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ABSTRACT R

.” ThatHhémotééhsbiénté%ibﬁﬁﬁf:tiéﬁueé°f6116wing toﬁal-
-_body 1rrad1ation, though successful 4n mice and rats has
been extremely difflcult to achleve in large mammals such
as dogs and man may reflect the inadequacy of radiating
modalities currently used 1n preparing é‘iarge mammal for
a homograft. 1In order to provide for the relatively
aelectiveiirradiaéibﬂﬂbf'thé'tissﬁes responsible for the -
homograft rejection respbhse while minimizing‘the5axpoaure
of other tissues, we have_developéd»dfﬁéchnique using
internally administered Yttrium-90 chelated with DTPA -
(dlethylene-triamine-pentaacetic acid). By use of "
continuous intravenous recycling of the urine containing

~ the excreted YZ0-DIPA a method has been dévelopédvin
which dosimétry 15 controllable and the excretion of the
radloactivity from the body folléWihg the cesSétion-of
urine recycling is rapid thereby permitting bone marrow
transplantation within 24 ‘hours following ‘the procedure,
The olinical, hematolbgic’and'pathologic ‘postirradiation
responses of the>aﬁimélsifeéeivihgﬂY9OaDTPA by this
method ﬁére observed for each group of animals studied.
Dogs given sublethal doses of radiation generally had a
benign c¢linical course, the only remarkable finding beling -
a selective 1ymphqpenia without depression of granulocytes,
platelets, or reticulocytes, ILethally irradiated dogs

showed depression of all formed blood elements but severe
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-depresaion of lymphocytes was most prominent Autologoué
‘ bone marrow 1is capable of repopulating hematopoietic and

- lymphopoietic tissues with asaociated survival of lethally_’
1rradiated dogs. Successful homologous bone»marrow o
transplantation apparently has been achieved between
unrelated beagle dogs. Thus, a new radiation prooedure
has been developed which offerb greater selectivity in
suppressinﬁ the activity of lymphatic structures, and
presumably the homograft reJection rasponse, ‘than do methods
presently in use, The results suggest the uaefulness of this
procedure in the treatment of malignanoiea of lymphatic
structurps and in the preparation of 1arge mammals for “

transplantation of homologous tissues,
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For more than a decade many invcatigatora have'”l“ o

successfully performed tissue homotransplantations 1n' 

mice and rats whooe immune responses had been obtunded by
supralethal total-body 1rrad1ation (1 2, 3), However, 4n .
large mammals auch as dogs, monkeyu; and man sucoeasful
homotransplxnts following total body 1rradiation have  been’
difficult to achieve (u 5, 6, 7). Only a small percentage

of attempts at this procedure 1n the large mammals have

- met with success (8 9).

Undoubtcdly many factors are - operative in produc¢ng
poor homotransplantation results in large mammals ‘while -
-allowlng for favorable reoults in small mammals. Howe v ar.
we have focused our attention on the partioular problem of
delivering large radiation doses to the tissues responsible
for the immune response.' It was felt that a major diffioulty
encountered with many tisaue transplantation_atudiea 1n'
mon and other large mammals was the inadequacy of presently
available technlques to deliver signifioant radiation
dosage to cells of their immune systems (10).

" We have theréfore,attempned to develop a technique,
using an'1nternallyvadm1nlstered isotope, for delivering
high doses of radiation to the tissues responsible for the
immune reabonse without resulting in the inevitable death
of the animal from other forms of radiation damage, Thils
paper deals with the detaills of tﬁié technique and its

'applioability to the problems of bone-marrow transplantation,



| II. THE EXPERIMENTAL PROBLEM
A. A Brief Discussion of the Results Obtained in Bone-

Marrow Transplantation Following Total-Body'Irradiation‘

~in Man, Monlkeys, and bogs

A report of'curés 1n_murine leukemia (ll) using total-
body irradiation and bone-marrow hbmografts suggested the
possible use of this procedure 1in treating,humanlleukemias.
This §68B1bility has stimulatéd the performance of
virtually all the studies using bone—marfow transplants
1h.man. Altnough it seemed imbrobable that suffiocient
radiafion could be delivered to eradicate all the leukemic
ceils (12), it was hoped that the graft of bone marrow cells
would be sufficlently competent immunélogically to produce
specific antibodies against the leukemic cells (11).
Hypothetlcally, leukemlc cells surviving the radiation
exposure would be attacked by the immunologlcally active
celis_of the homograft,

Kurnick et al. (13), McGovern et al. (14), and Newton
et al. (15) obtained and stored bone marrow from leukemio .
patients in remission. Subsequently they reinfused the
stored autologous bone marrow into patients after the
patient had been given a course of supralethal total-body
irradiation. In this case it was'hopeithat the leukemic
‘cells might 1ndced be destroyed by the radiation and that
the patient would then be saved from death by radiation-

induced hematopoietic failure by the infusion of presumably



"leukemia-free" autologous bone mArrow collected during
 remission. As could be expected from considerations of the
known exponentiai killing function of mammalian cells |
‘following radiation exposure (16), the doses of radiation
given these patients was inadequate to destroy the leukemio
cells and the patients eventually had recurrenoea of their
'disease. However, these studieb did help to establish
the ability of autologous bone marrow to re- eatablish
bone marrow funotion after radiation inJury in man.

Similar studles were carried out using isologo@s
bone marrow. Cascs of ieukemic patients having identical
twins were studled by Thomas et al. (17) and others (18, 19}.
The leukemic patients were given supralethal total~ body
irradiation and then were given an infusion of normal
isologous bone marrow from theilr t&ins. Some tempdrary
remissions occurred, but nb cures were obtained. 'These
studies,d@mqnstfated the abillty of isologous bone-marrow
tfansplants to repopulaté the bone marrow in lethally
1rradiated humans, | |

HOpe for the uaefulness of this approach in the treatment
of leukemias was then focused on the use of homologoua bone-
marrow transplantg. It dppearad that 1sologous bone marrow
cells dld not discriminate between leukemlc and normal
cells and did not pfoduce antlbodies a"aindt the leukemio
cells, Poasibly, immunologically active cells in a homo-
graft might better bc able to make antibodios against the
host leukemic cells., Thomas et g;q (20), Mathé et al. (21),
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and others (5,‘22) have attempted'homqlqgous bonefmabrbﬂ'

~ infusions followlng supralethal total-body X~ and gamnb~

radiatlon in leulenic patients. The results, thus far, -

have been JinrularlJ discouraging. ' Even foilowing masslive
doécs of conditioning radiation, the nomografted cellsr

did not grow well in the human ho¢tq. The majority of

' such transplantation attamptd have Jielded no indication

of any growth of the bone»marrow homograft in the host (5)0

A few cases have been reported where some evidence of
partial growth of tﬁe homograft cellé was obtainéd° Mathé
publishod a ruport of four cases of leukemia treated by
thls method in which ovidcncc of growth 01 the transplanted‘
cells was seen (21)., However, from a thexapeutic point of
view even these cases were fallures, The patients_appeared
to succumb to a comblnation of damage’done‘by the leukemic
process, the high levelsvof conditioning irradiation, and
the 1mmunologic attack of the donor ceils against the host,
| The complexity of the 1eukeﬁic pboceas in the patienta}
studied by using radiation and bono naxrrow prevent a
clear-cut evaluation of the prublem of” successful homologous
bone marrow_ﬁtakes” in humans ., Although the largest bulk
of human data on bone-marrow transplants involves patients
with leukcmia, a few cases are recorded of bone-marrow
transplantation in relatively normal patients acoidcntally
exposed to total-body irradiation, Mathé et glé €23)

reported on six Yugosiavian workers exposed to what was
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originaily estimated tq be 400 to 1000 rade of total-body
neutron and gammz radiéﬁién: -Thésé'figureS'héVG suﬁséquently
been revised to much lower levels. !omologous bone-marrow
ihfusions were performéd on fiQé of:these patienté at 27 to
36 days following théAradlatioﬁ.' Phere was some cvidehce of
a take, but 1& iosa‘than a'mohth fdllowing the bone-marrow
infusion all evideﬁcé of bong-marrow homograft growth
_diaappeared,

| Even ﬁhough'the brobiem of achleving bone-marrow.
homoérafta in humans withvpresénﬁiy'avéilable techniques is
still poorly defined} néVebtheleSs it would appear that the
results generally have been quite disappointing.

StUdieq performedlin primates'and dogs further support
the expeotation that long-term bond-marrowAhomograft
"takes" will be'diffibult to achieve in the larze mammals
by use of presently avallable methods for delivering the
radiation (24, 25, 26, 27, 28).' Rothberg et al. (214)
falled to achleve evidence of any homologoﬁavbone mATCoW
takes in chimpanzees érter>toﬁa1~bbdy irradiation. In
his feport, Rothberg emphaaizea the difficulties in getting
homograft takes in primateﬂ. Investigators in Holland (25)
~ evidently have been able tb achleve a reasonable ﬁumber of
'bonewmarrbw,homograft successes in monkéys. However, the
majority of their'ahimals died in 1 to 3 wecks after the
1rrad1atioh, presumablyvas a result of diréct irradiation

damage and the effects of the'donbrrimmuﬁe‘cells attacking
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the host. Working ﬁith dogs, Thomas et 31.4(26) have

been able to achieve a fair amoﬁnt of success in trans-
.plénting homologous bone marrow hetween-closely relaﬁed
animals; In purebred.beagles he has managed to get

hbmograft takes between mother-and-son and sister-brother
combihationsg His resulﬁs in bdne-marrow homografting
between unrelated-beagles have been much more disappointing.
Only one of a'total of five dogs attempted in this series
showed ev;dence‘of growth of the gfaftv(26). This

aﬁimal had preyviously been splenectomized, and had received
ACTH, a large dose of irradiation (1200 r), and a very
‘iérge'aose of bone marrow (12.5 billion cells), The

animal survived 51 da&s and then succumbed to an interstitial
nephfitis. Cole (27)Iné been unable to get definite takes of
bone-marrow hohogfﬁfts in dogs by radiation conditioning
alone, and has now resorted to fadiation plus the use of
various drugs. Porter and Couch (6) found some evidence

of homologous boné-marrow takes 1nvmphgrels following
supralethal X-irradiétion; but thevméan survival time

of the dogs treated with_homologous bone marrow was

actually lower than the untreated control group.

" In general, it may be sald that the ease in ﬁone-
marrow homografting seen in rodents following total—body
&fradiation has not been e#perienced in performing this
procedure in the lérger mamma ls, such as dogs, mdnkeys, and

man. Not only has 1t been very difficuit to get bone-marrow
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homografts té grow between unrélated members of the same
species in the largerlmammalé, but the‘few”éniﬁAis iﬁ:ﬁhich
succesaful homotransplants of this type have occurred
have survived for only short pebiods-of'timé after '
irradiation, These deaths in the "successful bone~ma£rdﬁ'
homotransplants" may have beenldue in part, to radiétion
damage suffered'by honimmunologioaily active systems;

such as the gastrointestinal tract, Sincé in general,

the conditioning radiation.doée was}qulte high in these

experiments,

B, Discussion of the Use of Internally Administered Isotqpee

for Selective Irradiation of the Cells of the Immune System

Some insight into the problem of successaful bone-marrow
transplantation in mide but éoncomitant falilure of this
procedure'in dogs can be gathered from‘ceftain dosimetry
consideratidns. o

| The LD50 dose for hard X-rays given in a single exposure
in mice 1is between 400 and 600 r, and that in dogs around
325 r (29). Many of the successful homotransplantation
experiments in milce have been done by using éinglégexposure
doses in excess of'600‘r;usually 900 to 1000 r (30). Dogs
given this high dosage of hard X-rays as a single dose |
'frequehtly sucoumb to a radlation-induced g&sﬁrointestin&l\
syndrome and,vin generai,'show a morbidity which complibates

the interpretation of the transplantation experiment (31, %2).
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Thus, at least with tﬁe use of presently.évailablé high-
voltage X-ray macbines, we are faced with the inability
to achieve rapldly delivered high radiation doses to tﬁe
critical immune tissues of the dog because of‘an_apparent
advérse spécies difference 1n radliosensitivity of critical
nontarget organs, such as the gastrointestinal tract,
Examination of the dosage dellivered to the bone marrow of
mice has furnished us with yet another clue tc the problem
of radiation '"adequacy'". It was pointed oﬁt-by Spiersvés
early as 1945 (33) that smallloavities surrounded by
pone absorb more radiation energy than similar small
cavities sltuated at eguivalent depths in the body but
not surrounded by bone. Consideratiors of this effect, plus
attehuation of the X~ray beam passing through the thick
bony cortex of large mammals, have led us to the conclusion
that the bone marrow of mice receives over 16% more radiation
“than the-bone marrow of dogs givén identical exposures to
a 250-kv X-ray beam (see Appendix A). It would therefore
appear that even if modalities were avallable for administering
a perfectly homogeneous totai-body radiation dosagé to
large mammals we stiil might be unable to deliver suchbhigh
doses as given to the bone marrow and other ﬁissues of
the mouse, |
Such odnsiderationa have led us to the developmenﬁ of a
procedure fbr deIIVering high doses of radiatidn<with a
degree of selectivity for the target organs while sparing

the nontarget organs.
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Thé "target" organ, in this case, 18 the célis responsible
for the forelgn tissue rejection response., It is not ¥noun
with certainty'exaotly which cell typcris responsible for . .
this function;' Present evidenoo strongly ouggcsto an .
association between the lymphocyte and this homograft
rejection reaponse (34, 35, 36, 37, )8). However,
regardless of their céll type iﬁ is probable that these
cells are widely dispersed fhroughout the body, Although
lymph nodes and spleen probably contain thé large dbulk of
the antlbody-produoing cells, there are probably many of
these entitics outside these organs which carxry on thia
function.(;Q, 40). _

Inﬁeatigators have Qaedvcolloids of radiogolﬁ,adminiotéred
parenterally, to seleotiveijvirrudiate thQOQytic cells and
presumably the immuhe system (41). | The mortality of these
animals given colloidal radio,old 1s uninfluenced by the
administration of isologous or homologous bone marrow, in-
‘dicating the‘inadcquacy of this materlél for use in
marrow tranasplantation studies; The use of collbids for
destfuction or muppression of the 1mmune response faces two
main difficulties, Flrst phwgocytosis and the production of ' B
antibodieé appear to be two distincet funotions, and the
cellé responslble for the latter may not be 1in close |
’.proximity to cells responsible for the former (41, 42). Thus,

destruction of re¢latively radioresistant phagocytic cells may

not markedly influence the antibody response (42, 43), Second,



colloids of different sizes are removed from the blood by
differeht components of the RE (réticulo-endotheiial) systemi
very large pafticlcs are removed in the capillary bed in the
lungs, next largeét'by the llver and spleen, and much
smaller particles are femoved by the bone—marrbw coniponent
of the RE system (U44), .Indeéd, many tissue phagocytes may
not even be exposed to intravascuiarly injected collolds.
It 1s obvious that only a carefully balanced mixturc of
collolds of different sizes could approaoh a uniform
distribution and irradiation of mecst of the phagocytic
‘Cells; ané eQen ander. the bestU of clrcumstances, a lafge
" number of.cells of this type would not be éxposed to'irréd;-
ation.

| Radiolsotopes of elements having a wide distribution
vin the body have also been consideréd. Radilopotassium (45)
has been used in micerfor delivering total~-body irradiation,
but since potassiunm has a rather homogeneous Iintracellular
distributi&n, 1ittle sélectively of irradlation 1in terms.of
damaging spocific cell types can be achleved, Radiosodium,
on the other hand, in general has a distribution in
extracellular fluld spaces, and since structures such as
lymph nodes, which are known antibody~producing cepters,v
are rich in extracellular fluid, we could hope to achievé:
some selectivity inlinradiating'the célls of the imnunc -

system by use of guch an isotope. However, since sodiun
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is cléared slowly from the body, we -would have to walt until
 mostaof the radioéodiumnhad disdppééred vié 1ts phy§iéél
décay before'homografting»of ééllé could be attembted;
Should'hOmograft cells be>intrbduced premaﬁufely, théy
could possibly feceiﬁezé'leghal or 1nhiﬁitory dose of
rédiation from residual'rédiodﬁtiVé sodium whi§h ﬁQuld
pfevent growth of the graft. .Thése diffiéulties could be
avolded by using a very short-lived isotope, but_bf cdurse
this introduces formidable‘tédhniéal difficulties. |
The characteristiés'that wé should require in an
isotope to be adminiétered 1htefnaliy for thé purpose 6f
prepéring the organism'forvalﬁisSué homégraft éhould be
as.foliows: First, there shéﬁld be some SGlectivity inv'
ifradiating the cells responsible for the homograft ré;
Jection responsé. ‘Since thefe‘was no knoWn unique metabolism
carried out by these cells which could have been Qtiliééd
in irradiztion of these cell types with absolute speoifioity,
we'attempted Lo reach the taf@et célls through somé'nonw
specific means which would giﬁe us relaﬁive'specifioity in
irradiating the cells in duestion. .Sincevantigens prbbably
contact‘the antibody—produbihg cells 1In some'compdnent 6f the
exﬁracéllular fluid space, we made the'assumption that these
cells must be bathed to a large.extent by the constifuente
of the extracellular fluid.' If, in genéral, there 1s more

extracellular fluid in ﬁhe tiésues containing the immune
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cells than in the tissues‘not;responsible for the immune
response, then we could achleve some selectivity in ir-
radiation of these cells by using a modality which distributés
itself in the extracellular fluid compartment.: Secondly,

it 1s important~that the material selected releaae its

radiant energy locally, so as to maiimize\the selective
advantage of 1ts‘distribution pattern, Thus, the isotope

must be either a pure beta or a pure alpha emitter, A gamma

vemitter would be undesirable not only because of its long

range inAtiasue but also because of the_radiation hazard to
attendant personnel tending the animal or patient during
the irrédiation procedure, Thirdly, thé redloactivity must
be rapidly removed from the body after the irradiating
procedure sb that homografting may be attempted in reasonable
proximity to the radiation eplsode. Fourthly, the isotope
chosen must be readily availlable in large quantities 4in

a pure form and must have a convénient half 1ife ==~ one

long enough that 1t can be readily handled without excessive

physical decay and one short enough to avold an excessive

hazord in'the event of an accldent,

No iuotope‘came to mind that possessed all these
characteristics, v7° chelated with DTPA (diethyline
triamine pentaacevic acld), however, fulfilled most of the

above mentioned criteria quite adequately (46, 47)., DTPA

18 & chelating‘agent that in general distributes itself
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in the extracellular Space‘(MG) except for increased renal

concentration. It is excreted rapldly ffbm the body in the

urine as an exponéntial function of time, with a half life

‘1n rats of.approximately 55 minutes after a sihg1e 1ntra-
venous inJjection (46). thrium is a lanthanide which 1s
very strongly bdﬁnd by ﬁhe DIPA chelate (47).” One of its
isotopes, Y9Q, 1s a2 pure beta emitter with a half life

of 64.4 hours (48). The beta particles of Y9Q have an

N B ) . N ' 0
Epax O 2.26 lev. and Ep . of 0.9 Mov. (49). The ¥9 can
be obtalined in falrly pure form by separating 1t fromvSrgg,
its parent compound (50). ‘ngQ iz a readily aﬁailabie,

235

inexpensive lsotope round abundantly in the waste of U7

reactor piles. The reactions involved are as followst

Srgo emae> YO0 £ + (neutrino),

vy > Zr9ol+ 3! +.(neu€rino).
' The zirconium-90 1s stablev(hg).

The YQO chelated with DTPA thus.r@bresents a material
which closely fulfills the criterla enumerated previously,
_and 1t was chosen for the purpose of administering totale
body irradiation for guppresslion of the homograft rejection

" response,

€4

s
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IIX. THE EXPERINMENTAL FROCESS

A, Preparation of thé YQO—DTPA for Use in the Dog

1., Introduction

Several methods are availladble for the separatiqn of
Y9O ffom‘it% parent material, Sr9o (50). We adopted a
modification of a technique used by the Oak Ridge Laboratories
which they had found.satisfactory for the separation of
curlie quantitics of thils material (51).. The procedure
involves wvue use of an orgenic phosphate (di-(2 ethyl-
hexyl)-phosphoric acld) to remove the Ygo.from the Y90a8r90
equilibrlum mixture. Steps are then taken to minimize the
émount of Srgo contamination and to bring the Ygointo a

convenient soluble form.

2. Materials and Methods

-

The diagram in Fig. 1 summarizes the essential
experimental steps in the extractlon procedure, The
di-(2 ethyl-hgxyl)-phosphoric acid in toluene 1s washed
threé times with 0.1 normal HCL té renove any free phosphate
or other materlals réadily soluble 1n aqueous solutions}
40 ml of this solutlon is added to a clean 100-ml cone
containing 40 ml of the Sr9O~Y90 mixture. The ﬁixture
is atirred for 20 minutes at a speed which insures dispersion
of the two phases. The phages aré allowed to separate for

10 minutes. The aqueous phase (0.1 N HC1l) contains the
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3r%° and is remdved The organic phaae containing the Y90 |
is washed four timea with equal volumes of 0 1N HCl to |
remove any Srgo which might be round contaminating ﬁhe
organic phase. In each wash the phases are atirred for
10 minuteﬂ and allowed to separate for 5 minutes before
the phases are separated for the next wash The washed |
'organic phane is then extracted twice with equal voiumesrof ;
6.0 N HC1, stirrin? for 15 minutes cach time, The phases
are allowed to separate for 10 minutes. The’ aqueous phasea of
the tvo extractions are pooled in a MOO-ml roundabottom
rlask and bciled to dryneas. The residue is then ashed o
with either conccntrated HNO3 or agqua regia until 8. white i_»
or tan residue remains, This residue is redissolved in
ooncentrated HC1 and boiled to dryneas to convert the
inorganic salts to the eoluble chloride form, The final
residue 15 then taken up in 15 to 25 ml of 0.1 N HCl1 and
this solution 1s filtered through four thicknesses of No, hQ
Whatman filter paper.

Four 100-microliter aliquots are removed for assay.
Each loo-micrélitef aliquot 1s placed in a Semi volumétriél
‘flask containing 0.1 N HCl. Serial dilutions are pefformed B
independently for each Bamplé'until an appropriate con-
gentration for assay is achieved All dilutions are carried
out by using 0,1 N HCL as the diluting fluld. Samples of
500 microliters of the final dilution are plated out in |

f



‘steel planchettes and dried The sample counts are
oompaved to a Nuclear Chicago Sr90 Yg equilibrium
mixture standard fitted with an aluminum absorber of .
greater than 200 mg/cm thickness to absorb all the &rgo
‘beta particles. This procedure, recommendud by 3. B, -
Garfinkel, of the National Bureau of Standards (52, 53),
provides for a long~11ved standard (half life of srC . 27.7
years) for a short-lived 1aotope-(hglf life of Y?O = 64,6 |
hours) (&9)' The assay planchettes are'fitted.with |
‘aluminum absoxbers exactly similar to those used on the
standard so as to afford comparable attenuation of the Y90
beta particles in the standard and the assay samples. AL
counting is done on a Nuclear Chicago gas-flow counter
fitted with a micromil window having a surface density
less than 150 ugm/cm « A minimunm of 5000 cOpnts is per- .
formed on each assay aamﬁle with a standard deviation of
1,4% for each count and a atandard‘deviation for the mean
1 ofvthe counts of 0.7%, A fotalivariation in counts betweeh
the four samples of less than 10% was considered acceptable.
The physical decay of'the Y9O was calculated from the |
time of assay to the time of the 1rradiation procedgre by
the decay equation Nt. = Noe" N‘;, umipg Ne 0.01_076, and t in
hours., ”

In preparation of the Y9O to be given to the animal

during the 1rrad1ating mr'ocedmre,7 the calculated volume of
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VVYQQ solution 18 pipetted 1ntb‘a NO«ml cone oontaining
0.5 ml of a 25% solution of DTPA plus enough distilled
 water to make a total final volume of 22 ml., The final;? '
pH of this solution varies from 2 to u Thia solution is |
"then drawn into a epecial container, desoribed bélow,' 
where 1t awaits use in the 1rrad1ation procedure. .

Several technical problema arose in the use of the
procedure outlined above, two of»whichvwarrant discussion,
- We disooVéred that'there was o significant aolubilitj df'
| the organic phosphate-toluene organic phase in the 5.0 yl:“ |
HC1 acid phase occurring during ﬁhé ektraopidn step Né. 3,
This resulted in an Qrganic'contaminatidn:of the residue'
-when the 6.0 E'HCI extract was boiled'to.dryness (step
No. 4y, Frequentiy, repeated time~cbnsuming wet ashings
| of this organio materiél were required, using éohcentrated
HNOB' In the latter excractions, aqua ‘regia replaced the
HNOB, and more efficient removal of the organic contaminantsl
was obtainedo In all the early extract:ons, no addition o
of carrier yttrium was attempted and the Iinal product
was carrier-free. However, handling and assaying of the
carrier-free material was associatcd with many technical
,»groblems and in later experiments, carrier in concentration
_of 10 mg% yttrium nitrate was added to the 6 N HC1 used 1n .
extracting the organic phase (step ho. 3). Prior to the
- addition of the carrier, the molar ratio of DTPAwto yttrium
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was on tho‘ordcf‘of 105 The additibn of 10 mz% carrier to
the 6,0 N HCl extracting solution dropped the molar ratio '
to 101.“ °1nce it 18 probable that incrcases 1n the molar.
ratio'of'DTPA with vttrium abova 1.2:1 probably does not
signiricantly effect the pharmacology of the chelate
voomplex (47), we dld not. expect any chanboa 1n ‘the action

of the mater jal in reducing the molar ratlo to 101. That
this was 1ndeed the case was borne out by comparable

urine and vlood clearances of the material at the different

molar ratios when 1t wao adminiatered to dogs.

3, rohysical Facllitics and iaudiation-Protection .

Doviccu chd in Prcoarinu the Y9 - DT'PA

A1l procedurcs outlined in the flow sheet (sce Fig. 1)
were carried out in a specially desizgned enclosure, This
enolosure’cohsisted of a main chamber which 1s essentially a
modiried Bérkeley glove box surro&nded by 1.5 in, of
lead shiclding, with an adjoining side chamber made out
of plastio-covered plywood. This sidec chamber acted as an
'1ntermcd1ute antechamber for passage of materials 1nto and
out of_thq main chamber, The two ohambers are connected by
a éliding'plywood door and a hinged lead door. The 1Aner
chamber is fittcd with three motors provided with dispoSable

glass stirring rods,
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The inner chamber alsc contains 90-ml bipettes mountedu
- on a circular bracket which_can be roﬁated by‘a éontrdl
located ét‘the top of the box., Eacﬁ pipeife is bonnected
to a control switch which allows the individual pipettes

to be filled by manipulations outsidc the box. All huating
Vprocedurea are pcrformed in a round- bottom rlaék placcd in
an electric heatinv sock inside the box. Gases from both
inner and outer chambers are efhausted and filtered through
a standard radioactive exhaubt uyntem. Liquid wastes_
1nside the box are poured into an open funnel whieh connects
with a gallon jug placed in a separate compartment beneath
the main chamber, The Jugvcontaining the liquid waste can
be pfocessed periodically without entering the main
chamber., Dry radloactlve waste from the éhamber,is placed
into a cylindrical cardboard container and then the
container 1s passed into an adjoining compartment located
behind the main chamber, Here the cérdboard container is
‘allowed to fall into a shielded plastic bag and the plastic
bag is thenwaled., Thé sealed, airtight lower portion of
the bag containing the dry radioactive.waste can then be

processed in a routine manner.

u, Discussion and Conclusion

By use of the facilities described; 20 to 40 curies of
SPQO-YQO mixture can be kept in the box and extracted with .

‘minimal radiation hazard to personnel., The radiation seen
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from the outside of the lead-enclosed box is mainly
brehmsstrahlung, and amounts to approximately 4 to 5 mr/hr.
During the routine ektraction‘prbcedufe, it is never necessary
for ﬁéraonnei to be éxposed to the full radiation field
emanating from the doors 1eading'to‘thé inner chamber.
' The fiecld et these doors has not been accurately measured, '
| but is 1h_exéess of 50 p/hr, |

More than 35 extractions of ¥*° from sr%° have been |
performed by using the-protodol described abové, The _
efficlency of extraction or'Ygo‘froﬁ iﬁsvpafent'Srgo has ;
' been approximately 40%, Sr90 cbntaminatidn in the final -
qu aoiution was on the order of io'“ to 1072 sr2%:y?° 1n
' 8ix of the extracts analyzed for Sr2°, The radiation-protection
protoéol devised for the extractlon procedure has been
successful to the extent that personnel involved in the
procedure have never recorded exposures greater than 200 mr/wk,
The procedure descfibed is d,workable method for producing
: iafge quantities of Ygo'W1th minimal contamination by'Srgo.
Y90 can be made carrier-free-or with carrier 1h any
desired volumecf solution. A'procedure is described for
accurate assaying of thevmatérial. The health hazards

involved in performing the extraction procedure have been

adequately handled by the methods desoribed,
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B. Pattern of Clearance of YgO-DTPA from the Body

1. Ihtroduction

The work of Foreman (M6) foéfé'somé evidence suggestingl
that the DIPA chelate gnnerally hes a distribution among
the extraoéllular'fiufds’of the body exoluding the cerebro-
_béinai'fluid For@ﬁan (46) and Kroll et ai. (47) report -
a8 eimple e\ponential rate of clearance of the material in the
rat via the urine following a single intravenoue inJeotion
of c*_1abelea DIrA, The half 1ife of this excretion is
short, amounting-to appfoximately:35 minutes in the fat,, x
‘The DIPA appeared to be métabblicaily'ﬁnert, veing excreted
‘exclusively as the unchanged DTPA with no evidence of
breakdown or modification by the body. Toxicologic studies
in rats (4G) indicate that when DIPA 15 administered ;n'
doses gfeétér than 62.5_mg/kg pody weight/day hydropic
degeneration 1s noted in the renal tubules. These changes
appeared to be reversible upon cessation of. administration
of the drug. |

The_fbllowing studies wefe performed to see whether fhe
carrier-free ¥Y2°-DrPA prepared by us (See. III A) of this
report) was cleared from the blood by'the kidneys in a
fashion Bimilar to that deseribed for Clualaﬁeied Ca-DTPA,
and to further extend the observationa on thé excretion |
pattern of this material from the body., A’ study was also
performed to determine the nature of the v nrpA appearance

and clearance characteristics from the lymphatic fluid.

/
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2., Materials and Methods

Carrier-free Y2° extracted in the manner outlined in
‘Sec, III A was_chelated“W1th an excess of DTPA (molar
ratio greater than 10:1) and given to purebred beagle dogs
between 6 months and 2 years of age by 4 single intravenous
1nJect;On. Multiple blood and urine samples were taken at
different times after the injection.

The thoracic ducty of adult Loﬁg~Evans étrain rats
were cannulated by Dr. John Sohooléyvof the Donﬁer
Labofatory (5&) - Both Jugular veins of these rats were
- exposed and bhe Y9 -DTPA solution was anected into the
,right Jugular vein, Multiple samples of blood and lymph
were taken fr;m the left Jugular vein and thoracie duct
at intervals following the injection. All samples were
plated on stainless steel planchettes, dried, and counted

in a Nuciear Chicago gas~flow counter using a micromil

window.

3s Results

Figure 2 shows a typlcal blood-clearancé curve and
oumulative urine-appearance curve obtained from a beagle
dog following a single intravenous thectioh of Y90;
DIPA. The concentration of v 14 plotted as the ordinate
on a semilog scale, and time after the injection of the
material is plotted on the abscissa. The blood olearance

ocurve for the first 7 hours after the inJjection of the
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Ygo-DTPA can be broken down Into two simple exponential
components, given by the equation

o |
11t + Be Qt.

Concentration = Ae” _
The  values for Al’ )2,A,7and B can be obtained by exérapolating
to time zero the linear portioﬁ of the curve determined
betkeen the *rd and Tth hours postifradiation. AThe intercept
of this line with the ordinate gi&es a value for B, and ffom:
the slope of the line *he valué of A, can be determined.

By subtracting the values of this line from the observed
values on the curve we determine a second line whose
intercept ﬁith the Qrdinaté is A, and from_its slope thé
value'of'}l.can be determined (see Fig, 2).

The exponential function of Ae'alt is interpreted to
represent the phase of mixing of the YZO-DPPA in the fluid
volume it will odme to occuby. The t, /2 of this first
exponentlal function varied between 7 and 15 minutes in
fhe various eXperiments performed, This indicated that
this mixing phase 1is quite rapid and 1s essentially complete
1 hour after intravenous injection of ﬁhe activitﬁr0 The
funoction B exp(-hzt) ie interpreted to'represenﬁ the
actual removal of the Y90—DTPA from the BOdy.

The curve on the right of this figure deplots the
cumulaﬁive clearance of the N activity from the body vie
the urine, It i1s readily seen that this takes the general

form of the blood clearance curve. Both the absolute amount

and the rate of urinary clearance of activity correspond
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closely to the amount and rate of clearance of activity
from the blood. This parallelism, plus the fact that
more than 95% of the tofal amount of injected material has
been excreted in the urine within 7 hr after injection,
olearlv identifles urinary excretion as the major rouﬁe
of lozs of Y9 W”PA from the body.
| Analysis of data similar to tnat presented in Fig, 2
indicated that the'YgomDTPA distributed itself 1in a cal-
culated bod& fluid space larger than that occupled by the
extracellular fluid gpace alone., On ﬁhe assumption that
specific concontlation of the Y9 ~TPA did not occur in
eny tissue, the fluld volume in which the YZO-DIPA
equilibrates amounts to 30 - L0% of the body weight.
Foreman (MG) found that the equilibrium voluhe of carbon-
'lu;labeled calcium DTPA, assuning no specific tlsgue
concentration, amounted to_approximately 30% of the body
welght in the rat. That the assumption of uniform distri-
bution of Y90-DTPA without speciflc tissue concentration is
only approximate is suggeéted by the tissue distribution
studies presented in Sec. III D of this report. |
Figur¢ % presents the results of a typlcal experiment
1nArats, showing the appearance of activity in thoracic duct
lymph and blodd plasma f{ollowing an intravenous injection
of DFPA. It can be seen that the activity in the lymph
rises sharply after the inJectipn of the activity, reaching
and surpassing the level of v?0.prea aotivity in the plasma
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After about 10 min. . The rate of clearance of activity

from the lymph after this time closely parallels the clearancc
rrom the plasma. That the activity in the lymph is somewhat
higher ‘than the activity in the placma is to be expected

from the mode of clearance of the ectﬁvity from the plasma,
"'Some of these: differences may also 56 a. result of simplifi-

~ eatione in data plotting.

4, Discussion

Plasma ciearance affer:a_single'intravenous injection of
v2%, prea prepared‘acccrding to the method given in See, I
can be described as the sum of two exponential processes,
These prccesseS'are rapid equilibraﬁibn of the material in
the body space 1t will eventually come to occupy and -the
rapid exoretion of the material from the body via the
urine, Soon after 1ntravenous injection of the YQO DIPA
activity appears in the lymph and rapidly reaches levela
of activity comparable to thosc in piasma. This fapid and
nearly complete excretlion of the materlial from the body 1s
advantageous in that it permits rapid removal of the
isotope from the body after the‘ifradiating pfcccdure is
terminated, However, this also makes it difficult to
achieve the constant levels of activity for a prescribed"
time period that are necesaary for accuraﬁe dosimetry in an

irradiating tcchnique.'
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C. The Irradiation Procedure: Intravenous Reeyling of

‘Urine for the Maintenahce.of Constant levels vaY9o— .

'DTPA 1in the Body for Prescribed Time FPeriods

. lw';Intrdduction: =

. It is -apparent from oohsidéfations of the rapid

rémoval of,Y90~DTPA from the body via the urine (as
~described in Sec., III B of this report) that, in order
to achieve'a constant level of.radioactivlty in the tissues
during an 1rradﬁ;tihg prodedure; one must have a constant
infusion of the Y90-DTPA into the quy at a rateuequal éo
its rate of excretion, Célculationa indicaﬁed that this
would require eXtraordinarily large quantities of Ygo-DTPA.
in order for effective quantities of radiation to be .
delivered., - It would also require continual assaying of the
urine and blood during the procedure to determine the- amount
of activity in the body at a given time. Such & procedure
should be .applicable in man, but Jdid not appear to lend
dtself to réadygperforhance in the large number of animal
. experiments necessary to establish the vaiuea-or‘the,
techn;que. |

| The problem of infusing the material at a rate exactly
equal td its rate of excretion appeared rormidabie,_but
an aﬁdacious yet simple solution made itself obvious,  If
. We could contingously reinfuse intravenously the Y9O-DTPA
excreted in the urine as 1t.was,excretéd,uthejrate of infusion

would by necessity equal the rate of excretion, and a constant



level of radioactivity in the tissues of the body could

be obtéined. This seemingly unprecedented concept, upon
further evaluation, indced had,sbma'precedent. Zondek

and Black gave large amounts of urine parenterslly to mice,
rats, and rabbits and noted no toxic effects (55). In
thcib article reference 1s also made to benign effects of
urine administered 1ntfamuscular1y in humans., Many reports
attest to the innoculty of ureé; indeed, at present
intravenous urea infusions are used as a diuretic in con-
trolling ascites 4n humans (56). Albhough the kidney is
the critical organ in controlling fluid and electrolyte and
acid-base balance, 1t 1s probable that the body could
compensate for a brief disruption of renal function. This
'gainé support from the clinical 6bservations in anuric
patients, who show few clinical Bigns of illness during

the first few days of anuria (57).

It thus seemed plausible that disruption of nozﬁal
urinary excretion by intravenous urine recycliﬁg would .
probably be well tolerated for ahoft periods of time,

It was then hoped that continubus intravenous infusion
of urine wéuld indeed’produce constant levels of radiocactivity

in the body during the recycling procedure,

2. Materials and Methods
Figure 4 1s a schematic representation of the urine-
intravenous recycling system, The (dog's urethra 1s catheterw

ized with & No. 8 or a No. 10 dog urethral catheter, This
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catheter has numerous openings_along the distal 5 inches of
its length to allow for drainage of the bladder from
alternative openings in the event that the main apertures
become occluded during the procedure. The urine then
- flows through a blood filtration cartridge, A, by virtue
of decreased intraluminal pressures created by the milking
ection of the fingers of a aigmamotor pump, B, The urine
is then pumped through a seoond bloodvfilfration cartridge,
C, and from there passes into an intravenous indwelling N
polyethelene tube in the animal's right forepaw; Irradiation
is begun by placing Clamp D over the tubing and opening
clamps E ané F leading to the specially designed YgoaDTPA
cohtainer,,thereby foreing the urine to be pumped through’
contalner G and thus washing the radiocactivity into thé Qein.
The construction of contalner G, along with the detaills
of 1ts use, are deplcted in Fig, 5. The. container is made
from a 2-0z Jar with fdur pleces of polyethylene tubing
" extending into the jar through holes drilled in the 1id,
Three of these pleces of polyethylene tubing extend to thg
bottom of the jar, the fourth Just protrudes beneath the
surface of the 1id., An airtight seal around the pieces of
polyethylene tubing and 11d of the jar 1s effected by &
polyepoxy resin which is poured into the upper portion of
- the Jar during 1t3 preparatlion, The Jar is placed in a
close—fittingvplastic container,‘whioh 1s then placed iﬁ a

brass container to assure adeguate shielding.
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Fig. 5. Y _DTPA container.
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The'Y90—bTPA 1s'prepared as descfibed in Seo.'iII A
and 1q blaced in'a 40-ml cone inside. the inner chamber of
the extrdction box, The Jér with its shielding is placed in
‘the antechamber of the éxtracting'box descfibed in Seoc. IIX A, 3,
and-the tubing (1) in Fig. 5, fitted with a pilece of stainless
steel tubing, is‘passéd through the doo? conheoting the two
 chambers into the inner chamber where,ié is blaced into the
bottom of the cone containing the y?°.prpa. Line 4 (Fig. 5)
is fitted to a syringe, and upon withdrawal of the plunger of
" the syringe . Jar is evacuated and the DIPA 1s drawn into
~ the Jar., Once the 1sotope 1s within the inner jJar lines
No, 1 and No. 4 are sealed. The container is sealed and
transported to the area where the animal i1s to be irradlated,
where lines 2 and 3 are attached to the recycling tublng
unit Just distai to clamps E and F (Fig, 4).°

Consideration of the rapid clearance of Ygo-DTPA, its
exceretion in the urine, and subsequent:higb concentrations
of radioactivity found in the urine led us to induce a.
diuresils durling the irradiating procedure, Since the
rate of exoretion of the DTPA is independent of the volume
of urine produccd, we felt that an increase 1n the volume of
urine production would effectively decrease the concentration
of Y90-DTPA in this fluid and consequently decrease the doqe
of radiation to those tissues intimately assoclated with |

urine production and exoretion, To achiove the_&iuresis,
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v,aﬁqgﬁﬁwaﬁ@m@h<aﬂ*&ﬁtravenous mercuhydrin, urea,‘and'déxtrose
infusions were used. It was soon diécoveféd that
intravenous meréuﬁ&drin could be deleted from the regimen
without seriously effécting'the diuresis as long as the
vwatér aﬁd osmotic diuresls provided by the urea énd dextrose
"solutions were optimal. :Alibexpériméﬁté described in this |
aectiéh were performed using a 500fh1 intravenous infusidn‘
of 30 g urea in 5% déxtrdse'and 0.2% NaCl solution to
initiate a dluresis before the administration of the ¥20-
DT?A. Ufine:outputsgbf 7 to 15 ml/min were obtained by
using this procedure throughout the time of the recycling
phase. o - | ' '
Purebred male beagle dogs 6 moriths to 2 years old

were used in all experiments., Experimental animals were.
kept under light nembutal anesthesia during the entire |
process. | '

»vDuring the fecycling procedure the animal 18 placed in
a Bpecially modiried Berkeley'box, Fig, 6, He is suspended on
a plastic hammock.with_his legs protruding through holes in the
plastic. ' - | |

The‘recydling ofythé urine containing the Y90~DTPA is
continued for 6-hr, after whiéh”thé‘récycling is stopped
and the excreted urine 1is collected in a large juyg for 2hr,
Following this the animal 1s plééed in é special holding

cage, Fig. 7, where he is ailowed to freely excrete the
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Fig. 6. Dog-holding cave for irradiation procedure,
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Fig. 7. Cages modified for Y90 prea dogse
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'radioaotivlty remaining in his body after thé end of the
procedure, (These fiberglass Cages were désigned by

Dr. A. C. Andersen of the University of Callfornia, Davis,
and manufacturedvby the Kirschner Manufacturihg Company, of
Vashon, Washington. We have modified them to suit‘our |
pufposes.) The front of each cage unit has been fitted}
with a feeding tray. The tray containing the food and
water pans can be puiled forward end the food and water
bcan be added without entering the conﬁaminated inner éagaw
The cages are perlodically washed with a high-pressure

hose and detergent, and the liquid waste from the 1ndiv1duai f,
cages 1s dralned into a 100-gallon metal contalner beheath
the cage. (The accumulated radioactive waste in this

large contéiner 1e weekly pumped into large double-walled
4O-gallon drums and the liquld waste 1s made into concrete

and disposed of 4n a routine manner, )

3. Discussion of Results

Figure & shows & result obtailned from experiments
performed In the manner outlined above. The figure
represents the relationshlp of plasma activity with time,

during and after the recycling procedure. The plasma

activity level varied somewhat around a constant level during ths

recycling period, and in this experiment the recycling was

stopped at 6-1/2 hours. It 1s obvious that the urine recycling



44

BUTMOTTOJ -pPue mqﬂpiv Sw1} JO uolyduny e Se A1TAT1O® BUSRBI "8 ‘9714

__
.mcaHo%omp_

=1

€707
UO|JDIPDLIl Ja}yD skoQ uooafu] VdlQ-ggA 484D SINOH _
(o] 8 9 14 Z o) 2l 8 o !
1 T T T | . T 0!
. nA6 |A6
- o | ©
[=] / _ o
134 v 2
. = [ 9 -
/ < __/. U byl R L <
- ° 017 uiw 001 =211 2
o & )
= ® 3 B m.
Kop| w2/l ° L 2
- ¢!
- Ul OO = ¢/11: mo_
i “. _\ ! 1 I~e) 1Y% |
7
-d

o



" the plasma at a much slower rate. The urinary clearance

 We can thus say that the equation N, = Nge

. "4n view of the desireability of mininizing the level of

45

J‘does provide for the maintenance of high levels of activity

in the body for a specified time. After recycling'isv
stopped, the Ygo—DTPA is cleared_from_the body during the

| first 24-hr postirradiation period as an exponential _

| 'function with a half time in this experiment of approximatelyi’
.”_100 min, After'the first day there is a break in the ourve

and the small amount of remainihg activity 1s cleared from

of the Y90 DTPA after the termination of urine recycling _ i
18 reasonably constant in the different beagle dogs used in v ﬁ
" this procedure, In 12 dogs, the mean clearance constant

was A= 0,00808 min~t with a standard deviation of 0.0023§'m1n°1o .

-t accurately
‘ describea‘the clearance of the Y9O cléarancé from thé body
- of the dog during the first 24 hours (Nt = total amount of

radioactivity remaining in the body of the dog at t hours

after cessation of the urine recycling, Ng = total amount
of radioactivity in the body at the instant the urine
recyoling 1s discontinued, A= 0.00\808 min 1, t = time in
min)., Thus, the radioactivity remaining after 24 hr in the
| ibody of the animals ir this_rate of clearance remains steady | -%
during.the firat 24 hr is <0.005%. This result is endouraging ' ?

residual radioactivity in the body present 24 hr after the

radiatiOﬂ prooedurw.
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“mable T. Urinary cxeretion constants for Y2O-DTPA following

intravenous urine recycling

X;\ - o°°808 4min ' -

- ‘ ~1
Sxa ™ 00233 min |

Tme (¢) ~ Portion of Urine
Dog of urine © given dose in -excretion
- number "ool%gig%on o uri?%)at t | oon;igg&s
xk3 120 '  §§7”55;9:ﬁ . ,00683
© X-~50 120 618, ,00800
x-s8 o 120 60,2 .00767
2A - 10 523 ,00673
- X-49 s L 6T .00830:
w-8  :_135 . .01067
wed 120 . 80.2 01350
W=9 1350 . 58,2 .00644
R0 13 BLS .00533
RR9 135 . BL5 .00533
W=7 135 70,3 00896
Re2 120 67.0 ,00925
=1 | _'\‘
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' To date 48 dogs have been irradiated by this‘procedure.'

A1l dogs recelving sublethal levels survived thé procedure
itself. The first 24 hr after the recyeling proceddre,

the dogé-are somewhat hypoaoti#e, owing to the prolonged

‘nembutzl anestheslia., However, even during this early period

']Jthey usually eat and drink well, In subsequent days, the

animals appear and act perfectly normal. The oldest ddg in

. this series has been exposed to two urine-recycling procedures
VA w1th low levels of Y90~DTPA, 15 months and 6 months prior to
. this writing. He'appearé nofmai in all respects at this
 time. | | '

The use of the equipment and procedures described undar

Materials and Methods has kept personnel radiation ehposure
well below the maximum,permieaible Qccupatipnal dose allowed
by the Atomic Energy Commission. When 200 to 500 mC of
"Y9 is being given to the animal, only 5 to 6 mr/hr is
',noted at the surface of the lucite front of the irradiating
Aycave. When this amount of activity is being given to the

animal,-i to 2 n/hr 1a noted at the portholes of the ocave

when the porthole covers are removed., At the end of the

~ urinary recycling period and after the dog's urine has |
“ been collectcd inside the irradiating box for 2 hr, the

dog has 3 to 6 r/hr coming from his body surface. By'
24 hr after the irradiating procedure the animal has 80

, thoroughly_éxcreted1the activity that approximately

L




50 ta 200 mr/hr is noted at his body"sufface (much of this
represents contamination of the animal's fur), On the |
second and third dayq pOdtiPIddﬂatiOn, the radiation at

the body suviuce of the qu 1b usually 10 to ?5 mr/hr.~‘
Usually by 2 weoku postirradi&tion, Lhe dog shows no evidence
of contamination with radioactive material, and can be

treated as a nonradloactive animal 1f degired.

4, Conclusions

A prooeowure has been described which aohievesArelatively ‘
constant high levels of activity in the body during a

specified perlod of time with subsequent single eprngntial

oclearance of more than 99% of the material from the“plasma

At

during the first 24 hr. These features provide a'relatively
éimple basis for dosimetry estimatlion. The 10& levels of
radiocactivilty remaining in the body one day after irradiation
should not be sufficient to damage tissues transplanted after
this time. The urinary-intravenous recycling procedure 1is
benign and appears to produce no dlinioally evident acute

or chronic malfunction.

D. Tissuec Distribution Patterns of v2%_prpa During

Intravenous Urine Recycling: DbsimetryFConsiderations

1. Introduction . ,

In the preceding section a characteristic curve of

activity in plasma during and after the urineAreoyciing
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prbdéd;re was presented (¥ig. 8). Since the ordinatg of thia
v'curve rcpr senLu counts per unit ttmo per ‘ml of plasma, and
the dbgCiBSd represenys timu, 1u 13 obvious that the area, h
under the curve obbained 1s a measure of the»total number -
:"of'“éouﬁts" or beté pafticléﬁ relessed in éﬂmi of plasma,
Since'fhe‘avexuge encrgy of the 790 peta particles 1is known
(0.90 Mev) (49), we can determiﬁe the énergy of all the
beta particles released in a ml of p}asma.' If we assume
that equilibrium comditinns prevail, then thernumber of
'beta paPtiCIOJ loslng thelr energy in the ml of plasma 18
equivalent to the number of buta particles originating
»1n the same 1l of plaoma. The amount of energy.released-in
the unit_volume of plasma in question equals the product of
the total ﬁumber of beta particleshreleased and the avebage

~

2i..2_. of each beta partiéle::

o =02 |

S 0 3

Lre_l = [jtaéyj )dt] [E‘iﬂsao],
where

Erel = enefgy released in & unit volume of plasma,

angoz = dilsintegrations per unit time due to Y90 in
w1lt volume of plasma

EBY9O' = average energy of Y7 Og, -

The value of st (Y9O)dt can be estimated from Fig. 6 as

1,3

' follows. During e time of recyocling (O time to the end-
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of recycling) theﬁarea’under thc curve equals the_ayerage'
'activityrﬁin dis;ntégrctions:pcr unicbtime)_in,thc blood
kduricg this time, times the time of recyclihg. After
recyc}ing has been discontinucd the curve 1is essentiallyla
simple expcnéntial for the next 24 hr, after which only
negligible 1evels of Ygo_are left in the body; [Blood
activity 1cvcls at the ‘end of 24 hr are less than 1/1000
of their values during thelr recycling phase. The maximum
number of beta'particlcs discharged in the placmacby the
residual YSC after the'first 24 hr represents lcsa than O 08%
of the total number of beta pdrticles discharged. during ‘the
;first 24 hr, ass uming, at worst, no further excretion of Y90
(i.e., the remaining Y9 ‘decaying by its physical half life
of 64.4 hr). - Thus, more-than'99% of the dose 1s administered
during the first 24 hr after recycling;] Since the clearance
of Y9O from the body during the first 24 hr is essentially a
simple exponential function, we can eétiﬁate the ncmbef of
beta particles released 1n the body after the recycling
proccdurc is ccmplete by mul*iplying the mean cxcretory _
time CY) by thc blood activity levels at the end of the
recycling phasc (correcponding to the beginning of the -

excrétory phacc): ) .
F (9%t [ﬂ [a’(ygo)o],
tzeggcgghge— AL , _
where:
"Y'= mean excretory time (in min),

a(Y) Jo = plasma activity at end of recycling (in dpm),
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Sincé'fhb disihﬁéqfatioﬁé/ﬁ;ﬁApef!ml'Oflplaéma‘atjthe‘an1nn1mg.
Of thc excretory Uhase is appIOVimately “qual to the average
’disintegrations/nin per ml 6f plasma durinz the recycling
phase; the equation for the total number of particles

emitted per;ml of}plaSma becomes
St R t = end of.recycling t = o~
;o a@®at = f a(y50 + [ a(¥?9) at
S R | ' t=end of
recycling

i

where
a(Y ) = averabu plduMd activity during recycling (in
v dpm) s
T ... = time of urine rucyoling.

réce :
This 1is equal to the shaded retangular area shown in Fig.. 8.

"~ The ‘total amount of eriergy released in a ml of plasma, then,

Ere1 = [a(Y~ )] [Trec * ‘}LEﬁYW}

This e pregsion may be uaea to calculate the total energy

18 -

| released per ml of plagma (and asuuming equilibrium otate, the
amount of energy abgorbed 1n a ml of plrasma), when the
recycling prbéedﬁfevdeécribed'in the pfeceding section 1is
used. _ |

If there were a consﬁaht ratio of activity in a givén
tissue to the activity in plasma, we could then determine the

amount of energy released per gram,of'tissue by formulating
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a simple ratlo
.n (R) ( rel)‘

where:

,Et = enorwy relcaded in 23 gram of a given tissue,

Rt = ratio of activity in a gran of tiSJUG to aotivity
in 1 ml of plasma,
.Erel-d energy released in l ml of pluama.;

hThus, if the xatio of activity in 1 gram of tiasue to th@
_:taotivity in 1 ml of plaama, the average level of plasma ;
activity, the timc of recyeling, and the mean clearance
vtimc were known in a given cxperiment, we could eutimate
‘dose to the individual tissues of the body. In addition,'
_,if there were a constant rclationship bctween the average
‘plasma levels of activity achieved and the total amount
of injected material, we could further eatimate dose on the
basis of tho anmount of activiby injeuted, wlthout having
detcrmined upCCifiC plasma leV(ia in a given experiment

Close contrel of the doge administered can thorofore be

obtained by initially performing vhe irradiation procedure,
using tracer levels of Y90 DLPA on each animal (or man)
and determining the level obtained in thé blood'wheh &
given dose 1& ¢dministered and the mean cxcretory time (V)
for the individual animal or man. 'The doue could thon bo

controlled by modifying the rucycling time or the total v‘

_ _amount of aotivity inJectod
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In order to eimplify dosimetry in dogs We have
developed.°'sbundardjzed radiation procedure. Urine re--
eycling is maintained for 6 hr on all dogs. Since the
rate of urinary excretion of the Y9O—DTPA after recycling
'was fairly constant 1n a aerics of dogs atudied (see Table
I), the value for the mean excretion time was taken as
124 min (7 = ~' 6"36”6) in Lhe dooimetry calculations for
all doos. The Lotal number of bcta particles released in a
cubic centimeter of plasma then bccomes equal to the product

of the mcan dcbivity during rccycllnb (4n disintegrations
per min) and the mean effective radiation time (1 eo, Trec
+77 = 484 min). V@riations in dOoa"L to tissues then can

be effected in thjo systen by mouifjing the dose of Y9 ~DTPA
administer\d '

The. follorinw work was pcrformcd to evaluate the
‘cricital parameter“ li ted above 1n orderxr to provide a
basis for tiSsue dos jmetry wjth tho rudiating procedure

”described in thn preceding section.

; 2. ‘ﬂaior1ﬂls and hcthodo

Purebred male beagles were 1rrad1afed by the procedure
outlined in the precedinu ‘section in a manner analovous to
that te be used for the oroposed eupralethal 1rrad1ation
experiments, with thc exception Lhat tracer levels of Y90

- DTPA were employed. The animals were killed, after specified
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periods of urine recycling, with a large dose of nembutal
given 1ntravenously. Death was almost inatantaneous.
.~ The nnimals were autopsiéd‘immediatély. The animals'
tissues were sampled 1n triplicate and placed in stainless
steel radloacssay planchettes. height of individual tiseuea
wefe déterhined by subtfacting the tare welghts from we;ghta
,or'the planchettes with tissﬁe. The tissues were then wet
ashed. by adding fuming nitric acid to the planchettes and
elowly heating under an 1nfrared lamp for approximately
.7’12 hr, The planchettes containing the ashed tissues were
i-then counted in a Nuclear-Chicago gas-flow counter with
‘micromil window, Absolute assays of the Y90 were performed

vtgbideSQribed in the.foregoing sections,

-_:‘3‘.' Results |

- The various tissues in 10 dogs were assayed for Y9°
activity after 3 to 4 hr of urine recycling of Y90-DTPA.
‘mable IT lists the average ratio of activity per gram of
tidsue to activity per ml 6f plasma in the‘number of
~ experiments noted. Next to the average values for the
tissuea in question are 1isted standard deviatlons of the
individual tissue values from the mean.' Déga done in a
'different series and sacrificed after 6 to 8 hr of urine
recyoling gave results oubstantially the same &8 those
given above,_indicating that the distribution pattern seen
1n‘these dogs is a stable one and remains_eSséntially uhchaﬁged.7 '

'during the recyeling phase.



Table II, Ratio of v°.DTPA activity in tissue to plasma

(cpm/gm: cpm/ml) during urinary recycling and dosimetry

estimates.,
Estimdted
. radiation
Mean ratio dose in
of activity ‘ tissue per
in tissue Standard uC/ml of
Number of to plasma deviation plasma
. _ “experimenta {cpm/gm: of mean ~(rads £ 1
Tissue performed cpmzml) ratio S.D.)
 Lymph node 10 0.489 0.068 T7.56 £ 1,05
Thymus 2 0,323 .- 4,99 £ .-
Spleen® T 0.260 0.097  >4#.,02 ¥ 1.50
 Bone 6 0,261 0,061 <h.34 £ 0.94
marrow : ‘
sSurface of
bone marrow
cavity ~ 2,17+
Gastric , : ,
mucosa 0,534 1 0.128 8.26 + 1,98
 Ileunm 0.331 0,122 5,12 + 1.73
Colon 0,463 0,130 7.16 £ 2,01
Salivary v ‘ CR
glands b 0.299 0.114 4,62 £ 1,76
Pangreas 4 0,194 - 0,028 3,00 + 0,43
Liver T 0.295 - 0,084 4.56 £ 1,30
Bile 4 0,257 0.207 3,97 * 3.20
Feces b 1,013 0,926 15.66 %

14,32
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-

Table II =~ cohtinuedA o

1.888  0.692  29.19 £ 10.70

,Renal_portex 7
Renal medulla 7 1161 10,250 17.95 + 3.87
Bladder wall 4 0,957 0,384 14,80 £ 5.94
Urdne 7 4,028 2,490  62.27 + 38,49
Lung 7 © 0.4 0,117 9.91 + 5.94
Heart | N { 0.253 - . 0,076 © 3,91 % 1.17
Adrenal 4 0334 0,051  5.16 £ 0,79
Thyroid 4 0.328 0,085 5,07 + 1.28
Spinal cord 7 0.024 0,009 0,37 % 0.14
Spinal fluid 6 0,034 0,008 0.53 * 0.12
Bone 3 0.102 0,010 1,58 % 0.15
Tracheal | _ | o
cartilage oy 0.495 - . 0,085 C 7,65 £ 1,31
Skin 7 0.551 - .0,094 8.21 £ 1,45
Fat 7 0.240 0,76  3.71 £ 2.72
Shgietar 7 0.191 0.072  2.95 % 1.11
Testis e 0.156 0,077  2.81 £ 1.19
" Aqueous humor 4 © 0.069 0.013 1,07 % 0.20

aAssayed after blood drained frbm-pulpj thus dosimebry represents
. a lower limit because of the loss of Y90-DTPA-rich plasma
prior to radicassay. ’ :
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x The'iadt column in Table II'repreééﬁts;ah-eétimﬁtidn
or'the‘radiatioh dosage deliveied tﬂ'the varidus tissues
‘for each uc of Y90 DTPA found in a ml of plasma during the
| recycling proccdure, The calculation assumes that an
eqdilibrium state exists in each tissue, an assumption f."
that is only approximate in tissues having small diménsionso'
It is obtained as follows: For each wC/ml in plaama 15.5
rads 1s given up per ml of plasma during the entire ‘{'
irradiation procedure [2 22 x 10 dpm/uc X h8h min (efrective

radiation time) x 0.90 Mev/disintegration x 1,6 X
-6

10 ‘

'given up per gram of tissue, then, i8 this number times the

erg/Mev x 10 rad/érg] | The estimates of rads

experimentally'determined ratio of aotivity per gram of
tissue to activify per ml of plasma. |

~ The first group of tissues listed in Table II are
those associated with lymphppoieﬁis and hematopoiesis.
Because of the large body of,evidence indicating that
lymphatic structufes and primafily,iymph nodes contain the
cells responsible for the tisshe hemograft rejection response,
we were interested in delivering high doses of radiation to
these tissues (34, 35, 36, 37, 33). ?he lymph nodes showed
high levels of activity in all experiments, and the estimated
radiation dose delivered to these structures'ranked high
among the various tisasues of ﬁﬁe body . Thé gpleen probably
receives a dosage in excess of that shown in the table,}

because of the variable amount of blood found in this organ
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when the dog is alive, The dosage estimate given for the
spleen is é minimal one because the tiséue was assayed

after the blood had_been allowed to drain from the pulp,
The estimation of dosimetry to bone marrow by an internal
beta emitter posaee many problems, In the other soft
tissues of the body, cells at the aurface of the organ

.are being bombarded by beta particles arising from the

| body of the organ as well as beta particles ariaing from the
adjacent soft'tissuéa and connective tissues, Thus, for
example, tl.. cells at the surface of a lymph node adjacent
to skin would receive a dosage intermediate betweon that

of the equilibrium dose 1in skin and the equilibrium dose 1n
the center of the lymph node, In the bone marrow the cells
on the outer onndary of the marrow adjacent to the bone
'reoeive a flux of beta particles from only-one aide, i,d.,
 from the marrow cavity. The bone itself contains little
Y90-DTPA, and it effectively shields out the beta particles

~ arising in the soft tissues on the outside of the béneo We

" may roughly estimate the dosage to marrow cells lying on the
bony oylinder surrounding the marrow‘cavity as approximately
l/é‘thé equilibrium value in the center of the ocavity, 196.,
1/2 of 4,34 rads/uC ‘per ml of plasma, or 2.17’rads/hc pér‘
ml of plasma, The presence of bone trabeoulaé in the marrpw
cavity further complicates eatimatés of radiaﬁion dose ﬁo %he

maryow,



The next gfoub of tissues is represgentative of the
gastrointestinal traét; Initial.cxpefiméhts mc;;urin;
the level of YPO-DIPA in the ilium indicated that tho
gastrbinteséinél'tracf‘would}receive appfoximately 1/5 less
radlation fhan the lymph nedes. However,'furthef exporimomis
demonstroted ﬁhat certain tissues of the pastrointentinal
traect contained a 5electiVe1y higher.conccntratioﬁ cf thic
v?°-DTPA than d1d the 1lium, Specifically, the gastric
mucosa near the pylorué reéeived somewhat higher and the
coion slightly lower doséges than lyﬁph nddes. In addition,
'6ertain stool samples were foun@vto conﬁain highef con-
centration of Y90—DTPA than the plasma, Thess findings
indicated that the GI mucosa may actively secrete a small
amnount of,Y90~DTPA above and beyond that appéaring in
the stools by.passivg diffusion during the DTPA cheldtes'
- equilibration ih the extraceilular‘body fluids. However, .
this result may éimply reflecet seleotive water resorbtion
 by the colon uwith subsequént concentration of thé.unreo
éorbed Y90~DTPA. The aalivary glaﬁds, pancreas,.and‘liver
d1d not sﬁow any remarkable concentration of the radiating .
matefiql.

| As was expected, the tissﬁes of the'urinary System
received high radiation exposures; The renal cortex

contained hiéher concentrations of the Y90~DPPA than did
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i the rena] medulla, suggesting that tha material may be
aotivaly secreted by the praximal or dietal tubulasa_ The

concentration of isotape in %he urine wvas quite variable-
beoause of the varying diuresis cbtained 1n each dog and
the aubsequent variat*on in renal concentration.

It was interesting that the jung receives a aignificantly
high radiation doaage. The desirablility or undesirability of
this'effeot is difficult to assesé° The lungs'are a
reticuloendothelial bed of a sort and are known tc ’
phagoaytxbe inhaled particulate matter and to trap. infuaed
leukocytes that hdd been manipulated in vitro. Their role
in the complex process of anbibod& rofmation is difficult te
evaluate invhumana but they have been shown to be &

aigniricant source of antibody in the rabbit (59)

' Irradiation of lung tissue nay be desirable 1n prep&ration

| for bone MAXrow homotransplantation.

~The heart receives a relatively low radiation doaeol

Both the adrenal and the thyroid glands receive a
significanb but not unuaually high radiation dose, ,

It has already been reported (46) that DIPA is not
found in the cerebrospinal fluid aftef a single injection
of this chelate, Even wifh the sustained blood 1evela of
the Y9 «DTPA complex obtained in these experiments, the

ohelated yttrium 1& not found 1n appreciable amounta in -
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the cerebrospinal fluild or the substance of the spinal cord.
We may conclude that'thé blood~brain barrier represents an
erricient though probably incomplete deterrent to the
passage of Y9O DTPA, |

Bone is round to contain wmall quantities of the YQO,
DI'PA after 3 té 4 hr of sustained levels in the blood.
Tracheal éartilage cohtainb 3] éignificant level of
eotivity under thesevconditionaa Thesge findinga probably
Péflect‘thc differences in the rate of equilibbﬁtion of
extrace]luiar muterials in the extracellular weter of |
cartilage and Lone (60) |

Skin contains ressonably hibh levels of the chel&tc
gomplex, probably re;ated to its extxacellular fluid
content, elthough some specific wmechanism for holdihg the
material may be operative. Iat aﬁd Bkeletal muscle are low
1n activity., It is significant that the testes reccive low
.radlation exposures in this procedure, Aqueous_huﬁor-alao
has low concentrations, pvbbably reflecting some 1nabiiiby
of this material to pass by the cells of the anterial uveal

tract.

4, Discussion

In general, we may conclude that the distribution of the
Ygo«DTPA 1s complex. Although it generally may be thought of

as having an extracellular fiuid distribution, many tissues
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contain concentrations of‘thié~materia1 that‘cannot be'
explained simply on the basis of their extracellular fluid
content, The lymph nodes;jrepresenﬁing one'df'the'primary '
ﬁargets'ror the radiatioh, do indeed have large concentratiohé |
. of the oheléte complei. " The - urinary syatem receives high

doses of radiation but since it 18 relatively radio-

resistant this is not prohibitive, The present evidence
Buggests that the human kidnéy can receive up to 2300 r
vberdre lastiug damage becomes obvious (61, 62, 63, 64, 65,'  
66, 67, 68). The bone marrow,'becausé of its encasemenf in
bOne,'receivés'relatively low radiation exposureﬂa' However,
the role of the erythroblasts, myeloblasts, and megakaryoé b
“eytes in antibody production are queation&ble, Other. |
‘elementa‘such as 1ymphocytes, plaSma cells, mononuclear
cells and'reticuIUm‘ﬁella, found in the bone marrowttd:
varying degrees may be significant in the homograft-
reJestion response, ' Central nervous system élements. o
muscle, and fat receive notably low levels of radfation.

If the majority of the‘gut receivéé radiation ekposures
similar to that calculated for the ilium, then we may say
that target organs such as the 1ymph nodes recelive
‘significantly higher dosage upon use of this procedure than ‘
does the gut, However, the higher ‘congcentrations seen in
the gastric mucosa and colon cloud the 1ssue, It thus
becomes difficult to evaluate the effects of this procedure

- on the gut from these dosimetry calculations alone.
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Wé cah estimate the dosage.to various tissues in a given
experiment simply by mulﬁiplying_the values obtained from
the last column of Table II by the average blqod levels
@bﬁainéd during the 6~hrvregyoling period. However, the. .- . .
performance. of multiple blood sampling in the large number
of experiments‘needed to analyze the parameters of this
procedure representa a formidable task. It would be
convenient to be able to estimate dosimetry to various tissues
solély Qn'the basi. «i dosage of v?°_prea administered to =
’ the,animal.‘_Table,IIIuiswan analysisAof_thaﬁaVerage_plagmah
| concentration ofwiaotOpexobtainéd1ddring the 6-hr recycling.
perliod in eleven dogs receiving various;dosagea per unit bf
.body weilght. On the bottom of this chart we see that an
average plasma level of 5.543 #wC per ml of plasms 1is
- obtained for each mC administered per pound of body welght.
The standard deviation of this mean 1is S = % 1.807 uC.
| Thus,.we may estimate radiation dosége to various
'_tissues by accepting that 5,543 uC per ml of plasma will be
- the average plasma concentration achieved for each mC
oL Y90~DTPA,administered per pound of body weight, and th@n;_:
use this figure 1n.the.previously.described eduations to.get
the,dosagevto.the tissue 1n-ques£ion. aSuch,calculaﬁioné;:
involve two main errors. The first 1s the variability of the .
»plasma'levela ach;eved,when a given dose -of activity is given.

to the animal. The second 18 the variability of the ratioc of
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Table ITI. Relationship of blood plasma levela of v7°-prea

to adminiutﬂrmd doae.

Dooa of Y adninistered Average blood plasma

Total amount mC/lb body wt level per mC/1b

Dog “Anjeoted ' injected during recycling

no, imc) | . - {pc/ml plasma)

X-49  254.0 14,11 | 5.763

-8 2034 12,91 i e
e 339.0 13 8,301

Ww-s .o 714;92 | 5,295

W9 3055 13.58°  6.646

R-10 2&6.9,‘ ; '14.52 . u;384f -

-9 230.8 12,12 |  7.686

R-6 226,14 14,15 O u,657

W-7T  578.,0 o408 5,345

Re5 58,5 13,14 N 5,483

Re12  3h42.4 w2t ' 5,961

Ovormall average blood level of Y90 obtained by administration
of 1 m0/1b body wt = 5,543 x 10 3mc/’ml plasma t S = 1.807 mC/m1

plasma

* This low value represents inadequate urine recycling in,
this papticular experiment, however, this figure was included
in the calculatidns to avoid introducing the bias of the

investigator,
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- the total activity 1n a gram of tissue to ‘the total
activity in a ml of plasma, Obviously, the rirat-mentioned
variable is eliminated when multiple blood sampling is

performed during the procedure .

5. Conclusions

Distribution patterns of the Y9 -DTPA, arter maintenance

of constant levels of activity in the body by urine recycling,
- have been described. The basic pattern of distribution of
the chelated Y7° in the body is somewhat variable.

Methods for estimating dosimetry to various orzors using
the Y90~DTPA.disﬁr1buﬁion data have been presented, ‘Theae |
estimates of dosimetry are best when based on observed tlood
activity levelé during recycling. A more conveniéntabut
less exact estimation can be made on the basis of dose
administered per unit body weight, The'aecond method, is
advantageous when dosimetry in a large series of experiments
'is-being cohaidered. At best, however, both methodﬁkare

approximationa.
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E. High-Level Irradiation of. Dogs with Yttrium-90~ DI PA

Intravcnous Urine Reeyeling procedurez Definition

of the bublethal,and Lethal Dose Ranges'and

Analyéis of Radiation Effects

1, Introduction

The radiation procedure deécribed.in the foregoing
sections was unlque, and directly comparable data were
not avallable for evaluation of the sublethal and lethal
dosage'rénges and the radiation pathology encountered with
this ﬁechnique. It was,nécessary to deiérmine the dosage
levels.in glven tissues that would resuit in death of:
the organiam and the pattern of pathologiec changeﬂ'th&t
‘would be encountered at various dosagze levels,

It was our hope that this technilque wéuld provide for
.virtual destruction of the immune systems of the body with
sufficient sclectivity that the animal would not die from
41rreparable'damage to other organ syStems. Specifically,
We'hbpéd'tONacﬁieve'high radiation dosage in the lymphatic
atructures'but'to'relatively épare such nonﬁarget organs as
'the mucOsa‘of the gastroihtestinal tract, Our attention
was rocused on these lymphatic tissues because of the
large mass of evidence polnting to these structufes -w in
particular the lymphocyte ~~ as responaible for the homograft
..1nJection response (34 }5, 36, 37, 38). ’
| In order to acquaint ourselves with the subleth&l and

lethal levels of radiation as well as the pgthologio changes

N
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.occurring at these dosage levela, we performed experiments
using varylng amounts of administered Y9 -DTPA. The

animals' courses were followed clinically and hematologically,
~ Gross pathologlc and histologic changesAwere stud;ed in the

animéls-thatusuccumbed-durihg the experiment, L

2., Materiale and Mcthoda

The radiation procedure employed was the same &s
described in foregoing parts, except that larger doses
of Y90 DIPA wére adminiateréd. ALl animals were.purebfed
male beagles between 6 months and 2 years of age. All
animals were given daily injections of penicillin and
etreptomycin (600,000 units penleillin, 3/ g streptomycin)
during the first 4 weeks following irradiation. For hisotlogic
studies tisau»a were fixed in Bouin's aolution and embedded
in paraffin or cellolidan, Hamatoxylin and eosin, Pollack‘s
trichrome, and methylene blue stains wcfe used, Platelets
were counted 1n duplicate with phaaé—contraat microscopy . ,
Blood creatinineu'were determined by usihg thé technique of

Folin and Wu (69).

3. Experimental Results

Table IV summarizes the clinical and pathological results
obtained in eight dogs given sublethal total-body radiation E
with Y90.DrPa,  Figures 9 and 10 summarize respectively the

body-welght and hematologic changes seen in these animals.
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observation period.

L
Table IV. Summary for sublethﬁlly irradiated dogs surviving more than 6 weeks.

B Dose Estimated

Dog ﬁadmintstered l_dos: tod Clinical history Survival . Gross pathology Histological

number  Total mC/lb Y'(“P d“;’ i status pathology

mC body wt rads
¢ 180603 90.7 3.63 152 . Appeared normal throughm.lt >2 mo
~hgervation period.

2Bla-II 95.0 k.2 178 Appeared normal throughout

observation period. >6 mo
N

Snapper 108.0 4,24 178 Appeared normal throughout >6 mo
observation period.

100 68.3 h.kg 188 Hypoactive and moderately > 6 mo
anorexic during first week

* after radiation.

203 69.96 4.66 195 Moderately dehydrated and Died at Markedly emaciated and Lymph nodes from
hypoaétive on 5th day, bloody 51 days dehydrated, melena in neck, mediasti-
mucoid diarrhea and emesis on small bowel but not num, mesentery
6th day. Appeared normal from colon, bloody material all remarkably
11th day until preterminally in stomach. Some hypoplastic with
when he became markedly dehy- lymph nodes appeared cellularity <20%.
drated and hypoactive. fibrotic. Spleen shrunken

N}O‘f: cellularity
3.0° 108.8  4.96 208 Appeared normal throughout >6mo
observation period.
2-B 139.9  6.50 <272 Appeared normal throughout >2m
. observation period.
. w-6 223.0 13.94 b Appeared normal throughout >2mo

a) Urine recycling inadequate, dosage to lymph nodes probably significantly less than 272 rads.
b) Accident during urine recycling precluded dosimetry estimations.
c) Had been previously irradiated sublethally - 15 mo prior to this writing.
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The first three dogs listed in Table IV received estimated
‘dosﬁge to lymph nodes of 152 to 178 rads (see‘previous
section'fof method of dosimetry'estimation).- Clinically,
they appearad normal and showed no significant weight loss
during the observation period, Hematoiogically, the only
dramatic¢ change seen was marked depressioh of the'lym'f)hocyteso
Dog No., 100 receivad an estimated 183 rads to the lymph
nodes and had an unremackable course othei than being
modarately. anorexlc and hypoaétive during the. first radiatioﬁ
week., He shdwéd no weight loss,,énd,lymphopenia wag the
~only remarkable postirradiation finding. Dog No. 203
recelved an estimated 195 rade to ﬁhc lymph nodes and was

the only animal in this series that showed any unequivocdl
clinical effects resultin@}from the radiation. He became
hypoactive and anorexic and showed welght loss at the end

of the first week. Bloody mucold dlarrhea and emesls were
noted at this tinme, These sizns subslded by the end of the

- sacond week and the animal appeated_z@latively normal though.
somcwhat thin until a week before his demise, at which

time he became 1ncreasingly anorexic and hypbaotive. During
the last three weeks of hiéilife, the animal received no
speclal care and Qas allowed to run free in the dog'aolonyp
where dilstemper was endemic., The animal died 51 days after
radiation and the post mortem examination revealed hypoe~

plasia of both lymph nodes and spleen,
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. Dog No. 3-D received an estimated 298'paqslto,the lymph
nodes and, similarly to the first three dogs in this table,
gppeared_nqrmal_throughqut‘thefobservatidn'period.-,4

:Hematoibgically,,only‘a lymphopehia was remarkable. This
dog had received a course of sublethal radiation by the «.
same techniqueAé months previously. At the time of this

. writing he has survived more than a year since the firsﬁ
_ ?adiation exposure, -and more than 6 months since the second
v‘radiation‘expogure, ‘Dogs 2-B and W-6 both recelved higher

.gdminisﬁéred doses (in_terms of millicuries per pound)

_than did the other dogs in this series. But both had
.diffioul§ies durlng the urine recycling procedure that
preplgded tissue doslmetry estimations,. Neitherjof these
dogs shoﬁed clinical or hematqlogical'abnormalitiea other
than lymphopenia, It is noteworthy that the,cliﬁicalucourae‘
of the dogs in this series was quite benign: only two
of theveight animals studied showed any symptoms or signs of
radiation damage. Only one dog (Dog No., 203, who subsequently
died) showed'any gignificanﬁ weight loss, No dramatic changes
1n the packed cell volume were noted, . The granuloocytes, platelets
and reticulocytes showed no significant fall, and in several
cases there seemed to be a postirradiation rise 1in their |
values. Thus the decrease in the number of circulating
}'lymphocytes.was the only significant change noted in these

animals after radiation. This finding is in keeping with the
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dosimetry estimations in the pfeVibﬁs section ahd’supporté
the notion that thisrprchduré results in an effective
degree of selective irradiation of‘lymphatic'structurea.

In Figs, 9 and 10 the magnitude of the hematologic
changes seen by usina this proccduru are compared to those
obtained in dog after exposure to supervoltage X-rays by
Allen (70) and Andersen (32). Allen gave 25 mongreﬂ‘dogs 
450 r from a QOO-kv X-ray machine (a dosage which in his
hands gave 100% mortality) Andersenvgaveﬂa-large-serigs
of purebred beagle dogs (comparable to those uéed in these
experiments)'a midline dose ofI3OO-r from é 250-kv X-ray
machine. The dose of 300 r represented an LD 60/30
(60% lethality in 30 days) in hié_experiments. He had
14 dogs which survived the acute radiation syndrome and
‘made hematdpoietic recovery. The averaged hematologic
values for these 14 survivors gi&eh BOO’rvand for the 25
mongrels given 450 r are plotted on the graphs in Figs. 9
end 10.as hwavy lines, It is apparent that the dogs in
our serles receiving internally administered v?°_prea had
lymphocyte depressions generally gfeater than that seen in
the dogs given 300 r, and roughly paralleling the depresaions

seen in the dogs given 450 r, As has been noted, the animalu
recotving YQO-D”PA had estimated dosages to lymph nodes
generally between 150 and 210 rads, It would thus appear
that blologically our estimated rad dosage to lymph nodes is
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roughiy equivalent to more thon twice its value. in exposure dose
(expressed in roentgens) to 200 to 250-kv X-rays. It is |
possible that some of this discrepancy can be accounted for
by noting that many iymph nodes in the body are shielded
from external fadiation.by boby‘atructufeé (e.g., submaxiilary
and submandibular lymph nodes), It is probable that these -
. shielded lymph nOdestre¢é1Ve significantly lowér doses
of radiation than that calcuiéted‘for ”midline”sﬁructureé.“
These protected nodes could probably repopulate the empty'
lymphdtic spaces in the body following.rédiatioh; similar
phenémena are known to occur with shlelding of spleen,
bone - marrow, and Peyer's Patches.(?l, 72). When‘Ygo—DTPA
i8 internally administcredvall the lymph nodes of the body
are rather uniformly rédiated (see previdus.éeétion of thié
wvork)., It ié interesting that the. dogs of Allen‘andrAndersen
show profound decrease In granulocytes and'platelets whioh .
after a few days parallels the decrease lymphooytes,
Granulocytopénia and'thfombocytopenia were not seen in the
dogs glven Y90~DTPA in thils serics. |

Table V sunnarizes the olinical and pathologle findinge
in the dogs recelving lethal radiation with Y90~DTPA and dying
more than 10 days after the radiation, Figures'll and 12 sum-
marlze the changes 1in body welght and blood elenents x
respectively of these dogs., In general the clinical courase |

~of most of these animals was characterized by weight loss
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Table V. Summary of lethally irradiated dogs surviving more thar 10 daya

Bose Escinated Time of
Dog administered dose to . death after . S~ .
number ota! lymph nodes Clinical history radiation Gross pathology Histological pathology’
mC  body wt (rads) : (days) .
Brutus 338.6 8.91 373 Normal firet 8 days. Last 11 Hemarrhagic diathesis with purpuric lungs, Lymph nodes.and spleen markedly-
3 days anotexic, eéxcessive : bladder, G-I bleedng, hemorrhagic lymph hypoplastic, focal necrosis and
drooling, hypoactive. nodes, epleen, bloody pleural effusion loss of kupfer cells in liver,
{ about 400 mls. some disruption of edges of mucosa
. in small bowel, bone marrow aplastic,
damaged testis.

490 265.1 10,00 h1g Normal first 8 to 9 days, . 13 Hemorrhage {nto basal portion of lung --

. moderate weight loss last complete post mortem examination not
L days. Active until’ day performed.
of death.

DPavid 315.5 13.50 566 Fifth day anorexic and 12 Hemorrhage in lunge, and colon, hemor- Spleen hypoplastic, bone marrow
bleody, mucoid stools. rhagic lymph nodes and spleen. aplastic, liver areas of focal
Refused food for last 5 necrosis. Mucosa of G-I tract in-
days of life. tact, some submucosal hemorrhage

: in colon. -

Joe 306.0 14,20 595 Occult blood appeared in stool 61 Lymph nodes small and scarce, roundworms Hemosiderin in bone marrow, liver.
5th day and continued for about in G-I lumen; scattered scars on kidnpey -- Lymph nodes fibrotic, polymorpho-
1 month; droolingvnfter 12th general loss of subcutaneous tissue, ° nuclear leukocyte infiltration in
day. Pen, and strep. discontinued lymph nodes seen. Lungs show hemor-
on 46th day, following which rhage, edema, bronchopneumonia and
animal's condition slowly de- interstitial pneumonitis.
.teriorated. -

X-43 291 15.3 641 Hypoactive and anorexic from 2nd 11 Death from dehydration and G-I bleeding --

. day, bloody diarrhea beginning complete post mortem examination not

Sth day. Progreséive dehydration. done. .

MI - - 786‘ Hypoactive from 5Sth day. 24 Small pale lymph nodes and spleen, blood Cellularity of spleen and lymph
Melena from day 6, frank - in distal small bowel and colon, pete~ nodes near normal, germinal centers
red blood {n stools from chige {n bladder. present. Liver shows focal areas
day 8, anorexic from day 15. of necrosis with inflammatory cell

infiltrate. .

2-A 365.5 19.24 806 Hypoactive and anorexic from 1 Hemorrhagic lymph nodes and bone marrow Marked hypoplasia and fibrinoid

11tb day. Melens preterminally. and lungs, petechiae in spleen, heart, degeneration of lymph nodes, spleen
. pericardium and bladder, dark blood in and bone marrow, hemorrhage in
colon, hematuria, kidneya, bladder, lung.

R-14 517 19.51 1015b Moderately hypoactive from 12 Lymph nodes hemorrhagic, lungs and Lymph nodes and spleen hemorrhagic

9th day. Anorexic pre-
terminally,

bladder purpuric, petechiae in skin,
renal cortex, pleura, peritoneum in
pelvis, stomach and colon. Mucosal
ulcers in duodenum, hematuria.

and markedly hypocellular. Lungs

hyperemic and edematous, bone marrow
acellular. Marked damage to glomeru-
lae and tubules of kidneys. Partial

slough of G-I mucosa.

a) Dosimetry on the basis of blood levels of ¥9° activity during recycling.

b) Recycling inadequate, dosage to lymph nodes an undetermined amount less

than 1015 rads.

Rl
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Without oﬁher_symptoms during»the first week after
;rfadiation. Towards the end of. the first week and beginning
of the second week the animals became hypoactive and anorexic,
snowed contlnulng welght .logs, and frequently had emesls and
bloody diarrhca. 5ix of the animalsbdied;between~the iith

and l4th day. One lived forlah_duyé and one for 61 days

after the irradiation. Dog Joc, the 61~day survivor, presents
an intercsting clinicalnspudy., During the first 2 weeks his
clinical course was simllar te thqsc of the other membérs

of this serics. However, despite,haviﬁg less than 500
granulocytes from the 19th to the 29th day, and almost no
lymphocytes in his peripheral blood during this time, the
animal survived and on about the 30th day after irradiation
began to show hematepoletic recovery. Betwéen the 30th

and 35th day there was a marked rise 1in peripheral granulocytes,

~reticulocytes, and platelets. Thé lymphocytes, however,

did not return and even on the 50th post ilrradlation day

- no lymphocytes were seen in the peripheral smear, Shortly

after the *0th day the qondition of the animal improved and
by the 40th day he appeared relatively normal though quite
thin. Antiblotics were discontlnued on the L6th day.

During the next 2 weeks the anlnal's conditioh slowly

deteriorated, and he died on the 6lst day. Post mortem

histology showed no signs of regeneration either in lymph nodes

or spleen, Gross and microscoplc pathology indicated that
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bronchopneunonia and interstitial pneumonitis were 'probably the
causes of death, Figﬁre:lj depicts the serial hematologic
findings in this dqg.  Th1s experimént'demonétrétés the
profound damage bé'lymphatic_structures assoclated with

the use of Y''-DIPA, This marked damage to lymphatic
structures was seen in all of the other dogs in this series
except for Dog M;l, whq'died on the 24th day. On the élst
day this animal shoWéd some réappearance of lymphocytéﬁ-

in the peripheral_biodd_and had a count of 338 lymphcytes;/'mm3
of blood at.that time._ At post _mortem study Dog N-1 didﬁ:
show good evidence‘df'regeneration of lymphoéyfes in lymph
nodes and spleen, The most characteristic gross post N
mqrtem-findings in ﬁhevdbga in this'series_weré'hemorrhagic
pneumonias and gastroiﬁtéstinal'bleeding associated with
submucosal petechlae in the pyloric end of the stomach

and in thé colon, These findings correlate with the
increased concentration of Y2O-DIPA in these sites déscribed
in the preceding section. In distinction from the dogs

in the sublethal serles, each of the'dégs-in this lethal

~ group showed a steady weight loss beginning immediately
after the irradiating procedure (see Fig._li);, .

The hematologic data of these dogs deplcted in Fig, 12
follow the same pattern' as fhat in the sublethal control
seriles prévioﬁsly presented. The data of Allen's 25 mongrel
dogs gilven 450 r of 200-kv Kérays'and a series of 20 beagle
dogs succumbihg to 300 r.total body radiétion from 250-kv X-ray
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mﬁchines (32; 70) are also plotted for cémparison. It

is apparent that all the dogs in thla series had much more
profound lymphopenias than that seen in either the 300-r

or the 450-r X-ray dogs. In connection with this severe
lymphopenia 1t 1is of interest to hote that a subcutaneous
implant of homologous skin was found to be viable and :
showed merked proliferation in dog Brutus at the time of his
death 11 days after the subéutaneous'skln-inoculation,'AThe
gfanulocytes, on the other hand, generally dropped at a rdte.
comparable to that seen in d&éé-dyiﬁg ffom a 300-r X-ray
exposure. The reticulocytes showed an eafly severé dépreséion
but the platelets'seémed much less affected than elther the
granulocytes or reticulocytes. In general there was a much
slower dfop in platelets than granulocytea,; and the absolute
platelet levels never became profoundly depresséd, Tvo

dogs (2-A and M-1) showed a preterminal drop in platelet levels
be low 5O,Ooo/mm3. This relatlve absence of severe thrombo-
cytopenid in the face of the'fatai ﬁeméfrhagic diathesis
present 1s quite significant. Many publications have
stressed thrombocytopénia as the etiologic ageht'in §ost;
1rradiétion'b1eed1ng. However, as ecarly as 1948 Allen et al.
(7O)Hpointed out that the ménifestations-of‘abnormal bleeding
frequently appear before severe thrombocyte depressions are
seen followling radiation exposure. Indeed, the role of

pure thrombocytopenia as the quse for abnormal bleeding in many

other conditions has been guestioned by Craddock et al. (73)
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and Winchell et al. (74). 1It was.therefore of 1ntére§t
when we noted that all the animals in this series had the
pecullar intravascular polysacéharide described by

Anderson (75). This material appcars %o be.specific
following radiation and 1is found in gréatest abundancg in
the small vessels of the»kidneys, liver, and heart. 1Its
4possib1e'role in the production of postirradiation bleeding
has been des cribcd (75, 76). The findinb'Oflthis interesting
substance In the tlasues of our dogs dying f{rom the acute
radiation gyndrome stimulated further investigation of this
material. (This work does not relate directly to the body
of this paper but 1s described in Appendix B.)

Table VI summarizes the clinical course and pathologlc
findings in dogs given supralethal radiation and dying in
less than 6 days. Mgure 14 represents the patterns of
welght and hematologlc changes in these animals.

The clinical course of the animals in this serics wase
characteri/ed by hypoactivity and anorcxia appearing
immedlately after the radiation procedure. Emesis and bloody
diarrhea appeared soon afterwards. .As can be seen from the
rapid weight loss, these animals became severely dehydrated
owihg primarily to theilr pernicious vomiting, and died in
acute fluid and electrolyte 1mbalance; Dogs Blue, No. 82,
and No. 234655 had hemoconcentration, as evidence by an

increase 1n venous hematocrit. Dog M-8 had evidence of a
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emesis from day 1.

Hemorrhagic lymph nodes.
Petechiae in G-I tract
from stomach to colon
becoming confluent
distally. Petechise in
kidneys, hematuria.

Table VI. Summary of lethally irradiated dogs surviving less than 6 days
Dose Estimated Time of
Dog M dose to death

aumber Total mnC/1b ly?p:d::):des Clinical history a:f::ion Grosa pathology Histological

mC  body wt ¥ ¥ (days) . pathology

M8 346.0 15.73 <659 Hypoactive, anorexic, emesis 3-1/2° Markedly dehydrated, pur- Hypopldsia and
from first day. puric areas in lung. Bvi- hemorrhage in

dence of pulmonary infarct spleen. Liver

in right lung. shows focal edema,

) ‘necrosis, and RBC

in sinusoids.
Focal hemorrhagic
prneumonitis. ‘Bone
marrow shows
severe hypoplasia;
kidney shows
chronic glomerulo-
nephrites, focal
petechiae.

82 329.8 16.09 674 Lethargic, anorexic from 5 Markedly dehydrated. Lumph nodes and -
day 1. Bloody diarrhea Petechise in trachea, spleen markedly
and emesis from day 3. lungs, gastric and hyperemic, ap-

colonic mucosa. pear to be about
30% of normal
cellularity. Lungs
congested, in-
flamatory infil-
trate, much
hemosiderin.

Blue 379.0 21.0. . 880 Lethargic, hypoactive; 4 Markedly dehydrated.
emesis from day 2. Bloody Lymph nodes moderately ¢
sucoid disrrhea day 4. hemorrhagic, bone marrow

gelatinous. Petechiae
"“in bladder.

234655 | 535.9 22.6 947 Hypoactive, anorexic, . b Markedly dehydrated. Lymph nodes hypo-
emesis from day 2.. Bloody Coalescent petechiae plastic, lungs
diarrhea day 4. in’'distal ileum and show hemorrhage

colon, Petechiae in and congestion.

trachea, bronchioles. Liver shows patchy

Blood clots in bladder. areas of paren- .
chymal necrosis.
Mucosal necrosis
in large intes-
tine.

F 19 b Hypoactive, anorexic; 4-1/2 Markedly dehydrated. Spleen hypo-

plastic with an |
apperent 20% of
normal cellularity
Colon and small
bowel show pos-
sible partial
slough of mucosa.
Lung shows hemor-
rhagic pneumonia. .

8) Urine recycling stopped after 4 hr and dose to lymph nodes less than the calculated dose of 659 rads.
b) Accident in urine recycling after 2-3/4 hr precluded douLmtty.
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pulmonary 1nfarct 1h his right lung and his death probably
reflects one of theihézards of the urine-intravenous
'récyciingvprocedure'rather than a radiation effegt.

The remaining dogs in this seriles seem to def1né a
'reasonéble upper limit of tolerancé tb the irradiation
procedure. Dogs Blué and No, 234655 both received more
than 20 mo YQO per 1lb body weight. Dbgh2-4, in the "lethal-
greatér-than~lo~days" series'previously descr1b¢d¢ received
19.24 mC Ygo/lb and survived to die of a hemét0poietlc-
type death on the 14th day. ert Dog No. 82 1n this present
series réceived only 16.09 mC/1b and suffered the same
fate of acute dehydration as the other dogs in the serles
who received higher doses. In general, however, it appears
‘that the early acute syndrome of pernicious vomiting, with
death in less_than 5 days of acute dehydration and electrolyte
imbalance, is seen when doses in excess of 20 mC/ib are
administered,

Several factors may modif& thié'upper limit of tolerance
to the Y2°-DTPA irradiating procedure. First it would
appear that the sustained high bloonurea levels induced
ih these animals to promote diuresis during the radiating
procedure may significantly contribute to the dehydration,
}aﬁorexia, énd emesis seen 1mmediately rolldwing this
procedure (77). At bresent 1t appears that the upper
ievel of tolerance to radiation when this method is used
may be significantly extended mérely by replacing the
| ureaiinfusion by a water énd saline infusion to promote

diurcsis, Secondly, 1t 1is possible that careful posﬁ~
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vxirradiation fluid and electfolyté'therapy may oarry tﬁe
| dog over this early acute period so that he may survive to
succumb to a “hematopoietic failure" type of ‘death,

Post mortem examination of the animels in this "death
-in-less-than~six days~series' uniformly showed marked |
dehydration, as well as petechiae and purpura‘méinly lécalized
in the lungs, GI tract and bladder. Histologlcally their
lymﬁh nodés were hemorrhagic; and both their lymph nodes'
and spleen were hypoplastic. The degree of 1ymphati§
hypoplasia seen was not as severe as that éeen,in dogs
- glven lower dosages of radiétibn and dying mbre than a
week later (see previcus aeries) The colonic muccsa wab
generally the most affected portion of the gastrointestinal
tract, and,here partial mucosal slough was common,

The liver in Dogs M-8 and No. 234655 showed focal
areas of parehchymal necrosis. Microscople examihation of
the lungs confirmed the gross finding of hemorrhagic-
pneumonia. |

The hematologic data are sparse because of the éhort.
survival, .The 1ymphocytes unifdrmiy dfopped to hear zero’
levels on the uth day. The pefiphérai grandlooytes were
beléw SOO/mm. in dogs No. 25“655 and No, 82 by the 4th day,
but M-8 and Dog Blue actually ahowed 1ncreases 1n the
concentration of peripheral granulocytes at this time. No
significant changes of platelet concentration were seen by
the 4th day. The packed cell volume on dogs Blue, No. 23&655

and No. 82 rose by the 4th day, indlcating hemoconcentration,
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It is aignifioant that despitc the high level of radiation
exposure suffered by the kidnuys, no marked elevatione in the
blood ereatinine wera geen in anyvof the animals,; elither
aqutelyvin ahy of ﬁhe series bf dogs describéd or chronically
in thevlqﬁg—berm survivors in the sublethal group. The
~relative radioresisfanée‘of the kidpey to radiation exposure
is weli known, Recehtly, however, there have been several
studies 6nvthe iate,appearance ofvhypertenaive-disease and
nephrosclefosis in animals whose kidneys had reoéived
Bignificant‘ééute.radiaﬁibn exposures, In man‘it would
appear that hephrosoierosie 15 an inconstant findiné after
renal irradiation occurring after the kidney is exposed to
more than 2300 r (61, 62, 63, 64, 65, 66, 67, 68). The only
'dogévin.this sefiés who received the equivalent of more
than 2300 r to the kidneys were all well in the lethal
range, hence no long-term survivors have been studied with

respeot to the incidence of this condition,

4, Disoussjoﬁ

Hadiation of dogs by using YQO DTPA as described in the
previous seotion shows a high degree of gelectivity in
depressing lymphatic elements, observed in both the lymph
nodes, spleen, and peripheral blood. Specific lymphoeytic
depression can be obtained by using appropriate doses of Y90
DTPA without notaoly depressing peripheral granulocytes,
platelets; or reticulocytes. This 1ymphocytic depression



87

appeérs to,bé more profound and bf longer duration thah
that obtained by LD 60/30 of 250 kv X-rays in comparable
dogs'. Ohe dbg'was described‘in which essentially no
"peripheral‘ljmphooytes‘were scen in the peripheral blood
as late as the 50th day following irradiation, -

The posﬁirradiation clinical course of the animals
is dosage-dependent, Dogs recelving less than 5 mC/1b
generélly show_nd'signs of ‘abnormality other than selective
lymphopenia. One animal has been given two sublethal
radiation exposures by this.procedure and has now
survived greater than 15 months after the first exposure in
good health, Animals given doses of approximately 8 to 15 mC/
1b die generally late in the second or early in the third
week of a "hematopoletic fallure" type of syndrome and
show severe damagé to lymphatic structures at post mortem
exémin&tion. Dogs given more than 20 mC/1b generally
develop pernicidus vomiting and die in fluid and electrdlyté
imbalance within 5 days., Doge treated in the dosage range
of 15 to 20 mC/1b may show either the hematOpdietio-type
of death or the acute~dehydration-type death, The syndrome
of agute fluild and electrolyte imbalance séen at the higher
dosage levels may be modlfied by deletihg ureé from ﬁhe
diuresis«inductibn regimen and by oareful fluid and electro-

‘lyte therapy after irradiation.
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It would appear from comparisoq of ihe-hem&tolqgic data
of dogs irradiated with.conVentional 250-kv X-rayvmachines
and those radiated with YIO-DTPA that the dosege in rads
delivered to lymph nodes by using Ygo—DTPA is rbughly equél
in efrec? to more then twice 1ts value (expressed in

roentgens ) delivered by the 250-kv Y-rays.

F. Autologous and Homologous Bone Marrow Transplantation

Studles in DomS-Irradiated by Y904DTPA,Urine—Hecyclins

Tzchnique
1. . Introduction

The radiation dose dellvered to lymph nodes and boné
marrov, theldhanges'in the péripheral blood picture, and
the macroscoplc and microscopic changes at post mortem

examination in the animals described in the previous section

a1l suggest that the animala irradiated with YZ°-DIPA died after

the first 10 days as a result of hematopoietic and lymphopoietic

failure. It was important to establish that this was indeed
the case; that is, thét'the‘dcath of the animals was due

to damage to the hematopoietic andAlymphqpoietic systems
rathexr than damage-to~other vital organs., This point

could be demonstratedyby saving the ‘1lives of lethally
irradiated'(Y9o—DTPA) dogs by the use of bohe marrow transe
plants, Should bone marrbw transplants be successful in~

saving the lives of the lethally irradiated dogs, the bone

J
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marrow would be established as the critibally damaged

tissue when this irradiation procedure is used, Since it
isvknowh that ceile obtained from bone marrow are capable of
repobulétibg lymphatic structures, life-saving success of
marrow transplants wdﬁld also reflect the importance or
damage to lymphatic structurés with'Ygo-DTPA. |

Autologous bone marrow transplants -- the use of the
animals'f own bone marrow -- was chosen as thé test of the
above outliued hypothesis. ste of the animals' own bone
marrow bypasses the complex homograft problems encountered
with the use of foreign (homologous) bone marrow.

‘Since the primary goal in developing the ¥90~DTPA
irradiating procedure was to prepare a large animal for tissue
homografting, successful bone.marrdw hombgrafts also had teo
be attempted to ¢0mplete the evaluation of this procedure,

_ Since the work déscribed in previous sections demonstrated a
selectiﬁe depression of lymphocytes -- the cells generally
associated with the homograft reJjeotion response -- this
suggested that bone mafrow homografting could be accomplished
successfully., This section of the work attempts to evaluate
the use of bone marrowfautOgrafting_an% homografting in

clarifying the above-mentioned 1ssues.

2, Materialé and Methods

The type of animal used, the irradiation procedureg

and the postirfadiation care are 1dentical with those
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ment;onedaiﬂ_Part_III E of~thisﬁrepoft. All thé irradiated
animals were males,iand all the homologous bone marrow donors
- were unrelated females,.excépp_in one oasefas noted in the

| téxf.v_ln_the agtologoﬁs bone marrow series Juét'pr10r to»

_ irradiation, multiple;boneumarbow’aspiratinns were performed
by using Blerman bone marrow needles, The-bone'marrow was
aspirated 1n_siliconi§ed gyringes oontaining sman,amounts of
Connaught heparin (free from preservatives)., The bone '
marrow waa placed Ln_cdoled heparinized Hanks' solutlon in
& 300 ml Fenwall plastic transfer pack (100 to 110 ml Hanks'
solution plus 50 mg Connaught heparin). fg;igaligglng.boﬁ;ﬁ“-
marrow taps WGre perfprmed: three'tapsvin femur (proximal
;»and distal‘epiphyseal end, mid-shaft), two in 1liac crests
(posteriorusuperior and posterior-inferior iliac prominenceé),
one 1in scapuia (Just superior to the glenoid labrum), two in
the humerus (proximal and distal epiphyseal ends). A total
of between 50 and 100 ml of bone marrow and blood was
aspirated. ‘Nucleated cell counts were performed on the rinal
bone marrow mixture and the counts were corrected for wmaximum
contamlnation by,circulating white blood cells, The bone
marrow in heparinized Hanks' soclution was.stOred at u‘to

6° ¢ in a'commercial refrigerator, No attempt was made to
remove particulate matter other than by passing the bone
marrow through a commercial blood administration filter at

the time of its administration. In some experiments bpne'
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ﬁarrow was nfused intravenously 2 hr after cessation of urine
recyclingo'"ln all .others 1t was.injected intra-arteriélly
18 to 24 hr after the termination_of the urine recyqlingo
Boné marrow was inf&sed intra-artsrially in certain animals
50 as to bypéss possible rembval of 1nfused cells by the
capilléfy bed of the lung, a proccss known to occur under
certain clrcumatances (57). In the homograft series of
animals the bone mérrow was infused as noted in each
1hd1vidual caye, v v | |

The animals who received the bone-marrow by the intra-
arterlal route were anesthesized ﬁith godium pentabarbital,
énd an inocision was performed over the femoral veasels, |
The femoral artery was 1solated and a Rochester p;astic
needle was inserted throughout 1ts full length, the plastic
tip coming to lile 1n close approximation to the aﬁﬁominal aorbic'
bifurcation., The bone marrow ﬁas then infused intra-
arterielly and the perforated femoral artery was ligated to
avoiq gx.cess bleéding. The aninals receiving the bone
marrow infusion intravenouslvaeré not ancsthesized, Blood

was drawn (two or three times a week for the studles mentioned

in the previous section of this report{

3. Ixperimental Results

a. Autologous Bone lMarrow Transplantations

Table VIT summarizes the olinlcal and pathologic pictures
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seen in dogs frradiated by using Y90~DTPA, given autqlogous
bohp ﬁarrow, and qurﬁiving for more than l.month. Figurés 15
and 16 summari"o thm body welght aﬁd‘hematologic chanpes‘ |
in thesa cnimals, Thp rirst two dors, W-8 and Blackie, were
"1rrad1atcd in the sublethal ranse, a3 dlacuaﬂed in the
previous section, Both had uneventful clinical courses, It
1s ofiinteveﬂt that both developnd chéracteristic ljmph0~
penias that oer3imtnd bevond the BObh day of obeorvation
similar to that seen in the Jubletha1lj 1rrad1atnd untreated
dogs described previously.

| The'néxt five dogs nn the table received dosages of
'radiation WQll within the lethnllranro, and had unpventful
clinilcal courses for the first few wceks fol]owinv radiation,
Dory, BE aopoared normal for the first several months, but
4 months aftor 1rradlﬂtion became slck and dled. The
etiology of this 1llness was undetermlned, but 1t was felt
that he éuccumbed to one of the canine dlstempefs endemic in
our. dow population. Dég Fatty bocamﬂ andrcxic and hypoactive
durinz the 16th and 30th day. After the 30th day his
appctito 1oturnod and hiu condiuion was rapidly improving
when he was accidhntﬂlly killcd on tho rd day by an
1ntraven9uo injection of an antibiotic suspension. Dog, WQS
appeared normal throughout the observation periocd and at present
is l1living and well, Dog W-4 had mild diarrhea at the end of
the first WEék,lwhiéh'subsided, and the animal was well vntil
late in the Gﬁh week when he ménifested'signs of gastrointestinal
bleeding and died on the 43rd day. Dog 14-D developed signs of
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gastrointeSﬁinal damage 1n“the_third‘wéek. These signs
gradually subsided and the aniﬂal 1s 1living and except_ |
for sparse body hair is well at the time of’this_writing.
In general the clihicél course of these animals given

lethal radiation plus éutologdua bone marrow was benign as
compared with the.clin1Cal course of the animals give?
comparable radlation exposures without bone marrow treatment,
This differeh¢e made ltself apparent during the first
féw days after the adm1n1strat1on of the bbne-marrow,'before
one would expect significant growth of the cells of the
graft to influence the animal's clinical behavior..-Such
vague clinical findings_receive pone obJjective support from
the relative stability of body Weighﬁ following the radiation
in the largé'majority of dogs 1ﬁ the series (Fig. 15) in
comparison with‘therlethally 1rréd1ated dogs nvt receiving
bone marrow autografts (Fig. 11). This clinical behavior
suggests some tonlc effect of infused éutologous bone
marrow beyond its abllity to proliferate and repopulate
depleted marrow cavities (30), | | |

Two dOgé 1n‘this series (BE and W-4) demonstrate that

although good clinical recovery occurred in these animals

- following autologous bone marrow infusiéns, they pfobably

could not be considered perfectly normal. Thus BE seemed
to succumb to an illness which the other dogs in the colony
s;milarly exposed were able to résist; dog W-4 died more

than 6 weeks after the radlation exposure of géstrointestinal
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bleeding,in addition,Dog lu-D,‘altthgh in excellent genefgl
health; shows marked sparcity of bddy halir at the present
time. | |

| The last dog in this uericd,_Nunber k91, had an
accident during rccycling period precluding dosimetry
estimationae' His clinical course was Quite uneventful,
and at present appears quite normal over 7 montnd alfter the.
radlation exposure.,

The histologice pathology of dog Fatty confirmed the
hematblogic findings of return of hematopoietic function,

His bone marrow as well as the iymph nodes and séleen showed
normal cellularity., It 1s interesting that these lymphatic
structures show a normal histologlc picture when the last blood
count performcd before this animal's death revealed that the
absolute lymphocyte count remained below 1000/mm39 Post
mortem histology on W-4 revealed damage to the gabtrio

mucosa and only moderate rppopulation of lymphatic structures,
The relatlonshlp of these indings to{either canine diseases
or late radiation effects iy uuclear.‘

In reviewing the hematologlic finding on this group of
animals (I'ig. 16) 1t 1s remarkable to find that all animals
showed a poatirradiation lymphopenia which persisted despite‘
the adminigtration of autologous bone marrow. Even 6 weeks to
3 months following the irradiation dogs W-4, 14-D, w-5, and w¢8*

had péripheral lymphocyte counts significantly below that



‘

97

found in the dogs of Anerson that Survived 300 r from 250-kv
X-rays wilthout bone marfow*tréatment;.,Howevér, if we éompare
the lymphocytevlevels postirradiation seen in'ﬁhis serles with
those obtained in the lethal_untreéted group described in the
previous sectlon (Fig. lQ)‘We see that the dogs treaﬁed.with

autologous marrow.generally.have a larger number of

 ¢irculating lymphocytes than the dogs recelving no autoiogous
marrow and comparable amounts of Y90~DTPA radiation, Dogs

~lethally ir:cdiated with Y9O-DPPA have usually less than

100 lymphocytes per mm° of peripheral blood from 5 days B
postirradiatién.until the time of their death. The aﬁtologous- v;
marrew-treated anlmals receiving their marrow 24 hr after o
the irradiation procedure hsually have several hundred
lymphocyteS'per mm—j of peripheral blood after the 9th of 10th
postirradiation day. Thus, although autologous bone marrow
given'more’thanréu hours after irradiation witﬁ Y90—DTPA does
not restore peripheral lymphocytes to normal levels, it does
increase the peripheral'lymphocyte number above that seen in
the control animals not transfused with'marrow.n |

Alpen and Baum (78) and Mannick et al. (79) have
reported that autologous bone marrow 1svcapable of rapidiy ‘
restorli:ay ilymphiepolesis in the X~1rradiated dog. The
limited return of circulating lymphocytes in the animals
recelving YQO—DTPA irradiation followed by autologoue bone

~

marrow in distinction to the results obtained in X-frradiated-



98

autologousemaerW¥treated dogs probdbly reflects the more
pevere damggé suéﬁainéd by lymphatic tissues when v9%_prea
18 used fdf,irradiation.

The returﬁ of c¢irculating g gnulooytes in the
1rradiated dogs giVGn autolégous bone marrow An this series
was slower than the response obtained in autologous-marrow-
treatedlx~irfad1ated dogs (78, 79). Dogs No. 14-D and Fatty,
- both br'which wors glven autologoum borne marrow ;htravenously
2 hr aftéf‘the dcsmation bf urine reeycling, had the greatést
depreésioﬁ of‘graﬁﬁiocytes and the slowest return to normal
of any of the dogs_in‘this serles. Indeed, the rate of
peripheral grahulocyte recovery is not even as rapid a8 -

that seen in the LD X-ray survivors of Andersen, It

. “60-30
would therefore appear}that the capaclty of autologous bone
marrow to save the livcs of these two lethally irradiated
Adogs waS‘hat.adqociated with thé bone marrow's ability to
ralse periphcral granulocyte levels, The remaining dogs

in this sefies all of ﬁhom reeccivod Antra-arterial auvtologous
marrow infusidn 18 to quhr'&ftdr the cessation of urine
recyceling goncinlly had pcfipheral granulocyﬁeﬂ that main-

tained thenselves above levels of 1000 cells per mm3 of

blood.

In genexral there was a eradual decrease in platelet
counts, rcaching 1ts lowest point at about the 20th day,
However, profound thrombocytopenias wexre not seen, and only

& few platclet values are noted below 1oo,ooqﬁmn3°
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‘The alterations in the reticulocyte counts reflect
womewhat the paﬁtern of changes seen in the circulating
granulocyté counts, Dogs No. 14-D and Fatty, who received
their marrow infusion intravcnously 2 hours after cessatlon
of recycling, had essentially no reticulocytes in the
peripheral blood smear until after the 20th day. The
other dogs in the series show varilable early return of the
reticuldcytes, indicating érythropoiesis probably a8 a
result of ea;lier_prolifefation of the marrow autograft.

The packed cell volume showed no remarkable change
in the membors of thils series except for Dog No. 14-D, who
showed a progressive slow drop reachling a minimum about the
28th day. It is noteworthy that this dog showed the most
prolonged depression of reticuiocytes as well, After the
30th day the péckod cell‘volume began to rise, following
reticulocytosls which rose to 12.3% on the 33rd day.

Table VIII summarizes the clinical course and
pathologlcal results on threce dogs givén supralethal radiation
followed by autologdus bohe marréw‘transplants, and dying in
less than I month. Figure 17 summarizes body-weight and
hematologic changes in these animals, It can be secen that
the dogs 1in %his'group generally rcecelved higher doses of
radiation than did the animals in the autologous-marrow-
treated survivors Just described, The first animal in tﬁié
series, No, 4-G, received the marrow autograft 2 hr after

the termination of urine recycling. He died of a hemorrhagioc
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diathesis on the 12th day, and histologically showed
approximately 40 to 50% cellularity of lymph nodes and spleen,
The bone marrow showed signs of early regeneration, lowever,
despite thisAapparent regenerative activity in lymphopoletic
‘and hematopoietilc struotdres, this dnimal continued to show
severe depressions of lymphocytgs,‘granulocytes, and‘
reticulocytes unﬁil the time of his death; Sinoe nosie of tﬁe
dogs in the control series of untreatedlanimals giveﬁ léthai
amounts df Y90~DTPA (see Table V 1n the préced;ngisection) and |
dying around the lzth day showed any slgns of regenecration
of lymphatic and hematOpoiétic stfuctﬁres, it appears that
the autografted marrow ceils were responsible for thé cellu=
larity seen in the lymph nodes apd bone marrow of this dog.
Dog X-50 accildentally suffered pulmonary embolaé
during the recycling procedure from clotted blood in the‘
intravenous recycling unit tubing, In addition he lost |
an estimated several nundred ml of bldqd in the area of the
femoral arterial cannulation following the bone MATTOwW
infusion, He becamé anorexic, dehydrated, and hypoactive
and died on the 6th day. _ |
Dog Chain received the highest radiation dose of ahy
dog 1n thé autologdus-mafrow-treated series. He remained
normal 1h appearance until the'i?th day; when he became
anorexic, On the day prior to his death he was noted to be

coughing heavily, was hypoactive, and showed évidence of emesis,
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He died on the 20th daynof a hemorrhagic pneumonia; At the
- time of his dea£h the lymph nodes and spleen showed‘almdsf
normal cellularigg. His circulating blood did not reflect
this return of hiétolbgic lymphopolesis, and preterminally
he had.a lymphocyte count Which was less than 100 cells/'mm3
of blood, | |

The results obﬁained from the dogs in thuse series
establish thal the administration of bone marrow autografts
can prevent tlic death of dogs giVen lethal irradiation with
Y90—DTPA. The autologous marrow appears to promote the
return of circulqting granulocytes, reticulocytes, and
blatelets, and to some degree lymphocytes., Three dogs were
given autologous bone marrow intravenously 2 hr after the
cessatlion of recyeling, at a time when significant amounts
of isotope stlll remained in the body. Two of these dogs
’survived; and the pattern of thelr peripheral blood elements
suggested autogenous return., However, the third animal
(4-G) diled on the l2th day énd showed recovery of cellularity
in lymphatilc and hematopoietic-structures, although peripheral
granulcoytes, reticulocytes and lymphocytes were markedly
depressed at the time of his death. It'would.thus appear
that the autologous bone marrow adminivtered intravenously
2 hr after the cessation of'urine recycling is capabie of
histologically repopulating lymphatic and hematopoietic

structures, Howevér, the peripheral evidence of returning
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lymphépoiesis and hematopolesis 1s delayed to a greater
extent than when the marrow is given more than 24 hours after
the radiation procedure, ~ These résults_aléo indicate that
these infused marrow celle are quite radlosensitive; sincé
cells 1nfused'2vhr after recycling are exposed to 6niy |
approxim&tgly 12.5% of the total xﬁdiation dose delivgréd'in
a given case. It 1s possible that radiation ddmagé.inflicted
prior to the administration of the marrow cells could have
influenced the survival of these transfused cells. o

It appears advantageous to walt at least 24 hr after
the radiation procedure before administering bone marrow if
one désirea a‘proliferatioﬁ of the grﬁft cells that is evident
in circ@latin@ blood elements,

It hae been previously shown that autolopgous bone marrow
is capablevof_promoting the retuen df lymphocytes to the
peripheral cilrculation to normuwl levels in doge subjected to
lethal-X-r@diution (78, 79). 'Tnat this 1s not the case if
Y90~DTPA frradiction is used may be related to the greater
~efficacy of our technique in deztroying lymphatic structures.
Siﬁce probubly less than 19 of the total radliation dose 1is
delivered within 24 hours following fadiatibn it appears
doubtful that the'reaidual radlation delivered to the graft
cells when they aro administered 24 hr after the cescation
of urine repycling would significantly affect the prolifération

of these cells.,
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In addition to the dozs listed in the above series, one
dog (No. RE) was given an estimated 51N,rad$ to the lymph
nodes, and then received 100 ml of his own whole blood
collected Just nrior to 1rradiation in a manner identical
to that unéd in the collection of autologous bone marrow.
His c¢linical and hematologicul course wag similar to the
lethelly irradiated dogs in this series who received
autologous marrow, That fresh whole blood would have the
ability to repopulate hematopoiétic and Jvmphopoietic
tissues is not uncxpected, since such appears tovbe the ocase
_ ih mice (35, 80), ahd-recently suggestgd evidence to this
effect hasg alwo‘beeﬁ observed in dogs (81). This dog, of
course 1s merely a single obbervation, and further studles
are required to eVaiuate the use of fresh autologous blood

in treating lethal radiation injury..

b, Homologous DBone Marrow Transplantations

Table IX summarizes the clinical and pathologioal
results obtalned on & series of animals receiving.radiation'
with YQODTPA}folloﬁed by homologous bone marrow traﬁsplantation.
Figureé 18 and.19'uummdrizo the body weight and hematdlogio
changes on these animals.. The first.two animals on Table IX
(No; W-3 and No. 202) received radiation dosages pgenerally
in the transition éono between sublethal and lethal ranges

as determlined in the previous section, Both ﬁheée animals
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clinically were weli except for exceasive hailr loss and
hypoactivity appearing after the third week and COntinqing
untll the sixth to elghth week, when they became more

active and hair loss diminished. goth are still living more
than 3 and 7 nonths, réspectiﬁely, postirradiation., Seven
weeks following irradilation No; V-3 was given a renal and .
skin'homotfanspldnt from his female donor, The kidney
functioned well for 7 days and then suddenly ceased tb
produce urirc. The kidney was removéd; it was fbund that it
was énlargéd two times its normal size, 1t was purpuric, the
gross architecture wéé distorted, and.there was no‘evidence
of blood flowlng through the parenchyma. _Histologicall&

the renal parenchyma was almost completely destroyed and was
replaced by extravasated blood, The full-thickness 3kin
graft appearéd necrotic at approximately 10 days. Althqugh
it 413 posaible that both the renal andvskin grafts represen?ed _
late technical fallures, it ié probable that they were
1mmunologically rejected by the host,

The next two dogs in this sefies (Nd. R-12 and No, W-Y)
recelved qulte high lethal doses of radiation. Bothvappeared
normal until the seventeenth‘day, following which they :
became hypoactive and an&rexic. Dog No. R—lé developed
signs of a mucoid, bloody diarrhea on the 22nd day. He was
given‘intravénous fluids and blood. from his unrelated femaie

bone marrow donor after the 21st day. Forced oral feedings



110

ohrthe 33rd to 35th days were hot tolerated, ahd he diled on
the 35th day. Gross post mortem cxamination was ot
particularly remarkable, Hilstologlc examination revealed
cellulér lymph nodes, spleen, and bone marrow, However,
the centers of the germinél follicles in both the lymph
nodeé anh spleen contained eosinophilic debris énd cells with
large pale nuclei., Areas of edema were noted under Lhe
capsule of the spleen, The skin was markedly atrophic,
with the epidermis 1o more than two cell layers thick.
Marked loss of the rete pegs was noted, The islets of
| Langerhans were markedly prominénﬁ'in the pancreas, and
the adrenal cortex was hypertrophic. The histologlc changes
noted in the lymph nodes and spieen are QUite similar to
vthe changes believed by Vos and De Vries (25) to ve
pathegnomonic of'secondary disease. |

Dog No, W=7 recelved a very high dose of radilatlon
which should have placed him in the lethal-in-less-than-
- 6-days group of dogs who died df acute fluid and electrolyte
imbalance soon aftef the radiation exposure (see preVious
section), However, as has been mentioned, he appeared Qulte
normal until the 17th day. Hé éubsequently became hypoactive
| and ahorexic and died an the 26th day. He Was not given any
supportive care other than the routine antiblotic regimen
used in all animals following rﬁdiation. Gross post mortem

‘examination revealed that the lnmediate cause of death was
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gastrointbstinal bleeding.  ﬁarked_édrenal hypé;plasia
wds prescnt.' Histological examination reveaied Qpproximateiy
35%.0f normal cellularity in the lymph nodeé and ‘spleen .
with focal arcas of active hcm¢topoiesis in the bone |
'marrow. Gastric mucosa shoued disruption_of norinal
'architecturc, - _ |
Dog No., 493 received the highest radiation dosugc of

any dog of this series, a dose which in the control group
.‘should have been lethal 1n_less than 6 d_ays° The autologous
bone marrow was taken from é.female 8ibling and was
.administered-1ntra—arter1aily without filtration. On the
-;day after the marrow 1nfusion; the animal was unable to‘move
1ts hind limbs, and embélization with pone marrow particles
and blood clots and subsequent 1hférction waé suspected,
The animal slowly improved but be came hypaactive.and
anorexic_on the 10th.day. .On the 12th day he developed a
severe‘bloody dlarrhea and died. Gross post mortem
examination revealed marked dehydration, with gastrointestinal
bleeding as the imhediate cause of death ' Histologically,
the lymph nodes, oplecn, and bone marrow showed good
cellularity, ', | ' |

| ‘The body-welght changes of these animals depicted in
Fig. 18 showed three main patterns. Dogs Nd. w-3 ahd No; 202,
who recelved radlation dosagés estimated to be genérallylin

the transiltion zone between sublethal and lethal ranges;
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shoWed no. weighﬁ4changeé.durinv-the obsérvation period
Dogs No. h«le and No. w-7, rccclvinb high lethal Iadiation
doses, gencrally maintained thcir welght until the 17th day,
‘after which they ohowcd pro&ropaive weight loss, Dog lNo. 493,
who receivcd the highcstvdose, showed an early weight loss soon
after radiation, |

The hematologic ohénges in these dogs (Fig. 19) also
reflected the_hetefogéneity of the members 6f thiB group.
The  lymphocytes 4n g1l the members of this group wére
markedly depredéedvfon the first month to levelé lower
than that seen in the animals treated with autologous-marrow
and to lévels similar to:those in untreatéd lethally radiated
dogs. Dog No. w-z, the animal in this series who received the
lowest radiation dose, showed a roturn of lymphooytes on the
35rd day. Dog No. 202 also showed a slow return of peripheral
‘lymphocytes qfter the iat'month. Dogs No, WQT; No, R-12,
and No, 493 all had severe lymphopenias at the time of their
death, Homologoue'marrow appears tb possess less abllity to
‘restore peripheral lymphocyte levels than'does autologous
marrow, .Thia seems to be the experience of other investigators
using external X-ray and gamm-ray sources (78, 79, 81).

In both of the high sublethally irfadiated dogs (No, 202
and No, W-3) therc was a marked increase of circulating
granulocytes u“days after thé adminigtration of the marrow

homograft. In\dog No. 202 granulocytes rose from pre-~

’
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1rréd1ation levels of slightly more than 6000 cells/'mm3 to
M0,000 cells/hmj. This increase lasted about 16 days
before granulocyte 1evela returned to baselline values,
The circulating granulocytes in Dog No, W-3 rose to about
16,500 cells/mm3 from a baseline level of a little more
than 6,000 cella/hm}. This incorease lasted approximately
11 days. However, sublethally'irradiatedtdogs not given
bone marrow also tended to show a rise in peripherall
granulocyte levels at this time period after irradiation,
but usually of smaller mpgnitude (sse Fig. 10 iq previous
'section)

Dog No., R-12 showed an early rapid drop 1n circulating
granulocytea,'then a very slow drop to the 26th day, followed
by a rise. Dog No, W-T7 had a granulocyte drop reaching a
1ovaoint on ﬁhe l4th postirradi&tion day (11 days after
marrow infusion), following which there was a rise reaching
normal levels at the time of the animal's death, DBoth
these dogs had ‘sigrniificantly higher peripheral granulocytes
at all times after radlation,fhah did comparably 1rradia€ed
untreated dogs in the control groups. At no time did thelr
peripheral granulooyte count drop bclow 1000 cells/mm .

Dog No. 1193 had a rapid and savere drop of peripheral
granulooytes which persisted to the time of hi: death on;the
12th day. However, as has been mentiohed_previously, hig

marrow showed good cellularity at post mortem examination;
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'The platelets of the dogs in: this series_éhdwed no
remarkable change other than a sharp rise in peripheral
platelet number in Doy No. 202, 4 to 6 days aftef administration
of the marrow homogrartc.

The reticulocyte levels of these dogs resembled the
'generai behavlior of the granulocytes previously discussed.

‘The high aublethally radlated dogs No. W-3 and No, 202
had elevatiors of their reticulocyte count above their baseline
levels 4 to 9 days after administration of the autologpus
marrow transplant, Again, the sublethally irradiated un-
tfeated contrdls,showed a similafvphenomenon (Fig. 10 in
previous}sectioh). Six to 12 days after the autologoqs |
marrow was administered, the lethally irradiated.dogs No. R-12
and No. w~7'showed a return of reticulocytes to the peripheral
circulation, but this return was not brisk, as in the dogs
treated with autologous bone marrow (Fig. 16). Dog No. 493
showed no return of retioulocytes at the time‘of his death
6n the 12th day postirradiation and 10th day post~mérrow-
tfansfus;on. |

The changes in packed cell volume in these animals were
not particularly remarkable., Dog No. 493 showed a steady
drop in packed cell volume.after the 2nd postirradiation day,
with a marked drop between the 7th and 10th days after the
radministration of the homograft marrow., Dog R-12 also
showed a drop in PCV, manifest after the 9th day following
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%he-marrow homograft. These changes may possibly reflect
graft antibodles attacking recipient red cells, but this is
ﬁ'moot question, | | | ' | _

” ~Since Porter originally reported the feasibilitj of using
-éhe sex chromatip marker in female granulocytes originaily
‘described by Davidson as a means of following proliferation
5f homotransplanted marrow in dogs (82, 83), investigators have
used this marker as a critical oriterion of the success
bf'marrow homografts in dogs (6, 9, 26, 81). We also have
..attempted to use this technique to fOllow the progress of
homografted mafrow in our animals., Figure 20 shows the
.pattern'of appearance of thé "clubbed"fneutrophila in the

- marrow-homozrafted dogs in this serles, Signiflcant increase
of thevpefipheral club count (greater than 1% of all granulo-
cytes present) appeared to occur bétween the 7th and 12th
days fbllowing marrow grafting. After the lst month the dogs
séored had between 1 and 2% clubs. Prior to irradiation,
three of the dogs (No. W-7, No., V-3, and No. R;lz) had 0%
clubs in their peripheral blood, and one (No. 202) had 0.38% °
clubbed forms, The clubbed forms in the female donors to
these dogs ranged from 2.3 to 5.5%. _It thefefore appeared
that all four of the dogs surviving the 2nd péstifradiation
week had a "talke" of bone marrow from thelr unrelated female
donors. It appeared significunt that the dogs 1rradlated in
high sublethal range (No. W—} and No, 202) appearcd v have

the best 'takes as determined by the club counts. However,
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1t was soon found that dogzs in the sublethally irradiated
untreated contral group also had between 1 and 3% of clubs
in their granulocytes following irradiation. This latter
| finding wus, of course, guite disconcerting., If the forms
in thé.peripheral blood that we were calling "clubs' were the
same forms that other authofs have used to‘establish
homologous bone-marrow takes, then perhaps some critical
re-evaluation 1s in order,

The club forms that were scen both in these marrow-
homog&afted dogs and in the sublethal nongrafted'animals
had the typical drumstick shape and terminal positiong_aThey
did not have chfomatin strands connecting‘them with otheﬁi
than one nuclear lobe. Howéver, in general they were sméller
than those described by Porter (82) or those usually seen in
female dogs., They did conform}aufficiently‘closely'to the
usual description of & "elub" as to offer a problem in
distinguishing them from true clubs (assuming that there.ie
a8 real norphologic differénce between these forms and
true clubS).‘ Figure 21 shows thé appearancé of clubs seen
in a female beagle,vd male following homologous marrow trans-
plantation from a female, and an untréated male following |
sublethal fadiation. Until‘furthef work enables us to
distinguish true female leukocytes in malc hosts and whether
the radiation procedure of itusclf will besult in dn increase
of club formy, we feel that, 1n'ourvhands, club counts are

of dubious value;' It was 1mportaﬁt, therefdre, for us to -
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Fig. 21.

Appearance of "clubbed" granulocytes in (left)
sublethally irradiated male dog not given female
bone marrov; (center) lethally irradiated male dog
given female bone marrow; (right) untreated female
dog. (times 4330 diameters magnification)



119

Cdetermine if the long-term survivors (No. W-3 and Ho. 202)
given radiation in the high szlethal fange were true

chimeras by means other than following the appearance Qf
"clubbed" neutrophils in these male dogs. Dog No. w§3

was glven a kidney and skin hombgraft from hié female donor

7 weeks after fhe irradiation procedure, The kidney |
functioned vay well for 7 days dnd then abruptly ceased
functioning. Nelther gross nor histologic examination could
determine with certainty whether the kidney was 1mmunologically
'reJected or guffered thrombosis of either its artery or vein.

The full-thickness skin graft sloughed at the end of lO days. i

Although the lpssed of both the kidney and the skin grait
mibht concelvably be due to technical fallure, it seems

probable that they were immunologically rejected.

4.  Discussion

The administration of autologous bone marrow is capﬁble'
of saving the lives of dogs lethally irradiated with Y9O~DTPA
Histologlgally, lymphatic and hematopoietic structures are
rapidly repopulated»after the use of marrow autografts,
but the appearance of ﬁhe corresponding fﬁrmed elements in
the peripheral blood 18 delayed. This lattérvphenomenon is.
also seen to some extent in X-irradiated animals given“marrow

graftsv(BU). Clinically, it appears that the administration

of marrow autografts has & tonic effect on the experimental
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animal beyond its cell proliferatch cffect becauge 1m-
provement in the animal's clinical condition is seen within
2u;hours following the graft and prior,to any significant cell
proliferation. Dr, Ashikawa recently reported on the '
" mortality-reduction éffecf.df postirradiation administrdtion
of parenteral lipids in mice (85). Singe bone marrow invariably
contains 1ipid matériai,'it is cOncelVaﬁle'that the marrow-
cavity liplds actvin a simllar fashion ﬁb the more simple
lipids used by Dr, Ashikawaav (A pilot experiment done in
éollaboration with Dr} AshikaWa,'using;dogvmarrow lipid in
midlethally irradiafedvﬁice, yielded éugéestive but inconclusive
results on this poiht;)f It would appear from the results
obtained that trahSplénted marrow celisiare:quite radio-
sensitive and betféf fesﬁlts'afe obtaihgd if the marrow 1s
administered a day Or more after the radiation procedure to
allow for fuller cleardnce of the Y9°-DTPA from the body of
the experimental animal, Animals described in this section
were gilven bone-marrOW infusion 1ntravenodsly‘or intra-
arterialiy. Although 1t appears that ﬁhe arterial route is
an acceptable mode of marrow administration, 1its value
relative to the intravenous route:cannot be Judged.on the
basis oftsuch a émail heterogenous series,

In the small series of homologous marrow transplantationsi
‘here described, there is evidence thatihomologous tissue !

transplantation is possible following irradiation with
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YQO-DTPA. In two lethally irradiated dogs'given homologous
marrow (No.‘w_T and No. R-12) the evidence for a "take“

- of the marrow cells can be summarized with thevaIIOWiﬁg
ppintsr

(a) Prolonged postirradiation survival of the animal
beyond that seenvin the untreated control group.

(b) Histological evidence-of,early repopulation
of lymph nodes,; spleen,. and bone marrow. ‘ SRR

(¢) Maintenance of periphcral granulocyte levels
significantly above those seen in untreated control groups.

\(d) Finding of donor female markers on 1eukocytes
(clubs) ;- this evidence is controVersial for reasons given
above, | | | | _

(e} DeVeldpment of ciiniéal signs suggestive of
secbndaryvdiSease'which were not seeh in autologoua-marrow-
treafed dogs, €.g., aﬁorexia, welght loss, diarrhea and
‘emesis, appearing aftef the 17th postirradiation day.

(r) The appéarance of histologic changes thought to
be characteristic of secondary dibease.

The third lethally irradiated dog died too early for most.

of the above criteria to be evaluated; however, histologically.
definite evidence of early repopulation of lymphatic and
hematopoietic structures were seen, indicating a successful
take in this animal as well,

In the two dogs irradiated in the high sublethal range

the'evidence for a successful homologous marrow take 1s
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meager, Clinical Symptoms appearing several weeks_after the
marrow homograft and clganing after the‘sécond month, could
.be interpreted as repreﬁentingva mild secondary.disease.
Appropriate appearance of clubbed neutrophils was seen in
the peripheral blood but the value of this evidence is
dubious. In one of these dogs (No, W~3) the chimeric state,
if 1t ever existed, probably did not persist after the T7th
postirradiation week. It would be an attractive prospect
to think that:sublethally irradiated dogs would tolerate a
bone marrow hbmograft,-Just as -some sublethally radiated
humans have tolerated renal homografts (86, 87) However,
more concrete ways of evaluating the chimeric state must
be used than merely following the appearance of clubbed
vneutrophils. |

The nomolqgous transplantation studies.presented here -
are preliminarylin natnre; a great deal of further study 15 f
necessary to:definé the adequacy of the Ygo—DTPA procedure in
paving the way for tissue homografts, The minimum dose
that would allow for a successful take, the maximum radiation
dose at which homoiOgoua marrow trénsplantation would prevent
death of the animal,.and the optimal dose range for successful
homografting are problems which remain to be evaluafed It
appears that better markers oi the homograft than clubbing of

neutrophils should be used., The final criterion for
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successful aohiévement of the chimeric state shouid be the

ability of the reoibient‘animal to accept tissue grafts such

a8 kidney and skin from the donor. |
Experiments. now in progress are beginning to evaluate

thé above outlined parameters.‘ Encouraging results are

being obtained in animals receiving treatment in the 1ow-

lethal douo range (8 mC per 1b of body weight) given homologous

bone marrow and subsequently evaluated by means of kidney

and.skin homografts.

5. Conolusions

1. Administration of bone marrow autografts is capable
y0.

of saving the lives of dogs given lethal radiation with
DIPA. - |

2, “Succesaful boné marrow homografts can be aohieved -
by using the qu-ﬁTPA prooédure, |

3, Following the adminiatration of autologous or
homologous bone marrow, evidence of an early returnvof

hematopoiesis and lymphatopoiesis i3 seen histologically and

in the circulating blood.
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-l.APPENDIX 3

Comparabivc Douagc in Louvc and Dop, Bone lMarrow on

Exposure to bu-lv k—uay LLdMu (km«lleCavity Erfects, Cortical

Bone Absorption Iffect)

Bone, bccause of its relatively high electron.density,
absorbs nore radliant enérgy than'does a comparable volune
of soft tissue at an equivalent depth in the body (88). The
high flﬁx of secondary photoelectrons produced in bone can
increase the energy absorbed in the small cavities surrounded
by the'bonerto a éigniflcant degree if these small cavities |
_havevdimenaions éomparable to the range of the photoelectrons.
Spiers (33), using mdnoenergetic X-rays (lémbda = 0,13A4)
characteristics 6f thosé produced by the éoo-to 250-kv X-ray
machines, dbmongtratcd that this effect was quite significant
in cavities of the size of those occupled by osteocytes
and the Haverslan canals. Subsequently, this finding has
been widely used to explain the damage to viable bone after
radiatibn doses that had previbusly been estimated to be
nonlethal to osteocytes (89) o |

Epp, Woodard, and Welss (90) recently reported bone
‘marrow dosimetry calculations, Lakinb into account -the
samll-ca#ity effect, on mice exposed to 250-kv and Co60 photons,
Thelr primary interest was to sece whether or not differences in
the smalchavity'effect for photons of Qarious energles could

be used to explain possible RBE differences between 0060 Y rays
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and 250-kv X;fays. However, their data lend themselves to
the problem of contrasting differences in dosimetfy between
mouse and large-mammal bone marrow due to the small-cavity
effect, | , | |

Eor 250~kv X-rays, the average energy absorption in
the total marrow of mouse, takinginto account the smalle |
cavity effect, is 98,6 ergs/cmB/r (90).v If we-takev
approximately 2 mmvor greater as the size of the avérage
bone harrow cavity in dogs and other large mammals, we
have the average energy absorption in the bone marrow
cavity when exposed to 250-kv X-rays of 90.8 to 91.7
erga/cmﬁ/r (90)., Given the same exposure to 250-kv X-rays,
the mouse bone\marrow then receiveé between 6.9 and 7.8
ergs/cmB/r, or 7.5% to 8.6% more radiation than does the
bdﬁe marrow of large mammals, such as the dog. In addition,
the increased cortical bone thickness surrounding the
marrdw cavities of large mammals such as the dog causes
appreoiable‘attenuation of the photon beam, This 1is not
the case with the thin-walled bony cortex of mice (approxi-
mately 40 to 400 micra). The cortical bone overlylng the
femur of a dog 1s of the order of 3 to 4 mm in thickness
'(as'roughly measured in several dogs). If we take photon
of A= 0.13A (considered by Spiefs to be characteristlc of
those produced by éﬁo-ki X-rays) and. the absorption cénstants
of bone for 250-kv X<rays of A= 0,349 (33), then the attanu‘

ation of a 250-kv X-ray beam in passing through 3 mm of bone
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~1s approxinately 10% ~ Mouse boné cortex is much leus than
1/2 mm thick. The maximum attenuation 18 therefore less
than 1%. Ve may say, then, that with respect to cortical
atténuétion thé bone marrow in the dog femur receives
dpproximately»lees than,91% of the radiation receiﬁed by
‘mouse bone marrow at comparable tissue depths on.exposure
to the same 250-kv X-ray beam. |

- Combining the eétimatea made by considering thejsmall-v
cavity effect and Lhe cortical-bone-atteruation effect,
we have an estimate that 16% (approximately 9% + dpproximately
8%) less'radiatioh 1Blab§orbed in the marrow cavities of
large animals suoh as doga than in the marrow cavities of
mice, Of oourae, in the many homografting experimenta done
in mice, in which less energetic photons than those of the

250-kv X-ray machine were used, the small-cavity effect is

even greater than calculated, and the preferential irradiation -

of bone marrow is much more marked.
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APPENDIX B

Studies on the Intravascular Polysaccharide Associated

with Total-Body Irradiation: Occurrence and Significance with

Systemic and Gastrointestinal Beta Radiation

In 1958, A. C. Andersen described an interesting material
in the vasculature of dogs receiving supralethal total-body
X-irradiation (75). This subastance was found mainly in the
small vessels of the kldney and heart but often was present
: 1n the arterioles and caplllariés of the 1liver, meningés, and
gastrointestinal tract. The lumina of many of these vessels
appeared completely occludéd by globules of this ﬁaterial.
The surroundingvareas often contalned extravascular red
cells and fibrin, indicating that hémorrhage into tissue
may be 1nt1mately assoclated with the presence of large
globuies of this material 1in smali vessels,

- Andersen characterized this 1ntravéscular material by
histochemical téchniques and concluded that it probably was
a protein-poiysaccharide complex; he named it IVS (intra-
vasoular polysaéchafide). He studled tissues of other
mammals . (swlne, gulnea pigs, rats, mice, hamsters, monkeys;
and rabbits) dying from the acute radiation syndrome and
fouﬁd the.IVS material present (76). Animalé dying of causes
other than radiation damage dld not show IVS in thelr tissues,
- It would appear that the cohplex solubilities of this IVS in

the fixing Bolutionsfused in routine histologic procedures as
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well as the difficulty in distinguishiﬁg it on H and L
Bections have in the past kept many other investigators from
cbserving this material in the tissues of irradiated anihalé.

A clue to the origin'of this materlal appeared when
Andersen locally X-irrédiated segments of’exteriorizéd
small bOwei in the dog and later noted the appearance of the
IVS in the meninges of the brailn (91). Thisvremarkable
abscopal effect indicated that irradiation of the GI tract
was a ¢ritical factor in the produétion of this IVS,

The following study was undertakgn primarily to evaluate
the role of irradlating the gastrointestinal mucosa in situ
in the development of IVS.

Using systemically administeredAYgo chelated with DTPA
for producing supralethal total-body B irradiation, we have
noted the presence of large quantities of this IVS in the
‘appropriate organs, Y90 gilven orally ia not appreciably
absofbed from the gastrointeetinél tract, and,'being a pufe
B emitter, 1rradiates the gastrointestinal mucosa locally (92).
It was felt that compafiéon of the ability of total-body
B radiation (whole body 1ncludingvgastroin&mtinal mucosa )
wlth that of orally administered Y90 (gastrointestinal mucbsa
irradiation only) to produce the IVS of Andersen would gilve

‘Insight into the role ofvthe gastrointestinal mucosa in the

production of this material.
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1. Materialu and Methods

Forty«two purebred beagles between the ages of 6 months

o and 2 years were divided into systemically and orally

- treated groups. | Systemically Y9 -treated dogs were given
'.the material as the DIPA chelsate, as described in the body
of this paper. The ¥9° 6hloride (carrier-free) was administered
“orally to the beagles in 250 g of mixed beef and dog. rations
“after the beagles had been fasted for 2h4-hr, All dogs in
the total- body ﬁ«radiation experimonts were allowed to die
from 1rraaiatxon damage. Those in the gut B-irradiating

| experiments were sacrificed on the 7th day. Post mortem
examinations were performed and the tissues were placed 1n |
Bouin's solution. The tissues were embedded either in
celloidan or paraffin, sectloned, and then stained with H
and E, Pollak's trichrome, and methylene blue. In order to
estimgte the dosage in the gut-irradiation experiment, five
"dogs were given barium gulfate with 2 to 4 mC of ﬁarrier-
free Ygo'chloride added, and then serial X-rays of the
abdomen were performed to determine the progress of the
bolus of barium through the gaétrointestinal tract. From
this, thé time of contact of the barium sulfate bolus with
various portions of'the gastrointestinal traét could be
estimated. In thils series of experiments, castor oil wa?
given by mouth and'énemas were performed when the bariumg

sulfate was noted to be in the colon. This was done to
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minimize the time of passage of the barium sulfate through
the large bowel.. All IVS eétimutions were done on the basis
of 100 power-maghification_Bufveys of 1.5 x 2,0 cm sectlons

of heart, lung and kidneys Stained with Pollak's trichrone,

2. Experimental Results

a. Dosimetry calculations

There are many variables involved in the dosimetry of
orally administeredkisotopeé. At best, onefcan.hope for only
a "barn door" type of estimation. The following assumptions
were'made in'arriving'at our particular estiﬁation of the dose
recelved in the dogs given Y9O Cl3 by mouth in thils series:
(&) The 250 gvof food given orally remained as a
“bolus of approximately 250 g throughout the passage through
the gadtrointestinal tract, »
| (b) The density of the meat and fbod in this bolus
was approximately equal to the density of water.
| (¢) The y90 was dispersed equaliyrthroughbut all parts
of the food bdlus, and this dispersidﬁ did not change during
paésage thyough the gastroihtestimal,tr&ct..
(d) There was no selective absorption of Y22 on the
mucosa, and the Y90 remained intralumenal at all times,
(e) The radiation flux at the surface of the bolus was
one-half the equilibrium flux within the bolus,
In Fig. B-~1l, dx represents the slice in the middle of the
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bolus in which'eq&ilibrium has occurﬁed; that 1s, the

number of P particles giving up their energy within this

‘ volume 18 equivalent to the number of B particles

_ originating wlthin this volume. The dx' represents a thin
slice at the surface of the bolus. Iﬁ general, it can be

sald that in dx the B particles éhﬁer the'slicé from both
sides; however, with the thin slice dx' lying on the

surfaée, £ particles can enter it from énly one side, We

can then foughly say that the flux 6f particles passing through
the slice dV'_at the surface of the bolﬁs is épprdximately

1/2 the flux of particles passing through dx, If we consider
a slice, dx, having a volume of 1 ml ahd being in equilibrium
with the &erounding solution of the bolus, i1t can be sald
that the encrgy of the f particles emitted from this volume per
minute (and also the energy given up by the B particled in
this volume during thelr passage through 1t).gan be glven by

the equation

Vol. of dx x number of mC in bolus x dpm/mC

E = VoI, of balus

X av, energy per disintegratiéﬁ.
For the case where the volume of the slice dx is 1 cc, the
- volume of the bdlus 250 cc, thevbolus cohtains 1 mC Y90, the
average energy of the Y9O B taken as 0.9 Mev and expressing
the energy 1n rads we obtain the following: |

-6

(1/250) % (2.22 x 102 dpm/mC) x .9 Mev) x (1.6 x 10”° ergs/

Mev) x (107 -2 rad/érg)
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This is apbfoximately equa1't0‘0.128 rad/min/mC given

up in the volume dx. The amount of énergy given up in

- the volume of the thin surface slice dx' is one half of

this amount or apbroximately 0,064 rad/min/mC. Table B-I1
lists the average time of contact of the bolus with the
mucose Iin varioha portions of the gastroilntestinal tractf
These figures aré the averages of estimates obtained from
five separate dogs. If the value (in rads/min/mC) given up
to the'VOlume di' 1s multiplied by the time the bolus stays
in contact with the huccsa of various portions of the GI
tract, the dose values per mC administered are obtained
(jrd‘cblumn of Table'B«I).l To determine the total radiation
éxposUre_of.various portiohs of the GI tract in a given dog,
one s1mp1y multiplies the number given in column 3 of this
table by the number of mC of y90 given the dog. These o
dosimetry éstimatiohs afe by necessity rough approximations,
but.afe quite helﬁful in orienting us with respect to the
level of Y9O required to produce effects that are evident'.
eclinically and histdiogically. Note that since the time of
passage throdgh the large bowel was measured after castor .
0il and enemas were gilven the control”seriés of dogs |
'receiving barium sulfate, the time of passage through'thé
large bdwe;'Was necessarily a minimal one; The time the
bolus spent in the large bowel of the dogs subsequently

given large doses of Y9O was a variable which was uncontrolled;
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Table B-I. Dose to various portlons of G-I mucosa after oral

administration of Ygo'in 250-¢ bolus

Sy
Bt

Average tinme © Estimated
: bolus was 1n , dose 0
/ ~ contact with per mC Yo
Organ mucosa administered
N (hr) (rad/mC)
Stomach - 2.2 8.45
Small intestine - 2.5 9,60
FEELarge intestine >12.5 .48

8pimes obtained from evaluation of serial X-rays in five dogs

glven BaSOu.
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therefore, the estimate of dosage to the large bowel
represents a minimum, and the dosage probably received by

the large bowel was greater then the calculated value.

L, Sxétemic S-Irradiutlon Using v2O_prpa
Table B-II summarizes the data obtained from a.series
of dogs glven Y90~DTPA‘systemiqally.by the method described
in the body of this paper. The estimated radiation doses in
rads are lilsted fof the gastric‘mucosa) 11eum aﬁd colon,
The radiatiuh dose to\the other tissues of the body can be
found by comparing the gasﬁrbinteﬂtinal dose glven dn this

table with the tilssue distribution and dosimetry data given

‘in Table II of this report, DNone of the animalas were

sacrificed, all died as &a résult of irradiation or spontaneously
from other causes. The degree of petechlal hemorrhage was
estimated at the gross post mortem examination on the basis

of the number of petechial or purpurlc lesions present in

the gastrolintestinal mucosa, pleura, lungs, heart or kidneys.

The preternlnal platelet counts 1listed are the last platelet

count performed prior to the death of the animal., In .practically

all instances thils was one to three days prior to the aniwals!

death, The quantity of iVS present was evaluated independently
by two obaseivers, If only one or two particles of IV5 material
were noted 1n all of the sections examined then the animaliwas

scored as 1+, If IVS could readily be recognized in the tissues
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upoh initial examination but a larpge fraction of the small
vessels were free of this material.then the énimal Was
scored\és 2+, I most of the small vessels observed in the
tiuéue contalned IVS then the animal was scored as 3+ or U+
depending.on the amount of the material, An animal was
considered to have unequivocally siznificant quéntities of
IVS 1f scored 2+ or greater,

The animale listed on the upper portion of Table B-II
all had 2+ to 4+ IV3 in their tissues, All of these ahimals
had petechlul hemorrhages and none of thém had severe
thfomobycoponia preterminally., Ilve of these animals died
between the 12th and l4th days after irradiation., O0Of the
remaining animals, three died between 4 and 7 daye and one
died at 24 days following irradiation,

on the lower portion of Toable B«II_are listed the
animals having 0O to 1+ IVS in theilr tissues at post mortem
examination, Only one of these, Dog No, F-19, had petechial
homovrhagwﬁ. This dog had Jjust trace quantities of IVS in the
tigsue sections that weore examined, All other animals had
neither petechial hemorrhages nor significant amounts of IVS
and had survived 206 days or'more‘after'irradiation.

The clinical course, hgmatologioal ana pathological
findings on bhwsé dogs are ﬁrcaented elsewhere in the bodi
of this repoft. | |

| Theve rouuita in dogs irradiated using Y90~DTPA show |
that: wsignificant quantities of IVS can be found as early
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as 4 days and as léte as éM dayu after.irradiation;.-petechial

hemorrhage.wus ﬁresenf in ail caucsiwhere IVvaas present.in

2+ quanty or greater; the pétechf&e could‘not be the résult

ofvthrOmbocytdpenié; B
'The.diatfibutibﬁ‘dfcthe.IVS in the ﬁisSués of these

dogs given‘Y9O@bTPA was exactly similar to that seen in the

»X-irradiatéd doga beported'by Andersen (75, 76, 91). )

The kildney was the oréén.th&t_Containéd by fér the
largest amount of,the IVS‘material;(seé Iig. B-2). The heart
6ften_shoWed_thc IVS material in'th@‘small‘blood vessels in
the myocardium, The'iinr Was another fréquent site for
flnding the VS material, particularly in those animals dylng
soon after ifradiation - that-is,vw1thin 7 days; The IVS
was found iﬁ many other matcrlals; ygry frequently in the

l ; gastrointestinal traét, submucosally, and within the small .
blood vessels supplying the villi.v
It was noteworthy that, im,frequent assoclation with

intravascular polysaccharide plugs occluding the entive

lumen of a suiall vessel, red blood céils and'fibrin were
noted extrévasatedlin the tlssues around the oécluded blood
vessels. This suggested thatvthé IV3 was émbolic:and cauged
an infarct, With'loss bf vascular<integriﬁyl in the small
vessel which it 18 geen plugglhg.‘-CéPtain gross characterh.
igtics of this‘IVS'material/can be'inferred from considering
“histologic plctures, asuch as Figufe‘B—b, in which a particle

~of IVS 1s seen straddling the bifurcation of a vessel., Such
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ZN-2991

IVS seen in vessels in kidney of dog #2A (above)

and dog #234655 (below).

Fig. B-2.
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ZN-2988

IVS seen straddllng bifurcation of pancreat:.c blood

Fibo B“Bo
‘ ' vessel in dog. #2A
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histologic demonstrations seem to indicate that the material
is at least somewhat plastic ahd can be molded to the shape\
of the vessel in which it finds 1tsclf, much like a drop of
fat or a drop of 01l in aqueous solution._

Table B-III summarizes the rebulta obtained from the
gut-irradliation studies using orally administered Y90013.
Animals ( 3 to 6 kilos) reéeiving 29 mC of more showed
depression, anorexia and diarrhea beginning the'sgcond to -
third day following the feeding of Y90013. The symptoms
progressed-and all animais were aacrificed on the Tth day
after the administration of the radioisotope. Blood values
remained within the normal range throughout the experiment,
Gross examlnation at sacrifice revealed no lesions in dogs
recelving less than 29 mC Y90C13; but those recelving more
than this doée generaliy showed.pulmonary congestioh, hyperemié
of the ldiver, mucosal hemorrhages in the distal small
intestine, and denudation of the colonic mucosa. Dog No.

1-C also had multiple pulmonary petechiae., These lesions
were confirmed histologically., 'Nomaof these animals had
significant amounts of IVS in their tissues.

It 18 of relevant 1nterest that similar dogs glven
orily 1 to 9 mC of Srgo as a °r90 Y90 equllibrium mixture
(activity of ¥7° equal to that of Sr°°) by mouth uniformly
died between the 6th and 7th days following its administration
- (93). These dogs given 1 mC or mdre of sr2°-v29 ghowed
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Table B»III; IVs survey following oral administration of

'3(90c1:5
3
o5 . Petechial
g ~ Dose hemofrhage'
-8; g (Pads_to}mucosa) ' %aga;§§§%£é;e

Dog o 5 » Small Large irradiation IVs

no. & 9§ Stomach  bowel bowel (O-4+) (0-4+)

5-F 2.0 17 19 96 - —~

5-G . 2.0 17 19 | 96 e -

33-A 3.7 3 36 178 - -

22-E 3.7 31 36 178 - -

5-E 4,0 34 58 192 - -

5-H 4,0 Bh 38 192 - -

8¢3 7.3 62 70 350 - _—

D-24 7.3 62 70 350 - -

F-I 14.6 123 140 701 - -

22~F 14,6 123 140 701 —-— -—

1-D 21.0 Vud 202 1008 - -
97-B 21,0 177 202 1008 — e
B-24 29,3 2u8 281 1406 + +
c-24 29,3 248 281 1406 + --

1=C  37.0 513 355 1776 + --
M-8 58.5 4ok s62- - 2808 e + o
20-B 58,5 Lol 562 2808 + —
12-¢  87.8 Th2 843 4214 " --

Symptoms -~ Progressive Incrense
above 29 mC showed anorexia,

Dose

to 3 days prilor to sacrifilce.

‘ _ Hlstopachologg:}
- eblon #ucosk in dogs receiving{éver 20 mC Y C1

T dlarrnea With incrcasing dose.
1istlessness and bloody diarrhea

Jgvere necrosis of :
. .

>3
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complete denudation of the 1nte§tinal‘mucosa from the mid-
JeJunum distally including the ileum and colon. Extenslve
hemorrhagic’lesions'wére also noted in.the lungs, spleen,
lymph'nqdes and marrow cavities and IVS was found within
all oréans examined, _

. Thevdisorepancy between both the groés pathologic and
histologic lesions seen 1n the dogs receiving 2 to 87.8.mC ,
3'oraily, reported hefe, and that seen in the dogs -
receiving 1 to 9 mC Sr9

y20c1
O_Y9O’ previously‘reborted, may
possibly be uAplainCd by the metabollic differences between
divalent yttfium and trivalent strontium. 5 to 60% of

orally administeréd strontium-90 i1s absorbed systemlcally .

as compared to less than 0.05% absorption of orally

administered yttrium-91 (92). While the yttrium remains

1ntralum1na1vand simply passes over the mucosal surface,
theVStrontidm passes through the gaétrointeatinal mucosa to
be absorbed systemlcally. It is not unreasonable to assume
that-ﬁhcvproccss of absofption of the strontium prolongs
the contact and prokimity of bhe‘pUre beta-radloactivity
with the gastfointestinal mucosa thereby greatly 1ncr¢as1ng
Ats radiation dose. Followlng its absorption and prior to .
90

its eventual accumulation in bone, the Sr may irradiate.

structures far removed from the gastrointestinal tract.



146

3. Discususlon

The pattcrn‘pf'radiation damage as well as the dose-
response is different for Sr9O~Y90 equilibrium mixtures
. versus YQO alone, The damage due to 29 to 80 mC Y90 siven
orally 18 to a large extent linited to the mucosa of the large
bbwel; petechlial hemofrhages are not characteristically seen
in structurcs other than the GI tract and IVS is not found,
Oral adminiatxatiqn of 1 to 9 mC Srgo as Srgo—Ygo
eQuilibrium mixtures produces systemic damage mimicking
total body X-irradiation, In this dose range Sr90~Y90 will
produce nucosal denudation of the .small bowel assoclated with
widespread petechial hemorrhazes and IVS,

The resulis obtalned from the oral administration of
904

large doses ol Y establisihh that destruction of colonie

3
macona, per sc, 1s not assoclated with the'appearancc of
significant amounts of IVS. COther experiments (91), have
established that destructlon of small bowel mucosa by 1100
td_l?OO red of Xeirradlotion cdocs produce.petGChial hemorrhages
1n'hon~1rra&iated ofgans (kidney) associated with IVS but not
assoclated with thrombocytopenin., Destruction of simllar
segments of siall bowel mucosa by manuel trauma or the
1ntrélum1nal 1aJcct;on of boilling water in non—irradiatéd
animls resultced in dezth of the mnimals in 3 to % days without
assoclated petechial hemorrhages or IVS in other organz,
Irradiation of the'thofax or liver alone with 1100 rad of .

X-irradiation also did not produce widespread petechial
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hemorrhages or IVS in the dog (91). Dogs given high levels

of total body irradiation by fast neutrons (285,rad), 250-kv
X-rays (300 © to 350 r) (91);‘or Ygo.ﬁ~1rradiation (Table B-II
of this repbrt), deVelop‘petechial héhdrrhages and IVS;

It appears from thésé obacrvations that there 1s a strong
aSéociation between,widespread petechial hemorrhage follawingv
1rradiatiqn and the presence of IV3; that thrombooytopenia is
not preéent‘in many  instances where postirradiation petechiae
are observed and therefore thrombocytopenla cannot be the |

cause of the hemorrhagic diathesis in these ihstandea;'that

radiation destruction of small bowel mucosa with X-rays 1s

associated with the presence of IVS while the destruction of

colonic mucosa with beta radlation is notbasaociéted_with the

3

presence- of IVS3,

4, Concluslons

1. Evidence 1is presented that following systemla Y9O_
DTPA 1rradliation 1nAthe dog, p&téchial hemorrhage is assoclated
with the presence of IVS rather than ﬁhe presence of thrombo-
cytopenia, | |

2. A method for selective B«irradiatién,of the nucosa
of the gastrointestindl tract with Y90Ci3 has been presented,

3. Significant quantitics of IVS are not present after

"destructibn of colonlc mucosa by B~irradiaﬁion but as has

previously been demonstrated, 1s present after comparable

destruction of small bowel mucosa.



4, The radiation pathology
admiﬁiétration differs from that
orVSrgolYgo'equilibrium-mixtures
intestinal mucosal damage ocours

when using Ygo'alone as compared
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seen after oral YgoCIBA

seen with oral administratioh
and conparable local

at a much higher dose range

to spI0.y90,



3.

L.

Jo.

K.

149

BIBLIOGRAPHY

J. Cole, Biologlcal protection against radiation
through bone marrow transplantation. IXth
International Congress of Radiology 23, VII,
30 VII, 156-162, 1959. |

C. Congdon;,Bone'marrow transplantation in animals

exposed to whole body radilation. Symposium on
| ‘Antibody Production and Mechanism of Action,

Sponsored by Atomic Energy Commissiqp, Tennessee,
April 8 - 10, 1957. | |

Vos, M. J. DeVries, J. C. Collenteur, and D. W. Von
Bekkum, Tranéplantation of homologous and
heterologous lymphoid cells in X-irrédiated and
non-irradiated mice. J. Natl., Cancer Inst, gg,
No. 1, 53-72, July 1959.

W. Ferrebee and E, D. Thomas, Transplantation of

* marrow in man. A.M.A. Arch. Internal Med. 106:

523-31, Oct. 1960,

I. Haurani, E. Repplinger, and L. M. Tocantins, Attempts

at transplantation of human bone maprow in patients
with acute leukemia and other marrow depletion
disorders, Am. J. Med. 28: 794-806, May 1960,

A. Porter and N, P, Couch, Marrow treatment of

irradiated dogs. Brit, J. Exptl. Pathol. 401
52"56), 19595 '



150

7. G. Stecher and . Sullivan. Réﬁherches experimentales sur
les graffes de moelle autologue et homologue'chez
le chien irradi¢ aux doses léthales. Sang 301 782-3,
1959,

8. @G. Mathe, Application of hematopoletic cell grafts to the
treatment of leukemias and allied diseases. A
eritical review. Blood 16: No. 2, 1073-1088,
Aug, 1960. v

9. L. D, Thomas and J. W. Ferrebee, Irradlation and marrow
trangplantation studies in Cooperstown. The
Lancet, 1289-1290, June 11, 1960.

10, J. W. Ferrebée,'Factors affecting the survival of

transplanted tissues. Am. J. Med. Sci. 235: No, 4,

369-386, April 1958,
11, D. W. H. Barnes and J. F. Loutit, Treatment of murine
~leukem1a with Xfrays,and homologous bone marrow,
Brit. g; Heamatol. 3: 241, 1957.
12, E. L. Simmona and M., L. Griem, Irradiation dose levels
required for tumor sterilization. Radiation
Research 12: Ne. 4, April 1960 (ebstrect).
13. N. B. Kurnick, B. H. Feder, A. Montano, J. C.iGerdes,
- and R.'Nakamura, Some observations on the treatment
of post-irradiation hematopoietic depression in
man by the infusion of stored autogenous bone

marrow, - Am_Internal Med. 51; 1204-19, Dec, 1959.




151

\

14, J. J. McGovern, Jr., P. S. Russell, L. Atkins, and L. W.

15.

16.

17.

18,

19,

K. A.

Webster, Treatment of terminal leukemic relapse by
total-body irradiation and intravenous 1nfuai$n of
stored autologous boné marrow obtained during
remission., New Engl. J. Med. 2601 No. 14,‘675-

683, April 2, 1959, | |
Newton, J. G. Humble, C, W. Wilson, b. L. Pegg, and

M, E. G. Skinner, Total supervoltage irradiation

- followed by the intravenous infusion of stored

T. T

L. D.

J. B,

autogenous marrow, Brit. Med. J, 1: No, 5121,

531, 1959.

Puck, Quantitative studies on mammalian cells

- 4n vitro. Rev. Modern Phys. 31: No. 2, 433.447,

April 1959. | ,

Thomas, H., L. Lochte, Jr., J. H, Cannon, O, D.
Sahler, and J, W, Ferrebée, Supralethai whole body
1rrad1ation and isologous marrow transplantation in

man. J. Clin. Invest. 38: 1709-16, Oot. 16, 1959.

Atkinson, F, J, Mahoney, I. R. Schwartz, and J. A.
Hesch, Therapy of acute'leukémia by'whole-body’-.

irradiation and bone marrow transplantation from an

1dentical normal twin, Blood 141 No. 3, 228,

March 1959,

J. Aleksandrowicz and J. Bllcharski, Leucemie chez deux

gsoeurs jJumelles (monozygotes) essal de traltement
par la granfusion de la moslle osseuse, Sang 31t
49-56, 1960. |



152

20. E. D, Thomﬁs, E. C. Herman, W. B.‘Greenough, E. B. lager,

J. H. Cannon, O. D. Sahler, and J. W. Ferrebee,

- D

 frradiation and marrow infusion in leukemia,

x

Arch, Internal Med. 107: No. 6, 95-111, 1961, B

21, @, Mathe, Transfusion et greffe. de moelle osseuse homologue

chez l'homme. Antibilotilca et chembtherapia §z 395~
‘412, 1960, | |
22, -=w== A Clinico-Pathologic Conference. Total body

fe

radiation in acute monocytic leukemia. Am.
Med. 25: 430, 1958. |

23, G, Matheﬁ H. Jammet,vB. Pendic, L. Schwarzenberg, J. F.
Duplan, B, Maupin, R. Lafarjet, M. J. Larrieu, |
D, Kalic, and Z, Djukic, Transfusions et greffes
de moelle osseuse homologue chez des humains

irradies a haute dose accidentellement. In Revue

francaise d'études cliniques et biologiques 4y
 No. 3, 226-38, 1959.
24, H. Rothberg and J. Akéroyd, Observationsa on chimpanzees
| after whole body radiation and homolbgous bone

marrow treatment, Clin, Research 63 207, 1958.

25. M. J. DeVriles and 0. Vos (Medioal Biological Labofatory
Qf'the National Defense Research Council TNO, Rijswijk
Z. H. Netherlands), personal comnunication,
26, E. D, Thomas, C. A. Ashley, H. L. Lochte, A. Jaretzki,
| 0. D, Sahler, and J. W. Ferrebee, Homografts bone
marrow in dogs after lethal total body radiation,

Blood 1li4: 720-36, 1959.



‘-

27.

28.

29.

30.

31

2.

33,

T

35 ."

F.

A.

C.

H.

F.

L.

153

J, Cole (U. 5. Naval Radiological Defense Laboratory),
Personal communication,

E. Newsome and R, R, Overman, The effeot of homologous
marrow transplantation on the survival of monkeys
following sublethal whole-body radiation. Blood 16t
No. 6, 1762-68, Dec. 1960. |

Hollaender, Radiation Bilology, Vol. I part II, (McGraw-

Hill Book Company, lew York, 1954), p.‘930.'

C. Congdon, D. Uphoff, and E. Lorenz, Modification of
acute irradiation injury in mice and guinea pigs
by injection of bone marrow: a histopathological

study. J. Natl. Cancer Inst. 13: 73-107, Aug. 1952.

Quastler, The nature of intestinal radiation death.
" Radiation Research 4: 303-20, 1956,

C. Andersen, AEC project No. 4, 6th annual progress
report, July 1957. Contract HT (11-1) gen. 10,
School of Vetérinary Medicine, University of
California at Davis, California.

W. Spiers, The»influence of energy absorption and

- electron range on.dosage in irradiated bone,
Brit. J. Radiol. 22: No. 261, 521-33, 1949,

E. Billingham, Reactions of grafts against their host. -

Science 130: No. 3381, 947, October 16, 1959.

J. Cole and R, M. Garver, Abrogation by‘injected mouse
blood of protective effect of foreilgn bone marrow

in lethally X-irradiated mice. Nature 184s 1815,
“Dec. 5, 1959.




36.

37.

}8‘

39.

40,

41.

4o,

Je

- peritoneal exudates. Am._J. Physiol. 200: No., 1, - : .

M.

Re

effects of radicactive internal emitters and X-rays !

154

Cole .and [i..M. Carver, Homograft-veactive large

mononuclear leukocytes in peripheral blood and

147-51,:1961., S : o L
Congdon, T. Makinodan, N. Gengozian, J, C. Shakarchi, ; |
and I. S. Urso,~Lymphatic tissue changes in lethally

irradiated mice given spleen cells intravenously.

J. Natl. Cancer Inst. 21: 193, 1958.

Mitchison, Pagsive transfer of transplantation.

immunity. Nature 171: 267, 1953.

Yoffey, Quantitative Cellular Haematology., (Charles

C. Thomas, Springfield, Ill., 1960)
Wissler, F, W, Fitch, M. F. LaVia, and C. H. Gunderson,

The cellular bagis for antibody formation. J.

Cellular Comp. Physiol.végz suppl. 1, 265-3C1,

Dec. 1957.
. Mathé, L. Hartmann, A. Loverdo, and J. Bernard, Essai

de protection par l'inJection de cellules medullaires
iéologoues ou homologues contre la mortalite{produita -

par lt'or radlo-actif, Rev, franc. d'étudés clin.

biol. 3: no. 10, 1086-87, 1958,

Salerno and H, L, Friedell, A comparison of'the , _ &

on antibody formation; Raediation Research 9: No, 4,

L78-86, Oct. 1958.



3.

ul,

ks,

46,

L7,

48,

E.

Ho'

155

Stiffel, B. N, lalpern, B. Houton, G. Biozzi, and G.
Nathé, Effeots-comparcs des doses infralethales et
~lethales d'irradiation x sur 1'activite phagocytaire
du systeme reticulo-ciidothelial chez la souris. Rev.

franc. d'dtudes clin. biol. 4: No. 2, 164-66, 1959.

L. Dobson, J. W. Gofman, H. B. Jones,‘L. S. Kelly, and
L., A, Walker, Studies with colloids containing

radloisoto es of yttrium, zirconium, columbium and

lanthanum. J. Lab. Ciin, Med. 34: No. 3, 305-12,

March 1949, | |
Kfamer, A. Welss, A. Coldman, 3. Kraln, S. Soumerai,

and R. O. Gorsdn, Lethal total body irradiation in

mice by parenteral administratlon of a radioactive

{sotope. Radiatlon fesearch 12: No. 4, April 1960.
(abstract) - o |
Foreman, The pharmacology of some useful chelating

ageﬁts.' In Metal-Binding in Medicine, Ed. by M. J.

seven, (J. B. Lippincott, Philadelphia, 1960).

Kroll, S. Korman, E, Siegel, H. E. Hart, B. Rosoff,

4. Spencer, and D, laszlo, Excretion of yttrium and
lanthenum chelates of cyclohehane 1,2-trans diamine
tetraacetic acid and dlethylenetriamine péntaaoetic,

acid in man, Nature 180: 919, 1957.

W. Wright, E. I. Wyatt, 5. A. Reynolds, W. S. ILyon, and

T, H. Handley, Nuclear Sci. Eng. 2: 427, 1947, as -



hg.

50.

b51.

52.

53.

5“.

55.
56.
5T,

58.

156

quoted in Rev., Modern Phys. 30: No. 2, part II, -,
662, April, 1958. | o
D. Strominger, J. M. Holiander, and G. T, Seaerg, Table

df isotopes. Rev. Modern Phys. 30: No. 2, part II,
 660-62, April 1958. o
---=-National Academy of Sciences - Natlonal Résearchv_
Council. The radiochemlstry of barlum, calcium and

strontium. MNuclear Sciences Series NAS-NS 3010,

S.‘Reynoldsy(Oak‘Ridge National Laboratory), personal

communication.

8. B. Garfirkel (National EBurcau of Standards, Radlo-

activity Section), personal communication.
Natiohal Burcau of Standards. ‘Preparation, maintenance and
" ~applilcation of standards dx,radioactivity, Circular
J;’Schuoley; [ymphocyte output and lymph flow of}thqradlq‘

and right lymphatic ducts of anesthetized rats.

Proc. Soc. Lxptl. Biol. Med. 99: 511-13, 1958.
B. Zondek and‘R, Black, ia normal human urine toxic?‘

Proc. Soc. Exptl. Biol. Hed. 61: 140-42, Peb. 1946.

C. Papp and [, S, Smith, Urea, the forgotten diuretic.
CBrit, ped, J. 2: Ho. 5050, 906-11, Oect. 19, 1957.

R. L. Cecil and R. F. Loeb, A Textboolk of Medicine, loth

Ed., p. 1063 (W. B. Seunders, Philadelpbia, 1959).
H. R. Bierman, The hematologic role of the lung in man,

Am. J. Surgery 89: 130-40, 1955.



59. .

60.

61.

62.

63.

65.

66.

67.

:

1.

P,

C.

R.
R.
B,

B.

M.

A

157

Askéhas; J. H. Humphrey, Formation of antibody by

%solated perfused lungs of immunized rabbits; the

"use of ﬁ&d] amino acids to study the dynamics of

S.

B.

'antiquy secretion.- Biochem. J. 70t No. 2,
- 212-22, Oct. 1958.

Edelman and J; Leibmén, Anatomy of body water and
eleétrélytes.'gm, J. Med. 273 256-T77, Aug. 1959;
Kunkler, R. F} Farr, and R, W, Iuxton. The 1imit
of renal tolerance to X-ray. Brit. J. Radiol. 25
190—200, 1952.

w1lson, J, M., Ledingham, and M. Cohen, Hypertension

S,

We

Js

a,

M.

following X-irradiation of the kidneys. Lancet 13

9-16, 1958.
Cogen and I, I, Ritter, Radiation nephritis. _Qg; Jo

Med. 24: 530, April 1958,

Luxton, Rediation nephritis, Quart. J. Med. 221 215,
1953, | |
Grossman, Radiation nephritis. J. Pedlat. A7

you, 1955,

Lamson, M. S. Billings, L., H. Ewell, and L. R. Bennett,
Late effecté of tofal body‘irradiation.- Iv. Hyper-
tension and nephroscleroeis in ferale Wistar rats
surviving 1000 r hypoxic.total body 1rradiation.

A..M. A. Arch. Pathol. 66: 322-329, 1958,

Mendelsohn and E, Caceres, Effect of X-ray to the

" kioney on the renal functlon of the dog. Am. J.

Physiol. 173: 351-54, 1953.



68,

69.

70.
'_71;

T2,

73.

Th.

75.

O.

C.

A,

H.

158

Page, Production of nephritis in dogs by roentgen
raya,.Am. J Med. Sci. 191: 251, 1936.

Folin and H., Wu, Quoted in J, A. Kolmer, E. H. Spaulding,

and H., W, Robinson, Approved Laboratory Technic,

5th Ed. (Appleton~CenturyaCrofta, Inc., New York,

 1951),

0.

Allen, M._Sahdersbn, M. Milham, A. Kirschon, and

L. 0. Jacobson, Heparinemia. J. Exptl. Med. 87: Ti-
85, 1948. | | |
Jacobson, E, L. Simmons, E. K. Marks, and J. Eldridge,

ReéoVery from radiation injury. Science 1l13: 510-11,

Jaecobson, E, Simmons, E. Marks, E. Gastdn, and J,

S.

Kolar, Immune response in irradiated mice with

Peyers' Patch shielding., Radiation Research 12:

No. 4, April 1960 (abstract).

. Craddogk, W. S. Adams, 8. Perry, W. A Skook, and

J. S. Lawrence, The dynamics of platelet production
as studied by depletion technique in normal and
irradiated dogs. J. Lab. Clin, Med. 45i 906, 1955.
w1nchell, S. Gollub, L. Ehrlich, and A, w. Ulin,

‘Thrombocytopenia and hypocalcemia. urgegx ng

No: 3, 357“65; MarCh 1959,
Andersen, A substance observed within the vascular

system of dogé reoeiviﬁgllethal exposures of whole- .

body X-irradiation. Radiation Research 6: No., 3,
361-70, 1957. |



-

76. A,
77. E.
78. E,
79. 4.
8o, J.
81, E.

F.

A

W,

B,

159

Andersen and E, Wooten, Further studies on the

gcourrence of an intravascular substance related

to the hemorrhagic syndrome in the whole-body

' X~1rradiated dog. .adiation Research'z:.No. 3,

299, September 1957 (abstract).

Groilman and A, Grollman, Toxicity of urea and
its role in the pathogenesis of uremia., J. Clin.

Invest.. j8 No. 5, T49-54, May 1959,

'Alpen and 5. J. Baum, Modification of X-radiation

lechality by autologous marrow infusion in dogs .
Blood 1%: No, 12, 1163-1175, December 1958.
Mannick;'H.-L. Lochte, Jr., C. A. Ashley, E. D.
Thomaa, and J W, berrnbee, Autografts of bone
marrow in dogs after lethal total body radiation.
Blood 15: No. 25 255~66 Feb, 1960.

Goodman ‘and C C. Congdon, The Lilling effect of

blood-bone marrow mixtures given to 1rrad1ated

miceg Radiation Research 12: 439, 1960 (abstract).

Hager, J. A.-Mannick,'h. D, Thomas, and J. W.

Ferrebee, Dogs that survive "lethal" exposures to

radiation., Radiation Research 141 No. 2, 192-205,
Feb. 1961, | |

: Porter, Use of the sex difference in morphology of

polymorphonuclear leuhocytes to 1nddcate survival

" of marrow homotransplants, Transplantation Bull, 4:

Noo 4, 129, Octo 19570



This report was prepared as an account of Government

€ sponsored work. Neither the United States, nor the Com-

" mission, nor any person acting on behalf of the Commission:

T A. Makes any warranty or representation, expressed or
o . implied, with respect to the accuracy, completeness,

"or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or
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or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.
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As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
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