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ABSTRACT
STUDIES OF THE HELOLYTIC EFFECT OF RADIATION

By

Samuel Schwartz, Elaine J. latz, Lillle Mde Porter.
Leon E. Jecobson, and Cecil James Watson™

Evidence is presenzed indicating that both acute and
chronic radiation anemia are du: in part to a hemolytic re-
action, and not solely to an inhibition of erythropoletic
activity as has been assumed by mosi investigators.

The hemoiyvi® concept is bused on the followlng evidence
tsken from a survey of the literature as well as from our own
experimental studies. (1) The red cell count in human and
animal subjects may fall et a rate that is faster than can
be accounted for by essuming evern 100 per cent inhibition
of erythropoiesis, (2) The rec¢ cell count may decline at
& time when the reticulocyte count is actually elevated,

:3) Histologlcal evidence of iicressed red cell destruction
has been demonstrated repeatedl:. {4, The bone marrow of

" humans that have anemia due to chronic radium poisoning is

typically hyperplastic, aot aplastic., {5) Increased bile

plgment excretion has beug show:i to occur following administra-

tioa of large doses of P3% or total body X ray.

Excessive irradiation aepp:eears to destroy both mature and
immature cells in increas @4 ~2mnunts, nore studies - of human
subjects are required to evaluave the importance of this
Lhemolytic factor, Special attention in these studles should
be given to bile pigment excretiovn and reticvlocyte measuremehts.

* Tmis investigation was sided by a grant from the Rockefeller
Foundation for medical research.
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STUDLSS OF ‘PHW WUMOLYIT: 70T of nDIaTION

oY

-

Samuel Uchwaritz, Elcipe 4. “wutz, Lillie Mee Porter,
Leco . cwcobson, and Cecil James watson*

iu introustion
Despite considersble study >f th2 nematological effects
2f radiation there is still little fundamental information
available cn the nature of redicticrn cpemia, eapecially as
regards the relative importance of hemolytic and regenerative
factors. Tinis hezs been due chiefly to ths fact that the in.

vestigative toolc used Lkeretofcre bhave tasn limited largely

to routine studies of the periph2ral blood. This has tended

to yvield & relatively static picture thabv is merely the end
result of « pumber of fectors such as the rate of productions
release from the bopne merrow, rpi lifePSpan of tbhe red blood
cells. Siludies correlating vore merrcw and peripheral blood
findings are few, and blochemicul Investigations of red cell
destruction have, to our knowliedge not been described, Even
reticulocyte measurements have hsen réported in only rare
instances.

In a review of the literature up to 1943, Cantril et al{l)
pointed out that most investigetors believed that the anemias
appearing both in humans and ir experimental apimals follow.
ing administraticn of either exterpal or internal radiation
are due o suppression ol the erythropoietic system, or to

abpormalities of regeneration. Zuring the preceding eighteen

* 9L s study was aideq in pArs L7 ¢ oranb irom the Rocketeller

T A et [ o P N e gy
Inna e ToT Uacteagt enant on
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years, Martland{zg7) repeatedly spoke of exhaustion of the
bone marrow due to chronic radium poisoning (despite his own
consistent evidence to the contrary, s noted below) acd more
receﬁtly Reinhard et al(a) in en excellent study and review

cf the therapeutic uses of po%

in diseasss of the hemopoletioc
system stated that "Radloactive phosphorus exerts its ther-
apeutio effect, as does x-radlation; by slowing the rate of
erythrocytogenesis. Since, however, mention 15 made neither
¢f reticulocyte counts or bone marrow studies to 1hdioate
the "rate of erythrocytogenesis™, nor of bile pigment excretion
ctudies to indicate the rate of red cell destruction, this‘
statement must rest on incomplete evidence.

While 1t is cbvious that suppression of erythropoiesis
ocours following administration of certaln types and doses of
raediation and may result in extreme aplasia of the erythroid

'(9)9 it appears equally obvious

elements in the bone marrow
that radiation anemia cannot be due to inhibition of
erythropoiesis alone; a hemolytic component* must play a
variable and often crucial role in the development of both
acute and chronic radiation enemia. Evidence for this
assumption is threefold, vis., histological, mathematical and

biochemical, as will appear in the followlng.

1.1 Histological Studies
(a) Bone Marrow Histology in Qhronio Radium Poison-

x
In the present report the term "hemolysis" is used to in-
dicate all types of red cell destruction, regardless of
their nature.

F119518
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ing. Studies of red cell metabolism probably have been most
important in humans w'.th chronic radium polisoning since anemia
has been the most consistent clinical feature of shis disease,
as well as the usual :ause of death. Because other radiation
emitters, now availabie, may be expected to act simliarly,

and because the confu:=ion regarding radiation anemia is so
well exemplified by tie literature on radium poisoning,

this subject will be dealt with kere in greatest detail, The
reports by Martland, ~speclally, will be considerqd since.

his studies have been most extensive and, in gemneral,most
valuable.

Martland has des:ribed histolegical changes in the bone
marrow of six individzals in the dial painting industry who
died of chronic radiuu poisoning. In the first cese (2)
he found that, "There was entire replacement of tie fatty
marrow of the fewmur by actively regenerating tissue; a
moarrow hyperplasia of the meg loblastic type."™* Ie also
observed that, "The s .leen showed....diffuse fibrousis and
slight increasé in he:wsiderin pigment." Before death
peripheral blood stud;” in this patient showed a hemoglobin
value of 20 per cent w=nd red blood count of 1,064,000,

(3)

In the second caue Martland reported that, "Necropsy

showed an intense replacement of normal adult fatty marrow

by a red regenerating bone marrow, Histologically, the

marrow was characterized by an enormous number of nucleated

. red cells, normoblasts and megaloblasts whici showed & re.

¥ 1t 1S not clear whe: her these cells were true megaloblasts,
or merely large csl 4. : '



generation of the megaloblastic type." A hemoglobin value
of 20 per’ cent and a red blood cell count of 964,000 were
previoualy reported before the death of the patiens (2 )o

The third case, reported by Reiter and Martland(4),
also showed a bright red marrow and ",.. & marked ery-
throblastic regeneraticn. The marrow consists almost en.
tirely of groups of clusely packed erythrocytes 1ln which
can be found many normoblasts and a few megaloblasis....
Considerable hemosiderin pigmen’ is prssent.”

In his fourth autopsy report (4) Mart}and deszribed a
"regenerative leucopenic apemia of the megaloblastic type."
Similer findings were wlso described innhis final :eport(7)
in which Martland notec that, "The general architecture,
Sstructure and landmark: were entirely obscured by he ex-
treme hyperplasia, with & packing of immature an¢ Hrimitive
cells. "

Martland®s evidence, therzftacs, consistently ladicated
heightened erythropoletiic activity of the bone marrow in
fatal radium poisoning in humans. Despite ‘this eviderce,
however, he concluded «fter his first case that, "There is
>a stage of stimulation followed later by sudden exiaaustion of
the erythroblastic certers with production of a ran»id fatal
apemia.” Of his second case (before the patient'sieath)
he said, "It is due to exhaustion of the blood forming

centers...." and even after nscropsy examination showed the

", ...lntense replacemert.... by a red regenerating bone

1118520



marrow". He said of the irradlation that it, "...may go on
for years before the centers are finally exhausted". This
hypothetical "exhaustion™ of the blood forming centers was
also mentioned in the discussion of hls later cases.
Martland was aware of this contradiction and polnted
out in his 1929 review of the subject{€) that, "The occur-
rence of this apparently hyperplastic marrow was puzzling
since, heretofore in the report of anemias due to undue
exposure to x-ray and gamma radiation from radioactive
substances they have usually been descrlbed as distinetly
aplastic in type. As in pfactically none of these cases
was necropsy performed or study of the bone marrow made,
this conception 1s purely a clinical one and may not al-
| ways be substantiated by the facts as we lnow them."
Martland repeatedly points out that the anemla 1s noS
a hemolytic one since the icterus index is normal and hemo-
siderin deposits are not increased as much as 1n pernicious
anemia. Obviously, however, these criteria are insufficiant
for ruling out the presence of a chronlc hemolytic anemia,
since the latter may be associlated wlth a normai icterus

index if liver function is adeQuate(lo)

, and since mention
of some increase in splenic and merrow hemosiderin 1ls mado
in a few of the detalled reports, as noted above.

A similar finding of a hyperplastic bone marrow in a
human with chronic radium poisoning has been reported by

Gettler and Norris(11), on the other hand, we are not

NEREYY
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familiar w~ith apy clear cut evidence of generalized bone
marrow exhaustion in chronic radium poisoning in humans.

(12) giptas only that,

Flynn's negative report of one case
"The bone marrow presented the same general condition as
is found in benzol poisoning.” This statement is ambiguous
since the bone marrow in benzol poisoning may be either

15% Neither 1s the extaent cf the

bypo- or hyperplasticf
post.mortem examination indicated by this author. It may be
concluded therefore that the typical bone marrow ip this con-
dition is not exhausted; it is actually hyperactive, as ore
would expect it tc be, for exemple, in ceses of chromnic hemo-
lytic apemia. It is alsc very similar to the hyperplastic
marrow described in dogs with experimental znemia due to
bleedingfl%j,

There are few published studies on the hematclogical
and histological findings in rsdium poisoching in experimental
animals, Even where adequate studies have bsen made, it should
be polnted out that the deoses rdminlistered were vastly greater
than those found in.cases of human redium polsoning., This is
especially important since aplasia of the bone marrow is
commonly assoclated with acutely lethal doses of both external
and interpal radiation, wher?as normal erythropoissis or hyper-
- plasia is assoclated with chronic low doses of radiation such
as were found in the human patientslg)a

Thomas and Bruner(l?) geve & total of 40 to 60 micro.-

grams of radium chloride subcutanecusly to four female rats

1119522
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over a period of 117 to 191 days. Post-mortem examination
showed that, "In all casvs, approximately the widdle two-
thirds of the shafts of the long bones contained a hyper.
plasstic marrow in which the fat cells were completely re-
placed by the red marrow. also, in all cases, an-aplastic
marrow was found in the extremities of all the long hones,
in the vertebrae, and mandibleéD end the illil of the in-
jected rats.” The authors point out that, "The grealer
concentra.ion of raedium in the ends of the bone accounts
for the earlier destruction of the marrow at these peints,

)
(16) gstudied the effects o boih

Sabin and co-workers
radium and mesothorium in rabdbits, In one of the rabbits
that developed an acute apemia these authors noted that,
"The signs were of a peripheral destruction of red cells;
mariked fregmentaticn of these cells, as seen in the cupra.
vital preparations and the extreme increase in iron-von.
taining pigment 1n spleen and bone marrow seen in sentions.”
Scattered areas of aplasia were noted in the bone marrow.

Dunlap et al{l?) fed a total of 100 micrograms of rad-
ium chloride to 13 rats over a 20 day period. Only one
animal developed a severe anemia. Extensive aypuplasia of
the bone marrow was found in all snimals., Abundapt lemo-

#.derin deposits were found in both spleen and bome narrow.

(b) Erythrophagocytosis Followinfg acute Radizcion Ex-
. (18)

. posure., iHeinicike ian 190 pointed out the cccurrcnce of
red cell destruction in rabbit bone marrnaw cbhoubt 48 lLiours

after acute Z.rey esposure, Iincreused pigmentztion in the

11198523



. . . , . . (17 19, 20)
spleen wae uiso doseribed.  other investigolors Y Y

have described similar phenomena. Tuis jproblem is declt with
in cunsiderable detuil elsewhere 1in these voiumes(al). It
nas‘also been reviewed, mlons with the genersl probiem of
the hemotological effects of radiation, by Selling and
Osgoodgzz}m

1.2 The Speed of Development of .cute Rediation fHpemia.

#hile there is no unanimity ragarding the life spun of the
red blood cells, most investigetions have indicated that

red cells remain in circulastion for an avcrage of 100, pius
or minus 30 days(zs‘?ﬁ"~ Assuming this figure to be correct,
it is obviods that compleis cessation of erythropoiesis alone
would result in mbout cne ner cent fell in red blcod count
{(or hemoglobin) per day. ieports frem various laboratories
indicate that during the psrindé of wm>st rapid developusumt

of apemis the rate of red couat {or hemoglobin) fall may be
much grester than th%sizos €7, 28, Eg)u

1.3 Biochemicul kvidepce cf Tncreasad Red Cell Testruc.

tion. Ve are not familier witlh ony cuantitetive ctudiss of
bile pigment excretion in irrsdiutec subjects that might te
used as & measurs of the rate of red cell destruection.

In & study of the effect of irradistion on cats, (right

—

and Bulman V! noted thet " ... with Tatal doses, 2 marked
anemin usually d=zvelops severzl days bvefore ‘reith. That

this mey be due to hemolyéis is sugzested by the greeunish
tinge of the plusme whick frequently ziver e pasitivé Fouchet

reaction end a positive indirect ven den Bergh for bilirubin.®

1119524



(31) quantitat~d total urine pigment

according to Heilmeyer's method and, like Heilmeyer(sz)p found

Haroldéd snd .Jeiszner

increased pigment excration following local irradatlon of five
femaie subjects with uterire tumors. This was interpreted as
being due to & hemolytic reaction. The quantitative inter-
pretaticn cof this data, howvever, is uncertaine

In May, 1945, we reported prelininary studies of fecal
urobilinogen excretion in four dogs givem 200 to 300 r total

(3%
body x. Tay Thess studics, as well as previous studies

on excretion of urinary bilirubin ip lrradiated dogsgaa)
indicated the presence of & hemolytic reaction following irrad-
iation. These studies, thcugh somewhat expunded in the pre-
sent report are still to be considered only explorciory in
nature. As such, they require further investigation,

especially in human sudjects

2. Materials and Methods

éol Sub jects
(a) Humap Stulles. 3Studies have been made of the

effect of P32 on hemoglobin and reticulocytes in seven
patients with polycythemis rubra vera. In only one case
-studied at the University of Minnesota, waz the
patient hospitalized; hence, blle pigment excretio.. studies
are limited to this one patient. The other subjecis were
ambulatory patients studied in the hematology clin:.a of the
University of Chicago., In ;he present report only those

studies that bear directly upcn the problem of hemeglobin

119525
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wetabolism «ill be deslt with. Othef studies of these
patients ‘ure describe¢ elsewhere in these volumes. (30}

The P92 uas admipistered orally in divided doses in
all.but twc instances. In the Lutter cases it was given
int ™wenously.

{ratients with apemia due to caoronic radium poisoning
have not bsen available to us for study. Fecal urobilinogen
excretion was found tc be norral in one individual with
minor tone chapges but po anemiz, Verious rezdiosactivity
measurements indicatec a totel tody content of 2.& zicro- .
grams of radium in ti;’a patient. It might te pointed out in
this regard that patients wit: so-callied aplastic or re-
fractory enemia of unknown etiology, have often been found
{10) tﬁ nave considerzble increases in excretion cf fecal

urobilinngen )

(b) Animal Studies. The effect on hemoglobir meiabolism

of both single and multiple drnses of totel body iiradiation
was studied in mongrei dogs. The tochnique of irradistion
is described elsewhere (35).

The animals ~ere kept in mstaboslism cages suitable for
the separat? collaction of uripe znd feces. Thé urine was
combined in consecutive ome to four day periods, the longer
periods being used during the chronic stages. Tie fecés
were simjlarly combined in thres to six day periocs,

The dogs were fed commercial dog biscults {Friskies),
generally supplemented with ment one or two times weekly.

Most of the apimals w2re cured for «nd studie” in other

1119452b



respects by members of the Biology Section whose reports
may be found elsewhere in this volume (87, 38, 39).

. 2,2 Analytical Procedurss.

{(n) Loutipe hematology studles included hemoglobin,

red blood cell, hematocrit, end reticulocyte counts. These

are reported in mure detail elsewhere (57, 58, 39),

{b) Bile pigment excrztion siudies. These studies,

it is generally sgreed, yisld the most reliable iniex of
the rate of hemoglobin destruction,
(1) Excretion of fecal urobilinogen was deter-
mined in both cog and huﬁan subjects by using
¥atscon's methol of analysisMO)o
{2) Biiirabian excretion was quantitatsd in dog
urine employing the method of Malloy and Eveiyn
as descrited originally for serum (4;)0 Reedings
were taker after 1f minutes and‘again after the
addition cf aicoholﬁ Eecause of the known low
renal threshold for tilirubin in di.gs (42) 4
considerable portion of the total bile pigment

may be excretsd in the uripe in these aninals.

(c) Red cell protcporpnyrip studiec, were Gone be-

cause of reports that this substance is significenily al.
tered in hypochromic zund infectious snemia (=0, 4a€c The

methoG of Grinstein and Yatsun wis used [45).

1119521
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3. Experimental
3.1 ‘The Effect of P°> on Hemoglobin Metebolism in Pat-
ients with Polycythemie kubra Vera.

'Cgsg 1 - A forty-six year o0ld white female re-
celved a total of 19.8 mc of P32 from October, 1944 to June, 1945,
Ten mc of this amount was administered intravenously on June 9
and 11, 1945. Her hemoglobin on June 12 was 16.2 grams per cent.
By July 31 it hed fallen to 12,5 with a red count 6: 5.7 million.
Twenty-eight days later it was 8.6 grams, and by October 2 had
come down to 6.7 grems with a red count of 2.66 million. Un-
fortunately no reticulocyte determinetions were done until
- September 27. From this date until October 13 the latier ranged
‘from 3.6 to 8.5 per cent. During this period fecal urobilinogen
excretion was two to three times above normal. The bone marrow
{biopsy) exhibited a marked normoblastic hyperplasia. Pertinent
étudies are plotted in Figure 1.

From the above data it is obvious that the patient deveioped

P32 edministration. This

a hemolytic anemlia followling the final
is shown by the elevated fecal urobilinogen excretion as well as
by the rapid fall in hemoglobin concentration despite an elevated'
faticulooyte couhto No blood transfusions were given during the
period of study.

Cases II to IV. Hemoglobin and rsticulocyte studies in

three other patients who received oral P32 therapy are summarized
in figures 2 to 4. It should be noted that there is no in-
dication from the reticulocyte counts of sufficient suppression

of erythropoietic activity to account for the

1119528
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bemoglobin 1), .Actually at least one ©¢f these patients
{i-B.} haé a8 definitely elevutied reticulocyte count during
part-gf th period of heanglobin fuil, Unfortunatsly,
howevar K the abséﬁce of bile pigment excretinn stailes in
thes2 patients makes it impossible to prove with cartainty
thé presence of a hemolytic reaction.

In Fipure 5 sre plotted the data on an indiviZual {£:.0.)
whose horoglobin, followin: other therapy, had fallen
to about 12 grams per cent. rollowing Lhe adialnisioration
of 18.6 mc P92 over a period of 24 days, his hemoglobin
rose steadily to about 17 grams. This study is important
because it indicates that normal erythropoiesis may follow
the administretion of this dose of P92,

In summary 3t should bs pointed cut that the jer cent
fsll cf hemoglobin values in each cof the above patients
(except 4. 0.) averaged about one per cent per dey over a
period of 14 to 40 days. RDuring the same pericd, aver ge
reticulocyte counts for the individual patients ranged
from 0.5 to 1.1 per cent no reticulocyte studias were
done on ¥.K. during the peripd of maximum hemeglobin fall).

No consistently significant change was found in the
concentration of protoporphyrin in the red bliood cells
following the administration of P2, The averace red
blood cell protopoerphyrin concentration in these puatients
was correlated to come degree with the color index; elevated
values were found mostly in those patients with a Llow color

index wnereas normal valu:s were generally Tound essociated

t119529
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~#ith normal color indices. A. seen in Figure 6, however, the
spread of values at sny given color index was very great., It
is obvious, too, that other factors must Le operative since
changes in color index in given patients did not result con-
sistently in simultaneous cua.,ges in the protoporphyria con-
centration in red blood cells.

3.2 The Effect of Tctai Body X ray on Hemoglobin

¥etabolism_in Dogs.

{e) € ontrol Doge. Ir addition to control studles

of treated dogs, fairly prolonged studies of fecal urobilino-
gen excrstion were made in two control dogs. Results in the
two instances were essentislly similer. The data on one of
them are illustrated}%igure 7.

A4 total of 85 determinations heave been done of fecal
urobilinogen excretion in 12 control dogs. Lost vealuses
renged€ from 5 to 10 mg per day with exiremes of 1 to 25 mg
per day. |

In working with mongrel dogs, cuch as were available
to us, one must constantly keep in mind the fact that con-
trol dogs are not necessarily heeltby enimals, and thot
"routine" therapeutic proceﬁures may produce undesirsable
biochemical effects. Thls fact was emphasized in the study
of one c¢_g whose fecal urcbilirogen excretion rose markedly
Jjust before beginning the sdmiristrestion of 25 r total body
X ray dasily. Simultaneously the docg's hemoglobin concentra-

tion fell end the reticulccytz count rose sharpiy. On inguiry

(119530



it was found that seven days, and ugain three days before
x-rzy asdministration began the dog was given &2 c¢c of
Lederle*s Canine antibacterial Serum {Formula #1) .n che
hope that it would combat an infection and cause tie re-
turn of an elevated white count to normail, Studies of this
animal are presented in Figure 8. '

{b) Irradiated Dogs. In most d37s glven a gsingle large

dose of total body X ray cr 1increused excretion oo uro-
bilinogen was found, especially from about the fourth to
twelfth day. This is often, though not aslways, essoclated
with & drop in the reticuiccyte count. Data un tws such
dogs are 1illustrated in Figures 9 apnd 10

From the sixth to the tenth day after irradiation, the
hemoglobin of dog 43 fell =t an average rate of about six per
cent per day; that of dog 36 fell at an average rate of about
2 per cent per day from the third to ninth day following
irradiation. This compares well with the data on several
other dogsvwhose hemoglobin dropped for severel Gdare alt 2 mex-
imum rate of two to five per eent per aay (37ﬁ38”39)g

A third dog (#44) was given 300 T tofal body X rav. Four
determinations during the sixte=n dsy control period averaged
12 mg per day. During the sixteen days after irrailation the
average value was 26 mg per day. Ir the last two day period
the concenfratior rose to 170 mg per cent, but because of
marked constipation the per diem velue for this period wes

only 22 mg per day.
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Hog 7 recelved & siangle injection T
26.5 me Sro°. Studies of hemoglobin metabolism in this
animal are summarized in Figure 11.
The interpretation of iate cm excrstioen of bile plg-

ment is often difficult beczucse pany of the Gogs become

bt

severely constipated. This is illustrated in Figures 12,

13 and 14, in whkich urobilinogen excretion values are lo%! @@
% ferme of bouh milligrams per 100 grams feces and mill-
igrams per day. It will be noted that the foramer value

msy rise markedly with little or no significanc change in

the latter value, all thres dogs received 50 r total body

X ray daily until death,

Terminal increeses in fecel urobiilrogen excretion may
be associated with internal hemcrr..age. This was most
strikingly illustrated in cog 26 which died 72 days after
daily treatment with 12,5 r total body X ray wus started.
Subcutansous hemorrhages were first noted 14 days before
death, and considerable int=2rnal bleeding was found at the
post-mortem examination. During the last 14 days of life
the hemoglobin concen;ration fell precipitously from 11.2
to 4 grams per 100 cc. The fecal urctilinoger excretion
durirg the last eight days averaged 120 mg per day, the
highest value yeﬁ found in dogs. 1t is, of ecourse, im-
possible to say what propertion of this was due to the
bleeding as against red cell destruction by the usual
mechanism -,

Ficretion of Urinary bile pigment, likewise, was found
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to be affected by large doses of radiation. E. Painter, of
the Blology Section, first called our attention to the ex-
cretion of a green urine in & dog to which plutonium had
previously been adwinistered. Green urine has been found
quite consistently in dogs receiving large doses of radia-
tion., 1lits appearance has been well correlated with a
diminution in food intake. This mey be explained by the

- {47 . 48)
finding of Kanasaki(éﬁ) and ot;her:s(4 ,48.

that a decrease
in liver glycogen results in the excretion of a green
biliverdin-containing bile. Bé&tkmen spectro-photometric
studies of the dog urine by M. Hagedorn indicated that this
urine pigment was spectroscopically similar to, if not
identical with, biliverdin. Further evidence for abnormal
bile pigment excretion in the vrine came in the course of
studies in excretion of urinary coproporphyrin by these
dogs(4g)° The ether extract of acidified urine from dogs
receiving either external or internal radiation was commonly
found to be green. Juch a fincing is rere in control dogs,
but has been observed by £. Schwartz in dogs injected intra-
venously with hematin or hemoglobin.

Quantitative studies of urinary bilirubin were instituted
to measure this effect mors accurately. Several hundred deter-
minations on control and irradiated dogs ranged generally from
one to four mg per day. Practically all the bilirubin was

the prompt-reacting type. Occasiopal values rose to six ng

per day or more. Though values yften tended to be higher
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after 1rgadiationﬁ the range was generally similar to that
of control dogs. In some dogs, as shown ipn Figure 15, the
increased ezcretion was fairly prouounced.

These investigations were supplemented by studies of
bpile pigment excretion in three bile-renal fistule dogs
given a single dose of total btody X rauy. These latter
studies were made since the determination of fecal uro-
bilinogen has certain disadvantages, such as the following:

1. The number of analyses is limited because the
sapplies must be combined in periods of several
days each. |

2. There is a time lag of a few days beéween the time
of blood destruction and the excretion of urobi-
linogen in feces.

3. The previously noted factor of constipation may meke
the data difficult to interpret.

4, It is possible that the bilirubin and biliverdin
from the bile may not be completely converted to
urobilinogen. This possitility was illustrated by
the finding_of a large emount of green pigasunt
(biliverdin?’ in the feces of one animal (Dog #37)
given strontium®’,’

The bile repnal-fistula dogs were prepared for us by

Dr, &. G. allen, according to the method of Kapsinow(50)a
In all but one animal (Dog #86) the gallbladder was

apastomosed to the renal pelvis by msans of an incision
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through the kldney cortex. Irn dog 86 the gallbladder
anastomosis was made at the uretero-pelvic junction. It
should be pointed out‘that the quantitative lnterpretation
of the data 1s limited by the followlng factors:
1. Complete hematology studles were nct possible at.
this time because of the pressurs of other work.
2. All but one of the dogs (SQ-5) showed varying de-
grees of closure of the fistula opening at autopsy.
All three dogs showed significant increases in bile
pigment excretion scon after total body irradiatlon, in.
dicating the presence of some degree of hemolytic reaction.
The data on Dog Q-5 is illustrated in Fig. 16. The opera-
tion performed on this animal was most successful as indicated
by post.mortem examinatioho
Bilirubin excretion by the other two dogs rose to over
50 mg per day in the few days after administration of 250 r
total body X ray. These values were at least twice as high
as the highest control values in these animals.

4, Discussion

4.1 The 1In Vitr6 Study of Rediation - Induced Hemolgsis

The in vitro hemolytic effect of both alpha rays (51-54) gpa
X rays has been demonstrated repeatedly (55-59)  The red
cells thus irradiated were found to be swollen and to show

increased permeability, especially to cations (55956)0

In
all instances, however, the dose of several thousand r of

radiation required to produce this effect was vastly greater
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than any therapeutic dose. Nevertheless, this difference ln
dose of radiation is not, per se, evidence against the in vivo
hemolytic action of therapsutic doses of radiation, since
these smaller doses may injure tﬁe red cells 1n such a way
that they are more easily phagocytized. In this connection

it would be of interest to irradiate with X ray portions of
whole blood, containing isotopic carbon or nitrogen in the
hemoglobin molecule. Its fate, when injected into experl-
mental subjects, might then be compared to the fate of non-
irradiated portions of the same blood. «#e are not famillar

with any studies of this type, reported in the literature.

4,2 Other Studies on_the Manhatten Project that Polnt

to a Hemolytirc Reaction inm Redlation sAnemia. Lorenz and

( LS )

co-workers at the National Cancer lnstitute have ad-

ministered dally small doses of gamma rays to the whole body
of guinea pigs, mice, and rabbits, and have studied their
effects on the circulating erythrocytes. They belleved that
the precipitous drop in red c=ll count that occurred during
the last few weeks of life cound not be accounted for by
internal bleeding or by the assumption that erythropolesis
was even completely inhibited. Some of the animals in

this study were sacrificed at intervals after starting the
irradistion treatment. The bone marrow of these animals

was reported by Eschenbrenner to be either normal or hyper-
plastic (60)6 Definite hypoplasia, however, was found in

many animals in which treatment was continued until they

111953 3b



- 2% -

died with severe anemia.

chdbson, et al, have reported the occurrence of severe
acute anemia in rabbits given acutely lethal doses of total
body x_réy (61). A hemolytic component was assumed to be
an important factosr in the rapid development of these
anemias. In these animals, a= well as in dogs glven
acutely lethal doses of radlation °2) the bone marrow showed
marked destruction of cellular elements and general aplasia.

In animals injected with plutonium, Jacobson reported
the finding of hyperplastic msrrow associated with chronic
low doses, while evidence of hypoplasie was found with

larger doses (55)0

4.3 Interpretation of Urobilinogen Excretion Data,

Certain limitations of urobilinogen excretion studies in ?he
dogs have already been enumerated. These relate to the time
lag between blood destruction and urobilinogen excretion, to
possible ipcomplete conversion of bilirubin to urcobilinogen,

to irregularity in bowei habits, and to inability to identify
the nature of the hemolytic process, i.e., whether due to in-
ternal bleeding or to more usual mechanisma. Other limitations

» {
(64) and watson [25)

too, might be considered. Heilmeyer
especially, have described a diminution in urobilinogen ex-
cretion in cases of post hemorrhagic amemia. This might be

considered either as a pigment sparing action or a "throttling"

of blood destruction. Fecal urobilinogen excretion data, too,

should be interpreted in terms of the amount of circulating,
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hemoglobin. Therefore, in a dog with severe anemia an
apparentiy normal fecal urobilinogen value may actually
represent as increase in the rate of blood destruction,
with respect to the totél amount of hemoglobin that the
dog has,

From the available data it is impossible to deter-
mine the relative magnitude of destruction of mature
circulating cells as compared to that of immature cells
within the bone marrow. In pernicious anemla, for ex-
ample, it has been suggested that the increased fwcal
urobilinogen excretion may be due to excessive intra-
marrow destruction of young red blood cells. 1t may be,
too, that such is the case in patients with anemia due to
chrohic radium poisoning.

The effedt of acute irradiation might be investigated
by first giving isotopic nitrogen for a period of several
days and then, after two to three months, isotopic carbon.
Shortly thereafter either external or internal radiation
would be administered. &t this time the N/C ratio should
be high in the oclder circulating cells, whiie the reverse
should be the case in the bone marrow cells, By deter-
mining this ratio separately ih the hemin of circulating
cells and bone marrow cells, and again in the excreted
bilirubin or urobilin one mignht ascertain the relative
degrees of destruction of young versus old cells,

4.4 Inhibition of Erythropoiesis. In the studies

reported here, there is no dcubt thet erythrocyte regener-
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ation was 1nterfered with Otherwise, the greet regen-
erative powers of the bone marrow would have béen.suffiw
cient to maintain more nearly ncrmal hemoglobin and red
count levels, even with ar increased rate of red ceil
destruction. 1t shouléd be peinted out, however, that under
some conditions the bone marrow responds even after adminis-
tration of relstively large doses of radiation. og 93
{Figure 7) is illustrative in this regard. Following the
development of en acute hemolytic anemia, due possibly to
serum adnministration, the reticulocyte value rose and the
anemia improved desplte the continued administration of

25 r total body £ ~ay daily. Patiepts receliving Pszﬁ
likewise, were aple to respond with an.elevated reticulo-
cyte count. <uch a reticulocyte response, however, was not
forthecoming in those dougs which received an acutely lethal
¢ose of radiatiocn., In this regurd it might be noted that
vacobson, et al, have shown 165 thet rabbits in which
erythropolesis was stimu.ated Dy previous production of
anemia due to phenylhydrazine or bleeding esre often able
Lo recover normally from the anemia despite administraticn
4of nearly lethal doses of i ray.

FPipally, it should be emphasized again that the pre-
sent discussion dees not a2irm o minimize the importance of
the erythropoietic inbhivition caused by irradiation., It
is intended, however, to iundicate the necessity for con-

sidering still other mechanisms to account for bota acute
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and chronic radiation anemisa.
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Figure 4.
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Figure 6.
Correlation of Hed Cell Prcteporyhyrin and Color Index

in Patients with Folycytnemia neceiving pu& Therapy
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Figufe 7.

demoglooin Metabolism in a Control Dog (26)
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Fimure 8.
Hemorlobin Metabolisn in a Dog with a Hemolytie Reaction Just Befors

Beginaing Treatnont with 25 r Taily Total Body X irracdiation (585)
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Figure 9.
The Effect on Hemoglobin Metabolism of 300 r Total Body

X Irradiation, 8ingle Dose {Dog 43)
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Figure 10,
The Effect on Jdemoglobin ilevabolism of 209 r Total

Bod, X Irradieticn, Single Dose (Dog 36)
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Figure 11,

Single Dose {(Vog 37)
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Figure 12.
The Effect on Hemoglobin Metabollism of S50 r Total

Body X Irrnadiecion Daily (Dog 29)

111957



cH-3760

Hemoglobin gms

Reticulocytes %

’_.—-—.—‘—5—0_~—-.—i e e b —— )

~ 50-
40+
304
20-

104

. Fecal Urobilinogen mg.%

~<Exitus

Fecal Urobilinogen mg./day

: 20
Days :

The ‘Effect of 50r Daily Total Body

X-ray on Hemoglobin Metabolism in

: ' a Dog . ,

: o S . » (Dog 29) . . o
11165772 PR Fl6. ra



aE

)
s
Te v



CH3Té4

20-

Hemoglobin (gms:)

. Reticulocytes %

" Fecal Urobilinogen mg./day Fecal Urobilinogen mg. %

20

_ Days

The Effect on Hemocjlobin Metabolism of 50r Daily ' '
' 'Total Body Radiation = "
(Dog 47)

Fre.l3

L1185 0l



- 49 -

Figure 14
The Effect on Hemoglobin Metabolism of 50 r Total Body
X ray Dally (Dog 30}
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Fig. 15 Urinary Excretion of Bilirubin in 2 Dogs Injected with Plutonium.

11145711



(360 micrograms)

—— Dog 7!

—--"Dog 72 (470 microgroms)

60}

"s.oL

9 - o
Q-

©

. (koasBW) uianae

60 70 80 90

50
Days

Fl6.

zo: 30 40

10

727

1195718



Figure 16,

450 r Total Bedy X ray, Sirgls Dose,
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