured in the
usual manner under ambient light. The csatalase appearcd to improve
cation recovery to & slight extent. (Fig. 6) However, in dilute solu=-
tions catalase is quite unstable and readily denatured, making it secem
likely that addition of the catalase just prior to the 6 hour incuba-
tion period at 37%C instead of before the Lo hour relfrigeration mirht
provide a more favorable experimental situation. FPresumably hydroren
peroxide would be formed execlusively during the incubation at 37°C be~
cause it is at this time that the lenses are exposed to light., Signifi-
cant cation recovery occured in this experiment. (Fig. 7) Increased re=
covery was also obtalned when bolled catalase was added although it was
not se great. (Fig. 8) Probably the protective effect of catalase is
not due solely to enzyme activity or to added protein but to a combined
effect of both,

On the surfsce it appears that some hydrogen peroxide is formed
in the Incubating solution and is toxic to the lens. However, this hes
not been substantiated by situations in which hydrogen peroxide was

0
5 n 3 AT et e b 2 o e 4 P
ated into the medlum, Following refriceration at 0°C and prior
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to incubstion at 37°C. 0.1 ml. of hydrozen peroxide of such stren~th

-6

. -~ .
Noralxld™ i golution was

ag calculated to give a 1 x 10
added. No inhibition of cation recovery was observed. (Fig. 9)

There are several possible explanations for this. First, the
substance is unsteble and the actual concentration might be lower than
the caleulated value. Second, a little hydrogen peroxide being produced
continuously might prove more harmful to the lens than a great deal added
all at once. Third, the site of accumlation or praductioﬁ may be quite
eriticals ™  Fourth, hydrogen poroxide may be without effect.

Cooypen Consumption Studies

Kethylene blue is lmow to stimmlate oxygen consumption in erythrow
cytes,3?’38 acites tumor cells’® and other tissues, It is also a well
kmown uncoupling agent of axidative phosphorylation. For these rcasons
studics of the goseous exchange and phosvhate fractions of the lens were
made.

4s noted earlier, the bicarbonate buffer provides a mueh more
physiological medium for the lens than does a phos hate buffer. Indeed,
phosphate buffer appeared to be toxic to catlon transpori activity; ‘Far
this reason our usual bicarbonate medium was used. The resulis obbained
with this sﬁatam cannot be considered as the actual oxygen uptake and
are sirnificant only when compared with data obtained under like cond:tions.

When immersed in the bicarbonate solubion or in the methylene blue solution

#iigher concentrations were not employed because it was felt that hydro=

- gen peroxide concentration would always be considerably less than that of
the dye.

#tThe lens containe catalase,35 however an assey of castalase in other
ocular structures has shown minimal amounts in agueous and vitreous,36
If one assumes that catalase is found where hydroren peroxide is formed
it can be inferred that the cxterior of the lens is not normally exposed
to hydropgen peroxide.
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with light excluded, no consumption of pas by the lens could be measured.
Actually they appeared to have given off ras. This can probably be ottrie
butéd to the production of acid _me{;é’aolites and consequent relense of
COp from the medium which did not equilibrate with Pardee's solution
immediately. However, there was a satisbically sigﬁificant difference
between the results obtained in these two situations and the resulis
cbtained when the lenses were exposed to methylene blue in the light.
(p¢D.05) In the latter situation, pas consumption wes observed. (Fig.10)
The'see dava cen be interpreted as indicating a photodynamic 3%&;@1@%1@31
of oxygen uptake by lenses exposed te methylene blue solution and are
therefore, comparable to data obtained using other tissue.

Thosphate Determinations

To maintain cabion balance, energy must be expended by the lens.

The lmediate emrgy would reasonably be obtained from high energy phogw=
phate. In view of the uncoupling éction of methylene blue, it seemed
important to deternmine whether there was a decreage in high energy phose
phetes in the lens, Anelysis of the phosphate {ractions of the lenses
used in the oxygen consumption studies did not show a gipnificant
difference in total phosphate, high energy rhosphate, or inorganic phose
phate., {Table 111)

Huwevér, changes in prhosphate might nol become sgpparent in two hours
in a tissue metabolizing as slowly as the lens. Hence, a series of lenses
were incubated for 24 hours at 37°C in 5 x 10 5 u methylene blue, one of
the pair in the lirht and one in the dark. Lenses exposed to light had
less hich energy phosphate and more inorganic phosphate than had the

lenses from which light had been excluded. (Table IV)



DIBCUSSION

Owr results leave little doubd that the deleterious action of
methylene blue on the cation transpert is for the most part phutedynamic
in nature. First, methyleme blue in a concentration which had previcusly
gbolished cotion transport in lenses exnosed to light, hed very little
elffect on cation recovery when light was excluded. Second, lenscs equi-

. 1ibrated for & prolonged period in methylene blue in the dark at 37°C.
were able to maintaln their normal cation conbtent; while lenses exposed
to methylene blue in the light lost poltagsium and gained sodium. Third,
lenses inoubated in coloriess (reduced) aethylene blue showed much better
recovery than those incubated in sguimelar concentrations of oxidized
nethylene blue.

(Blum abiributes this protective action of a redueing agent to its
iﬂterfﬁfeﬁce in an oxidiging pra@&ss;bﬁ we look upon it as eimply another
way of showing ﬁhaﬁ light is essential, In any event, the reduced dye
i# colorless and absorbs little light in the visual spectrun., Therefore
the priwary step in the photodymenic process, the absorption of light,
is absent or at least considersbly reduced.)

It is inﬁergaﬁinﬁ that some substanceg, by the sbsorption of light,
can cause photochemiceal reactlions which lead %o eatﬁr&ct formebtion. This
may be significent mince some theories of cabtaract formation suggest that
1ight iteelf is a deleterious agent., It also suggests that some of the
observed reactions of dyes on blolopical msterial are really phobodynamic in
nature, Certainly the vacuvoles found by Cangtant®? can be interpreted ag suk

A requirement for oxyren for the photodynamic effect of methylene
blue on cation transport has glso b@eﬁ demonstrated. The harmful

astion of wmellwlene blue is not demonsirable in the absence of
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oxyeens, This result was not unexpected because most photodynamic gyatens
gither require wxygen for the reaction or the reaction is enhanced by the
presence of oxyzfenw}a

One can envisage the normal cation balance as regulting from sctive
transport against a concentration gradient and passive leakage along a
concentration gradient, Therefore, any change in cation concentration
reflects alterstion of one or both repulatory mechanisms. It is possible
that methylene blue exerts its effect on both processes, if indeed, they
can be separated. Ior the purpese of exposition, we will say that
pethylene blue acts in one of two fashions, Fither it alters acltive
transport by actually reducine the amount of energy produced or by interw
fering with u'tilizzatian of the energy available, or it alters the charw
ascteristics of the berrier so that leakape incre:sses.

In m:,r event, the photodynamic effect on cation balance scens to be
a surface phenomenon. During incubation in methylene blue soluticn, the
blue dye concentrates at the lens surface and 1ittle is found in the lens
muclens, (This cannod be taken as positive evidence that no methylene
blue has reached the nucleus because the poesibility of reduction of the
dye to leucomethylene blue must be co:wiéemd.i‘l)' Other workers have

”
shown thet the dve is adherent to cell meubranes, Ferlin and i ,dr:'f_sk,i“

e

Y

worldng with yeast cells, were able to elute the dye from the surface of

the cells by heavy metals and acid solutions. Freeman and tl‘reise_.ﬁk"':3 and
Davson and Ponder—2 also support the theory of surface action in agents
which exert a photodynamic effecte

Naveon found that the permealility of the red cell to potassium

was increcsed by exposure to rose bengal in the 1light. lHe theorized

.

hat this oceurred because the membrane was oxidized by the activabed

1
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dye molecule. This dye molecule eould cxidize several molecules of
substrate simply by sbsorbing ancther guantam of lizght after losing
the previous one in an oxidation process. Following this line of
reagoning, he explained his o servai*an of an initial slow leakage of
potaseium from the red cell followed by a perioed of more rapid loss,
ultimetely leading to the breakdown of the cell. Thisz could also ex-
plain owr linding & negligible change in cation concentrstion in lenses
exposed to the light for & hours followed hy 18 hours in the dark at
37°C. as opposed to the aﬁﬁ&mu¢ut¢oﬁ,ax godium and reduction of pote=
glum found in lenses exposed for a full 2h hours te methylene blue in
the light,

By amalegy then, one most credit ihe possibility that the photoe
dynamic effect of methylene blue in the lens ie due to an axidation of
& barrier which restricts the passive movement of cation along a concens
tratlon gradient. This barrier gould be & protein, and proteins are

known to be photodymamically QEldiﬁed by methylene blue. ﬁ@ilk&”h? and
co-arorkers have shown the most readily oxidized amino acids to be the

eyelic hisbidine, tryptophan, and tyrosine, and the sulfur containing
cyeteine, and methionine. Oxidation of these amino acids in essential
proveins and ensymes could alter the characteristics of the barrier.
The active transport mechaniem is dependent upon energy and this

is intimately tled up with phosphorus metaboliem,U0:L9 partisularly as

+ relates to high energy phosphates, the immediately available source
of energy of the lens. Considering glucose as a2 measure of energy
input it seenms likély that the energy input is not reduced when the
jens is subjected to methylene blue, either in the dark or light.

Harrig, et a1°C have shown thet there is increased glucose uptake in
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both cases, Usthylene blue also stimmlates the uptake of glicose in
the @2’:;’%113‘039“&6.37333151 =

While the enerpy input does not seem to be reduced it is con-

ceivable that the avallable energy required for catlon trangport mipght

be reduced, Strong supportive evidence is given by the faet that there
is considerably less high energy phosphate available to lenses which
have been exposed to m@th:glem blue in the light than te those exposed

to methylene blue in the derk. To our lnowledge this is the first demon-
stration that the uncoupling activity of metiylene blue requires light.
It is tempting to say that active cation transport is reduced in these

lenses beeouse of a decrease in the amount of available energy. However,

in a system as complex as this, conclusions must be guarded.

#I%t hag been showm that the ine eaggd rlucose congumpiion proceeds via
the hexose monophosphate shunt.”>3”¢ The energy derived from this path
is probably from the oxidation of TFHH. In most tissues, the electronsg
pass thmug;}g,_}’si cybochrome system but it has been suggested that
glutathione’“s % mey be a part of the electron transport system in the
lens.
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SULNMARY

1. Hebhylene blue exerte a deleterious phobtodynamic setion on the
cation recovery of rabbibt lenses following a cold-induced cabion shift,

This is cheracterized by being light and oxypen dependent.

2. Cgtalase appeared to protect against this photodynemic action.
However, no deletericus effect of hydrogen peroxlde in the concentra-

tiong enploved was noted.

3. Comparative studies were made of pas consumption of lenses bathed
in bigerbonste buffer and in methylene blue medium in the presence and
shgence of light. The resulis can be interpreted as indicalting e photo=

dynanle stimlstion of cxygen consupilon.

i« FPhosphate determinations were made in lenses bathed in methylene
blue in the presence and absence of light. Iess high energy phosphates

were found in lenses exposed to the light.

5. It is concluded that the photodymemic action of methylene blue on
the cation transport of the lens is exerted in ane of two fashions.
Bither the characteristics of the borrier are altered so thaet passive
leakare of cation increases; or active transport is altercd becsuse of a

decreage in immediately available energy.
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APPENDIX I
COKFOESITION OF BASIC MWrDIUM

Constituient ggzy)ﬂ ot

Glucose 200.0
HaCl 669.8
iteh ] 3840
¥gCly 6 H,0 10,0
Cally-2 H,0 26.5
HaH,PO),- HOH 245
NaHC03 25040

This tzcﬁxm containe Na¥ 148 m®q/1, ES.+ wliq/1,
5003 30 mE

Unless otherwise stoted medium was equilibrated end
TI ﬂ(lj?}ﬁﬁﬁ& to 1025”?559 with 95’ JQ"‘;* VQE

ethylene blue mediym wag made by dissclving the dye
in bha bagic znadivm. ‘Efnle?a oﬁhemrise not@d the dye

e

congentration was & x 10 = ¥,

[



Constituient

Diethanolamine
Thiouresa

3@%&@3

6 W HCL

Distilled Water

APPENDIX IT

PARDEE'S SOTUTION

28

Amount

o

#il,
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Figure 1. [Iffeet of varying concentrations of methylene blue on
cation recovery of rabbit lenses during incubation at 37%. following
a cold induced cation shift. (Esch bar represents the average figure
of at least 9 pair of lenses.) i
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Figure 2, Lffect of ambient 1%;;}113 cn cation recovery of rebbit
lenses during incubntion at 37°C, following cold-induced cation
shift, Bathing medium contained 5 x 10 - U methylens blue,
{Rach bar rerrcsents the average of at least 9 pair of lenses)
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Figure 3. Lffect of ambient light on cabion concentration of rabbit
lenses bathed in mediuvm containing methylene blue at 3730. for the
specificd time under the imposed conditions. (Each rar represents
an sverage of at least 9 lenses. )
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Pigure L.
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sodium hydrosulfite. (Fach bar represents the average

east 9 pair of lenses.)
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Figure 6. Iffect of catalsse on cation recovery of rabbil lenses
dvm.ngf incubstion ot 37°C. following cold~induced cation shift.

Ten units of catalase was added to the medium prior to LO hour re~
frigeration neried, (Each bar represents the averape fisure of at
least 9 pair of lenses.)
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Figure 7. Effect of cabalame on cation recovery of rebbit lenses
during incubstion st 37°C, following cold induced cation shift. Ten
vite of catalase was added to the medium just prior to the 6 hour

-incubation period at 37°C. (Bach bar represents the average figure
of at least 9 pair of lenses.)
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Figure 8, ELffect of boiled catalszse on cation recovery of rabbib
lenses during incubation ot 37°%, followine cold induced cation

itk

shift. Ten units of boiled catalase was added to the nedium just
2

prior to the 6 hour incubetion meriod =t 37°C. (lach bar represents
the average figure of at least 9 pair of lenses.)
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Pigure 9. Iffect of hydrogen peroxide on cation reecovery of
rabbit lenses during incubation at 379C, followinr cold-induced
cation shift. Hwdrocen peroxide was added just prior to the 6
hour incubation neried a2t 37°¢. (Hach bar represents the average
figure of at least B pair of lenses.)
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Pigure 10, Oaseous ewchange of lensez in designated blecarbonate
containing medium with Pardee's soclution in center well. OGas
phase 95%00-5%00,, Temperature 37°C. Time 2 hours. (Bech bar
represents the average of ten lenses.)
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