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??? CHAPTER I. Isotopes. 1. Discovery and Separation. About 1910 the fact, that atoms may have the samechemical properties and yet be different in other respects,was definitely proved. First the occurence of radioactivesubstances, which could not be separated by chemicalmeans, was demonstrated and soon afterwards it wasshown by the well-known quot;parabola-methodquot;, that at-mospheric neon contains two kinds of atoms having differentmasses The elements had been arranged in the periodictable according to their chemical behaviour and so aU atomshaving the same chemical properties occupy the same placein the periodic systemâ€”therefor substances which were chem-ically identical, but different in other ways, were calledquot;isotopesquot;. Soon afterwards it became clear, principally from Bohr'stheory in combination with the work of Moseley, that thechemical behaviour of an element is determined by its nu-clear

charge or quot;atomic numberquot;. Thus isotopes have thesame nuclear charge, but differ in some other way. In prac-tically every case they have different atomic weights, thoughvery recently a few examples have been discovered of quot;iso- SoDDY, Ann. Rep., 7, 285 (1910). Cf. Aston, Mass Spectra and Isotopes (London 1933), p. 30. quot;) Moseley, PhiL Mag., 26, 1024 (1913).



??? meric radioactive nucleiquot;, having the same atomic numberand practically the same atomic weight, while their radio-active properties are different i). That the chemical and physical differences between isotopesare small, if existing at all, had been proved very early by theabove mentioned work on the chemical identity of differentradio-elements and by Aston's diffusionexperiments. Onthe other hand, it was known, that the so-called chemicalconstant, which constitutes a factor, figuring in all vapourpressures and equilibrium constants, is proportional to thethree halves power of the atomic weight (or of the molecularweight, if we consider a compound of the element in questioninstead of the element itself). This fact leads us to expect, thatall vapour pressures and chemical equilibria must be slightlydependent on the isotopic composition of the elements involv-ed. Afterwards it was stated, that the theory of the zero-

point energy makes the differences smaller than had beenexpected before, but they should only disappear entirely athigh temperatures and perhaps not even then. These considerations led to renewed attempts at the separa-tion of isotopes, which were soon successful. The differences used in these methods were not thermo-dynamical differences (differences in vapour pressure or inchemical behaviour) but kinetic differences (differences in thevelocity of certain processes). So Bronsted and Hevesy 2)used the method of ideal distillation in separating mercury ') Bothe and Centner, Z. f. Physik, 106, 236 (1937). Fleischmann, Z. f. Physik, 107, 205 (1937). SoLTAN and Wertenstein, Nature, 141, 76 (1938). Pontecorvo, Nature, 141, 785 (1938); Phys. Rev. 54, 542 (1938). Segr6 and Seaburg, Phys. Rev., 54, 772 (1938). Crittenden and Bacher, Phys. Rev., 54, 862 (1938). Thornton and Cork, Phys. Rev., 53, 922 (1938).

') Bronsted and Hevesy, Nature, 106, 144 (1920)- 107 619 (1921); Phil. Mag., 43, 31 (1922).



??? and chlorine and Hevesy and Logstrup fractionatedpotassium in the same way in their famous study of the radio-activity of the potassium isotopes. Recently this method hasbeen applied to the separation of bromine isotopes by Hevesyand Miss la Cierva. Diffusion methods were successful in the hands of Har-kins 2) and his collaborators, of Hertz s) and of Mc.Gil-lavry . Separations depending on thermodynamical properties havebeen much more slowly developed. Vapour pressure diffe-rences were the first to be apphed. In this way Urey, Brick-wedde and Murphy discovered deuterium . Later Keesom,van Dijk and Haantjes obtained an appreciable change inthe isotopic constitution of neon by distillation in a fractionat-ing column ÂŽ) and Pegram, Urey and Huffmann preparedwater containing quite an appreciable amount of heavy oxy-gen '). Chemical methods were first used in the case of thecarbon separation and later in the

concentration of the rarerisotopes of nitrogen , lithium iquot;), and sulfur 1Â?). The electrolyt- ') Hevesy and Logstrup, Nature, 120, 838 (1927); Zeitsch. f.anorg. Chemie, 171, 1 (1928). Hevesy, Naturwiss. 23, 583 (1935). ') Harkins and Jenkins, J. A. C. S., 48, 58 (1926). =) Hertz, Z. f. Physik, 19, 35 (1923); 79. 108 (1932); 91, 810(1934). ') Mc. Gillavry, Diss. Columbia University. ') Urey, Brickwedde and Murphy, Phys. Rev., 39, 164, 864(1932). Keesom, van Dijk and Haantjes, Physica, 1. 1109 (1934);2, 981, 986 (1935). ') Urey, Pegram and Huffmann, J. Chem. Physics, 4,623 (1936). ÂŽ) Urey, Aten,jun. and Keston, J. chem. Physics, 4, 622 (1936). â€?) Urey and Aten, jun., Phys. Rev., 50, 575 (1936). Urey, Fox, Huffmann and Thode, J.A.C.S., 59, 1407 (1937). Urey, Huffmann, Thode and Fox, J. Chem. Physico, 5, 857(1937). Thode, Gorham and Urey, Phys. Rev., 53, 920 (1938). quot;â€?) G. N. Lewis and Macdonald, J.A.C.S., 58,

2519 (1936). Taylor and Urey, J. Chem. Physics, 5, 597 (1937).



??? ical preparation of deuterium compounds by electrolysis isalso a chemical process. It is however mostly based on ve-locity differences!). The experience acquired in these investigations is of specialimportance for the work with isotopic indicators, because itproves the exceptional inefficiency of all processes for theseparation of isotopes. The change in the proportion of theisotopes of an element, which can be obtained, is generally ofthe order of ^A|A of its value, or even much smaller. (Abeing the atomic weight, ^A the difference in atomic weightof the isotopes 2). The high concentrations of heavy isotopesobtained by Urey and his collaborators have therefor beenreached by processes which made use of a great many stages.The simplest application of this principle is the distillingcolumn. From this experience it will be clear that the accidentalseparation, which might occur during an experiment, will benegligible. If

one worked with radio-phosphorus e.g., the pro-portion of P31 and Psa would not be changed by more than afew per cents, ^A|A being about 3%. 2. Isotopes as Indicators. Soon after the impossibility of separating radioactiveatoms from their non-active isotopes had been established,Hevesy and Paneth thought of the possibility of turningthis fact to advantage in the study of the movement of somespecial atoms among their equals. If, to mention a certaincase, we add to a lead compound some of the same compound ') The method by which Clusius and Dickel prepared chlorineisotopes in a nearly pure state, has been published too late to beincluded in this survey (Naturwiss. 26, 546'38; 27, 148 '39). A great number of separation factors are given in the paperof Urey and Greiff, J.A.C.S., 57, 321 (1935).



??? of ThB (which is an active isotope of Ph), then, after we havecarried out all kinds of processes with this mixture (withoutintroducing fresh radioactive material), we can be certain,that at any moment in any sample the proportion betweenthe number of Pb atoms originating from the original sampleconsidered and the number of ThB atoms, corrected for radio-active decay, is equal to that in the first preparation. Thus,by measuring the activity of a certain substance, we are ableto calculate which part of all the lead atoms, which had beenpresent in our original lead sample, is found in it. It is said,that the ThB constituted an quot;indicatorquot; for the lead. Now-adays we have a large number of radioactive atoms at ourdisposal, which can be used as indicators. There are also severalheavy isotopes known, which may be used in the same way,though their determination usually presents quite formidabledifficulties. The measurement of

radioactivity, on the otherhand, using either an electroscope or a Geigercounter, is avery simple matter. Before the discovery of artificial radioactivity the onlyinactive elements of which radioactive isotopes were knownwere thallium, lead and bismuth. As none of these elementsnormally occur in organisms, their use as indicators was of littleimportance for biological purposes. In physical chemistry andanalytical chemistry, however, this principle rapidly gainedprominence. It could be shown that a piece of metallic lead, immersed ina solution containing a lead salt, exchanged its atoms with theions in the solution. It could even be shown that not onlythe surface layer, but also many layers underneath take partm this process. Probably this behaviour is due to the well-known quot;local currentsquot; which are supposed to take place onany electrode, dissolving the metal in one spot and depositingIt in another. Lead peroxide was shown to

exchange too, but



??? here only the outermost layer comes into play i). Later thestudy of several sparingly soluble lead salts in solutions con-taining lead ions indicated with Th B led to the same conclu-sion 2). Lately Kolthoff and Rosenblum have confirmedthese results with the restriction, that the precipitates of theslightly soluble lead salts must have at least a certain min-imum age, depending on the circumstances at the beginningof the experiment s). If this precaution is not taken, thepreparation still contains crystals of very irregular structure,which tend to recrystalhse. If the solution already containsradioactive ions at this time, some of these are built intothe new parts of the crystals, a process, which is an exactanalogue of the uptake of an active isotope from an ionizedsolution in a metallic electrode. In the next chapter we shallsee that an analogous exchange is reponsible for the disappear-ance of active phosphate from blood into

the skeleton. Next exchange processes in the liquid phase were studied Â?).As was to be expected, two ordinary lead salts exchange theirlead ions immediately when dissolved in water. More strikingis the fact, that lead chloride and lead nitrate exchange inpyridine, a solvent where electrolytic dissociation is far fromcomplete. The explanation must be found in the very rapidbreaking down and rebuilding of the molecules in solution.A very rapid exchange of Th B was demonstrated betweendivalent and quadrivalent lead salts in solution, indicating anelectron transfer between the ions of different valency S). ') Hevesy, Physik. Z. 16, 52 (1915). Paneth and Vorwerk. Z. physik. Chemie 101. 445 480(1922). ') Kolthoff and Rosenblum J.A.C.S. 56, 1264' 1658 (1934)-57, 597, 607, 2573, 2577 (1935); 58, 116, (1936). Â?) Hevesy and Zechmeister Ber. 53, 410 (1920), Z. f Elek-trochemie 26, 151 (1920). Â?) It is worth

mentioning, that the actual velocity of ionisationof trimethylmethyliodide in liquid sulfurdioxide has beenmeasured in this way.



??? On the other hand no exchange was found between lead saltsand tetraphenyl lead in pyridine or in amyl alcohol nor be-tween diphenyl lead nitrate and lead nitrate in a water-alcohol mixture. The lead in plumbate ions was found unableto exchange with that of plumbite ions. A very fertile field for the use of isotopic indicators is themeasurement of selfdiffusion which cannot be studied in anyother way. The mobility of lead ions in liquid lead in solidlead and in lead salts ÂŽ) was determined by Hevesy andhis collaborators. The selfdiffusion of gold has been measuredtoo. A similar though fundamentally different use of radioactiveisotopes is the simple determination of elements by measuringthe activity of a mixture, if the activity per gram of the elementin question is known. In this case there is no question ofdistinguishing between active and inactive atoms of the sameelement; the radioactive isotope only provides a simple andsensitive

analytical method. It is clear, that this proceduredoes not offer any possibilities which are essentially new,but it may enable us to carry out researches which are other-wise impossible because of technical difficulties. The most famous discovery made in this way is that ofbismuth hydride . Radioactivity has also been used for thedetermination of the solubility of very sparingly solublesalts 6). ') Hevesy, Z. f. Elektrochemie 26, 363 (1920). Groh and He-vesy. Ann. d. Physik (4), 63, 85 (1920). ') Groh and Hevesy Ann. d. Physik (4), 65, 216 (1921). He-vesy, Seith and Keil. Z. f. Physik. 79, 197 (1932). quot;) Hevesy and Seith. Z. f. Physik. 56, 790 (1929). â€?) McKay, Trans. Far. Soc. 34, 845 (1938). Sagrubskij, Physik. Z. Sovjetunion 12, 118 (1937). Paneth. Z. f. Elektrochemie 24, 298 (1918), Ber. 51, 1704(1918). â€?) Hevesy and Paneth, Z. f. anorg. Chemie 82, 322 (1913). Hevesy and Ron a, Z. f. physik. Chemie 89, 294 (1915).



??? Our reason for mentioning this work here, though it is notquite analogous to the use of isotopes as indicators, is the factthat the earliest application of radioactive elements in phy-siological chemistry made use of this principle. Christiansen,Hevesy and Lomholt measured the rate of excretion of leadand bismuth and the distribution of these elements betweendifferent organs i). Hevesy also studied the uptake of leadby plants and the absorption of lead and bismuth bv tu-morsÂ?). An enormous impetus was given to this field of research bythe discovery of heavy hydrogen which extended the possi-bility of using isotopic indicators from very few to a greatmany compounds. The literature dealing with the use of deu-terium for this purpose is so enormous that it cannot be re-viewed in its entirety here. The first application of this hydro-gen isotope to biological science was the measurement of theuptake and excretion of

water by men and gold fish by He-vesy and Hofer Â?). Later the rate of formation of a numberof deuterium compounds in living organisms has been in-vestigated by Schoenheimer and his collaborators and byKrogh and Ussing The other heavy isotopes which havebeen concentrated in Urey's institute are just coming intouse as mdicators for physiological purposes. Schoenheimerand his collaborators used iVquot; to investigate the digestion ofhippuric acid and other nitrogen compoundsÂ?), and lately ') Christiansen, Hevesy and Lomholt, Comptes rend Carls-berg, 178, 134 (1924); 179, 291 (1924).Lomholt, Biochem. j. 18, 693 (1924). Hevesy, Biochem. J. 17, 439 (1923).=) Hevesy and Wagner, Arch. f. exp. Path. 149 336 (1930)') Hevesy and Hofer, Nature, 133, 495 (1934); Z phvsiolChem., 225, 28 (1934) Nature, 134, 879 (1934).Ussing, Nature 142, 399 (1938). ') Schoenheimer, Rittenberg, Fox, Keston and

RatnerJ.A.C.S., 59, 1768 (1937). Schoenheimer, Rittenberg, Fostner, Keston and RatnerScience, 88, 599 (1938).



??? oxygen containing a surplus of has been used for studyingthe fate of inhaled oxygen i) and of sulphate ions injected intothe blood 2). The discovery of artificial radioactivity has greatly in-creased the use of indicators, as several elements which areextremely important in chemistry and biology are now ob-tainable as radioactive isotopes, the most important of whichare: phosphorus, chlorine, bromine, iodine, sodium, potas-sium, sulfur and arsenic. Not all of these are, however, equallysatisfactory. In the first place it must be possible to obtainthe radio-isotopes in preparations sufficiently strong and con-centrated. We often find that it is quite easy to induce a highactivity into an element by neutron bombardment, but thenit is usually necessary to separate the active form from the in-active one by some chemical process in order to obtain theactivity in a preparation which is sufficiently small to beused for measurement or the performance

of an experiment. If the neutron radiation changes the nuclear charge of theelement, an ordinary analytical separation can be used toseparate the active element, as e.g. in the isolation of radio-phosphorus according to Chievitz and Hevesy. If the radioactive atoms are isotopic with those of the start-ing material it is usually satisfactory to use a compound asstarting material. The atoms which absorb a neutron andemit a y-ray suffer a recoil themselves by which they are en-tirely knocked out of the surrounding molecule, thus formingatoms or molecules of the free element. So if one adds a traceof this element and separates it out afterwards, it containspractically all the activity formed . This method is generallyfollowed in the preparation of radioactive halogens and is alsouseful for preparing radio-phosphorus. Day and Sheel, Nature, 142, 917 (1938). Aten, jun. and Hevesy, Nature, 142, 952 (1938). ') SziLARD and Chalmers, Nature, 134,

462 (1937).



??? Another property which must be taken into account is thelifetime of the radio element. In artificial radio-elements thishas been found to vary between a fraction of a second andseveral months. If the lifetime of the element is too long, onlya very small number of atoms decompose in a second andthe activity becomes too small for measurement, unless theneutron source available is strong enough to provide anexceptionally large number of radioactive ions. This is thecase with radio-sulfur. If, on the other hand, the half-period ofthe indicator is much less than an hour, the substance decaysso rapidly that nearly all the activity is lost during the prep-aration of the material and the carrying out of the measure-ment. Biological work with chlorine (half-period V^ hour)is very difficult for this reason. The most desirable half-period is several days and radio-phosphorus (half-period 141/2 days) is a very satisfactory indi-cator in

physiological chemistry, especially because quitestrong preparations can easily be obtained. A neutron sourceof half a Curie of radium and beryllium will provide a sampleof which 10-ÂŽ part can easily be measured, and witha cyclotron substances several hundred times as strong aremade. A special advantage of phosphorus is its occurrence inmany different compounds which are formed and found in liv-ing organisms. Other radioactive indicators which have occasionally beenused in biochemical work are sodium i), potassium 2) andsulfur 3). gt;) Hamilton, Proc. Nat. Ac. Sci., 23, 521 (1937).Griffiths and Maegraith, Nature, 143, 159 (1939). Greenberg, Joseph, Cohn and Tufts, Science 87 438(1938). ') Borsook, Keighley, Yost and McMillan, Science 86525 (1937).



??? CHAPTER ILRadiophosphorus as an Indicator. 1- Phosphates in Blood and Bones. In an organism which is in a stationary condition, theamount of any element taken up during a certain time, forexample a day, is â€” on the average â€” equal to the amountsecreted. Part of the atoms absorbed will be lost soon after-wards and another part will be incorporated in the body andwill replace atoms which formerly belonged to the organism.Radioactive phosphorus makes a beautiful tool for the investi-gation of these processes. Up till now most of the investigations with radio-phosphor-us have been carried out in Professor Hevesy's departmentof the Institute of Theoretical Physics in Copenhague. As mywork was part of this program I will begin by giving a surveyof the results hitherto obtained. There is, however, one special point which must be consider-ed first of all. It is often asked whether the radioactivity ofan atom is not in itself a

property which influences its chemicalbehaviour. For all practical purposes this is certainly not thecase. Up to the moment of its decomposition the radio-atomdiffers only from other phosphorus atoms in its mass whichcauses only very small differences in its chemical properties.Of course at the moment of its decomposition, it turns into asulfur atom, but the place at which it emits its p-ray â€” theonly effect we can determine â€” it has reached as a phosphorus



??? atom. We must keep in mind though, that the mass differencemay cause accidental fractionations of the order of a few percent, but, as the accuracy of our radioactive measurementsIS about 10%, we need not worry about these effects. On theother hand this consideration shows that, even if we could re-fine the activity measurements by another power of 10, wewould not benefit very much by this fact. Quite another matter is that, if we administer very strongpreparations of radio-phosphorus (or of another radioactivesubstance) to an animal, the radiation may damage the organ-ism and in this way cause abnormal processes i). But theseare secondary effects which have no special influence on thebehaviour of radio-phosphorus atoms. It deserves men-tioning in this connection that all animal organisms containpotassium, which carries an appreciable radioactivity. Itis quite possible however that special organs are

more sen-tive to radiation than others but this question still needs aspecial study. In most of our experiments published, radio-phosphoruswas administered as a phosphate solution, though at presenta number of investigations of the behaviour of other radio-active phosphorus-compounds and of elementary phosphorusin the animal body by the indicator method are in progressin Copenhague. One of these will be mentioned later. Radioactive phosphate can be administered in two ways:by mouth or by injection into the body. In the latter case thesolution may be injected either immediately into the blood orsimply into the tissues of the body. If the latter method isused the phosphate ions diffuse into the blood, which transportsthem to other parts of the body. As the mixing of phosphateions in tissues seems to be quite rapid, the mode of injectionshould have little influence. This is not true if other phosphor-us compounds

are administered, as many tissues are knownScoTT and Cook, Proc. Nat. Ac. Sc., 23, 265 (1937).



??? to contain enzymes which decompose some of the more com-plicated phosphorus compounds. In our experiments we gavethe active phosphate as a subcutaneous injection but thehexose monophosphate as an intravenous injection. A general preliminary study of the fate of radio-phosphorusin the body has been made by Chievitz and Hevesy i).Phosphorus in the blood can suffer the following fate :it can remain in the blood; 2.nbsp;it can be secreted; 3.nbsp;it can be absorbed by the tissues or organs. In most animals nearly the entire secretion is taken care ofby the urine and the faeces. Saliva and tears are of no account,nor does the secretion through the skin amount to much inthe case of phosphate, although it plays quite an importantr?´le in the water metabolism. If, however, the animal pro-duces milk or eggs, the loss of phosphorus in these products isvery important. In most animals quite an appreciable fraction of the ad-

ministered radio-phosphorus (about 20%in the case of a hu-nian subject) is secreted during the first week. This is a fairlySimple process, almost certainly due to a secretion of phos-phate ions from the plasma through the kidneys and the bow-els into the urine and the faeces. This theory was supportedhy the proof that the specific activity of the plasma phosphateand urine phosphate of a rabbit two weeks after injectionare equal. Of the rest of the phosphorus nearly the entire activity en-ters into the bones and the tissues of the body. Taking agoat for an example, we find that after 2 hours the entireblood contains only about 2% of the activity injected. (Cf.Expt. no. 3). Chievitz and Hevesy, Nature 136, 754 (1935). Chievitz and Hevesy, Kgl. Danske Vid. Selskab Biol. Medd.,9 (1937).



??? In the bones practically all the phosphorus is present asphosphate ions, but most tissues and organs contain quantitiesot different organic phosphorus compounds which are quitecomparable to their phosphate content. In Chapter V somefigures will be given for the milk glands of goats. In the higher animals the fraction of the activity absorbedby the bones is several times larger than that taken up bv thetissues. Therefor we shall first consider the uptake in the skeleton, which regulates the rate of the decrease of the specificactivity of the plasma phosphate. If we shake a powdered insoluble phosphate with a radioactive solution of sodium phosphate, the P32 jg ^^^^distributed between the phosphate ions m solution and thoseon the surface of the crystals, thus even providing us with apossibihty of calculating the size of the crystalline particlesaccording to the experiments of Paneth mentioned aLve In the case of the

equilibrium between plasma and bones theexchange is brought about much more slowly. The figures weobtained m our experiments on goats are shown graphicallym Fig. 7 page 81). The fact that a slow decrease in activitytakes place continuously is seen very clearly. At the same timeone can observe the differences between various experimentsquot;figures obtained with different animals or even with the faXTTJ ''nbsp;^^^^ ^^nbsp;- by a tactor 2. The contmued drop in the specific activity of the plasma phosphate must be due to a slow absorption of radio- phosphorus by the tissues and by the bones. Of course there IS also a constant loss of activity by secretion, but this is not 'tTnbsp;^^^^ disappearance of of r 7 Inbsp;---PlÂ?' the loss of radio-phosphorus between the end of the first and the end of the^se^ day after injection amounts to less than IQo/o of



??? the total, on the other hand the specific activity of the plasmaphosphate is reduced to of its former value. If the skeletonhad a constant surface rapidly reaching equilibrium with theblood, then at different times the specific activity of the plas-ma phosphate should be approximately proportional to thetotal activity present in the animal. So there can be no doubt that the phosphate exchangebetween the plasma and the skeleton is a slow process. Sev-eral different causes are to be considered for this fact. Itmay be that the penetration of plasma into the very thincanals inside the bone is so slow that it takes days to supplysufficient phosphate ions for the exchange. Besides in growinganimals there is also a considerable uptake of radio-phos-phorus in those parts of the bones which are increasing inweight. Then there is the possibility that the surface of the crystalsreaches equilibrium very rapidly, but that there is slow ad-ditional uptake by

diffusion of phosphorus from the surfaceinto the body of the crystals. (This diffusion would probablyhappen most rapidly along the inner surfaces of the crystalspecially over the surface of such cracks as are filled withliquid. In this case one could also speak of a transport throughthe liquid and the distinction between retardation due to cir-culation and due to diffusion would become rather vague). We also have to consider the likelyhood of a process which isintermediate between uptake by growth and by diffusion inadult animals. It is quite probable that all bones are constant-ly being broken down and rebuilt in the same place, a behav-iour which is observable in the case of broken bones beinghealed. This effect would be comparable to the extra uptakeof radio indicators from solutions by fresh precipitates during recrystalUsation. To get some information on this point. Professor Hevesyâ– ^vith his collaborators injected heavy water into a

rabbit at a



??? very slow rate and measured the difference in density betweenthe water which could be distilled out of the plasma and out ofthe bone i). This method has the one fundamental fault that itgives the average rate of renewal of the plasma in the bone,whereas by far the greatest part of the total surface is to befound in the very small canals, while most of the blood of abone is present in the large vessels. As this experiment has not been described in extenso be-fore, we may give a few particulars in this place. The solutionwas injected slowly during the course of three hours. 9 Gramsof Dfi were administered in all to a rabbit weighing 2,3 kgrs.After 3 hours the density excess of water isolated from theblood was 562 ppm.; from the femur 4 76 and from the tibia498. Thus the concentration of Dfi was about 86% of that inthe blood. Assuming the deuterium concentration to riselinearly with time, we find that the bone water at

the end ofthe experiment has the same density as the blood water had0,14 X 3 hours = 25 minutes before. So we may concludethat the time required for the circulation of the blood con-tained in a bone (of a rabbit) is about one half hour. Quite a number of interesting results bearing on the prob-lem of circulation in bones have been obtained in the re-searches of Hevesy and his different collaborators. The rateof exchange in bones depends to a very high degree on theirconstitution 2). Teeth are found to exchange very slowlyand hard bones more slowly than soft bones. Therefor theloss of weight on ignition (which is a measure for the water-content and thus for the blood circulation) in differentbones is found to run parallel to the uptake of radio-phospho-rus as is seen from Table I, taken from the work of Hevesy,Holst and Krogh. ') Hevesy, Enzymologia, 5, 138 (1938). Hevesy, Holst and Krogh. Kg). Danske Vid.

Selskab BiolMedd. 13, 13 (1937).



??? This is an argument in favour of the circulation being oneof the determining factors of the rate of activation of bone-tissue. Table I. Organ. Millionth parts oftotal labelled Pfound in 1 mgr.ash. Loss in weighton ignition. Incisor . . 6.2 26.0 Molar 3.4 27.4 Jaw . . 20 36.3 Tibia head . . 77 68.7 'T'ibia residue..... 14 52.7 The real measure of the renewal of phosphorus would ofcourse be the specific activity; i.e. the amount of radio-phosphorus per mgr. P. However, the phosphorus content ofthese various ashes is so little different that the figures in thiscolumn are quite sufficient for comparison. In this connection it is worth mentionmg that the rate ofactivation of the bone-tissue in the legs of chickens was foundto be faster than normal in animals suffering from rachitis Some very illuminating facts were discovered about thecirculation of phosphorus in teeth. The incisors of rats, whichgrow continuously during the animals' life, are much

moreactive than molars, which are stationary. This difference iscertainly due to the strong activation caused by the extrauptake of phosphorus by growing bone tissues. The samedifference is found between the rates at which phosphorusenters into the bones of young and adult animals, as shownby Chievitz and Hevesy in their paper mentioned above.Another way of studying the difference in the rate of activa- ') Dols, Jansen, Sizoo and van der Maas, Nature, 142, 952(1938).



??? tion by growth and by displacement was found by measuringthe activity of different sections of rats' incisors a few daysafter the administration of radio-phosphorus. Most of theactivity is deposited round the pulpa, where the new bone-tissue is being built, but even the most distant parts of thetooth, which had already been formed some time before thebeginning of the experiment, were found to be slightly active.After three days the amount of P^^ which has entered into1 mgr. of phosphorus at the top of the tooth is only about1 = 300 ^^^^ ^^nbsp;difference is certainly due to the fact, that circulation through the solid parts ofthe tooth is very slow, but another part must undoubtedly becaused by the uptake of radio-P in the newly formed part ofthe tooth at the bottom. 2. Formation of Phosphorus Compounds in Organs. Whereas the activation of bones and urine has been shownto be relatively simple, as these

substances contain practicallyall phosphorus as phosphates, we must expect the uptake ofradio-phosphorus by organs to be much more complicated.In most tissues the amount of organic phosphorus greatlyexceeds that found in the form of phosphate ions and thereforwe have not only to consider physical processes Hke circulationand diffusion, but we must also take into account quite a num-ber of chemical phenomena. In general the phosphorus compounds occurring in tissuesmay be devided into four groups: Phosphate ions, organicacid-soluble phosphorus, phosphatides and phosphoproteins.These divisions are not entirely according to chemical com-position, but mostly prompted by the present analyticalmethods. It is of course impossible to survey the distribution of



??? phosphorus in all different organs, but we will mention themost important phosphorus compounds which are known inphysiological chemistry, paying special attention to theiroccurence in blood. 1Â°. Inorganic phosphates are only found as the ions ofortho-phosphoric acid^). Pyrophosphate ions do notoccur, though organic pyrophosphates exist in muscles.Goat's plasma contains about 4 mgr % (milligrams P per100 grams) of inorganic phosphorus; the corpusculessomewhat less.2Â°. PhosphoUpids consist mostly of phosphatides of whichthe most important is lecithin. This is a phosphate ofcholin and of glycerin in which the two free hydroxy-groups have reacted with different fatty acids. The for-mula of lecithin is : H H H O H H CH3 111 II III /CH3 Hâ€”Câ€”Câ€”Câ€”Oâ€”Pâ€”Oâ€”Câ€”Câ€”Nlt; 3 XH 0nbsp;O H o H H O 1nbsp;Inbsp;Inbsp;I 0=C C=0 Hnbsp;H I IRi R^ Ri and R2 represent alkyl-groups.

Appreciable quantities of cephalin, containing amino-ethanol instead of cholin, occur in the brain, in the bloodand probably to some extent in other organs. Of late the opinion has been expressed that inorganic py-rophosphates normally occur in plasma. ') Peters and van Slyke, Quantitative Clinical Chemistry I,223.



??? Phosphatides are soluble in ether and in hexane, they areprecipitated by trichloroacetic acid. In goats' blood theplasma contains about 4 mgr % of phosphorus as pho-sphatides, the phosphatides concentration in the cor-puscules being about twice as high. As it is exceedinglydifficult to differentiate between lecithin and cephalinby chemical methods, I have not attempted to separatethese two substances. Therefor all preparations namedquot;lecithinquot; in the following pages are likely to haveconsisted partly of cephalin. Besides the phosphatides the cerebrosides belong to theclass of the phospholipids, but their importance is sosmall that we shall refrain from dwelling further uponthem. Phosphoproteins are large molecules, behaving more orless as proteins and containing phosphorus. A few arerelatively well studied like casein, occurring in milk,and vitellin, which is found in eggs. Many tissues seemto contain

phosphoproteins and quite an appreciableamount is found in blood cells. Plasma on the other handis practically free from these substances, at least in mostanimals. Compounds belonging to this class are precipitated bytrichloroacetic acid; they are insoluble in organic sol-vents. Acid-soluble organic phosphorus is found in many dif-ferent compounds which are exceedingly difficult todistinguish. They are soluble in solutions of trichloro-acetic acid and cannot be precipitated by magnesia-mixture. The methods for separation mostly depend ondifferences in the rates of hydrolysis, either by boilingwith acid or by enzymatic action, or on fractionatedprecipitations with baryum salts.By far the largest part of the phosphorus found in blood-



??? cells belongs to this group, in plasma however the totalconcentration of these substances is quite low, thoughthere can be little doubt about their occurence. The bestvalue seems to be about 0,4 mgr %.Esters constitute quite an important part of this group.Hexose monophosphates of different constitution, hexo-sediphosphates and glycerophosphates are known tooccur in organs and some of these with even greater cer-tainty in blood. R. Robinson holds the opinion thatmost of the plasma ester is a hexose-monophosphate .The acid-soluble phosphorus of the blood cells, however,has been shown to consist mostly of glycerodiphos-phate and adenyl pyrophosphate Other acid-soluble organic phosphorus compounds arephosphocreatine, and nucleotides. UTiether these sub-stances occur in blood cells too is uncertain; in tissues,specially muscles, they have, however, been found andeven studied as far as their

formation and disappearanceis concerned. A few figures for the distribution of administered radio-Phosphorus were pubUshed by Hevesy, Holst and Krogh Â?)and by Hahn, Hevesy and Lundsgaard *), but as the ac-tivity measured could not be connected with any chemicalfraction, it was difficult to conclude anything for certain fromtheir results. A great deal of work on the distribution of radio-phos-phorus over different parts of the bodies of rats (normal, The occurrence of esters in plasma is treated in: R. Robinson,The significances of phosphoric esters in metabolism (New-York,1932). ') Roche, Bull. Soc. chim. bid., 12, 636, (1930). ') Hevesy, Holst and Krogh, Kgl. Danske Vid. Selskab Biol.Medd., 13, 13 (1937). ') Hahn, Hevesy and Lundsgaard, Biochem. Journ., 31,1705 (1937).



??? rachitic, and rachitic rats treated with vitamin B) was pub-lished by Dols, Jansen, Sizoo and de Vries i), but asthese authors have not determined the phosphorus contentof their samples, it is impossible to compare their resultswith those of Hevesy and his collaborators. Here we must pause, to consider a point which we will dealwith more fully in Chapter III. The problem is, which quantityis most suitable for comparison as a characteristic of radio-active preparations. The activity of a certain sample is ofcourse dependent on the amount of the substance and itspurity, and for this reason has a more or less accidentalvalue. The best characteristic quantity for most purposes isthe quot;specific activityquot;, i.e. the activity (measured in somearbitrary unit of activity) per mgr. phosphorus. So one easilysees that if a certain preparation contains 1 mgr. of lecithin,having a specific activity = and 1 mgr. of phosphate, havinga

specific activity = lOx, the total-activity will be ll^t in2 mgr. P and the average specific activity 5.5;t;, a quantityvery different from the specific activities of either of thepure components. Only if we are dealing with a large amountof a very active substance mixed with a small quantity of aless active substance, the average specific activity of thetotal phosphorus is about equal to that of the principalcomponent. It stands to reason that much more definite conclusionscan be reached from activity determinations on pure phos-phorus compounds isolated from different parts of the body.Up till the present most researches have dealt with the activa-tion of lecithin, partly because this is a substance which mayeasily be isolated and purified, partly because it is sup-posed to play an exceptionally important r?´le in metaboUsm. Dols, Jansen, Sizoo and de Vries, Nature, 139, 1068(1937). Proc. Kon. Akad. Wet., 40, 547 (1937).



??? The first work in this field was published by Artom, Sar-zana, Perrier, Santangelo and Segre i). They analysed different organs of a rat which had beeninjected with radio-phosphorus on four successive days anddetermined the specific activities of phosphate, total acid-soluble (phosphate and organic acid-soluble) phosphorus,lipidic phosphorus and acid-insoluble P (phosphoprotein).Their conclusion is, that the total specific activity in differentorgans is not very different, only in the brain and medulla itis distinctly lower. The figures which they determined forlipoid activity are collected in Table II: Table II. Organs. Specific activity of lipoid P. Liver . . . 17.8 Intestine ..... 14.4 Kidney 13.2 Parenchyme . ........ 8.5 Muscle. . . 2.9 Brain and medulla......... 0.5 The most active lecithin is found in the liver, kidneys andintestine. This means that if we consider how phosphate ions,present in the plasma at a certain moment, will

be distributedat some later time, we will find a relatively large fraction ofthese ions in each milligram of the lecithin of the liver, kidneyand intestine and a much lower concentration in the lecithinof the muscles or the brain. There may be two different ex-planations for this fact, either the rate of formation of le-cithin is different in different organs, or the rate of renewal Artom, Sarzana, Perrier, Santangelo and Segre, Nature,139, 836 (1937).



??? of the phosphate might not be the same, due to differences inthe blood circulation or the diffusion velocity of phosphates.The first explanation assumes an exceptionally rapid lecithinsynthesis in the liver, which does not seem unlikely at all, asthe liver is known to be the organ with the greatest chemicalactivity by far. The second possibility cannot be discussed,until the rate of activation of phosphate in different tissuesis known, but we know that the rate of renewal of phosphatein organs is many times more rapid than that of lecithin (seealso Chapter 5). Also Artom and his collaborators mentionthe fact that, except for the brain, the total phosphorus hasabout the same specific activity in all organs, which wouldbe quite impossible if the phosphates were not all about equal-ly active. We may even conclude that in their experimentsnearly all the organic acid-soluble phosphorus was in radio-active equilibrium with the

phosphate. This seems also verylikely in view of our results, as most of the radio-phosphorushad been present in the body for days and the time requiredfor exchange in most esters and analogous compounds ismuch less. Therefor it seems safe to say that the activity in the table ofArtom c.s. is approximately a measure for the rate of leci-thin formation in different organs. Small differences mighthowever be due to different rates of activation of the phos-phates. It may be mentioned that these conclusions were not putso expHcitly at the time, because the different factors influenc-ing the behaviour of phosphorus in the body and speciallyits modes of disappearance from the blood were not so clearlyunderstood. A great deal was done to clarify this field by Hahn andHevesy in three papers, the first of which appeared immedia-tely afterwards i). The purpose of their first research was to') Hahn and Hevesy, Skand. Archiv.,

77, 148 (1937).



??? show the lecithin synthesis in the brain of adult animals andthey were able to prove indeed that even in very old animalsthere is a constant synthesis and breakdown of phosphatidesgoing on in the cerebrum. Several other highly significantexperiments on the appearance of active lecithin in blood werecommunicated in these studies leading to the followingresults. If the specific activity of the phosphate in different parts ofthe body were constant, it would be possible to calculate therate of formation of lecithin and other phosphorus compoundsfrom the specific activity of these substances after a certainlapse of time. If, for example, after the lapse of one hour thelecithin in the liver of an animal were found to contain 10%of the activity which the same amount of phosphorus occuringas phosphate ions in the organ has, then we could concludethat 10% of the phosphate ions had been formed duringthis time. That

would mean that during the course of tenhours the liver would form an amount of lecithin equal to itsentire lecithin content. This does not mean, of course, that allthe lecithin present would be renewed, because some of theactive lecithin molecules originating towards the end of theexperiment would replace other active molecules formed inthe beginning of the experiment, thus even after the lapseof ten hours some of the lecithin present will consist of mol-ecules which were already present in the liver before we started.Now the great difficulty in all researches, in which the totalradio-phosphorus is injected at the start, is the very rapiddecrease of the specific activity of the blood phosphate. Intissues we have aninitial rise in phosphate activity followed bya continuous decrease, as the radio-phosphorus from theplasma phosphate is taken up by the skeleton. Conditions are greately simplified, if we can work with iso-

lated blood samples or organs. In studying the rate of ex-change reactions in blood we can help ourselves by performing



??? simple vitro-experiments. Hahn and Hevesy i) added an in-finitesimal amount of active phosphate to blood sampleswhich were shaken in a thermostat at 37Â° C. They found therate of renewal of phosphatides in dogs, blood to be extremelyslow. In 4 Va hrs. 0,007% of the plasma phosphatide was act-ivated and 0,002% of the phosphatide in the corpuscles In a preceding paper Hevesy and Lundsgaard had dealtwith the problem of the origin of the increased lipid contentof dogs suffering from artificial lecithinaemia Â?). They fedactive phosphate and olive oil to a dog and analysed boththe lecithin obtained from its blood and the phosphate pres-ent in the intestine. From the specific activity of the latterthey calculated the amount of active phosphorus which shouldhave entered the blood lecithin if the additional lecithin inthe blood, originated during the lecithaenimia, had been form-ed from the phosphate in the

intestine. The measured activityof the blood lecithin was ten times less than was calculatedfrom the assumption described above. Therefor it was con-cluded that the excess of blood lecithin was liberated or formedeither in the blood or in an organ different from the intestine. In this special case this way of calculating was made pos-sible by the fact that the active phosphorus was not injectedbut administered by mouth. Under these circumstances acontmuous transport of activity from the bowels into the bloodtakes place. At the same time the active phosphate ions aretaken out of the circulation by the skeleton and these twoeffects, taking place at the same time, keep the specific activityof the plasma phosphate approximately constant. Hahn and Hevesy, Compt. rend. Carlsberg S?Šrie chim 22188 (1938). It is somewhat doubtful whether this formation is real atall. The lecithin had to be separated from a phosphate

activitywhich was about 10 000 times stronger, but great care was takento make the purification as complete as possible. ') Hevesy and Lundsgaard, Nature, 140, 275 (1937).



??? To test the possibiUty of the excess of the lecithin occurringin the blood during lecithinaemia being formed in the blood,Hahn and Hevesy compared the rate of activation of bloodlecithin (both in plasma and in corpuscles) in vitro with thecorresponding rate in lipaemic blood in vitro. They did notfind any difference i). The next point Hahn and Hevesy had to decide in connec-tion with the formation of lecithin in lipaemia was, whetherthe formation of phosphatides in the liver is accelerated. Withthis purpose they carried out a series of perfusion experiments,in which blood containing active phosphate was made to cir-culate through isolated livers. Because of the absence of bone-tissue the specific activity of the plasma phosphate does notchange much under these circumstances and one can calculatethe rate of renewal of the blood phosphatide and the liverphosphatide with a fair degree of accuracy. During

lipaemiathe first is increased about 200%, the second about 70%. Thisniakes it seem very probable that the liver is the source of thephosphatide-excess in Upaemic blood as well as the placewhere this phosphatide has been formed From the results mentioned we might expect that the for-mation of lecithin takes place mostly in the liver and probablyto some extent in the kidney and the intestine. In this connec-tion we may not omit, however, to mention some experimentsof Sinclair Â?) and of Artom The former fed several fatscontaining unsaturated acids to animals and determined theiodine-number of the fats contained in the phosphatides ofdifferent organs after the lapse of a certain period. From therate at which the unsaturated acids turned up in the dif- ') Hahn and Hevesy. Compt. rend. Carlsberg, S?Šrie chim., 22,188 (1938). Hahn and Hevesy, Biochem. Journ., 32, 342 (1938).') Sinclair, Physiol. Rev., 14,

351 (1934).') Artom, Arch, internat, de physiol., 36, 101 (1933).



??? ferent phosphatide fractions, he calculated the rate of renewalof these phosphatides. It must however be kept in mind, thatthe organism itself possesses the faculty of changing saturatedfatty-acids into unsaturated ones and vice versa. Under nor-mal circumstances the fatty-acids contained in the phospha-tides of different organs show widely diverging iodine-num-bers. This fact makes any conclusions reached by the use ofunsaturated fatty-acids as indicators rather uncertain.Later experiments by Sinclair, made with fats containingelaidic acid, which is easily determined by chemical means,suffer from the same ambiguity. Artom measured the rate at which iodized fats enter intophosphatides and he came to the startling conclusion that theformation of phosphatides in blood corpuscles was faster thanin plasma and that it was slowest in the liver. There can belittle doubt that this result is due to a selective uptake

ofiodized fats by the corpuscle phosphatides as it is known thatthe organism can differentiate quite well between natural fatsand fats containing iodine. A series of measurements of the activation of different phos-phorus compounds in human blood i) indicated that the rateof activation of plasma phosphatide was much more rapidthan that of corpuscle phosphatide as seen from Table IIIWe must realize, however, that the phosphatides in bloodare not composed of pure lecithin but are really a mixture ofdifferent closely related substances, principally of lecithin,cephalin and sphingomyelin. During the usual extractionprocedure, which includes dissolving the phosphatides inpetrol ether, the sphingomyelin is discarded. Now a long seriesof analyses by Kirk have shown that in the case of humanblood the ratio of the amounts of lecithin and cephaUn is Hevesy and Aten, jun., KgL Danske Vid. Selskab BiolMedd., 14, 5 (1939).

Kirk, Journ. biol. Chem., 123, 637 (1938).



??? about the same in the plasma and in the corpuscles. As anaverage Kirk finds that human plasma phosphatide contains13% lecithin, 47% cephalin and 40% sphingomyelin. Thecorresponding figures for corpuscles are: 16% lecithin, 60%cephalin and 24% sphingomyelin. This enables us to con-clude that the most active component of the phosphatides inthe plasma has a greater activity than the same compoundiri the corpuscles, which proves that at least this fraction ofthe plasma phosphatides is not formed in the blood cells. Table III. Specific activity of blood fractions (human blood) in partsper milhon of the total activity injected per mgr. Pafter 24hrs. Person B. Person C. Plasma phosphate . .Plasma phosphatide. .Corpuscles phosphatide 105312.3 111.3 This excludes the possibility that the plasma phosphatideor at least the fraction which is formed most rapidly, origina-tes in the corpuscles and diffuses from

there into the plasma.It is not possible to determine as yet which part of the plasma-Phosphatide is formed in the liver and which part in the in-testine or in the kidney. From the experiments to be describedlater it can be shown, that the liver is responsible for atleast part of the plasma phosphatide. At present we have noproof of a phosphatide-synthesis occurring in the intestinalGlucose. In experiments of short duration, in which the ac-tivity is administered by injection, we usually find, that theactivity of the phosphatide extracted from the intestinalmucose is appreciably lower than that obtained from the liverplasma. This might be due to the fact, that the formation of



??? phosphatides in the intestinal mucose is a relatively slowprocess and that active phosphatides are being transportedfrom the liver to the intestine through the plasma. Another,more probable explanation is, that the rate of activation ofthe phosphate in the intestine is much slower than in the liver.In this case, if the phosphatides of the intestine are renewedwith the same velocity as those of the liver, their specificactivity will of course be much lower. This supposition agreeswith recent results of Artom and his collaborators, who showedthat the ratio of the specific activities of the phosphatidesextracted from the intestine and from the liver is much higherin rats to which radioactive sodium phosphate is adminsteredper os than in rats that have received it by subcutaneous in-jection 1). 3. Activation of the Phosphorus in Milk and Eggs. Secretion of lecithin occurs in animals laying eggs or givingmilk. The activity of the

lecithin extracted from differenteggs laid by a hen, was measured by Hevesy and Hahn 2).They found that during the first 7 days the specific activityof the yolk lecithin steadily increased whereas the activityin the white had its maximum in an egg laid one day after theinjection. The shell had its maximum activity in the very firstegg which was laid 4 hours after the admhiistration of theradioactive sodium phosphate. This last mentioned egg wasalready in the oviduct at the moment when the hen receivedthe active phosphate. She probably started building theshell about the same time. Thus it is easy to understand thatthe phosphate incorporated in this shell was very active, while Artom, Sarzana and Segr?Š, Arch, internat de phvsiol47, 245 (1938). ') Hevesy and Hahn, Kgl. Danske Vid. Selskab Biol Medd14, 2 (1938).



??? the shells of the later eggs were formed from plasma phosphatewhich had given off most of its activity to the skeleton. Theformation of the white takes about 24 hours and therefor itis not surprising that the egg which was laid 24 hours afterthe beginning of the experiment was more active than thewhites of the other eggs. The formation of the yolks is a veryslow process and the ovary contains a great number of yolksin different stages of growth. If one assumes, that the amountof lecithin, which the growing yolks receive from the ovary, islarge compared to the amount transported the opposite way,we must expect, that after a certain time the highest specificactivity is found in the lecithin of those yolks in which thefraction added during the experiment is greatest. Using thecurve determined by Gerhartz for the growth of yolks in theovary and analyses carried out on yolks of different sizes takenfrom a hen killed 28

hours after the adminstration of radio-Phosphorus, Hevesy and Hahn could show that this consi-deration provides a very satisfactory explanation of the resultsof their experiments. The continuation of the work, dealing with the formationÂŽf phosphorous compounds in eggs, will be described in thelater chapters of this dissertation. It could be shown, that in an experiment of short duration,where the specific activity of the phosphatides was still risingm the whole body, these activities showed a clear gradient.The phosphatide activity was highest in the liver, lower infhe plasma and still lower in the ovary and the little yolks^t contained. (Fig. 1 shows the specific activity of the phos-phatides in different parts of the body of a hen). Thus oneÂŽees, that all the phosphatides present in the eggs come fromfhe blood as such and that no phosphatide-synthesis occursin the ovary. Another important point in this experiment

wasfhe fact, that the specific activity of the plasma phosphatideWas higher than that of the phosphatide obtained from the



??? intestinal mucose. This proves, that the intestinal mucoseis not the only source of the phosphatides occurring in theplasma, but that at least an important fraction comes from theliver or other organs, possibly the kidneys. - A - Yolk Liver-------\___ It seemed worthwhile to ascertain whether the posphatidessecreted in milk had the same origin as those found in eggs.The same investigations served to study the formation of the



??? other phosphorus compounds found in milk. No parallelism wasdiscovered between the processes involved in the secretion ofphosphatides in hens and goats. The phosphatide which wasextracted from the mammary-gland showed a specific activitya great deal higher than that found for the plasma phosphatideThis means, that the milk gland carries out a phosphatidesynthesis by itself, and that the milk phosphatides do notoriginate from the plasma. Concerning the milk phosphate it was demonstrated, that ifone milks several samples of milk, one immediately succeedinganother, the inorganic phosphate of these fractions does nothave the same activity. This means, that, while the milk isstored in the udder and the milk gland, no mixing occurs. The formation and secretion of casein takes longer than thatof phosphate inorganic. This follows from the fact that thelater shows a higher specific activity during the

first hoursof the experiment. The falling off of the specific activity ofthe plasma phosphate, the milk phosphate and the caseinwith time is shown in fig. 2. The formation and secretion of milk esters takes an evenlonger time, but here one should consider, that the ester frac-tion consists of a mixture of different compounds, as can beproved by fractionating hydrolysis followed by a determina-tion of the specific activity of the different samples obtained.One finds, that the substances, which are more easily hydro-lysed, are more rapidly activated too. It was shown, that theaverage specific activity of the milk ester is higher than thatof the corpuscles ester, which proves that the former cannotoriginate from the latter by simple diffusion, unless the differ-ences in diffusion velocity of the esters concerned cause theaverage value of the specific activity to rise during this pro-cess. To test the possibility of plasma esters

diffusing throughthe milk gland without involving chemical reactions, we in- 3



??? jected radioactive hexose phosphate. In the body this sub-stance IS changed into inorganic phosphate, which in its turnIS taken up by the skeleton. Thus, at least during the begin-ning, the ester activity must be higher than the phosphateactivity. Then, if the plasma ester could diffuse into the milk u igg lac 1- 1gt;â€” 1-- / V H- V \ \ X \ X 1 ] 1 1 1 ---- â€? Log. TIME. Fig. 2. Change of specific activity (expressed per mgr nhosphorus m parts per million of total activity injected^ with time forplasma phosphate ( ), milk phosphate (Q) and caseine x)Values taken from experiment no. 2. Time in hours. one would expect the milk ester, collected during the veryfirst stages of the experiment, to show an abnormally highspecific activity, probably even higher than the plasmaphosphate. As the opposite is the case, it seems very probablethat the milk esters are, at least for the largest part, formed inthe milk gland. So the final

conclusion is that, as far as wehave been able to prove, all phosphorus compounds in milk



??? are synthesized in the mammary gland from inorganic phos-phate of the plasma. About the formation of phosphoproteins Uttle is knownexcept the facts discovered about the production of caseinwhich we will describe in this publication. The difficulty weencounter in dealing with phosphorus esters is, that thesesubstances constitute a nearly inseparable mixture of a greatmany different compounds. The first data obtained about theexchange of organic acid-soluble phosphorus compounds werepubUshed by Hahn and Hevesy i). In connection with theirmeasurements of the rate of activation of lecithin in dog'sblood they determined the corresponding value for the esterphosphorus which they found to be at least 40 times largerthan that for the phosphatide phosphorus. Later this exchangeprocess has been investigated in extenso by Hevesy and Aten,j un. 2). They found that there is a very fast reaction going

onwithin the corpuscles between the phosphate and part ofthe organic acid-soluble phosphorus. Thus in rabbit's bloodabout 60% of the phosphorus ester has the same specificactivity as the phosphate and about 40% does hardly takepart in the exchange process at all. The rate of penetration ofphosphate ions into the corpuscles was measured too andit was found to be appreciably faster than it is in dog's blood.It could also be shown that the rate at which the activity en-ters the corpuscles is about the same in vivo and in vitro.Furthermore the rate of decomposition of hexose mono-phosphate in blood was determined using a radioactive pre-paration of this substance. It was shown that the reaction is Hahn and Hevesy, Compt. rend. Carlsberg, S?Šrie chim.,22, 178 (1938). Aten, jun., and Hevesy. Nature 142, 871 (1938).Hevesy and Aten, jun., Kgl. Danske Vid. Selskab. Biol.Medd., 14, 5 (1939).



??? approximately as rapid in blood as in pure plasma, whichproves that corpuscles do not exert a catalytic action. It wasalso found that the disappearance of the radioactivity fromthe labelled hexose monophosphate is due to a real decom-position and not to an exchange process. Besides the measure-ments proved that the activation of the phosphorus in the cor-puscles is entirely, or at least to an extent of about 90%, dueto the diffusion of phosphate ions and only for a veryÂ°smallpart to a possible diffusion of phosphorus esters. Radioactive hexose phosphate injected into a living animal IS decomposed at least a thousand times faster than it is inblood in vitro. This must be due to the action of phosphatasescontained in the bones or in special organs (possibly the Uver) The rate of the activation of phosphorus compounds infrog's muscles was investigated by Hevesy and Rebbe i)These authors took great pains to

separate and purify thedifferent phosphorus fractions. They investigated creatinephosphorus, adenosin phosphorus, hexose monophosphate(obtained by hydrolysing a 1 n. acid solution at 100Â° for thirtyminutes and afterwards for a hundred minutes) and a non-acid-soluble residual fraction. The rate of activation of thecreatm-phosphorus, the adenosin-phosphorus and the hexosephosphate IS found to be equal within the limits of the ac-curacy of the experiment. It can be seen from their valuesthat the formation of all the phosphorus compounds inves-tigated IS much faster in an animal living at 21Â° than in ananimal kept at 2Â° C, the difference being much more pronounc-ed in the case of the organic acid-soluble than in that of thenon-acid-soluble phosphorus. We may recall the fact thatfrogs are cold-blooded animals and that therefor their body-temperature is practically equal to the temperature of

theirsurroundings. This means that Hevesy and Rebbe actually Hevesy and Rebbe, Nature, 141, 1097 (1938).



??? measured the temperature dependence of reactions occurringin the muscle-tissue. In this connection an experiment, carried out to investigatethe decomposition of hexosephosphate in urine, may be mentio-ned because it has not yet been published elsewhere. Fresh urine, mixed with radioactive hexosephosphate, waskept at 37Â° C during 35 minutes. At the end of this period 1.6%of the activity was found in the inorganic phosphate. Quanti-tative conclusions should not be based on this figure, becauseit seems possible that some active inorganic phosphate waspresent in the hexaphosphate preparation before the start ofthe experiment and a slight decomposition might occur duringthe chemical work involved in the separation of the fractions.One may however conclude that the decomposition of hexosemonophosphate in urine is quite slow and therefor most of thehexosephosphate secreted by the kidneys

is not decomposedin the bladder but leaves the body with the urine.



??? CHAPTER III.Technique. 1. Materials. In their earlier work Hevesy and his collaborators had usedradio-phosphorus, obtained from carbon disulphide which hadbeen irradiated with neutrons from radium-beryllium sour-ces. Under those circumstances radio-phosphorus is formedin the following way : S32 n -gt; P32 H. This method involves the very tedious separation of smallamounts of phosphorus from a larger volume of carbon disul-phide. For the work to be described we could dispose of prepara-tions of a much higher activity. Our radio-phosphorus hadbeen prepared at Berkeley, Cal. by deuteron-bombardmentof ordinary red phosphorus with the cyclotron, according tothe equation: psi D ^ P32 4- H. In this case the activity obtained is so strong that the factthat it is distributed over several tenths of a gram of phos-phorus does not cause any difficulties. Our samples were sent to New York by air and from thereto

Copenhague by ordinary mail. As a rule the preparationslost somewhat over half of their activity during the transport.



??? The material was received as red phosphorus and had to beconverted into phosphate for our purposes. It is advisableto keep and mail the active phosphorus wrapped in metalfoil, as it attacks filter-paper quite strongly, probably throughits Y rays. I used two different methods for the oxidation of thephosphorus. The first one, a dry procedure, has the advantageof being fast though it may possibly cause a loss of part of thematerial. About 100 mgrs. of phosphorus are separated as fully aspossible from pieces of the metal foil and the consumed paper(which may be mixed with the sample) and wrapped care-fully in a small piece of filter paper so as to make a tiny squarepackage. This is thrown into a long-necked round-bottompyrex flask of about 2 liters capacity. The flask is fitted witha cork. After the introduction of the phosphorus oxygen isled into the flask, until the air is expelled. Then a long thinwooden rod or

reed is lighted and rapidly introduced into theflask. As soon as it enters the oxygen atmosphere, it startsburning wildly. One rapidy lights the filter paper and retractsthe wooden match as fast as possible. Now the flask is closedimmediately to prevent the P2O5 formed from escaping.The phosphorus burns with a strong white flame, filling thewhole vessel with white fumes. First the flask must be allowedto cool and then a few cc. of destilled water are at once intro-duced and the flask is corked up again. After several hoursaU of the phosphor pentoxide has been absorbed . Now theliquid is poured from the flask which is rinsed several times with a few cc. of water. The liquid, which contains a good deal of charred wood andpaper, is filtered and made neutral to litmus paper with aknown solution of sodium hydroxide. The volume of the NaOHsolution used gives a rough value for the amount of phospho-rus present.



??? If the work can be done slowly, it is just as easy to oxidizethe radioactive phosphorus with nitric acid. One carefullyadds to the red phosphorus which may contain quite an appre-ciable amount of paper and metal-foil, some fuming nitricacid and evaporates to dryness on a steam-bath, after thereaction has calmed down. The addition and evaporation ofnitric acid is repeated several times. As soon as there is nosohd matter left, some hydrogen peroxide is added and thehquid evaporated. Then the residue is extracted with waterthe hquid filtered and neutralized with sodium hydroxide Ifthe complete oxidation of the paper in the mixture presentsdifficulties, there is no objection to extracting with water con-taining some nitric acid the solid residue left behind after the treatment with nitric acid and the evaporation of this reagent Then the filtrate is used for the original preparation in other r'OCCie cases. If the preparation

is used for injections, as it was in ourexperiments, it is important to make up a solution which isboth neutral and approximately isotonic with blood. If onehas prepared a neutral solution of radio-phosphorus whichcontains a very small amount of electrolyte, this can be doneby addmg the calculated quantity of sohd sodium chlorideor even more easily by mixing with several volumes of aphysiological salt-solution. If the active phosphorus is admin-istered per os, as in some of the earlier experiments by Hevesyand his collaborators, these precautions are of course unne-cessary. 2. Measurements. The quantity, which is characteristic for a radioactive phos-phorus compound, is the specific activity, i.e. the activity ofa certam amount of phosphorus. We shall always consider onemihgram of phosphorus, this being a convenient quantity of



??? the same order of magnitude as the preparation used for themeasurement. Much more complicated is the question of theunit of radio-activity. As mentioned above the halftime ofP^'^ is 14,5 days. Therefor direct comparison is only pos-sible between samples which have all been measured the sameday. One can of course, correct for the decrease of the acti-vity if one uses measurements, carried out on different days,and this method seems to be used occasionally by biologists,working in this field. It is however necessary to check the appa-ratusâ€”whether electroscope or Geigercounterâ€”several times aday, by using a preparation of known activity. For this pur-pose a sample of a uranium compound is usually taken. Now,if one uses a standard preparation of radio-phosphorus in-stead of uranium as a standard, this falls off the same rateas the samples to be measured. Activities expressed in frac-tions of a

radio-phosphorus standard may be compared with-out applying any correction for radioactive decay. Now we are still left to choose the definition of our phos-phorus standard. We might of course select any arbitrarysample of radio-phosphorus, but it is practical to choose acertain fraction of the total activity used in the experiment. Asa rule we shall use a standard equal to 10quot;ÂŽ times the totalactivity in the work on goats. Therefor the specific activity isexpressed in parts per million of total activity per mgr. P. Apart from these units we shall occasionally have use forso-called relative specific activities, obtained from the spe-cific activity by multiplying with a factor which makes acertain rei. spec. act. equal to 1. The activity determinations were carried out with Geigercounters of a type specially constructed for measurements ofthis kind, which are in constant use in Copenhague in Profes-sor Hevesy's department.

The sensitive part consists of a ') These instruments were worked by Dr. Hilde Levi.



??? window of thin aluminium-foil, having a surface of about 1.1cm\ The rest of the counter is made out of heavy brass.Therefor the substance must be put opposite the window, ina way which is quite reproducible. The easiest method isto put the sample into a small aluminium dish which can takeabout 200 mgrs. of magnesium pyrophosphate. These dis-hes which are pressed from aluminium foil and can be preparedeasily and rapidly, fit into a hole in a flat oblong piece ofcopper sheet. The latter is made to fit a slit in the lead block,which contains the Geiger counter in such a way, that the smallaluminium dish takes up a position just underneath thewindow of the counter. It will be clear that the counter isfound over the end of the sUt in the lead block and that thealuminium window is in a horizontal position in the bottom ofthe Geiger counter. The high-voltage wire which is in theaxis of the counter, is horizontal. It is of

some importance to fill the aluminium dishes withan approximately constant weight of substance, as the |3-raysfrom radio-phosphorus are not sufficiently strong to passthrough a few hundred milligrams of substance per cm^,without loosing an appreciable part of their intensity. Besides,'one must be careful not to vary the geometrical conditions,'as these influence the counting very appreciably. That meansthat the different dishes should not only have the same shapeand contain about the same amount of material, but that thismaterial should also have the same composition and be pre-pared in the same way, so as to fill the dishes to the sameheight. Of course there exist other outfits for using Geiger count-ers, both such of the kind fitted with a window and ordinaryround ones, but as none of those have been used in the workdescribed here, it seems unnecessary to do more than mentionthe fact of their existence.

Every value of a specific activity obtained is thus the result-



??? ant of one activity measurement and one phospliorus deter-mination. In some cases one miglit of course isolate the phosphorusas magnesium pyrophosphate â€” the substance which isneeded for the radioactive measurement anyway â€” andfrom its weight calculate the quantity of the phosphorus.There are however several serious objections to this method.First the amount of phosphorus is often so mall in our ex-periments (of the order of 1/10 mgr.) that a simple precipi-tation with magnesia mixture would be very uncertain andincomplete. Then the liquids, we have to deal with, usuallycontain a certain amount of ions or molecules which disturbthe precipitation of ammonium-magnesium phosphate ormake the compound impure. Especially calcium is nearly al-ways present. And in the third place, as has already beenmentioned, it is desirable to have always a fixed weight ofmagnesium pyrophosphate in the

aluminium dish for activitymeasurements, so that one would have to mix the precipitateobtained with the right amount of inactive pyrophosphate. To avoid all these difficulties, the two measurements werecarried out on different samples. The phosphate solutionsobtained from our different fractions were suitably dilutedin a measuring flask. (If one does not need to find the totalphosphorus-content of a preparation, any ordinary flaskmight be used in stead of a measuring flask). A known fracti-on is then pipetted off into a beaker and inactive sodiumphosphate is added to make the total amount of phosphoruspresent equal to about 16 mgrs. Water is added as well if thevolume is less than 50 cc, followed by about 10 or 20 cc. ofconcentrated ammoniumchloride solution and lOcc. of mag-nesia-mixture after Treadwelli) _ Usually a precipitate is form-ed immediately. Tread well. Kurzes Lehrbuch der analytischen Chemie

II(Leipzig en Vienna. 1927) 11th Ed. p. 369. The solution was madeup with dilute ammonia instead of with water.



??? If this is not the case one adds ammonia tiU the hquid be-comes cloudy. In any case the liquid is left to stand a few mi-nutes and then 10 to 20 cc. of 8% ammonia are added. Thesolution is left to stand over night and filtered next day. Thefilter is squeezed into a porcelain crucible, dried over a verysmall flame and ashed over the hottest flame obtainablewith a Bunsen burner. I always checked the weight of thepyrophosphate obtained, but I do not think this quite ne-cessary, as I found only two or three cases in which the weightof the substance was too low. In these cases the solution con-taining the precipitation of ammonium-magnesium phos-phate had been standing longer than usual and the Hquidhad become some what acid to Htmus by the evaporation ofammonia. If one takes the precaution of checking the alkalinityof the liquid before filtration, one can be sure that the precipi-tation is complete. An other

point is, that in case one has anumber of crucibles of the same shape in use, checking theirweight after the ashing, makes it unnecessary to put onnumbers to prevent interchanging them by mistake. After the crucible has been weighed the contents are pul-verized and scratched out as completely as possible with thehelp of a stainless steel spatula. It is rather important to havea spatula for this purpose which can be cleaned in acid, toprevent infecting non-active samples with activity fromvery strong preparations. A stainless steel spatula standsbeing washed in chromic acid or in nitric acid and provesquite satisfactory. The magnesium pyrophosphate is trans-ferred to a small aluminum dish of the type described aboveand its activity determined in the Geiger-counter. Another part of the solution is pipetted off for the phos-phorus determination which is made in a way adapted fromthe method of Fiske and SubbarowI).

-pjig principle is the ') Fiske and Subbarow J. biol. Chem. 66, 375 (1925).



??? following. Molybdic acid is reduced by reducing agents likestannous ions, sulfite and others.The molybdsenum compoundsformed in this process have a strong blue colour. The reductionis quite slow however, but in the presence of phosphate orarsenate ions complex anions are formed which are reducedmuch more rapidly. Then the blue colour caused by the re-duction of a molybdate solution can be used to measure theamount of phosphate ion present. If possible about 0,07 mgr. P was used for each analysis,though even 0,02 mgr. gives satisfactory results. It is evenpossible to go down to 0,01 mgr. but then the determinationbecame rather inaccurate in our apparatus. If one uses smal-ler measuring flasks and eventually even smaller cells in thecolorimeter it should be possible to use much smaller quan-tities, but under these circumstances the colorimetric deter-minations would be more tedious. The

volume of Uquid used for the colorimetric measurementwas pipetted into a 25 cc. measuring flask with a ground-glassstopper. This liquid must be neutrahsed accurately as thestrength of the colour depend quite appreciably on the Ph-I used a sodium hydroxide solution which was about 5normal. Some authors advocate adding an indicator whichis colorless in acid solution and for this reason should notinterfere with the colorimetric measurement. Others who donot think this quite safe, take out a httle drop with the helpof a glass rod and ascertain its reaction towards litmus paper.This procedure is somewhat laborious, as great care must betaken not to contaminate the drop with acid on the wall ofthe neck of the flask. I found it quite satisfactory to drop alittle strip of litmus paper into each flask and to neutrahsethe liquid observing its colour. The addition of the reagentshould not be too rapid, as it takes a few

seconds for the li-quid to penetrate the paper. Sometimes, if the organic matteris not entirely destroyed, the alkaline reaction shows itselfs by



??? the development of a yellow colour in the liquid. When thesolution is alkaline, it is made very slightly acid again by theaddition of about 1 normal hydrochloric acid, only a fewdrops at a time. Then one adds 5 cc. of a solution containing 25 grs of ammo-nium molybdate and 140 cc. of sulfuric acid per hter i) andIcc. of a solution containing 15 grams sodium sulfixte and1.5 grs. quot;Amidolquot; per liter The flask is filled to the markand heated for 5 to 10 minutes in a water bath at 37Â° to devel-op the colour and cooled in cold water. Then it is measuredas rapidly as possible. I never made readings more than anhour after the development. The simplest way to measure the intensity of the colour ina Pulfrich-photometer is to compare the solution with plainwater. In this case however there is a slow zero-effect, due tothe reduction of molybdate in the absence of phosphate.For this reason I compared my solutions with

suitable stand-ards, containing about the same amount of phosphorus.I always used two standards at the same time; normally Ihad ten analyses in each series, making twelve bottles in total.On the left I always had a standard prepared with 0,068 mgr.P; this standard giving the best colour for measurement. Istarted my readings having the same liquid on both sides toget the zero-point. Then I compared this colour with that ofmy second standard, containing either 0,034 mgr. P or no P atall. After this the unknowns were put in the right-hand cell 1) It takes quite a long time to prepate this solution, as theammonium-molybdate dissolves very slowly. Therefor it is ad-visable to mix the components at least one day before use. The quot;sodium sulfitequot; used by most authors is described ascrystalline and is probably hydrated acid sulfite, the same sub-stance which is used as a developer in photography. I used

drypowdered NaaSOj which proved quite satisfactory. The quot;Ami-dolquot; is a commercial preparation also used in photography.The samples I used were from Agfa. The solution is stored in theice box and should not be kept for more than about ten days.



??? and read one after anottier. Tlie only cells which I had at mydisposal were 20 mm. long. According to Beer's law the intensity of the light leavingthe cell (= 1) is connected with the intensity transmitted by acell containing no absorbing substance (= IJ and theamount of adsorbing substance present in the solution (= x,expressed in mgr. P in 25 cc) by the formula: r, log â€” = const. X. I obtained a calibration curve which proved to agree quitewell with Beer's law, the constant being equal to 11.0 mgr.-^(using light-filter S 50). This calibration curve was used for allphosphorus determinations. 3. Separations Before measuring the activity of the different phosphoruscompounds, the latter must be prepared in a pure state. Forour purposes it was not necessary to carry out the separationsin a quantitative way; as we were only interested in the spe-cific activity of the different fractions, it was quite sufficient toisolate part of

a phosphorus compound in the pure state. Of the substances with which we had to deal the simplestwas blood. The plasma was obtained pure by centrifuging andthe blood corpuscles by washing twice with isotonic sodiumchloride solution and centrifuging each time. The plasma con-tains phosphorus as phosphates, as lecithin and a very smallamount as ester. In the blood cells are found lecithin, phos-phoprotein, so-called acid-soluble phosphorus (which con-sists mostly of esters, hexose phosphates and glycerophos-phates mixed with some other compounds which are difficultto separate from these: adenyl-pyrophosphate etc.) and appa-rently some phosphate. The amount of simple phosphate ions



??? in the corpuscles in living organisms is not quite certain how-ever, as some of the acid-soluble substances hydrolyse sovery easily, that their decomposition cannot be entirely pre-vented. Thus some phosphorus enters into this fractionbefore it is analysed. Blood samples were always kept in ice and usually evencollected in cooled vessels. If a separation of ester phos-phorus from phosphate ions was intended, even the centrifu-ging was carried out in a cooled centrifuge. Usually I only wanted to obtain the lecithin-phosphorusand the total sum of ester- and phosphate-phosphorus. Forthe isolation of the lecithin from plasma^) the liquid wasdropped slowly from a pipette into a mixture of 3 volumes ofabsolute alcohol and 1 volume of ether, using 75 cc. of thismixture for 4 cc. of plasma, which causes the protein and mostof the phosphate and esters to precipitate. This is best donein an erlenmeyer flask. The liquid is

heated to boiling inliot water, taking care that there is no fire in the neighbour-hood. After the liquid has boiled about 10 seconds the flaskis cooled under the running water tap to prevent further lossof ether and filtered immediately into a flat-bottomed orerlenmeyer flask using coarse filter paper. At this stage thework may be discontinued if so desired and the solutions kepttill next day. Then one closes the flask with a small watch-glass and evaporates the solution to dryness on an electrichot plate. Great care must be taken that the very inflamma-ble vapours, given off during this process, cannot catch fire. Theheating must be discontinued as soon as the last drop of hquiddisappears, as prolonged heating will now cause a rapid decom-position of the lecithin. Now forty or fifty cc. of technicalhexane (quot;petroletherquot;) are poured immediately into the flaskwhich start to boil vigorously. The flask is shaken, to loosen ')

This method is due to Bloor : Journ. biol. Chem. 77, 53 (1928).The use of hexane is a recent improvement.



??? the soUd particles from the walls after which the liquid isfiltered hot into a kjeldahl flask. This filtration is not quitesimple, because the filterpaper has a strong tendency to jumpout of the funnel. For this reason it is advisable to fold it in aspecial way. It is first folded in the ordinary fashion till thesides make a 90Â° angle and there are four parallel layers offilter paper. Then it is opened as for any ordinary filtrationand flattened out again in a direction perpendicular to thefirst. If this filter is opened carefully it is found to fit very nicely in a funnel, even when dry. A glass bead is put into the kjeldahl flask and the contentsevaporated to dryness on the hot plate under special care toprevent explosions of the vapour .After the flask has cooled,purefuming nitric acid is poured on to the residue, initially dropby drop, and followed up with 1 or 2 cc. of sulfuric acid. Theflask is heated, while the nitric acid is constantly being renew-

ed, until the liquid remains quite colourless. If the phosphor-us compound is heated with sulfuric acid only, while there isstill carbon or organic matter present, part of the phosphorusis volatihsed. After all the nitric acid is gone, one takes theflask down and allows it to cool. Then a few cc. of water areadded and the liquid is boiled about one minute to decomposepyrophosphates. The solution is then transferred to a measur-ing flask to be used for analysis. If I wanted to analyse both the phosphate and the esterphosphorus or the phosphate uncontaminated by ester, asample of the plasma was run slowly into 5 to 10 volumes of10% trichloroacetic acid, cooled in icewater. This served toprecipitate protein and lecithin and after filtration through acoarse filter, the liquid contained most of the phosphate andester If it is necessary to isolate these fractions quantitatively,one must wash the precipitate repeatedly with 5%

trichloro-acetic acid. Immediately after filtration an excess of ammomais added, because the esters are hydrolysed much more rapidly



??? in acid than in alkaUne solution. After this it is not so neces-sary to keep the Hquid cool, though I usually kept it in theice box till the separation was completed. Now 10 cc. of mag-nesia mixture are added and the solution kept till next day.Then the ammonium magnesium phosphate is filtered off andtransferred with the filter paper to a kjeldahl flask. Theprecipitate is treated with nitric and sulfuric acid, as describedfor the destruction of lecithin. This always causes loss ofpart of the phosphate which in our case was of no importance.If one wishes to recover all the phosphate; it is necessary todissolve the precipitate on the filter in hydrochloric acid. To obtain the ester fraction, the filtrate was evaporated ina porcelain dish on a sand bath and heated red hot over aBunsen flame. The contents were dissolved in hot hydrochlor-ic acid and filtered into a measuring flask. If I did not aimat a separation of ester phosphorus

from phosphate, I oftendid not carry out any precipitation, but destroyed the or-ganic matter simply by glowing and dissolving the residuein hot hydrochloric acid. The analysis of blood corpuscles was carried out in a strictlyanalogous way. Only, the amount of protein being much lar-ger, one must take at least 10 volumes of trichloroacetic acidand it is important to mix the cells with water before addingthem to the reagent. In milk the isolation of lecithin was carried out in exactlythe same way as in plasma. The high fat content makes itdifficult to concentrate the ether-alcohol extract withoutloss through bumping. It is best to add a number of glassbeads and to shake the flask vigourously during the laststages of the concentration. The isolation of the casein was done in a way described byvan Slyke The milk, freed from cream in the centrifuge,is stirred very rapidly in an ice bath. I always used aboutVan Slyke and Baker. J.

biol. Chem. 35, 127 (1918).



???



??? 50 cc. of milk and I had a 250 cc. erlenmeyer flask for a con-tainer. Before the start one or two drops of octylalcohol wereadded, to prevent excessive foaming. Then a solution contain-ing 1/3 mol H CI and 2/3 mol acetic acid per liter wasslowly run into the liquid from a burette. To the tip of thisburette a piece of thin rubber tubing (as used on the air-inletof bicycle tyres) is connected, which leads to a thin glass tubereaching down into the liquid, from which the acid entersinto the milk. (comp. Fig. 3). Once in a while a 1 cc. sample istaken and mixed with 1 cc. of water. If this mixture does notseparate on centrifuging, the addition of acid has to be con-tinued. As soon as centrifuging gives a clear liquid 1 /2 cc. ofacid is added and the stirring continued for another minute.The casein is now separated by centrifuging, and the liquidfiltered off. To the casein I added water three times, centri-fuging after each addition. It was

then dissolved in 0,02n.NaOH and reprecipitated with 0,02 n. H.Cl. That thisprecipitation is satisfactory, was proved by a special experi-ment, in which active phosphate was added to milk and themixture kept at 37Â° over night. Next morning the casein wasisolated in this way and decomposed in a kjeldahl-flask withnitric acid and sulfuric acid. The casein-phosphorus wasfound to be less than 1/30 as active in total as the phos-phate, proving the efficiency of the separation. At thesame time it follows from this, that there is no appreciableexchange of phosphorus between casein and phosphate inmilk. To the filtrate of the casein some 10% trichloroacetic acidis added, to get rid of proteins and possibly non-precipitatedcasein. The filtrate of this procedure is made ammoniacal andphosphate and acid-soluble phosphorus are separated as inthe case of plasma. It seems, that the danger of esters beinghydrolysed in milk is

much less than it is in blood and there-for cooling in ice is not so necessary. However, samples that had



??? to be kept over night, I always stored in the ice-box, as somephosphatases do occur in milk Organs which had to be analysed were cut out of the bodyas soon as possible after death and frozen in hquid air or dryice immediately. It is practical to put the pieces of the or-gans in a pyrex reagent tube which is fitted inside a wider oneand to immerse the whole in the cooling bath, as the inner oneoften cracks during freezing. Freezing has two advantages:it prevents the decomposition of unstable compounds and itopens up the ceUs, which facilitates the extraction of theircontents. To isolate the lecithin the organs are cut very fine and extract-ed with ether-alcohol in exactly the same way as describedfor the analysis of plasma. To obtain the acid-soluble phos-phorus, the organ, cut to small pieces with scissors, is extractedtwo or three times with five to ten times its weight of ice-cold 10% trichloroacetic acid. This is

done in a small porce-lain mortar, which should be cooled in a mixture of ice and saltbeforehand. For each extraction the mixture is rubbed energe-tically for at least ten minutes. The yolks of eggs were extracted with ether to isolate thelecithin, but before this extraction they were dried by ex-traction with a small amount of acetone. This does cause aloss of some lecithin, but it seems very unlikely that it willcause an inaccuracy in our results, as it has been shown byHevesy and Hahn that the different lecithin fractions, whichthey obtained by extracting a hen's liver with ether and withether-alcohol, had the same specific activity 3). gt;) Folley and Kay, Enzymologia (1), 48 '36. Â?) Hevesy and Hahn. Kgl. Danske Vid. Selskab Biol. Medd. 14, 2 (1938) Â?) It must be mentioned however, that results obtained byArtom and his collaborators, are not in agreement with thesefindings.



??? 4.nbsp;Danger of Contamination By far the most serious source of error in work of this kindis the contamination of weak preparations by traces of veryactive phosphorus. Glass vessels and funnels as well as porce-lain dishes and crucibles were either boiled in dilute hydrochlor-ic acid, or kept in it for about a week, to extract all tracesof activity. The greatest danger of pollution came of coursefrom the radio-phosphorus stock, as I had to carry out quite anumber of manipulations with very strong preparations.Even a 10-'' part of one of these preparations, mixed accident-ally with one of my final samples, would be quite sufficientto destroy its value. The entire preparation and handhngof these strongly active materials was carried out in a specialroom, where I used to wear a special laboratory coat andwhere I had a special towel to wipe my hands, after washingthem, every time before I left the room. I also made it a

habit,whenever possible, to handle these radio-phosphorus stocksonly late in the afternoon, after I had finished the rest of mywork. Next morning, my hands being clean, there was nodanger of infecting the fractions I wanted to analyse. Yetthere happened one case of very bad radioactive infection,when I was half way through experiment no. 5. All the va-lues obtained in this experiment after the pollution happened,were discarded, through many of them agreed quite well withtheir duplicates. 5.nbsp;Experiments with heavy Water. The heavy water was injected subcutaneously as an isotonicsodium chloride solution. For the preparation of water frommilk, I used the apparatus shown in Figure 4. It is made of pyrexglass and can easily be obtained by sealing a piece of glass-tubing (having a diameter = 8 mm.) to a reagent tube and



??? bending the latter in two places. Both parts must have beencleaned carefully beforehand, as it is very difficult to do thisafter they have been put together. The milk is introduced intothe dry apparatus by a long and thin pipette, which reachesdown to C through the long neck D. The apparatus is connect-ed to an oil-pump and the milk, which is lying in C, frozenin a mixture of ether and dry-ice. The apparatus is pumped outand sealed off at D during the pumping. Now the coolingmixture is removed and the substance at C allowed to thawslowly. (It is important not to warm the Uquid with the hand or in any other way, as this causes it to sputter). After all theice has disappeared in C, A is immersed in an ice bath and thewhole left to stand, till a sufficient amount of water has dis-tilled over. If there is any liquid left in C, which is usuallythe case if one has started with more than a few tenths of acc. of milk, all that is left

in C is frozen in a mixture of ether andin dry-ice. Then the apparatus is opened at D and sealed offat B, as rapidly as possible. We always carried out a seconddistillation in which case all the hquid evaporated from C, sothat it was not necessary to cool this part, before openingthe apparatus. From blood the water was obtained in an apparatus which



??? is shown in figure 5. The sample was put into A with a pi-pette through B and the apparatus sealed off at B. Now Cwas connected with two taps, one leading to the oil pump andthe other one to the atmosphere trough a tube filled withcalcium chloride. D was immersed in a Dewar vessel filled Fig. 5. Apparatus for the isolation of heavy water from blood. with ether and dry ice. Then the apparatus was pumped outwith the oil pump and whenever the liquid in A began to foamin a dangerous way, some air was let in. The water collectedin D was redistilled in an apparatus of the type shown inFigure 4. The water-samples prepared by me in this way were analy-sed by Mr. Ole Jacobsen at the Carlsberg Laboratory, usinga method invented by Professor Linderstr5m-Lang. This met-hod makes use of small drops of water, floating in a columnof hquid having a sHght density-gradient. The level at whichthe drop floats,

indicates its density. Before each measurementthe water was distilled after the addition of very smallamounts of sodium peroxide and potassium permanganate.The entire determination was made using lOOmgrs. of water.



??? Because of the creeping of the alkaline solution aU figures arefound somewhat high (on the average 12 parts per miUiondensity-excess). This correction was therefor applied to allmeasurements. 6. Experiments with heavy Fat. Fat was isolated from milk samples by centrifuging anddried in a dessiccator in vacuo for about two days. As the waterin the milk was lighter than that obtained by combustion ofthe fat, a very small amount of water contained in the latterwould not cause great errors in the determination of its deu-terium content. (If the water of the milk were many timesheavier, it would of course be necessary to carry out a much more thorough drying.) The fat samples were burned in the apparatus shown mFig 6. The combustion tube, with a diameter of about 2 cm.,has a narrower U-tube sealed to one end. Special very high-melting glass has to be used for these parts; I used so-calledquot;combustion

tubesquot; of German make. (Ordinary Pyrex glassis unsatisfactory as it devitrifies rapidly at the required temp-erature.) The tube passes through two furnaces which canbe closed on both sides with asbestos sheets having holesfor the glass tube. The smaller furnace is movable. The air used for the combustion is dried in a trap in Uquidair seen on the left. The U-tube in which the water to be ana-lysed is collected can also be cooled in liquid air. To this partcan be connected an inverted U-tube which contains a layerof calcium chloride (to dry the air which enters the apparatuswhile it cools off after a combustion) covered with cottonwool. The outlet of this piece can be connected to a bubbler filled with oil.nbsp;. Before the start of an experiment the copper oxide to be used is dried by heating it while a current of dried air passes



??? en00



??? through the apparatus. The U-tube is not cooled and the tubecontaining the calcium chloride is disconnected. To carry out a combustion the fat is filled into a porcelainboat. This is put into the combustion tube, half of which hasalready been filled with copper oxide. (On the right side thecopper oxide should not reach beyond the end of the furnace.)Then some copper oxide is carefully pushed in after the boat.Now the combustion tube, the trap in liquid air on the left,the calcium chloride-filter and the bubbler are connectedand the moist air driven out by a slow stream of dried air.After this, liquid air is placed round the U-tube, the air cur-rent shut off and the longer furnace heated to a very dull red.Then the smaller furnace on the left is heated and as soon asthis has reached the same temperature, a slow current of airis again passed through the apparatus. Now the fat is veryslowly and carefully decomposed by

heating the glass tubearound it with a Bunsen-burner. The decomposition is veryapt to get out of hand. Whenever the bubbUng becomes tooviolent the air-current is shut off. Under those circumstanceshowever, the oxidation of the vapours is carried out entirelyby the copper oxide. Therefor, after the bubbling has sloweddown again, one has to pass air through the apparatus forsome time to oxidise the copper formed. As soon as the fat has been thoroughly charred the heatingwith the Bunsen-burner is discontinued and the smaller fur-nace is gradually moved to the right side until it is in contactwith the larger one. Then it takes only about ten minutes more to burn all that is left of the fat sample. When the combustion is complete the oil bubbler is discon-nected and the apparatus allowed to cool. The Uquid air is removed from the U-tube and after thewater in the latter has reached room temperature it is takenout

with a long, thin pipette. The water is distilled in the ap-paratus shown in Fig. 4before it is treated with permanganateand analysed in the apparatus of Linderstrom-Lang.



??? CHAPTER IV. Results. 1.nbsp;Accuracy of the Experiments with Radio-Phosphorus. The accuracy of the values in my experiments is at bestabout 10%. Two radioactive measurements performed onpreparations obtained from equal volumes of the same solu-tion often differ by that amount and occasionally even a littlemore. To this must be added the inaccuracy of the phosphorusdetermination which may amount to 5%. Therefor the dif-ference between two parallel analyses which are carried outseparately throughout, can be as high as 20%. Of the measure-ments performed on samples having an activity which is largecompared to the natural effect, only one group shows adivergence which exceeds the limit mentioned above (milkphosphate expt. 6 from 0â€”1 hr.) i). Preparations with verysmall activity can, of course, only be measured with a smalleraccuracy. These cases can be recognised from the large

diver-gence between the duplicate values. In most instances thedegree of accuracy is not very important as we usually com-pare values which differ by a much larger factor. Figureswhich did not have a sufficient accuracy for the purpose ofthe comparison desired have been omitted. 2.nbsp;Experiment no. 1 (Radioactive Sodium Phosphateinjected into a Hen.). To a hen which laid an egg daily, ten mgms. of radio-phosphorus were administered by subcutaneous injection.Five hours later the animal was killed, its blood collected and ') The disagreement between the values found for the differentester fractions inexperiment no. 7 is not due to inaccurate measure-ments but to the incompleteness of the chemical separationsinvolved in the preparation of these samples.



??? the body rapidly dissected. The ovary contained a greatnumber of yolks in different stages of growth. Two yolksof intermediate size weighing 1.0 and 2.7 grms. were usedfor analysis, as it had been shown previously that the relativerate of growth is largest in yolks of this size. In the oviductwe found an egg which was nearly full-grown, apparentlylacking only its shell. Of this egg we took the white which wasdestructed to determine the average activity of its total phosphorus content. The experiment shows that the phosphatides of the yolksare formed in the liver and are carried to their destination bythe plasma and the ovary. Table IV. Experiment no. 1. (Hen treated subcutaneously with radio-active Sodium Phosphate.)5 hours after the injection of radio-phosphorus. Organ and substance isolated 0.820.940.700.700.0640.0620.0670.0530.0420.0570.180.18lt;0.21.61.60.360.0131.61.4 Activity per mgr. Pin parts

per thousandof total radio P Liver lecithin . . .Plasma lecithin ....Ovary lecithin ....Yolk 1,0 gr. lecithinYolk 2,7 grs. lecithinIntestine lecithin .... Spleen lecithin . .Plasma phosphate Yolk 1,0 gr. total acid solu ble .White of egg in oviduct . . . â€?Plasma protein ')....... It is doubtful whether this fraction was sufficiently pure.



??? 3. Experiment no. 2. (Radioactive Sodium Phosphateinjected into a goat.) Experiment no. 2 was meant to be a preliminary survey.For this reason no notice was taken of the rarer componentsof milk and blood. The phosphate separations in this case Table V. Experiment no. 2 (Goat treated subcutaneously with radio-_ active Sodium Phosphate). Time of sample Activity per mgr. P in millionthparts of total activity Milk Beforeâ€”V, hr. VÂ?â€”hrs.272â€”4'/Â? hrs.6'/, hrs.257,-29 hrs. .547,-73 hrs. .223â€”239 hrs. . Plasma 47, hrs..... 67, hrs..... 73 hrs...... 243 hrs. . . . Phosphate 17.015.8163157 877922.422.413.415.74.33.7 58.8 51.0443815.3 67.13.74.2 Casein 1.8 1 Dilut1.4 / inacti Diluted withinactive milk. 120121123150819926.824.1 4.9 5.8



??? were made in a different way. After precipitation of the caseinthe liquid was boiled with nitric acid and the protein whichhad been precipitated filtered off. Then a double precipitationwith ammonium molybdate was carried out and the precipi-tate dissolved in hot strong ammonia. From this solution thephosphate was precipitated with magnesia mixture, redissol-ved in hydrochloric acid and reprecipitated. In this way avery complete removal of the phosphate can be obtained, butit is a disadvantage that during the boiling with concentratedacid part of the esters in the milk will hydrolyse. As the amountof ester-phosphorus is at the utmost 20% of the phosphate-phosphorus, the dilution of the latter is unimportant comparedto the inaccuracy of the measurements. If one wants to ob-tain the ester-phosphorus as an isolated fraction, one has toapply the procedure described in Chapter III. This experiment shows the faUing off of the

specific activityof plasma phosphate, milk phosphate and casein (comp..Fig. 2). It is used for the calculation of the time needed for theformation of milk phosphate and casein from blood phosphate.- 4. Experiment no. 3. (Radioactive Sodium Phosphate injected into a Goat). The separations for experiment no. 3 were carried out in theway which was definitely adopted and has been described onpage 49. It shows the change of the specific activity of plasmaphosphate, of milk phosphate, milk ester and casein. The re-sults are seen in Figure 9. This experiment provides data forthe calculation of the rates of formation of the three con-stituents of milk which have just been mentioned.



??? Experiment no. 3. (Goat treated subcutaneously with radio-active Sodium Phosphate.) Time of sample Activity per mgr. P in millionth partsof total activity Milk Phosphate Casein Ester 0â€”2 hrs. . 66.5 57 33.5 72 53 30 2â€”4V4 hrs. . 186 165 117 176 181 4'/.â€”67, hrs. . 186 165 128 160 181 144 23Â?/.â€”25V. hrs. . 49.5 55 51 50 48.5 Plasma 2 hrs..... 277 288 4V. hrs..... 117 85 5. Experiment no. 4. (Radioactive Sodium Phosphateinjected into a GoAT.) Experiment no. 4, performed on another goat, shows thatthe difference in specific activity of the various milk fractionsis very striking at the beginning.



??? Experiment no. 4 (Goat treated subcutaneously with radio-active Sodium Phosphate). Time of sample Activity per mgr. P in millionth partsof total activity Milk Phosphate Casein Ester 2 hrs. beforeâ€”1 hr. 1.6 after ..... 9.4 4.4 9.4 3.5 2.6 Plasma 1'/. hr...... 309 367 6. Experiment no. 5. (Radioactive Sodium Phosphateinjected into a Goat.) Experiment no. 5 was meant to provide material for thecalculation of the rate of diffusion of phosphate ions from theplasma into the milk. Table VIII. Experiment no. 5. (Goat treated with radioactive Sodium Phosphate). Time of sample Activity per mgr. P in mil-lionth parts of total activity Milk Phosphate v.â€”2V. hÂ?......... 6660,5 Plasma IV. hr........... 266324



??? 7. Experiment no. 6. (Radioactive Sodium Phosphateinjected into a Goat.) Experiment no. 6 was carried out with our third goat. When half the measurements of this experiment were finish-ed, a very bad case of radioactive contamination happenedas I had to prepare of a stock solution of very high act-ivity just at that time. Therefor only the values obtainedbefore this day are given in the table. As most of the figureswere now single, a parallel experiment no. 7 was carried outafterwards, which checked the other one quite satisfactorily. Table IX. Experiment no. 6. (Goat treated subcutaneously with radio-active Sodium Phosphate). Time Activity per mgr. Pin millionth parts oftotal activity 0â€”1 hr. Milk phosphate..... 64 70 81 IVe hr. Plasma phosphate . . . 610 3â€”4Vs hrs. Milk phosphate..... 178 Milk ester....... 130 Milk lecithin...... 10 4'/2 trs. Plasma phosphate . . . 106 Plasma lecithin..... 1 3 Corpuscles ester .... 244

Corpuscles lecithin . . . 1 4=/, hrs. Milk gland phosphate . . 97 Milk gland lecithin . . . 14 Liver lecithin...... 11 Q Kidney lecithin..... 12



??? Experiments 6 and 7 show that an ind?Špendant synthesisof phosphatides occurs in the milk gland. They also show themilk ester to be more active than the ester in the corpuscles. 8. Experiment no. 7. (Radioactive Sodium Phosphate injected into a Goat.) The seventh experiment, made with another goat, was usedfor a trial to carry out a fractionated hydrolysis of the milkester. For this purpose I used a milk sample collected duringthe first three hours. After the precipitation of the phosphatewith magnesia mixture the liquid was made 1-normal withhydrochloric acid and hydrolysed for 7 minutes at 100Â° C.The hydrolysed fraction was precipitated by adding ammomaand after filtration the hydrolysis with acid was continued foranother 60 minutes. Now a precipitation with ammoniummolybdate followed. The difficulty was that aU precipitationsexcept the first one were incomplete. The separation withmagnesia mixture is

unreliable in the presence of large quan-tities of electrolytes (which are added in making the so-lution alternatively acid and ammoniacal) while the precipi-tation with molybdate is seriously disturbed by chlorides.This is the reason of the bad agreement between the dupli-cates in table 10. The values measured for the activity of milk lecithin aresomewhat uncertain because the total activity of the milkphosphate was about 1000 times larger than that of the le-cithin in this case. Therefor the lowest values are likely to bethe best. This consideration does not hold for the lecithmfound in the milk gland, where the total activity of the phos-phate is only about 20 times that of the lecithin.



??? Experiment no. 7. (Goat treated subcutaneously with radio-active Sodium Phosphate.) Activity per mgr. Pin millionth parts oftotal activity 0â€”3 hrs. Milk phosphate (first 33 grs.) (middle 76 grs.) . . (last 66 grs.) . . . Milk 7 Min. hydrolysis (middle fraction) . Milk 60 Min. hydrolysis (middle fraction) . Milk non-hydrolysable (middle fraction). . Milk lecithin (first fraction) Milk lecithin (last fraction) . 3â€”474 hrs. Milk phosphate . Milk ester. . . . Milk lecithin . . 4Vi hrs. Plasma phosphate Plasma lecithin . Corpuscles . . , total acid-solubleCorpuscles lecithinCorpuscles protein Time of sample 102110169188138143 8989 9964 37490 â€”3 3 4185192117117 41013612410 â€”449431 about 20



??? 69 Experiment no. 7 Activity per mgr. P Time of sample in millionth parts of total activity 41/2 hrs. Milk gland phosphate . . . 121 129 83 101 Milk gland lecithin .... 1111 13 15 Kidney lecithin...... 10 Epiphysis (total phosphorus) . 0.43 Diaphysis (total phosphorus) . 0.064 9. Experiment no. 8. (Radioactive Hexose Phosphateinjected into a GoAT.) One experiment was made with hexose monophosphatewhich was administered by intravenous injection as it wasthought that, if this compound should be injected in anotherway, there might be danger of it being decomposed by phos-phatases which are known to be quite generally present in thebody. Barium hexose phosphate, prepared in the instituteof Professor Parnass at Lemberg, was dissolved in an isotonicsolution of sodium chloride. This was mixed with a slightlyhypertonic solution of sodium sulfate containing a little morethan the quantity of sulphate required for the

precipitation ofthe barium present. The liquid was filtered and kept in ice tillthe moment it was used. This experiment showed that no appreciable amount ofhexose monophosphate diffused through the milk gland fromthe plasma into the milk without exchanging with the phos-phate ions.



??? Experiment no. 8. (Goat treated intravenously with radio-active Hexose Phosphate.) Time of sample Activity per mgr. Pin arbitrary units 0â€”1^4 hr. Milk phosphate .... 1.87 Milk ester...... 0.73 0.8 l'/4â€”2V4 hrs. Milk phosphate .... 1.46 1.03 The activities to be determined were too small to allow di-vision of the milk samples for the purpose of carrying out theseparations and measurements in duplicate. 10. Experiment no. 9. (HeavyWater injected into a Goat.) To compare the rate of secretion of water to that of phos-phate ions, an isotonic solution of sodium chloride in heavywater was injected and milk collected over different periods.Different water samples obtained from milk and blood allshowed equal density within the limits of the accuracy of thedetermination. The figures found also agreed with the densitycalculated from the assumption that the DgO injected hadbeen distributed equally over all the water

contained in thebody. The values given in Table 12 represent averages of two ormore density determinations, performed on the same watersample.



??? Experiment no. 9. Heavy water experiment. (Goat treatedsubcutaneously with 20 grs. of heavy Water.) Time of sample Excess of density in partsper million Milk 0 â€”I'/j hr......... 86*77 IV,â€”2Â?/. hrs........ 4 â€”5V, hrs........ 74 84* 77 Blood IV. hr........... 86* The figures in this table are averages obtained from two or moredensity determinations carried out on the same water sample, ex-cept for those marked with an asterisk, which are the results of single determinations.nbsp;, If the heavy water injected is supposed to be equally dividedover all the water present in the body, it can be calculated that thedensity-excess would amount to 91 ppm. It is assumed that on theaverage 75% of the body tissues and organs consist of water. Theanimal's weight was kgrs. 11. Experiment no. 10. (Heavy Fat given to a Goatper Os.) The secretion of heavy fat in milk was studied with the pur-pose of demonstrating a possible difference in

the compositionof fat samples isolated from milk portions taken in immediatesuccession. It had already been found that the inorganic phos-phate shows different specific activities in such a series, butI had not been able to observe an analogous variation in thespecific activities of the lecithin fractions because of the very



??? low activity of the latter. It was hoped however that thesedifferences might show themselves in the deuterium contentof the fat in a series of milk samples taken one directly afterthe other. Such differences were not observed (the differencesseen in table 13 being within the limits of error); it is hard tosay whether they might have been found if the accuracy ofthe experiment had been greater. As it was, the inaccuracywas quite appreciable (30 parts per miUion in the density seemsto be a good estimate), but no better results could be obtainedwith the small samples we had to work with. The significanceof our figures would of course have been enhanced if largerquantities of heavy fat had been given to the animal. This, Table XIII. Experiment no. 10. Heavy Fat Experiment. (Goat treated withheavy Fat per Os.) Time of milk sample Density excess ofwater obtained frommilk fat in parts permillion 0- -1 hr 37 -13* 1- -4

hrs. First sample..... 52* Second sample .... 1* Third sample..... -4* 7- -24 hrs. First sample..... 229 Second sample .... 227 Third sample..... 236 48- -50 hrs. 88 105- -120 hrs -10* The figures in this table are averages obtained from two densitydeterminations carried out on the same water sample, except thosemarked with an asterisk, which are the results of single deter-minations.



??? however, did not seem advisable, considering the great valueof the material involved. Although the original aim was not reached, the results ofthis experiment are published none the less, as some veryimportant conclusions about the rate of secretion of fat inmilk can be obtained from them. The material used was obtained by reducing unsaturatedfats with deuterium. The deuterium content of the hydrogenin this preparation amounted to 4.5%.



??? CHAPTER V. Discussion 1. Origin of Phosphatides in Yolks. The results of the chicken experiment may be explainedin a simple way. The only fraction which has a special interestis the lecithin and the phosphorus occuring in this compoundin different organs shows appreciable differences in its specificactivity. Its value is highest in the liver, indicating beyonddoubt that here the lecithin is formed in situ and does notoriginate from other parts of the body. Though we did notinvestigate all the different organs of the chicken, we thinkthis conclusion to be justified because Artom and his co-workers have shown that lecithin synthesis is much slower inmost other parts of the body. Only in the kidneys and in theintestine lecithin is built up at a rate comparable to that ofthe liver. The kidney however, is much smaller than theliver and its total lecithin content does not amount to morethan a small fraction of the quantity found

in the latter organ.Therefor it is quite out of question that the liver phosphatidecan come from the kidney. That the liver phosphatide is notsynthesised in the intestinal mucose (or at least that part ofthe liver lecithin is not) follows directly from the fact thatthe lecithin of the intestine has a specific activity several timeslower than that of the Hver, as is seen in table 4. This conclu-sion is by no means surprising as the data obtained by Artomand his collaborators had already led to the assumption of afast phosphatide turnover in the latter organ.



??? The problem of the origin of the plasma phosphatide is amuch more intriguing one however. The possibility has to beconsidered that phosphatides are formed in the cells of theintestinal wall from fats during the digestion of the latter.That at least part of the plasma phosphate does not originatefrom this organ but from elsewhere, follows from the fact thatit has a higher specific activity than the correspondingfraction extracted from the intestine. One is led to look forthe source of at least some of the plasma phosphatide in the liver and the kidneys. The specific activity of the ovary phosphatide is about tentimes smaUer than that of the plasma phosphatide. This givesstrong reason to believe that no phosphatide synthesis takesplace in this organ or possibly a very slow one which is of noimportance for the metaboMsm as a whole. One might considerthe possibility of a very slow activation of the phosphate inthe ovary which

would cause the lecithin to have a lowactivity even in the case of a rapid phosphatide synthesis.This alternative is excluded however by the high value foundfor the specific activity of the acid-soluble phosphorus in the growing yolk. This being the case we must assume that the lecithin inthe ovary is formed in the liver, transported from there bythe plasma to the ovary, finally entering the yolks whichare being built. From table 4 it can be seen that in the smallyolk it has a specific activity amounting only to 8,6% of thatof the plasma lecithin. If we assume for the sake of simplicitythat the plasma lecithin has a constant activity, we calculatethat in the course of one hour 1,7% of the lecithin foundin the yolk has entered from the plasma, as the totalexperiment lasted five hours. We may recall that the yolks inquestion are those which are growing most rapidly accordingto Gerhartz's experiments In fact the situation is much') Gerhartz

Arch. f.d. gesamt. Physiol. 156, 215 (1914).



??? more complicated because the specific activity of the plasmalecithin is not constant but increases with time. If the rateof increase of this quantity during the experiment were knownit would enable us to calculate the rate of absorption of phos-phatides by growing yolks quite accurately. Unfortunatelythis is not the case and the determination of the rate ofactivation of the plasma phosphatide by experiment wouldinvolve a great deal of labour. None the less an approximatevalue for the lecithin absorption which whould be accurateto about 25%, may be calculated in the following way. Ifwe assume that the specific activity of the plasma phosphatiderises linearly with time its average value during the experi-ment would be equal to one half of its final value. Under thisassumption 3.4% of the yolk's phosphatide would be absorbedin one hour. Now the real value must lie between the twofigures we have calculated; 1,7 and

3.4% per hour, for thefollowing reason. The rate of activation of the liver phosphatidand therefor presumably that of the plasma phosphatidetoo 1), is proportional to the difference between the specificactivities of the inorganic phosphate and the phosphatidein the liver. As this difference decreases during the experiment(except for a short period at the beginning when the activephosphate still has to spread from the plasma to the liver)the rate of activation of the plasma lecithin decreases too.This causes the specific activity to change in a way which isintermediate between the two extremes mentioned above.It will probably be a good approximation if one puts thespecific activity of the plasma lecithin proportional to thesquare root of the time Then the average value of this quant- The assumption that the specific activity of the lecithinin the plasma varies in the same way as that of the lecithin inthe liver seems to be

justified by the fact that the differencebetween the two quantities was found to be relatively small inexpt. no. 1.



??? ity would amount to two thirds of its final value. From thisassumption we may calculate that 2.5% of the lecithin con-tained in a small growing yolk of one gram has been takenup during the last hour. For the sake of comparison it may bementioned that from Gerhartz's curve it can be concludedthat the growth of this yolk during one hour amounts to4.6%. The agreement between these two figures is as goodas may be expected. It shows that the phosphatide is trans-ported in practically only one way from the blood to the yolk.The transport in the opposite direction which might be termeda phosphatide exchange does not seem to be very important. The only point which is not quite clear about the lecithindistribution in laying hens, is the rate of activation in theovary. It was found that the average specific activity of thephosphatide in the ovary was about equal to the correspondingquantity in the yolks, which amounts to about

Vio of thespecific activity of the phosphatide in the plasma. As we haveseen that the lecithin transport from the plasma to theyolk goes in one direction only, we would be inclined toexpect that the specific activity of the phosphatide in theformer should be about the same as in the ovary. Otherwisethe lecithin entering the yolk would not have the samespecific activity as that of the plasma and the precedingcalculation would not be justified. Considering the good resultsit gave, it seems that we have to look for an explanationelsewhere. Probably the lecithin in different parts of the ovaryhas a varying activity, strong in those places where it isgiven off to the growing yolks and weak in other parts wherethe lecithin circulates much more slowly or not at all. Theequahty of the average phosphatide activities in the ovaryand in the yolks would then be accidental. This explanationis quite hypothetical however and at present no experimental

evidence exists for it. The specific activity of the total acid-soluble phosphorus



??? extracted from the smaller yolk is about 1/4 of that of theplasma phosphate. Though the composition of this acid-soluble fraction is not known it seems Hkely that it consistsmostly of inorganic phosphate. If this is true, we may calculatethat 5% of the inorganic phosphate in the yolk has been takenup from the plasma during the last hour, if we assume thespecific activity of the latter fraction to be constant. But theplasma phosphate has (as is explained in Chapter II.,) a con-stantly decreasing activity. This causes the average valueduring the experiment to be higher than the final value,meaning that if our assumptions are justified, the amount ofphosphate taken up by the growing yolk during one hour issomewhat less than 5%. This would be in excellent agreementwith the rate of growth deduced from the rate of activationof the lecithin in yolks and with the result of Gerhartz'sexperiments, if we may assume that the

movement of inorganicphosphate from the yolks to the plasma is small comparedto the transport the opposite way. Only in case the largestpart of the yolks' acid soluble phosphorus should not beinorganic this figure should be much higher. It may be of interest to point out that the specific activityof the phosphorus in the white of the egg found in the oviductis as low as 2% of the specific activity of the plasma phos-phate. This leads to the conclusion that the rate of formationof these phosphorus compounds (probably mostly proteins)from phosphate is quite slow. We do not regard this fact asdefinitely proved however as the figure on which it is basedhas been obtained by a single measurement. 2. Phosphorus Compounds occurring in Milk. Milk contains the same four classes of phosphorus com-pounds which are found in blood. Whereas in the latterhquid most of the phosphorus occurs as an organic acid-



??? soluble compound, by far the largest part of the phosphorusin milk occurs in the inorganic phosphate. The next largestquantity of phosphorus is usually found as casein. This isa protein and by far the most thoroughly studied of thephosphoproteins. At present it is not known for certainwhether the natural casein is a mixture, but there are indica-tions that it is. The normal amount of casein P in goats'milk amounts to 10 to 20% of the inorganic P. Organic acid-soluble phosphorus occurs in quantities of approximatelythe same magnitude. The composition of this fraction hasnot been studied successfully until now, though it is knownthat its compounds are slowly decomposed by phosphatasesoccurring naturally in milk and that the same phosphatasescan decompose hexose monophosphate. Thus it seems possible,though by no means certain, that part of this fraction con-sists of hexose monophosphate. Table XIII. Quantities

of Phosphorus Compounds occurring in differentBody Liquids and Organs of Goats. Per 100 grs.plasma Per 100grs.milk Per 100grs.milkglandtissue Per 100grs.livertissue Per 100 grs.kidneytissue Phosphate . 6 50 42 ? ? Casein . . . â€” 17 ? â€” â€” Ester .... 0 17 23 ? ? Lecithin . . 3 2 19 27 14 The figures in his table are not very accurate. They have beenobtained by me from purified preparations during the isolation ofwhich some material was undoubtedly lost. Also the figures foundare quite different for different individual animals, and to a lesserdegree even for the same animal at different times.



??? Phosphatides are also found in milk but in much smallerquantities. The total amount of phosphorus found in thisfraction does not exceed 2 or 3% of the amount of inorganicP. It is not known whether the composition of these phos-phatides is the same as that of the phosphatides found inblood. (To be sure the composition of the blood phosphatidesis only known in the case of human blood and not for any ofthe animals used for milk production). Table XXIII shows theconcentration of the different phosphorus fractions in theblood resp. in the milk of goats. These figures indicate aver-ages and the individual deviations may be as high as 50%. 3. Change of Phosphate Activity in the Plasma. As has been mentioned in Chapter 2 the specific activityof the plasma phosphate shows a continuous decrease, diffe-rent in different species and even â€” to a smaller extent â€”in different individuals. The results of all

experiments Ihave performed on goats, are seen in Figure 5. Artom, Sarzana and Segre expressed the opinion thatthe only important process in this connection should be theuptake of phosphate ions by the skeleton, which would occuraccording to a monomolecular scheme. In case this weretrue the points in Figure 5 should lie on a straight line, whichis far from being the case Therefor we distinguish at least 1) Artom, Sarzana and Segr?Š. Arch. int. de physiologie.47, 245 (1938). ') Of course only points obtained in a single experiment arestrictly comparable. However in the steep part of the curve on theleft side of the figure an inaccuracy in the specific activity amoun-ting to a factor 2 is of no account and this is the only part wheremeasurements from different experiments are combined. In thelower part of the curve, where the accuracy of the activity measure-ments is much more important, all data are taken from

experiment 2.



??? two different processes. It seems likely that during the firstperiod, when the decrease is very fast, the radioactive phos-phate is taken up predominantly by the organs and tissues. LOS.SPEC.ACT. 200 100 HRS. Figure 7. Change of specific activity of plasma phosphate(expressed in parts per million of total activity injected) with time.The values used were taken from experiment 2 (Q), experiment 3(X), experiment 4 (-f-), experiment 5 (â–?), experiment 6 (â€?)and experiment 7 (â– ). A simple first-order decrease of the specificactivity would be indicated by a straight line. The dotted lineindicates the value the specific activity would have, if the entireactivity injected were present in the plasma. while during the second stage it moves into the bones. Thisexplanation is supported by a determination of the distribu- 1â€? 181 â€? i ; i 1e\o 1 O-.-^__



??? tion of labelled phosphate in a rat^). After 4 hours which isabout the duration of the first and faster diffusion process,it was found that only 40% of the injected phosphate hadgone into the skeleton, while 59% had been transported bythe blood to other parts of the body. 4. Plasma Phosphate as the Source of the organicPhosphorus Compounds in Milk. Our investigation of the different milk fractions servedtwo purposes. First we wanted to find out which blood frac-tion was the parent substance of the different phosphoruscompounds in the milk and secondly we wished to obtainapproximate values for the time required for the formationand secretion of these substances. The accuracy with whichthese periods could be determined was limited by the rapidityof the change in the specific activity of the phosphoruscompounds investigated. The origin of the milk phosphate has been the subject ofa great deal of

controversy. According to Meigs, Blather-wick and Cary, the fat contained in the milk originates fromthe decomposition of phosphatides in the milk gland 2). Theprincipal argument for this theory is the result of olderexperiments, which indicated a decrease of the lecithincontent of the plasma as it passed the mammary gland.Recent experiments however contradict these results. Theseinvestigations which were carried out with an improvedtechnique, showed that the only phosphorus compoundwhich disappears from the blood as it circulates through themilk gland is inorganic phosphate ') Unpublished measurements by Professor Hevesy and Mr.Rebbe. Meigs, Blatherwick and Cary, J. biol. Chem. 37, 1 (1919).') Graham, Jones and Kay, Proc. Royal Soc. B 120,330(1936).



??? From our experiments we may gather conclusive argumentsto settle this point. As the fat formed from the phosphatideshould enter the milk according to the opinion of Meigs,Blatherwick and Gary, one would expect the phosphateto go the same way. As the proportion of fat and phosphorusas they occur in lecithin is about 25 and the fat concentra-tion in goats' milk is approximately 4%, milk should contain160 mgr.% of inorganic phosphorus originating from plasmalecithin, if none of this phosphorus went back into the bloodstream. This is two or three times as much as the quantityactually found. So in any case the larger part must returnto the blood. If the milk phosphate were formed by decom-position of plasma phosphatide its specific activity shouldbe equal to or less than that of the latter substance. (Thisdifference between the specific activities is to be expectedbecause of the increase of the activity of the plasma phos-

phatide during the course of the experiment). Tables no. 9 and 10 show the specific activity of the milkphosphate to be many times as large as that of the plasmalecithin. It is evident that the latter substance cannot bethe source of the former. It might be supposed however that after the lecithin hasbeen decomposed in the mammary gland, its fat enters themilk but that the phosphate formed returns to the blood.It is easy to show that there are other objections which in-validate this explanation too. The amount of phosphatidepresent in the total blood of a goat would be just sufficientto provide the amount of fat secreted in the milk during 2or 3 hours. Therefor the theory of Meigs, Blatherwick andGary would require the plasma phosphatide to be practicallyentirely renewed in the course of three hours. According tothe knowledge obtained from previous experiments of Ar-tom, Sarzana and Segr?Š and ourselves these

phosphatidesoriginate in the liver. Even though the specific activity of



??? the phosphatide in the hver rises continually, we shouldexpect the plasma lecithin after hours to have a specificactivity equal to at least half the specific activity of theliver phosphatide. Experiments no. 5 and 6 show this pro-portion to be much lower than would be expected. Thus itis seen that the rate of formation of the phosphatides in theplasma is too slow to account for all the fat secreted in themilk. Another argument which seems to be just as strong is thefollowing. If a decomposition of plasma phosphatides wouldtake place in the milk gland there would be a steady currentof phosphatide from the plasma into the tissue of the mammarygland. The phosphatide in the latter would thus be olderthan that in the former and have a lower specific activity â€”at least so long as the activity of the plasma phosphatideincreases, which is the case during several days after theinjection of radioactive sodium phosphate. Again

it maybe seen from experiment no. 5 and 6 that on the contrarythe milk gland phosphatide has a much higher specificactivity, proving definitely that it has not been absorbedfrom the plasma, but has been formed in situ. So we concludethat the phosphate (phosphatide) in the milk originatesfrom the plasma phosphate as supposed by Graham, Jonesand Kay. A question of great importance however which we areat present unable to answer is, whether the phosphorussecreted in the milk lecithin, has entered the gland from theplasma in the form of phosphate or of organic acid-solublephosphorus. In the latter case it would probably do so asglycero phosphoric acid. It seems most hkely that the bloodphosphate is the parent substance, as the amount of esterphosphorus in the plasma is extremely small and probablyconsists mostly of easily hydrolysable substances and not ofglycero phosphates. One might imagine the

phosphorus



??? Scheme for the specific Activity of Phosphatides. Phosphatide transport in laying hens.tnbsp;Plasma phosphate lt;-gt;nbsp;I ^ Liver phosphate I ^ Liver phosphatide 2nbsp;I cnbsp;Plasma phosphatide I Ovary phosphatide Yolk phosphatide Phosphatide transport in lactating goats.Plasma phosphate m Liversphosphatenbsp;Milk gland phosphate Inbsp;i â€?53 oj(UV-i Onbsp;?•nbsp;fnbsp;I Plasma phosphatidenbsp;Milk phosphatide t Liver phosphatidenbsp;Milk gland phosphatide



??? esters in the corpuscules to be the parent substance, but thiswould require either a rapid breakdown of corpuscles in themilk gland which does not seem to agree with the presentideas about the function of this organ, or it would involvea rapid diffusion of esters out of the corpuscles which wouldbe in contradiction to the conclusions obtained from experi-ments described above. Here it may be worth while to point out once more thelack of parallelism between the formation of egg lecithinand milk lecithin. The former is synthesised in the liver andtransported through the plasma and the ovary to the growingyolks. In lactating animals on the other hand formation oflecithin takes place in the hver too and this lecithin is givenoff to the blood. The lecithin found in the milk does not comefrom this source, but is synthesised in the gland where themilk is formed. The following scheme in which the level ofthe words indicates the

value of the specific activity, showsthe direction of the lecithin diffusion in both cases, as con-cluded from the activity of the different fractions. About the origin of the phosphorus in the casein there hasbeen some difference of opinion. In this case again it seemsmost hkely that the plasma phosphate is used for the synthesisof the casein, but we cannot exclude the possibility of itsbeing formed from the small amount of phosphorus esteroccurring in the plasma. The ester of the corpuscles has onthe average a lower activity than the casein which provesthat it cannot be the parent substance of the latter, unlessa fractionation takes place, causing the more active compo-nents to be used preferentially. A formation of casein fromblood lecithin is entirely out of the question because thespecific activity of this substance is many times lower thanthat of the casein. So we have very good reason to assumethat the phosphorus in

the casein is derived from the phos-



??? phate ions in the plasma. Grimmer i) considered it likelythat the casein phosphorus is taken from nucleoproteidesoccurring in the milk gland, which substances would probablybe formed from inorganic phosphate. The time requiredby the active phosphate in the blood to enter the caseinmolecule is however so short that it seems very unUkelythat so large a molecule could be formed and decomposedduring this period. Concerning the organic acid-soluble compounds in milkthe first question we have to consider is whether this fractionis homogeneous or not. To settle this point we carried out afractionation by hydrolysis in experiment no. 7. Thoughthe separation of the different fractions was not complete,owing to the impossibility of obtaining several completeprecipitations in the same solution, the results show quiteconclusively the existence of at least two ester fractions.Here too, as in the experiments on blood esters, we

find thefraction which is hydrolysed fastest to be the most active. The milk ester phosphorus probably comes from the plasmaphosphate too. It cannot originate from the plasma lecithinfor the same reason which excludes it being the origin ofthe milk phosphate and the casein. That the milk ester would be identical with the ester ofthe blood corpuscles seems unlikely because of the fact thatwe found the activity of the former to be 2â€”3 times as highas that of the latter in our experiments no. 5 and no. 6.Thus, if the milk ester should be due to a diffusion of theorganic acid-soluble phosphorus out of the corpuscles, thisprocess should be accompanied by a fractionation causingan increase in the specific activity. 1) Grimmer, Lehrbuch der Chemie und Physiologie der Milch.2nd Ed. 1926, p. 31.



??? We carried out a special experiment to find out wfietherhexose monophosphate occurring in the plasma enters themilk as such. Radioactive hexose monophosphate (Emdenester) was injected into the jugular vein of a goat and the milkanalysed after appropriate periods of time. If hexose mono-phosphate were actuaUy able to enter the milk from theplasma by simple diffusion without being involved in achemical process, we would expect the ester to be the mostactive fraction in the milk. Of course the active hexosemonophosphate will steadily disappear from the blood asit is broken dovra by the phosphatases present in differentorgans, specially in the liver. It is to be expected however,that the inorganic phosphate in the plasma will alwaysremain much weaker than the ester, as the former goes onloosing its activity to the skeleton. Table XI shows that theinorganic phosphate in the milk was more active than

theorganic acid-soluble fraction, which constitutes a strongsupport for the assumption that the ester secreted in milkis built up in the mammary gland, instead of diffusing intothe milk out of the plasma. It is interesting however toknow that in this experiment the ester concentration in themilk was found to be much higher than usual, as may be seenby comparing Tables XIII and XIV. Beyond doubt thiscurious fact was due to an abnormally large amount of sugaror sugar compound present in the blood after the injectionof the hexose monophosphate. This sugar was available andused for the synthesis of ester molecules in the milk gland.Here we see that part of the milk ester may be and probablyis hexose phosphate. That the ester fraction also containsother compounds has already been mentioned. Consideringthe evidence given here, we consider it exceedingly likelythat the milk ester too is synthesised from inorganic

phosphatein the milk gland.



??? 5. Different specific Activity of Milk Samples ob-tained in immediate Succession. Rates of Secretion. For a time it was thought that milk production was a slowcontinuous process and that milking had no other effectthan the extraction of the milk already secreted. Later itwas shown that the different fractions of the milk extractedimmediately one after the other do not have an identicalcomposition. The concentration of fat continually increasesduring milking but the amount of fat free residue remainsthe same, as is shown in Table XV) i). At first it was sup-posed that this was due to a mechanical separation of the fatfrom the milk in the canals of the milk gland. Such a separa-tion could not possibly influence the substances present inreal non-colloidal solution like electrolytes and sugars. Re-cently the opinion has become prevalent that these diffe-rences have another reason. It is probable that the milk issecreted in two different

stages, the first part being formedslowly and stored in the canals of the milk gland, the secondbeing formed during the milking after the liquid stored hasbeen taken out. If the second assumption is right, therewould be no contact between these two milk fractions andone would have to conclude that under different circum-stances the gland secretes milk having a variable fat contentbut a constant concentration of other dissolved substances.This hypothesis may be tested, if we investigate the specificactivity of the phosphate in milk samples taken immediatelyafter each other, making use of the fact that the specificactivity of the phosphate in the milk changed during theperiod of its formation. If the liquid secured at the end ofthis period had been mixed thoroughly the specific activityof the phosphate should be the same in the different samples. ') Grimmer I.e. p. 27.



??? In this case the eventual differences in the concentrationof the fat would be due to a kind of churning action or toa sort of filtration of the fat globules in the thin capillarycanals of the mammary gland. In the other case, if there isno contact between the different milk fractions obtained inone series, there is no reason why the phosphate activityshould be constant. From experiment no. 7 one sees thatthis quantity shows very appreciable variations, provingthe second assumption to be right and the first one to bewrong. After having got some information about the origin of thesubstances occurring in milk we want to consider the velocityof the processes concerned. Any conclusions of this kindinvolve the use of a model for the working of a gland whichmust necessarily be of a highly simphfied nature. In realitythe secretion of milk starts immediately after the udder hasbeen emptied. Some milk is soon collected in the

canals ofthis organ, whereas another part stays in the milk gland Table XV. Composition of different Milk Samples taken immediatelyafter each other. The Volume of all Samples was the same. No. of sample % fat % dry substancewithout fat 1 1.35 8,55 2 1,50 8,82 3 1,60 8,49 4 2,40 8,85 5 3,40 8,90 6 4,45 8,80 7 5,20 8,70 8 5,65 8,65 9 6,40 8,62 10 8,60 8,35



??? from wliich it is only expelled during the act of milking.A consequence of these different modes of secretion is the lackof constancy of the specific activity of the inorganic phos-phate in several milk samples taken in immediate succession,as has been mentioned above. For the sake of simplification we shall be obliged to dis-regard the inhomogeneity of the milk in the body. We shallconsider three schemes for the secretion of milk, none ofwhich is accurate. They will be sufficient however to giveus a rough estimate of the time required for the variousprocesses. In the first place we may imagine, that the inorganic phos-phate which enters the milk gland, slowly diffuses throughthe different cells â€” eventually taking part in chemicalreactions â€” without being mixed with phosphorus whichentered the milk gland at an earlier or at a later moment.According to this model a certain phosphorus atom is alwaysfound in a phosphorus

fraction of a constant specific activity,while this phosphorus fraction moves through the milkgland as a unit, eventually undergoing chemical changes.The time needed for the formation of a certain milk fractionfrom plasma phosphate is thus given by the interval betweenthe moments when the same activity occurs in the plasmaphosphate and in the milk phosphorus compound considered. This hypothesis involves that all phosphate ions whichhave entered the milk gland from the blood are secretedthrough the milk without the possibility of a further ex-change with the plasma phosphate, a restriction which iscertainly not true. Figures 8 and 9 show the change of the activities of plasmaphosphate and milk phosphate with time as obtained fromexperiment no. 00. Though the shape of theses curves is ratheruncertain owing to the scarcety of the points, we may concludethat according to the first scheme phosphate ions need about



??? 4 hours, if we consider experiment no. 2, and 2 hours if we useexperinlent no. 3, or 3 hours on the average, to pass from theplasma into the milk. The formation of the other phosphorus compounds in milkconstitutes a process even more comphcated than that of thephosphate. Here we have to distinguish at least three funda-mentally different stages, first the diffusion of phosphate intothe gland cells, next the chemical reaction and then thediffusion to the place, where the formed milk is stored. Thefirst process is the same in all cases, but the others are dif-ferent. Therefor, it is not astonishing that the formation ofcasein, esters or phosphatides, involving a chemical process,takes longer than the diffusion of phosphate ions into themilk. That this is actually the case is seen immediately fromthe fact that at the beginning of the experiment the phosphatein the milk has a higher specific activity than the otherfractions.

Unfortunately our measurements have not been sufficientlynumerous to make possible an estimation of the time requiredfor the formation of other phosphorus compounds in milkaccording to scheme no. 1. Therefor we shall make use of thefoHowing considerations. The specific activity of the plasmaphosphate is highest immediately after the injection Themoment of highest radioactivity comes later for the sub-stances in the milk, but with them the specific activity risesgradually instead of jumping suddenly to their highest value,as should be the case according to our first model. Besidesthe activity at the maximum is hundreds of times lowerthan that of the plasma phosphate at its highest point. Inthe milk these maxima are flattened out, some of the activephosphorus atoms being secreted too early, and some too late.So if we assume that the maximum is approximately in thesame place where it should be if it were not

rounded off, thetime needed for the secretion of the different phosphorus com-



??? \ \ K olt; o UJQ.oo 100 0nbsp;10nbsp;20nbsp;HRS. Fig. 8. Change of specific activity (expressed in parts permillion of total activity injected, found per mgr. phosphorus) ofplasma phosphate ( x) and milk phosphate (-.-) with time. Thehorizontal distance between the two lines, indicated by the dottedline, shows the time needed for the phosphate ions to move fromthe plasma to the milk according to scheme 1. The horizontallines indicating the activity of the milk phosphate show the timeduring which the milk-sample was accumulated. Values takenfrom experiment 2. (Cf. also fig. 2). \ X \ \ A / -T ! 1 1 ! , SPEC.ACT. 250 125 0 5 10 15 20 25 HRS. Fig. 9. Change of specific activity (expressed in parts per mil-lion of total activity injected, found per mgr. phosphorus) ofplasmaphosphate (x) and milk phosphate (-.-) with time. Thehorizontal distance between the two lines, indicated by the dottedline, shows the time needed for the

phosphate ions to move from theplasma to the milk according to scheme 1. The horizontal lines in-dicating the activity of the milk phosphate show the time duringwhich the milk-sample was accumulated. Values taken fromexperiment 3.



??? pounds in milk is equal to the duration of the experimentbefore the maximum in their specific activity is reached. Ingeneral the periods of formation calculated in this way willbe longer than those evaluated from the first model. FromFigure 10 it may be seen that according to our second scheme 200 h- ult; a. CO 100 10 HRS. J/n. jlL t f n t â€”' â€”lt; 20 Fig. 10. Change of specific activity (expressed in parts per mil-lion of total activity injected, found per mgr. phosphorus) of milk-phosphate (curve I), casein (curve II) and milk-ester (curve III)with time; According to scheme 2 the abscissa of the maxima in-dicate the time needed for the formation of the substance consider-ed from plasma-phosphate. The horizontal lines indicating theactivity of the different compounds show the time during whichthe milk-sample was accumulated. the secretion of phosphate-ions requires about three hoursand a half. Among the other

phosphorus compounds in milk casein isformed most rapidly. The location of the maximum in thespecific activity obtained in experiment no. 3 (comp. Fig. 10)shows the difference of the times needed for the secretion ofinorganic phosphate and casein to be of the order of one halfhour. We have already seen that the milk esters constitute a



??? mixture of different compounds. So we can only consider theaverage rate of formation as no data are available for theactivity of separate fractions in a pure state. In Figure 10 theester activity, as determined in experiment no. 3, is comparedto the phosphate activity, which leads to the conclusions thatit takes the phosphate ions from the plasma about 4 hourslonger to enter the milk as ester molecules than to diffuse intoit as phosphate ions. This difference we have ascribed, at leastin part, to the slowness of the chemical reaction. That thelatter actually is not a very rapid process is borne out bythe difference in the specific activity of the milk gland phos-phate and the milk gland ester which, though small, isprobably real. For a third simplified model we shall imagine that a certainamount of milk is present and that its constituents are beingrenewed from the plasma phosphate. In this case we thereforeassume that the rate, at

which the substances occurring inthe milk are formed, is much faster than that at which theyleave the body, or in other words that most of the phos-phorus atoms present in the milk gland in different compounds,exchange with the plasma phosphate and that only a smallfraction leaves the body by the milk. It seems Hkely that thereality presents an intermediate between the simpHfied casesconsidered, but such a mechanism would be too complicatedto be dealt with in a quantitative way. It is important to note that according to the last scheme ittakes an infinetely long time to replace aU phosphorus atomsin the milk by atoms originating from the plasma phosphate..It will be clear that when the milk phosphorus begins to getlabelled, not all of the phosphorus which leaves the milk wiUbe inactive any more, but part of it consists of labelled phos-phorus which has come from the plasma during an earlierstage of the experiment. Thus

the part of the milk phosphatewhich was present already before the start of the experiment



??? decreased continually without reaching zero during a finitetime. Therefor in this case we have to consider anotherquantity, being the time during which as many molecules ofa certain substance enter the milk as are contained in it.These period we will evaluate for phosphorus compoundsin milk and the results are to be compared to the timesestimated for the formation of theses substances according toour first or second scheme. Probably the real values will liebetween the two periods calculated. The difficulties connected with this question have alreadybeen considered. The activity of the plasma phosphate de-creases quite rapidly and there is no possibility of obtainingaccurate limits between which this change can be confined,as was done with the change of the specific activity of thephosphatide in the hen's plasma. It was known from experi-ment no. 2 that the activation of the milk phosphate duringthe first half

hour amounts to only 10% of the activity whichappears during the next 2 hours. As it is this very first halfhour during which the activity of the plasma phosphatechanges in a way which is difficult to evaluate it was thoughtadvisable to leave this period out of consideration during theexperiment to be described. The goat was milked three quar-ters of an hour after the injection of the labelled sodiumphosphate and the milk obtained discarded. The sample tobe analysed was collected from this moment till hoursafter the beginning of the experiment. It appears fromexperiment no. 3 that equilibrium between milk and plasmaphosphate is far from being reached within this period. In themean time the activity of the plasma phosphate is continuous-ly decreasing. If the decrease were linear with time, thespecific activity would have an average value equal to thevalue at the middle of the period considered which would be100

minutes after the injection. In reality, the average valueof the specific activity will probably be somewhat higher



??? and was therefore supposed to be equal to the actual value80 minutes after the administration of the radioactivity. Itis not easy to estimate the size of the error introduced by thisassumption. From the values given in experiment no. 7 wemay conclude that at this stage the specific activity of theplasma phosphate drops approximately 30% in the course oftwenty minutes. As the moment at which the specific activity reaches itsaverage value is not Ukely to come before the experimenthas lasted 60 minutes (that is only quarter of an hour afterthe collecting of the milk sample had begun which was tocontinue for another hour and a half) and not to be laterthan 100 minutes after the start, it may be considered pro-bable that the value taken for the average specific activity ofthe plasma phosphate between 45 and 150 minutes after theinjection is not in error by more than 25%. Supposing that10% of the activity found after 2^/2 hours

was present inthe milk phosphate at the beginning of the collecting of thesample we find that the specific activity of the milk phosphateincreased by 57 ppm. during 7 quarters of an hour. This isequal to 19% of the average value of the specific activity ofthe plasma phosphate. (295 ppm.). Thus we see that during105 minutes as many phosphate ions moved from the plasmainto the milk stored in the canals and cells of the milk glandas make up 19%. Thus it would take approximately 5 timesas long or 9 hours before the amount of phosphate ionsdiffused into the milk from the plasma would be equal tothe total amount present in the milk. Or, expressing the samething in different words it takes a phosphate ion approximate-ly 9 hours to move from the plasma into the milk. Most of thephosphate ions contained in the cells of the milk gland exchan-ge at very fast rate with the ions of the plasma (cf. experi-ments no. 6 and 7) whereas

the diffusion from the milk glandinto the mUk is the slow process which accounts for the 7*



??? difference in specific activity between the phosphates in theplasma and in the milk. To compare the diffusion of phosphate ions through themilk gland with that of water we performed one experimentin which we injected deuterium oxyde subcutaneously.Different milk samples were collected and the density ofthe water determined. It was found that even the first samplewhich was coUected during the first five quarters of an hourshowed the same concentration of heavy water as the bloodat the end of this period and as the later milk samples. The circumstances of this diffusion experiment werecomparatively simple, because the concentration of theinjected deuterium oxide remains approximately constantin the different tissues and liquids of the body while theheavy water diffuses into the milk (comp. table XII). ThecompHcating effect of the absorption by the bone which is sotroublesome in the work with phosphate,

does not play ar?´le in this case. On the other hand the kinetics of the processunder consideration are complicated by its rapidity. If weconsider a period during which as many water molecules,as are present in it, diffuse out of the milk contained in th?Šmilk gland into the blood, and vice versa, we do not findthe two hquids in equilibrium at the end of this time. Thereason is easily found. At the beginning of the exchangeprocess some heavy water enters the milk and, after thishas occurred, part of the water molecules which move intothe blood are heavy molecules which have entered the milkby the same exchange process at an earlier moment in theexperiment. Thus a number of molecules are left in themilk at the end of the experiment, which were present in itat the beginning. The equilibrium in a process of this kind isreached at the rate of a monomolecular reaction. Let N denotethe number of heavy water molecules

present in the bloodand other body liquids and n the number of heavy molecules



??? which have diffused into the milk from the blood both pergram of water. The time, measured in hours, is indicatedby t. This leads to: N Thus, as after five quarters of an hour the concentration ofheavy water in the milk is equal to at least 90% of that in theblood, we find for t = that kt gt; 2,3 and therefor k hasa value 2 or higher. This means that it takes half an houror less for a number of water molecules equal to the totalnumber present in the milk to be replaced by water from theblood. If t is sufficiently small we may writen = Nkt. Combining this with the conclusion reached about thephosphate diffusion we may say that the time which mustpass before a certain small fraction â€” say 1% _ of themilk phosphate is renewed from the blood, is at least about10 times as long as that required for the renewal of the samefraction of the water, possibly longer. The reason for this difference seems to be twofold; in thefirst place there are

indications that the diffusion of waterthrough membranes in living organisms is appreciablyfaster than that of many ions and besides the volume of theblood required to provide the amount of phosphate occurringin a certain amount of milk is about 20 times as large asthe amount of blood required to provide the water. Thus, ifin parts of the milk gland the blood supply should not beample, the possibihty exists that the phosphate supplybecomes exhausted before the water supply does. In an analogous way the length of the period involved in 7



??? the renewal of the casein may be compared to that of themilk phosphate. It must be kept in mind however that thekinetics of this process are much more complicated than thoseof the phosphate secretion, and accordingly the value ob-tained will be even less accurate. Experiment 2 shows thatduring the first half hour the casein reaches an activityequal to Vio of that of the milk phosphate at the end ofthis period. Assuming the phosphate activity in the milk-gland to rise vdth time in a linear way, which cannot bestrictly true, the average value of this quantity is equalto 1/2 of the value it has at the end of the half-hour, andso Vs of the casein has been renewed during this time. Thusa phosphorus atom from the plasma would require roughly2V2 hours more to enter into the milk casein than into themilk phosphate. The secretion of the phosphatides is so slow that its dura-tion cannot be estimated. as none of the fractions

obtainedfrom milk showed an activity which was definitely positive.We know however that milk collected between 3 and 41/2hours had a lecithin activity less than 8% of the activityof the plasma phosphate at the end of this period. Thusas the latter is decreasing, less than 4% of the phosphatide-phosphorus is replaced by phosphorus from the plasmaphospate. Therefor a lower limit for the time required bythe inorganic phosphorus of the plasma to enter the milkphosphatide is about 2 days. The milk gland lecithin actually has a measurable specificactivity after 41/2 hours. This is about the same as thespecific activity of the phosphatides found in the Hver andin the kidneys. It is only due to the impossibiHty of obtainingreliable average values of the specific activity of the plasmaphosphate, that we are unable to calculate how long thephosphorus in the latter needs to enter the phosphatide ofthe mammary gland. The slow

rate of this reaction is un-



??? doubtedly connected with the fact that although the quantityof phosphatides excreted by the mammary gland amountsto only i/g of the quantity of ester phosphorus and to about^/so of the amount of inorganic phosphorus, the gland con-tains equal amounts of ester and phosphatide P and onlytwice as much inorganic P. Therefor it is clear that to pro-duce the quantities required, the relative rate of renewal ofthe phosphatide in the gland can be much slower than thatof the other phosphorus compounds. Considering the relatively long time involved in the secretionof phosphatides it is worth noticing that the time required bya molecule of fat to pass from the stomach to the milk is of theorder of 1 day, as can be seen from the figures in table XIII. Finally a rough estimate may be made of the fraction of thefat given per os which was secreted during the first week. Itamounts to approximately 10ÂŽ/q. Time required for the Formation of Milk

Constituentsafter different Schemes Change of plasma-phosphate into Scheme 1 Scheme 2 Scheme 3 Milk phosphate . 3 hrs. S'A hrs. 9 hrs. Milk casein . . . â€” 4 hrs. 11V2 hrs. Milk esters . . . â€” 7V, hrs. â€” Milk phosphatide â€” â€” gt;2 days



??? SUMMARY Chapter I deals briefly with the discovery of the first radioactive and non-radioactive isotopes. The principles used inthe different methods for separating isotopes are discussed. The application of isotopes as indicators is explained, usingradio-lead as an example. Then follows a short survey of themost important investigations that have been carried outwith natural radioactive elements as indicators. In this con-nection the biochemical applications of radio-lead andradio-bismuth by Hevesy and his collaborators are mentioned.The great importance of the discovery of heavy hydrogen forthe work with isotopic indicators is pointed out. In this field the discovery of artificial radioactivity hasprovided a number of new possibilities and of technicalimprovements. The factors that limit the usefuUness of radio-elements as indicators are mentioned and the many advan-tages which radio-phosphorus has in this

respect are pointedout. Finally the other artificial radioactive elements, whichhave so far been used in physiological research, are mentioned. Chapter II contains a survey of the work already publishedabout applications of radio-phosphorus in biochemistry.First of all it is pointed out that radioactivity is not a propertywhich influences the chemical properties of atoms to anappreciable degree. Next the fate of phosphateions after entering the body isdealt with. By far the largest part is taken up by the skeleton,but several percents are already secreted during the first



??? week. Several investigations about the growth of bones arereviewed in this connection. The rate of activation of thephosphorus atoms proves to have very divergent values indifferent bones. The reasons for this fact are mentioned. The various groups of phosphorus compounds occurringin organs and in blood are enumerated. In a number of casesthe rate of formation of these substances has been measuredby radioactive methods. Phosphatides have received specialattention. Reasons are given for the assumption that thephosphatides in the blood have not been formed in thisliquid but that they originate from certain organs (probablythe liver.). The results obtained by Hahn and Hevesy in their workon the activity of lecithin in eggs had already made it seemvery probable that the lecithin found in eggs has been builtup in the liver. Their work was continued by the author ofthe present pubhcation. The conclusions, reached in

theinvestigations described in this dissertation, are found atthe end of this chapter. In this chapter results are mentioned of two experimentswhich have not yet been described extensively elsewhere;i.e. a determination of the rate of perfusion of bones (p. 16)and a measurement of the rate of breakdown of hexosephosphate in urine, which was found to be very slow. (p. 37). Chapter III starts by describing how solutions of radioactivesodium phosphate for physiological use are prepared fromred phosphorus. Next the making of samples for the activitydetermination with a Geiger counter is treated. Then themethod used for the determination of the phosphorus contentof various fractions is dealt with. For this purpose a colori-metric method was used. The separation of erythrocytes from plasma is described.It is told how the different phosphorus compounds in blood



??? plasma, blood corpuscles, milk, organs and yolks wereisolated and the further purification of casein is described. The great danger of radioactive contamination is pointedout, which exists if one is working with other â€” very strong â€”preparations at the same time. In a separate paragraph the technique of the isolation ofwater from milk and blood is described, which is used in thestudy of the secretion of heavy water in milk. In this connec-tion experiments are treated which deal with the occurrencein milk of heavy fat administered per os. The apparatus isdescribed which serves to burn fat samples. Chapter IV shows a collection of tables containing theresults of the author's measurements. First the accurracy of the values obtained is discussed. Thenthe results are given of experiments with radioactive sodiumphosphate on a hen and with radioactive sodium phosphate,radioactive hexose phosphate, heavy water

and heavy faton goats. It is also described how hexose phosphate andheavy fat were administered to the animals. Chapter V brings the conclusions which can be reachedfrom the data mentioned in the preceding chapters. Concerning the formation of eggs, the assumption of Heve-sy and Hahn that the phosphatides are carried to the growingyolks by the blood is supported by proving the absence ofa phosphatide synthesis in the ovary. It is shown that therate of activation of the phosphatides is a measure for therate of growth of the yolks in the ovary. In the experiments on goats the first conclusion is thatthe decrease in the activity per mgr. of organic phosphorusin the plasma cannot be represented as a single first-orderreaction. At least two processes, with greatly different veloci-ties, play a r?´le.



??? The investigation of the activity of different milk fractionsproved that no mixing occurs in the milk while it is storedin the udder. Besides it was found that a few hours after thestart of the experiment the specific activity of the phosphorusin the casein and in the acid-soluble organic phosphoruscompounds is but slightly lower than that in the inorganicphosphate in the milk. This makes it seem very probable thatthese substances are formed in the milk gland from inorganicphosphate. That phosphatides are formed in the milk glandtoo was demonstrated by special experiments. The time required for a water molecule to pass from theblood into the milk was found to be one half hour or less;for phosphate ions this period amounts to a few hours. A fatmolecule, given per os, needs about a day before it is secretedby the milk gland.
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??? STELLINGENI. Het schema voor de afleiding van detonatie-snelheden volgens Bemard Lewis is niet aanvaardbaar. J.A.C.S. 52. 3120 (1930) IL De photographische methode van Dols, Jansen, Sizooen van der Maas voor de vergelijking van de radioactiviteitvan verschillende gedeelten van beenderen behoeft ver-betering. Nature, 142, 953 (1938). III. De bruikbaarheid van de door Wefelmeier voorgesteldekemmodellen is niet beperkt tot kernen, die uit oc-deeltjeszijn opgebouwd. Z.f.Physik, 107, 332 (1937). IV. De waarde der door Fl??gge en von Droste voorgestelde verklaring van het voorkomen van twee beperkte groepen van atoomgewichten onder de brokstukken, die ontstaan bij het splitsen van uraankemen, is twijfelachtig. Z.f. Physik. Chemie B, 42, 274 (1939).
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??? De meening van Hammet, dat zijn metingen der over-spanning aan werkende waterstof-electroden een argumentvormen voor de geldigheid der theorie van Tafel bij lagestroomdichtheden, is onjuist. J.A.C.S. 46. 7 (1924).VI. De berekening der energie van een â€žgatquot; in een ionen-kristal door Jost verdient weinig vertrouwen. Trans.Far.Soc. 34, 860 (1938). VIL De door Antweiler gegeven verklaring van het polarogra- fisch maximum is te verkiezen boven die van Heyrovskk Z.f Elektrochem. 44, 719 (1938). VIII. Bij chromatografische analyses zullen somtijds radioactieveindicatoren van nut kunnen zijn. IX. Bij het bepalen van omzettingssnelheden van zouten zalmen in sommige gevallen met voordeel gebruik kunnenmaken van metingen van oploswarmten. X. Metingen van racemisatie-snelheden kunnen belangrijkeaanwijzingen geven over het voorkomen van vrije radicalenin vloeistoffen en gassen.
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