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SEudles on mlEochondrial s!Ìr.:i-1. ing demonsEraEed EhaE Ehyroxlne (T¿+)-

induced swelllng could be. modified by cerEain compounds. A swelling

Ehreshold concentraEion of N-eEhyLmaleimlde (NEM), 10-51'1, inacEive by

tEself ln promoElng miEochondrlal volume changes or on sponEaneous mlEo-

chondrlal volume changes, tnhibtEed T4- buE not cyanogen iodlde (iCN)-

lnduced mlEochondrial swelling. PreincubaElon of NEM wtEh mltochondria

enhanced Ehe NEM tnhiblEion of T4-induced swe1ling. Conversely, lncreas-

lng Ehe 14 concenEraEion resulEed in a reducEÍon in Ëhe magnlEude of Ehe

lnhlblEion by NEM. NEM, 1O-5M, also tnhiblEed Ca++- and lnorganic

phosphaEe (POa)-induced swelllng. In a swel1lng Ehreshold concenEraEion,

HgCL2, 5 x 10-Btt, lnhiblted Ehe T4-induced swelling but noE fluorescein

mercuric aceEate (FMA)n lodoaceEamide (fe)o and p-hydroxymercuribenzoaEe

(P-HMB). NEM may be lnhlbiEing T4-lnduced sr,¡elling as a resule of lts

reacEion wiEh surfhydryl groups and iE is posslbre EhaE the sulfhydryl

groups of T4 delodlnase mighE be a siEe of acEion.

FMA was examined for iEs effecE on miEochondrial volume as well as

f or uhe eff ecEs of iodocompounds on Fl"fArs action. FlfA-induced miEochon-

drial swelling displayed characEerisEics simlLar Eo EhaE Induced by sulf-

hydryl reagentso In Ehe presence of mltochondria, Ehe quenching of FllArs

fluorescence precedes Ehe miEochondrial volume changes. T4 enhanced and

ICN inhlbited Ehe quenching of Fl"fA by miEochondria. CN-r 5 x l0-6tf, was

able Eo lnhibiE Ehe quenching of Fl"lAcs fluorescence and a t0-3¡,t concên-

EraElon lnhiblEed boch Ehe quenching of FI,ÍAts f luorescence by mltochondria

and Fl'{A-lnduced swelLing. The ICN molecule in Ehe presence of miEochon-

dria is spliE and CN- may prevenE Ehefl.uorescencèquenchlng of Fl'fA"

Iodine (I2)¡ ICNr I- and T4 enhanced Fl4A-induced swelling in EhaE order of

Potency. AE OoCr Fl'fA-induced sr¡elli.ng was reduced and fZ, ICN and I-, but

noE T4r reEalned Eheir abiliEy Eo enhance FMArs acEionn NEM-lnduced

ewelllng was also enhanced by 12 and ICN, buE T4 and I- were ineffecEive.
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The mlEochondrial swelllng induc,:,:ri by FI'IA and Ehe quenching of Ehe fluor-

escence of FMA is probabl.y a resu1E of iEs reacElon wlEh mlEochondrlal

sulfhydryl g¡oups. EnhancemenE of Fl.{A-lnduced mil:ochondrlal sr¡elLLng røy

be due Eo an lncreased reacElvity of sulfhydryl groups ln Ehe presence of

lodocompounds.

PropylEhiouraciL (PTU), by iEself, promoEed miEochondrlal volume

changes whlch were inhlbtEed by CN- and dlniErophenol (DNP). Adenosine-

5r-ErlphosphaEe (¿fp) reversed Ehe swell.lng eff ects of P[U. PtU, E I!@r
was unable Eo inhibits Ehe T4-induced swe11lng. Howevern miEochondria

isolated from PIU EreaEed racs displayed a reduced swelllng response Eo T4

compared Eo Ehat of normal, but noE Eo ICN. The ln vivo adminlsEracion of

PIU, acuEely or chronicaLLy, reduced Ehe T4-lnduced swel1lng response.

Slnce T4-induced mlEochondrlal sr¡el1ing was reduced and ICN-induced was

noE reducedr iE rny be EhaE PIU is interfering with T4 deiodinase acEiviEy,

FurEhermorer miEochondria !.solaEed from a EhyroidecEomized raE also

displayed a reduced senslEiviey Eo T4o buE the effecc of ICN r¡as noE

reduced. This nny al.so be due Eo a reductlon of 14 defodlnase acElvity

known üo occur in EhyroidecEomized anirnals.

the d isul.f ide hormones, vasopress in, ox5Ëoc ln and insul in, mod if led

the T4-induced swelllng response., the highest concenEraElon of vasopressin

dId noE modify the T4r.induced sv¡etr1ing, whereas Ehe lor¡er concenEraElons

employed enhanced lE. On Ehe oEher hand, oxJrtocin and lnsulin in Ehe

higher concenEraElon enhanced Ehe T4 response and Ehe lower concenEraElons

were noE as effecElve. In Ehe presence of insulin or vasopressln, l0-6M,

T4 concentraEions of 2.5 x ¡.0-6 and 5 x L0-6M displayed the greauesE

enhancemenE of Eheir swelling curves. IE may be EhaE Ehis inEeraction of

Ehe disulfide hormones with T4 nray be occurring aE Ehe level of Ehe sulf-

hydryl groups of the miEochondrí:i meml¡rânê¡

The T4-tnduced s'i¡elllng by .'¡E Liver nltochondria was reduced by
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(a) NEM, 10-5tr,t, (b) PTU adminisEraEion and (c) thyroideceomy, whereas the

miEochondrial swelling in response Eo ICN was noE modlfied. these resulEs

lndlcaEe Ehât T4-induced swelling may be associaEed '¿ tth T4 deiodinase

acLivlEy and are consisEenE witsh Ehe concepE EhaE Ehe lodinium ton (I+)

ls responslble for Ehe actlon o; 'f4. The T4-induced swelling response is

able to be modified by compouncis whlch can enEer lnEo reacEions wiEh sulf-

hydryl grouPs such as IJEM, HgC12 and Ehe disulfide hormones. In addiElon,

Ehe FMA- and NEM-induced swelllng is enhanced by iodocompounds. Therefore,

Ehe mlEochondrial sul.fhydryl groups nny be the level aE which Ehe acElon

occurs.
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Vasopressin and oxyEocin, hr:rmones of Ehe posEerior plEuiEary gLand,

are ocEapeptldes conEalnlng a disulfide group. In thls laboraEory, lE has

been shown EhaE boEh vasopressin and oxycocln release Ehe Ehyroid sEimu-

laElng hormone (TSH) from Ehe anterlor piEuiEary gland ln vivo and in vlEro

(l,agetla, L964a). FurEhermore, Ehyroid hormone¡ T4, in low concenErâElons

releases TSH and, ln addiElon, modifies iEs release by vasopressln and

oxyEocin (i,aBellao 1964b). In recenE years, evldence has accumulaEed whlch

lndlcaEes EhaE lhe disulf lde hormones, vasopressln, ox¡rEocln and lnsulln

(Usstng and Zerahan, 1.951; Levine and Goldsteln, 1955; Rasmussen eE aL.

1960), as well as T4 (Lehninger, "t.962a), acE on membranes to modlfy Ehelr

proPerEleso In order to obEain some knowledge of the nanner by which Ehese

hormones exert Ehelr effecEs and inEeracE to ¡nodify membrane properEies,

one mighE sEudy a model membrane sysEem. Lehninger and NeuberE (19ó1) fra¿

suggested Ehat Ehe miEochondrion night be a useful model membrane sysEem

ln Ehe study of drugs and hormones acEing on menbranes.

A number of reasons prompEed Ehe selecEion of the miEochondrion.

MlEochondrla are readll.y obEained by the uEiLlzaElon of cell f racEtonaEion

Eechnlques and undergo volume changes in response to EoniciEy changes ln

Ehç suspending medium, as ¡vel1 as in response Eo specific compounds.

These volume changes can be monitored by lighE absorpEion Eechnlques.

Moreover, iE ls knor¿n EhaE T4 (Klemperer, 1955; Tap1ey, 1956; Lehninger g!

aL. 1959), as wel1. as vasopressin and oxyEocln (Lehninger and NeuberE,

1961)r cause rnarked lncreases in miEochondrial volume" OEher factors

which suPPorE such use of Ehe miEochondrial membrane are Ehe simllariEies
'Ehàg membranes of cells have in common. Cell membranes appear Eo have the

same general composiEion, consis';!.ng of approxinnBeLy 4V/. proEein and 60%

llpidr and slmilar permeability characteristics. the penetraEion of Ehese

membranes by soluEes in a given series ls proporEional Eo Eheir oll-lraEer

parEltion coefficienEs (Davson and Danlel¡.i, 1952). Thls permeablltgy
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relationshlp has been demonsEraEed for Ehe mlEochondrlon also (WaEanabe

and I.l111iams, 1953; Tedeschi and Harrls, 1955).

The thyrold hormones have many blological eff ecEsr ad, ln Ehe course

of exerElng cerEain of Ehese effects, T4 deiodinaClon mighE be requlred

(Calton and Ingbar, 1962). FurEhermore, iE has been suggesced EhaE Ehe

forraElon of Uhe I+ nighE be responsible for hormonal effecEs of T4

(Galcon and Ingbat, Lg62; Roche eE aln Lg62). To tesc Ehese Eheorles¡ Ehe

effecEs on miEochondrial swelling of a number of experimenEal condlEions

and speclfIc compounds, such as ICN r¡hlch dlssociaEes Co a I+o wâs com-

pared Eo T4.

Since sulfhydryl groups were suggesEed Eo be lnvolved in T4-lnduced

sr¡elllng (Lehntnger and Schnelder, 1959), Ehe effects of compounds r¡hich

show a marked sPeclftclEy for reacELng wlth sulfhydryl groups (sulfhydryl

reagenEs) were lnvesEigaEed. Fl'fA was uEilized because iE ls a sulfhydryl

reagenEr whose r¡,aElve f luorescence is quenched by sulfhydryl compounds.

PIU was examined for possible modificaEion of Ehe niEochondrial

swelllng response of T4, as well as for its effecE on miEochondria, because

the Ehlouracll derlvaEives have been shor¡n Eo interfere wiEh Ehe peripheral

delodlnaElon of Ehyrold hormones (Greer g! g!. L964).

In addiElont observaEions in this laboraEory have lndicaEed EhaE T4

and Ehe dlsulfide hormones inEeracË to modlfy Ehe release of TSH (LaBella,

1964b), F.:<perlmenEs were perf ormed to sEudy Ehe possibi.liuy of such an

lnEeracEion on Ehe míEochondrial r¡embrane¡ _þ g@"
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M IIOCI{OM)R IAL CHARACT BR IST ICS

MiEochondria are cyEopÌasmic organelles of antrnals, pl.anEs¡ proto-

zoans¡ and have also been reporEed in bacEerla, buE the laEEer reporEs have

been questioned (see Novikoff, 1961, for discussion of miEochondrla ln.

bacËerla). Numerous names have been assigned to Ehese organelLes (Cowdry,

1918); however, Ehe Èerm miEochondria (Gr. mlEos, Ehread; chondros, granule

or grain) ls now generally accepEed.

These organelles are characterized by Èheir dlsElnctive blochernical

and norphological feaEures" MiEochondrla conEain the assoclaEed enzyme

sysEems of elecEron ËrânsporE and oxidaElve phosphorylation, as well as

speclflc enzymes, such as succinic dehydrogenase. Annong the imporEanE bio-

chemlêal properEies of mlEochondria are Eheir tincEorial reacEions r¿lEh

conpounds whlch permlE Ehelr idenEificaEion wlEh Ehe lighE mlcroscopeo

CrysEal vlolet, acid fuchsin and iron hemacoxylin have a long hiscory of

use as mlEochondri.al sEalns, and three addiElonal sEalns whose chemlcal re-

acEions wiEh mitochondrial consEiEuents have been lnEensively sEudied and

elaboraEed are the G-Nadi staining reacEion, Janus Green B and Ehe EeEra-

zollum salEs. The G-Nadi reaction probab.ly demonstraEes Ehe presence of

cyÈochrome oxldase Ehrough a reacüion ln which dimeEhylphenylenediamine is

oxidlzed Eo produce indophenol blue in Ehe presence of a-naphEhol (Novikoff,

1961). Janus Green B was inEroduced by Michaelis (1900) and ics mechanis¡n

of sEalning has been inEenslveLy lnvesEigaEed by Lazarow and CoopersEein

(1953), IE reacts r¡iEh flavoproEein enzymes r¡hich reduce the dye Eo a

leuco-form" FlavoproEein enaymes are also locaEed ln oEher subcellular

strucEures but iE is in ¡niEochondria, which conEaln a large amounE of cyEo-

chromes, EhaE Ehe leuco-form of Janus Green B is oxidized Eo a blue deriva-

tlve" the EeErazolium salEs are also reduced by flavoproEein dehydrogen-

ases and the reduced form is blue (Novlkoff, 1961). Morphologlcal deEail

of mlEochondria can be vlewed ln elecEron micrographs, and Novikoff (19ó1)
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presenEs a sCricE morphological <ief inÍ.tion of miEochondria as ceL'j.uLar

organelles, which exhibiE., by eLecEron microscopyr a smooch ouEer membrane

and an infolded inner membrane rrhen fixed in osmium ceEroxide"

MiEochondrial shape is varj.abl.e in situ. GeneraLly, iE is eicher

f ilamenEous or granular" IE nray be vesicular wich a cencral, elear zaíLee

and in cerEain celLs shows enLargement aE one end Eo resenble a ciub. The

enLarged end of Ehis cLub-Like miEochondr!.on may exhibiE a cencral cLear

zone (De RoberEis eE aL. 1963). Cycles of. vatiation in mlEochondrial

shape have been reporEed (Noéi., L923).

RaE llver miEochondria are generaLly 0.3 F in widEh and 0"5 Eo 1.0 ¡:

in lengEh. MiEochondriai. counEs of raE Liver ceLls give a mean oi 800 per

cei.l wiEh a range of 500 E,o 2500 per ceT.l and comprise I-8.6% of, the celles

voLume and L5-2U/" of Ehe celLes niErogen (Lehninger, L964).

IMPOR.TANT EVENTS OF EAIILY }iITOCHONDRTAL RESEAR.CH

' CycologisEs beEween 1850 and Ehe beginning of Ehis century described

many cyEoplasmic inclusions" During f:his period, a varieEy of hisEologicai.

f ixaEive procedures lrere introduced r¿hich did not yieLd reproducible

resulEs, Owing Eo Ehese inadequaEe Eechniques, meny arEifacts no d.oubE

received proper names" KtilLikeru an imporCant pioneer in cyLology, began

his research on cyEopLasmic parEici-es around 1850 and probabi.y periormed

Ehe f irsE voiume-change expei:imenEs \.rÍ.Eh ní.Eochondria (Köli iker, 1.888) "

He observed EhaE parEicles of insecE muscLe sarcopl.asm increased in volume

in a hypoEonic environmenE" Retzius (1890) named these parEicles sarcosonnes

(muscLe miEochondria). Benda (1897-1398) introduced Lhe term miEochordria

to describe Ehe 3efadenkornern¡co i"e. Ehread granules, observed in cells

during spernËEogenes is.

An imporEanE evenE in mitochondrial research i.¡as Ehe inErorìuciion of

Ehe supraviEal. stain, Janus Green Bo by I'fichaelis (1900). NoE onLy did
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Ehis compound generaf:e inËeresE in the chemistry of miEochondri.a, buE it

ï,¡as insErurnenEal in negaEing ehe opinion EhaE miEochonciria were fixat,ive

.ar{:ifacis. LaCer, Eheir chemical naEure began Eo be elaboraEed. vrhen

Regaud (1908) idenEified phosphoiipid and proEein in micochondria.

raurEhermore, !,larburg (19L3) isoia'ced celiuLar parEicLes and demonstraCed

their involvemenE in oxygen upEalce" ApparenEly, he l¡as f irsE in the

applicaEion oi ceneriiugaLion to segregeEe ceI1 componenEs anci to study

Ehe biochemicai. acEiviEy of cel.iuLar parEicies" This represenCs an early

sEudy of celLuLar respiration, presumabLy involving a mitochondrial-

fract ion.

NfiEochondriaL research received a najor impeEus r¡iEh Ehe inEroducEion

of Ímproved Eechniques to Í.soi.aEe cell.uLar componenEs" In 3"934, Bensley

and l{oerr isolaEed mi.tochondri.a from homogenized guinea pig iiver by

differenËia1 cenCriiugation of brei" LaEero Claude (L943) used refi¡led

dif ierenEiaL cenEriiugacion Eecl'¡niques and obtained cei.L f racf: í.ons '*,hich

he cai.Led Large and smal.tr granuies" BoEh Bensi.ey and Hoerr anci Ciaude

empl.oyed sai.ine media in their isoLation procedures" The sma11 granuies

of CLaude rvere sub-microscopic and he named Ehem microsomes, rn'hich tociay

are regarded as derivatives of Ehe endoplasmi.c reEicuium" CLaude0s large

granuLe fracEion conCained secre:ory granules and miEochondria (Claudeu

L943, 1946). Hogeboom É 4. (19/+B) uEil-ized sucrose as a mediun for

isolating subcei.lular componenEs and were abi.e io segregate nucleie micro-

somes and mitochonciria from each oEher by dif f erenEial cenEril"ugation"

FurEirermoreu f.iver miCochondria isol"aEed in 0"88 Nl sucrose retained Eheir

characEerisCic elongaf:ed f orm as seen in in'cacE cei.is" lforeover, these

isolaEed miEochondria displayed 'Ehe sarne reactiviEy to the specif ic

sEainse €cgc Janus Greenu as Ehey do j.n Ehe inEacE cell..

F ina1Iy, the r,liEochondr ial uLtrastruciure was f i::sE descr ibed in Ehe

elec'cron microscopy sËudies of Palade (L952) and SjosErand and lìhodin
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(1953).

EARLY THEORIES oF TliE PHYSiol,ocICAL ROLE OF MIIOCHONpiì.IA

A number of physiological roLes have been asslgned to mitochondria in

Ehe early period of research. These were dlscarded and replacea by tne

modern concep! thaE rnlEochondrla are Ehe siEes of respiraEion and oxidaE-

ive phosphorylaEion. IE will suffice Eo mention briefly Ehe early Eheorles

nlEhouf glving decalled accounts of Ehe experimenEal evidence clEed Ín

formulatlng or refuElng Ehem.

An early negaEive concepE concerning miEochondria held Ehese organ-

elles were arEifacEual. Thls represenEed an exEension of Ehe concepE Chat

cyEoplasmic sErucEures seen by lighE micf,oscopy were mere arEtfacEs of

preparaElon. Altn¡ann (1890) described cyEoplasmlc granules, which were

ldenEified wlEh mlEoehondria, as belng micro-organisms imbedded ln a

ground subsEance. This ldea apparently received litEle supporE. The

Eheory concerning Ehe physiological role of miEochondria which dominaEed

early mlEochondrial research was EhaE advanced by Benda (tg0Z) in his con-

clusion EhaE mitochondria l{ere permanenE celL organelles. He suggesEed

ËhaE Ehey were imporEanE in herediEy and during hlsEogenesis differenEi-

aEed tnto other cellular sEructuresn

SubsequenE Eheories ¡.rere concerned rtalnly with biochemical funcEions

of mlEochondria. According Eo Ehe ElecEosome Eheory of Regaud (1909),

miEochondria can Eake maEerial from Ehe sr¡rrounding cytoplasm and Erans-

form lE into dlverse products. FurEhermore, Kingsbury (f9fZ) suggesEed

EhaE miEochondria were cell sErucEures assocåaEed wiEh reducing subsEances

concerned in ce11 respirationo AnoEher Eheory which indlcaEed a bloche¡ni-

cal funcElon was rrEhe surface fiim cheory" (Cowdry, 1926). These Eheorles

were not suPporEed by experimenlal facEs and elEher were discarded or in-

corporaEed lnEo modern concepEs, ioe. EhaE of Klngsbury.
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DESCRIPTION OF MIIOCI{ONDRIAL ULTRASTRUCTURE

The lnEroducElon of 
.lmproved 

Eissue preparatlon Eechniques, such as

fixaElonr embedding and secEioning, in electron microscopy permicEed Ehe

demonsEraEion of Ehe ulErasErucEure of miEochondria. Palade (Lg52) and

SJosErand and Rhodin (1953) first described Ehe ulErastrucEure of Ehe

mlEochondrion. The dimensions of Ehe ulErasErucEures are below Ehe

resoluEion of Ehe llghE nlcroscope. MiEochondrla are surrounded by a

double membrane sysEem of which the ouEer one ls smooEh and approxlraEely

6O I in wldEh and an inf olded lnner membrane vrhlch also approxinaces 60 I

ln wldEh. The infoldings of Ehe inner membrane are called cristae

miEochondriales or crlstae (Palade, L952). These two membranes are

separaEed by an elecEron EransparenE space of ó0-80 8. ConsequenEly, Ewo

chambers exisË r¡iEhin miEochondria, one beEween Ehe ouEer and lnner mem-

branes and Ehe oEher withln Ehe limlEs of Ehe lnEernal merubrane. The

inner chamber ls conEinuous, aE leasE in liver nitochondria, wiEh Ehe

crisEae. juUEing lnEo 18. Filling Ehis inEernal chamber is a rnaEerial

showing considerable fluidlEy, tlre miEochondrial maErix.

MIÎOCITONDR IA], MEMBRANE

Indirect evidence for Che exisEence of a miEochondrial membrane has

been gaEhered ln a number of ways. IniEiall.y, osmolariEy sEudies indi-

cated Ehe presence of a semipermeable membrane. Thls Eype of study was

probably first performed by Kölliker (1888) who observed EhaE sarcosornes

of insecE rm¡scle had swollen when placed in waEer. In 1914, Lewls and

Lewis demonsErated EhaE mitochondria of inEact tissüe culEure cells ¡rere

responslve Eo osmotic pressure changese and Harris (fgaS) also observed

ChaE cyEoplasmic parElcles behaved as osmomeEers in Ehe inEacE cel1.

LaEer, Claude (tg+O) demonsuraEed Ehac isolated r¡iEochondria Eook up waEer

ln response Eo hypoEonic condiEionso Hogeboom eE g!" (1948) reporEed
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slmilar observaEions. FurEhermore, a change ln Ehe envlronmenEal con-

diEions of rniEochondria caused narked changes in Ehelr permeabillgy, as

denonstraEed by Lehninger (1951). He shor¿ed EhaE Ehere t¡as an increase in

r¡lEochondrlal permeabiliEy co reduced nicoEinamide adenlne nucleotide

(NADI{) afcer a brief exposure to wacer. Comparing Ehe concenEracion of

.subsEances withln Ehe mitochondria wiEh EhaE of Ehe surrounding cytoplasm,

and f oll.owing thelr release from ¡niEochondria exposed Eo adverse condi-

tlonsr is another llne of evidence in favor of Ehe exisEence of a miEo-

chondrial membrane" !liEochondrla contaln a high conEenE of soluble

enzynes (Klelly and Kielly, 195L), and ions were reporEed to be in greaEer

concencraElon niEhin miEochondria Ehan in Ehe surrounding fluid
(l'{,acFar1ane and Spencer, 1953; BarEley and Davis , Lg54). In addiEion,

disrupElon of miEochondrla caused a loss of snall moLecules (Schneider,

1953)r and sonic vibraEions resulEing in mieochondrial dlsintegration

released 6V/" oÊ. Ehe original niErogen in soluble form, mosE of iË as pro-

teln niErogen (Hogeboom and Schneider, L950). Moreover, sEudies on Ehe

diff erenElal permabiliEy of mlEochondria ¡¡ith rnolecules of dif f erenc

slzes supPorEed this concepE of Ehe miEochondrial membraners exisEence.

Werkheiser and BarEIey (1957) found thaE Na+ and K+ penetrated s¡iEochon-

drlar whereas hlgh molecular veighE compounds, such as nucleoEides or

Polyglucoser Irould noE. FinalLy, the quanEiEaEive demonstraclon Ehat

niEochondria behaved as osmomecers was sErong proof for Ehe evidence of a

membranen Tedeschi and Harris (igSS) demonsEraEed EhaE mlEochondrla

follot¡ed Ehe Boyle-vantE Hoff Law and behaved as osmomeEers if a dead

space of, 4V/. I'fas assumed. Thus, indirecE experimenEal evidence and the

dlrecE graphic evldence of elecEron mlcrographs of niEochondrla by palade

(tgsz) and SjosErand and Rhodin (1953)¡ demonstraced, concrusivery, Ehe

exlsEence of a mlEochondrlal membrane.

rE see¡ns to be a co¡rxnon assumpE lon among cyEologisEs ËhaE Ehe
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menbrane sysgems of subcellular parEicles are similar to the ce11 membrane.

Thls assumption has some.experimenEal basis since a number of slmllarlEies

beEween Ehe celL and miEochondrlal membranes can be clted. The chemical'

composlElon of bolh systems ls s,r.milarr as weLl as Ehe lfpid-ProEein

arrangemenE, and comparable physical dimensions are shared, in common'

Elec¡ron nlcrographs of boEh membranes reveal EhaE Ehey exisE as E¡¿o

elecEron dense llnes becween r¡hich is a less elecEron dense cenEral zone

(Palade, 1952). FurEhermore, elecËron micrographs of high resolution have

revealed EhaE an lndivldual nembrane of Ehe mlEochondrion displays Ewo

elecEron dense ouEer llnes and a less dense middle 1lne. IEs consErucElon

ls ln harmony wiEh Ehe rruni! membranerr concept proposed by RoberEson

(1959). The rfunlE membranerr ls considered as Ehe fundamental sErucEure of

all rnembranes and possesses a EoEal wldËh of. 75 I an¿ in an elecEron micro-

gaph is cornposed of Ewo ouEer elecEron dense lines of 25 I and a lighEer

¡rlddle of 25 8. Cell membranes of various Eissues, as well as Ehe mem-

branes of subcellular sgrucgures, such as nuclei and mlEochondriar exhlbit

Ëhls consgructlon pagEef,flo Electron mlcrographs of a |tuniE membrane'r rny

reflect the lipid-proCeln bimolecular layers according uo Ehe membrane

sgruc¡ure proposed by Danlelli (in Davson and Danlelllr 1952).

FUNgf ION OF MITOCHONDRIA

Wi¡hin the precedlng Ewo decades, a voLumlnous 1lEeraËure Ìras âccl¡rtiu-

laEed indlca¡ing EhaE each of Ehe subcellular particles, such as nucleit

miEochondria, and lysosomes, is endowed wiEh a special chemical composiE-

ion and funcgion. Subsequeng to the inEroducElon of ceLl fracEionaEion

LechnLques, inEeresE in Ehe funcEion of miEochondrla inEensified and an

lnportanE.miEochondrial funcEion was establlshed, i.e. Ehey are Ehe siEe

of Ehe chain of enzynes concerned in elecEron CransPorE and oxidaEive

phosphorylaEiono According Co Lehnlnger (fg0f), the ouÈstandlng
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properEles of mitochondria are cai--aiysis of respiracion arr<1 oxioat.ive

phosphoryX.aEionu Ehe occurrence cf reversible miEochondriaL sv¡el?. i-ng ard:-

congractíon assoclaEed wi';h respi'r-a'c!.on, and che ETanspo:c of ions both

i.nto and ouE oi roi'cochondri.a reLaEed Eo respiration" ì'foreover", LinÒbetg

and ErnsEer (:.95¿r) poinL ou'c Llie en.zynat ic processes oi impo-i'Lance in

miEochondriai. f uncüion and subdivicies Ehem ånEo Che energy-generatrirtg

oxidaEions of Ehe l(rebs cyci.e and Ehe mechanisms Ehrough'¡hrch energy is

conserved in Ehe form of h!.gh energy bondse energy. Eransferring processes

which resuLE in ATP f or¡r:aEion, alc1. enzynes concerned in energy uLiiizacion

processes.

CelLular respira'cion !.s co:r.;)i:rrêd ruiEh Ehe oxidaCive metalroLism of

fuel noX.ecules associaEed wiEh energy reiease Eirrough er.zltÌâ?ic ::eacEi.ons

and Eransf erence of eLecErons f:o oxygen. Tl-ie enzyme sysEem ca'caLyzi.::g Ehe

Eransfer of eLecErons from sul¡sf:raEes Eo oxygen is canled Ehe respil-e:ory

clr.ain" At 3 points of f;he chainu acienoslne-S s-diphosphate (.{DP) is.

enzyffeEi.caltry phosphorylated to ATP, Ehus conserving Lhe tlberaeeci energy

and Lhis process is Ee::med oxådaElve pLrosphoryS.ation. Ic is expressed in

the exper!.menEaL si.iuaCion as Ehe P:O raLioo whicFr !.s Eile atorrs of PO4

esEerif ied Eo Ehe numbe'r of oxygen uEilized" Depending on Ehe poinE oi

enEry of subsEraLe eLecErons inCo Lhe respiraEory chaino iÌre ra';io nun'oer

r¡iiL ideatrLy be 3e 2 or L. A subsLance ïn¡.cti Lowers Ehis raEio i.s classi-

f ied as an uncoupi.er of oxidaEive pl'rosphoryS.aE!on. The ::a'ce of respir-

aEi.on is dependenE on Che concen'crat!.on of substratese oxygenr.4,DP and

inorganic PO4, and.{TP" The infLuence of ADP on respiratory::aEes r+as

f irst studied by Lardy and tr{e3.lrnan (1952). They i.nEroci.uced Lire concepg of

respiraEory conürol and demonsLraEed Ehrat maxiini,¡m respiraEory raies depend

on Ehe presence of a PO4 accepËor, such as ê.DP" Cirance and irÌill.iarns

(i.956) made a deEalled sûuCy of tÌre facEors inf Luencing the respirarory

race anci agree on Ehe criEicai- importance of ADP" ExperimenEaLtry, Ehe
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resplrabory conErol lndex ls expressed as Ehe raElo of the resplratory

raEe ln Ehe presence of ADP Eo EhaË ln lts absence. Mltochondrla wlEh

good resplraEory conErol. are called tlghEly coupled and have a hlgh numerl-

cal value (can be ln Ehe forEles). Conversely, mlEochondrla are loosely

coupled when Ehey are noE dependenE on Ehe ADP concenEraElon ard Ehe

numerlcal value may be as los as 1.

lltTocno¡nRteIJ vot-uur cnRucn - nrsroRrcRl

Volume changes ln mlEochondrla were probably flrsE observed by

Kölllker (1888). oEher workers observed changes ln volume of mlEochondrta

and oEher cyEoplasnlc parElcles ln lntacE cells ln response Eo anlsoEonlc

condlEtons (Lewls and Lewls e l9L4; Ilarrts, L943). IsolaEed mlEochondrla

also dlsplayed thls senstElvlEy Eo osmolarlEy ctranges (Clar¡det L946;

llogeboom eE al" 1948). These studles were quaLiEaEtve and were performed

with dlrect vlsual examlnaElon or gravlmeErlc meEhods (Claude, Lg46).

llowever, Èhe lntroducElon of tighE scaEEerlng Ëechnlques to Ehe sEudy of

mlEochondrlaL volume changes (Cleland, L952; Raaflaubt Lg5Zae br 1953)

permltted easy and rapld monLtortng of Ëhese changeso The flrst quanElE-

aElve treaËnent of these volume changes was thaE of Tedeschl and Harrls

(1955), who demonsErated EhaE mlEochondrta follor¡ Ehe osmoElc law tf a

dead space ot 4ú/. ls assumed. Flnallyr Ehe reporE thaE T4 sElnrulaEed rsater

upcake by nlEochondrta (Klemperer, 1955) and Ëhe deEalled sEudy of Tapley

(1956) generaEed LnEerest tn Ehls area of research.

IN SITU CHANGES rN MITOgHONDRIAL SIIAPE ANp VOLUME

MlEoehondrla, þ stEuo undergo changes Ln shape and volume whlch can

be tnfluenced by Ehe physlologlcal. sËaEe of Ehe celi.r Èhe functlonal sEate

through v¡hlch lE ts passinge and by the physlcal. and chemlcal. envlronmenE.

Cel[s grown tn Etssue culEure or !.eaf epldermls cel.ls of PlanEs have been

enployed ertEeru¡tve!.y ln studlee on Èhe changes ln shape and volune of
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mlEochondria, slnce Ehese PreparaEions permlts dlrecc lighE microscopic

observaEion. InEenslve early sEudies on miEochondriaL changes demon-

sEraEed the plasEiciEy of mitochondrla (Lewis and Ler¡is, 1914). ffrese

auEhors produced a large number of drawings which illusËraEed feaEures.of

mlEochondrlal change: (a) mlEochondria fuslng Eogether, (b) undergoing

dlvlsion, (c) changing shape repeatsedly and (¿) aecreaslng in slze iruie-

pendenE of fusion or divlson processes. The overall conclusion drawn

from Ehelr work was EhaE miEochondria are exEremely plasEic bodies and

often reacE more rapídly Eo envlronmenEal changes thån other cell

sErucEures "

AlEhough Lewls and Lewis had demonsEraEed adequaEely EhâE miEochond-

ria undergo morphological changes, phase conLrasE cinemaphoEomicrographs,

whlch showed Ehese changes, illusEraEed Lhe poinE definitively (ln

Novlkoffr 1961). The miEochondrial changes whlch occurred upon Ehe

admlnisEraEion of exogenous chemicaLs to the media in which Ehe ce1Ls

were baÇhed may noE necessariLy refLecE a direcC acEion on niEochondria.

They may nerely represenE changes which occur Ehrough a modiflcaEion of

Ehe total cellul.ar funcEion or funcEions.

In addlEion Eo plasEiciEy, miEochondria rnay exhibiE nobiliEy. In

cells of liver, miEochondria rny be free to move in Ehe cyEoplasn or be

moved as a result of cyEoplasmic movemenE and ln oEhers, such as Ehose of

cardiac muscle or Ehe kidney Eubule cellsu Ehe miEochondrla are probably

anchored. Palade (195ó) suggested EhaE Ehose mlEochondria r¡hich move, rnây

do so to acquire needed subsEraEes.

ln glg miEochondrial volume changes have been observed under patho-

logical condlEions, buE in general¡ Ehls sr¡elling has noE been character-

lzede slnce one does noE lmon whaE effects the preparative procedures

nlghE produceo
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CLASSIFICATION OF MITOCHONDRIAL VOLUI-{E CI]ANGES

the volume changes which miEochondria undergo in ¡{g and ln viEro

are classtfied as passive or active. Passive volume changes do noE

involve Ehe expendiEure of energy ¡ è.8. Ehose occurring folLowing eonlçIEy

changes ln Ehe media. AcEíve volume changesu such as T4-induced mito-

chondrial swelling, are assoclated wiEh energy expendleure.

FurEhermore, miEochondrial volume changes of Ehe acElve Eype can be

characEerized by Ehe degree of change ln lighE scaEEering (Packerr 1961;

Lehninger, L962a) and are classified as small or large volume changes.

Snatl lighE scaEEerlng changes are referred Eo as 1ow ampliEude swelling

and comespond Eo a volume change of only L t,o 2% of the miEochondrial

volume, whereas large llghE scaEEering or opEical density changes which

are referred to as Large ampllEude swelling may lnvolve volume changes of

200 uo 30Ø"¡ as in uhe case of Liver miEochondria (Lehnlnger, L962a).

Packer (1961), ln order Eo disEinguish Ehe Eypes of swelling observed in

sriEochondrla, classif led Ehem as phase l or phase 2. Phase l- refers Eo

small volur¡e changes which are fuL1y reversible in EighEly-coupled ruiEo-

chondrla¡ and phase 2 or large volume changes are associaEed wiEh irrevers-

lble changesr such as uncoupling of oxldative phosphorylaElon. Phase I

swelling ls equlvalenE to lor¡ ampliEude swelling and phase 2 Eo large

amplltude swelllng.

In a medlum conEaining respiratory subsEraEeso ADP, Mg++, and P04r iE

was demonsEraEed (Harrnan and FeigeLsono L952; MacFarl.ane and Spencer,

1953) Ehat mi.Eochondria carrying ouL phosphorylaËing. respiraEion rnainEained

a low water conEent. If respiraËory subsEraEes or ADP were absenEo the

mltochondrla would swel1. Therefore, low ampliEude swelling may be

sEudied ln a medium conEaining resPiraEûry subsEraEes buE noE ADP

Swelling of mitochondria, therefore, occurs in a respiraEory subsEraEe

deficlenE medium, and Ehe addiEion of ADP causes a conEracEion. This
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sequence is referred Eo as a sweillng-conEracEion cycle. Lot¿ ampl.itude

swelling ls measured aE a neuEral vravelength,410 rn¡r, isosbestlc for Ehe

carriers of the respiraEory chain and a decrease in opEical densiEy is

presumed Eo represenE miEochondrial sr¿eIling, and an lncrease in opEical.

density; conEracEion. tlhile addiEion of ADP Eo mitochondria in Ehe low

ampliEude swelling sEage resulEs in conEractlon of the miEochondria

(Holten, L957; Chance and Packero 1958; Beechey and llolten" 1959; Packer,

1960, 1961), Ehe addiEion of adenosine-5r-monophospTraEe (¿uVp) or ATP ls

noE effecEive (Packei, 1960). Moreover, Packer (1960) also reported lor¡

ampliEude swelling-sstgtacEion can occur in concenEraEions of sucrose as

high as 0.BB M, and thaE agents r¡hich uncouple oxidaEive phosphorylaEion

also produce miEochondrial conEracLion. Lehninger (tgíZa) polnEed ouE

thaE low amplitude changes, as measured by lighE scaEEerlng Eechniques,

have not been esEablished definiEively as reflecEing changes in volume,

.unlike 
large ampliEude changes which have been verif ied by gravimetric

procedures. ConsequenELy, Lehninger feels Ehere nÞy noE be sufficient

data Eo conclude thaE these lighE scaEEering changes ref1ect changes in

utitochondrial volumeo He proposes EhaE 1ow ampliEude sEudies may be

measuring mitochondrial strucCuraL ctranges which nay be quiEe differenE

from volume changes and suggesEs Ehey nay reflect volume changes in niEo-

chondrial conparEments, changes in Che menbrane, as well as a rearrange-

menE of inEernal componenEs r¡hich could lead Eo a redlsEribuEion of lighE

refracEing compounds.

'Large ampliEude sr+elling of the acEive Ëype, which is associaEed r+iEh

respiraEory chain activiEy, is slow compared Eo large arnpllEude swelling

induced by hypoEoniciEy. AcEive srvelling proceeds Eo an apparenE equili-

brlun volume, ATP reverses T4-induced swelling and ATP + Mg** * bovine

serun albumln reverses swelling induced by mosE agonisEs. I'fiEochondrial

st¿elling promoEed by reduced glucathione (csti) is reversed by Ehe addiEion
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+.1of ATP + Mg- * bovine serum albumin * conEracElon factor (C-facEor).

Large ampliEude swelling.ls sensiEive Eo inhiblEors of Ehe respiraEory

chaln or uncouplers of oxidaEive phosphorylaCion. Harman and Feig.ï"on

(tgSZ) and Raaflaub (fgSS) observed EhaE respiraEion mighE be necessary

for the occurrence of acEive mitochondrial sweLling and evldence for Ehis

has been reporEed by l{unEer and Forcl (1955), Huncer e.E a1. (1956),

Lehnlnger and Ray (tgSl )¡ and Lehnlnger et al. (1959). These sEudies

demonstrated Ehat acEive swelling is blocked by lnhibiEors of Ehe respir-

aEory chaln and by anaerobic condltions. Additional evidence for depend-

ence of acEive swelling on resplraEory chain acEivity ls provided by Che

reporEed observaElons EhaE DNP blocks acEive swelling (Tapley, 1956) as

does dlcumarol (Tapley, 1956)o which are inhibiEors of oxidaEive

phosphorylaE ion.

AlEhough a subsEance induces acEive swelling of the large ampliEude

Eype¡ iE does not necessarily mean EhaE a conmon nechanism ls operating to

promoEe. sweI1lng. Two subsEances rny induce sr¡elling buE Ehe assoclaEed

evenEs rnay rnarkedly differ. T4n f or example, pronotes swelling which is

associaEed with uncoupling faccor (U-facEor) forn'aEion, whereas Ehiol'

induced sr¡e1ling is noE, buE is accompanied by peroxide f orn¡aEion, thereby

glvlng rise Eo differenE hypoEhesis concerning Eheir mechanisn of action.

The rnitochondrlal sr¡elling curves índuced by T4 or Ehiols are also

character Ist ically d if f erenE,

Of Ehe many agonisEs of miEochondrial s¡velLing, mosE are not as

pocenE as T4. The thiols require concencraEions of 10-4 Eo 10-31'l Eo

pronoEe nltochondrial swelling (Let¡ninger and Schneider, 1959) . T¿r

promoEes swelLlng in concenEraEions as 1o¡¡ as 10-8M an¿ 10-5t''t produces

rnxlr¡al swelllng ln a fer¡ minuEes (Lehninger eE al. 1959). i{owever, a few

compounds exhlbiE greaEer poEency Ehan T4. Greenbaum and Dicker (1963)

reporEed a vasopressin preparaEion lnduced swelllng ln a concenEration of
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10-13t't, buE Lehnlnger and NeuberE (1961) tra¿ observed EhaE 2 x 10-5r't of

vasoPressint oxyEocin and. insulin was extremely effecEive in promoEing

rapid and exEens ive swell ing. Furchermore, gramicid in, tO-1lU (i.leubert

and Lehningerr L962a), and faELy acids ln concencraEions less Ehan fO-9f'l

lnduced swelllng (Lehninger, Lg62a).

TIIYROXINE*INDUCED S\^¡ELL ING

Swelllng of miEochondria in response Eo T4 had been described ftrst

by Klemperer (1955) in his monograph on che binding of iodoEhyronines by

miEochordriar and deEailed sEudies of Ehls sr¿el1ing phenomerur were subse-

quencly reporEed by Tapley gf 4. (fgSS), lapley (1956)¡ ad Lehninger

(1959a). It has been confirmed repeatedly (Beyer eE al. 1956; Dickens and

Salmoney,195ó; EmmeloE and Bos, L957; Shaw eE aI. 1959). the miEochond-

r.lal sr¡elllng curve, in response- Eo T4, exhibiEs a Iag phase (n¡arkedly

demonsErable aE low concentraEton and Low EemperaEure) which is fo1l.or¿ed

by a rlsing phase. Eo a plaEeau. Increasing Ehe concentraEion of 14

lncreases Ehe rate of swelling of miEochondrla (Tapley, 1956) and as

llEule as 10-8¡l T4 ls effective in promoting swelling (Lehninger et a1.

1959). In studles on miEochondrlãI sweIling, Ewo Ëypes of nedia n,ainly

have been employed, one uEil.izing sucrose, 0.3 M sucrose-O.02 M Eris

(hydroxymethyl) amlnomeEhane (tris)-nCf buffer, ptl 7.4, and Ehe oEher KClo

0.L25 M KC1-0.02 M Tris-llCl buffer, pH 7"4. Mitochondria are more sensi-

Eive to Ëhe effects of 14 i.n Ehe laEEer medium. The replacemenË of

sucrose by oEher soluEes¡ such as glucose, raffinose, KCl or NaCL, does

noE qualiEaElvely influence Ehe T4-induced sr¡el1ing response. IsolaEed

mltochondrla of various raE Eissues do noE exhibiE Ehe same degree of

responsiveness Eo T4. Liver and kidney miEochondria exhibiE Ehe greaEesE

volu¡ne changesn while those of diaphragm, hearEu spleen, braln or EesEes

reèpond sllghEly (tapley and Cooper, 1956). In the measurenenE of
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miEochondrial volume changes by opEical meEhods, Ehe decrease in opEleal

densiEy reflecEs an increase in miEochondrlal volume, and Lehninger

(tgSga) fras presenEed evidence thaE the opEical densiEy decrease occurr-

ing afEer exPosure of miEochondrial suspenslons Eo T4 is associaEed wlth

an lncrease in weE weighE of miEochondrla as deEermlned by gravimeErlc

neEhods¡ Ehus indicaCing an lncreased upEake of wacer. Temperacure

aff ecEs miEochondrlal s¡relling markedly (Tapley, 1956), swel.ling being

exEremely rapld aE 37cC. Due Eo Ehe high EemperaEure coefficienE of

swelllngt mosE sEudies are performed aE 20oC uo.reEard Ehe process. In

addiEion,14-induced sr¡elling is affecEed by Ehe pH of the medium.

Swelling ls maximum aE pH 7.3 or pH 7.t+, an increase or a decrease in Ehe

pH resultlng ln a decrease ln swelLing and beyond the pH limiEs of 6.5 and

8"5 it is absent. the Lag phase of Ehe T4-induced sweLling curve is

¡narked aE lor¡ EemperaEures and increases in EemperaEure reduce Ehe lag

phase (Lehnlnger eE aL. 1959). Increases ln T4 concenEraElon caused a

corresponding decrease in the lag inEerval.

OEher sEudies (Tapley, L956; HunEer and Ford, 1955; Lehninger g 4.
1959) have demonsErated inhibiEion of 14-induced s¡veLling by a varleEy of

.agents, Sucrose in high concentraLion inhiblEs 14 s¡¡el1ing (Tapley, 1956¡

Lehnlnger e,!. g!. 1959)o It was posEulaEed EhaE sucrose exerEs iEs lnhibiE-

ory effecE by Ewo mechanisms, one as a resulE of Ehe lncrease in osmolar-

lEy aE high ðoncenEraEions and the oEher by iEs ablliEy Eo inhibi, "r,rrr-
aElc reacEions aE lor¿er concenEraEions" High concenEraEions of high

molecular welghE subsEances, such as serum albunin, gamn¿¡ globulin and

polyvinylpyrrolidone, whlch lncrease Ehe osmol.ariEy of Ehe nedlum, also

inhtbtE 14-induced swelling. Serum a!.bumin lnhibiEs ac 10-5M, â, concen-

traElon which does noE produce a subscarÍEial increase in Ehe osmoEic

pressure of the medium (see secEion on U-facEor). InhiblEors of Ehe

resplraEory chain, such as sodium amyEal, anEinrycin A and CN-, block Ëhe
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19573 Lehnlnger et aI. 1959). DNP, penlachlorophenol and gramicldin,

which are lnhibiEors oe o*iA"tive phosphorylaEion, prevenE the effecEs of

T4 on mlEochondria (Tapley, 1956), as does ATP, eEhylenediamine Eetra-.

aceEaEe (EDTA), lig*o, and a varleEy of ions (Tapley, 1956). The addiElon

of sucrose Eo Ehe medium prior Eo Ehe advent of swelllng lnduced by 14

caused tnhlbitlonr buE sucrose added after swelling has begun is r¿lEhoug

effecE. ApparenEly Ehere is an increase in miEochondrlal permeablliËy to

sucrose ln che presence of, T4 (Lehninger É 4. 1959). Lehnlnger gf g!.

belleve EhaE a srnll amounE of T4-induced swelling nay occur before

permeabiliEy changes occur, slnce iE would be expecEed EhaE T4 could cause

swelllng even in the Presence of high concenEraEions of sucrosen They

believe Ettat Ehe lag period before swelllng cormnences supporcs Ehls

exPlanaEion. ATP ls of speclal inEeresE since iE wilL inhibic Ehe effeccs

of T4 when added Eo the medium before s¡¿eli.lng occurs and r¡ll1 reverse it

when added laEer (see secEion on mitochondrlal conEracEion). EEhyl

alcoholr 0.25 U--t.S M (Karler ets al. 1965) blocks Ehe swellf.ng response

Eo T4r although Ehe mechanism by which this occurs has noE been esEabLished.

Aging of sEock suspensions of ¡niEochondria for 6 hr or longer at @C

reduces Ehe sensiEiviEy of miEochondriaL srselling response Eo T4. This

loss of sensltiviEy is correl.aEed wiEh a loss of nicoEinamide adenine

dlnucleoEide'(IIAD). Lehninger .99 gL. (fgSg) an¿ HunEer and Ford (1955)

have shor¡n Ehat PO4-lnduced milochondriaL sr¡elling is al.so accompanied by

a loss of NAD. The level of NAD re¡nained consEant up Eo t hr periods

durlng the aglng process and then fell off sharply. On Ehe basis of Ëhese

and oEher observaElons, Lehninger eE al. (1959) suggesEed ttraE Ehe bound

form of r¡lEochondrlal. NAD mighE be Ehe slte of T4 acEion ln inducing nito-

chondrial swelllng.

Aebl and Abelin (fgSg) reporEed Eh^aE nicochondria isolaEed fron
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thyrold-fed raEs sr+elled aE a fasEer raLe Ehan nornraL. Tapley (t9:O) con-

firmed thls flndlng and reporEed also EhaE mlEochondria lsolated from

hypoehyroid raEs showed a reauce¿ swelling response. Moreover, TaEa

(1963) demonsEraEed EhaE isolaEed llver miEochondria of Ehyroideccomlzed

raEs were less senslElve Eo PO4, T4" oleaEe and hypo-osmolariEyo

M TTOCITONDR IAL CONIRÁ,CT IOI']

IsolaEed miEochondria of liver or kidney, which have undergone active

volume changes wiEh an increase in Ehelr ¡sater contenEe cân be contracted

and r¡ater exEruded by Ehe addlEion of cerEaln compounds.

ExperlmenEal results on Ehe exErusion of waEer from miEochondria in

the presence of phosphorylaEing resplraEion are vague" since mosE of Ehese

sEudles have been done in raEher complex medlum conEainlng sr+elling pro-

noEingJacEors¡ as well as facEors which have been reporEed Eo aid in Ehe

contracEion of swolLen miEochondria. Harman and Feigelson (1953) demon-

strated EhaE Ehe shape of hearE ¡nuscle miEochondrla could be correlaced

wiEh Ehelr oxidaElve acËiviEy. FolLowing Ehese observaEions, iC was

demonsEraEed ËhaE rniEochondriar in Ehe a,bsence of a PO4 acceptor, readily

lncreased Ehelr waEer conEenE and in the presence of a PO4 accepËor Ehe

waEer conEenE !¡as mainEained aE a low level (l,facFarlane and Spencer,

1953), Price g! gl.. (fgSO) suggesued Ehat the conEracEile elemenEs of

mltochondrla are associated wlEh oxidative phosphorylation. they puc

forrsard Ehls suggesEion as a resulE of experimenEs in which Ehey were able

Eo cause conEracEion of mitochondria wiEh MgCl and ìIAD added Eo Eheir

nedium wiEh Al"lP" ConEracEion r¿iEh AMP followed afEer a 1ag period during

r¡hlch Ehe Al'lP presumably became phosphorylated Eo ATP, because Ëhe addiEion

of ATP to Ehe medlum caused an immedlaEe contracEion. Ocher workers have

reporEed on miEochondrlal conEraction durlng phosphorylaEing respiraE ion

(Beyer g!. â!. 1955; Hunter and Ford, 1955; Dianzanl and Scuro, 195ó,
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Ulrlch, 1959, 1960; Packer, 1960, 196L; Packer arrd Tappel, 1960).

Early studies on the conEracEion of mlEochondrla by ATP in Che

absence of added resptraEory substraues r,rere reported by Lehningeî (L959a,

b). IE was found EhaE 0.125 M KCl-0.02 M Tris-HCL buffer¡ pH 7.4, was

the mosE effecEive medlum r¡ith respect Eo boEh Ehe raEe and final. extenE

of Ehe conEracEion of T4-induced swoLlen niEochondria. Sucrose inhlblEed

Ehis conEracElon. This observaEion accounEed for Ehose of Cleland (L952),

Raaflaub (1953) and Tapley (1956) who reporged Ehat ATP did noc lnduce

conEracEion of mlEochondria. These auEhors used a medium which contalned

a rela!Ively high sucrose concentraEion.

ATP conEracEs T4 swollen miEochondrla. This process can Eake place

u¡rder condiElons In which the K+ of Ehe medlum ls replaced by oEher

caElons, such as Na+, llEhiumn rubidium, ammonium, or Tris and Cf is

replaced by bromide, I-, fLuoride, nlEraEe, chLoraEe, perchlorale, sulfate,

or aceEate (Lehnlnger, 1959a, Lehninger, 1961). Moreover, no nucleoside-

5f-ErlPhosphaEe olher Ehan ATP caused contracEion. The raEe of conEract-

lon decreased sltghEly as the K* concenEraEion was increased. Furthermore,

rnlEochondria swollen in dlsEllled r¡aEer are concracEed by ATP in Ehe pres-

ence of T4, while Ín the absence ot T4e ATP a MB++ * serum albumin are re-

qulred for conEraction buE conEracEion ls faster in Ehe presence of T4

(Lehninger, 1959b). Lehninger (1961) demonstrated EhaE ATP-induced con-

tracElon was lndependenE of phosphorylating respiraEion and occurred in a

highly [unphysiologlcal medtar!" He then concluded EhaE an ATP driven

conErâctile mechanism in miEochondria causes exErusion of waEer and probab-

ly solutes from swollen mitochondrla independenE of acEive transporE of

ionsn thls extrusion couLd be tiie resulE of a Erro dimensional conEracElon

of one or boEh membranes of Ehe miEochondria or a closure of crisEae folds.

He also postulated Ehat an inEernal miEochondrlal substance rnighE cause a

reducElon ln the r¡colloidrt osmoEic pressure r¡iEh Ehe resulEing outward
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movemenE of waEer (Lehninger, 1959ar b, 1960).

The concenEraEion of. ATP required Eo produce miEochondrial conEract-

ion was found Eo range beEr.veen 0.0005 M and 0.05 M. These sEudies of con-

tracEion have uEillzed opEical density changes as an index of boEh mito-

chondrial swelling and conEracEion. Lehninger (1959a) compared opEical

densiEy measuremenEs wiEh gravimeErlc measuremencs and demonsErated Ehat

Ehe opEical denslEy changes are qualiEaEively reliable for conLracEion and

swelling. It was found EhaE 60 ¡rmoles of ATP would resulE in Ehe extrus-

ion of over 650 ¡rmoles of water from miEochondria. ATP was shor¿n Eo be a

hlghly (buE noC absolutely) speciflc reversing agenE for T4 swoLlen miEo-

chondrla. Although T4 swollen miEochondria are conEracEed by ATP, Ehe

¿..L
addiEion of Mg" rny cause some lnhlbiEion of Ehe ATP-induced conEracEion.

FurEhermore, the addiEion of serum albumin accelerates the ATP-induced

contracEion of T4 swollen miEochondria. PresumabLy, serum albumin com-

blnes wiEh Lehningerrs U-facEor, Ehus removing an endogenous swelling-

inducing agenE. Moreover, Ehe conEracEile sysEem of miËochondria appears

to be very sEable (Lehntnger, 1959a). MiEochondria in a snollen sEaEe for

3 hr undergo lmmediate reversal when ATP is added to Ehe suspenslon.

If ATP is Eo exert lEs effecE on Ehe conEracEile nechanism of miEo-

chondrla whlch have been exposed Eo swelling-inducing agents oEher Ehan

T4, such as Po4, C"**, faEEy acids, or U-facEor, Ehe addlcion of oEher

facEors co the suspension is required, such as Mg++o serum aLbumin and

C-facEoro C-factor is of special lnEeresE relaElve Eo Ehe mitochondrial

st¡elllng induced by GSi{ and wiLL be dlscussed under Ehe secEions dealing

wlth Ehe effecEs of Ehiols on mlEochondrÍaL volume changes. Mitochondria

snoÍlen under hypoEonic condiEions are conEracEed by Ehe addition of AIP

a Mg++ * serum albuminn or by ATP + M.o*, while spontaneously swollen

niEochordria in isoEonic medium require ATP + Mn++ + serum albumin

(Lehnlnger cjE 4, 1959). ATP + Mg++ are requlred Eo produce contraccion
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of PO4 s\.rolIen miEochoilciria" EDîA'þ seruiít al.bumin rr AJP tr'ï!,.¿"n'contracgs

Ca'F* sr¿oLLen mi'uochondria." S¡.¡el.i.ing induced by p-i{ì.l3 anc phlo"r ycz!n Ls

reverseci by ATP '¡ IÍ8+'! or se-rua aiburnin ,' Mn'i*" The sç¡eillng p.caduccð. by

carbon EeÚrachioride or digiConlrL is not reversed. by any of Chese ager,t.s

or cornbinaEions of Eiremu Sv'ei3.ir.-:g'ay U-factor, as lreii as th,zt'c by sodium

oieaEe (Lehninger and iìeminer'c 2 :-959)e is ::eversed by a cornbinaEion of É.îP

¿- J-¡ IIS' ' 't serun albumin.

EFFICT OF IODINE COI"ÍPOUNDS ON SÌ.JEJ-LING

12 (Ra1.1 et al" i.9ó2a) anci ICN (iìall e€ al" 1-g62io) pronoce migscl¡,o¡'C-

riaL sr.reii.i.ng. In Ehe presence of ecui.moLar concencracionsr 5 x !.0-6r{u oi

T4, ICN and I2r sr+eln ing i.s more ::apicl r¿lth 12 Ehan r¿if:h iCN i+hich, in

Eurn, is fasEer than T4o As litûie as j.O-6i4 ICN or tO'7:,t t2 induces mico-

chondrial svei.J.ing" Arnycai.e âr1!,.,riycin-A, cN- (RaLL et al, L962a)., DNp

(1ìa3.1 et al" 1963), 0"L% serum aibumi.n, 0"75 M sucrosee EDTA (tal_i ei ¿-1"

L962a), bi.ock Ehe sweLling S.nduced by Ehlese agonists. The bi.ockacie ì:y CN-,

anCimycin A' or amytatr can be overcome rvi.8h high concenErations oi iC,\

(Ral.L eE aL" L962e">, buE cannoÍ: be overcome by 12, chloroaceEophe:ìonee

monoiodoacetaCe and NEì'{" i¿itich are reagenEs tilaü reacE wiEh sui.fhydr¡zi

groupse Þrere reporEed Eo be ineffecti.ve in blocking swelling by T4, i2 or

ICN (Ra1L eL aL" L962a; Ra3.tr. et ai. L963)"

ATP reversed l2-or rcN-inciuced sweiLing (RaLL eË al. Lgîzas Lg6z.D)"

The ATP-induced miCochoruirial co::ûracEion r¿as abie Eo be coin.oieteLy biocked

by arsenaLe or p-FIMB buE noc, or sï.igircly bLoclced, wiEh NEì"í. \,lhen g:aciu-

ai.iy !.ncreasing concengreLions of ATP rvere employed, Eo prevenc rnitochond-

rial sv¡elling induced by T4,, 12 o:: ICN, an order o!" suscepEibiiity to.4.Tp

r,ras apparen'c. \.lich 2 x L0-51.1 .{TP, no inhi.bi.Ëion of sr,¡ei.T.ing rras observed.u

lshereasu rvi.Eh 6 x 10-5li ATP, Tlr-'lnciuced swei.Ling was inhibiEeci bug not

thaE by 12 or ICN" Sweiling pror:roEed by T4 an<ì ICN couid be prevenied by
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2 x 10-4M Atp. Finally, 5 x to-4u etp inhlbired swelllng by all Ehree

subsEances "

Mlchel g 4. (rgoa) reporEed EhÂE Ehe f low of elecErons Ehrough Ehe

c¡rtochrome b was necessary for the lodo-compoundsrT4, 12 and ICN Co pro-

duce swel1ing. On Ehe oEher hand, ScoEE and HunEer (1966) reporEed thaE

the occurrence of elecEron transport aE any one of Ehe three energt con-

servaElon slEes supporEed Ehe T4-induced swelIing.

MITOCHONDRiAL CHANGES ASSOCIATED ì.IiTH THYROXTNE.INDUCED SWELLING ANi)

POSSIBLE MECHANISM(S) OF ACIIg\

During 14-lnduced swel1Ing, Ehese evenEs occur: (1) elecEron trans-

porE occurs, (2) U-factor ls released, (3) NAD is losE, (4) respiracory

conErol ls losE, (5) oxidaEive phosphoryl.aEion does noE proceed. Evidence

Ehat Ehe resplraEory chain acEivicy is linked Eo T4-induced swelling is

derlved fron Ehe observaEions thaE ar¡,aerobic condiEions and subsEances

whlch inhlblE respiraEory chaln acElvicy and oxldaEive phosphorylaEion

prevenE 14-lnduced swelling (TapLey, 1956; Lehninger and Ray, 1957;

Lehnlnger eE aI. 1959¡ Lehninger and Schneider, 1958; Chappell and

Greville, 1959a; Hunter eE gå. 1959).' Lehninger and Ray (fgSZ) suggested

thaE reducEion of respiratory chain carriers prevenEs swelling. Subse-

quenE sEudies wiEh respiraEory chain inhiblcors (Lehnlnger and Schneider,

1958; Lehninger eE aIo 1959) prompEed Ëhem Eo furEher suggesE EhaE some of

Ehe NAD musE be oxidized Eo permlE swelling Eo occur and Ehat Ehe oxida-

Elon-reducElon sEate of Ehe remaintng respiraEory chaln carriers r¡as noE

lmporEant. Moreover, Chappell and Grevllle (1958b) demonstraEed EhaE

swelllng requlred electron EransporE acEiviEy, since iE would occur in

elther fresh or aged niEochondria (i{unuer gq al. 1959; Chappell and

Grevllle, 1958b) vrlth Ehe addiEion of both Ehe svelling agenE and ah

oxidlzable substraEeo Moreover, ferricyanlde, an elecEron accepEor, \râs
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able Eo resEore swelltng of fresh or aged miEochondria which were inhiblË-

ed by CN' or anaeroblc condiEions in Ehe presence of oxLdlzabLe subsEraEe

(Hunter eE al. 1956; Chappell and Grevltle, 19óO). Chappell and GreviLle

(feOO¡ concluded EhaE electron EransporE chain acEiviEy supporEs swelling

wlEh succinate as subsfraEe Ehrough a resEricEed porElon of Ehe resplra-

tory porElon of Ehe resplratory chain, EhaE Is, cyEochrome b Eo cyco-

chrome c.

the discovery EhaE T4-inducecì sweIli.ng is accompanied by Ehe release of

long chain faEEy aclds (Lehninger and RemmerE, 1959; i,IojEczak and

Lehnlngerr 1961)¡ and Ehat Ehese isoLaEed faEty aclds could promoEe miEo-

chondrial swelling and uncouple oxidaEive phosphorylation, led Eo Ehe

suggesElon EhaE EhIs mighE consEitule Ehe mechanism of acEion of T4 ln

promotlng miEochondrial swelling (Lehninger and RonnnerE, rg59). The fso-

laEed mlxEure of Ehese long chain faEEy acids, which Ehey had called

U-facEorr was exEracEed by isoocEane from aged miEochondria or membrane

fragments. T4-, Casr-, or phloridzln-induced. niEochondrial swelling is

âssoclaEed r¡iEh a parallel formaEion of U-facEor (Lehninger and RemmerE,

(fgSg)e,.while,swelllng induced by PO¿*, GSI{, or carbon EeErachloride is nog.

WojEczak and Lehninger (1961) demonstraEed EhâE concenEratlons of serum

albumln (0.2 mg/ml) inhibiced sr¡eiling induced by T4, ca++ or phloridzin

buE noE by PO4r GSH or carbon EeErachloride. The sr¡elling induced by T4,

c.**, or phloridzin is appârencLy mediaEed by a substancer presumably a

faEEy acld (U-factor), which can.be Erapped by serum albumin (Wojcczak arui

Lehninger, 1961¡ Lehnlnger, 1962a). Freshly prepared miEochondrla con-

Ealned liEEIe U-facEor, whereas afEer sponEaneous or T4-induced swelling

Ehere lras a gradual increase in U-facEor contenE whlch paralleled Ehe

swel1lng reacEion.

T4 apparenEly releases U-fac$or, which lncreases elecEron EransporE

and thus leads Eo swelling, or U-i.acEor nray affecE the permeabilicy of
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niEochondria direcELy. These poinis have no,c been esCabiished conclusive-

j.y" Serun¡ ai'our,¡in ln relaEively 1or¿ concentcra:ions (fO-5t¿) inhibics

U-iacLor- inciulced si+eiL ingu enC Chis inhib'i'c ion is cons icìered d iagnosc ic

f or miEqclrondr i.ai. sweLi ing assoc i.aEed v¡iEir 'che i'elease of tJ-l.aclor 
"

U-facEor causes a ioss oi oxicje-ti.ve phosphoryLa'cing abiliEy (Ðrn"scer and

Lindberg, i95B), as does T4-inciuced sweLling (Lehilinget, L96A). l!,owe'rer."

EmrneLoË (lg0Z) r¿as noE able to ieEecf: micochondrial swelling In Che

presence of oLeate or long-chairi faEty acids isoiaEed frc:r¡'che ÊiY L¡48 rac

Liver hepaEorna ac a concentraEisn of 0"6 co 2t ¡:g/nL in a 0"3 lí sucrose--

0"2 M Tris (pH 7"4) nediuin" On che oEhe'r hand, Avi-Dor (i960) reporteci

swelLing oi miEochondria by fatLy acids in a sucrose-Tris neciium. The

addiEion of ATP Eo rniEochondria si¿oLien spon'caneousLy or wif:h Tl¡ caused,

congracEion and a paraLi.ei. decrease in U-facEor (!,lojtczak anC Lehi-.lnãere

L963-). \.lhen Che fate of U-facEoli \"ras foLS.orqed by the use of C14-oiee.:e,

its r¿as found'chac C14 ¡vas lnco::poi:aEed into Ehe pirospirolipid fracii.o:r of

mi.tochondr!.a aE e raËe paraileLi,'-',g the klne'cics of concrac":ion" in aidi-

Eion f:o uacoup3.ing oxiciaCive piic ;r;ho'ty3-aci.on, U-faccor inhi'pi'cs Ehe /JP-

PO4 exchange and sEimuLaEes ad,er:osine Eripliosph,aËase ectiviCy.

Ano'cher consequence cf T4-induced sr"rel-Ling is f:he 3.oss of NAD

(ErnsEer e 'i.956; Ennnen-oE ar.d, Bose L958; Lehninger gg ai^" L959; LesEer and

i{aEefi., L95B)u and Che sensiEiviEy of måEochondria Ëo sr¡elling*inducing

agents is reiaLed Eo 'cireir 'ûoEa!. NAD conCenE, Lehninger and R.ay (Zg>7>

suggesCed EiraE Ehe reduced sEaEe cf Ehe carrierse especiaiiy N.4.D, is an

imporEarrE determi.nan'c of swe3.3.ing. Reaff irming Ehis viev¡" Lehninge:

(iE0Za) ciLed lGufinair and KapLan (i960)n rvho reported EhaE Loss of NiJ

from mi.iocl¡ondria lnvoLves an oxida'cisn of 'che reduced forin and a iealizge

of the oxidi.zed form, vl'¡ich is Ehen atEdcked by exEramiEochondrial ñA.Dase.

Keufman and lkpLen (i.9ó0) iound. EhaE iniEocl:cildrial srn'eLLing acconpanleci

Ehe oxidaEion oi Ehe reduced f ormu specif ica3.Ly. However, chappeT.i. and
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Greviile (L963) staEed EhaE Ehe oxidation of NAÐil can haroLy be a dLrect

or even suff i.cien'c cause.of Ehe exf:ensive sweLling vrhich La\-'l-a-ts, sirice

(a) boCtr oxidizable subs'¿r-aEe and an agent is needed Eo cause swel-lLrtg of

aged nicochondrias and Eiris can scarceT.y ieaci Eo Ehe oxidaEion of NÄDH,

(b) !f respira'toi:y chain inhibiEors are adCed ciuring f:he cou'rse cî. m!'co-

chondriai sr,¡eLLing" stvelling is abruptT.y sEopped (Chappell and Grevii.ie,

1959b)u anc! (c) srveLlíng of rni'cochondria inhibi.ted by amyEaV in Ehe

presence of b-trydroxybutyraEe, a condi'cion uncier r+hich extrensive ::eduction

oi N.{D occurs, !s restored by succinêEe" ChappeLL and Grevii.le (T963)

suggest f:he Loss of NAD nay resul{: from permeabiiicy cLranges ¡qhi.ch presage

ext ens ive srve 3. I lng .

Lehninger (L962a) reporEed thac earLy in Ehe course of T¿¡-iniuceC

sweli-ingo miEochondria exhibil; ioose coupl.ing" In addition, Lehn:nger

eC aLo (1958) observed Cliat mitochondria ¡qhich remained inLacE and, un-

sr¡oLLen di.d noE iose pi'iosphory3.aCirrg abi3-iEy bu'c ci!d t¡iten s.¡oLien" Ìrag-

rnengs prepared by sonie di.srupEloir of nlLochondriau uni.iice 'ci'lcse prepared

try di.giLoni.nu were ab3.e io cerry ouE oxi.dative phosphoryS.aLion"

TIíE AC? IVE FOR.NÍ OF TF]YRTKÏNE

De!.odiiraEion of El':,yroid li,c¡::rones is ::ecognized as one oi Lhelr iiaport-

anË mef:abo3.ic pa'chways (pitE-Ri.vers and Tata, l-959; SEanburyu L9ó0). Tne,

deiodi.nåÊing enuyaes remove 12 irom iocioEyrosines anci iociof:hyronineso ani

adrninisEration of Ii3 I i-U.Lud iodo'cyrosi.nes or iodoihyronines resuius j.n

Ehe excreEion of 1131 u.t I- ar,ri negS.igible emounts of the orågir,aÌ.

r'pEeri.al" Deiodinase disErrbution has been studied in differenE specÍ.es

anci t!.ssuese such as 1:.ver, kidireyu muscLe, brain (Sganbury, 19ó0). ì'f i.uo-

chondria of rat Liver and k!.di:ey (¿¡.tri.ght e'E al" 1959; Lisszczlg et a;-"

3.96L:, Yar¿an:ai:o eE al" L9'a4) exhibit: deiociinase acEi.viEy. TaCa (i958)

sEudied f:he subceLLular l-ocallzaElon of Ehe enzyme in brain and skei.eEal.
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nuscle and rePorted acEiviEy in Ehe nuclear, microsomal, mlEochondrial and

supernâEanE fracEions.

The deiodlnaEion of T4 is consldered by some Eo be a necessary pre-

requislEe for Ehe acEivaEion af.'i''t" This Eheory was invoked by GalËon and.

Ingbar (1961) Eo explain Eheir observaEion of the loss of deiodlnaEing

abiltEy of frog and tadpole Eissue homogenaEes coincldenEal wlEh meEamor-

phosiso On Ehe oEher hand, LlssiEzky (1960) proposed thaE T4 deiodinase

serves Eo EermlnaEe Ehe r¡eEaboLic acEivlEy of, T4. FurEhermore, TaEa (1961)

lmplled Ehe necessity of delodinase acEivlLy for 14 Eo exerE iEs acEion,

when he considered Ehats Ehe delodinaEion of Ehyroid hormones is llnked

somehor¡ Eo Ehelr calorigenic acEion. The ideas of Tata and GalEon and

Ingbar are somellhaE simllar in EhaE Ehey boEh suggesE the requirenenE of

delodinase acEion on 14 for lE Eo exerE its hormonal acEion.

Disturbances of Ehe deiodinal:i.ng mechanism rny be responsible for

decreased growEh and deveLopmenc (Scanbury eE a1" 195ó), and genecically

def ective deiodinaEion has been assoclabed r¡iEh a goitrous condlEion

(Kusakabe and Miyake, 1963).

Slnce delodlnation does occur, a Logical question arises relaEing co

the slsniflcance of Ehls process. If we accepE Ehe role of deiodinase as

proposed by LissíEzLcy (1960)o then Ehe inEacE T4 molecuLe ls responsible

f or Ehe observed hornronal acEiviEy. Evidence clEed by LissiEzþ (1960) as

suPPorElng his vier¿ is (a) Ctrat metabo!.ic produccs ¡rith less 12 Etran T4 or

EriiodoEhyronine (T3) are noE deLecEed in vivo or in viuro and (b) of the

many analogues of T4 synEheslzed" none have a biologic acElvlEy greaEer

Ehan T4 excepc T3 and thls uny be due to the ease of Ehe laEEer peneEraEing

to iEs siEes of acEion.

On Ehe other hand' if deiodinaEion is required for T4 to exerE i¡s

metabolic effecEs. Ehen some producE of deíodinaElon mlghE be responsible

for Ehe hormonal acEiviEy. the possible producEs are T3, lodoEhyronines
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conEâining Less 12 Chan T3, r- alr:cl I+" Ta'ca (i.961) d.e'cected r- buc nof:

eny T3 rshen T4 r,ras incub¿Eeci rvi.'cÌ: tissue i.solaEed ftan a tny=o"dee'con':,zet¿

raî: and Ehus beS.ieves Ehet T4 is noC con'¿erí:ed Eo a ¡nore ectLve La'îtrt" Tne

iodoúhyroirine prociucls r+hicir f-iave iess 12 thzrn t::iiodothlzro:rine b¿tvc 'nreak

hormorre activiEy and have noi been readiLy isolated, since rncs'c of Ehe

-??iiabeled I¿rå appears in Ehe uriÍìe as I-" The::e ås evi.dence ChaE r- can

mimic Ehyroid ho'rmones. Evairs et_ ai" (L960) favor Ehe Cheory tna? I- has

a T4-like acüion, especi.aiLy in high concenEraEi.ons" Tirey f ound trhaE Ehe

adminisLration of 5 mg/day o't i- resEored the gr-owCh curve oi EhyroidecEo-

mized ral:s Êo neer normaL wi'cir no de'cecEable organif icaEion of Ehe adnin-

istered I- (Bvans eE aL" 1960)" FurEhermoreo I-o Like T4e cen uncoupLe

ox idaE ive phosphorylaE ion (i'Íicld T.ebrooic and SvenE -GyaTW i, 1955 ) in Ligi

concentrae ions 
"

AnoEher Lheory c¡f Ehe irormoi-:eL effecf:s of producEs oi cieiodl¡",e'È 1on

lras been proposecl" Galton and Ingbai: (LgóL) i-rad observed wiiiie sûuciylng

Ehe deiccii.naÊion of TZr and i.'cs ai-'aLogres by Ei.ssue breis, Eiiat I- anC an

iodinated subsEance, whici: reire.iiis at t?'i,e poi.n'E oi origin of paper ch=ona-

tograms, rrrês fo::med" Tl-¡e addi'cion of I- as subsEra'ce cii.d no5 -resuLc in

Ehe f orn'e';i.on of l:lris iodi.naLed ¡naieriai" This subsÊance 'nas not ì:een

characEerized buE iE itas been su¡.;gesied'¿o be a procein (Yar"azaki and

S3.inger].aad, 1959; laEa, !.959) " Theref oreo G¿iEon and Ingbar (1"961)

suggesteci f:h-aE CeÍ.odir¿aLion couLd Lead f:o iorr¿aiion oi Ehe E¡+o prcducEs,

I- and a producL whici'i resuLEs in 'ci'¡,e formaÉion of iodinaEed o::igir.

n^aEeria3.o or a singie producE r+ielch can form eigbrer I- or origin:.=te'¡ial"

they furf;her suggesEed EhaE Ehis i:roduc¡ might i:e Ci'ie hypoiodous aciciium

._+i.oe, or I'r since aror¡aEic i.oCir.aiions rec'uire oxiciation of I-. Subse-

quenEly, GalEon and Ingbar (:-962) suggested {:i:a'c recl,uction of the oxiciized

form of IZ inEo organic I- co'¿li be associateci r¿iEh Lhe hornonal. aciion qf

T4" Roche et. aL. (igïZ), while ,,,;udying Ehe effecis of a number of Tz
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conEalning compounds on mlEochondrial swelling, observed EhaE T4, 12 and

ICN possessed similar pro.perEies wiEh respecE Eo Ehe swelLing response.

0n the basis of these simllariEies and, since these compounds couLd

potenEtally give rlse Eo I+, Ehey suggesEed thaE Ehese compounds exerE.

Eheir effecEs as a resulE of a EransienE reverslbLe fornaEion of Ehe I+.

Thls Eheory requires Ehe removal of 12 from the T4 molecule by way of an

enz1rme, T4 deiodinase, wiEh Ehe resulEan! f oru¡aEion of Ehe I+. However,

Roche eE al. (fgOg) and RaLl eE aL. (Lg64) were unable to detecE any I-

f or¡naÈlon during Ehe course of miEochondrial sweLling.

Barker (fg6f) proposed EhaE Ehe acElon of T4 was exerEed vla a iodo-

Ehyronlne-proEein complex. According Eo Barkerrs Eheory, T4 reacEs wiEh

blndlng sites on protein and two processes may occur: (t) etrere rny be

rion-specif lc deiodlnaEion or: (2) a specif ic proEein - 3-5, 3 r iodothyro-

nlne complex ntay be formed wlEh a concomiEanE formaEion of free I-. This

conplex then forms a specific proEein-activaged iodoEhyronine complex r¡hich

exerEs Ehe hormonal acEiviEy and I- and tyrosine are formed. Thts Ëheory

aEEempEs to unify Ehe knowledge relating Eo Ehe physiological imporEance

of T4 deiodlnase and Ehe form of T4 responsibLe for hormonal acEiviEy. IE

incorporaEes daEa suggesting binding of T4 as Ehe first sEep (Roche eË aI.

L962), as well as Ehe theories of LlssiEzþ (1960) and GalEon ar¡d Ingbar

(L962>" In addition, Barker (fgOS) reported Ehat arnlogues of 14 r¡hich

were 3t subsEituted in Uhe moLecuLe were effecElve in sEimulaEing Ehe hearE

raEe of EhyroldecEomized animaLse whereas 5t subsEiEuEed analogues display-

ed very low responses. These data were suggesEed Eo supporE Ehe concepËs

EhâE 5r deiodinaEion of T4 is of importance (Barker, 1962)"

The available evidence does noE permiE a final definltlon of Ëhe

physlologlcal signif lcance of deiodinaElon.
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MITOCT{ONilR. i¡.i, S!'lE:i.LIùlG I¡lÌIUCED BY 'Iii IOLS r!.¡:i) l) íSUi-,ir ItE CO:'íi'0'rjiri)S

!iitochoncìriai sr.veLi i.ng is induced 'ôy Ehiots (Lehninger and Sch¡,ne idet,

1959), such as GSile cysEe!-nerani reduced coenzyrne A" Sr.reilLn¡4 ir'óuceo by

Ehese agenEs differs rnarkecily f::on EhaE induced 'oy Tt', wiÊh respect'co''che

kine'cics, exEent, i.nhi.biEior-re end especi.atty iEs reversaL" The riiCocirorr-

drial sweLlÍ.ng curve prociucecì by GSi{ in a concent"raCion of 0"0i- i¿i or hlgher,

displays a 10-L5 min lag periad. folLowed by a rapid drop in op'cicaL ciensity.

The opcimum pH range for swelLlng induceci by ChioLs is 7.5 to 8,"0" Neu'pert

and Lehnlnger (19ó2b) iound i:hat aj.i. Ehiois examj.ned did noE prorroce Ehe

same degree of s\{el-Ling" I'ioreover, ti:riou-rea, EirioaceEamide and <iieEhyi-

diEiriocarbanic acid i.nciuceci s¡,¡e-1. li.ng vhich r¿as ciif f ere;it frorn EhaC procluced

by si.rnptre. Lh!.oLs (Neuberf: and Lehnj.nger, 1962b).

ThioL-induceci sr¿ei.Llng also ci!.if ers from TLr with respect Eo its i::-

hibif:iorr. Di\Pe dicumarol, Mg't'", sucrosee s€ruo albumin or polyvinyLpyrro-

Lidone do r¡ot inhibit GSi-l promc'ceci miCochonciriaL si,¡eLiing" l,TP, Inosine-

5 0 -Lr !phosphaEe or guanos j.ne-5 s -uriphcsphate prevented swell lng due 'co GSä

buE uridine-5s-tri.phosphaEe dici:'¡oc" Mï'¡-i" lnhibi.'ûeci srn'eLLing by GSti, buc

among f;he resp:.re{:ory ch¡ain ini:iiliCo-,:s CN-o 'Þu1; nrt eayCel ancl anEirnycin Å,

vlas inhibåEory" Lehninger anci Schneider (1.959) suggesEed Eirat thiois act

on specii!c chemicaL receptors in rnj.Í:ochonciri.a and pronote clianges !n boEii

Ehe sEruc'cure anci pi'rysicaT. properiies oi 'ch,e mi{;ochond,ria. These changes

are characteristic ior'chloLs bui cilifer from Êhose produced by 11'.

FurÊhermoree Che comptrexicy of n',:.Eoctrondri.al" sl:rucEureu r,¡hich incLuies Ei:e

presence of Ervo inEraraiEochonC::ia3. comparLnenes, could perrni'E more than one

kinci of siøe3.i.ing" Tn addiEÍ.on, nlEocirond.rj,aL sr¿el-ling lnciuced by GS:i anci

oxiciized gluÉathione (CSSC) appears Eo ciepend on Ehe associateci acEiviË5:

of tire :.:espiraEory chêinu since i.E !s i.r¡.hibicecl by cerEain respiratory

cirain inhibiiors and anaerobic conditions (i-ehninger and Schneideru Ì.959;

Neuberf: and Lehningere 3.962b>,
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The dlsulflde polypepElde hormones, vasopressin, oxyEocln and insulln

were reported Eo promoEe.mlEochondrlal swelling (Lehnlnger and Neubertt

1961). These subsEances had approxlnaEely Ehe same order of acElvlty ln

lnduclng miEochondrial volume changes. Each produced narked srrel.ling 'in a

concenEraEl0n of 2 x t0-51t. In 0.L25 M KCl-0.02 M Tris-HCl bufferr Ehe

optlmal pll f or Eheir inductlon of swelllng is 7,0 Co 7.3. The addlElon of

ATP Eo the mlEochondrlal suspenslon caused conEracElon of vasopressint

oxy¡ocln or insulln induced mlEochondrial swelllng. GrowEh hormone of Ehe

plgulEary gland also has been reporEed Eo promoEe miEochondrtal swelling

(t"telhuish and Greenbaum, 1961). this compound conEains four dlsulf ide

brldges and !s more effecEive Ehan 14 on a nolar basls. The neurohypo-

physeal hormones, vasopressin and oxyEocin, are 50 to lOO Elmes more acEive

than GSSG ln inducing swelling.

ComblnaËlons of Ehiols and dlsulfide compounds promoEe mitochondrial

srrelling which was greaEer Ehan EhaU of each compound lndividually (NeuberE

and Lehnlnger, L962b). Furthermore, concenEraElons of boEh Ehlo1 and di-

sulflde JusE less Ehan EhaE required by elther alone Eo induce swelling

produced a marked mlEochondrlal sl¡elllng respottsêo The exEenE of this

. s¡relllng depends on Ehe concenEraEion of Ehe Ehlol and disulfide and Ehe

ratlo of the concenEraEions of the Ewo compounds. thls relaEionshiP ir¿s

been reporEed for GSH and GSSG, for GSt{ plus oEher slmple disulfide com-

pounds, and for GSH plus Ehe disulfide hormones (Lehninger and NeuberE,

1961¡ NeuberE and Lehningerr 1962b).

AnoEher difference, which ls quanEiEaE1ve, between Ehe mlEochondrial

sr¡elling acElons of GSSG and GStl was evidenE ln Ehe presence of Fe++.

Swelllng of mlEochondria lnduced by GSSG was accomPanied by liEEIe Iipid

peroxlde formaElon, whereas EhaE by GSlt'promoEed lipid Peroxide forrnaEion

whlch r¡as f ive tlmes greaEer Ehan thaE by Fe++ lgself . GSH (5-fO mM)r in

Ëhe presence of F.**, promoged llpid peroxlde formatlon, Ehe rage of
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formaElon parallellng Ehe raEe of swelling. The comblnaEion of GSH and

GSSG !n Ehe presence of [.** r*y rupEure sEructural links or promoEe

peroxldaElon of llplds aE siEes which are noE ordinarily reached by che

Fe# (HunEer g! al. 1963).

A proposat has been puE forr¿ard Eo explaln how Ehlols and disulf ides

cause changes ln Ehe mlEochondrial membrane whlch r¿ould lead Eo Che upcake

of waEer. Lehninger and NeuberE (fgOf) an¿ NeuberE and Lehninger (L962b)

suggesEed EhaE Ehlols and disulfide reacE wlEh some speclflc sErucEure

conErolllng sulfhydryl or dlsulflde groups in a crlElcal portion of Ehe

mlEochondrial membrânêe As supporEing evldence of Ehls theoryr Ehey cIEed

the swelllng induced by reagenEs reaccing wlEh sulfhydryl groups, Hg**,

Cu**, p-ttMB, IA and NEM. FurEhermore, Ehey polnEed ouE EhaE¡ since com-

blnaElons of Ehlo1s and disulfldes are effecEive swel1lng-induclng agenEs

aE low concenEraEions, Ehese compounds mighu exerE a concerted aEtack on

boEh Ehe sulfhydryl and disulflde groups of the mltochondrlal membrânêo

Thusr a sulfhydryl-disulfide reacElon, could produce mixed disulfldes, as

ouEllned by Boyer (1959) and Jensen (1959). The exogenous sulfhydryl group

could react wlEh a membrane disulf ide and Ehe exogenous disuLf ide ¡¡ith a

membrane sulfhydryl group, Ehus seEEing up mixed dlsulfide reacEions and

alEerlng the membrane structure, perhaps leadlng Eo lncreased polyneri-

zaEion or depolymerizaEion of proEeins, as firsc posEulaEed by Huggins eE

g!. (1951). Thls sulfhydryl-disulfide inueracEion was invoked by Fong eE

4. (1960) to explaln Ehe binding of vasopressin Eo kidney proEeins.

coryfRAcTIoN FACToR

Sr¡e1llng promoEed by GStt is noE reversed by facEors which reverse

swelltng by mosE oEher agents¡ ê.g. ATP + Mg** + serum albumin (Lehninger

and Schnelder, 1959; Lehninger, 1959b). IE was found EhaE a subsEance

released from mltochondrla was required for Ehe conEracEion ln the presence
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oi ATP * serum aLbumin Eo'caice ptrace. The stibstance was n¿med C-f.actor eni

iE is sotubj.e, non-d i.atyzabLe and heaf: Labiie (Lehnj.nge'î and GoCCc:et,)

1960)" Lehninger and Gotf:ere:: (1960) anci Lehninger (L962b> suggesxed 'chat

C-r"acEor is a prot:ein o'r is bounci'co a soiubie proEein carrier, SwcJ-i-irig

promof:eC cy GSli is not reverse<ì in Ehe -teLat iveiy <ril-uEe suspersions vi'ich

ere use<1 for opticaL densiÍ:y sEudies" äor"evere revetrsaL by lJlP cai occur

wiEhouí: Ehe addi.tion or" C-facËo-i'o if ttie concenEraEion of niEocho;rdria l-s

greecLy i.ncreesed (Lehninger, 'L9'o2þ)" C-tac'cor is reieased in bo€h situ-

ations buE aE Lor,¡ concenEraEions oi miCoehondria is d!iu';ed beiol¡ an

ef f ecCive 1eve3. (Lel'¡ni.nger, L962'¿) "

GS,{o coinpared 8o a rrumber of Ehiclsu r+as Ehe nosC effecEive in

causing f:he i.oss of C-factor. irr¡rûhermoreu swell-ing pronoted by GSSG or

by the combirraEi.on of GSH and GSSG at 1or,r concentreEions is reversed by

ATP, indi.caEi.ng siight or iro S.eakage oi C-facËor irorn rnitoci-lonclria"

The conErac'cion ryhich occurs i.n Ehe presei-¡.ce oi C-fac?:or is senslci.¿e

Eo 0"3 Þl sucrose or azicie, boih oi r¡irich are inhibiEory (Lei'lninger, L962b'¡.

These obse::vaEions indicaEe pcssibli.e i.nvolvemenE of parEs of Che phosphc-ry-

i.aLion-coup?.ing mecl:anism !.n the con'craction mechranisrn" äighly pi:-rif ;ec

preperagions of C-facEor ireve be':...n found Eo inhibit slreiiing. CN- or DNP

is inef f ecEive againsE C-factoi"'.l ncir¿ced contracCion" ïn order Eo exert

iEs effec'c, C-facEor must'oe present before'che addi'cion oi r'JP" AiLi:ough

ATP i.nhiblts T4-irrduced iniCochorrcir!.aL sr+eLl.ingu !E has rro effecû, by

if:self , on sr+elLing by GSI{" in facte ATP stj.ri¡uiaCes mj.Eochond,rial- sweiii.ng

promoEed by GSi{" as d.oes Á.DP whj.ch is iess effecf:ive" I-ehninger (19ó2b)

sugges'ceci the'c ATP dispiaces endogenous C-factor b1r sert^¡eElng fot ,*n

binding s!t:e ia the presence of GSil" Contrac'ci.or. by C-facEoro which is

optimal aE pl{ 7.7, is niore sensiEive to Ehe ionic cor¡poneaf:s of 'che ne,liun

than is conCraction of T4 sr+oi. len mitochondria by ATP (Neuì:erE ei al.

L962a) "
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An assay method for C-facEor has been descrlbed (Neubert eE al.

1962c)¡ based on LehnlnCgrt" (1962b) observaEton Ehat Ehis agenE tnflu-

ences the exEenu buE not the raEe of conEracE ion. the source of C-facEor

used tn Ehe assay procedure was raE llver mitochondrla whlch had been sub-

Jecbed Eo sonlc oscillaEion.

Neubert eE g!. (1962b) sEudied Ehe dlstribuElon of C-facËor and founC

tE in nltochondrla of liver, kidney, hearE, pancreasr skeletal rnuscle,

braln and spleen. In addiLion, Ehey reported C-facEor âcEivity ln naize

rooEleEs, several species of bacEeria, and ln Ehe membranes of red blood

cells.

NeuberE eE aI. (1962c) purtfied C-facEor of rat Liver mlEochondria

and chromaEographically separaËed 3 forms whlch were designafed C-facEor

I, II, and III. C-facLor I and II were found Eo be identlcal wiEh gluEa-

thione peroxldase and caEaLase respecEively and C-factor III was an

unidenElfled llpid or llpoproEein. The role of caEalase and glutaEhione

peroxidase in swel1lng and conEraction is unclear.

GSH and GSSG r¡ere reported Eo contêin amounEs of metsal conEamlnenEst

whlch could account for thelr lnducEion of miEochondrial s¡relllng (Cash

and Gardy, 19ó5). Slmllar observaEions were reporEed for 8-lyslne vaso-

pressln and oxyEocin (Cash g! 4. L964). However, Lehninger and Beck

(1967) observed EhaE the Erace metal-induced sr¡elling (Fe++, ca++, or

cu++) was reversed by ATP + Mg*o * bovine serum alburnln, buE thaE induced

by the GSti preparaEion required ATP + Mg** + bovine serum albumin +

caEalase (contraction facEor II)". They concluded EhaE lf Ehe swel-ling

lnduced by the concaminaEed GSH is due only Eo Ehe Erace metalsr Ehen iErs

course is so modlfied by GSH EhaE catalase is required.

PROPOSED MECHANISM OF AClION OF VASOPRESSTN

Vasopressin and oxyEocin are cycllc ocEapepEides differlng ln Ewo
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anlno aclds ln whlch a rlng ls formed vla a dlsulf lde bor¡d beEween 2

cysEelne residues (du Vlgneaud ,tg54). There are Ewo vasopresslns occurr-

lng na¡urally whlch are characterlzed by Ehe amlno acld ln Ehe 8 poslElont

arglntne-8-vâsopfessln and lyslne-8-vasopressln (Sawyerr 1961). Insulln

also possesses dlsulflde groups and ls composed of 51 antno aclds ln Ewo

dlsElncE pepEtde ctralns, A and B, Jolned Eogether by Ewo dlsulf tde llnk-

ages; a thlrd dlsulflde group ls wtthln Ehe A chaln of Ehe molecule

(Sangere 1960).

There ts nog complete agreemenE on Ehe mechanlsm by whlch vasopressln

lncreases Ehe permeabtLtEy of membranes. Four posslble mechanisms,have

been proposed. Vasopressln rnay acE by lncreaslng pore slze (Koefoed-

Johnsen aird Usslng, 1953), by sEimulaElng colLecElng ducE cells Eo secreEe

a subsgance conEalnlng hyaluronidase, which depolymerlzes lnEercellular

nmcopolysaccharlde complexes, thus lncreasing perneablllEy to waEer

(G lne¡z lnslry, 1958 ) ¡ by lncreas lng carbonlc anhydrase acE lvlEy (lbsh h¡agl,

1959)u or by acceleratlng adenyl cyclase (ortoff and Handler, 1961, L962),

Followl.ng Ehe observaEtons that vasopressln trncreased Ehe permeablllEy

of amphlblan menbranes Ëo waEer movemenE whtch was osmoElc ln naEuren lt

¡¡as suggested EhaE v¿¡sopressln lncreased membrane Pore slze (Ussing and

Zerahanr 195l¡ Koefoed-Johnsen and Usslng, 1953). Leaf and colleagues have

ex¡ended the pore Eheory and Leaf (tgíZ) suggested Ehat under vasopressin¡s

lnfluence Ehe funcElonal pore area ls enlarged by Ehe fuslon of exlsElng

small. channels and/or Ehe formaElon of new poreso

In order Eo explaln the manner in r¡hich vasopressln ls bound Eo mem-

branes and how iE lncreases pore slze, Ehe sulfhydryl-dlsulflde inEerchange

reacElon has been suggesEed as Ehe basl.s of boEh processes. Sulfhydryl-

dlsulf lde lnEerchânges Lead to Ehe f orrnaElon of mlxed dlsulf ldes (Boyer,

!,959; Jensen, 1959)¡ and these lnEerchanges could accounE for proEeln poly-

nerlz¿¡tlon (lluggtns g! aL. !.951)o Fong eE al. (1959r f960) reporEed EhaE
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EriElaEed vasopressln was readily released by Ehlo1 compounds from kidney

membranes lsolaEed aE pea.k anEidiureEic acElviEy and EhaE Ehe number of

reacEive sulfhydryl groups ln Eire dlsEal convoLuEed Eubules was reduced

afEer ad¡ninlsEerlng vasopressin. they suggesEed EhaE ln lEs blnding and

acEion a sPeclfic sulfhydryl-disulfide lnEerchange was lnvolved beËr¡een

Ehe horrnoners dlsulfide group and a membrane sulfhydryl group. A new

dtsulflde is formed linklng hormone Eo membrane and Ehe free sulfhydryl

group of Ehe hor¡none ls free Eo reacE yrith anoEher membrane dlsulfide

Sfoup¡ r¡hlch triggers a serles of membrane sulfhydryl-disulf tde inEãr-

acEtons. This navellke inEerchange reacElon has been invoked Eo explaln

increases ln membrane permeablliEy. Evidence noE in agreemenE r¡iEh Ehe

sulfhydryl-dlsulf ide lnterchange concepE exisEs. Vdsopressln analogs

wlEhout a disulf ide group have been demonsEraEed Eo lncrease membrane

permeabillty (Schr¡artz and LivingsEon, 1964).

IE has been suggesEed (GlneEzinsky, 1959) EhaE vasopressin effecEs on

kidney function may be due to acEivaElon of hyaluronldase. GlneEzinsky

reporEed Ehat hyaluronidase in the urlne of dogs disappeared during waEer

dluresis and rras presenE during osmoEic diuresls. He also observed thaE

Ehe intercellular cemenË subsËances beEween collecElng Eubule cells reacEed

as hyaluronic acid when Ehe raEs r¡ere waEer loaded and as iEs depolymeri-

zatlon producEs during dehydraEion of Ehe animal. ConsequenEIy, he

suggesEed thaE vasopressin stlmuLates Ehe producEion of hyaluronidase by

the collecElng Eubule cells of Ehe kidney, Ehis, in Eurn, depolymerizes

Ehe lnEercel.lular mucopolysaccharide complex, Ehus increasing the waEer

permeabllity. Dicker and EggleEon (1960a" b: 1961a) have confirmed

Ginetztnsky?s observaEions and have exEended Ehem to rnan. Howevero

Berlyne (1960) was unable Eo conf lrm Ginetzlnsþrs f lndings and both

Berlyne (1960) and Kaplan (fgOf) have raised objecElons Eo Ehe hyaluroni-

dase assay Eechntque used by GineEzinsþ.
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Carbonic anhydrase of renaL. Eubular ceIls have been implicated as a

medlaEor of vasopressinrs acEion on Ehe basis EhaE Ehe hormone increased

Ehe acEiviEy of a carbonlc anhydrase preparatlon (Ibshiwagi, 1959).

However, Ehis apparently ls Ehe only reporE.

Flnally, Orloff and Handler (1961, L962) proposed EhaE adenosine-3t,

5t-cyclic nonophosphate (cyclic AMP) mediaEes vasopressinfs acElon. They

reporEed EhaE cyclic AMP mimlcs vasopressin in Ehe Eoad bladder. Theo-

phylllne, an lnhibitor of Ehe inacEivaElng enzyme for adenoslne 3tr 5t

monophosphaEe¡ also does, These auEhors suggesEed EhaE vasopressin acEs

as a cofacEor for adenyl cyclase, which converEs ATP Eo cyclic AMP.

AddtElonal evldence supporElng Ehis Eheory are Ehe reporEs Ehat vasopressin

increases cyclic AMP concenEraEion ln dog kldney (Bror¿n É aI. L963) and

Eoad bladder (llandler g! g!. Lg64), as well as Ehe observaEion of Davoren

and SuEherland (fgO¡) that adenyl cyclase ls assoclaEed l¡lEh all membranes.

PROPYLTH IOURAC IL

AnEiEhyrold compoundsr such as Ehe Ehioureas, were discovered in four

independenE laboraEorles (TroEEer, Lg64) and exEensively sEudied by

AsE¡¡ood (tg+S). lhese compounds produce goiEers as a resulE of a decreased

fornaEion of Ehyroid hormones. As a resulE of Ehe Low level of circulaEing

thyroid hormone, Ehe anEerior pituiEary gland is sEimulaEed. This resulEs

ln an increased release of thyroid stimulating hormone ¡.¡hich sEimulaEes

Ehyrold gland growEh. The thionamide derivaEives are anEiEhyroid agenEs

and acE by inEerfering r¡IEh Ehe biosynEhesis of thyroid hormone (Greer eE

gf. 1964), They acE aE several steps ln Ehe biosynthetic paEhway and

Ehere is an apparenE order of sensiEiviEy. The reacElon coupling Ewo

iodlnaEed nolecules of Eyrosine Eo produce T4 or T3 is more sensiEive Eo

Ehlonamlde effecEs Ehan Ehe iodinaElon of rnonoiodoEyrosine which, in turn,

ls rnore senslElve than Ehe iodlnaElon of E¡rrosinen
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PlU, a Ehlonamlde derlvaEive, also has extra-Ehyroldal effecEs (peri-

pheral effecEs). The perlpheral meEabolism of T4 and T3 is reduced by the

admlnisEraEion of PIU (Van Arsdel and Wil1iams, L956; Escobar del Rey and

Morreale de Escobar,1961; Jagiello and McKenzlet 1960; Jones and Van'

MiddlesworEh, 1960). An lncrease ln Ehe renal clearance of I- r¡as noEed

after PIU ads¡inisEraEion (Bror¡n, 1956), as well as a water dluresls ln

raEs (Freglyr 1961) apparenEly due Eo a dlrecE effecE.
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EXP Eiì. il"Ílìi,ÌlAT- Ai{ iÌ'iALS

¡i icochondr ia t¡ere isoiatei f r-oin Che i. ivers of hooded rats , Quebe c

Breed!.ng Farrn sEra!n, r+eighing î50'co 240 gn,, r¿h-ich r+c're fed aci'i.ii;':-iurn

r¡ith \ric'cor Fox Food cubes 'co in:t iaû ion of expe::ir¡ents " Fo:.^ s'cud ies wi'ch

uptake of 1131 in f:he rreciú region ancl body grow'ch r,rith rro'f,nral- aninais.

AnimaLs were kiLLed by a bLor¿ on the head.

GLASS\'IA¡ìE CLÐAN Ii.iG PIìOCEDUiìES

Natrgene cenErifuge Eubes used in Ehe prepereCion oi isoLaCed niEo-

chonciria r¡ere hand r,;asired wlEh li;:ikol@ ancl ri.nsed six Eirnes in hoE vtater

and Een t imes in deionized-d, isE i-t i.ed r+aEer" This procedu:le r¡es uC iiized.

also in Lhe cLeaning of Eesf:'cu'bes serving as reacEion vessels" Sone.

d if f icui.€! \t'ês encountered t'"if:h e;(cess ive sponLaneous sr+eL1Í.ng, aici Eubes

noE adequaEely rinsed free of CeLergent prono'ceci miEochondriai sl¡eiii.ng.

the use of chroma'ce-suLiuric acid cieaning soLuEi.on as a giasswere ciean-

sing agenE promoted rniEochondriaL slreili.ng, as seen in Tabie I. Aii oEher

gLess\,Iare was v¡ashed Í.n a Heineeke Lai:ora'cory Glassr+are iiasher and subse-

quenELy rinsed several Eirnes vri'ch deionized-di.sEilied r¡aÉer"

PREP.A.RATION OF R4T LIVER. ì'IITOCIìONDRIA

ÞlitochondriaL i.soi.aEior¿ \r'as according co Cire method of Schneid.er

(1948) and::ecor,írerrda8ions of Lehnånger eE al. (1959) rviEir sligh'c nodif i-

caC:.ons, Ai. 1 soLuEíons ¡'rere ire.de in disEilied r+aEer ceionized by an Iiico

ìl{ay research model- ion exchaftger'" The i-iver r.¡as immedia'cely ::enoveC and

piaced in 0"L25 M i(Cl Ëo remove excess bLood. lirrougitout the nitoclron-

driat prepareE ion procedure, aL1 soLuE ions r,¡ere na intained at OoC ai'ld

tissue \{as broughE to Ehi.s Lenperature bef ore L'eighing" 'The l-iver was

blotteci and dried wi'th f i. lLer papere a 5 gllt poi.: ion \{âs \v'€ r¡1hei, cu'; in:o

sn'aLL pieces anci acided Eo 30"0 n:i of a 0"25 !l sucrose solui;ion"
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lable 1

EFFECT OF CLEANING GI^ASSWARE IN DICI{ROMAIE-SULFURIC ACID CLEANING

SOLTNION ON MITOCHONDRIAL VOLUME

OpEical DenslEv Change afEer L0 mln

wlËhout cleanlng wlth cleanlng
soluE lon soluE lon

0.047È0"003 0.210t0"006

Table L. the medlum was 0"!.25 M KCl-0.02 M lris-tlC!. buffere pil 7.4.

TemperaEure 2OoC" MiEochondrla added aE Etme zeroe ReacE!.on vessels

cleaned wlth dlchronate-sulfurlc acld soLuElon were rlnsed 10 Elmes ln

delonlzed-distllled waEer. ReacElon vessels wlEhouE cleanlng soluElon

nere cl.eaned wlEh l{eikoL@ and rlnsed ó Eimes wlth hoE naEer and t0 Eimes

wlEtt delonlzed-dtsEllLed water. Values âre mean and SE of 3 deEernln-

aE lons " Exper lmenÈ Is represenEat i.ve of 4 
"
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HomogenlzaElon was carrled ouE ',r'.i h a PoEEer-Elvehjem homogenlzer in a

cold room (Cemp 0-4oC). .The hoiri',¡5enizaEion procedure never lasEed more

Ëhan 10 sec. CenErifugaEion of Ehe brel r¿as carried ouË ln a Servall

refrigerated cenErifuge aE a running speed EemperaEure of @C, at 700 g

for 10 rnin. the supernaEanE rvas Ehen cenErifuged aE 81400 g fot 10 min

and Ehe resulEing supernatanc discarded. Ihe dark brown mllochon¿riat

pelleE obEained was resuspended 7n L2"0 m1 of 0.25 M sucroser Erans-

ferred Eo a 15.0 ml plasEic cenEri.fuge Eube and cenËrifuged aE 81400 g f,ot

10 mln. Once again, the pel1eE nas resuspended ln an addltlonal 12.0 ml

of Ehe 0.25 M sucrose soluEion and cenErifuged aE 8t400 g for 10 mln.

The flnal mlEochondrlal pelleE lras resuspended in Ehe sucrose soluElon.

In Ehis final suspension, 1 gm of llver ls equivalenE Eo 1.0 mI of Ehe

sEock suspenslon of miEochondria.

SELECTION OF REACTION. VESSELS

Kimax round boEEom test tubes 11 n¡n x L10 mm served as vessels in

which miEochondrial s¡velling was moniEored, Each Eube r¡as selecEed free

of scraEches, fiIled r¡iEh buffer and examined ln a specErophoEomeCer ac 520

Ít¡¡. If the opEical densiEy changed more Ehan 0.01 uniEs durlng Ehe course

of a fu1l roEaEion of the Eube, iE was dlscarded.

MEASUREMENI OF MTTOCI{ONDRIAL VOLUME CI{ANGES

SEudies on mitochondrial volume changes were performed aE 1B-20pC.

Volume changes ¡+ere deEermined by following opEical densiEy changes aE 520

mp, as described by Cleland (¡.952)o wiEh a Bausch and Lomb SpecEronic 20

specErophoEomeEer" For each opEical density deEerminaEion, Ehe reacElon

Eube was removed from Ehe baEhr.wiped dry, read as rapidly as Possiblet

and immediaEely reEurned to Ehe waEer baEh. The reacElon mixEure conEained

4.9 ml of 0.125 M Tris-HCl buffer, pl{ 7.4, as Ehe suspending medium for

¡nlEochondiian O.C[r Eo 0,06 mI of Ehe niEochondrial sEock suspenslon
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depend ing on ti"re niÍ:ochond::ia1 p::epa-r'aE ion and tire Ccs'ú subslarrce in 0" i

ml " In aLl cases, a voÌ.une oi mitochond::ial- s'cccj< suspens iort, s'.t\zcn i* a

prc. i.ninary test wiEi: Eiie -leecE ion r,rixtu;e h;d y ieiciecì art optc ica i dens iiy

of ap2i:oxirnaieS-y 0"6, r+as used . Tl':e zero reacì ing \{es l:ecor:ciecl lÛ sec

af Eer Ehe addiLion of mi.iochoirqria and e:':peri.nenEai tirne inCervaLs are

indicaEed on Ehe abscissa of eaeir f igure" IiiEochondriai- proÍ:e:'n was

cieEermined according Eo Ehe met:::ii of Lor.rry eC ¿.L" (L95L> " Sf:atis'¿ica!.

procedures as described by Brlrn eî: ai-. (f çSS) r,rere utritized. For ;riËo-

chondriei svel.Ling experimenCs, f:e.s'c substances r.7ere aCded Eo ti'le suspenC-

ing meciia prior Eo Ehe addiEion of miûoeiiondria"

Ð(PER II"IENIS US ÏNG PR..OPYLTI{ IOURAC IL

In vivo experiments vi'ch PT(J \dere of Cwo Eypes, acute and ciironic.

In Eire acuEe experj.menûse reEs r^ue::e Í.n;ecCed r¿iCh a singie dose of PTIJ,

15 mg i.p" anci Liver mi.Eochondria isoLal:ed aL Lime i.nûe-rvais up Eo 2L. r.r"

Four groups of ra';s vrere used ån chroiric expeririengs which r.iere feci iooi

enci k'aCer aci i-ibiLun" These g'rsups receiveci (L) satine, (2) T4r 23 p,g i"p,

(3) ptUo i.5 rng i"p" and (4) PIU anci T4" T4 rqas dissoived in a sn¿1L

vol-ume of û"0i N ltjaOi{' and diLuced f:o Èhe recuired voi.une. PîU ç'as

cii.ssoLveci in a sn¿LL vo!.ume oi i,0 N NaOti anci ad3usEed'co pH 8"5" the

compounds were injecEed, daii-y up Eo i0 days in a Eo'cal voiume of 0"5 ni.

and no overE signs ot" peri'correaL ir::i'caEion r"as no'ceci afEer Lhe in;ecEions"

ì'lÌEochondria \^Iere isoiaEed 3.6 l:: afEer Ëhe ias'c drug eciminisEraLion in Eire

chroni.c experirnenEs" The lsoLau-ed rat Liver mÍ.Eochondria of each oi Ehe

above grouPs were exposed Eo T4. and Ei':e resuLËing miEochondriaL svreÏ. ling

curve r,las moniEo-red.

ASSAY FO:ì Ti-]Y!ìOKii.I[ DE ICD iNASE

In 'che deCerrni.naEion of T4. deioCS.nase acEivi'Ly, the cxperi.nentai

condiEions r¡er-e mainEai.ned as cÏ.osely es possibtr.e Eo Chose of Ehe sr''eiii:'Lg
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sEudles. ConsequenEly¡ Ewo procedures were employed. In the flrsE pro-

cedure, Ehe reacElon nlxEure was composed of 0.125 M-0.02 M Trls-HCl

buffer, pH 7.4, 0.05 mL of nlEochondrlal sEock soluElon and 0.1 ml of a

T4 soluf ton (f lnal concenEraEton 5 x tO-6¡.t). the reacElon ¡ras tnltrlaEed

by the addlElon of mtËochondrla. In the second procedure, Ehe neEhod of

lfynn g! 41. (1962) and Ehe reco¡mnendaElons of YamamoEo (L9$) were used

wlth nodlflcaElons. The composlElon of Ehe reacElon mlxEure was 1.5 nl

of 0.5 M Trls tlCl buffer¡ pH 7.t+, 0,L ml of T4 (tlnal concenEraElon

5 x 10-ot"t)¡ and the addlElon of 0.1 nl of Ehe mlEochondrlal suock solutlon

lnltlated the reacElon. In boEh procedures¡ lncubaElon was carrled ouE aE

2@C tn the Llghu wtEh shaklng ln a Dubnoff nreEabollc shaker"

T4 was dlssolved ln a mlnlmum amounE of 0.L M KOtl and dlluEed to Ehe

requlred volume r¡tEh dlsEll.Led waEer" Thls sol.utlon also conEalned 2.0

¡rc of 1125 t"u.led 14 ln 5.0 ml"

AfEer lncubatlon, a L.0 mL al.lquoE was removed and 0.2 ml of dog

blood pl.asna added Eo absorb Ehe 14. Thls mlxEure was cooled for 30 nln

and 0,3 ml of 5Ø. ÈrtchloroaceElc acld conEatntng carrler I- in â conceri-

traElon of 2 x tO-3i',t (wich a Erace of ascorbaEe). A 0.3 ml altquou of Ehe

suPernaEanC ¡¡as added Eo 20 mL of sclnElllatton fl.uld and radioacElvtty

counEed ln a Packard Trl-Carb sclnEtllaElon counEer. AlEernaEely, a 100

pl aLlquoE was apptrled to chrornatographl.c påper and descendlng chromaEo-

SraPhy was performed ln a solvent sysEem consisElng of n.buEanol. : aeetlc

acld s water (78 ¡ 5 : L7)" AfEer drylng Ehe paper sErlps were cut in 1

cm secElons and pl.aced ln Ehe scinElllaElon f luld f or counElng.

ESTIMATION OF TITE BINDING OF ÎHYROXINE TO MIÎOCHONDRIA

T4 Labetred r¡iEh 1125 "." added Eo Ehe cold T4 , 0.225 mg/ml of L-T4

sodlum penEahydraËen and Ehe experlmenEal procedure sras as descrlbed pre-

vlousLy. Each reacElon vessel conËalned 0.02 ¡rL of I125-T4. Afuer I min
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of lncubaEion, Ehe mixture was piaced in a Spinco UlEracenErlfuge and

cengrifuged aE 201000 gts for 5 nin. The supernaEanE was decanted and the

miEochondrlal pelteE was vrashed wiEh 5 ml of 0.L25 M KCL-0.02 14 Tt ls - HCl

buffer, pÃ 7.4, and recenErlfugecl. The mlEochondrla were washed and re-

centrifuged aE 201000 grs 5 Eimes. AfEer Ehe fourEh washlngr Ehe mlto-

chondria were Eransferred Eo anotsher Eube ln order Eo remove radioactlve

T4 adhering Eo Ehe Eube. the mlEochondrlal pe1leE Ìras Ehen Eransferred Eo

10.0 ml of a scinEillaEion mixcure and counEed in a Packard llquid scint:

illaEion spectfomeEer or dissolved ln 1.0 N NaOtl and Ehen Ehe radloactlv-

lEy was counEed.

FLUORESCEIN MERCUR IC ACST-A:TE

Fl'lA ¡¡as prepared according uo Ehe meEhod described by lGrush eE al.

(1964) an¿ exhibiEed Ehe appropriaEe fluorescence specErum. SubsequenElyt

a conmerclal source of FMA became available and Ehe cornmerclal s¡aEerial

showed Ehe same f luorescence and biol.ogf.cal acEivlEy. In Ehese FMA exper-

lmenEs, Ehe fluorescence changes lrere monlEored wiEh an Amlnco-Bor¡man

specErophotofluoroneEer. The experimenEs were performed aE @C and 2OoC,

In order Eo measure boEh Ehe miEochondriaL volume changes and the fluor-

escence lnEensity changes, Ehe specErophoEof luoromeEer and specErophoEo-

neEer rrere placed in close proximity to each oEher. AfEer preParaEion of

Ehe miEochondriaL suspension, an aliquoC \üas removed for fluorescence

s¡udles and the rernainder was uEilized in sr¿el1ing sEudies. Fluorescence

lntenstty was only measured aE 2æC. In Ehe miEochondrlal swelling exper-

inents, the EemperaEure was mainEained aE OoC by keeping Ehe Eubes con-

Ealnlng Ehe miEochondrial suspension in a Eub of rnelting lce. For each

specEropholome|er readingo Ehe reacEion vessel was removedn wiped dryt

read rapldly and imrnediaçely reEurned Eo Ehe Eub of nel!ing ice.
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RIAGENIS " DRUGS Aj'{D LIOIìI'IO.NES

The f oli.owlng chemical coni¡>ounds irave been uEiLized in f:hiE, invcsti.-

gaElon. Ali. compounds ¡+ere dissoLved in deionlzed-dtst iLieci \reEer and any

specÍfic manipulations for certaln conpounds are described.

Acgtlc Acid GÍ.acial The Brltish Drug Houses, LLd.

Albunlin ('oovine)

l, 4-bls-2-(4-meEhyl-5-
phenyloxazoLyl) benzene,
DlmeEhvl POPOP

NutriE ional Biochemlcals Corp.

Butanoi.

Packard InsErumenE Co. Inc.

Tlie BriEish Drug Houses, Ltd.

.A.Ldrich Chemical Co.

The BrtEish Drug Housesu Ltd.

NutriElonal BiochemicaL Corp.

the British Drug Houses, LCd,

Nuci.ear EnEerpr ises, LEd .

Mann Research LaboraEories, Inc.

Mann Research La'ooraEories, Inc. and

Sigma Chemical. Co.

n-BurEyl 3, 5-diiodo-4-
hvdroxvbenzoaEe

Chromlc ChLoride

Cvanoge.n_ Iod ide

D ieEhyL EEher

2-5-d ipheny.loxazoLe. PPO

3 - 5 -D i iodo -L-Thyron lne

N-EEh:¡1 MaLe imide.

EEhylene Glycoi. MonorneEhyl

4tlrer .

Fluorescein Mercuri.c AceEate

Fluoresceln Sodium

Glurathlone (oxidized)

p -H y_d r oxr/rnercur i be nz oats e

ïnsul ln

Iod ide Poia-ss lunl

ïo.d ile

.IodoaceEami-de

F isher Sc ienE lf ic Co.

NuEriE lonal Biochemicai. Corp.

TIie BriEish Drug Housese LEd.

Si.gna Chemical Co.

Signa ChemicaL Co.

bovine pancrease recrysEallized s 24.5 u,/ng,

Mann Research LaboraEoriesr Inc"

NuCriE lonaL Biochemicals Corp.

Merck & Co. LEd.

Signa Chemical Co.
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Lvslng-8-vasopressin syntheE ic, 260 lJ/ngu Sandoz, Cheniical- Co"

. and purif Led, 260 U/mg, liational Institutes

of l{ealEho U.S.A. ¡¿ere obi:aårred ln sea'Leët

vials. The vlaL conEenEs were ciiLui:ed êo

concenEraEions of 10 ti/nl vtitlr¿ e¿i3"ine ancj a

1 mL aliquoE was placcd i.n a piast:.c vial

aucl sEored aC -2OoC. Prepai.aEions r"-ere

I-iiawed lmrnediaEely prior Eo u,É LLiza,;io:,.

l,lhen more concentraEed solut ions r¿e-re

des ired, Ehe or iginai seai.ed via1 r.'¿ s c i-

LuEed to Ehe proper concerrEraCion and l_ Eo

10 dii.utlons were carrÍ.ed out r¿lth dls;iLl-

eci v¡aEer.

Mercapto Acecic Acld
(Sodium ThioglycoJace) Machesone Coj.eman & BeLL

Ilercur ic Acetaûe

M-ercgr ic Chlor lde

Ninhfrdrin Sprav

N iEr ic Ac ld

OxvEoc in

PhenoL Reagent, 2 N
(Fo1 in-C tocalteau)

PoCass ium Chi.or i_de

PoEassiun Cvanlde

PoEass ium !{vdrox ide

PrgpvlEhlourac i1

Tire BriEish Drug Housese LCd.

The British Drug Housese LEd.

Sågma Chemical Co.

F'Lsher Sc ienc lf ic Co.

synEheE ic, 410 U/ng" o"otained in a seaiec

viai. from Sandoz Chemlcal Co. OxyEocin ii-

luEions Ìüere carried ouE according Eo pro-

cedures described under lysin6-$-y¿s6-

press in.

F lsher Sc ienE if Ic Co.

The BriEish Drug i{ouses, Lf:d.

I'lerck ,! Co. LLd.

The BriEish Drug Houses, LEd.

NuEritional Biochemical Corp.



Pyridoxal HCL

S ilver NitraEe

Sodium Iodide I131

SEandard Buffer SoLutions
pH 7.0

Sucros e

Tham, Tris (HydroxymeEhyl.)
AminomeËlrane Fisher ScienEif lc Co.

L-Thvroxine I125

L-Thyroxine Sodlum PenEahy-
draEe

51+

California FoundaEion for BiochcnicaL
Research and NuEriCional Biochemicai Corp"

Merck & Co. LEd,

AbboEt LaboraËories

F lsher Sc ienE li ic Co.

The BriEish Drug Houses, LEd.

\¡oLk Chemi.cal Co.

Mann Research I-aboraEoriese Inc.

The Brltish Drug Housesg LEd.Toluene

TrichloroaceEic Acid The BriEish Drug Houses y Ltd.
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EF"qECI OF N-EIHYLì'I¡\LEiMiDE ON TI-IY|ìOLINE-INDUCED i"lI'f OCHO|{DRIAL SiiåLLil.l?

The effects of varying concencraEions of. T4, ICN and NEÌ"f on mil:ochorr-

driaL volume are iLlusEraEed in Fig 1, Tl+, 2.5 x 10-6M, promoE ed neasu'î-

able miEochondrial sweiling and, vlEh increases in 14 concenEraEion, Ehe

raEe of swelling was increased. Tt+, 5 x tO-6y, promoted rapid swelling

wiEhln 10 min and beEween 15 and 20 mln Ehe sr+eLling curve beí{ân Eo

plateau" Ttre t0-51"1 concenEraEion of T4 induced near maxinal niEocirondriaL

volurne changes in 4 min, In concenEraEions equimoLar wich '14, ICI\ prornoEed

miEochondrial sweLling which ¡¿as more rapld and of greater magn'iEude Ehan

T4. !'liEochondrial volurne changes in Ehe presence of ICN, 10-6^.f , vrere

sIighEly above Ehe level of sponi:aneous miEochondrial swelling" The rate

of mitochondriaL sr+el.Ling induced by ICI\ was proporEionaL Eo f:he coiìcei¡-

EraEion. On Ehe oEher hand, Ehe sui.fhydryl reagenL NEM di.d not pronote

miEochondriaL s¡,¡eLling aE tO-5¡i" The NEM concentracion of i0-4¡'t prornoued

õ
rapid mitochondrial volume changes and NEI'Í , 1O-JM, induced miEochondriai

swelllng whlch T,ras near maximurn in 4 min. In promoting miEochondrial

swel.Ling, ICr\ was more poEenE Ehan T4 which, in Eurn, r^¡as nore pocei'rg than

NEM.

A1Ehough NEM was reporged to be ineffecEive in btrocking T4-induced

swelling (RaII eE aL. 1963), Ehe possibiliEy Ehac_Ehe concenEracion of |J[rí

mighE be criEical was investigarcd. Thereforee a range of NEþf conCen-

EraElons from 5 x 10-5 to L0-4i,i r':ere EesCed for Eheir acEion on T4-induceci

miEochondrial sweLling. The co:',::enEraEion of T4 selecEed was 5 x i0-6¡t

because eiLher st imui.aL ion or ir¡hibiE ion of miEochondria j. sweLi- ing aE Ehis

T4 concentraEion could be measured. In Fig 2, Ehe resuLEs of Ehese experi-

ments are depicEed in bar graph fashion as the boEaL opEical densiEy change

afEer t hr of exposure of miEochondria Eo Ehese agenEs. The lo'*er concen-

EraElons of NEM examined, 5 x 10-6 and 1O-5vt, dld noE induce sçrellir'r*,0.,,

were inhibiEory Eo Ehe miEochondrial sr¡eL1ing lnduced by T4. On tshe oEher
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hand, miEochondrial swelling was induced by NEÞr, 5 x lo-5 and ro-4:1, but

these concenEratlons of NElvf in coinbinacion r¿iEh T4 did noE proCuce ê rês-

ponse less Ehan T4u by iEself. 'lhus, NEM was abLe Eo inhibiE Ehe 14-in-

cluced miEochondrial. swell ing response. the NEM concenErac ion r,¡hich in-

hibiEed Ehe T4-induced swelling was cricical and approximated Ehe sweiling

threshold of NEM-induced miEochondrial swelLlng.

The converse of Ehe experimenE deplcced in Fig 2 was done. A swell-

ing EhreshoLd concenEraElon of NEM was examined for iEs influence on

mitochondrlal swel.Ling induced by various concengraEions of T4. These

daEa are lisEed in'Iable 2. 'Ihe concenEraEion of NEi'l in aLL cases was

10"M. The per cenE of conErol response increased as Ehe concenEration of

T4 increased. Thus, it was demonsEraEed EhaE Ehe increase in 14 concen-

traE ion can reduce Ehe inh ib iE lon of 14- induced svrel.1 ing by NEM, t o-5t"1

and at T4, 10-5l,tu Ehe inhibiEion by NElt, I0-5M, was ful-Iy prevenged.

IE was considered EhaÉ preincubaEion of miEochondria r+iEh NEM, i.0-5lf ,

in Ehe suspending medium would perrniE more NEM Eo react wiih miEochondria

and resulE in a greaEer degree of inhibiEion of Ehe T4-induceci srvelling

resPonse by NEM. The preincubation time was 1.5 min and the:¡esuiEs of the

experimenEs are illusEraEed in Fig 3" The NE¡V preincubaEed miEochondria

displayed a sponlaneous sweLling similar Eo NEM, tO-51t, and in both cases

iE was less Ehan Ehe non-NEM-pre incubaEed conErols. BoEh Ehe rate and

magniEude of Ehe 14-induced miEocllondriaL sweli.ing was reduced in the NElf-

preincubaEed miEochondria. The miEochondrial swelling curve oi T4 + i'¡Ei.{

dispLayed a greaEer lnhibiEion Ehan when Ehe NEM was presenc onLy ciuring

preincubaEion, buC Ehe per cenE of inhibtElon of T¿+ + NEì"f was greaEesE in

the non-preincubaEed conErol.. Ti'ie resulEs of Lhese experimenEs reaff irn

Ehe previous conclusion Ehat NEI1 inhibiEs Ehe t4-in¿uced swelling response

and demonstraEe Ehat preincubaEion of miEochondria with NEì,f , 10-51i,

enhances the NEI'f inhibiCion of Llre 14-induced srvelLing response.
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' Table 2

EFFgCT OF N-EII{YL}TALEIMID,B ON Ì\Í-TTOCITONDRIA'L Sï¡ELLING iNDUCÐp ßy Y¡.;ltOUS

CONCE¡JTRATIoi\S oF TIIYiìOXIitIE

Response Eo i\EM + T4 as

T4 [u] per cenc of T4 control

L0 mln 30 nin

lxl 0- 6

2.5x10-6

5xt0-6

Ix10-5

0.0 7 .o

20.3 16.5

40.8 35.9

97.3 100

The suspendlng medlum was 0.i.25 M KC].-O.02 M Trls-lICi. buffer, pi{ 7.4.

Temperature 2OoC. Mitocl'¡ondria ;:dded aE Eime zeroc ConcenEraEions

c
are flnal concenEratlons. NEM, 10-'M.
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In order Eo deEermine wheEher Ehe inhibiEion of Tî-induced swelling

mighE be Ehe resulE of a.direct reaction beEween T4 and NEM, Ehe experi-

menE illusEraEed in Fig 4 rras perf ormed. I.IEM and T4 were incubaCeá in Ehe

suspending medium individually and in cornbinaEion prior Eo Ehe addiEicn of

mitochondria. In boEh cases, Ehe miEochondrial sr¿elling curves of the

preincubaEed and conErol groups were virEuai.ly idenElcaL. Therefore, no

inhiblEion occurred as a resuLE of a direcE chemical inEeracElon of r\El{

and T4.

ICN ls a potenE miEochondrial. swelrtr,* 
"*onist which induces swelling

wiEh characterisEics similar Eo EhâE wiEh'I4. NEM, 1O-5t't, was Eesced Eo

determine ¡¿heEher iE l¡ould inhibiE ICN- induced miEochondrial swell ing. ICi'¡

was examined aE concenEraElons of 2.5 x t0-6,5 x 10-6 and 1O-5M. These

resulEs appear in Fig 5. The sweLling curves for each concenEraEion of

ICN and f or ICN + NEì'f were similar. Theref ore, ICN-induced mitochondriai

swelling was noE inhibiEed by NEi"f , L0-5M.

Since NEM is a compound v¡hich exhibits a high degree of affiniEy for

sul.fhydryl. groupsu iE was considered of inEeresE to examine other reagenEs

which reacE wiEh sulfhydryl groups for Eheir abilicy to inhibiE Ehe T4-in-

duced mlEochondrial. swelling response. Fig 6 depicEs Ehe resulEs of Ehe

experiments wiEh Hg?l,2r which is also a poEenE miEochondrial sweLling-

inducing agenE" A lhreshol.d sr.reiling-in¿ucing concenEraEion of HgCì.2 was

deEermined and Ehen EesEed f or inhibiEion of T4-induced swel1ing. t1,gCL2z

o
5 x 10-'M, approximaEed Ehe threshol.d swelling response and, by iEself,

promoEed a low degree of swelling. H3CL2 was able to inhibiE Che 14-inciuc-

ed miEochondrial sr¡e j.i. ing response.

AddlCionaI experimenEs were performed utllizing other sulfhydryl

reagents and these were also tested for their abii.iEy Eo inhibic Ehe T4-

induced miEochondrial sr+e1Ling. In each case, a swelllng Ehresl:old con-

centraüion of Ehe compound was cieEermined and Ehen Ehe sulfhydryl reagenE
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Fig 4
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Fig 4. EffecL of preincubation of NEM + T4 in the absence of nitoci':.oaCria
on T4-induced ¡niEochondri.al. sr+ei-Ling" NEìuie 1o-51t, and T4, 5 x i.o-Ói:o were
preincubated for 30 min in the suspending medium. MiEochond¡-:ia ad,ced aE
30 ¡¡rin. The suspending medium v¡as 0.125 M t(cl--0.02 M Tris-HCl buffer,
pH 7 "4. TenperaEure 20oC. Preincubated (PI). ConcenEraEions are final
concengraE ions.
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Fig 5
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was EesEed. 'lable 3 lisEs Ehese compoundsr which are NEM, llgCL2t IAu

p-Hi"lB, and FMA. BoEh NEff and l{gC12 lnhibiEed Ehe T4-induced responsee

whereas IA, p-Hl'113, and FMA did noE. These experimenEs demonscrace¿ cf¡tc

noE all sulfhydryl reagenEs were capable of inhibiEing Éhe T4-induced'

mitochondrial sweIl ing response.
¿¿Ca" and PO4 are Ewo known inducers of miEochondriaL sv¡ell-ing and NEY

was tesEed for inhtbition of miEochondrial swelling induced by Ehese Ewo

compounds. NEM was uuiLized in a conce¡EraEion of tO-5t"t and Ca++ and Po4

in concenEraEions of tO-3t't. The resulEs of Ehese experimenEs are depicEed

in bar graph fashion ln Fig 7. NEM, 1O-5M, inhibiEed Ehe Ca++- or Po4-in-

duced miEochondrial swell ing. The degree of inhibiE ion was sl ighE i.y

greaEer wiEh Ehe Co+*-induced response. these experimenEs demonsEraEe

EhaE NEM ls noE specifically inhibitory for T4-induced miEochondrial

swe11ing.

SUMI'ÍARY

NBM inhibiEed T4-induced miEochondrlal sr¿el1ing response buE Ehe con-

cenEraE ion of NEl"l was criE ical" NEM, 1O-5M, inhibiEed Ehe T4- induced rnico-

chondrial swelling response buE, by iÉself, was wiEhouE effect. Preincu-

baEion of NEM wlEh miEochondria enhanced Ehis inhibiËion. IE appears the

inhibition is aE Ehe miEochondrial Leve1, slnce preincubaEion of T4 anci

NEM did noE influence Ehe T4-induced svrelling response. Moreover, NElf did

not inhibit Ehe ICN-induced miEochondrial swei-Ling response, Of several

sulfhydryl reagenEs EesEed, only NEiul and rlgCï2, in concenEraEions approxi-

maEing Eheir Ehreshold sr¿eLling Level, inhlbiEed Ehe T4-induced miEochon-

drial swelllng response. NEM was also able Eo inhibiE the Ca++ and PO4-

induced rniEochondrial swell ing"
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Table 3

EFFECT OF SUT"PIIYDRYL REAGENTS ON THYROXINE-INDUCED ì,ITTOCHONI)RIAL SWELLING

SwelLing Threshold

Compound [¡i] Effecc

NEM 10-5 inhibit lon

Hscl, 5xLo-8 lnhtblE ton

IA 1O-5 none

P-HMB 5xL0-6 none

Fl'fA 10-7 none

the mediun was 0,L25 M KC1-0.02 M Tris-HCL buffer, pH 7.4.

lemperaEure 20oC. MiEochondria added aE Eime zero. ConcenEraElons

are f inal concenEraElons. T4, 5 x 10-ót"t. Sulfhydryl reagenEs !/ere

tesEed aE Ehelr swelllng Ehreshol.d concenEraEiono Time 8 nin.
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Fle 7

+NEM +NEI'Í

FLg 7. EffecE of NEM on Ca+tand PO4-lnduced mlEochondrlal swelling.
The medium $ras 0.125 M KCl--0"02 M Trls-HCl bufferr ptl 7.4. Temperature
zOoC, MlEochondria were added at Eime zeto. Flnal concenEraElon, NEM'
L0-5M; Cu*to tO-3U; pO¿,, lO-3M. Values are meanand SE of 3 deEermlnaElons"
ExperlnenE ls represenEaElve of 5. Tlnel B mln.
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INf ERACIlON OF IODOCOMPOUI\IDS AIJD SULFHYDRYL REAGENf S II{ TüFl iì.lf)UCIIOÌ'l OF

}INOCIìONDR IAL SI'IELL iNG

A. EffecE of fluorescein mercuric aceLate on miEochondrial volurne anO

modificaEion of iEs fluorescence by miEochondria.

The above experimenEs demonsEraEe EhaE sulfhydryl reagenEs rnay modify

Ehe T4-induced sr¡e11ing response, and Lehninger and Schneider (1959)

suggested EhaE sulfhydryl groups may be involved in miEochondrlal swelling

induced by T4. ConsequenEi.y, Ehe Eheory EhaE T4 ot ICi'l mighE rnodify Ehe

miEochondrial swelling response induced by sulfhydryl reagenCs by virEue of

an acElon on sulfhydryl groups of miEochondria was formulaEed and invesCi-

gaEed ln Ehis work. Fl"fA ¡¡as uEilized because iE ls a sulfhydryL reagenE

and iEs fluorescence properEies change when iË reacEs wiEh sulfhydryl

groups. Previously¡ FlvfA was proposed as a reagenE for the assay of sulf-

hydryl and disulf ide g¡oups of proEein (IGrush eE al. L964). The basis of

Ehis assay was Ehe quenching of fluorescence of FMA. The fluorescence

changes of Ehe FMA moLecule in Ehe presence of miEochondria mighE refLecE

reacEion with miEochondrial sulfhydryl grouPs.

IniEially, Ehe effect of FÞL{ on miEochondrial volume was invesElgaEed

and Ehe resulEs of incubaEing various concenEraEions of Fl'fA wiEh nitochon-

dria are illusgraEed in Fig B, A Fi\¡l{ concentraEion of tO-71'l approximaEes

the Ehreshold for Fl,lA-induced mitochondriaL swelling. FMA¡ 5 x I0-7Nf 
"

promoted miEochondrial swelling whlch was imnediaEe and rapid, and increas-

lng concenErations produced more rapid miuochondrial sweLling. AE 10-5If,

the FMA-induced sneLling was near maximaL in 3 min. Hencer FÞfA is an

extremely poEenE inducer of miEochondrial sweli.ing, Fluorescein, which

does noE conEain any t{g++ groups¡ did not promoEe miEochondrial swelling.

Since miEochondria conEain sulfhydryl groups, the effecE of mitochon-

dria on Ehe fLuorescence of FMA vras examined. !-ig 9 shows the effecE of

changes in miEochondrial concen'uraEion on f Luorescence of Fì.fÅo tO-51t, The
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quenching was rapid and Ehe earliesE Eime inEerval of Ehe measuremenEs was

15 sec aE room temperaEure. Ihe fluorescence lnEenslty of FMA decreases

rapldly in proporElon Eo Ehe concenEra!lon of miEochondria. Moreover, the

fluorescence of fluorescein was noE quenched by mlEochondrla.

In Table 4r Ehe resuJ.Es of an expeqimenE on the effecE of a consEanE

concenEraElon of mlEochondria on varlous concenEraElons of FI'{A are listed.

The differences ln Ehe inlEial degree of quenchlng ls probably due Eo FMA

reacElng wlEh a greater porElon of Ehe added mlEochondria, Ehus reducing

Ehe EoEal amounE of free F'l'fA in Ehe medium. AE 5 mln, Ehe quenching is

gfeaEest with Ehe lowesE concentraEion of FMA, and lowesE wlEh Ehe highesE

FMA concenEraElon. This nny be due to Ehe addiEion of greaEer amounEs of

FMA.

The Elme relaElonshlps beEween Ehe miEochondrial swelling curve afEer

exposure Eo FMA, 5 x t0-6ltr and the quenching of iEs fluorescence, are

depicEed in r'lg 10. the Eime course of Ehese experimenEs is rapid and Ehe

changes were recorded aE 15 sec inEervals. In 15 sec, 4V/" of Ehe Eotal

fluorescence inEensiEy change occurred, buE only 2.8% of the toEal volume

change occurred in Ehis same period. The changes ln fluorescence inEenslEy

seem Eo precede Ehe changes in miEochondrlal volume.

T4, ICN, 12 and I- were lnoubaEed, in Ehe absence of miEochondria,

wlEh FMA ln order Eo deEermine Ehe effecE of Ehese compoundsr individually,

on Ehe fluorescence of Fl"fA" The resulEs of Ehese experimenEs are conEained

ln Table 5. T4 and ICN, in Ehe absence of niEochondrta, did noE cause

quenchlng of Ehe fluorescence of FMA, buE 12 and I- did. The quenching of

Fl.{Ars f luorescence by 12 and I- ¡¡as imrnediaEe.

Fig 11 deplcEs Ehe influenc¡: of T4 ancl ICN on Ehe fluorescence inEens-

lEy changes of Flt4A in Ehe presence of mlEochondria. 14 concenEraElons of

2.5 x 10-6 and 5 x tO-6¡,t were added Eo the miEochondrial suspensions with

FMA,5 x 1O-6M. Each combinaEion of, TL ¡riEh Fl'{A produced a somewhaE more
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Table 4

EFFESI OF MITOCHONDRIA ONJHE .FLUORESCENCE OF VARIOUS CONCENIRATIONS

OF FLUOR,ESCEIN MERCURIC ACETATE

FMA tu] Per cent quenchlng of
f luorescence

!.5 sec 5 tr$
1o-6

2.5x10-ó

5x10'6

70

ó0

3et

95

92

86

The medlum was 0.125 M KCl-0.02 M TrLs-HCl buffer, pH 7.4.

TemperaEute 22oC" MlEochondrla added aE Elme z,eto. ConcenEraElons

are f,lnal concenEratlonso ProEeln 109 ¡rg/ml ln reactlon mlxEure afEer

addltlon of 0.06 nl of stock suspenslon.
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Tabi-e 5

EFFEC'T OF IODOCO}IPOUNDS ON T[ìE FLUORESCE¡ICE OF

FLUORESCET¡i MERCURIC ACETATE

Compound [u] PluoromeCer Reading

15 sec 30 min

FlvfA * none

Fl'{A + 'I4, 5x10-6

FMA + ICN, 5x10-6

¡'MA + T2t 2.5x10-6

FMA + I-, 5x10-4

72

70

70

15

L7

70

68

6B

10

L2

îhe nedlum rvas 0.L25 M KCL-0.02 M Tris-HCi.e pL1,7"4, TemperaEure 22oC"

Compounds added aE Eime zeto. ConcenEraEions are final concenEraEionso

Fl"fA, 5x10-6M. Fluorometer read ing, 72 aË zero Eime,
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rapid quenching of Ehe fLuoresccnce of Fl"fA in Ehe presence of niEochondria

Ehan seen wiEh Fl'{A a1one. Horn'ever, there was no apparenc etfect of. T4

concenEraEion on quenching of Ehe fluorescence of FMA since Ehe curves

wiEh all concenEraEions of. '14 overlapped. ICN ¡+as also EesEed in concen-

lraEions of 2.5 x 10-61 5 x 10-6 and 10-5 for effeccs on Ehe quenching of

the fi.uorescence of FI,ÍA by miEochondria. fn each of Ehese combinaEions of

ICN and FMIA, Ehe curves of Ehe fluorescence inEensity changes !,iere equiva-

lenE in Ehe lniEiaL 15 sec buE Ehen began Eo diverge. The magniEude of

the toEal quenching of Fl'fA¡s f luorescence was decreased r¿iEh increases in

ICNfs concentraEion. From Ehese experimenEs, tC is apparenË Ehat T4

sIighEly enhanced Ehe quenching of Fl'fAts f luorescence by miEochondria,

whiLe ICN had inhibiEed iE.

In the presence of miEochorrriria, Ra11 eC a1. (f gOg) demonscraEeci

thaE I- is liberaEed f rom Ehe li.rr.l molecule. During the course of ICNes

induction of miEochondrial swelling, the compound nray dissociaEe and give

rlse Eo CN-, which Ehen mighE inEerfere wilh Che change in fLuorescence

inEenslEy of FI,IA in Ehe presence of miEochondria. CN- is an inhibiEor of

miEochondrial sweLling induced by T4" ICN and NEM. the experimentç illusE-

raEed in Fig L2 lndicaLe EhaE CN- can influence Ehe mitochondrial swel.Ling-

inducing acEion of Fl'fA and f Luorescence inEensiEy changes of F!fA. KCN,

5 x t0-6t"tr. did noE inEerf ere wiEh the swelling induced by F^VA buE KCN'

10-3M, did. AE 1O-3M, KCN inhibiEed Ehe swelling induced by ICN + FlfA Eo

a greaEer exEenE Ehan it inhibiEed the Fl"fA-induced sweLling. IE r+as ob-

served in Ehese experimenEs EhaE Che milochondrial swelling induceci by

ICN + FMA was more rapid Ehan ICi'l or Fl.{A by themselves. ICN inhibiEe<i Ehe

quenching of FMArs fluorescence by miEochondria. KCN also inhibiEed Ehe

quenching of Ehe fluorescence of FMA by micochondria ¡"rith 5 x tO-6¡t

parEially ef f ecElve and tO-3¡t KCN compleEely inhibiEory. i\E equimolar

concenEraElonsr ICN was more effecEive at inhibiEing Ehe quenching oi FIL{
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Ehan KCN. Thus iE appears EhaE ICN may block the quenching of Ehe fluor-

escence of Fl'{A by miEocho.ndria, parEi.y as a resulE of Ehe reLease of Ciri-

fron Ehe ICN mo1ecule.

B. Effect of lodocompounds on miEochondrlal swelling induced by sulfhydryl

reagenEs.

Since 14 and ICN influenced Ehe changes in Ehe fluorescence incensity

of FNÍA by miEochondrla, Ehe folLowing experimenEs wiEh T4, ICN, 12 anö, I-

were designed Eo deEermine Eheir inf trr"rc. on FMA-induced rnicochondrial

swelling. A 5 x tO-6¡,t concenEraEion of Fl'lA was utilized, which produced

rnaxinnl swelling wiEhin 5 min. The iodocompounds were uEiLized in concen-

Erations which produced low degrees of sweLring. Fig 13 depiccs Ehe

resulEs of these experimenEs. The combinaEion of T4 and FMA produced a

swelling curve which !¡as slighEly fasEer Ehan Ehat of Fì44. On Ehe o¡her

handr Ehe cornbinaEion of ICN and Fl"lA promoEed swelLing which was more

rapid than EhaE induced by Fl'{A by iEsel.f . TZ also poEentiaEed Ehe F}ÍA-

lnduced miEochondrial sr¡el1ing and near naximal swelling occurred in

15 sec. Moreover, I-, in a concenEration l¡hich dld noE lnduce any miEo-

chondrlal sr¡elllng, also enhanced Ehe FI,ÍA raEe of sweLi.ing. Thus, the

FùlA-induced miEochondrial swelLing was poEenEiaËed srighEly by T4 and

narkedly oT tt, ICN and i- ln decreasing order. The magnitude of Ehe

volume change of miEochondria as judged by the opEical densiEy vas noE

affecEed, buE Ehe Eime Eo reach maximum was decreasedo

Since Ehe Fl4,{-induced miEochondrial swelling response and tEs aug-

menEaEion by iodocompounds Eakes pLace wiEh exEreme rapidiEy, experimenEs

were performed aE OoC Eo reduce endogenous miEochondrlal metabolic effects

and to slow Ehe resPonse in order to examine iEs characcerisEics. IE ¡+as

noE necessary Eo conducE Ehese experlmenEs for more than 5 min, since the

poEenEiaEion was evldenE. The ::e¡.çulEs of Ehese experlmenEs are shown in
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Fig 14. The miEochondriai. sç,relling, in response Eo FMA, 5 x tO'6:1, \ras

markedly slowed aE OoC and Ehe srrelling curve had a Lag period for 45 sec

and Ehen lncreased slowly. '14" ICN, Í2 ot I- produced LiEEle or no sweLi-

lng in Ehe concenEraEions uEilized in Ehese experimenEs. 'f4 + Fyr,A induced

a swelling curve similar tso Fl,lA by iEself . The addiEion of ICN nr.arkedly

poEenE iaEed the Fl''fA- induced miEochondrial swel1ing" alEhough a Lag period

was evldenE for 1 min in Ehe ICN + FMA curve. Moreover, Ehe comblnaEion

of 12 wtEh FMA poEenEiaEed Ehe FllA-induced svel1ing. I-, a1so, poEenCi-

aEed Ehe Fl''lA-induced miEochondrial swelling and Ehe lnduced swelling curve

displayed a lag period for 1.5 min. Therefore, aE OcC, T4 did noc influ-

ence Ehe miEochondrial swelling induced by Fl"fA, but 12, ICI',I and I- did

poEenEiaEe the FN'ÍA-induced miEochondrial sr+elLing wiEh Ehe sau¡e order of

decreasing poEency as aE 20oC (i2> tCN> I-).

The miEochondrlaL swell.ing curve induced by an NEM concenEraEion of

tO-3t't was also examined for iEs potenEiaEion by T4, ICl,¡e 12 and I-. These

experiments were carried ouE at 20oC and Fig 15 shor¡s the resulEs. A I

min lag period was evidenE in Ei:,e NEM-induced miEochondrial srvelling curve.

T4 was r¡lEhout apparenE effecE. Howevero both ICN and 12 poEenEiaEed the

NEM-induced sweLling. I- was also withouE eff ecE on the NEi"f-induced

sr¿eIling curúe. thus, in Ehese experimenEse T4 anci I- were noE able Eo

potenEiaEe,,Ehe mitochondrial swelling induced by NEM, bui ICN and 12 did,

SUI'["fARY

FlfA is a poEent inducer of niEochondriaL sweLling. The fluorescence

quenching of Fl'{A was ProPorEional Eo Ehe miËochondriaL concenErations.

Thls quenching ls rapid and precedes the changes in mitochondriaL volurne.

12 and I-t by Ehemselves, quenclied the fLuorescence of F^W\ buE T4 and ICN

did not. In Ehe presence of mitochondria T4 sltghtrly enhanced and ICN

markedly inhlblEed quenching. This inhibiEion of the quenching may, in



0.3

0.2

0"1

Êr1(5

;ã
(J

I
F{H
Ø
trl
Ê
Ê
()
H
E{
Ê{o

'' T4

@

/
o

I
@

/
@

_ã'
nãt?" T4 

. cr

.l':Xf 
==='= 

Ð--Æi'

Fig l-4

0.3

0"2

0. t.

TIlm (min)

Fig l-4. Effect of iodocornpor.incl.s on FliA-incluced mitocl-roncl¡"ial-
0.l-2Í; I,1 lií1.i. C" 02 l"l T::i.s*FICJ- buffei:, pH^7" 4. Tc;'r|ílr"¿,uur.e 0"C.
are fj.l;¿, 1 corrcrJni;ratir¡ns0 Fi.'fl, {-r x 1.0-bl'i; T4, 10-uì,i; ICNo 2.5

r2

Fl"iA+ï2
,@*o

e
,-Qif

i FYA .oo/o --Õ
{-,, r,.{1ia *- o -**--:* e

^/an,-o*o rc!_ *o
3'13Ï***o -

/
6

slvell-ing at 1or" t,ernperature" The
Ifil.ochoncll-ja adcìed at, tin: zel.e"

x Lo*6ll; Tz, 2.5 x Lo-6¡i; I'-o 4,4

l.J

neCi,u¡r r''¡e:i

C cnc ent.r"at.iot:s
x I o*6¡L



0.9

o.2

0.1

É¡]cf

3
()
H
E{
H
U)

f¡la
È
()
H
E-{
0.o

/.8=g==mc
.g!r8' y./"

f *-n/io_"-L¿---!i-ç

Flg 15

0.3

Fle
t01
Nnf

.o.@-*-n--iÊ1Iän
lo'n- /n-o-lEI--oi*"

/o ̂ '*'{*'@-G-o--I3-eí;.::;..

15. Effect of lodocompounds on NE}I-lnduced ml.tochondrlal
buffer, pH 7.4. Temperature 20"C. Irlltochonclria aclded at
, 10-ÚM; T4, 5 x 1o-6M; ICr\, 2.5 x 1o-6M¡ 12, 2.s x 1o-6i,t¡

0.1

"ø.,-/"G--í"f
í l'"-o--rûi--6@ .f1."

I, n.@'-

TIME (min)

sr,reIIlng. The medlunl was 0.125 I'f KCl-0.02 l"l Trls-
tlrne zero. Cgncentrations are final concentrationso
I-, 4.+ x 1o-6lt

æ
!l'



B4

part, be Ehe resulE of Ehe release of CN- from ICi'l .

Í2, ICt\, I- and T4r. in Ehis order of decreasing poEency, enhanced the

FllA-induced miEochondrial sweLLing aE 2æC. MiEochondrial swelling due Eo

TZ, ICI'¡, I- and T4 was blocked ar: OoC wiEhin Ehe Eime course of Ehe exper-

imenE. AE OoC, TZ, ICN and I- retained Eheir capabiliEy to enhance Fl¡ry'.-

induced swelling, buE T4 did noE. Finally, aE 20oC, 12 or ICl,{ enhanced

Ehe NEM-induced miEochondrial srvelling buE noE T4 or I-.

EFF'ECT OF PROPYLTHIOURACTL ON MIÍ]OCI{ONDRIAL VOLUME AI'ìD TI{YIìOXINE-INDUCEi)

MIIOCI{ONDRIAL SWELLING

PTU has been reporËed as an inhibiEor of T4 deiodlnase, which is of

imporEance in Ehe meEabolism of T4, and a producü of meEabolism of T4 nay

be responsible for Ehe observed biological effecEs of T4. IE was consider-

ed EhaE PIU m1ghE inhibit Lhe T4-Induced sr¡eIling response as a result of

iEs abiliEy Eo inhibiE Ehe deiodinase.

Init tall.y, aEEempEs were made Eo bl.ock Ehe T4- induced swell ing res-

ponse wlEh HlU, in viEro, buE Ehese were unsuccessful. In facE, PIU pro-

moEed swelling. The resuLEs of Ehe miEochondrial swelling experinenis

wiEh PTU are depicted in Fig 16" LiEEi.e or no micochondrial swelling was

produced by a L0-5M concenEration of PTU, whlle measurable swelling

occurred wiEh P"f Uu tO-4U. Irf Uo 10-3M, promoEed mitochondriai. swell ing

which was rapid ln onseE and of large nngnitude. Although PTU is able Eo

promoEe rapid and large volume changes, iE is of much lower poEency than

T4"

. Both CN- and DNP" which are known inhibiEors of T4-induced swelling,

were examined for Eheir effecE on PTU-lnduced swel.Iing. The daEa of Ehese

experiments are lisEed in Table 6. CN-, 1O-3M, inhibited Ehe YtiJ-inciuced

sr+elIing response by BOI". DNPD L0-4M, also inEerfered wich Ehis responsee

buE Ehe inhibiEion was only 25%. Higher DNP concenEraEions promoEed
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Fig 16. EffecË of PTU on miEochondrial volume. The medium was 0.125 M

KCl-0.02 M Tris-HC1 buffer, pH 7.4. TemperaEure 2OoC. MiEochondria added
aE tir¡e zeto. ConcenEratlons are final concenEraEions.

çnùz
É
C)

I
É{H
U)

É'lA
Fl
()
H
Êr
tuo



86

' Table ó

EFFECT OF CYANIDE AND DiNITROPHENOL ON PROPYLTHiOURACIL-

INDUCED M ITOCHONDR IAL S|.¡ELL II.IG

Compound Per cenE tnhibiElon

cN-r 10-3Y

DNP, 1o4M

The medlum rvas 0"L25 M KCl-0.02 M Trls-HCl buffer, pH 7.4.

TemperaEure 2OoC. ÞllEochondrla added aE Eine zer.o. ConcenEraclons

are f lnal concenErat ions " ExperimenEal E ime¡ 20 mln. mU, 10-3M.

BO

25
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miEochondrial swe11ing. Thus, PTU-induced mttochondrlal swelling is

inhibited UY CN- and DNP..

Since ATP is able Co reverse Ehe mlcochondrial sv¡el"ling indu".ã Uy u

number of agonisEs, iEs ef fecË on swelling lnduced by P'tU, f O-3tq, was

degermined. These resulEs are depicEed in Fig 17. The mlEochondria r¿ere

permiEEed Eo reach mâximum volume and ATP r¿as Ehen added. T4, 1O-5t'f .' vas

used as a reference. ÆP, 10 mM, was added Eo Ehe miEochondrial suspension

aË 30 min afger exposure to PIU and reversal of Ehe opEical densiËy changes

was immediaËe and maximal changes occurred ln 2 min. A similar curve !¡as

obgained wlEh Ehe T4 swollen suspenslons buE iE Eook slighEly longer Eo

aEEain ¡raxinaL opEicaL densiEy changes.

In Fig 18 are Ehe T4-induced swelling curves of normal miEochondria

and Ehose isolaEed from a raE 3 hr afEer the adminisEraEion of 15 mg of

PIU. The miEochondria isolaEed from a PTU treaEed animal displayed a

slower swelling response Eo PTU. The raEe of sv¡elling of Ehe mlEochonciria

of Ehe PTU EreaEed raE was decreased buE Ehe maximum volume change was Ëhe

same as Ehe conErol.

The Eime course of Ehe inhibiEion of Ehe T4-i.nduced swelling response

by PIU EreaEmenE t{as nexE lnvesËigaEed and Ehe resulEs aPPear in Fig 19"

EIU, 15 mg/i.p, r,ras adminisEereci and miEochondria were isolaEed 1.33r 3e

and 24 hr after EreaEmenEn Slnce PIU adminlsEraEion reduced Ehe raEe of

sr¡el[ing, Ehe opEical densiEy change after 9 min exPosure Eo T4, 5 x 10-61'1,

was recordedc This poinE is on.the rising porEion of Ehe sr¿eIling curves

and sEimulaEion or lnhibiEion could be deEermined. MiEochondria isolaEed

from a raE EreaEed wiEh PIU for 1..33 hr displayed an inhibiEion of T4"

5 x tO-6¡t, induced miüochondriaL srveLl lng. The inhibic ion was rnaximum

3 hr afüer PTU treacmeng, and îr,2t+ hr, Ehe T4-induced sr¡elLing response

was approximaEely 70'/" of Ehe conErol. Hence, Ehe inhibiEion of Ehe 14-

ir¡duced swelllng response by Pf ii treaEmenE reaches a maximum inhibiEory
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Fig 17. EffecE of ATP on PTU- and T4- induced mitochondrial sr¿eIling. The
medlum was 0.125 M KCI-O.02 M Tris-HCI buffer, pä 7.4. Temperature 20oC.
MiLochondria added 4E Eime z,eto. ConcenEraEions are final concenEraEions,
PtU, tO-3tt; T4, t0-51'1. Arrow inclicaces addicion 10 mNf ATP.
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Fig 18. EffecE of pretreaEment of raEs r¿iEh Pru on T4- induced miEo-
chondrial swelling. The medium rvas 0.L25 M l(C1-0.02 M Tris-HCl buffer,
pH 7.1+" Temperature 2ooc. MiEochondria added aE Elme zer.o. concen-
Erallons are final concenEraEions, T4,5 x l0-6M" Rat EreaEed wiEh II[U,
15 mg, i,p. for 3 hr. ConErol, (C).



90

Fig 19
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Fig 1.9. EffecE of duraEion of PTU pretreatmenE Eime on T4-induced
mlEochondria swelling. The medir¡m was 0.L25 M KCL-O.02 M Tris-ilcl
buffer, pH 7.4. Temperature 20oC. MiEochondria added aE Eime zero.
Final concenEraEion of T4, 5 x t0-6i"t. PTU pretreatmenE, 15 mg, i.p.
DuraEion of swelllng experimenEs 9 min. Large diagonal lines represenE
sponüaneous swelIing. Srnll diagonal 1ine, wlEh T4.
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level at 3 hr and Ehe inhibiEion of Ehe T4 sr¡eIling is markedly reduced in

24 }:.t.

ExperlmenEs Eo deEermine Ehe effecE of chronlc admlnisEraEion of FfU

on Ehe T4-lnduced miEochondrial. sr+e11ing response were performed. These

resulEs are lllusEraEed in Fig 20" Four groups of raEs, consisting of

saline conErols, HfUe 15 mg, T4,25 Fgz as well as a group receiving boEh

T4 and PTU. These were EreaEed daiLy for 10 days and miEochondria were

isolaEed 16 hr afEer Ehe final EreaEmenE. 'Ihe miEochondria nere exposed

to.T4, 5 x 1O-óM, and Ehe opEicaL density changes afEer 6 min were f,ecord-

€d. The miEochondria lsolaEed from Ehe PTU EreaEed rat displayed a

reduced resPonse Eo T4-induced srveLling as did Ehose isolaEed from a raE

EreaEed acuEeLy r¡iEh PTU. the miEochondria isolaEed from raEs receiving

PIU and T4, also displayed a reduced sensiciviEy Eo T4-induced sweli.ing,

r¡hile Ehose from a raE receiving T4 $rere apparenEly nornal. PIU also

inhibiEed Ehe T4-induced svreLLing response after chronic EreaEmenc of Ehe

raE. Chronic EreaEmenE did noE increase Ehe inhibiEion and Ehe inhibiEion

t¡as of Ehe same order of nragniEude as afEer a single PTU EreaEmenE.

T3, ICN and 12 lrere also EesEed Eo deEermine whether EreaEmenc of

raEs wlEh PIUr 15 mg i.p 3 hr, vrould inEerfere r¡iEh Eheir induced miEochon-

drial swelling response. the resulEs, reporEed as opEical. densiEy changes

in 6 min, are illustraf ed ln Fig 21. T4- and T3-induced .si¿elling response

was reduced in lhe miËochondria from a PIU EreaEed raE. On the oEher hand,

ICN,5 x 10-6Mn and I2o 5 x 10-6M, were equivalenE in boeh Ehe normal and

PTU mitochondria"

SUI'ÍI'{ARY

IrIU promoEed miEochondrial svrelling. The effecEs

bLocked by CN- and DNP and parEiaLly reversed by ATP.

inhibited the swelling response Eo T4 by isol.aEed liver

of PIU could be

InjecEed PIU

mitochondria and
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F 1g 20.

0.9

o,2

0"1

Flg 20. EffecE of chronlc admlnlsEraEion of PTU on T4-lnduced mlto-
chondrial sweLllng. The medium was 0.125 M KC1-0.02 M Tris-HCl buffer,
pH 7.4. TemperaEure 20oC" MiEochondria added aE time zero" Final
concenEraElon of T¿+, 5 x 10-6M. Each group of raEs was injecEed for
10 days. ConErols recelved sallne, PTU' 15 mg, i.p./day, T4,25 yg,
i.p./dayt T4+PTUe recelved boEh compounds i.p. Large diagonal 1lnes
represenE sponEaneous swelllng. DuraElon of sr¡e11Ing experlmenEs 6 nln.
Values are nean aird S E of 4 experiments. *p<0.05"
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Fig 2L. EffecE of PTU PreEreaEmenE of racs on mitochondrial swelllng

induced by iodocompouncls. The medium was 0.125 M KCI-0.02 M Trls-licl
buf f er, pn l.tr. Tàmperagure 20oC. Mitochondria added aE Eime .'eto'
ConcenEratlons are f inal concenEraEions, Tt+, 5 x t0-6¡l; T3t 5 x lo-ci'f;
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Ehis inhibiEion appeared to be maximum 3 hr afEer adminisEracion of PIU.

Chronic adminisEraEion of PtU also reduced Ehe T4-induced sweLling res-

Ponse by isolaEed miÊochondria Eo Ehe same exEenE as a single HIU EreaË-

menE. The miEochondrial swelling response induced by T4 and T3 but no.g

ICN or ,I2, was reduced by PIU adminisEration.

S\,IELLING STUDIES ON MITOCI{OND$IA ISOLA'IED FRON1 Tt-iYROIDECtot'liZEt) P.A'fS

IE is known EhaE miEochondria lsoLaEed from a Ehyroidectomized raE

are less responsive Eo T¿+ Ehan ehose isolaEed from a normaL rat ('0,apley,

1956; Lehninger eE al. 1959; 'IaEa, 1963). Since NEM, as well as plU

affecEs Ehe T4-lnduced swelLing response buE not chaE of ICN, ic v¡as con-

sidered of inEerest Eo compare Eìre swelling curves wiEh Ehese Ëwo agenEs

on mitochondria isolaEed from normal and Ehyroidectomized raEs " FLg 22

illusEraces Ehese effecEs. A 5 x 10-6lt concencraE ion of T4 induced a

swelling response by miEochondria isoLaEed from EhyroidecEomized raEs

¡¡hich aE 8 min r¡as 5fl. of conErol and aE 30 min reached a level equiva-

¡.enE Eo normal" However, Ehe swelling response induced by ICN,5 x 10-óM,

was of greater nagniEude in Ehe miEochondria isolaEed from EhyroidecEomized

raEs .

S ince the ICN-,, and T4- induc:::C swel.l- ing d isplayed d if f erenE characcer-

istics in miEochondria isolaEed i"rom a EhyroidecEomized raE, Ehe swelling

response of a number of 12 conEaining compounds \.rere examined, such as 14,

T3r diiodoEhyronine (T2), I-, 12 and ICN. All substances were EesEed at a

concenEraElon of 5 x t0-6t"f, excepE I-, for which Ehe concenEraEion r¡as

1O-3M. the resulEs of Ehese EesEs are shown in Fig 23 and Ehe 8 mln Eime

lnEerval was selected as Ehe end poinE. Both T4 and T3 dispLayed a reduced

acEiviEy in miEochondria isolaEed f rom a EhyroidecEomized rat. T2 anci I-,

which are of 1ow poEency in inducing miEochondrial swelling, were equlva-

lenE Eo Ehe conErol. ICN and 12 wefe s1ighEly more effective in inducing
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Flg 22. Effect of EhyroldecEomy on T4-and ICN- induced mlEochondrial
swelling. The medium r¿as 0.¡.25 M KCI-O.02 M Trls-HCl buffer, pH 7"4.
Temperature 2OoC. MiLochondrla added aE Eime 7,et9. ConcentraEions are
f lnal concenEraElons, T4r 5 x I0-ó¡,t; ICN, 5 x 10-6M. open circleso
EhyroldecEonized, (Tx¡.
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Fig 23, EffecE of Ehyroidectomy on miEochondrial swelling induced by
lodocompounds" The medium was O.L25 M KCI-0.02 M Tris-HCL buffer,
ptl 7.4. TemperaEure 2OoC. MiEochondria added at Eime zero. Concen-
EraEions are f inal concenEracions, T4, 5 x-10-6t't; t¡r^5 x tO-óy;
T2, 5 x t0-6t"t; IcN, 5 x t0-6Mi r2r 5 x 10-6¡,1, i-; to:3i"1.
ExperimenEal Elme I min. Values are mean and S E of 5 experlmenEs.
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swel1ing. ConsequenEly, EhyroidecEomy does noE reduce the swelling res-

Ponse Eo all 12 conEaining compounds buE does shor¿ some specificigy.

SUi'lIfARY

ThyroidecEomy reduced Ehe miEochondrial response Eo '14 and 13 bu6 noc

to ICN, 12, 12 or I-.

INIERACTION OF THYROXINE i.'IITH VASOPIìESSIT\. OXYIOCIN AND INSULIN Oi'l MIIO-

ci{oNpRiAL voLUtfE CH.ANqES

Evidence obEatned in Ehis laboraEory has indicaEed EhaE vasopressin,

oxyEocin (Lanella, L964a) and insulin (LaBelLa, L964d) can inueracc wiEh

14 to modify Ehe release of TSH. These disulfide hormonese vasopressin,

oxyEocln and insulin are capable of sEimul.aEing mlEochondriaL volume

changes¡ arrd, slnce T4 also promoEes miEochondrial volume changes, it was

considered Ehat Ehe disulfide hormones and T4 mighE inEeracE with the

result being a modificaEion of Ehe swelLing response. Fig 24 depicEs the

resulEs of such an exPerimenE. Insulin was chosen as represenEative of

the disulf ide hormones. InsuLinu 10-6t"t, induced a small degree of sweIl-

ing and T4, 2.5 x 10-6 and 5 x t0-6U promoced rapid volurne changes of

large ragniEude. Ic can be seen EhaE Ehe combinaEion of insuLin wiEh T4,

2,5 x 10-ót,t, enhanced Ehe raEe of miEochondrial sr+eIling. The curve

plaEeaued and Ehe rnximum volume changes \{ere nearLy Ehe same as Ehose

occurring in Ehe presence of T4,2.5 x LO-6M" Insulin + T4, 5 x 1O-6t't,

also lnduced swelling curves showing fasEer raEes Ehan the correspondlng

curve produced by T4, 5 x tO-6t'1. Insulin is capable of enhancing the T4-

induced miEochondrial response.

Fle 25 dtsplays Ehe results of Ehe inEeracEion of 1¿+, 5 x i.0-6!í, wich

a range of concenEraEions of vasopressln, oxyEocin and insulin. Since

these compounds are capable of reducing che Eime for Ehe mltochondria Eo

reach raximum srvel. llng, a poinE on lhe rising phase of Ehe swelling curves'
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was selec¡ed as the experlnenEal end polnE. In all lnstancesr Ehe molar

concenEraElons of vasopressln, oxytocln and lnsulln employed dId noEt by

themselves, produce swelllng over the Elme course of the experlnenEs. In

Flg25, Ehe augmentaElon of Ehe T4-lnduced swelllng ls expressed ãs per

ceng of normal and Ehe response Eo vasopressln [s a mean of 6 miEochond'

rlal prepara¡lons å the sEandard error, Eo oxyEocln 4 PreparaElonsr and Eo

insulln 5 prepara¡lons, AE Ehe hlghesE vasopressln concenEraElon, 10-5t'1,

Ehe T4 response was equlvaLenE Eo confrol, whlle ln the presence of a

range of vasopressln concenEraËlons, 10-6 - 10-9e Ehe T4-lnduced enelllng

response was enhanced. OxyEocln, on Ehe oEher hand, tncreased Ehe T4 res-

ponse aE concenEraElons of L0-5, 10-6 ana 10-7¡1, whlle Ehe response at

5 x t0-8¡l nas unchanged and aE tO-8t't was sllghEl.y below Ehe norrnal res'

ponse" Insulln dlsplayed a paElern sonewha! slmllar Eo oxyEocln. AE

Insulln concenEraElons of 10-5 an¿ 10-ót'te Ehe tresponse \ras PotenElaEedt

whereas au L0'7tl lE was nornral and aE 5 x 10-8t'l was sltghEly tnhlbiEed.

llence¡ Ehe dlsulflde hormones show. quanËtEatlve dlfferences ln Ehe modlfl-

caElon of Ehe T4-tnduced swelllng response. A poEenElaElon effecE always

occurrd rvhen Ehe spproPrl.aEe concenEraElon was selected.

The experlmenEs llsEed ln Table 7 show Ehe effecE of varlous concen-

EraElons of T4 on Ehe augmentatlon of Ehe T4-lnduced stlEochondrlal swelllng

response ln Ehe presence of dlsulflde hormones. Vasopressln and lnsulln

were used aE a consEanE concenEraEton of L0-6M" AE a concenEraEion of

¡.0-6¡,t T4o no augmenuaElon of the T4 response occurred ln Ehe presence of

insulin but had occurred wlEh vasopf€sslne these daEa lndlcaEe EhaE the

greaEes! enhancemen| of T4 acElon In Ehe presence of, insultrn was aE

2.5 x tO-61'l T4 and at 14 concenEraElon of 5 x L0-ót't ln Ehe presence of

vasopress !no
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' Table 7

EFFECÎ OF INSULIN AND VASOPRESSIN ON }'1I'TOCHONDRiAL SWELLING iNDUCED

BY VARTOUS CONCENIRATIONS OF THYROXINE

SweIllng response wiEh

d isulf ide hormone

T4 [ot] Per cenE of T4 control

10-6

2.5x10-6

5x10-6

10-5

Insulin , VasopressÍn

96 L32

270

148 180

118 97

The nedlum was 0"L25 M KC1-0.02 M Tris-HCl bufferr pH 7.t+.

TemperaEure 2OoC. MiEochondria added aE time zero. ConcenEraEions

are f lnal concenEraE ions, insul in, 10-6M, vasopress in, 1O-fo, are

consEanü. Time 6 min.
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SUI.ÍMARY

The disulfide hormopes, vasopressin, oxyEocln and lnsulln, were able

to enhance Ehe raEe of Ehe T4-induced miEochondrlal swelling response.

OxyEocin and lnsulin exhibited simllar effecEs on Ehe 14-induced sweIllng

response ln Eheir higher concenErations, 1O-5M, buE vasopressln, 1O-51'l ,

did noE modtfy Ehe T4 response. The concenEraEion of T4 appeared Eo be

lmporEanE¡ slnce Ehe concenErae:on of 2.5 and 5 x t0-6t"¡ T4 dlsplayed Ehe

gtreatesE augmenEaElon by a consEanE dlsulfide hormone concenEraElon.
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ROLE OF SULFIIYDRYL GROUPS IN THE SI.IELLING RESPONSE TO IODOCOMPOUNDS 
.

A. EffecE of NEM on T4-lnduced mltochondrlal swel1lng.

The sulfhydryl conEenE of raE llver mlEochondrla has been reporEed Eo

be B5 Eo 100 mpM per mg of proEéln (Rtley and Lehnlnger, L964) aní 37 *,'L

m¡rM of sulfhydryl groups per mg of proEel.n (t<louwen, 1962). Dlf ferent

neEhods were used by Ehese workersn whlch ¡nay accounE for Ehe discrepancy

between Ehe reporEs" Hadler eE al. (fS0O¡ sEudl.ed Ehe blndlng of

2rô-dlchlorophenoX. Eo mlEochondrlal sulfhydryt groups. In EheIr work, Ehe

reacEi.on was inhlblEed by an amounb of p-¡¡yg whlch rras ln accord nlEh Ehe

sulfhydryl conEenE reporEed by Rlley aruå Lehnlnger. These sulfhydryl

grouPs are relaEed to the normal condlÈlon of Ehe membrane, whlch maln-

Ealns a peîmeablltEy barrler. Evldence for'Ehls are Ehe observaElons EhaE

sulfhydryl reagenEs, such as Hg++o Ag+e zn++, (Dlckens and Salmony, 1956;

Tapleye 1956)e ard NEM (NeuberE and Lehnlnger, 1.962a) promoEe mitochondrlal

swel1lng. These compounds lnduce swelLlng, presumably as a consequence of

Ehelr comblruElon r¡iEh sulfhydryl groups of the mlEochondrlal nembrane,

resultlng ln a decrease of the permeablllEy barrler.

NB{ ls a less poEenE Lnducer of mlEochondrlal swelltrng Ehan T4" A

tO-5lt concenEraElon of NEM did noE produce mlEochonctrlal swei.ling, buE

Ëhls concenEration of T4 produced near rnaxlmaL swelllng Ín 5 min. OEhers

have reporEed EhaE NEM ls unable Eo block the T4-lnduced mltoehondrial

swelllng response aË a conceneracion of 10-4M of NEM (Rall S e¡. L962au

1963). l{owevere NEM9 1n chls work, I¡rhlblEed the T4-lnduced swelllng res-

ponse aE a crlEl.cal aoncenEratlon , 10-5t'to 1.ê. I concenEraElon approxi-

matlng Ehe Ehreshol.d !.eve1 of NEM-lnduced swetrl.lng. In accord wiÈh Ra[l

eE al. (tgOZar 1963), an NEM concentraElon of ¡.04¡l dld noE inhlblE T4-

Lnduced mlEochondrlal snelllng response ln Ehls experimenE, buE, by iEse1f,

prornoted swelLlng as seen tn Ftg ¡.. IE appears EhaE some of the sulfhydryl

groups of nlËochondrla, aE leas!¡ afe essenElal for Ehe mlEochondrial
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swelling induced by T4.

The NEM inhibiEion of Ehe '14-induced swelling response could be

enhanced or overcome. PreincubaEion of NEM wiEh the mlEochondria erriranced

Ehis inhibiEion. IE ls likeIy l';;¡t a greaEer amounE of NEM combines wiEh

Ehe miEochondrial sulfhydryl groups durlng Ehe Cime of preincubaEion,

Conversely" increasing Ehe T4 concenEraEion overcame Ehe inhibiEion of. T4-

induced snelling by NEM, whlch may be Ehe resul.E of Tt+ competing and pre-

venEing Ehe NEM conjugaEion wiEh cerEain sulfhydryl groups.

IE was considered possibLe thaE a direcE chemical. anEagonism might

occur beEween T4 and NEM, since NEM has been reported Eo react wiEh Ehe

amlno group of amino acids and Tl¡ is an amino acid. tlorvevero high coñcer¡-

Erations of Ehe reacEanEs are required for Ehis reaction (Benesch and

Beneschu L962). SoluE ions of a mixEure of. T4 and NEi"l were moniEored

specErophoEoneErically aE Ehe absorpEion maximum of NEM in 0.L25 M KCl -

0.02 M Tris-HCL buffer" No observable change in absorpEion occurred over

a 30 min period. In anoEher experiment, which ls lLLusEraEed in Fig 4? T¿,

and NEM were preincubated in uhe suspending media prior Eo Ehe addition oi

miEochondria. No inhibiEion of Ehe T4-induced swel-l.ing resporrse r,¡as noEed

'under 
Ehese condlEions ande also, no precipitaEe in Ehe suspending media

¡sas observed. Thus, it appears î:haE no direcE reacEion of NEM and T4

occurs in Ehe suspending medium, and anEagonism of T4 by NEM occurs at Ehe

leve1 of Ehe miEochondrion.

the addiEion of ATP Eo swollen mlEochondria causes Eheir conEraction

or¡ if added prior Eo the event of volume change, will inhibiE swelling.

NEl"l, when added to s¡rollen miEochondrlau did noE prornoEe miEochondriai.

conEracEion, which indicaEes EhaE Ehe NEþf inhibiEion of the T4 response is

noE due Eo conEracEion of miEochondria by NEIf.

The miEochondrlal svrelling response lnduced by ICN was uninfluenced

by NEM. Therefore, some properEy is noE shared by T4 and ICN in Ëhe
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lnducEion of mlEochondrial swelling. Roche eE al,. (tgíZ) had suggesEed

EhaE lodocompounds promoEe swelling as a consequence of Ehe forrnEion of

I+, which ls EransienE and reverslble. According Eo Ehis Eheoty, fot 14

Eo exerE lEs swelling-1¡¿,r"ing effectss delodlnaÊion must occur wlEh Ehe

forrnaElon of I+. Evidence indicaEes thaE T4 delodlnase cân aPparenEly

remove 12 from T4 and produces I+ ln Ehe process (GaLEon and Ingbar, 19ó1).

ICN ¡rould not requlre ühe medlaEion of an enzyme Eo produce I*. Hence,

the properEy noE shared beEween ICN and T4 nay be Ehe requiremenE of an

enzyme by T4 ln order Eo form I+, the laEEer specles Ehen exerElng Ehe

mlEochondrlal swelllng-lnducing acEion,

NEM, 10-5M, did noc display any inhibiEory lnfluence Eoward Ehe spon-

Eaneous nigochondrlal swe1ling. This is inEeresEing because Lehninger

eE al. (1959) noEed a number of simllariEies between Ehe sponEaneous and

T4-lnduced srrelllng and suggestcd EhaE T4 speeds up Ehe inErinsic miEochon-

drlal processes, resulEing in a more rapid sweLling. If spontaneous and

T4-induced mlEochondrial swel1lng are basically slmiLar, Ehen NEM musE be

actlng aE some polnt in Ehe T4-induced swelling response prior uo any

change in volume. Perhaps Ehis poinE of acElviEy nray be aE Ehe level of'

T4 delodlnase, prior Eo Ehe productlon of I+, which would hasEen Ehe oxi-

daElon of sulfhydryl groups.

In Ehe examlnaEion of other sulfhydryl reagenEs such as ägC12' p-HW'

IA and Fl4A for Ehelr abllicy Eo block Ehe T4-induced swelling' only HgCIZ

r¡as also able Eo block Ehe resp<:,ìse. Since all of Ehe examined sulfhydryl

reagenEs are capable of inducing swelling and slnce only selecEed concen-

Eraglons of NEM and HgCl2 were able Eo block Ehe T4 resPonse, lE 'appears

EhaE only a porEion of the EoEal niEochondrlal sulfhydryl grouPs may be

lnvolved In T4-induced swelIlng and blocked by selecEive concenEraElons of

NEM or HgC1Z. This could be possible since more Ehan one kind of sulf-

hydryl group are presenE in miEochondria. Riley and Lehninger (1964)
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dlf f erenElaEed Ewo cl.asses of sulfhydryl groups in micochondria whiLe

measuring sulfhydryl changes during mitochondrial sr¿e1Llng" (i) rapidty

reacting groups and (2) sI-owly reacting groups. The rapidly reacting

sulfhydryl groups represented L2/" of Ehe EoEal miEochondrial sulfhy<1ry'L

groups and reacEed wiEhin 40 sec, whereas Ehe slorsly reacEing groups

represenEed 88"/" of Ehe EoEal and required ó0 min for full reacEion. Iíore-

over, SEriEtmatuer (1959) sEudied Ehe reaction of sulfhydryl groups of

proteins r¡iEh sulfhydryl reagents and differenEiated four classes of sulf-

hydryl groups based on Eheir reactiviEies wiEh p-lìMB and NEÌ'í.

NEÞf and HgC12 lnEerfered with Ehe 14-induced miEochondrial swelling

response and Ehe inEerference may be aE Ehe leveL of. T4 deiodinase. In

conjunctlon wiEh Ehis idea, iE is worEhr¡hile to noüe Ehai SEanbury (i960)

and Tata (1960) reported EhaE p,;'rparaEions of T4 deiodinase vere inhibiEed

by ägC12 in viEro. Larsen eE a1_" (1955) observed Ehat HgCI2 inhibited Ehe

deiodinase of raE kidney slices.

One hypothesis which aEEempEs Eo explain Ehe nìanner in whi.ch T4 pro-

moEes mltochondrial sr+elling proposes thaE U-facEor is Ehe causal agenE.

The release of U-factor, a mixture of Long chain faEEy acidse fron niEo-

chondrla accompanies boEh sponEaneous and T4-induced miEochondrial sr.¡e1l-

lng. In order Eo Eest wheEher U-factor is involved wiEh Lhe iru\ibiEory

effecEs of'NEM, Ewo miEochondrial swelling agonisEs were sel.ected, C.u*,

Ehe effecEs of whlch are accompanied by a release of U-factorr and PO4o

Ehe effecEs of whlch are not. llowever, NEM was iru\ibiEory Eo both C.++-

and PO4-induced swelling. fE seems EhaE NBlf is noE acEing as a resulE of

an inEerference wiEh U-facLores reLease or effecLs. The observaEion EhaE

PO4-lnduced sweLling was interfered r¡iEh is evidence againsE Ehis. Per-

haps Ehese agonists ali have an involvemenE of sulfhydryl groups in the

swelling mechanism, 1.e. sulfhydryl groups oEher Ehan those in deiodinase.

IE ls noE unlikely EhaE NEþf r¿oui,d have several siEes of acEion aE n'hich



1.0B

iE might influence miEochondrial vol.urne changes. FurEhermore, Ehe

addiElon of NEM Eo svrollen miEochondria vrill block Ehe ATP-induced mico-

chondrial contract ion (Rali. eE gL. L962a, L963 ). Consequentiy, llEM is

somewhat unique, since only a few subsEances, such as oilgmycin,{, azì.de

and aEracEylaEe, inhiblE boEh swelling and conEracEion of miEochondria.

These laEEer compounds are inhibiEors of oxidaEíve phosphorylaEion and, as

a resu1E of Ehe overt differences in Uheir inhibiÉion of sweLling anci con-

Eraclion, Lehninger (tgOZa) suggesEed thaE aE J.easE a porgion of Che oxi-

daEive phosphorylaEion mechanism is necessary for conEracEion, but perhaps

noE Ehe same porLlon involved in swel.Ling. Thus, Ehe possibiiity Ehat a

compound may acE aE more than one siEe in Ehe miEochondrial sç¡elling-

contracEion mechanism exisEs. FinaLly, Lehninger and Schneider (1959) itad

rePorEed that a combinaEion of GSH and T4 produced a smaller response Chan

eiEher compound by iEself. They suggesEed EhaE Ehese agonisEs ûÞy share

common sulfhydryl groups ln Eheir respective paEhways for exerEing uheir

sr¡eI1ing- induc ing ef f ecEs .

B. InEeracEion of iodocompounds and sulfhydryL reagenEs.

FMA is an agonisE of mitochondrial sr¿eL1ing, with a poEency approxi-

maEing thaE of HgC12" Its abil.iEy Co promote swelLing is apparenEly due

to Ëhe prese$ce of Hg++ groups in Ehe moLeculeo since fluorescein, iEselfo

does noE cause miEochondrial srve.lling. CN: is able Eo inhibiE the FM.{-

induced swelling. This probabiv refLects a requiremenE for some respira-

Eory chain acEiviEy. Thus, Ehe i:ff ects of FN{A on mitochondrial volume

appear Eo be basicaLly similar Eo Ehose of certain oEher sulfhydryl re-

agenEs.

the FMA molecule is highLy fluorescenE

hydryl groups, iEs fluorescence is quenched

fluorescence was quenched proporEionally Eo

and when iE reacEs r+iEh sulf -

(Karush eE a1. 1964). 'IEs

the concenEraE ion of
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migochondria in Ehese experimenEs. This quenching eifecE is probably due

to its comblnaEton wiEh sui.f hydryl groups of miEochondria via Ehe Åg*o.

The fluorescence of fluorescein, which cloes noE have Ehe Hg++ groups, is

noE quenched by miEochondria. lio.¿ever, a comparlson of Ehe Eime course of

the curve of FNÍA-induced miEochondrial swelling and iEs quenching of iEs

fluorescence reveaLed EhaE Ehe changes in fLuorescence precede the changes

in volume. Fl'14 is apparenEly reacEing wlEh Ehe sulf hydryL groups bef ore

Ehe miEochondrlal volume changes are iniEiaEed.

IE was observed Ehat T¿+ enhanced boCh Ehe miEochondrlal swelling

lnduced by FlfA, as well as the quenchlng of f luorescence of FI,ÍA by miEo-

chondria. the lncrease ln miEochondriaL swelling may be due to cwo

agonists acElng in the same direction, wich Ehe resulE EhaE sr¿elling is

enhanced. The enhâncemenE of the quenching of Ehe fluorescence of Fllå nray

be Ehe resulE of (a) increaseci reactiviEy of sulfhydryl groups in Ehe

presence of. T4, and (b) a greaEer exposure of suLfhydryl groups in che

course of swelling. In Ehis work" a more rapid rate of quenching of Ehe

fLuorescence of Fl'14 was noted wir:h swollen miEochondria Ehan r¡iEh unswoll-

en, which may be the result of exposure of an increased number of suif

hydryl groups aE Che surface, On the oEher hand, ICN v¡as exEremely potenc

in enhancing Ehe FlfA-induced miEochondrial swelLlng buE, aE Ehe same timeo

ICN inhibiEed the quenching of Ehe fLuorescence of FMA by miEochondria.

The blocking of quenching in Ehe presence of ICN may be the resulE of the

formation of CN- from ICN, since Ehe addiEion of CN-, iEseLf e \,ras able Eo

block Ehe quenching. ICN is probably spliE tnto i+ and CN- in the Presence

of miEochondria. ICN, when lncu-t¡aEed by iEself wiEh Fl"lAe did noE quench

iEs fluorescgnce.

In Ehe experimenls compalirr¡5 the effec! of CN-, 5 x t0-6n, anci ICN'

5 x t0-6t"t, on Ehe miEochondrial swell.ing induceC by FlfA and Ehe fluores-

cence of Fl.,lA¡ CN- was noE as effecEive as ICN ln prevenEing the quenching
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of FMArs fluorescence by miEochondria. Perhaps Ehis may be due Eo some

CN- associaEing wlCh Hg++ prior Eo Ehe addiEion of miEochondria" Ehus

ùLreducing Ehe amounE of llg" available for reacEing wiEh micochondrial

sulf hydryl groups. IÈ r^ras reporr:ed by Rall eE al, (1963) EhaE ICN rernains

nearly undissoclaEed ln aqueous rnedia for hours buE Ehe addlEion of miEo-

chondria to Ehe suspension caused a rapid breakdown of Ehe ICN moLecule.

Rall eE aI. (1963)¡ reported that I131cN "n¿ ï2L3L in Ehe presence of

mitochondria released I-131 lrrfo the suspending medium and EhaE L t.o 3% oi

Ehe I-131 released from Ehe parenE molecuLe was assoclaEed ¡¿ith Ehe miEo-

chondria cenErifuged from suspension.

The lnf luence of T4e ICN, 12 and I- on Fl"lA-induced miEochondrial

sr¿el1ing was qualiEaElvely similar. Each of Ehese compounds potentiaEed

Ehe effecEs of FMAe 5 x 1O-6Mu a,:'2OaC. Their capaciEy go enhance Ehe FÌ,íA-

induced snelling did noE paralle| Eheir own capaciEy Eo induce sweiling.

The order of poEency f or inducing mitochondrial swelling is I2r ICI{, T4

and I-, while Ehe order for enhancing FMA-induced sleillng is iZ, ICN, I-

and T4. IE may be that Ehe presence of a form of 12 mighE be responsible

for Ehis enhancemenE of FMA-induced swei.ling" possibly Ehe formaEion of

Ir. 12 can oxidlze sulfhydryl groups and this may resui.E in an increase

ln Ehe reacEiviEy of miEochondrial sulfhydryl grouPsu thus producing a

more rapid,.,raEe of Fl,4A reaction. Thus, Ehe evidence indicates Ehat sulf -

hydryl groups of micochondria nay have a role in Ehe swelling induced by

iodocompoundso in addiEion to Eheir previousLy suggesüed role in main-

Eaining Ehe inEegriEy of Ehe miEochondrial membrane"

AE OoC, Ehe swelling response Eo Fl'fAr 5 x L0-6M, was slowed. This

reduct ion in raEe could be expected s ince decreases in EemperaEure are

knor¿n Eo reduce the miEochondrial swelling responses (Lehninger, 1959a)"

'T?', ICN, and I-, in EhaE order, poEenEiated Ehe Fì"fA response aE OoC, buE

T4 was lneffecEive.
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IE rnay be EhaE aE OoC, T4 deiodinase is noE functtonlng or is

funcEloning aE a 1o¡¡ order of activiEy. Under condlEions whlch T4 delodl-

nase nay be lnacElve, 1.e.OoC, T4 is noE able to poEenEiaEe, whereas 12

and ICN ean poEenElaEe FMA-lnduced miEochondrial swelllng slnce tshey would

not require Ehe enzymaEic formaElon of an acEive specles.

12 and ICN, buE noE T4 and I-, enhanced Ehe mlEochondrlal swelling by

NEM. The poEenEiaElon of Fl'fA-lnduced swelllng by 12 and ICN was greaEer

Ehan Ehelr poEenEiaEion of NEM-induced rniEochondrial swelling. Thls could

be a reflecElon of an order of sensiEiviEy of Ehe sulfhydryl groups assoc-

laEed wlEh Ehe swelllng induced by reagenEs whlch reacE wlEh sulfhydryl

groups. Fl4A and tigCl2 are reagenEs, whose poEency at inducing mlEochond-

rlal swelling is conslderably greaEer Ehan NEM. Fl,lA and HgCL2 had a miEo-

chondrlal swelllng Ehreshold level of 10-7 and 5 x 10-8¡'tr respecElvely¡

and for NEM Ehe level ¡vas 10-5M.

EFFECÎ OF PROPYLTHIOURACIL ON MI'IOCHONDRIAL VOLUME AND TITYROXINE-INDUCED

MITqCHONpR IAL SI,¡ELLING

The presenE work indlcaEes thaE PIU lnduces rapld ar¡d exEensiver buE

noE lrreversIble¡ mitochondrial sr¡elLing, Rapld swelllng was promoEed by

a PTU concenEraElon of 10-4. the fact thaE CN- lnhibiEed PtU-induced

swelllng suggesEs ihaE Ehe effect of Ehe former ma'y be due Eo Ehe inhibl-

Elon of Ehe resplratory chaln. FurEhermore, DNP was able Eo parEially

block Ehe effecE of PIU on miEoc:'.':ndrlal sr¡elling, which indlcaEes EhaE

Pf U possesses d if f erenE charact c ¡;' í.st ics in lts inducE lon of swell ing Ehan

GSll. DNP was noE able Eo lnhlbiE the GSH-induced miEochondrial swelling

(HunEer eE al. 1959), buE does block s¡¿e1ling by T4 (Tapley, 1956).

MlEochondrlal swelllng ls lnduced by a number of specific agenEs, of

r¡hlch Ehe Ehlols and dlsulf ides f orm dlstincE groups (NeuberE and

Lehnlnger, I962b>. PTU is a sulfur conEatnlng compound buE apparenrly
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does noE exhibiE all of Ehe characterisEics of thiols. The Ehlol and di-

sulf ide eff ecEs on mitochondria depend on Eheir concen'craEion and sEruct-

ure. NeuberE and Lehnlnger (1962b) suggesEs EhaC Ehiols, as ç¡ell as di-

sulfldes reacE wiEh [specific, sErucEure-conErolling sulfhydryl or disulf-

ide groups, or boEh, In criEical porEions of Ehe miEochondriai. membrane".

They furEher suggesEed thaE miEochondrial sweLllng takes place r¡hen free

sulfhydryi. groups are oxidized, substiEuled" or when cerEain disulf ide

groups are reduceil . Lor¡ concenErations of GSH and GSSG, r¿hich cio noE

cause sr¡el1lng by Ehemselvese are poEenE mitochondrial swelling-inducing

agenEs when combined, presumably by interacting wiEh miEochondrial sui.f -

hydryl and disulflde groups.

The PIU-induced miEochonclrial sr,¡eLIing was reversed by a corabinaEion

of ATP o MB** * serum albumin. This facE poinEs out anoEher difference

beEween PTU- and GSil-induced sweiling" The GSH-induced svrelling requires

ATP + Mgoo n serum albumin + C-facEor. Therefore, HU does noE apparently

cause a loss of C-facEor from miEochondria ore if such a loss occurs, iE

is probably nog exEensive.

Ihe inhtblEion of the T4-induced miEochondrial sv¡eli.ing response of

miEochondria lsolaEed from raEs which received PIU may be due Eo an inhib-

iEion of 14 deiodinase" The deiodinaEion of Ehyroid hormones, as determin-

ed by Ehe amounE of inorganic I- liberated via a T4 deiodinase, has'oeen

demonsEraEed Eo be a major paEhway in Che metabolism of the Eiryroid hor-

mones (PiEE-Rivers and laEa, 1959). This enzyme had wicie disEribuEion in

Ehe body (Stanbury, 1960) and incracellular sEudies on Ehe locaLization of

deiodinase have led Eo reporEs i"l':ich localize acEiviLy in miEochondria

(Yannzaki and S1 ingerLand , 1959; :iamamoEo et al . 1960; \{olf f , 1"960; Numez

et al" 1964). FurEhermoreo Ehe Siryroid sEate inf luences deiodinase

acEiviEy. Larson eE a1. (1955) dernonstraEed EhaE tissue deiodinaEing

activiEy was sensiEive Eo Ehyroid funcEion and had reporËed EhaE kidney
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slices from rats rnade hyperEhyroid by cold exposure or Ehe f eedin,¿ of.

desiccaEed Ehyroid had an elevaEed deiodinase acEivity, and Ehose fror¡

hypoEhyroid racs had a lower acElviEy Ehan normal. Ingbar and Freinkei

(fgSS) reporEed similar effects in man. TaEa (1960) observed Ehac T4.

deiodinase activiCy was less Ehan normal in Ehe hypoEhyrold sEaEe.

Perlpheral deiodinaEion of Ehyroid hormones has been reporEed Eo be

inhibiEed by Ehiouracil derlvaE i.ves includ ing PTU (Hogness et al.. 7914,;

Van Arsdel and t¿IiLllanrs, 1956; Jagiello and McKenzleo L960; Jones and Van

lflddlesworEh, 1960; Escobar del R.ey and Morreale de Escobar, 1961 1 Vart

MiddlesworEh and Jones, 1961; Ilraverman and Ingbare L962). In Ehese

studies the experlmenEal animaLs were Created wiEh perchi.oraCe Eo prevenE

the cycling of I- or were EhyroidecEomized, and a decrease in urinary I-

excreEion was taken Eo be a reflecEion of deiodinase tnhibiEion. Inhibi-

tlon, in viEro, of deiodinase b]t PIU has also been reporEed (Bravern'ran ar.ci

Ingbaro 1961). Moreover, the reduced miEochondrlal sweLLing wich T4 ob-

served in miEochondria isolaEed from PTU EreaEed raEs is noE due Eo hypo-

Ehyroidism since, in Ehe acuEe siEuaEiono sufficienE Eime has noE elapsed

for a hypothyroid sEaEe Eo develop. After adminisEering a singi.e dose oí

PTU, Ehe inhibluion lras maxirnal in 3 hr and reEurned Eo near nornal i.evel.s

in 24 hr. This is in accord wiEh Ehe metabolism of PTU" IC is rapidly

meEabollzed and in2l+ hr Ehe amounE of drug remaining in the raE is only

25% of Ehe adminisEered ¿ose (VliLl.iams and l(ay, L947)"

The adminisEraEion of HtU Eo raEs chronically also produced an ir,hib-

iEion of Ehe T4-induced miEochondrial sweLLing response" i{owevere the

inhlbiEion of Ehe T4-induced miEochondrial s¡¡eILing response was of Ehe

same order of nragniEude as afEer a single PTU dose. these resulLs are

somewhat analogous Eo Ehose of Larson eE aI. (1955). These authors had

reporEed EhaE Ehiouracil adminisEered Eo raEs for four vreeks inhibiEed 14

deiodinase acEiviEy to Lhe same exEenE as Ehyroidectomy. They aLso
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observed thaE T4 deiodlnase acEiviEy was inhibiEed af ter f our ð,ays of.

Ehiouracil EreaEmenE, thus suggesEing a dlrecE effecE on the enzyne and in

viEro addiEion of Ehiouracil inhibiEed Ehe enzyme. These resulcs are akin

Eo Ehe observations of SEasilli eL at. (ISOO¡ EhaE lhiouracil is capable

of inEerfering wiEh Ehe caloriger-ric acEion of T4 as deEermined by Ehe raEe

of oxygen consumpEion of Ehe whoi.e animal. The raEs receiving thiouracil

required Een Eimes Ehe dose of T4 Eo give equivalenC calorigenesis.

ExperlmenEs were performed Lo determine wheEher PTU wouLd block Ehe

T4-induced swellÍng response vrhen boEh agenEs were addeci Eo isolaEed miEo-

chondria, No blocklng effecE could be deEecCed with a wide range of F'fU

concenEr¿¡Eions. However:, PTU, itself , aE 10-41'l of higher, pronoted miEo-

chondrial swelling.

PresunnblY, HU is acEing cii an enzyme in or on Ehe miEochondrial

membrane Eo modify Ehe T4 effectt r,;e as ¡¡e1i as on Ehe membrane iEseLf Eo

modify Ehe permeabiliEy barrler of Ehe mitochondria. OEher evidence

obEained in chis laboratsory (Lanellao L964c) in¿icates EhaE PTU may have a

direcE effecE on anEerior pituiEary Eisst¡e Eo release Ehe Ehyroid sEimulaE-

ing hormone. This lndicaEes ËhaE PTU possesses a stimuLaEory effeqL on

piEuiEary, in addiEion Eo iEs inhlbiEory effecE on deiodinase. This is

noE meanE Eo lmply Ehat in both insËances Ehe mechanism oi acE ion is Ehe

same buE Ehe simiLariEy of effecEs indicaEes Ehe usefuLness of Ehe niËo-

chondrion as an experimenEal membrane modeL.

AfEer adminisEraEion Eo Ehe raEs, PIU ¡¿as noE able to inhibiE Ehe

miEochondrial sr¡elling induced by ICI¡ an¿ 12 buE iE did inhibiE Ehe res-

Ponse Eo T4 and T3. This can be consErued as evidence supporE ing the con-

cepE EhaE T4 deiodinase can play a parE in T4-induced miEochondrial sr^'elL-

ing since ICN and 12 would noE require deiodinase acEiviEy Eo give rise Eo

I+ which couLd be responsible for Ehe mlEochondrial swelling acuion of Ehe

iodocompounds.
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SWELLING STUDIES ON MTTOCI]OI'IDIìIA ISOLA'IED FROM TI.{YROIDECÎOMIZDD RATS

Hypoehyroidlsm, ln animals, is assoclaEed r¡iEh a marked reducCion in

Ehe basal metabolism raEe and in young anirnals wiEh a reducEion in boEh

growEh raEe and maxirm¡m. There is also a decreased funcCion of organ'

sysEems, as well. as menEal and physical sluggishness. This decreased

acEIviEy is also evldenE aE Ehe subceli.ular level. MiEochondria isolated

from a hypoEhyroid raE are more ;'esisEant Eo swelling Ehan those isolaEed

from a normal raE, while those isolaEed from a hyperEhyroid raE sr¿el.l more

readily Ehan normal (Aebi and Abelin, L953; Tapi.ey, 1956). FurEhermore?

Tap1ey (1SSO¡ and Tap1ey and Cooper (1OSO¡ demonseraeed EhaE miEochondria

isoLaEed from a hypoChyroid raE were less sensltive Eo swelling-inducing

agenEs such as T4, Ag+, Ca** and succinace chan normal. TaEa eE aL. (1963)

also found Ehls reduced sensiEiviEy Eo swelling-inducing agenEs in isolaEed

miEochondria of hypoEhyroid raEso as well as Eo hypo-osmolariEy"

ThyroidecEomy Leads Eo a reducEion in sensiEiviEy Eo some agonisEs

buÈ noE all, T4 and TE exhiblEed a reduced effect on the swelling of miEo-

chondrla isolaEed from a EhyroidecEomized raE, whereas T2, I-u 12 and iCi'{

dld noE. Thus, iE seems EhaE Ehe capabiliEy of Ehe swe1Ling mechanism(s)u

per se, is noE fiBrkedly influenced; however, some step may be involved

prior Eo Ehe actlon of 14 and T3 on Ehe sweLling mechanism" which is

lnhibiEed by ehyroldecEomy. This nny refLect Eite necessiEy Ehat T4 and T3

undergo a moLecuLar Eransformation before Ehey are able Eo exerE Eheir

full acEiviEy, and Ehe slte of Ehis effecE may be T4 deiodinase. Thyroid-

ecEomy did not reduce Ehe T2-induced srveLLing" Since Ehe 12 on the lodo-

Ehyronine inner ring is less Labi].e Ehan on Ehe phenolic ring (Roche eE

åL. 1952) and since a low degree of swelling was observed" this r.ny be due

Eo a direct effect of, T2 raEher Ehan cleiodinaEion, In Ehis work, the

response Eo Ca++ ancl PO4 but noE Eo FrrlA and n-buEyl 3r5-diiodoJ+-hydroxy-

benzoaEe was reduced by Ehyroideclomy, Thus, lE appears Ehat
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EhyroidecEomy does noE reduce Ehe swelllng response to all agonlsEs.

12 and ICN did noE display a reducElon ln poEency in promoEfng swell-

lng of mlEochondria isolaEed from a hypoEhyroid raE, whereas T4 dld. Con-

sequenEly, these resulEs are ln accord wlEh the concept EhaE Ehe It nay be

responsible for Ehe hormonal effecEs and EhaE delodinase activlEy ls

associaEed wlEh Ehe effecEs of T4.

On Ehe oEher hand, alEhough a delodlnase nray be necessary for Tl+ Eo

exerE its effectso Ehere ls the possiblliEy thaE It may be bypassed ln the

presence of high concenEraElons of T4. TaEa (L964) considers ttraE T4 can

acE on dlfferent recepEor sltes. AE low or physiologlcal concenErations,

T4 acEs at physiological recepEor siEes, buE ln high concenEraEions aE

addlElonal exEraphyslologlcal recepEor slEes. He suggesEs thaE Ehls Eype

of response could resulE from saEuraEion of serum binding siEes¡ Ehus per-

mlEEing Ehe rnore rapid enEry of Ehe Ehyroid hormone Eo the exEraphyslolog-

ical siEes. FurEhermore, Ehe siEes reached in Ehe presence of high concen-

EraEions of hormones måy be differenE from Ehe siEes normally reached. An

example is thaE Ehe adminisEraEion of low doses of, T4 produces a hyper-

thyroid-like sEaEe afEer a lag period of, L2 Eo 18 daysr buE high doses of

T4 produces Ehe hyperEhyrotd-like sEate wiEhouE such a lag phase. 14 may

have an lndlrecE and a direcE acEion.

INIERACIION OF TI{YROXINE WTTH VASOPR.ESSIN OXrfOCIN AND INSULiN ON MIIO-

a

Experlmental evldence obEalned in Ehese sEudies demonsEraEed Ehat T4

ar¡d Ehe dlsulf lde hormones, vasopressinr oxyEocln and insullnn are capable

of inEeracEing to modify Ehe T4-lnduced swelling response. In aEEernpEing

Eo esEabllsh an experlmenEal basis for Ehis inEeracEionu several possibil-

iEles were examined, T4 avidly binds Eo mitochondrla (Klemperer, 1955;

Tapley and Basso, 1959) and lE has been suggesEed thaE bindlng of T4 Eo
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miEochondria nuy be necessary before swel.Ling is induced (Tapicy and Basso,

1959), buE TaEa (L96t+> suggesEs thaE Ehe sErong binding sites rnay no6 be

concerned in s¡¿elling and Ehelr saEuraEion is respon.sibi-e for Che hí.éh'11,.

concenEracions necessary Eo lnduce srvelling, The possibilicy EhaE miEo-

chondrial binding of T4 might be alEered was invesEigaEed in Ehis v¡ork.

llowever, no observable differences from conErols were noeed. If specific

siEes on Ehe miEochondrial membí,,n€ ârê associaEed wich T/+ acCiviEyu any

local alEeraEion mighE be small and masked by the Large amounE of T4 bound

Eo miEochondria. In addition, Ehe Eime course of Ehese experimenEs r¿as

shorEr 6-8 min, and no deiodinaEion could be deEecEed in Ehe incubacion

mlxEure.

Whlle Ehe basls of the enhancemenE of T4-induced sv¡elling by disulfide

hormones has noE been esEablished, several possibii.iEies exisE. tsoCh 'f4

(Klemperer, 1955; Tapley, 1956; Lehnlnger eE al. 1959; Nlattey and Green,

1963) and Ehe disulfide hormones (Leaf e 7952; Lehnlnger and Neubert, 1961)

have been shown Eo acE on membrane sysEems to increase Ehe Eransference oi

waEer. Since T4 and Ehe disulfide hormones independenEl.y promoEe mico-

chondrial swelling and boEh appear Co be capable of infl.uencing sulihydryl

groupsr Ehis may be Ehe level of Eheir lnEeracEion. MiEochondrial suLf-

hydryl groups have been subdivided inEo Ewo classes based on Eheir

reacEiviEy.in Ehe course of swelling (Riley and Lehninger, 19ó4). iinder

Ehe influence of vasopressin, Ehe number of mitochondrial sulfhydryl

groups were reduced (Riley and Lehninger e L964) buc T4 had no effecE.

Moreover, Ehe lnEeracEion of disuLfide compounds r¿iEh sulfhydryl groups is

well known (Boyer, 1959; Jensen" 1959) and a sulfhydryL-disuLfide inter-

change has been lnvoked Eo explaln Ehe sr¡el1ing produced by ihe combin-

aEion of subthreshold concentraEions of GSH and GSSG (NeuberE and

Lehnlnger, L962b) and GSH and Ehe disulfide hormonese vasopressin,

oxyEocin and insulin (Lehninger and Neubert, 19ó1). the tiEeraEure
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relaEing Eo Ehe influence of,'14 on sulfhydryl groups is sparse. Lehnin6er

and Schneider (1959) rep.orEed EhaE a combinaEion of T4 and GSil produced a

small.er response than each compound by itself. iE has been reported EbaE

the suLfhydryl groups of liver proEeins are reduced in number (ColAshuein

and GoEovEzeva, 1958) in T4 ËreaEed raEs and rabbits, and a possibLe T4

proEecEion of sulfhydryl groups of succinic dehydrogenase in vicro has

been proposed (Kripke and Bever, 1956). In the presenE work, NEM and i.gCL2

decreased T4-induced miEochondrial swel1ing, and Ehe miEochondrial swelling

lnduced by Fì44 and NEM !,ras poEenE iaEed by iodocompounds. 'Ihus iE is

possible thaE Ehese agonlsEs, Ëhe disulfide hormones and 14, mighE be

inEeracElng via Ehe miEochondrial sulfhydryl groups,

In sEudying Ehis inEeracEion, T/+ \,ras uEii.ized in a consEant concen-

traEion and concenEraüions of Ehe disui.f ide hormones were varied from l-O-9

ço t0-5¡¿. These disulfide conccnEraEions are high relaEive Ëo Ehe effecc-

ive concentraEions employed in oEher syscems¡ e.g. t0-11¡t vasopressin wili

release ÎSH, in viLro (Laßelj.a" L964a)e and Èoad bLadder is also sensitive

to low vasopressin concenErations (Leaf e L962)" AlEhough Ehe concentra-

Eions are high, Ehis facE does nou'necessarily deEracE frorn Ehe use of Ehe

mlEochondrion as a model membrane sysEem.

The inEeracElon beE¡¿een T4 and disulfide hormones appears Eo be bi-

phasic. Ihe highesE concenEraEion of vasopressin uEilized was I0-5M and

iE did noE enhance Ehe 14-induced s¡¿eIIing, whereas lower concentracions

Ì,rere sËimulaEory. On Ehe oEher hand, insulin and. oxyEocin augmenEed Ehe

T4 effecE aE Ehe highest concenLraEion buE were noc so effective as vêso-

pressin in Ëhe Lower concenEraEi.ons" IE may be thaE Ehis is Ehe resu1E of

changes in T4 deiodinase activ'.,,¡e since iE is knor.¡n EhaE Ehe T4 deiodi-

nase acEivity can be inf luencecl 'oy subsEances capable of reacting with

sulfhydryl groups. A similar biphasic effecE was obEained in anoEher

experimenEal siEuaEion. LaBella (fO0aU¡ reported thaE the highesE
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vasopressln concenEraüions uEilized were inhibiEory Eo Ehe release of TSi-i

and Ehe lower ones sElmul.aEory. On Ehe oEher hand, oxytocin and insulin

¡¡ere sEimulaEory Eo TSH release i.n high concenEraEions and noE as effecE-

ive in lower. Such sEriking similariEy beEween dtfferenE sysEems does noE

necessarily mean Ehey can be inEerpreEed in a like manner, buc iE does re-

lnforce tshe concepE EhaE Ehe miEochondria are a good model membrane sysEem.

T4 and vasopressin have also been reporEed Eo inEeracc co increase the

Eransf er of rdaEer across Ehe Eoad skin (Marusic and TorreEEl, Lg'ù4). Cash

eE al. (1964, 1966) reporEed EhaE small amounEs of metal ions, such as

Ca++ and Zn**, r¡ere able Eo poEenEiaEe the T4-induced swelling, buE Ehis

poüenEiaEion was not evidenE unËiL 30 min. In Ehe presenE exPerimenEs,

Ehe experimenEal Eime inEerval is less than 10 min. FurEhermore, Ehe rnod-

ification of Ehe T4 response by -ire disuLfide hormones appeared Eo be bi-

phasic. Cash gq 4. also reported thaE ashed preparaEions of vasopressin

reEain €he abi.lity Eo promote miEochondrÍal swelling. This is probably nou

a problen ln Ëhese experimenËs since swel-ling due Eo disulfide hormones

alone did noE occur aE Ehe concencraEion employed.
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A. SUÙftfARY OF EXPERI!ÍENIS \,.IITH I'I-ETHYL}IALEII'f IDE

1. NEM, 1O-)M, which approximaced Ehe Ehreshold leveL Lor NEM-induced

swe1ling, inhibited Ehe T4-induced swelling.
R2. NEM, 10-rM, by iEself, \{as wiEhouE influence on Ehe sponEaneous

mltochondrlaL volume changes.

3. PreincubaEion of miEochondria wlEh NEM, 1O-5M, enhanceci Ehe inhibi-

tion of T4-induced swelLing.

4. Increases in Ehe concenEra'rion of T4 progressivel.y reduced Ehe

lnhlbiEion by NEM.

5. NEM was rriEhouE influence on Ehe ICN-induced rnitochondrial swelling

resPonse.

6. NEM and HgC12 in Eheir Ehreshold swelling concenEration had inhibited

Ehe T4-induced sr¡elLing response.

7. C"+*- and PO4-induced s¡velling was also inhibiEed by NEl"f , tO-5¡t,

B. CONCLUSiON FROM EXP.ERIMENIS \']iTH N.EIHYLI'1ALEII'IIDE

NBM is probably acEing at'che l-eveL of suLfhydryl groups of miEo-

chondrla. The effecEs of NEi\l ,rn T4-induced sweLling may be Ehe resulE

of an inEerference wiEh T4 deiodinase and I+ tn"y be responsibLe for Ehe

swelling effecË of T4 and ICN.

C. SUMV{,ARY OF EXPERIMENTS WITH FLUORESCEIN MERCURTC ACE'TATE

8. FN1A promoEed mltochondrlal sr.relling and lEs f luorescence was quenched

by miEochondrla"

9. The quenching was rapid and preceded the mitochondrial volume

changes.

10" In Ehe absence of miEochondrla, T4 and ICN did noE quench Ehe iLuor-

escence of FMA, buE 12 and I- did.

, 11. In ehe presence of micochondria, T4 enhanced and ICN inhibited Ehe

quenchlng of FN4Ars f luorescence by miEochondria.
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L2, Fl'lA-induced mitochonclrial s\{elling, aE zOoC) was poEenEiaEed by 'f2r

ICN, I- and T4, in Ehac decreasing order of poEency.

l-3. AE OoC, IZ, ICN and I- poEenEiaEed FÞfA-induced miEochondrial swell-

ing, buE T4 dld noE.

14. NEì'l-induced mlEochondrial swelling was also poEenEiaEed by ICN and

12, buE noE by T4 or f-.

D. CONCLUSIONS FROM EXPEIìITÍENTS I.JITH FLUOIì[SCEIN ì"lqRCII-RIC- çETA'TE

FMA probably promoEes miLochondrial swelling as a consequence of

iEs reacEion wlEh sulfhydryl groups. The inhiblEion by ICN of Ehe

quenching of FMArs fluorescence nray in parE be due Eo Ehe release of CN-

from Ehe ICN molecule. ïE was aLso concluded thaE the FMA-induced niEo-

' 'chondrial swelling poEenEiaEed by T4, ICN, 12 and I- and NEM-induced

swelling poEentiaEed by ICN an,J I2r nny be Ehe result of an increase in

Ehe reacEiviEy of Ehe sulfhydryl gfoups of Ehe mitochondrlal membrane by

iodocompounds.

Eo SI$VAR.Y OF EXPERIMENIS WITH PROPYLTHIOURACIL

15. PIU promoEed miEochondrlal swelling, and iE was inhibiEed by Ci\- and

DNP.

16" The addiEion of ATP reversed Ehe PIU-induced swelling"

L7. MlEochondria isolaEed from a HIU EreaEed raE disPlayed a reduceci

sr+elling response Eo T4, which was maximum in 3 hr.

18, Chronic adminisEraËion of PtU also reduced Ëhe resPonse Eo T4'ouE

thls was simllar Eo EhaE response obLained afEer a single PIU adminisE-

rat ion.

L9. The miEochondrial swelling response Eo T4 and T3 was reduced in

miEochondria lsolaEed from a PTU EreaEed raE, but noE Eo ICN or 12.
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F . CONCLUS IONS FROM EXPER II'IENIS_ l.l ITi{ PII.oPYL'ttl iOURAC iL

PTU nny be incerfering wiEh Ehe T4-lnduced'swelIl,ng by inhibiEing

T4 delodinase but si*ifur in v'i.tro ef f ects were not demonsEraEed"

G. SUIÍ,VAR.Y OF EXPERIMENTS I/¡I ii- IYROIDEC'|OI'ÍY

20. ThyroidecEomy reduced Ehe response Eo'14 and'[3, buc noE Eo'12,

ICNI 12 and I-.

H " CONCLUSIONS FROI"I EXPERII',IENTS WTlH TI{YROIDIiC'f O}fY

These effecEs may be Ehe resulE of a reduced T4 deiodinase acEivity

in thyroldecEomlzed rats.

I. SUI'ßÍARY OF ÐXPERIMENIS WITII DISULFIDE HORÌ',ÍONES

2L. the disulflde hormones, vasopressin, oxyEocin and insulin, in con-

cenEraEions rvhlch did noE promoEe miEochondrial voLume changes over Ehe

experlmenEal Elme course, modified Ehe 14-induced miEochondrial swelling

resPonse e

22. Oxytocln and insulin exhibiEed a similar paEEern of effecEs buc

vasopress in was acE ive aE lower concenEraE ions.

23. Ihe concentraEion of T4 appeared Eo be of importance, since the aug-

menEaEion of Ehe response in the presence of T4 r.ras opEinal ae

2.5 x lo:ut.

J" CONCLUSIONS FROM EXPERÏ!ÍENIS Wlli{ DISULFiDE I{ORMOI'{ES

This inEeracEion beEween T4 and Ehe disulfide hormones is probably

occuffing aE Ehe level of Ehe rniEochondrial sulf hydryl groups.

K. OVERALL CONCLUSIONS

The resulEs of this Ehesis indicaEe EhaE Ehe miEochondrial sulf-

hydryl groups are criEical in uhe sweLling mechanism of T4-induced

swelllng. Since T4, buE noE lCN-induced swelLing, is lnhibiEed by NÐM,
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PTU admi.nisEraElon and EhyroidecEomy, iE is concluded Ehat TL. de iodinase

acElviEy ls involved in Ehe course of. Tí-induced svrelling and EhaE Ehe

EransienEly formed I+ mìgnc be responsible for exerEing Ehe swell.lng-

producing effecEs.
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