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Tritium exchange in biological studies. \\'hene•er tritium-labelled water is employed as a 
test solute or tracer in biological systems, an appreciable exchange between tritium and labile hydro
gen atoms occurs that frequently affects the nature and interpretation of experimenul results. The 
studies ·reported here are concerned with the magnitude of the effect that tritium exchange introduces 
into measurements of total body water and water metabolism in animals and humans. Direct measure· 
ments of exchange were made in rats, guinea pigs, pigeons, and rabbits. Tritium-lal>elkd water 
was administered intra,·enously or by mouth, and tritium space and tu mover determined from the 
concentration of tritium in blood. The animals were then de>iccated to constant weight in vamo. 
The specific activity of water collected periodically during desiccation increased by 50% as a result 
of isotope effects. '\('ater from combustion of dried rabbit tissues contained about 2° 0 of the tritium 
originally given to the animal. Adipnse tis;,ue alone contained little or no exchange tritium. The 
dried tissues of the other animals were rehydrated with inactive water and the appearance of tritium 
in the water observed. The specific activity of the water increased in exponential fashion, i.e., 1-exp. 
(kt), with about 90~~ of exchange occurring with a half-time of 1 h, and the remaining 10% with a 
half-time of 10 h. The trital tritium extracted accounted for 1.5 to 3.5% of the d 0:>se given to the animal, 
which agrees with the difference between the tritium space and total body water determined by 
desiccation. 

An indirect estimate of exchange in humans was deri \'Cd from concurrent mcc'5urements of 
tritium and antipyrene spaces. The average difference of abrJut 2~~ in water volume agrees with 
the direct estimates of exchanges in animals. 

It is evident that tritium space should be reduced by about 2° 0 to identify it with total body 
water. The magnitude and relatively slow rate of exchange may also influence the interpretation 
of metabolic studies with tritium. 

Echanges de tritium clans !es systemes biologiques. Lorsqu'on utilise de l'eau tritite c«•mnk 
solutt ou co1nn1e indicateur d-.ins ks systt:mes biologiqucs, il se prr iduit entrc le tritiurn ct k·s atomes 
labiles de l'hydrogene un echangc appr~ciable qui influc souvent sur la nature et l'int~rpr.OtArion 
des resultats de !'experience. Les c'rnd.:s present<'.:es ici concemcnt l'ampkur des ctkts de ccs echanges 
sur la mesure de la nnsse tutale de l'nu de l'orgcinismc et la determination du mctabolisme de 
l'eau cho l'homme et les animaux. Des mesures de ces echanges ont ete prati'{u~es direcrement 
sur des rats, des cobayes, des pigeons ct des lapins. :\pres avoir administre de l'eau tritiee par voie 
intraveincusc ou bucca1e, on a dt~tc:rrnine l'cspace et le rcnouvelk111cnt du tritiurn d'aprCs la con
centratiori de cc dcrnier clans le sang. Les animaux ont i:tC er.suite dcssc!chCs sous vide jusq 1..i'a stabili
sation du poids. L'activite specifique de l'eau prllevec periodiquc·nent au cours de la dessicca:iun 
s'est accrue de S0° 0 par suite d'etfrts isot•)pi'{ues. L'eau pr•)VCI13nt de la c•:ornhustion de tissus de 
lapin dcsseches cnntenait envir•.Jn 2° 0 de la dose originale de tritium administree. Seuls les tissus 
adipeux Qnt rcvele peu Oll pas du tuut d'echange de rritium. Les tissus dcssechcs des aurres animaux 
ont ete rehydrates a\·cc de l'cau inactive et l'on a decde du tritium clans cctte eau. On a constatc 
que l'activite specifique de l'eau augn•cntait sclon une loi exponenticllc (1-c h) et que 90~ 0 de 
l'echange se produisait avec une pcric.cle d'unc hcurc et \es 10° 0 restants avec une periode de dix 
heurcs. Le rota! du tritium extrait repr~srnrait 1,5 a 3,5''" de la dose admi~ismce a !'animal, cc qui 
concor<le avec la diff~rence, determinee par dessicotion, entre l'espace tritium et la rnasse wtalc 
de \'eau de l'organismc. 

l'ne estimation indirecte des cchangcs chcz \'homrne a ete ctablic d'apres ks mesurcs des espaces 
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tritium et anlipyrine. La difference moycnne d'envirun 2° ~ relcvee daris le volume d'cau concorde 
avec Jes estimations directes des echanges chez Jes animaux. · 

ll est evident qu'il faut diminucr de 2° 0 environ l'espace tritium pour !'identifier avec la m~sse 
tot ale de l'eau de l\.rganisme. L'ampleur et le rythrne relativement lent des echanges pcuvent cgale
rnent inilucr sur ]'interpretation des etudcs de metabolisrne effcctuces a !'aide du tritium. 

O(b1eu 'T r111n111B6110.IOnl'tPt1rn x ener<')lllX. II pa 11cno:1b:i0Ba1nrn :-.ie•1eH11 olt rpnnn·,1 BC

;\hl B 1;a4ec1Be 11Cllh1T3TP.!J,!10f0 parT!WJ•llTe:IH 11.lll ll!I;\llli3TC•pa B fow.-IOrJl'll'l'};Ux U!l'TC

>laX npc>11cxo;1wr 1Ha•111T(':Jl,Hhllt OU\l\"H '1e;+;;-1y rp11rm:)I 11 Hcycrofi•mnLI,1a anma,111 

BC•;<opo;i.a, 4TO 'ia('TO UTpa;i-;3('T('H !13 xapai;repc l! ro:11;0B31Hlll 3!-:l'lli'['ll)1l'HTa.>I.!ILIX pe

:iy:IhTcHOB. Coo6m81'\Ihll' B H8CTOHilH''ll ;i.01;.>3,i.e l!C(':JP;\OB<tHHH nocunu\PHhI 1_1npP;1e:1eH 1110 

U<<ll1'llllllJ B0:1;1eiicTBi!H, llf>Oli:JBU;].U\!Oro of.,1eHO)f Tfll1Tllf!, 113 11:n1ep(•Hl!C ol1tUl'rt• 

1;o:lll'lE'CTPa HO;\bl B opran11:n1e ll Ila \)(•Talio.1U:,\I IJO;\bl y ;t;JJROTHLIX II •1e.lOBl'J'a. 

Henocpe;1crBurni,1e l!a~iepcmrn 0G~1t-Ha Gb1.1n npon:>Be;\eHh! Ha Hph1cax, \1.:1pc1-a1x 

CllllHHax, ro:1yGHX H 1;po:1111;ax . .\letI1'HHaH TjJllTJl('M B0;\3 B[]JllJ('lil1B8.laCb H BCHbl 11:!11 

1mo;\]1:iac 'tC·pe3 por, ll Ha OCllOHaHllll t<OfllJ('llTj)3l\llll Tpl!TllH B 1;pOBU onpt•;1e:IJJ«OCb 

11pucrpaHcn1caHoe ero pacnpncTpaHl'HJJP 11 i;pyr<>oGopoT. floc:ie :noro ;1;11BOTHh!e 

RJ~cyurnna:rncb n 6c:>Bo:1;1yllIH0)1 npor1pa11crne ;<o 1w.1y'-leH11H uocroHHHoro Eera. 

B peay.lt.Tne 11:ioTonHoro no:neiicTHllH y;ie:ibHaH 3ETllBHOCTb no;\b!, nep110;111•n'ci;11 

c0Gnpan111f·l1n1 B TC"ll'Hl!C Bhlcyunrnan1rn, yBe,1Jl•!llBa.1ach Ha 50 npo1\PHTOB. Bo;<a, 

no:I}"lCHH8H np11 c;i-;1iraHHll BLity iueBBhIX TJ;;rnell 1ipo:i111'a, co;1epnw.1a !11-:0.-10 

'.! ~o nepBOBa'l3.'lb110 ::ia;\aH HOl'O :-1'11BC•TH (l~IY Tf'l!TllH. To:IhhO B rnllp0Bl'1X n-:a1rnx BOBCe Be 

H36.:1KJ;<3.1C>cb 06\1eHa Tp1n11H u:rn ero 6hl:io ~1a:10. BL1cyrneHHb!e Tnam1 ;1pyrux aarnor

llhlX CHOBa rn;<pnpoBa:Il!Cb Ht'aETHBHOil DO;\Ofi, II onpe;<e;IH.'lOCb ll(l}!Jl.1PHl!e ll BO;\(' 

Tp1n1rn. Y;<e.lhH<tH ;=rnrunHOCTh BO;\u yne.1nY1rna:1acb cor.-1acuo :.ii-;cnoHettt\11a»hHOli 

1pyHEl\llll, T. e. 1-:rncn. (t-:t), npw1e:o.i oHo.10 90°~ OO\leHa npo11cxo;<11.10 11pll no.·1ynep11o;<e 

B 0;\HH Yac, a 0CTa:Tbllhl8 10 % -- llpl! l!0.1ynep1rn;i.e B I 0 '-laCOB. 06u1ee 1-;(l:Jl!'l('CTBO 

11'3B:Je'leHHOf0 Tp!!THH COCT3B,!H.10 OT 1,5 ;i,o 3,5 o~ 3a;J.aHHOti ;f\!IBOTHO:>.iy ;J.0:1hl, '!TO 

coorBercrnyer paaH111,e :'>lf'a<;J.y 11pocrpa11crBeHHhrn pacnponpauem1eM TpHTI!H B re;1e 

H o6U(l!~I 1-:0:1w1ecTBOM BO;J.b! B Te.'le Ha OCHOBaHllU npowrne;J.eHHOrO BHCYlllllB3Hllfl. 

Ha ocHOBainm o;i.HoBpe:'>leHHhlX 11:3~1epeH11il npocrpaHCTB, 3ano:1HC'llHhIX rp11111cM 

11 3Hnrn11p1rnoM, 6hI.'Ill Bhwe;i.eHh! 1-:ocneHHhle ;<aHnhle 06 ofo1eHe y qeaone1rn. Cpe,1.HHH 

pa:.itt11l(a B o6'LeMe BO;<hr 11pn6:nrn1ne:ibHO B 2 °~ cor.>acyeTCH c nenocpe;<CTBPHHLIM 

onpe;<e.1Cl!Ht'M ofo1eHa Ha rKllBOTHblX. 

llpe;i,cT3B:IHE"rcH O'lCBH;lHUM, '-lTO :JaHRToe rpnrneM npocrpaHcrno ;1o:imHO GbJTb 

COKpall\CllO np116.·rn:mre.11>HO Ha 2 °o, '1To6u OHO cosna;\a.'IO c o6n\UM J;O.lH'll'CTB(IM 

Bo;i.u B opraHH3Me. Be:1w11rna 11 OTHoc11re.>hHO :o.i3:iaH n;opocrb ofo1ena !>!Oryr rai-;me 

OKa:OhlB3TL B:!l!Hl!lle na TO.lliOBRllllC npou:3RO;\ll)lb!X c Tf>llTJ1e~1 MeTa6o;mcTl!4CC't<HX 

llCC.'!e;<OBaH!!lL 

lntere<mbio del tritio en los sistcmas biol6gicos. Siemprt que se cmplea agua tritiada como 
soluci6n de cnsayo o indicador en sistcmaS>biologicos, se produce entre los atomos de tritio y los 
:it<Jmos bbiles de hidr6geno un intercambio apreciable quc afecta a menudo a la indole e inter
prctaci6n de los resultados experimcntales. Los estudios descritos en la prescnte memor;a tienen 
por objeto determinar la n1agnitud de! efecto producido por cl intercambio de tritio en las deter
rninaciones del agua del organismo entcro y del metabolisrno del agua en los animalcs y en los seres 
hurnanos. Se ban dcctuado rncdiciones dircctas del grado de intcrcambio en rams, cc.bayos, palomas 
y conejos. Se les administro p•)t via intravcnosa o por via bucal agua marcada con tritio, y se 
determin6 d espacjo tritio y la renCJYJcfr'.ln dd tritio a partjr de la conccntraci1_'.:in de tricio en la sangre. 
_-\ cuntinuaci6n los ani1r.ales ~e dcsccaron en d yacio hasta akJ.nzar un peso CLW~sunte. Curno con
secuencia de los efrctos isot(1picos, aumenr0 en un 50° 0 la actividad espccifica de! agua recugida 
peric',dicarnente durante el desccado. El agua procedcntc de la combusti>'>n de !us tejidos desecados 
de conejo cnntenia un 2° 0 del tritio origin.•lmcnte administrado al animal. En el tcjido adipc •So, 
tornado aisladamente, el intercarnbio de tritio foe cscaso o nulo. Los tejidos dcs<'cados de los dcmas 
animales fueron rehidraud.)s U)n agua inactiYa, y se observo la aporicion de tritio en el agua. La 
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actividad especifica del agua aurnent6 en forrT1a expqnencl31> esro es, c1n1 arreglo a b. expn::sion 
1-exp. (kt); un 90°,), aproxi:-nadarrfenre, del lntercJ:n:ibiu s.e produj•J con un pcriod1_) de una h•JrJ, 
mientras que el 10'.'o restame se vcrific,~ C•:>ll un peri.:>du de 10 horas El tr:tio tool ext raid.-, e4uiv,1lj(, 
a una canridad que oscilaba entn: 1,5 y 3,5" 0 de la dr,s[s admini>trnda al :rnima!, lo cual concucrd~ 
cno l.1 difrrz:ncia entre d esp2cio tritio y el 3gi..:a contenida en el urganisrn1) cntern y detcrminada 
por desecJ.do. 

Se efecrw) una e\'aluaci1~1n indircna de-~ irucr..::an1bio produci.Jn en S('re-; hu!l>anos utiliz.:i.nd 1:i 

n1edici..::111e~ con1binad_~5 dd e-sp:Kin trit:i11 y dd cspa.cii) antiriren<_i_ La difcrcncia mc-dia de un 2° (» 

aproximadameme, en cl volumen del agua Cc•ncucrda con las determinaci<mcs directas dd inter
carr1bio en anin1ales. 

Es evidcme que el esp;.c;o tritio debe reducirse en un 2° 0 , a fin de que coincida C<l!l el volumen 
de agua de! organismo emero. La magnitud y la vclocidad de interca'l1bio relati,-amcnte baja pueden 
int1uir ta1r.bien en la interprctaci<m de los estudios subrc el metabolisrno efectuados medhrnte el 
tritio. 

.. 
Biological tracer studies with tritium, and particularly those invoh·ing tritiated 

water, are potentially subject to at least three effects, other than outright radi1tion 
damage, that may influence the precision and at times the interpret,1tion of experi
mental resulcs. 

The first of these effects, which is the principal subject of this report, results from 
tritium ions behaving like hydrogen ions and, therefore, exchanging with labile 
hydrogen atoms of solutes in aqueous solution. In tissue, for example, every con
stituent, with the possible exception of neutral fat, quickly acquires a highly labile 
tag on addition of triti:i.red water, either in-vivo or in-vitro. Conversely, a metab
olite labelled in exchange,1blc hydrogm positions can loose a m.1jor portion of its 
tritium by exchange before it ever engages in metabolic processes. 

A second effect is non-exchangeable labelling by metabolic processes and possibly 
by other mechanisms that are not yet understood. MetJ.bolic incorporation of tritium 
into cellular constituents in the presence of tritiated water is to be expected in live 
tissue, but it may not account wholly for the non-exchangeable labelling if the 
observation reported here on pure albumin solution is valid. Possibly labelling 
mechanisms related to the W1LZBACH process may be involved [ 1 ]. 

A third factor th,1t must often be considered in tracer studies with tritium is an 
isotope effect resulting from the three-fold greater nuss of the triton reLuive to 

that of the proton. Though frequently negligible, an isotope effect m:iy in some 
instances affect the outcome of a tracer experiment by a facwr as great as two or 
more. 

Although hydrogen exchange, non-exchangeable labelling, and isotope effects arc 
useful in their own right as investigative tools, the work reported in this paper is 
principally concerned with their nuisance value in biological tracer experiments with 
tritium. It should perh.i.ps also be nndc clear at the outset that the study of these 
effects was not a deliberately pbnned investigation but one that grew somewh,i.t 
randomly out of a v:i.riety of sn1dies on metabolic processes and water kinetics in 
humans and animals. It is not, therefore, a systematic ex.i.minarion of the problem, 
but rather an estimate of the prob.1ble nugnitudc of these effects as they may be 
encountered when tritiated water is used as a test solute for total body w,i.ter and 
water kinetics. 

The methods employ·ed in this study involved equipment and procedures that arc 
in general use and need not be discussed here beyond noting wh,u they were. 

Samples of water from biological fluids and tissues were assayed for tritium with 
a Tri-Carb liquid scintillation coinciden..:e counter (Packard Instrument Company, 

·~01···oz"-j) J I j 

-. ,. 

• . 
. j 



~01 v j 0 

i-t 
.( ._ 

W, SIR! AND J. EVERS 

La Grange, Illinois). The liquid scintillator was that formulated by WERBIN, et. al 
[2), which consists of 0.3 g POPOP, 12 g PPO, and 125 g naphthalene/] p-dioxane. 
Fifteen ml of scintillator with 0.2 ml water, the usual sample volume, counted with 
an efficiency of 17°/o. This volume of scintillator will support as much as 2.5 ml 
water, although the counting efficiency is then reduced by 50 °."o. Samples were 
,11 ways recounted with an internal standard of tritiated water and appropriate 
corrections made for quenching. 'W'ater samples from urine,. blood, and tissues were 
obtained by vacuum distillation in an apparatus somewhat similar to that described 
by LI"iDERSTRClM-LA NG [ 3 ], which consists of a bent tube with detachable bulbs on 
both ends, one of which holds the specimen while the other is immersrd in a cold 
bath. Dried tissue samples were first combusted in a conventional Pregl .1pparatus 
and tritium then ;1ssayed in the w;iter of combustion. In general, errors in counting, 
pipetting, weighing, etc., were maintained well below 1°/o by suitable prec:rntions. 

The influence of hydrogen exchange on measurements of total body water with 
hydrogen isotopes w;i,s known long before tritium became available for this purpose. 
The early users of deuterium oxide were aware that it gave an overestimate of 
total water, but a reliable value for the correction was never establid1ed, and few 
investigators were willing to subject their data on total body water to a necessary 
but ill-defined correction. On both theoretical and empirical grounds, estimates of 
hydrogen exchange corrections have ranged from 1/2°/o to more than 5°/o of the 
total body water indicated by the isotope. 

For entirely different purposes, the process of hydrogen exchange in pure protein 
solutions was carefully examined by LINDERSTROM-L'l.NG and his associates [ 3] at 
the Carlsberg Laboratories, and the mechanism of exchange is dealt with at length 
in other papers to be found in these proceedings. In general, exch.rngeable hydrogen 
atoms are those bound to oxygen, nitrogen, and sulphur, while hydrogen bound 
directly to carbon is considered to be non-exchangeable. Exchange proceeds ex
ponentially with time in the manner of a first order reaction and presumably with 
a characteristic rate consto.nt for each hydrogen position. Hydrogens in end groups 
and side chains appear to exchange most rapidly, while those bound to nitrogen 
in the backbone of peptide chains undergo relatively slow exchange. Exchange 
half-times for a single protein species are observed to range from seconds to as 
long as 24 hours, but it is evident that a substantial fraction of the total exchange 
must occur with half-times in the order of seconds. 

A careful study of exchange curves for pure ;ubstances is useful in revealing 
features of molecular structure but serves little purpose for the intact animal 
other than to show the gross extent of exchange as a function of time after 
administration of tritium. For the p~rpose of arriving at a precise correction for 
exchange as a function of time after administration of tritium-labelled water, 
such a curve would be desirable but extremely difficult to establish. The best 
we can hope for at present is a value based on equilibrium conditions, which 
may overstate the effect in experiments of .-ery short duration. 

Our observations were made on the reappearance of tritium on rehydration of 
dried tissues and whole animals that had been given tritiated water before they 
were sacrificed and desiccated. The intervals between tritium administration and 
sacrifice ranged from 1/2 to 24 h. Blood samples were taken from the live animal 
to determine tritium space. After desiccation to constant weight, the dried tissue 
was rehydrated with inactive water and frequent samples taken for tritium assay 
for a period of 2 d. Variations in this procedure, which will be noted later, were 
followed for selected tissues of mice and rabbits. Two measures of the overall 
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magnitude of exchange were secured; one from a direct comparison of tritium 
space with water volume by desicC1tion, and the other from a direct measurement 
of total tritium exchanged. 

The gross features of exchange observed in these experiments can be summ.uized 
in a highly simplified formulation, which should be regarded, however, only as a first 
order estimate in a more detailed anal pis. For simplicity, the initial exchange is 
regarded :is a reversible ex.:hangc of hydrogen between P units of tissue and W units 
of tritiated water. In the live animal, \\' is identified with true total body wJ.ter. 
After desiccation of P1 units of tissue and reh,-dration with W1 units of inactive 
water, exchange proceeds as before if there has been no substJ.ntial alteration in 
molecular structure. 

Initial exchange 

P;"W .. 
Re-exchange 

p I ~-,_' \\'\ . (1) 

The quantity E is defined as g of exchangeable hydrogen/g of dry tissue, and H 
is g of hydrogen/g of water. The quantities C arc counts/min/g of whatever their 
subscripts indicates. 

At equilibrium in the original tritiation, the distribution of tritium between W;<ter 
and cellular material is readily shown to be proportional to the exchangeable 
hydrogen, 

c. 
Cu~ 

E 
H 9E. (2) 

After desiccatiqn and rehydration, precisely the same ratto should be observed if 
there are no gross alterations in molecular structure. Obviously, this same ratio 
should also be found in all subsequent rehydrations, irrespective of the quantities 
of water used at each step. The total exchangeable hydrogen in the whole animal, 
in selected tissues, or in specific constituents can be obtained in this fashion, although 
combustion of the dry material for tritium assay and analysis for total hydrogen 
are required, which for a whole aninul is awkward. 

A simpler procedl1re for estimating total exchangc:ible hydrogen is based on the 
specific activities of blood or urine in the live ,1nim,1l :i.nd the w:itcr of rehydr.:ition, 
in which c1se 

(3) 

ln applying E to the specific problem of correcting tritium space to true body 
water, the form of the correction depends upon how E is defined and measured. 
If it is regarded as exchangeable hydrogcn 1g of whole body dry mass, then the true 
total body w.ucr may be shown to be 

Jr c• HvC0 -- i:;·,\!C11 (
4

) 
- (fl-~- E)-C11 

where vC 0 is the dose of tritium administered in counts/min, M is the body weigh•. 
and C,,. is the activity in blood or urine. This formulation is not altogether satis
factory, however, because little or no exchange occurs in depot fat and bone mineral, 
and E is, therefore, dependent upon the degree of obesity. 

A more rational approach may be made on the basis of exch,rngeable hydrogen in 
lean tissue. The ratio of total protein to total water in most vertebrates appears to 
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be about 21/72; one can argue for slightly different values, but the differences 
introduce only second order uncertainties. 

111e true total body water in a live animal, assuming E has been determined for 
lean tissue, is then given by 

IV 
lil'Co 

(H ·c- 0~292 E) Cir ( 5) 

which should, in principle, be applicable to all mammals and relatively free of 
dependence on fatness of the ,rnimal. Tritium space, which is the volume estim,ited 
directly from the activity in blood, urine, or other fluids, is based on simple dilution; 
hence, 

(6) 

The exchange error is, therefore, simply 2.6 times the exchangeable hydrogen: 

2.62 E. (7) 

Before pruccl'ding to experimental results on exchange, a brief analysis is needed 
in explanation of what appears to be non-exchangeable labelling in these and similar 
tracer studies. If labelling of organic constituents has occurred by metabolic and 
other undefined processes, that portion of the labelling that involves non-exchange
able hydrogen will persist through repeated desiccation and rehydration. On com
bustion of dry tissue after it has passed through one or more such stages, the activity 
Cc in the water of combustion will be the sum of the activity from residual tritium 
exchange and non-exch.wgcable labelling, which can be expressed as 

(8) 

in which Hp is the total hydrogen per unit of dry tissue. 
\X'hatever the true time dependence of non-exchangeable labelling may be, it 

appears reasonable to assume that in solutions with low concentration of tritium, 
and for short times, labelling proceeds approximately at a constant rate; hence, 

(9) 

R is a constant, in units of reciprocal time, that can be related to the observed 
activities in the original tritiatcd wat(f_r, rehydration water, and that of combustion: 

(10) 

Returning now to experimental results on animals, Fig. 1 illustrates the character 
of exchange observed in albumin and desiccated tissues of the rat and mouse. The 
extent of exchange is expressed in °10 of the original dose of tritium, and for albumin 
it is normalized to the protein-water ratio in lean tissue. The greater fra..:tion of 
exchange occurs in an extremely short time, but equilibrium is still not .Htained 
at 24 h except in albumin. l t is not proposed, however, that tl1ese .:un·es for rc
cxchange represent what takes place in the live animal. De.nb and desiccation 
uequestionably alter rnolewlar configurations and structure and almost certainly 
;iffects many of the ntes of exch,rnge. The obvious evidence for this is the fact that 
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we have never brought an animal back to 

the indicated values for exch,rnge at equlli 
verified by comparison of the calculated t' 

from desiccation. 
Experimcnu.l values for non-cxch,u1geab!e 

for 48 h rriti,Hion and in mice at 24 h. It is c 
th.it in some trac·cr studies non-exdungeab' 
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Jn rehydration. On the other hand, 
n appear w be valid and could be 
•11 space with total water obuined 

.:lling were obtained only in albumin 
.:·nt from these two points, ho,,·ever, 
._1bclling cannot be wholly ignored. 

.HANGE 

LABELLING 

ALBUMIN 

• --------.-
36 ,8 

Character of exchange observed in albumin anJ r'. ·;io;.<'tcd tissues of the rat and mouse. 

In the experiments with mice it accounts for 1- 0/t of the total tritium, and equals 
20 °/o of the exchange effect. For albumin, nr. i-t'r<changeable labelling was about 
20 O/o of exchange labelling. 

Table I summarizes our observations on a ,,-,1; · ety- of animals and tritium-exposure 
times. It is immediately evident that somethi1:o; like: 2 O/o of the weight of dry tissue 
is exchangeable hydrogen, which is equivalent t::" ;.~'lout 30 °/o of the total hydrogen 
in lean tissue solids. The variations in the va\._ut'l for exchangeable hydrogen are 
largely acwunted for by differences in the fat .>.:ez_ttent of the tissues and animals. 
It can be seen that little or no exchange occ1· .··; .in neutral fat. He.Ht and lung, 
which obt,1in little fat, are comp,uable to alb1: ,1c r., whereas muscle and skin have 
significantly lower values because of the presc:..ct of fat and inclusion of bone in 
some muscle samples. These tissues were ag;,in c:·.\ed and rchydLned, and within 
the limits of experimental error gave v::dues for !'L h,rnge,1ble hydrogen identical to 
the first. The r.ibbit organs were not re-cx..::ku ,0,t.:I with inactive water but were 
combusted directly after drying. The pigeon pru,,-~ to be a different kind of animal 
in more w,,ys than simply fr.uher. We han no e,plan.nion for their e:-;tremely \o,v 
exchangeable hydrogen. 

In general, after 24 h exposure, penm,nent \.) 1,xlling by meuholic and other 
processes \vas fully a fifth as great as th,lt b)· ~x-~·lunge. This would account for 
about 1.5 °/o of the initial tritium dose given th~ :mima\. 

The exchan6c error in estimates of total body w;,tcr with tritium are summarized 
in Table II, which includes for comparison an c>tinute of the same error b.1sed on 
the volume of water from desiccation and apparent tritium dilution in the live 
animal. For a variety of reasons, most of them un;ivoidable at the time, the tritium 
spaces and hence the corrections based on th~m are uncertain within several per-

50,3021 
... ,. 

.. 



S 0 I ") .) 028 

78 '\\'. SJRl AND J. EVERS 

.t ·- TABLE I 
EXCHANGEABLE HYDROGJ.o:N AND NON-EXCHANGEABLE LABELLING 

Tritium 
Material exposure 

timeh 

Albumin 
Bf)Yinc serum 48 

Mouse (4) 0.5 

:\1ouse (3) 24 

Mouse (4) 24 
Heart ·-lung 
Muscle 
Skin -- subc 

Rat (4) 4 

Guinea pig (2) 4 

Rabbit '.3) 4 
Liver 
Kidnev 
G.I. 'Tract 
Muscle 
Plasma solids 
Fat 

Pigeon (2) 6 

g o.o 
. exchangeable 
· hydrngen 

2.0 

1.1 

1.0 

2.1 
1. 9 
1.6 

1.5 

1.1 

1.4 
1.2 
1.0 
0.9 
1.7 
0.0 

0.8 

·---- ---"-~--- -- -

Range in 
g 0 0 

exchangeable 
hydrogen 

1.06 --1.11 

0.72--1.11 

1.2--2.9 

1.44- 1.55 

0.80 -1.55 

1.11--1.70 
1.00--1.70 
0.90--1.30 
0.90 -1.30 
1.66 -1.70 

!\:-Zn e~Ch;-;;-3,; ble , 
labelling /,,,/E~

_....,/changeable 
./ labdling 

. 022 

. 22 

. 06 

. 10 

cent. Neverthekss, they tend to corroborate the estimates derived solely from re
exchange, which, on the basis of more detailed analysis of the problem, we believe 
to be the more reliable values for exchange error. 

The fact that the exchange in mice containing tritiated water for only half an 
hour does not differ greatly from that in mice exposed for 24 h leads us to believe 
that exchange in-vivo occurs more rapidly than is indicated by the exchange curve 
for the rehydrated tissues of the mouse. The correction for the guinea pig is low 
because of its gross obesity. This would not explain the low value for the pigeon, 
however. The values for mice and rats were remarkably uniform among the animals 
tested, although we have no immediate explanation for substantial differences in 
value between rhe mouse and rat. 

from this preliminary evidence, it would seem that a correction for hydrogen
tritium exchange depends to some extent on the length of time the animal, or 

1ABLE II 
ERROR IN TOTAL BODY WATER MEASURED WITH TRITIUM 

Animal 

!\louse (4) 
:\fouse (3) 
Rat (4) 
Guinea pig (4) 
Pigeon (2) 

Tritium 
exposure 

time h 

0.5 
24 

4 
4 
6 

• (friri.un.1 space- T.B. W., 
1 

T.B. 'X-. 

Error in total bodv water 
by desiccation* by re--exchangc** 

0 0 
0 0 

3.7 

6.4 
1.6 
2.5 

4.8 
5.2 
7.1 
4.2 
3.1 

•• C .. kt.:.h(cd frum r<.:-e:i.c:h.rngt !n dcsico.1t"d animal. 
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TABLE III 

ISOTOPE FRACTIONATION IN EXPIRI:D WATER VAPOCR 

'\l:'t. ' T.B.\X'. Sp. act. expired water 
Sex :\g~ 1':g 0 --Sp. ;,:-c:~-r;nc-~r biv::;d. 0 \\"t. 

Human F 31 63 56 0.71! 
M 51 70 54 0.86 
F 36 48 66 0.93 
M 28 66 67 0.88 
.M 63 88 50 0.96 
M 36 82 49 0.88 

Pigeon 1 0.55 
Pigeon 2 0.35 

.. -
' human, contained the tritiated water, and perhaps on the animal species and degree 

of obesity. Although these data suggest tritium exchanges to the extent of about 
S 0/u of the administered dose in mammals, it is obvious that a more detailed 
examination is called for. 

The question of an isotope effect is one that can be answered only in the context 
of the experimental procedure. Obviously, tritium, by virtue of its great mass, will 
affect equilibrium constants, distribution coefficients, diffusion rates, binding, and 
even vibrational frequencies. Whether or not alteration of these characteristic con
stants affects the outcome of a biological tracer experiment depends on the nature 
of the process investigated. 

In the investigation of total body water and water kinetics with tritium, in which 
a quasi-steady state prevails, it can be said almost with finality th.1t an isotope effect 
does not occur, or at least is immeasurably snull. Numerous investigators have 
reported no significant differences in the specific activity of tritium in blood, urine, 
and other biological fluids on..:e mixing was complete. The same condusion was 
arrived at by the author after assaying tritium in the blood and urine in some 300 
humans and in innumerable anim:tls. 

w~ter involved in metabolism may, however, be another mHter. It is also clear 
th,n expired w,Her vapour is subject to ,1 large and unmisL1k,lble isotope effect. This 
is strikingly evident in the pigeon, which in the course of extended flight, seems to 

conserve tritium despite rapid w.Her turnover. In order to estimate the nugnitude 
of this effect, pigeons and human subjects were placed in an open circuit respir,nory 
system in which dry air w,ls inspired, and expired w:tter v,1pour w.1s collected in 
.:old traps. These tests were conducted some hours or days after administcHion of 
triti.ucd water to obviate interference fwm mixing. The specific activity of expired 
water vapour could then be compared with that of blood and mine taken at the 
same time. The results of these measurements are summarized in Table II I. 

In the hunun subjects, the specific activity of expired water vapour reLuive to 

th,n of urine and blood ranged from 0.78 to 0.96. No obvious p.utern of dependence 
emerges from these few subjects, and it can on! y be concluded that an isotope effect 
is there and tha~ it is signitic1nt. 

The pigeon, on the other h.rnd, is equipped with quite a different respiratory 
app,u atus and is able to fractionate HTO and H~O with respectable efficiency. 
Two subjects hardly qualify the data for statistical certification, but with a reduction 
in specific activity of 50 O/o or more, the influence of an isotope effect is unmistak,1b!e 
in these birds. 
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DISCUSSION XXXII 

P. Springe II (Australia): I would like to elaborate a little on an aspect of hydro
gen-tritillm exchange mentioned briefly in this paper, namely the exchange involving 
pure protein. In colhboration with Dr. S. ]. Leach in the Division of Protein 
Chemistry, CSIRO, Melbourne, we have recently unden,1kcn an exch,rnge study on 
ribonuclease in tritiated water. 

Information regarding molecular structure may be obtained by the study of ex
changeable H-atoms in proteins, and up to now deuterated water has mainly been 
used for such investigations. However, tritiated water h,1s a number of advantages 
,rnd we have employed it with some success. The main ,1dYantages may be summa
rized as follows: 
(!)In the case of dr1Jterated proteins it is necessary to deuterate as fully as possible 

in > 990/o D20, which alters the conformation and stability of the original pro
tein. On the other hand, the sensitivity of tritium detection methods is such that 
only tracer amounts of tritium need be employed. We have usu.illy labelled one 
atom/mole of protein or less, resulting in much less risk of changes in confor
mation. 

(2) In using tritium there are the possibilities of both equilibrium and kinetic isotope 
effects. The former could lead to a distribution of tritium between protein solute 
and aqueous solvent which is in favour of the soiute, literature v:ilues from 
such factors in a variety of systems varying between 0.96 and 1.25 (sec e.g. 
A. R. G. LANG and .S. G. MASON, Canad. ]. Chem., 38 (1960) 373). However, 
for ribonuclease samples from six different sources, we have found that the 
number of exchangeable hydrogen atoms, assuming a distribution factor of 
unity, was the theoretical value of 245 ± 5. In this instance therefore, the equilib
rium isotope effect appears to be absent. The use of tritium instead of deuterium, 
however, does lead to a decrease in the observed rates of exchange. This enables 
us to follow the initial rates of exchange in more detail. This finding also casts 
some doubt on the interpretation of "slow" and "fast" H-atoms as being, respec
tively H-bonded or not, within the protein. We now think that these numbers are 
in part a reflection of the method of analysis and the particular-H-isotope used. 

In the course of our work a numger of new facts have come to light regarding 
the importance of the precious history of the protein in determining the ease with 
which all the exchangeable hydrogens are replaced. When the forward-exchange 
reaction (ribonuclease + THO) was carried out on commercial samples of crys
ullized ribonuclease, the incorporation of tritium was slow «nd incomplete. This is 
in marked contrast to the res1Jlts for the back-exchange reaction \N, 0-tritiated 
ribonuclease + H::O) where exchange was much more rapid. 

The marked difference in resuits obtained benvecn the t\"\'O procedures is prob
,1bly a reflection of the ditforences in pre-trecltrncnts of the ribonuclease. In the 
back-exchange the protein is lyophilized and heated two or three times from 
concentrated solution before the exchange reaction is commenced and this may 
cause the less accessible pNtions of the molecule to be opened up. On the other 
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hand, the protein as purchased has presumably had time to refold during several 
years of storage, so that the sample procedure of dissolution and forward-exch.10ge 
is insufficient to make all the H-atoms accessible. 

On the practical side I would like to show two slides, one (Fig. 1) of the appa-

Fig. 1 

ratus we use for distilling tritiated water off protein solutions. We have found 
·that by keeping the bath H at - 20 °C (bath C is at - 70 °C) further exchange is 
minimized during back-exchange as compared to lyophilizations at room tem
perature. This is illustrated in Fig. 2 where the initial number of hydrogens ex
changing is lowered by 15 H atoms . 
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For estimation we have generated T 2 + H 2 by the method of ISBELL and Mon::R 
[/.Res. Natl. Bur. Standards, 63 A (1959) 177) with slight modification (Fig. 3). This 
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gave us a calibration curve for two ionization chambers which showed a linear 
relationship between ionization current and radioactivity between 20 and 500 µc 
THO, thus showing absence of a measurable isotope effect during gas generation. 
Similarly I should mention that during THO distillation no measurable isotope 
fractionation effects were noticed. 

Fig. 3 

It is hoped to give a more ·detailed account of our work at the International 
Congress of Biochemistry in Moscow in August 1961 and to publish the results 
in full in the Australian journal of Chemistry. 

With regard to the possibility of tritium exchange in case of C-H bonds, we 
have found no evidence of this in our work using model compounds or ribo
nuclease. Dr. Wilzbach, answering a question of mine on this subject, also regarded 
such a possibility as somewhat remote. I wonder whether the residual tritium 
activity in albumin observed by the authors might stem from strongly adsorbed 
water. Could Mr. Siri elaborate on how he dried his protein and what was the 
specific activity of the THO he used for the exchange reactions? 

W. Siri (United States of America): The animal tissues and protein samples that 
we dried were first lyophilii.ed. After nearly complete drying, the temperature was 
raised to 40 cc in the vessel, so that drying continued to completion at 40 cc. As 
regards C-H bonds, we have no information on the basis of the work we have 
done, as to whether or not they are exchangeable. Our conclusions on non
exchangeability in the present case ate based on other work. 

K. Wihbach (United States of America): I believe that the levels of radiation 
in Mr. Siri's experiment are too low to produce any significant amounts of radia
tion-induced labelling. Therefore, what he calls Wilzbach labelling is very probably 
either metabolic labelling or relatively slow chemical exchange at activated posi
tions. I think that the designation radiation labelling for these phenomena is a 
misnomer. 

W. Siri: I appreciate Dr. \'Vilz.bach's modesty in refusing to accept credit for 
this. Perhaps I did not indicate strongly enough that we were not absolutely certain 
that it was Wilzbach labelling. Our main reason for so describing it was the lack 
of a better term but we stand corrected if Dr. Wilz.bach feels that the term does 
not apply . 
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J. Varshavsky (Union of Soviet Socialist Republics): We know from the work 
of the school of Linderstrom and Lang that the rate of hydrogen exchange varies 
in the different 0-H and N-H bonds of proteins. More specifically, it is known 
that the hydrogen atoms of N-H bonds participating in the formation of'hydrogen 
bonds have great difficulty in entering into an exchange and behave to a large 
extent in a manner similar to the hydrogens of the C-H bonds. The same picture 
is found in nucleic acids and other high-molecular compounds of living organisms. 
I would be interested in knowing whether the authors of the paper have con
sidered the places of possible tritium introduction into the bonds in the light of 
the sharp differences in the rates of exchange for the various hydrogen atoms 
and whether, generally speaking, they attempted to go beyond "gross" investiga
tion to the possibility of interpreting their results in molecular terms. 

W. Siri: Let me say first that we were concerned not with the kinetics of the 
reaction but rather with its gross effects, \_nsofar as they involve the biologist 
and the whole organism. With regard to exchangeable hydrogen, the only way 
we could differentiate between it and what we -- perhaps naively - chose to 
call Wilzbach labelling was this: after 3--4 desiccations and rehydrations, there 
still remained a residual radioactivity far greater, i.e. by orders of magnitude, 
than we could account for by any of the known exchange processes. If this is 
still exchange, we have no explanation for it. We are not kineticists or molecular 
chemists, so we must leave the question to the experts. I can only say that in the 
experiments we have reported on, there was a residual -- and very substantial -
radioactivity in the dried tissues of the animals after repeated desiccations or 
lyophilizations and rehydrations with inactive water. I find it surprising that 
exchange could occur in the initial tritiation in hydrogen positions and then 
remain so firmly bound throughout subsequent desiccations and rehydrations. We 
would welcome any information on this point. 

P. R. Schloerb (United States of America): Approximately 0.5 O/o of administered 
isotope water is excreted in the water each hour. This figure is quite uniform and 
in a 3-4 hour equilibrium period approaches the nugnitude of the correction 
factor described by Mr. Siri. If this excretion factor is omitted, the two errors 
would therefore tend to cancel each other. Does the speaker include urine water 
in the bladder as a part of "total body water"? Should the variable amounts of 
water in the gastro-intestinal tract, although readily exchangeable, be considered 
as tissue water? 

W. Siri: You are quite right and this is one of the reasons why estimates of 
total body water based on desiccation (i.e. simple measurement of the amount 
of the water removed from the animal on drying and correction for exchange), 
show differences and are not always as reliable as they might appear to be. 
Esttmates of this type are confused by such factors as urinary excretion, loss in 
weight, high rates of metabolism in small laboratory animals and a variety of 
other things, including mixing. To obtain what could be considered a fut!y reliable 
estimate of total body water, it would be necessary to do a complete water bahnce, 
collecting every bit of water which is lost by evaporation from the lungs, via the 
urine and in other ways. This involves a more elaborate experimental procedure 
than we were able to apply in these experiments, which were concerned with 
metabolic problems of body water rather than with the quc"ition of the total 
body water. However, I agree that the question of a precise definition of the total 
body water and the method by which it is measured is still open. The water 
contained in the bladder probably cannot be regarded as a true part of the body 
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water of the animal but that in the gastrointestinal tract must unquestionably 
be so regarded, because it is exchangeable, i.e. the turnover rate in the gut is 
relatively fast. This is not true of the bladder, for example, in the human. 

J. Hasan (Finland): Was there any difference between the desiccation times for 
mouse and rat t-issue? \X'hat was the average time required for desiccation of the 
samples which you used in your studies? 

W. Siri: We have not been able to observe any significant difference in desiccation 
time as between mouse and rat tissue. \Ve have followed the weight changes of 
these tissues very carefully. You ·will recall that the initial part of the desiccation 
was done by lyophilization. The second part was done in vacuum at 40 °C. We 
normally continued the desiccation for at least 24 h. There were certainly no 
measurable changes in the weight of these tissues after 12 h. In the case of the 
whole animal, however, the order of magnitude of desiccation time differs con
siderably and we continued desiccation of the rat for as long as 2 weeks. This was 
4--5 d after the weight had reached a constant value. 

J. Hasan: I asked my question because I was wondering whether an isotope 
effect might not be occurring during the desiccation, so that the concentration 
of tritium in the sample water was increasing with time and simultaneously ex
changing with the tissues (which Dr. Springell has shown to be possible even in 
the case of a frozen sample). This might explain the difference found by Mr. Siri 
between the exchange rates of mouse and rat tissues. From the metabolic rates, 
a difference in the opposite direction might be expected. 

W. Siri: Unquestionably there is such an effect. I did not show our data on 
the change of activity in the animal or in the tissues, but I can assure you that 
the last portion of water that comes off in the desiccation has about a 20-30°/o 
higher specific activity than the water that comes off initially. However, I think 
that this fact has relatively little influence on the experiments I have described, 
because the tissues were in fact freeze-dried. It is unlikely under these cir
cumstances, i.e. the presence of a solid state, that exchange would take place, 
even though it took a number of hours to dry the tissues . 

.. 


