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N PREFACE

Walter S, Root
College of Physicrans and Surgeons, Columbic Unsersity, Kew York, N ¥

This monograph deals with topics of considerable cumm Interest Thus
Dameshek? calls attention to the g use of the phy h
1n hematological studies made since 1925  Part I, devoted to techniques
used in the quantitative study of blood cells, amply confirms hus thesis

According to the available information, neither lack of oxygen nor neural
factors constitutes the direct stimulus for red cell formation? This view
has led investigators to studies of the hormone control of blood cell formation,
the subject of Part IT of this publication Destruction of blood cells by
hemolytic mechamsms 15 alse presented and well discussed n Part IT

Of the many hormones that influence red blood cell formation, that postu-
lated 1n 1906 by Cornot and Déflandre 1s currently the subject of intense
nvestigation, and hemopoietine was the subject of Part 111

Like other bving orgamsms, red and white blood cells ew:st for a imte time
Their life span has been measured 1n vanious ways, and the methods used, as
well as the results obtained, are presented in Part IV

References
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Part I Techniques Used in the Quastitative Study of Blood Celis
SOME QUANTITATIVE ASPECTS OF ERYTHROPOIESIS*

Clement A Finch
Depariment of Mednrne, Schaol of Medceite, Univversity of Washengron, Seatife, 1Wash,

Attention to numbers 1s most appropriate in ing the behavior of
the erythron, since tts sbnormalities relate more to changes in the quantity of
esythrocytes than to alterations in the functian of gas transpost by the indw
vidual cell  The wapacity of the marrew to produce red cells and regulator,

¥ o red celf A are topics d sed 1n this h
- == studies that we have pursued relating to
e,
Jue sy . -

Tt would veem appropriate first ta define the number of cells i the normal
erythrowd marrow  Tlus 1s equally pertient to the consideration of leuho-
patests, since estumates of the myelocytic cells of the marrow are made by
first determinsng the exythroid marrow eellularity and then converting this
figure to that of the white cells through the erythroid-myelo ratio of the
marrow » * Several methods, each involving certam assumptions, have been
employed to estimate the number of exythrosd cells,  Qugoed® made calcula-
tions by assurang that ane fourth of the nucleated red cells were capable of
division and that the marrow maturaton time of the other three fourths wax
forty-cight hours  Knowing the circulating red ceil turnover rate, he was
able to estimate the number of red cell precursors.  Patt? has made caleuin-
t1ons based on the number of cells produced per hour {dersved from the red
cell bie span), the number of mitoses among the nucleated red cells, and the
ume wnterval of miow  We have employed a method that has been out-
Lined wr privaapie by Suit ' This method depends on the enumeration of celis
in 2 marrow ahguet and the relation of thts akquot to total masrow through
a marrow tag {Fe*®}  Radiotron was chosen for thss purpose since at localizes
temporanly tn high concentration i the marraw normoblast  In three ang-
mal specses, two thirds of the extrara~uslar radioiron at the fime of mmimum
blood actnsty was found ta be focaltred in cr’y‘lhmpmenc tssuesy A stmdar
drminbution 15 assamedd 1o apply w man The detmbs of this methad are

01 bad elsewh Results obtained 1n the rabint and man are pre-
;cnml 1 Taniy § 1o perit companson in tso different specses,  For deserip.
tive purposes the erythron has been divaded into four classes of cefls, (1) the
sucleated red cell, (2) the marros setseudocyte, (3) the crculating retteuly.
cyte, and (4) rhe adult erythencyte  Of interest o the refrculocyte poat «of

constituning approvimately pne half of the marrow crythrog

the marfos,
. et 1m thes gapee w38 Supparted by Conteact AT-CS 1-218 fror g,

e ammasein, Y ashngion, 11 C b Keseach Gramt 14 2504l e

. bt emih hersace, Bethenda, S5

Natonal Heart fastiute, ¥ ablic Heal e



Finch Quantitative Aspects 411

cells  While quantitative estimates of the erythrod marrow in amumal
spectes have vanied conuderably, m normal man there hias been surprsing
agreement.  Thus, nucleated red celis have been determsned by theee diffes
ent methods 10 be 34 to 8 6 X 16° cells per kilogram 4 ¢

Tams 3
Crervian COMPOSITION oF ERYTHRDN

Ratint Man
Cells hg X 10%{ Rato | Celisig X 10} Ratio
- T
1 Nuclested ted cells 58 16 se o117
1 Matore retsoufory tes i3 12 47 15
T Girculating reticulocy tes K] 31 31 10
IV Mature red colfy 3 100 08 | o

The fractional turnover of the cells 1n these 4 <tages of development can
be calculated from the above data and from the erythrocyte hife span of
50 days w the rabbut® and 120 days sn man 1 awsumed that cell multe
phication occurs only m the pucleated esythrocytes  Thus, the number of
cells entermng or leaving each of the 3 fatter stages divided by the number of
cells 1w each siage mdicites the percentage of turnover per day  The results
of these calculations are shown 10 TasrE 2

TearovER 0 ERYTHROID KELLX

fractional tusnayer

1 } Time for complete turmover
; tper cent per day) z thatrs)

Rabint J Man  § Ratbie E Man

i

f

R - et e [ S

1 Nucleared red cetls i i s [ ! G
It Marrow reticutocy tes T 5 15 55
I Cieulating ceticalocytes ;63 | %1 wv ot 1
IV Matuce et cells 1 1 i

i

[X | 100 2440

A tonvement method of estsmating tume spent n stapes 1and 2 - the
measuresent of the martow transit tme of radiron  Radiowon mjected
miravenoudy chsappears rapdly from the plasma and, shortly thereafier,
Teappeas, in circulating red cells I the mterval 15 taken betneen 50 per
cent diappearance from the blood to 58 per cent telease by the marzow,
transit time 1 24 bowss 1n the rabbit and £2 houts 1w man (FIGURE 1) Smee
mdmx:nn 15 tahen up by the dast in the marrow th hout 1ts des elop-
ment? and even 15 small amounts by the reticulocyte,® this represents an
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eastly measured but somewhat arbitrary interval.  Ohservations in patients
with hematotogic disorders show, in some instances, considerable shortening
m transit time, particulatly when anemia s severe in hemolytic disorders
and when encroachment on marrow space occurs  This shortening could be
interpreted either as an acceleration of maturation time or as a premature
release of developing red cells, our data to date support the Jatter mterpreta-

s . PR PR A

change would appear to be that the nérmally required one- to two-day matu-
ration of the reticulocyte in the marrow was now occurring in the circulating

Roadwoctivily w Marcow (%}

3
Days

Trouze 1 Matrow radiowon turnover,  The values of matfow fron turnover are taken
VN SO S MRSV g

refease

blood  Such a shift in the reticulocyte pool from the marrow to the haod
has been demonsteated in phenylhydrazine anemia in rabbits ¥ We have
betare us, then, 2 model of the numerical dimensions of the notmal erythroid
marrow and have characterized the sate of development of these cells, In
tno species, while the number of cells per hilogram is generally similar, appre-
ciable differences are found 1n rates of cell production and maturation,

The Seasurement of Erythropoietic Activity

Thete are available 2 number of clinicat methods b’f which the activity of
the erythroxd marrow and the production and dcﬁ:r\lttn:n of mature erythro-
o REURR AR VRN DL SRR S S S

Sem et 4y e Ul n the
. uds directly reflecy
. * red 10 as effective



Finch: Quantitative Aspects 413

erythropoiesis. Others reflect total marrow actvity, whether or not 1t
results i viable red cells (taLE 3). Of obvious importance, 1f red cell sur-
vival measurements are to be used to calculate erythropoiests, 1s the requisite
that production and destruction be in equilibrium, or that the change m red
cell mass be known  There are other differences, such as the latent period

in their tesponse to changes 1n erythropotetic rate, which wfluence the useful-
ness of these measurements

Tas)
TRYTIROKINETIC MEASUREMENTS

Prodygtion Destruction

Effective ery throposesss | Reticulocy te Red cell e span
Red cell uptahe of 1ron

Total ery thropoiens | Erythroid/mycloid ratio | Fecal urobihinogen
Thasma iron tumover

‘The study of more detailed methods of evaluating erythropoiesis has served
only to emphasize the usefulness of the absolute reticulocyte count as an indi-
cator of effective red cell production To be sure, there are aircumstances
that alter the linear relationship between the number of reticulocytes and the
number of red cells produced, these relate particularly to the duration of the
circulating reuculocyte stage® "' In megaloblastic anemias, many cells
lose reticulum before entenng circulation '*  More frequent, however, 1s the
prematute refease of the martow celf 7 This shortens the time spent in the
martow, but correspondingly lengthens the reticulocyte stage i arculation
This shift may be recogmzed by the presence of “young” reticulocytes with
heavy reticulum and nucleated red cells  Since marrow reticulocytes are
shghtly more numerous than circulating reticulocytes, the reticulocyte count
may be doubled by the early release of marrow reticulocytes inta the blood
This mechamsm probably accounts for much of the vanation 1 maturation
tme of reticulocytes 1n the eirculating blood, although other factors are of
imporiance and bear further mvestigation  Proper altowance for the reticu-
locyte shuft makes the reticulocyte count, when expressed in absolute numbers
rather than percentages, a valuable index of erythropoesis

Erythropoietic Response to Anems

Simce there 1 no exact

yardstich by which erythropaietic activity can be
MEATEA Wh hrerm aomet Da b ook or JOPCELE ety ¢
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easily measured but somewhat arbitrary interval. Observations in patients
with hematologic disorders show, in some instances, considerable shortening
n transtt time, particularly when anemia is severe in hemoly tic disorders
and when encroachment on marrow space occurs, This shortening could be

d erther as an acceleration of maturation time or as a premature
release of developing red cells, our data to date support the latter interpreta-
tion  TFor example, among patients with hemolytic anemia with and without
shortentng of marrow radioiron transit time there was no discernible differ-
ence in the rate of new cell output per nucleated marrow ce  The only
change would appear to be that the normally required one- to two-day matu-
ration of the reticulocyte 1n the marrow was now occurring in the circulating

R100
¥
x 8
g
§
§ 60
N
N
5 40 \3,:,,
8 2
H N
3 N
5
? 5
1 2 3 4 5

Days

Ticure 1 Marrow radiowron turnover  The values of marrow iron turnover are taken
. AR SR P s e v vt iy ol

release

blood  Such a shift 1n the reticulocyte pool from the marrow to the blood
has been demonstrated in phenylhydrazine anemia in rabbits.® We have
N e B far . <

The Measurement of Erythropoictic Activety

1akla o numher of clinical methods by which the activity af

the production or destruction ot CITLUILLIE TLu Tty svavsavss s wo Lacetive
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marrow activity are greatly elevated, those reflecting effective erythropotesis
are normal or depressed. In some of these conditions the words “maturation
arrest” have been apphed It seems more likely, 1n view of the turnover of
pyrolle pigment and 1ron and the frequency of mitosts 1n these marrows, that
the erythroud precursors are being destroyed either 1n the marrow or after
an extremely brief sojourn of at most a few hours in the blood  The term

[FEe] rora *
Do errectne "

Wormat Trvsertunction Typotumction Byitarction
Tiotse 2 Comparion of total and effective ervthropotesis as measured by plasma

wron turnover versus reticuloeyle count  These data are taken from a previous article

and Wlustrate mersurements of tota) and eflective erythropoiesis in thirty-four patients
with anemia

“dysporetic anemia” would scem approprate when the greater portion of
erythropoietic activity 1s tneffective m the production of viable erythrocytes

Summary

Ths paper has been a summaty largely of the observations made by o
number of indiiduals 1n our laboratory durmg the past few years  Its pur-
po-e has Leen to indicate some of the methods employed and results obtamed,
Telating particularly to the quantitation of erythropotesis In man It 1 not
<o much a question of whether erythropoiesis can be quantitated, but rather
how exact this quintitation m1y be 1n 2 given situation It 15 also evident
that while one may establish patterns of marrow response, there 13 as yet
but a primitive and superficial concept of the processes of cell construction
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The clasaification of erythropoiesis in anemie man, based on such measure-
ments, may be simply stated to inciude: (1) normal marrow hyperfunction,
(2) relative or absofute marrow hypofunction, and (3} dysfunction The
range of normal hyperfunction has been most accurately defined in acute
¢~ nduced by phlebotomy, where iran stores were sufficient ta permit

~= In such cases erythropoesis could be quanti-

<~wwt of blood removed. Rates

of erythropoiess 2re observed,'®  Studies in
patients with chromic hemolytic anenn .+, hat the maxuimum capacity
of erythropotesss may be at a level of six to eight times normal®® W, recently
Crosby®® provided evidence that bleeding done durng a period of months

Taste 4

Fifertive® Totay*

Reticulacy te | Red celt uptake | Erytheowd | Plasma won
count of radiowon marrew turnover

Hyperfune tion

Tieredstary spherocy tosis 68 36 64 51

Hereditary sphesncytosis 28 $1 37 53
Relative hvpofunction

Myelofibrosis 98 13 - 1o

Currhosis 09 13 20 N
Hypofunction \

y\mm\a 0z 03 a0z 06
" Aplasuc anema 0z 61 01 0s
Dy stunction

Cooley's snema (L:l K: 2 1" (2, ;

Permcious anema.

T Vetoes xpresng effective and total ery Chropoissss are expressed n relation (6 norma)
evythvoporests

results in an nerea =42 of three times norma) 1o

this hugher level ) —nt i
anermia Hlustrating maxibie. .

funcuon 1s defined as a subnormal ‘p(ﬂdugk‘m? . N
of patsents with urema and aplastic anemia in TABLF 41 hewu.. v
hypofunctian mphes erythrod activity at a normal or increased level, buy

significantly less than that expected of the normal marrow subjected to the
stimulps of anerma  Ilustrative cases with myelofibrasis and cirrhons are

hown in TABLE 4. In these three degrees of marrow response there 1s
::n(;nsnable agreement between the various measurements of effective ang

total erythropowesis
Marked discrepannies ¥

Cooley’s anemia,? perucious

erythroid marrow, but reticy

5 measUrements oCcur i certan anemias such as
anemia,'t and other anemias with hyperplastic
Jocytopema  Measarements reflecting tota}



THE PRODUCTION AND DESTRUCTION OF GRANULOCYTESR
IN NORMAL AND LEUKEMIC MAN*

R, Berman, K H Kelly, G0 J Marhall M A, Baluda, F § Cordes
Mospirat for Plood Dusearey and Mednad Kewvarck Dustdate, Cre of Ho3e Modiond Cemrer
Dasric Cutf

In the normal hemstopotetis »tate, the rate of production of fenkocy tes
equal 10 the rate of ther destruction.  The destmnon of a leukoy te v
related inverels ta its e spn, that s, the more rapid the rate of destruction,
the shotter the e pan of the cell.  The mie of producion of levhoytes
may be determined tf the rate of destruinion s boown

The life span of » lrukocyte 1= the period of e from the wtal diferentua-
tioh of the prirntne blood ¢el} unnl its death  An wdetermmable number
af reproducine mitoves wsy orcur m thy pennd, reulting moa vanable
hfe span Oace the Jenhoeyte 12 no longer able to dinide (postrantotict, the
remaimag period of sumival s fixed and predutable  An etate of the
rate of de-truction of Jeukotytes may be denved from s fived value. \
porton of the hie of the postmitotic granulocyie (PMN} v speat i the
anulanng blood.  Ynother portion of this period s spent w the readiy
avadable feuhocy te reservott and in the hematoporetie site prne te debovery
into thi reervmir and into the urculating bood ! The e span at the post-
muot, granulocite was termed the mtovascular eeadence time (IRTY

The ulumate goal of normal granulocy topmeats 1 the development of
mature functivng granuiocy tes, that 1, the palymorphontdear leukooy tes
(PMXQ Theretore PMN production represents effectne leukepoes a-
contrasted with the production of snmacure granulocy tes, that i, myclocy 1~
that fur one reason or another may be untble to mature  Many mvevhpators
hase, with varable reaht~? ¥ stndied the bie span ot teukoex tes both in
anmab and i man (Twers 1, L and 3\ study of the rtes of produchon
2ot destruetion of the PMN should offer a valid companson of effacin e feulo-
parests 1 the normal ~ubject and 1 patients with granufocy e leubemua

Panests oo Memwops

Thrae data were obtawed from repeated ~tuthies vn 23 aonleubemu patents
and 10 patient~ with granubouy B lenkemia

Standatd hematologic metheds for total leukmyte and diferential counts
with Nfis-certified pipettes and hemooy tumeters were emplozed  The tey-
Lowyte counts were perfarmed with snawusacy of +8 8 pee vent s thin 70 per
rent contidfence frnits The blood volume was ealculated s & per cent of
he body weight

* The nork reperted i 1hia piper was supported 1n fart by Rescanh Grant € 2331 bram

the \avemal Lancrr Tostuse Public Ueshh Serace Betheads Md .« the Leukaea

x:.:;mm Toundation, Tnc Lo Angeles Lald et the Lakew Foundstion B} Sequnds,
a

ar
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and maturation involved 1n erythropoiesis  The quantitative evaluation of
marrow function, however, deserves a place together with etiological and
motphologic considerations 1 the climical diagnosis and characterization
of anemia
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. 1acormined by three methods: (1)
Ay 7 smheventy

Time of Desoppearance vf s w0

In 1930 Weskotten! admumstered benzol ta rabbits m doses that effec
tively halted production of granulotytes  The disappearance of the neutro-
phii (amphophit) from the peripheral Blood Ird o the conclusion that the
<urpal e of mttavaseulas vesdente time of the rabbit TMN wnas about

- TR of the PMN was determined 12 ran by this method, fol-

¢ A-nreccant agent dimethyl Myleran,

e N awed population of PMNswas

found #  IRT vatues ui v s .o + grouped arbitearily as IRT,,

from 6 0 to 11 9 days were termed IRTy, and 12 01017 D days, IRT,  Valuey
of 180 days and longer were grouped as IRT,

1In the nonleukem:ce subject, the PAIN reservoir was estumated 1o be at
least 6 tmes the araating PMN number #  Thersfore, the rates of PMN
productson n the nonjeukemic subyects are minimal rates, subject to appro-
priate mcreases 1f and when the size ot the 1ota{ PAIN reservoir 1+ proved to
be larger

In patients with granulacytic leukemia with granulocyte conientrations

. ~ tke pvindrculatery sesenvorr was caleulated to

-=«arutes  Fot patients

trations befow

007 L, e 60 umes the

total granulouyte number m the UrtWiatiu, of granulocyte

foncentration trom 20,000 to 63,000/cu mm , there are no data avadable
for determuning the size of the reservoir

Leukopheress

The rate of PMN debvery was estimater {rom direct measurement of the
aumber of PMNs reptenistang the depleted reservowrs dunng and imme-
diately following leubophetess  Trom 3 8 to 160 X 10 FAIN< were remon ed
dunng vme mrervals targing from 33 10 36 mun 10 47 studies in 23 pateenty
wath neoplastic diseases other than fevherma  The tota) number of PMNs
neLessdry to eeplace thove removed, dinided by the nme regquired to repain
the wmval FMN comentration, gives an approumation of production and
detivery of PMNs for this penod  Ten patients weth granulacy tic leukermia
were studsed on 14 oceasions
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WERAGE Strvsvat Tiee OF Tr POSTIITONE LFUAOCYTE IN AMMALS
¥
!
Leukeryle Average
\mrmal Lo survrel e Tnvestigator
S
Rat Granulocyte { 23 mun VanDyhe & Huff, 1951%
Rat Lamphocyte | 170 min VanDylhe & Huf, 19512
Rabiat Neutrophl | 3% days Weiskotren, 1930¢
Rabbu WBC 30 mun Wesherger of af , 19508
Rabibit WBC ddegs Tarr, 1951%
Rabhut tymphocyte] 288 mn Yofley, 19507
Cat . BC 16-24 hours | Lawrence #f of , 1945¢
Taste 2

WERAGE SUR\N AL Tty oF ToE PosTMironic LFUROGeYTs v Norwar Mav

Leahocste
tape

Granulocyvte
Granalags te
Granatoy te
WBC
WRC
WBC

Ly mphocyte

Lymphoey e

16 days, 507,
3-4 and 100200

days
3-dand 100~200
days

\\eraﬁe surn a Jovestigator

1 days Roberts & Krache, 1930°
D s Octesca, 195410

9 days Hanulion, 19574

13 davs Klme & Chfiton, 19521
30-90 mun White, 19541

Weisberger & Levine, 1954t
Wessherger & Suhrland, 195518
Ottesen, 19541

Tamltan, 19571

Tante 3

AvERAGE SURANAL TIME OF tiE PosTMraTIc LFUROCYIF IV Mav witn

Tar Lrrazune

Type of
Leuhemua

[

Granulocytse
Lymphocyte
Aeute

Granulocytc
Granulocytic

Granulocytic
Lymphocytic
1y mphocy tic
Ly mphocyne

Average survival

3days

ays
$-11 days, 509,

Sdays
13-16 days, S0%%

23 days
30days
84 days
£5 & 30 days

P

Investigator

Osgood et ol , 195214

Osood ot ol , 195238
Wetsherger & Levine, 193410
Wesherger & Quhrla nd, 19553

Osgond o of , 1954

Weisherger & L!vme, 195414

Weisherger & Subriand, 19351
THamiiton, 19571

Gspood et al , 19328

Ongood et al , 105417

Hamhan, 19571
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of PMNs produced In the normal individual a greater portion of newly
formed cells will appear 1n the reservoirs, which contain 60 times the number
of cells present in the peripheral blood

REeSULTS
Destruction of PMNs
Patients without b 1 Ity  The int far residence

time of the PMNs was determined in 7 patients following the admimstration
of hematodepressant doses (05 to 09 mg /kg body weight) of CB-2348
and CB-2348K  Two populations of PMNs were measured with mean intra-
vascular residence times of 86 + 17 days and 13 6 + 2 0 days (TaBLE 4)

Palients with granulocytic lenkemiac  Similar observations on the IRT of
TMNs were made on 10 patients with granulocytic leuhemia on 19 occasions
following the administration of CB-2348 and CB-2348K in therapeutic doses
of 04 to 08 mg /hg body weight (TaBLE 4) In 5 patients with chronic
granulocytic leukemia 2 PMN populations were found, the mean IRT, was
84 + 16 days, and the IRT(was 237 £ 37 days These values differed
from those of normal subjects by the presence of a long-lived IRT, and the
absence of an IRT,

In 3 patients with chromc granulocytic leuhemsz who had progressed
toward an acute phase, 4 populations of PMNs were found with a mean IRT,
of 49 1 04 days, an IRTs of 89 + 20 days, an IRT, of 152 + 1 6 days,
and an IRT. of 186 £ 09 days The appearance of a short-hved IRT,,
found neither in normal subjects nor m patients with chronic leukema, 1s of
interest The difference between the IRT, of 18 6 days from that of the
IRT; of 15 2 days was sigruficant to less than the ¢ 05 level

In 2 patients with apparent pnmary acute granulocy tic leukemia the mean
IRTywas37 + 106days, IRTynas7 8 + 05days, and IRT, was 13 6days
An IRTq was not found

Production of PAMNs

Computed from the IRT 11 patients without hematological abnormansy ~The
nummal rate of PMX production was computed by diniding the IRT into
the total number of PMNs in the penpheral blood and extracirculatory
resenvoits  The rates of PMN production in 14 patients on 19 occastons
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for the 3 chromic granulocytic Jewhemic patents i relapse, and DS fo
414 % 10° PMNs/kg fday for the 2 acute granniosytic Jeuhemic patients

Measurements frons lewkopheresis 1n potents without hematolngical abunor-
mality The 1ate pf replenishment of PMNs was determined foflowing con-
tinuous levhocyte withdrawal i 23 patients on 47 oceasions  The yetura of
PMNs to the imual Jeved occurred nithin 6 houss following the end of Jeuko-
phesesss  The rates of replemshment {production plus delivery) were meas-
ured a1 207 to 14 90 X 10° PMNs/kg body weight/day (rasir 7)  Com-
parable data in patients with granulecy 2 leuhemia are not avatable at this
time

Recotery from lenkapenta 1n patrents wiihont hemotologecal abnormatiey The
1ates of production of PMNS measared 1p 10 patients on 11 occasions by this
method vaned fram 0 86 10 5 53 X 10° PAINs kg /day {2aBLe 8)

Recavery from leukopewea 1 patienls with granwlocyte Jenkewia  Eight
patients were studied for rates of PMN replenishment of reservorrs and blood
following severe hematodepressant doses of CB-2348 or CB-2348K {rapre
8)  The rates of PMN production estimated by this method vatied from
01910 31 1 X 10° PMNs/hg /day

Discyssion

The tates of PMY production estimated {rom three different methods are
within the same order of magmitude for the patients without hematolagicas
abnormahity (TABLF 9} The data obtamed from patients with grapufocytic

Tazer 9
Covpamnon o Rates or PMN Peoptctiov 8 Mav X 10 w6 BY 23 nnvs

SMethod &A\‘Inm\\lm Magumem |
S e e e e
Repoputation a8 $5% Reconrnmng marron
SRT 108 1220 Ml te (RAR® = £0 X Pl
Leukopberess 20T 400 Repenwbment <6hours

* Readih, avmtable reservorr

feuhemia, while not g+ exieming - tho-¢ obtained 1n the nonleukemic sub-
jects, nerertheles indicate that the leuhemic state t not always charac-
tenzed by an eccessn e profiferation of teukocyes  Indeed, leudopoesis i
wranulocy tic feukermin may be above, withim, or below the rormal range

The intrarascular readence times of the PMN» found in these patents
with or without granulocytic Teukemia are witfun 1he estimates reported by
ather msestigagors {Tasers 2 and 33

The long-fned IRTY poputatwon of the PMNs m chrone granulocytic
lekema appers to be chatacterntic ' " The data endate thay, as the
coprerson taward an arwde granekscy e Phase progres-ed, there was q <kidt
from the Jongdned PMN populations towand (he shatt-baed populations
Anmurease in rate of production of mmature granuiey 16> may oueur ducg
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1n7 patients without hematologic abrormality, the mtravascular residence
umes of the PMY, as determined by the methnd of hematodepression with
CR-2348, were found to be 86 + 17 and 136 £ 20 days.

n 19 studses on 10 patients with granwacytsc leshena, the IRT of the
PMNs differed with the state of the lenkemnc process  In 5 patients with
chronic granulocytic leuhemta, an IRT; of 84 + 16 days and an IRT, of
237 % 37 days were found  In 3 patsents with chromc granulocytic feu-
hema converting to an acute phase, an IRT; of 19 + 04 days, IRTs of
85+ 20 days, IRT, of 152 £ 16 days, and an IRT, of 186 3 09 days
were found ~ In primary acute granuocynic leukenna i 2 panients, PMN
populztions with an IRTy of 37 £ 108 days, an IRT, of 78 £ 050 days,
and an IRT; of 13 6 days were found

‘The mmmal rate of production of FMNs in the patients without hemato-
{ogicat abnormalty, as measured from the intrasascular ressdence time of the
PMN, nas 108 to 1220 X 10?%/hg body wesght/day

‘The rates of PMN production, as computed from the mtravascular resi-
dence tme w10 patients with geanulocytic feukem on 19 studies, ranged
from 0 17 ta 1048 X 10° PMNs/kg body » eight/day

rates of PMN prod ,as deternuned by leukopheresis in

47 studies on 23 patients without hematological abnormality, were found to be
207 to 1490 X 10%/hg bedy weight/day

The rates of p of PMN:, as d from the tepopul of
the leulacy te reservarrs and penpheral blood fallawing severe hematodepres-
ston, ranged from G B6 to 3 54 X 10°/kg body weght/'day

By employing the 1ethmaque of repopulation, the rates of PMN production
10 studies on 8 pauents with granulocytic Jeuhenua were found (o range
from £12 t0 31 1 X 10* PMNs/hg body wesght /day
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ths ¢ ion, but effective leu}
be decreased

In any study of hfe span, 1t 15 essential to speafy the cell type and period
of maturation of the cell type being measured. This is of particular sig-
nificance 1n the leukemc state.

The appearance of a short-lived PAIN population in the more fulminant
leukemyas with a mamntenance of the leukocyte concentration indicates that
immature granulocytes will become evident. Whethet the imtiating patho-
geness of the leukemic state 1s the short-lived granulocyte evoking a com-
pensatory leuhopoesis, or vice versa, has not been determined. It may
explain, how ever, those situations 1n which there are high rates of granulocyte
production with leukopenia  In these aleukemic or subleukemic states, 1t is
postulated that the rate of production of granulocytes 1s unable to compen-
sate for the rapid rate of granulocyte destruction  On the other hand, the
prolonged life span of the PMN in chronic granulocytic leukemia com-
patible with a low rate of PMN production 1s suggestive of a compensatory
mechanism

These data may explain why metabolic competitors, that is, antifol:c acid
and antiadenine compounds, have their greatest effect in the acute granulo~
cytic leukemias i which the production rate and nucleoprotein synthesis are
increased  Usually, these same drugs are iefective 1n the chronic granulo-
cytic leukemas, where the rate of production and nucleoprotein synthesis
may be normal or decreased  However, there are occasional patients with
acute granulocytic leukemta who fail to respond to these metabolic antago-
mists, Just as there are patients with chronic granulocytic leukemia who, on
occasion, derive dramatic benefit from these compounds  Occasionally, the
use of destructive agents such as Xeray therapy, HN2, TEM, and TEPA,
may be harmful to patients with acute granulocytic leukemia in doses that
further decrease the rate of leukocyte production, thus interfering with
effective leukopotesis which 1s already overtaxed

— [ U S

resulting in PMNs, may actually

U Nt

and 1mtial granulocyte concentrations exceeding 62,000/ cu. mm gve ratios
of 05 1 to2-1 for the leukocyte reservour to the nurpber of clrculam!g PMNs
Anaverageranoof 1 1was taken for those studies in which the imitial granu.
locyte concentrations exceeded 62,000/cu mm  Readjustment to more
exact values may be mat.ic once the size of the granulocyte reservoir can be
confirmed 1 a larger series of studies

SuMMARY

i duction of the postmitotic granulg.

e rates of destruction and pro: o granulo.

Da:;eo ;4\[;1\' were determined in 23 patients without primary hematologica)
;{:;rmality m’xd in 10 patients with granulocytic leukema



CROSS-CIRCULATION EXPERIMENTS IN ELUCIDATING THE
VIABILITY AND DISTRIBUTION OF LEURQCYTES*

Stuart € Finck and J W, Hallingsworth
Depariment of Internol Medicne, Yole Uninersity Schiool of Medicine, & ew Haven, Conn

“The dynamics of fenkocyte praduction mn man and expenmental ammals
are poorly understood  These studies were designed to make certain obser-
vatians an the viability, distribution, and fate of transfused leukocytes by
means of cross arculation in expenmental ammals  Osgood! and others® ¢
have prapased the hypathests that leukacy tes m circulation represent but a
fraction of the tota} teukocytes in the body  The actual tocatson of the non-
arculating teahocytes remains & matter of speculation, but several studiess?
suggest that, under certan condstions, levhocytes may accumulate i Jasge
numbers along vascular walis. Craddech? bas suggested that the bone mar-
row aself may contun 2 large portion of the avaiable leukacyte “poot
‘The presence of 1ast reserves of mature lymphacytes in by mphatic tissue and
’ o t ‘ - o “Fextensive noncircu-

1t 1 probable that

. . oytes n crrcalation

One rught predict that the introduction of a smali number of viable leuko-
cytes into the arculation of 4 severely leukopenic ammail w ould result i rapid
relacation of these cetls mto the depleted ponks ani a consequent rapid dis-
appearanve from citculation {f1coRs 1) A rapid rate of disappearance from
fxmﬂmon of transfused tenhocy tes, when viable leukocytes have been trans-

the penipberal blood leukocyte count {F1suRe 1} A chematic representa-
tion of the predicted relatn e diappearance rates of viable levhooytes trans.
RS Sen PR .

Bond s

ot teuhocytes and may resutt indeabocyte damage  Pentoneal exudate leubo-
tytes are abnormal in many respects, and the cells may recene addional
injury durning i tiro it Human £ and ¢
fusion studies are subject to criticinms a5 to lewhody te damage, 100 few Jeuho-
oytes, and wamunctogaal meompatiibity  In abwes every inapnce el
leuharyte arrculation time has been very <hort and eles sved leuby te counts
have not been sustained

In enler o ariemient many of these antoams, a method of tewmporary
erons aieulation in rats was employed  This sechmque offers certmn adsan-

work repurted i vhus paper #as sopporied in port by grants fram the Public
ealeh Sarver, Berheads, Md and from the Jane Cofin Chilids Hemonial Fund for Seds
cat Revearch, \ex laven, Cono
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include the necesuty for anesthesta and the fact that prmarzly a lymphocyte
population was beng studied

“Fhe crass-circulation apparatus of Brodish and Long has been described 1
detad ¥ Briefly, the techntque cansiste of placing patyethylene cannulae i
a femoral artery and vein of the amsmals to be studied  Artertal blood Haws
freely from one ammal through plastic tabes wmto the top of a smalt plastic
cup A measured votume (1 to 2 mt ) is atlowed to flow wio the cup and, by

Leukacyte Teansfusion "Survivoel”

A~ Leukopento
8 ~ Normol

Number C ~ Leukemia

of
Circulating
Tronsfused
Celis

Time ey

YTiovmr 2 This schematic diagram ndicates the eelative dsappedzance rates {rom
aircatatson af Jewkoeytes (ransfused 1oto TeORacats with varymg degrres of Srukecyte
siuration

means of air pressure, 15 expressed {rom the bottom of the cup through paly-
ethylene tubing into the vein of the opposite ammal  SimuTtaneousty, blood
flows fram the opposite ammal i hike manner Al experaments were per-
formed with the ammals 3 with Nembutal, 12 mg D
toneally and supplemented as necessary  To prevent clotuing, both ammals
cecenved 2 mg of hepann into the venous catheter at the begnmng of cross
arulztion  Sprague-Dasley strasn male rats weighing from 200 to 400 gm |
obtamed from a local breeder, were uved in all expensments

Radorron miung canves reported by Rrodssh and Long*® showed that a
complete munng of the two arculations tn rats of ths sz occurs after 25 1o
30 mi of blood has passed from each amumal  One complete arculaiwny
mising (30 mi ) required 15 10 20 run In most expenments, from 60 10
150 m (2 to 5 miungs) was wed, although we have found st posable 1o
continue the crows urculition for as long 2 10 total miungs (300 ml) At
sustable insenals dunag crow arculation, blood was obtatned from the aste.
nal cannutae for total and differennal leukocyte counts  After the cross
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tages over previous methods of study The male albino rats used demon-
strated ro erythrocyte group mcompatbility, which probably lessened the
possibility of leuhocyte immunological incompatibility, The hlood was
etposed briefly only to nonwetting surfaces, and the rate of leukocyte transfer

teukocyte “Pasl” Theory

Blood [;ﬂ m
LK) ¥
Tissues
Leukopemo Normo§
Leukemio

teukocyte Transtusian

Blood ] jrony o]

L] LK) 1 3K3
B .
Tissues }° . .
.

Leukopenia Normal

Y akammie
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all were negatve: (1) splenectomy of the rradiated reciprent, (2) cortisane
" Jspentctoly o At of o b T g
'

sistent exponentrat disappearance of leukocytes in the recipient ammals
represents a redistribution er partition of the transfused leuhocytes nto the

Normol — 270gms
¥

X-ray — 250gms

wsc
0’
I
™ 26 2 = 5
)
Trans
LS S St A R SR
© Fo 20 4 g & 1o 6 o Mo @o o

MINUTES
Fietre 3 Teukory te changes dunng and after cross circulation between a normal donor
and an srradiated secipient rat  The penod of arculatory meng 1s 1ndicated by the

diagamally snped area The leukoey te counts of the normal donor are desigmated by soid
dots and those of the irrasliated recipent by open circles

depteted noncirculating leuhocy te resersorr I no instance were the curves
linear, as one might expect if they represented leukocyte life span and death
by senescence

Leukocyte counts in the donor rats after crow urculation was discontinued
tendded to remain at low normaj lesels dunng the penod of ob-ervation,
atthough some ammals showed a gradual mve in count  This response sug-
gested exther depletion of the readily available resetve or, possibly, only lack
of speatfic stunuls to restore the airculating white cell volume to normal
Tt <hould also be horme in mind that these ammals, ender prolonged anes-
thesta and crows reulation with a severely rradiated ammal, may have been
incapable of & truly physiological response  However, Craddock ef af ¢
using a direct methad of leuhocyte removal in dogs, noted a similar leukocyte
depresion and slow recovery,
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aircalation was discontinued, the arterial cannulae were retained in the artery
for blood samplhing

In order to support the contention that leuhocyte damage did not develop
during cross circufation, the blood of § pairs of normal rats was exchanged
for a total of 2 to 5 arrcutatory mixings  Total leukacyte counts, taken at
approximately 10-min intervals during the cross-airculation pracedure and
for a period of 90 min posteirculation, showed no significant change from
the precross-arculation levels If mechameal disruption of leukocytes had
taken place dunng cross circulation, leulopenia should have developed in
these ammals  In the course of these studies, it was noted that the blood
from the taiks of these rats was found to give a markedly variable leuhocyte
count and was not suitable for these studies  In normal rats the tai} counts
were found to be from 13 to 3 times higher than the simultaneous artenal
samples  On the other hand, arterial and venous counts remained equal.

A <econd group of observations was made dunng and following cross
arculation between normal and leuhopenic rats  In mot instances, leuko-
penia was mduced by X wrradiation A dosage of 800 1 (200 kv , 15 mAmp,
Thoreus filter, 50 cm distance) was found regularly to produce artenal leuho-
cyte counts of less Ll‘mn 40|0/cl:. mm,, 72 hours f\flel"lrrn(llﬂll(m, when all

Ao son . P
count of the donor ammals fell  These data indicated that the leuhocytes
tranofused 1nto the leukopemic animals were redistributed, sequestered, or

nounar vt v

leukoeytes molahzed appeared 1o be at Ieest eqalent 1o the obsersed
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circulating sites, a test of leukocyte function as an index of viability was

employed. The test system was that of evaluating the efficiency of the
transfused leukocytes 1n ¢ litng an 1nduced [t i

The actual expenmental method has been described in some detail pre-

viously, bnefly, it consists of the injection of 200,000,000 viable Escherichia

coli orgamssms through a polyethylene catheter placed in a femoral vein of the

ammal  Blood samples taken from the femoral artery were obtained at inter-

o ° . - ) : " with

rase,

°C

Sit groups of ammals were studied group 1, normal rats, group 2, lethally
wradiated rats at 72 hours postirradiation, group 3, irradiated rats folloning
cross circulation with normal rats, group 4, normal rats that had served as
cross-circulation partners for wrradiated rats of group 3, group 3, zymosan-
treated rats, and group 6, irradiated rats d to trans-
fuston with normal rat blood from which the leukocytes had been removed
partially by mechamcal means Leukocyte counts of the pools of recon-
stituted bloods vaned from 500 to 1700 cells/cu mm

The results of this study are indicated in FIGURE 5 As has been demon-
strated previously'’ and as wndicated in this figure, rats subjected to severe
radiation are unable to remove injected E cols from their blood as effictently
asnormal rats  This defect in bactenal removal was improved significantly
after cross arculation of rradiated rats with normal rats  The beneficial
results of the cross circulation tndicated that the improsement resulted from
a transfer of some substance 1n the normal blood to the irradiated rat  Injec-
tions of zymosan in normal rats n an attempt to deplete the bactericidal

teremia, but the most probable explanation for thus scemed to be incomplete
leukocyte removal from the normal blood  More probably, the transfused
leukocytes were the source of the improvement noted after cross airculation,
and the leuk a of the diated rats was resp ble for the high level
of bacteremia in these ammal  This would indicate that the transfused
leukocytes were not destroyed tmmed:ately and were capable of phagocytizing
the £ cols in airculation at a time when most of the leukocy tes had disap-
peared from active arculation ¥ Therefore, the rapid diappearance of
Vom bme mabe b 3 N A

man F gt L

has been particulatly evident in certain of the in rito capillary microscopy
studies of Veylens ¢

Lsidence for viability of the leuhocytes transfused into the jrradiated
recipient gave addition] support to the hypothews that the blood suryival
ume of tran-fused leukocytes might be increased if the pool of tissue leuko-
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were used for the sole purpose of providing a large donor leukocyte popula-
= . SN I LT N

subjected to the cross-circuf dure three days postirradia In
order to obtain adult animals with leukemia, suckhng rats were inoculated

Lewkemia  — 213 gms

130 Normat — 270gms

wec
x
10*

L 1 1 Il I3 1 1
;
RN M-
T T T T T T T T
e e

MINUTES

Licter 6 Leukocy te changes dunng and after cross eirculation between a leukenmc
donar and a normal recpicnt 13t The penod of arcutatery mixing is indicated by the
diagonally stnped area  The leukocyte counts of the leukemc donor arc designated by
soli dots and those of the normal recipient rat by apen arcles

mtraperitoneally with a spleme cel! su~pension from a leukemic donor ammal
Mont of the animals developed leukemia nhen they weighed 100 to 150 gm
Since they werc ton small for cross-circulation studies, the leuhemia was
- [ I v Vi meman

leukenmic and normat ammals, and a total of 7 cross airculalions was per-
formed between teukemic and X-ray leuhopenic rats

When wradiated leubopenic rats were cross-arcutated with leukemic am-
mals, the artenal blood leukocyte counts of the irradiated animals were similar
to the-e obtained when normal rats served as the leuhocy te donors  The
total leukocy te counts of the leukemic danors dropped rapidly, but equilibra-
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Fiaure 5 Mean purentage of imjected bactena remaimng tn the blaod of rats s shown
by a solid bine for each of the follawing groups (a) cras areufated, wsadiated yats, ()
normat donars follawtag crass errcatatian wath treadiated rats, {6} zymosan-treated normat
rats, and (f) wmdiated rass sranefused with feuhopensc binad  The range of bacteremit
levela fur naratal and irraciated rats that have not heen cross circulated is represented by
the heavily and lightly stippled areas, respoutively

cytes was normally saturated and acted to impelde cireulatory foss  In
arder ta test this hypothesis, sttempts were made, first, to saturate leuhopenic
antmats with farge volumes of leuhocytes m order to retard the rate of periph-
eral leuhocyte removal, and, second, to elevate greatly through cross circula-
tion with leukemic rats the peripheral leukocyte counts of normal rats in ovder
to demonstrate the ability ir normally saturated reserves to effect more pro-
tonged arculation of the transfised cells  In these <tudies Jeukemie rats
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The irradiated rats recewved 800 r total body awr dose of X ray, and each was
subjected to the cross-circulation procedure three days posnrmdn:mon In
order to obtain adult ammals wath lewkemuz, sucklng rats were inoculated

Leghemin  — 213 gms
vs

e Normat

2704ms
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Tiouxe 6 Leukocyte changes duning and after cross crculation between a leukemc
donor and a normal reciprent rat  The perad of Girculstory miang 18 wdicated by the
diagonally striped area  The leukocyte counts of the leuhemic donor are designated by
sohd dots and those of the normal recipient rat by apen urcles

mtrapentoneally with a splemc cell suspenston from a leukemic donor animal
Most of the amimals developed leukemia when they weighed 100 to 150 gm
Since they were too small for cross-circulation studies, the jeukemia was
P SR S AR S Y < mrn f

cross arculations was per~
'

Ieukemic and normal ammals, and a total of 7
S Y

Fromad havm nam 1o 1 oen

W tose vutaimed when normal rats served as the leukocyte donors  The
total leukocyte counts of the Jeuhemic donors dropped rapidly, but equilibra-



438 Annals New York Academy of Sciences

100
PERCENT
o
IWIECTED
BACTERIA
AEMMNNG
ot
00l
0000 T _—
vz '
TINE (HOURS) AFTER IUECTION OF E colj
ATanm morsantace nfimiected hactena remaining i ¢hat 1.1 ¢

- -

eptes was normally saurated and acted 1o ympele ciredatory los 1o

Longed Licusse



Finch & Hollingsworth Cross-Circulation Experiments 441

increase occurred duning the 90-min observation period after the procedure
As compared 1o the narmal donars, the leukocyte counts of the feuhemsc
danor rats showed greater depression and tess tendency 1o recover after
crons circufatian

The Shay chlorleukem closely resembles human subacute or chronic
grandlocytsc teuhemia 1 us chmcal and morphelogic aspects It was of
wtat ympottance to note that the post cross-cuculation sun wal rates of
tenkemic and normal Jenbocytes 1n X-ray leukopemc ammals were identical
This indicated that, under these experrmental conditions, leukemic jeubo-
tytes of this type behaved and were handled m much the same way as nere
normaf leukocytes  Probably the fact that the transfused leukemic feuko-
cytes disappeared from the citculation of normal rat partners 21 a much
stoner rate than from the cculation of wradhated yat pasiners 1 due 1o
differences tn size of the total bady poat of teukacytes. The miroduction of
5 ta 10 umes the normal numbet of teukocytes in the form of leukemu cells
was weufficient to alter the equilibration rate between leukocytes 1 arcula-
tion and those 1 the depleted pools of the X-rayed animals  Oa the ather
hand, the normally saturated lenkoryte pools of the nonirradiated recipients
altowed the entening leuhocyles 1o reman In crendation tor much longer
periods of time  The reult= of the cross-circulation studies are summarized
in Fiouee 8 There was good evidence that the differences 1 the removal
rates could not be explaned on the basis of increased reticutoendothehal
activity, Joral vascular factors, ot an induced lewhocytoss n the recipient
antmal

Tt 15 true that the normal rat contains & lower percentage of granulocytes
1 lns peripheral blood than does erther man or many other species  How-
P A SV R S S S o H

should apply to any granulacyte system, even though the number of cells
mvyolved may not be identical  Agam, these observations appear to confarm
with the general principles outlined in the pool hypothesis
In order to shed some light on the problem of the Jocation of the transfused
kocytes m ing sttes, more prof d pbservations on the cross-
transfused recipient animals were made  Becanse of the small total number
of teuhacytes transfused, 1t seemed smprobable that micrascapic examination
of tissue sections s auld permit the identification and localization of the trans-
fused cells  The unique arculation of the rat suggested that the capillanes
and venules of the tad might be a site of ntravascular teukocyte aggreganon
‘Therefore, certaia studies of the normaf rat t2il were undertahen and the tail
blood leukacytes were compared with the arterial blood leukocyte counts
during and after vatious cross-eee Tost o s mom M T
mal rats, smultaneous artery
tail blood feukocyte counts rm
artenal counts  Senal Jenkocyte counts were obtained from $ successive
drops of blood espressed from the tails of normal tats  In alf instances there
was a preciputous tall i white count, mean values in 4 expenments decreasmg
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tion of leukocytes did not occur with continued cross circulation  After
the procedure was terminated, the irradsated rat count fell rapudly in an
exponential fashion  The rate of decrease of these lenhemic cells mn the
irradiated rat appeared almost identical with the disappearance rate of trans-
fused normal leuhacytes When notmal rats were cross-creculated with
leukemic ammals, the artenal blood leukocyte counts of the normal recipients

LEUKOGYTE COUNT {THOUS)

MEAN CHANGE IN ARTERIAL BLOCD

LEUKOCYTE COUNT OF 9 NORMAL

RATS AFTER CROSS CIRCULATION
WITH LEUKEMIC RATS

o 30
BEFORE  AFTER
TIME  {MWUTES)

- —reanced preatly  Immediately atter cross arcuttton, (he leukocyte

Wik,

the normal ammals,
of the leukemuc denor ant

Following WL s
imals during cross cm:ulatmn, only a modemu:
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that the white blood cells transfused by thss method are pot immediately
destrayed wittun the rectpient  Agam, these data are consstent with the
pool hypothests af leukocyte dtnbution, snd they suggest that smalt venules,
artetwoles, and capitiaties may be wportant sites in which noncirculating
leukocytes aggregate out of acuve circulation

Sunimary

By means of crows-cirenlation expensments between normal, leukemi, 2nd
N-ray Jeukopenic rats, data are presented to support the contention that 3
farge poat of nonairculating Jenhocytes exssts,  Indirect evidence is presented
DI SR A U VA S P

the body may be important reservars for noncirculating Jenkocytes
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approuimately half the count of the initial droplet ~This information sug-
gested that the tail vessels of the normal rat might act in retaining leukocytes
1 a fashion similar to that observed in certain capillanes of man,» % Fol-
lowing many cross-circulation experiments, the arterial and venous cannulae
were removed, the vessels rgated, and the shin incisions closed. Total and

MEAN FALL IN LEUMOCYTE COUNTS OF RECIPIENT
RATS AFTER CROSS CIRGULATION

IN MEAN LEUKOCYTE COUNTS

AFTER CESSATION OF CROSS CIRCLLATION

% CHANGE
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Licorr 8  Mean percentage change i leukocyte levels of various recipient rats during
00 min observation after €ross arculation

differential leukocyte counts were obtained daily thereafier for 3 1o ¢ days
Dunng the 3 days of observation 1t was c?vxdcnt tha.t the tait counts of the
Jrradmated rats after cross arculation with leukemic rats were markedly
Pavated as compared to lhugevof th‘e irradiated, untreated rats, In g study

- ~f tha nnrmal reciniant -



REGULATION OF THE LEUKOCYTE LEVEL*

Clara M, Ambrus and Julian L Ambrus
Rosucll Park Memorial Institute, Buflalo, X ¥

Investigation of the lfe span and the ehmination of leukocytes have
received increasing attention since phases of impaired leukocyte elxmmau_un
1 leukerme patients were desenibed.  (Bierman ef al., 1949, 1951, 1952, 1955,
Lanman ef al., 1950) Doan (1934) discussed the possibility that 1n some
chronic leukemias the large number of mature and *overmature™ leukocytes
with increased hife spans indicates a defect in ehmination mechamisms  Osgood
{1957) formulated 2 theory impheating {actors that <hotten leukocyte hie
span 1n leukemogenesis A shortened life span would reduce the proportion
of older, mature leukocytes and reduce the availabshity of hypothetical growth
regulators or inhibitors ongnating from these cells, thus allowing unre-
strained growth of the corresponding stem celfs

Lattle 1s known about the p l 1 of the el of
leukocytes  Until recently 1t was assumed that whatever regulation ewsts
pertains to the production of leukocytes and their release into the circulation
We shall not attempt to survey the hiterature on the regulation of leukocyte
levels 1n the pertpheral blood, many reviews are available on this topic
(Garrey et al , 1935, Sturgis et al , 1943, Fichtelus, 1953, Tullss, 1953, Amabrus,
1955, Bierman ef al, 1955, Yoffey, 1956, Lissac, 1937, and Ambrus and
Ambrus, 1939) Instead, we shall summanze the studies of our own group
on the regulation of leukocyte removal (Ambrus et al , 19533, 1953, 19333,
1954, 19344, 1954b, 1935, 19554, 1936, 19564, 19565, 1957, and 1959) and
present a preliminaty report of unpublished worh

Methods and Matertals

1 vtvo catheferssation studses  In order to study leukocyte-removing func-
tions, cardiac catheters were inserted into blood vessels leading into and out
of the various organs of expervaental animals  The catheters were prepared,
and cardiac and pulmonary catheterization were performed under fluoro-
scopic guidance as described previously (Ambrus ef al, 19348)  Blood ves-
sels of ab 1 organs were after lap by inserting a
polyethylene catheter through a small side branch and ligating 1t into the
branch, thus the flow 1n the main vessel was not :impaired  Femoral artenes
and veins were also cathetenized through side branches  Hepatic veins were
cathetenzed by passing cardiac catheters imo the infenor vena cava and
either directing their tips 1nto hepatic veins or sampling caval bload at the
fevel of the hepatic veins  In some expenments the vena cava was higated

Leukocytosis-promoting agents were used to investigate whether leuko-

* The work reported in this paper w25 supported in part by grants from the Amenican
Cancer Saciety, Nes Yorh, N Y, Natwnal Institutes of Health, Publc Health Service,
Bethesda, Md | Smuth, Kline and French Foundation, Philadelphia, Pa , and the Loois ans)
Dorothy Rosnstiet Foundation, New York, N Y
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which permits accurate control of Llood volume transfer  Yale J Biol Med 28.
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Companing results obtained by different types of labehng may aid m
evaluating sources of errors in the procedures  Many of the errors of long-
term celf survival studies (such as, reincorporation of the label) were avoided
by testricting our study to short-term expenments.

Isolated organ studies, Heart-lung preparations of dogs were made as
described previously (Ambrus et al, 19548). Perfused lung preparatians of
mice were made n open chest ammals under artificial respiranion given
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Fiouxe ¢ Dugram of mechameal heart-lung apparatus

through a tracheal cannula with the aid of a respiratory pump A poly-
ethylene catheter was introduced through the jugular vein inta the nght
ventricle  The venae cavae were ligated A second polyethylene catheter
was ntroduced mto the left ventricle through the aorta and the aorta was
hgated  Ovygenated blood was perfused through the preparation without
rcmc}ulatmn Lruku‘cyfe counts were compared before and after a single

cytes  Laberation of serotonin and other toxic factors from the latter con-
steicts hepatic venous sphuncters and produces the phenamenon of “blue,
hardInver” (Andrews and Maegraith, 1951)  We found that osygenation by
“bubble,” “foam,” “spray,” ot “drop” oxygenators cawsed clumping of
leukocytes and thrombocytes. This happened when blood was exposed 1o
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sojourn of leukocytes in the circulation was less than 3 hours, This agrees
with the estimates of many, but not all, investigators as to the length of the
Intravascular phase of the hfe span of leukocytes.  FiGure 3 shows the dis-
appearance of labeled leukocytes 1n a dog following intravenous njection of
7 mg 'Ag of quinacnne Following injectton, most of the leukocytes of the
ammal became labeled, within 1 hour the majority of labeled cells dsap-
peared and, after 2 to 3 hours, practically no fluorescent cells remarned 1n
the crreulation, although an occasional labeled cell was discovered as late as

9-9-9;

Hematocnt
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Ficoxe 3 Dog cardiac cathetenzation  Disappearance of labeled leukocytes from (he
arculation of a dog following itravenous injection of 7 mg /hg of quinacrine (Atabrine)

48 hours after mjection  Quinacrine-labeled leukocytes retained therr fluo-
rescence under ultraviolet light following centrifugation ang washing with

physiological salime
The following tests were apphed to determine whether the Iab:]xng Pproce-
dures used might have affected the viability of the Jeukocytes- (1) Schrek
eosin resistance test (Schrek, 1936, 1943), (2) ameboid motility on the warm
stage microscope, (3_) pha’gofyto'sxs and opsomzation (Boernpr a1 “rudd,
o ctric
. )

« uanges
occurred 1 the AUOVE LESLs IUHUWING £* OF qUuInacrine labeling othe, than a

decreased oxygen consumption after quinacrine. It has been shoyp that
quinacrine inhubits cytochrome reductase, cytochrome oxdase, and gryco -

C
hosph yd e of mammalian tissues (Haas, 194, Wright and
Sﬁ:me, 1944).  All J-Faline mean € some effecy o
biological systems. hconsumpnon of
leukocytes wathout ¢ n agocylo:ns, pn

labeling introduces lontzing radiation mto the cell
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ovygen in a discontinuous phase.  Ou the other hand, ovygenation of a thin
tayer of blood m a continuous phase on a nonwettable surface caused no such
change  Fioure 4 1> 2 dtagram of the apparatus used.  The entire machine,
except the rubber finger stall in the pump, was constructed from polyethylene
Blood from the reservoir was pumped by a Dale-Schuster pump into the
preparation A rotary valve directed oxygen from a cyhinder alternately to
the finger stall of the pump and to the hurmdifier  From the {atter, oxygen
entered the reservorr and ascended through a rotaung palyethylene tube to
the outide  Venous blood returmng from the preparation floned in a thw
§im on the mner walls of the rotating tube surrounding the oxygen that
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fwere s Diagram of apparatus for double perfunnn of wolated fivera,

ascended m the core  The resernvoss and all tubing were jacketed and per-
fused from a copstant-iemperature water bath  The rotatng tube was
warmed by an safrared lamp  Blood m the reservoir was kept i gentle
motion by a magnetic stirer  In a later modification of the apparatus 3
rotor-type pump™® was substituted for the Dale-Schuster pump, ehminating
the rubber finger stall and alowsng cwculation through all plastc tubing.
Tsolated lvery were perfused through erther the partal vern or the hepatic
artery, or bath  For double perfusion, the apparatus shewn in Ficurse 5
was used  Arteral blood from the pump entered a T-tube, one branch of
which led into the hepatic artery, the other iito a reservorr from which blood
entered the portal vem by gravity flow  Thus the hepatc artery was sup-
plied by pubating flow at astertal preswures and the portal s ein by continuots
flow. The resesvar was placed m a constant-lemperature Lath and jts
contents were agated gently by & magnelic sturer  Pressures and flow
rates were mamtamed withn physxo!ogxcnl range .
Pesfused organs were fept tn a double bath, as shown in frleurs 6 The
snper bath was ‘nade from the top of a 5-gal Pyrex bottle sealed with a pres-
re plate and screncd (o a subber Jatex ning resting on 2 Plexiglas platform
fi‘”‘h ssiper bath was submerged in a constant-lemperature auter bath, (ap.
nul:e connected the Llood vessels of the argan preparation to the hcan.[u"g
+ American [ostrument Co, Rochestet, N V-
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freed from the
trates o Thiry-Vella loop segments of the small intestie are

continwity of the mtestinal tract and both ends brought out theough the
bdommal wall with thesrblood and nerve supply hept mtact  Ammals were
used for cxpernments ten days or more after surgery

eouterion
st

Ficure 13 Constsuction of pofyethsdene canmufac snd colisctian tubes for astro-
mtestinal fistufae

FIGURF 11 shows the construction of the polyethylene cannulze and collec-
non tubes  Trcune 12 shows a cannula, coliection tube, and cap  The
upper flange of the cannufa nas placed nside the fistula and the Jower flange
was bightened agamnst the abdomuna) wall from the outside The cap that
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machme. Other cannulae permitted the collection of bile flow from isolated
livers (as a sign of functional actrvity of the organ) and the measurement of
blood pressure in varnous blood vessels, A graduated tube evtending from
the top of the imnner bath registered volume changes of the organ. The inner
bath was filled with glycerol. FIGURE 7 shows the entire apparatus.

Blood samples were taken through side branches of the polyethylene tubing
at points where blood entered and left the organ preparations  Osygen and
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Ficuze § Isolated, perfused dog hind tmb  Blood sugar and NN values 1 an
1solated hund-hmb preparation
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Fioure 9 Dog hver perfused through portal vein  Blood sugar values m gn isolated
Iiver preparation

carbon dioxide tensions of the blood were determined with the Vap Slyke
apparatus
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cyte count and blood smear from the tail vein, and mspection of the abdomi-
nal organs after laparatomy under hexobarhital anesthesta I diagnosis
was not cenfirmed histologically, the results were excluded from the senies

Hematological teckniques  For the most part, routine hematological meth-
ods were used  Blood was always handled 1n polyethylene containers or sili-
conerzed glassware From blood vessels leading 1nto and out of various
organs, simultaneous blood samples were drann mto siiconeized syringes
and dwcharged into stlicone-coated tubes Differential counts were made
from cover glass smears stained with Wnght-Giemsa stam  Centnfuged
leukocyte concentrates from alveolar and gastromtestinal washing fluds were
stamed by the Papamcolaou method  The following stam was developed for
aa L oo Ve = AR
distilled water, solution 2 0 1 per cent eosin and 0 1 per cent Azo Phloxine in
the same solvent as solution 1 Before use, solutions 1 and 2 were mived in a
2 1ratie The error of counting leukocytes has been calculated p y
(Ambrus ¢f al, 19548) In these studies the 95 per cent confidence hmits
were between 11 and 16 per cent

Results

Remoual of lenkocyles by the pulmonary cireudation  Cardiac cathetenization
experiments were undertaken n anesthetized dogs by inserting catheters
under flucroscopic guidance mto the pulmonary artery and vem or mto the
right chambers of the heart and into the carotid artery  Preliminary expen-
ments ndicated no sigmficant difference among leukocyte counts of the
pulmonary vein, the Jeft chambers of the heart, and the large arteries  The
prolonged presence of cardiac catheters 1n the heart or pulmonary vessels of
anesthetized dogs caused fluctuations 1n the leukocyte count (usually leuko-
pema followed by leukacytosis). To avord this error, all blood samples were
obtained within 25 min_aiter the imtiation of anesthesta

FIGURE 13 shows results of a typical expennment  Of sample pairs during a
20-mun period, most counts were higher i the night ventricle than mn the
carotid artery, indicating leuhocyte removal 1n the lungs  The cells affected
were chiefly polymorphonuclear neutrophils TasLE 1 presents the differ-
ences 1n total leukocyte counts i 9 to 10 pairs of nght auncle and carotid
artery samples taken from each of 13 dogs A highly sigmificant difference
wasendent  Similatly, TaBiE 2 presents the differences 1n differential counts
n 5 to 10 pairs of samples taken from each of 6 dogs ~ Analysis of covartance
for the differences in tatal counts and neutrophil counts indicated a depend-
ence of the differences 1n total counts on the differences 1n polymorphonuclear
neutrophils

TaviE 3 shows a senies of expeniments where single pairs of smultaneous
samples were taken, either by catheterization or by direct puncture of the
vessel, from vesselsleadmg into or out from the pulmonaty cicculation  Data
were analyzed by “sign” test and by analysi of variance Because the
number of samples was refatively small, the differences were not significant
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closed the cannula throughout the day was replaced with the collection tube
during expeniments  Thiry-Vella loops were perfused with warm physio-
logical salt solution during the cxperiment; spontancous secretions were
collected from esophageal and gastnc fistulae

Tao determine whether labeled leukocytes removed by the lungs do migrate
1nto alveoly, “alveolar washing” experiments were undertaken. Dogs were
evsangunated through the carotid artery, a hemostat was placed on the
trachea below the larynx, and the respiratory system was removed The
lungs were immersed for a few seconds 1 warm (37° C.) saline to remove
blood from the pleural surfaces A polyethylene funnel was ligated into the

Froure 12 Polycthylene cannulz, cap, and collection tube for gastromtestinal fistulac,

trachea and the lungs filled with warm saline, which was distributed through-
out the lungs by gentle manual pressure apphied alternately to various seg-
ments The entire system was inverted and the fluid drained 1nto a sili-
coneized beaher  This process was repeated three times.  Further washings
removed only very small numbers of residual leukocytes Volume, leuko-
cyte counts, and erythrocyte counts of the washing fluid were determined.
Samples with significant red cell counts were excluded from evaluation.
inymals and tumors  Mongrel dogs of either sex weighing between 10 and
40 kg, were used  Pentobarbital (Nembutal) anesthesia was given with an

‘Ihe Jonowatip I8 2 bt b Tt g
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ful blocking agent of these functions, was gven to dogs 6 to 23 hours before
blishing heart-Jung Noumyp of leukocy ng
abikty occurred  Menhen {1946, 1936} has reported that crirde pyresin and
@ leukopenic factar wolsted from ard fadlammatory exudates produced
teadopetua by mducing accumilation of lewhocy tes tn the alveolar walls of
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in all =eres and with both types of analyses However, the differences
became wignificant when all values of samjiles taken from locations leading
»nto the lungs were considered together and compared with the similarly
pooled values of samples obtained from tocations teacing out of the lungs.
Regulatson uf the lenkocyle level n the heart-bung preparation. In intact
ammals where leuhocyte populations are contuously renesed, it is dilficult
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1o study the regulatory function of ndiwvidual organs upon the leukocyte
count  In ous Jsolated heatt-lung preparatians of dogs, rapid removal of
neutroptil granulacyles occurred until a fow Jevel was re'achml, This level
was matntained for the useful hfe of the preparation.  When the blood was
exchanged for a fresh sample, rapid removal of feukocytes agun pecurred
until the same tevel was reached T)‘m Yevel, constant for each individual
preparation, \aried between preparations from 500 to 1500 cells/cu. mm.

cron of fresh blood into the preparation every 10 to 30 min for

adue
?‘\‘\ln\n\ ud not exhanst the ability of \}\c fungs 1o remove leukocytes A
3 PR
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the lungs, the stusowds of the hver, and the splenic pulp  From alkaline
exudates a leuhocyt factor and in were wvolated,
Lyophilized ponder of leukopemn, leukopenic factor, crude pyrexin, and
leukocytosis-promoting factor were hindly given to us by V. Menkin, Temple
University, Philadelphia, Pa  In doses of 20 mg , none of these substances
altered the leukocyte-tegulating activity of heart-lung preparations of dogs.

Taere 3
AvERAGE LEUROCYTE COUNTS AN Various Brooo Vessers OBTAINED BY Si\cie
SINTLTARFOTS SaMpLNG

Sigmficance of Sigmificance of

Blood entermg | Blood leavmg | dufference
lungs luogs VA difference
Analyus of S st
vanance
Vena cava supenor | Aotta p<ool | 06NC
8138
Rght aunicle \orta, NS "/12p <0 01
8053 114
Right auncle Lelt auncle p<00l | *WINC
3032 7288
Pight ventnicle | Left vemnile Ns 0SNC
7002 6013
Right aurcle Carotdartery | NS 613N 'S
13,065 12,880

|
Sigmificance of the composite of all data mathed sath * 1,22 p < 001
Sigmficance of the composite of all data marked with * and 1 /38 p < 001
XS = not sigmeant, X C = not conclusive

Fate of leukocytes e the Inngs  Expenments were undertaken to investis
gate the fate of leukocytes removed from the arculation by the lungs  Are
these cells decomposed?  Are they dn 'y capitary beds?
Can they teturn into the arcufation? Do they mugrate into the alveoh?
W hat s thewr ulumate fate?

An experiment demonstrating the effect of epinephrine 1n releasing leuka-
cytes from the pulmonary arculation is shown in FIGURE 1. FIGURE 15
shows an expenment where 500 ml of quinacnine-Jabeled blood nas infused

cutation oceurred as ndicated by rse of the total as well as of the labeled
«elf counts of the carotid artery samples  This was followed by a secondary
increase in the nght ventnicular counts  The latter may be due to telease of
feubocytes from other organs as well as to the arnval of cells in the \enous
blood from the puimonary circulation  ‘The number of labeled leuhocytes
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present 1 atvealar washings of untreated dogs, 1t must be assumed that exther
(1) tabeled celfs became concentrated in a small volume of alveolar flud and
Jost some quinacrine 1o neighborsng untabeled ceils, {2) smalt amounts of free
quinacrine present In plasma were excreied selectively into the afveolar fluid
and there reached sufficient concentrations to stawn additionat leuhacy tes, or
{3) some labeled leukocytes disintegrated mn the lungs and ther label became
sncorporated into unstained cells

Tume ¢
Totan NUMBER 0F C118 1§ LunG Waswivgs Exeressep Iv Mutions
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fusion of 500 1! d
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In experiments where the lungs were removed 20 mun after injection of
20 pg /hg l-epephnine, the usual release of leukocytes from the pulmonaty
arculation occurred, howevet, tw difference was found between the alveolar
leukacy te population of these animals and those of animals sacrificed accord-
tng to the same schedule, but not receiving epinephrine (xasle 4). To com-
pzrlc tl(\; two mdependent pairs of means, two-sided “Student 17 tests were
utihze

nt

aft .

DIvaspeanc activity in the 05gans of reopient mice was expressed as fabeled
leukocytes per gram argan  Of course, viable and disintegrating lenhocytes
could not be difierentiated by this method A farge number of lewkocytes
appeared ta be taken up by the lungs, spleen, liver, and thymus, Three
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became temporarily Almocs ~- %
tion of the transt

In a senes of \ we guillaunne-abeted dog blood was
infused intravenously into groups of 10 dogs  After varjous time periods the
groups were sacnficed and the alveolar washing technique described above
was apphed  Results are summanzed 1 7aBcr 4. In control dogs, which
did not recerve transfasions, sigmificant numbers of lewhacytes could be
washed out from the alveali These were chuefly histrocytes for alveolar
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macrophiges), EraLaN I and lymphacytes. There was a remarkable
paucity of columnas cxlfaled cells from the bronchiat muenn
found 10 human Yranahial oo

PO IO

‘ L ewuauvel was not reacked
Lati b hours ater mbusion A logarithanic transformasin-
PSS '

on the data and the =~~~
tnbaton T)h; "“:’ en o T
oled var -« wuiitnces  To
i:;t:\‘:nl:: with control, the multiple compatison procedure of E’.ﬁ',',‘,:"cﬁ
{1935) was employed an—su]gd compa;nsm;s were used
Uniortunately, alter t{ansrucxon {xzth abeled cells atmost all cells 1 the
alvedar washings exhibited fiuorescence. Since mormal letkocytes were
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after infusion, labeled leukocytes were identified in saliva coliected through
e<ophagea! fistulae  Labeled cells i various stages of decomposition were
found 1 fiwd collected from gastric fistulae  Most of these cells appeared to
be gravulocytes, Berwuse of the dependemce on secretory sates and the

Blaod
Celt countsmm? from night ventricty
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from carotis artery

2] o000
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163 Tonooyes Fasnemr
@
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Time 10 mingtes

e
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Histamine O5mg i femoral vein

Unidentit ed Monocytes Essinophies Lymphocyies Neutrophile gronviacyles

Fioeee 16 flog cardac catheterization  ifeet of hustamine on the removal of feoko
©31es in the pulmonary crculation

difficultses 1 morphelogic dentification {f ly 1 the case of gastric
secretions), these studies were essentially quahtative  Howeser, some granu-
Tocytes apparently mugrated from the ahveol up the tracheobronchial tree,
and were swallowed and through the gastroi ) tracy
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hours after transfusion there was a decrease of activity tn the lungs and spleen,
and a notable increase in the thy mus and bone marrow  In this respect there
was no difference between normal and leukenuc animals except that in con-
trols, but not 1n leuhemic amimals, the liver appeared to have gained some
leukocytes between 1 and 3 hours after infusion, The significance of this
difference was questionable,

Tas
Neuger OF Trassresep P#LLaRecen WEBCs PER GraM ORGAN IN RECIPIENT
Anmuaus, CALCULATED ON TiE Basis or DNA Srrciric Actniry Tacn
Grove, 5 Mice
Donor Blood from Leukemic VK Mice

Recipients normal AK mice

Organs

1 bous after iafusion | 3 hours after infusion
Lung 246 X 100 148 X 100
Liver 130 X 10¢ 457 X 101
Spleen 516 X 100 238 X 10¢
Thymus 173 X 107 356 X 100
Bone marrow 0 HLX 100

_—

Reciprents leuhemic AK mirce

—

1 hour after infusion | 3 hours after infusion

Lung 169 X 108 92 % 100
Liver 580 % 100 567 i xg'
Spleen 307 X 100 98 X 10°
Thymus 241 % 100 827 X 10
Bone marrow 0 356 X 10¢

These expenments seem to indicate that leukocytes are remoyed by the
pulmonary circulation, where they probably marginate to the capllary walls
Some leukocytes eventually may re-enter the circulation (particularly undet
the effect of agents that produce hemodynamic changes 1n the pulmonary
arculation), others migrate slowly through atveolar membranes mto the

v
thymus). en o aen
¢ Tn order to f removed by the lungs
and mugrated ltimphage‘\l or gastric
fstulae were £.: 00d. Several hoyrs

PN X Spnp
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nne from the adrenals, and Staub (1946} demonstrated that epwsephrine
injection refeased histamie from the tissues  The nervous .m(? humoral
factors reguiating p 1l fonships in the puh y cireulaty
hormones (epmephnine, cortical steroids), and tissue hormones (mstamine,
serotonin) are probably invelved in madifying the leukocyte level-regulating
fanction of the lungs

Removal of leukentic leakorstes by the tungs of normal gud lewkemic animals
No difference was found between the distnbution of Piabeled leukemic

Crir Counrs/cu ayf

Donor ammals and

ot | Moptos syl b koot o o
Leukeme AK Normal AK Leuhemc AR
6300 4700
13,200 2300 3900
Leukerme C58 ~ Normal €58 Leukemic C58
11,700 5500 6300
Leukemic F Normal Leukemic ¥
39,000 9000 T600

Leukenuc DBA/2 Normal DBY/2 Leukemsc DBA,2
18,000 8300 6000

leukocytes i normal AKR e and that m ammals suffening from spon-~

s of an expen-
was perfused

vith leukerma
C1498  Simdatly, blood fram C57/BL6 mice with leukemia C1498 was

vertused through the lungs of aormat DRA /2 mice and amumals with leukem
P1534  Analysis of correlation coeffictents indicated no difference between
wital counts and filiration rates {findings simalar to those in dog heart-lung
preparations) - o

feukemic tungs 1

experiments in ¥

taneous feuhemia and trom DBA/2 mice with methylcholanthreneanduced
Teukernia was perfused through the lungs of normal and leukemc recipients
of the same stran  There were no apparent differences between removal
rates of normal and of leukemic tungs  In contrast to the dog heart-lung
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Effect of hormones on the regulation of leukocyte levels by the lungs. Ficures
1 and 15 show release of leukocytes from the pulmonary circulation following
epmephrine njection. Bierman ef al. (1952, 1933a) demonstrated that
hustamune increased the pulmonary sequestration of Jeuhocytes, and that thi>

Taste 6
Cewt Covnts/cu ary
Blood from DBA/2 | Transtused through | Filtration T’f""““fég;"‘ggh Filtration
oo o BISH. | tungs of normat | tpereent. | 1163 S CSTI0 | (peesnt
levkemia €57/6 mice ages) T azes)
— —
22,500 2000 (3 1650 67
32,000 10,000 66 14200 56
12,000 5100 57 3000 15
14,000 6200 36 9360 33
11,000 £200 62 1500 5
13,500 3800 72 3000 0
10,500 2600 75 1900 A
Mean percentage 645 632
Sigificance of differ-
ence between filtra-
tion percentages NS
N o
Blood from CS7/6 | Transfused through | Tiltration | Transfused throvgh ) pyycapion
mice with C1498 lungs of normal | (percent. | \ungs of DBA/2 Trlu:ﬂ"
Jeukemta DBA/2 mice ages) m\cic‘:;:l:nl":sli ages)
[ —
42,000 11,000 7 o
11,300 2500 7 et "
10,100 3330 & o 4
12,500 2600 7 1700 62
12,300 3150 7 o 24
10,200 2200 7 5100 51
Mean percentage s o
Significance of differ-
Hce between filtra-
tion percentages NS

effect was less pronounced in leukemic patients (Bierman ¢/ a1, 1956).
FIGURE 16 shows results of a simular expeniment in a dog 1n which mjection
of histamine mitially caused leakopema; the leukocyte count of the carotul
artery Tose t0 2 Jevel temporarily above that of the right ventricle, fallowed
jod of mcreased pulmonary leuhocyte removal

regulatory factors may be volved in this pheromenon  Dale
1906, 1920) showed that histaoune injection caused pouring out of epineph-
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rine from the adrenals, and Staub (1946) demonstrated that epmephrine
injection released histamine from the tissues  The nervous and humoral
factors i p fls 1 hips 1n the pul y circulation,
hormones (epinephnmne, cortical steroids}), and t1ssue hormones (histamine,
serotonin) are probably involved in modifying the leukocyte level-regulating
function of the Jungs

Removal of lenkeric deukocytes by the lungs of sormal ond leukenssc onmals
No difference was found between the distbution of P**-Jabeled leuhemc

Taste 7
Cert Counts/cu s

Donor animals and
et count | Reapient ammals and leukoeyte count after

passage through pulmonary circulation
Leukemmc AK Notmal AK Leukemc Ak
6500 4700
13,200 4300 3900
Leukemic CS8 Normal C58 Leukemic C58
11,700 5500 6300
Leukemic F Normal F Leukemc ¥
39,000 9000 7600

Leukemic DBA/2 Narmal DBA /2 Leukemic DBA/2
18,000 8500 6000

feukacytes 1 normal AKR mice and that i ammals suflenng from spon-
taneous lymphatic leukemia (TaBLE 5)  TABLE 6 shows results of an experi-
ment in which blood from DBA/2 mice with leukemia P1531 was perfused
through the lungs of normal C57/BL6 mice and ammuals with lenkemia
Cl498  Similarly, blood from C57/BL6 mice with leukerma C1498 was
perfused through the lungs of normal DBA /2 mice and anumals with leukemia

PISH Analysis of ndicated no between
1nit1al counte and Blemas an waen f8-3 —- 5 - P .

preparation
Teukemic In
expenment:
taneaus leu

leakemu was perfused through the lungs of normal and leuketc recipents

ot i
mge !same strain  There were no apparent differences betneen removal
of normat and of leukemic lungs  In contrast to the dog heart-lung
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preparations, large numbers of lymphocytes seemed to be sequestered by
the perfused mouse lungs

Removal of lenkocytes by the gastromtestinal tract Ficurr 17 shows results
of an expermment 1n which 200 ml blood with quinzacnine-labeled and P*la-
beled leukocytes was infused intravenously into a dog with a Thiry-Vella
intestinal loop  The loop was perfused with warm phystological salt solution

e
\

TOTAL NO OF CELLS IN MILLIONS PER MINUTE

|
1
|
BLOOD SAMPLES ‘L-’ P

20,000
40000 FROM V SAPHENA I./
30,000 1
20000 |
b—
° S —
L T, 200 20 300

v
TIME IN MINUTES

Licus 17 Flmnation of levkocytes through Thicy-Vella tatestinal loops following
\nteawenous transiusion of labeled blood

L= C et AMa o

‘washings were mononuctear, few graluuLy s vl st 1 onowing blood
;‘::\:s(uimn, lymphocyte counts of the washings gradually increased and
labeled cells appeared, reaching maximal levels about two hours after

on
t'alr:i:\sim:lnr expenment, 70 ml. lak{elcdvlhorncxc duct lymph was infgeed
ntravenously tnto dog with 2 Thiry-Vella Toop  Results are showp n
lm:mu: 18 A rapid increase followed by 2 gradual decline in the o
cells of the perfusate was noted
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h laholod tanl nevtes wae

Fiouge 18  Fhownavon of leuknc)l:s theough Thir -3 ella ntestinal loops follonang

ntravenous wivsion of labeled 1y m

Tare &

NemBER OF LABFLED CRLES 1N THOUSANDS £ STANDARD DEVIATION 1% INTESTINAL
Looy Wasiaxcs of AK Mice Ostarven witiin 8 [fours Arre IV

Invuston ar 35 x 10* LagELep (ecis Eact Groor, § Mics

Recipent
Tonor e e
| Normal Lewd emmic
e
Narmal i 0104 2T | TI0X 423
Leukeme ATOE D8 | 60t 26

Nl scs th vamnee sevnten S foor @UOps p > U6,

tymphatic leukemia were used, no differences s ere seen 1 whate cell ehmina-

tion between these 1w o groups of anmals

Role of abilomnal organs and periphcral capillary beds in the segulotion of

the fettkocrfe connf
of prgans ether than the lungs and the

Lxpeniments were undertaken 1o study the possible rote

tract in the
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of leukocyte levels  FIGURE 19 shows the results of such an expenment
Quinacrine-labeled blood was infused into a recipient dog and the following
blood vessels were cathetenzed subsequently splenic vein; portal vein, priot
to the entrance of the gastrosplentc vein, vena cava inferior, below the renal
vemn and at the level of the hepatic veins, and carotid artery. Splenic con-
traction usually followed laparotomy in the dog and resulted 1n a pouning out

o———>o CARDTID ARTERY

-4 SPLENIC VEIN

p==—===g PORTAL VEIN

+eemeemeet Y.CAVA INFERIOR BELOW RENAL VEIN

x—=——=x V CAVA INFERIOR AT THE LEVEL OF
THE HEPATIC VEINS

DONOR BLOOD

[ 123 0 130
500ML ATABRINE ATHETERIZATIONL 20 y /K6 /-EPINEPHRINE
LABELED DOG BLOOD INTO FEMORAL VEIN

Ficure 19 Dog m e Fate of 1 the portal

and effect of epinephrine

of leukocytes wto the splenic vein, This response gradually decreased and
splemic vein counts appro?ched or fell below splenic artery counts, indicating
that under normal conditions the spleen probably removes leukocytes  Por-
tal vein counts usually were hugher than arterial counts and vena cava inferior
counts, esther those below orat the level of the hep;\'uc veins. The difference
of the counts in the portal vein and the vena cava inferior at the level of the
hepatic veins may. be due to removal of the leukocytes by the liver and to
dilunion of portal blood with anenal‘ and ca\(/la} blood  Withim two hours
after transfusion, most labeled cells d):am‘eared rom the circulation  Intra-

s 1mjection of epmephrnne caused immediate splenic contraction and a
venous njection O C AC e well s the labeled leukocyte counts in the
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splemicven  There was a rapd, provounced increase i the leukocyte counts
(labeled and unlabeled) 1n the carotid artery, indicating release from the
pulmonary circulation  No change was noticed 1n the vena cava Inferior
below the hepatic vems. Apparently penpheral capdlary beds da not con-
tnbute sigmficantly to the leukocytosss  There was a gradual increase n the
portal vein counts, probably indicating release from the splanchnic circula-
tion Inspite of the large increase 1n carotid artery and splenic sem counts
and the moderate 1ncrease mn portal vein counts (prier to entrance of gastro-
splenic vein), there was only a shght increase n total counts and no increase
1 labeled counts 1n the vena cava inferior at the level of the hepatic veins
This may indicate hepatic filtration of leuhocytes  Catheterization expen-
ments were undertaken to mvestigate the fate of leukocytes in the hepatic
and splemc cireulation  To study the role of the splenic crculation was

spleen sequesters all types of leukocytes, that many are decomposed, and
that others are available to re-enter the circulation

Various types of expenments were designed to study hepatic leukoeyte
removal

(1) In the first senes of experiments, catheters were 1nserted into the
portal vemn and the vena cava inferior at the level of the hepanc veins  The
hepatic artery and the vena cava mferior abeve the phrenicoabdominal vein
were hgated A senes of blood samples was taken within 20 min after liga-
tion FIGURE 20 shows the results of such an expeniment Portal vem

hepatic release of leukocytes occurred  Data concerning normal leukocyte
— - e . . - sganthmic
iganthmic
Duffer.
ences were sigmificant at the 1 per cent level for all loganthmic cell counts
except the “ other and umdennfied” group
(2) In 2 second senes of experiments, blood samples were obtained from
the hepatic artery, portal vein, and the vena cava inferior at the level of the
hepatic veins  The vena cava infenor was ligated above the phrenico-
abdeminal ven  Preliminary experiments indicated that under these condi-
tions the hepatic artery contnibuted about 10 per cent of the total hepatic
flow  The cefl counts of the portal vemn and hepatic artery were combined
1 a ratio of 9 1 and compared with the celi counts of the vena cava mferior
at thelevel of the hepatic vens Results are shown in Tante 10 The mean
loganthmic difference for each cell type was tested for significance by means
of Student t tests  Sigmficant differences were detected for the total cell
neutrophil, and lymphocyte <ounts ’
(3) In the third series of experiments, catheters were inserted 1nto the
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Taoir 9
REMO\ AL OF LEUKOCYTES BY Tiie TORTAL CIRCULATION DF DosS Powtal VEXw
xn6 VENA UAVA INFEROR AT THE LEVFL OF HEPATIC \ Er\s CATHETFRIZED,
HEPATIC ARTERY AND Vena Cava INTIRIOR BELOW Tns LEVEL oF
iepamic Vems Licaten

“Total count Neutrophil granutocyles
No | Mo of pared
Dag ™o | amplesidog | Mean {0 TST ol | Man | v tog | SE o
ag [P mean | A T el mean
loga | + - g ng dif
|
— e
1 s 4 +1065 | 40 0625 |0 0356 +302 | 40 0403 } 0 1802
FERNCY ¥St1L | 40 2110 {0 1011 | +500 | +0 1834 | 0 1320
3 n 47771 | 401317 |0 0336 | + 5285 | 40 1403 | 0 1030
3 1 11692 | +0 2854 |0 0536 | +83%9 | +0 2936 | 0 1080
\eansand standatd error | +7474 | 0 1961 |0 0292 | 45968 | +0 1925 | 0 0622
sigiicance ¥ A) p<00) p <001
] L Lymphucytes Losnophls
| S
1 4 I wars
2 i | #1126 | +0 1290 |6 0505 | a7 | +1 5985 | 0 612
3 13 | 41360 | +0 0571 [O 0571 | +947 | 42 5093 | 0 199

4 13
Means and standard etror
significance (v A)

41791 | 40 2036 | 0 0371

+332 |40 2213 | 0 4900
133 ) 401307 nom

+26 | +1 2859 | 0 2963

o
+0 0935 [0 066 # ~T0 : ~0 08833{ 0 9011
i

! <00t
i o
! -
| { Monncytes Other and unidenuified celis
D] -
1 I 4 #1371 40 2775 \0 1254 1 +20 | +0 1263 | 1 1230
H [ H » +413 1 $0 1997 |0 (W«XSZ 4282 1 40 3030 | O 84%9
3 | 13 | +448 | 40 2791 [0 0690 } +191 +0 1694 | 0 6772
i B | #5906 { 404040 [0 006 | +208 | +1 5765 | 0 7487
Meansand standard ervor | +460 | +0 3078 [0 00123' 4303 | £0 6025 | 0 don
sghaticance 1 p < om‘ 1 e >005
I

*In parentheses the number of samples 18 tndicated 1n whach dflerential eounts were
taken f this number 15 less than the number of samples 10 hich total leukocy te counts
were estabhshed

1 Portal vemm counts were designated inffowing cell counts (s)  Counts fram the nfenoy
vena cava at the level of hepatit veins were designated outfioning call counts (g

hepatic artery and the portal sein, and the tip of a curved catheter was
duected inta 2 stngle hepatic vein  Portal vewn and hepatic ariery coums
were combined 1 a ratio of 9 1 and compared with the counts of the hepane
vein  Rewufts are summarized in T\BLF 11 Analysn of data was under.
taken asin the previous series  Signuficant thfferences were detected for the
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of all capillary beds or s restricted to specific organs, the femoral artery and
vein were catheterized n four dogs  Results are shown in TApre 12, the
analy«is of data undertaken as before  No significant difference was detected
for any of the cell types

Annals New York Academy of Sciences

Tante 12
Levaacyts COUNTS 1n Tite FEMORAL ARTERY AND VEIN OF Docs
|
‘ “Total count Neutrophil granulocy tes
‘o | No of paired
Dog No
g samples dog | Mean | yp 0o 4 ST oof | Mean | yyoongo, | SE o
| Cad | MRS | mean | ar | MGEE| men
l \- tog il | \-% log dufl
1 7 ‘ +371 |40 02920 [ 0 0258 | +279 [ +0 046771 0 060
2 2 +3145 |+0 14283 | 0 0482 | +130 | +0 07890 0 0899
3 3 —2670 {0 12300 | 0 0394 | ~1850 | —0 13110 0 0734
4 3 +3 [+0 00011 | © 0304 —~60 | ~0 0051 |0 073
Meansand standard error | 4359 |+0 003118{ 0 01744 | —235 | 0 00594} 0 0330
sigmificance (\ 3) p>005 p>005
\
Ly mphocy tes Eostnophils
1 7 +114 140 04224 [ 0 0287 | +144 | 40 06570| 0 613¢
2 2 +445 140 08200 | 0 0537 | +270 [ 40 1110 | 1 1476
3 3 —300 [~0 05325 | 0 0430 +3 | +0 0116 | 0 9370
1 00 (-0 00180 | 0 0439 +20 | +0 1004 | 0 937¢
Means and standard error | 53 |+0 019023) 0 0196 | +108 | + 0678 | 0 4190
sigmficance (V-A} p>005 p> 005
Monocytes Other and umdentified cells
1 7 +10 [~0 01932 | 0 3147 —1 | —0 01334| 0 4237
2 2 +240 |42 3339 | 0 5888 +55 [ +1 87018| 0 7334
3 3 —90 [~0 2239 | 0 4807 —23 | -0 1119 | 0 5387
M 3 —~17 |~0 0698 | 0 4807 ol o °
Means and standard error | ++36 (+0 024355 0 215 +8 | 022051 0 3051
significance p>005 p > 005
Letkocytes v the tsolated hnd-limb preparation Isolated hind hmbs of

doss were perfused with the il«fa‘r_t-_ll{lzz‘: ﬂ'f‘fff"_"? l}esc:{bed under AMethods.

Nuwssg =
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Fpunephrine may hiberate some preformed feukocytes from the bone marrow
In addition, 1t 15 passible that n capillary Leds there is 2 balance between
canstanily marginating and demarginating granulocytes, resulting 1 equal
levhocyte counts 1n the inflowing and outflowing blood  Hemodynamic
changes temporanly may alter thi> balance as, for example, in the case of
epinephnne mjechon when mereased demargination s induced

o——==Blood from femoral artery
=x——=—x= Blood from femora} vein
AcnaB =Blood from donor dogs

Cell count/mm3 New ew
New sample scmple sample
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Fiouze 21 Dog hund himbs perfused through femoral arters  Leukacs te counts in the
wsolated hnd imb preparation

Regulation of the lenkocyte count by the ssolated Iirer  Tsolated Lver prepara-
tions were maintained with the amﬁcm\ hearl~lung apparatus desenbed

ahnea  Erevens 72 B ciamees oo

ot the blood ntroduced 1nto the preparation  The leukocyte disappearance
curves resemble those of the isolated heart-lung preparations {FIGURF 14)
Levels attawned n the ter prepirations tanged from 500 ta 1500 cells; cu
mm , simular to (hmc of the lung prexmauons Howerer, there were several
dllIerrmL-% Te

level usually «

30 to 45 min

phil granufou

wells alvo were hltered out
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FicUre 24 illustrates an expenment in which epinephrine and histamine
were introduced into the preparation  As in the in silu liver, these agents
did not affect the leukocyte counts in the preparation.

Regulation of the lenkocyte connd by the isolated spleer 1t proved to be
extremely difficult to work with 1solated dog spleen preparations, since splenic

o——0 Blood from
abdominal gorta
x====x Blood from inferior
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Isolated dog tind limbs perfused through abdominal aoriy

Fiougs 72 he leakocyte counts in the 1solated hind-limb preparation

epmepbnine on 1
due to the operative procedures interfered with the exXperiment.
inbrmative experiments could be performed  Fiaugg 25 shows
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Tiorae 23 Jsobsted dog biver perfused thspugh portal sesn Regolation of leukocyte
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Cytes, tymphocytes, eosnophuls, and monocytes  Large numbers of degener-
ating cells were refeaced occasionaliy by the spleen in such espenments.
Discussion

It appears that teubocytes are removed from the circulauion through the
fungs and intestines, that they are removed and probably disntegrated
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Froure 24 il an exy in which epnephrine and hi:
were mtsoduced 1o the preparation  As in the in silu Jtver, these ageats
did not affect the Jeukocyte counts in the preparation

Reguiation of the leukoryte connt by the isolated spleen. Tt proved ta be
extremely difficult to work with ssolated dog spleen preparations, since spienic

o———0 Biood from
abdomino!t gorta
x~~evx Blood from inferier
vena cdva
4oeeenid Flow, mi Zmln
mismun Ly f-eplrtphrine
<
£E] 50 "
SEL uo
%ebe
H 45[ S
- =R o 0T=SE
#p e2
Colig/mm?
= f 7000,
) ¥
B 41 5000 i o =2
c) =N
&5
*{ 3000
»
H
=¥} 5000
3 ,:;(}b"‘”
21 3000} TS
&
b
£5{10°% T 9T
&% y
28\ mgw
70
Bie FmTEmIN
B 59 "
EL o o
= 24
& Sty =R
-4 22

g:;rg:l'g!"g" Teme In minufes

£ 22 Isolated dog hund limbs perfused through abdomnal aorsa  Effect of

,pf\‘::hl}m ‘aa the leukocyte counts in the 1sofated hund-limb preparation e “
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ating cells were released occasionally by the spleen in such experiments
Duscuzsion

Tt appeats that feubocytes are removed from the circulation through the
lungs and intesunes, that they are removed and probatily disintegrated in
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Fiourr 24 ilustrates an experiment in which epinephrine and histamin
were mtroduced 1nto the preparation.  As in the in situ Iiver, these agent
did not affect the leukocyte counts in the preparation,

Regulntion of the lewkocste count by the dsolated spleen. It proved Iol}
extremely difficult to worh with isolated dog spleen preparations, since splent
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Ticure 22 Isolated dog hind limbs perfused through ahdominal sorta Lffect
epiephrine on the leukocy te counts in the isolated hind-limb preparation

contraction due ta the operative procedures interfered with the experime
Only a few inf ve experi: could be perf § FicuRe 25 sho
that after the spleen returned to a relaxed status it removed all types 9{ wh
cells, asdid the liver  FIGURE 26 1llustrates results of an experiment in wh
epinephrine and histamine were introduced nto the preparation I
agents caused splenic contraction and outpouring of neutrophil grant
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cyles, lymphocytes, eounophils, and monocytes  Large numbers of degener-
ating cells were released occasionally by the spleen 1n such expenments
Discussion

It appears that leukocytes are removed from the arculation through the
lungs and intestines, that they are removed and probably disintegrated in
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the white cell count begns to nse and esventuatly becomes Tugher than the
JAatting valee  These authors mterpreted ther findings 2s follows, * The
iabifity 1o reduce this ‘Roor’ results from an merease rate of entry of
feuboeytes dunng this penod (Qeulopherewsi  The fafture of the Jenhoryte

Xee == % outtiow cannule
m splemie veln

OO inflow cannuly
in spienic artery

Gell count/mm® heparinized
" own blood

e

5000 \

be count

Total

Neutrophile
granulacytes w

PEGARASNIIRESY
o
Q
=3
=] (=)
3
X
x
X
X
x
A
%
/
x
x/
]
X

3000 on;——~*d}‘°“""“'°
\ e X

o IOOg XX,y X \x\x—x_x
2% /3000, %
Ex o~ 0
=% j000 PR N
g G
22 1000

! %
13'5.{ 0[ PN > ons o
g§ { loog[ x S
=8¢ 500

& ORI PR e L P el
53 QF M S A
22 0 10 20 30 40 50
5= Time n minutes

ek 25 Rermoral of leubocy tes by the wofared dog spieen
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thett floor v of the syme magmiude as vur level below which leukacyte
temoval ceases  This may contribute to the floor phenomenon It appears
that the regulator of white ceil removal is set 1o regulate 10 fevels much below
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the normal range of circulating leukocyte counts  Probably, the regulator
of Jeukoeyte production is set to regulate to levels higher than the normat
arcolating winte ceil count

The balance hetween these swo regulators results m norma¥ Jeukocyte tevels
and nssures a contimuots high rate of leubocyte production and ehmmation
Dunng efimnation, leukocytes may perform useful “street-sweeping” funce
uons  As they travel up the tracheobronchyal tree, granulocytes may phage-
cytize bactena and foreign particulate matter and remove them through the

ey

Fioorz 27 Schemauc representatuon of the regulation of the granwlocvie level  hes
4, bone marrow, B, penpheral blood, €, bissucs, D, leukocy te destioying organs Giver,
spleen}, £, leukacy tetemaniog atgans (ungs, sutestine}, a, effect af teukocyte level on
sriease of cells from 1he bone marrow, B, effect of fenhocyte decomposstion products on bone
matrow, X, regwation of ¢ell production and releace, snd ¥, regulation of cell ehommation

gastromtestinal tract  Lymphocytes passing through the mtestms! walt
fay fiot only contriute ta local antibactenial defense, but may abo release
antshodies when they disntegrate it the mtestinal lumen, thus qding m
<ontrol of the bactenal flora Rapid rate of lymphocyte ehmnation and
ds may L o transport of lymphocytes and
antibodies carnied by them from the sies of antibody producuon to the
penphery
Frovry 27 sc By o this hypothests of doubie i

of the feukocyie levels  The symbel X represents the regulator of jeukocyte
production and seleaze  Levhocytes from the penpheral blood B can migrate
1nto twues €, amd are remaved by certawn organs such as the kver and spleen
1 1n which they dintegrate  Diuntegration products § (for example, the
granulacy te ecpubson factar of Steinberg, 1958) may play a tole m regulating
feuhocyte producuon and refease  Leukocytes ate removed conttnuously
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through the resprratory and gastromptestnal tracts  J7 represents the regu~
jator of leuhocyte chrmnation Theleuhoeytelevel in the tilood is determned
by @ balance between X and ¥ The effect of the peripheral leukacy te count
on pretuction and release from hemopaietic tissues 1 represented by e

Gordon and aswouates (Kuna and Gorden, 1937, Dornfest and Gordon,
1933, Gordon e of , 1958) showed that Jeuhocy tes are released from the st
lated rat hind bmb when it s perfused with feuhocyte-poor blood. Patt
{1037) suggested that the granulocyte gradient may be an smportant facter
10 determining lewkocy te release from the bone marrow. A high degree of
jeukocyte margination in the marrow capilianes may retard the release of
new fevhocytes

Summary
In cardiac 1on i of hal granu-

locytes was obsesved w the pulmonary creulation of dogs

Cathetenization of blood +essels leading 1nto and out from vazious orgam
revealed continuous removal of all types of Jeukocytes in the hepate and
spleme arcutation  No feukacytes were semaved i the capillary beds of
extremities

Teansfused, lebeled leukocy tes and leukoeytes labeled i the blood stream
with qunacnne disappeared from the crculation within 2 ta 3 hours

Injecuon of epineph after the disapp e of transfused labeled cells
resulted 10 the reappearance of labeled cells in the circulation, The main
sources of lewkocyte release were the pulmonary and spleme arculations and,
10 a lesser degree, the splanchme csrculation

Transfused, labeled leukocytes were yemoved chuefly by the Jungs, Iner
and spleen  After senerat hours their number decreased in the Jungs and
spieen and mcreased 1 the bone marrow and fymphod tissue (thymus).

Transfused, labeled granulocytes appeared to marginate to the capillary
walls tn the pulmonary circutation  Some cells were reteased again into the
blood stream  Others slowly mugrated through the alveolar walls mto the
alveols, up the tracheobronchial tree, and appeared in the saliva, they were
eventuaily swallow ed and removed through the gastromiestinal l’mct

Tramstused, labeled lymphocytes sugrated through the nalls of the small
intestines mto the wntestinal lumen and were thus ehimunated

1t 15 suggested that during thewr el through the respi y pas-
sages, granulocytes Wiy asd i removing bactena and partieglate mattet.
Dunng theit ntestinal ehmination, lymphocytes may contvbute to the
prevention of wiection fram the g tract I gration n
the mtestines and release of antibodies may aid sn thng the oy

ﬂa;:;\\ {he isolated heart-tung preparations of dogs, a regulatory function was
detected  Terespective of the leskocyte count introduced 1nfo the prepara-
pon, the rount »as sapidiy reduced to 2 level constant for each preparation

4 from SO0 io 1500 celb/cu mm  Newtsophit granulocytes
chiefly were affected by this regulation.
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than that of the lungs No changes were seen 10 the leuhocyte counts of
biood circulated through sofated hund-bmb preparations The feukocyte
level-regulating function of Jungs, liver, and spleen appeats to be speabc,
not common to all capillary beds

Epinephrine and histammne caused contraction of the canwne spleen and
release of all types of leukocytes, including cells in various stages of degenera-
tion  Some evidence points toward decomposition of leukocytes i the
liver and spleen

Although no lewhocyte sequestration occurred in either the wolated or
1 stiy hind imbs of dogs, epinephrine caused release of granulocytes  There
may be a balance betw een continuously marginating and demarginating cells
1 penpheral capillary beds, This balance may be disturbed by hemo-
dynmamic changes Tesulung mn increased demargination Release of cells
from the bone marfon may alho be mvoived 1 this phenomenon

No difference was seen 1n the distimbution of transfused, labeled, leukemic
Teukocytes between normal and spontaneously leukemic recipient mice  No
difference was seen m the mtestinal and pulmonary removal of transfused
labeled leukocytes between normal mice and mice with vanous transplanted,
nduced, and <pontaneous leukemias

A dauble regulatory mechamsm is proposed for the leuhocyte level The
elimination regulator regulates to levels much lower than the normal circu-
lating leukocyte levels  The production regulator regulates to leukocyte
fevels tugher than normaf By means of these two regulators, the leukocyte
count 15 maintained withm the normal range and a contipuous high rate of
leukocyte productson and elimination is assured A high rate
of leukocyte remotal through the respiratory and gastrointestinal passages
protects these organs against mfection and foreign particulates  Continuous
high rates of lymphocyte production, el through the gast
tract, and destruction in various organs may contribute to the transportation
of a steady supply of antibodies from the sites of antibody formation to the
petiphery
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‘TISSUE CULTURE OF BONE MARROW

Edward ¥ Rewsner, Jr
Department of Medwine, St Lnbe's Hosprest, Yew York, ¥ 1

With the possble exception of shin, bone marrow 15 the most. eanly obtawn-

able, sctively probferating tissue i man  The fact that 1t gones nse to so
many morphologscally disnines. elements of more or lews well-defined functions
and properties has copstisited an yressuble challenge to the scientsd to
attempt i1 coltavation 1 milro In 3910 Carrel and Burrows! wiltured bone
marrow and i a few days obeesved the appearance of \mndle-shaped cells
that v»ere Jater called fibrablasts  Generally, this 1emm ss applied to the
T g cells & ping n sultures of binod-f g tiwsue, although
some anvestigators challenge st on the grounds that the term should be
re<erved for cells denved from connective tissce  Since then the ubiguitons
Rbroblast has persisted 1o frustrate the artempts of many 01 2s1gB10Ts to
grow recogmzable bivod tells from marsow for more than @ few days A
detaned review of the earber work m this hield appears in Bloom's article s
Doswney « Handbosk of Hewalology, published i 1938 ¢

Six years ago ¥ ventured anto thos Held, motnated by 1he convicuon that
i we hnew wha! made blood «ells hiferenniate, we should be in a favorable
powtion to attack the leuhema problem  Since then varous methods of
growing marros 1w vivo have been studied with the objert of evahuanng the
potentialitses and hmtanions of each 25 1oods for the snvesgation of hemato-
potetic tefls 1 do net think 1hat we hase come much closer to the leubems
rroblem, but we have learned much abow the behavior of blood cells tatitrs,
and we have had to tevise many pseconcesved nouoas about growth and
diferentiation  The obervations of many oiber norkers have contnbuted
greasly to our knowledge and philewsphial approach to 1he problem, botk
the genera) insve calture pbwenauons of Robert Chambers, € G Grapd
and Glady Comeron, R C Parher, Margaret Sano, G O Gey, W R Earle
and K Sanford, £ M Pomeras and Masgsret Murray, ang the more speaifi-
cally hematoporein ebseryatians of Harry Lagle, & E Osgood, Lavwyence
Herman, ¥ 3 McCullach, A & Gordon and Jobn Bresele 1n United Stares
and 1. G Lajthe and G Astalds abroad may be wungled out for mentpn

Farly m our investigations my aworiates and 1 found that growth (in the
~ense of and are matually mcompatih When
a bloud cefl has dmde\\ nto two celi- one may divide and one may differ-
ennate, of both may do enhes, but neither can do both 1t 15 hard 10 way
exactly how far along the patk of differentiation a celt may go and snil be

abe 10 divide, but probabily w s not very far  Magro-pecirophiotometric
determunation of the desoxy nhonuddew acul (DNAY costtent of the nudes
of matusng el cells showed a progrevane decrease 1 the amount of DNA
between the buophin and the orthothromane normoblast,® and 1t seems
abnious that any divesan accurnng after the begmning of this decrease of
1IN\ would caune one or both of the d:w,,h(cr celis 10 end up with less 1han
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swanal lraes of cells will develop that appeac morpholegically simular to Earle's
Lstramn, These cells, which he cafls *altered cells of hemic ongm,” do not
resembie any normal canstituent of marrow very closely, although they have
some of the th s of und d, taendothelial cells
The significant thing sbout them s that they have established autonomy
and can be subcultured readily 1n the same form  Qsgood and Brooke?
seported the recovery of several strams of bl pp '3
cells fram marrow cultured for & long time i flat-nded bottles, and Berman
ef ol ¥ have described the 1solation 1n 2 strdar type of preparation of quite a
few strmns of “epitbehod ™ cells develap from masyow
These cells are probably all closely related, »f not of wdentical ongm  They
et cestam alterations from nazmal marron cells m thesr chemical behav-
10t and nutriiona) requirements and under the electron micToscope cestain
morphologic altezations *  McCulloch’s cells presersed snuigemic propertses
of ther tissue of onigin, but had lost most of thew ability to protect against
radiation myury  While the blish of these strams
ol celts 15 of the greatest nterest and umpertance 10 1tseff, 1 consider 1t
utwne to think of them as blood cefls, since they have no recagnized counter-
part m human blood They may prove to be ectremely useful 1 the
study of changes teading to the autonomy of mafignant cells, with which
they share several charactenstics.”™ En fact, Bullen'! has recenily reparted
that when MC32 cefl> obtained from McCulloch were wjected intrapen-
toneally mto irradiared mice of the same stram who were protecied by
it nyectians of ! marrow celis, 2 numbver of the survin -

ng recspients developed omental tumors

One of the charactensucs af fibroblastic caltures 13 the great amount of
mutetc activity mprocess  Duning mitosis the celly dran wn thew pseudopods
and assume a spherordal shape, giving nse to two round cells that subse-
quently resume the smadle shape

The source of fibroblasts has been in question ever since they were firut
dewersbed  Some observers considered them to be dernved from the stroma
of the marrow, but such a belief 15 not supported by the fact that they anse
with equal rapadity from bufly coats of penpheral blvod, marrew aspirates,
and explants of matrow, spleen, or lymph nodes  In the days when the
polyphyleusts waged unremitting war on the monophyletists, the angin of
the fibrobiast was a hotly debated potnt ¥ we aceept the mulupotentabty
of mesenchymal cells we must alf be unitanans of a sar, and the palemcs of
yesteryear seem somewhat absurd, hihe the blind men's descriptions of the
elephant  Several jears age we obtaned from a panent with permicious
anemsa & sample of marrow i whick we could see the developing cefls al}
the way back 10 the pnmary endothelm of the fatty marrow  As one
progreswed from the fatty matrow ta the marfow sinusore), the dereloping
bload cells were seen to change fram closely pached, flat, spundie-shaped
cells «ith oval nucle; quite symilar o Sbsobfasts 1o the 1ypical round cells

* Qegoad has subsequently established autonomous strawny of all the dilferent celf fines
wbich, white nat completely differentiated, do resemble move or fess the celt types from
whick they are densed (see s anicle elsewhere in s publicatien)
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the normal DNA complement In leuhocytes the measurement is more
difficult because of the shape of the nucleus, but changes of the same char-
acter as the cells mature appear probable  On the other hand, in Jympho-
cytes the nuclear DNA remains constant 4 These cells do not differentzate
1n the sense that the erythrod and myelod elements do  Following ther
release from the germinal centers, lymphocytes appear to go into a prolonged
resting phase

The life span of the nucleated erythroblast is about five days; that of tht
leukocyte, about sixteen  The lymphocyte's Itfe span has been estimatec
as much longer, i fact, several months for leukenua lymphocytes ¢ Pyhnosi
15 a phenomenon characteristic of dying cells A corollary to these obseria
tions 1s the proposition that differentiated blood cells are dying cells, at leas!
from a reproductnve standpoint. We have cowned the term nutotable to
distinguish the younger cells still capable of mitous from those that havt
malured beyond that point

We quickly learned 1o our satisfaction that an in itro environment favor
able for cell division was not favorable for cell differentiation, and vic
versa  The nissue culture techniques generally used for growing marrow an
of two mamn types methods in which the marrow cells are suspended in i
hquid medium, and'those in which a marrow explant is fived upon a sup

Increasing signs of degeneration in the stained smear. Cell duvision tahe
place 1n these cultures, most of 1t in the first 48 hours  Our studies led v
to the conclusion that those cells that enter the suspension in a mitotabl
state will divide if condtions are favorable, but that there was hittle evidenc
of a second generation of d'n_'icxox: Since normal marrow aspirates contall

less than 5 per unt
when the aspir galo
blastic marrows it suvatun o el

1n the first 48 hours after suspenston, which can b: prevented by colchicin
or A-Methopterin ¢ The suspension type of culture has many advantage
that make it 1deal for short-term study of cell metabolism The cells cai
be counted; they re(ain‘ lhe'ir ‘ide‘r'x‘lifyin‘g morphologic charactenistics, th

nat recur

In the fixed methods of marrow culture, differentiating cells that ente
with the explant continue to mature and gradually disappear However
within 48 hours, fibroblasts begin to appear and, 1t a fortmght, the entir
culture may consist of ﬁbmblas‘!e, \vm‘x"a.‘fe\v mund. cells of an undufferen

in shallow Carrel tlasks aNU are ALPLUILL @ pLlivu UL severul months, occa
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between that of normat and mahgnnnt msue In certain instances, cells
of normal origm have become d tel; foliowing prok d marn-
tenance mn culture 5

We attempted to devise a technique that wonld grow Sbroblasts in pro.
fusion under conditions that would faaktate thewr harsesung and resuspen.
sion  In seelang for 3 method easter to use than the double cover-shp
techmigque, or glass siners i roller whbes, we adapted the method of Sano
and Smuth ¥

MOOIFIED SMiTH - SARD CULTURE METROD

Cover skp Glass ring
Tantakim gauze

?
Explont

Pictne 1 Diswam of the type of glass nelt used, showiag e esplunt of marrou
secareel ganst the bottam cover ship by 1he tantahum gauze mesh

When I first saw the cultores in Sane’s faboratory i {048 ¥ was struch
by thew wmphenty but they never proved popular for general tissue culture
we I thi techruque a well is created by sesling a glass cy hindes on a Loser
<hip  The matenal to he cuttured i placed 1n the well, medmm w added, and
the tap i~ ~esded sath a ~econd cover sl The prowmg cells can be gbrerved
duecrly under the muroscope withaul distathing the caltare , madsum can be
changed or sampled by removing the top coser <hp, of a permanent prepara-
3% - wanted She bottem (v er Sip wath it adhertnt Yage w dropped sato
fixative, taimed, and mounted  This seemedd 10 be 38 tdeal method for the
culn ation of fibroblasts that could then be han exed fos resuspension



490 Annals New York Academy of Sciences

af the blood. The smalanty in appearance of some fibroblastic cultuees to
some myelotbrotic marrows s striking.  In studying our culftures to xee
whch cells appeared (o gi e rise to filieablasts we found both reticulum cell
and myelocy tes that appeared =~ © 7 v et
“vely clongated into the spundl
simular to those m neutropmi
disappear after 4 to 6 weeks «
suspended 10 a (luid medium, they round U and resempie plidiase v
cells of the hematopoletic system. We concluded that perhaps the fibro
blast 15 the undifferentiated hemoblastic celf, structurally adapted to growing
upon a surface

If the fibroblast developing tn cultures of bone matrow {s the undifier
entiated hematoporette cell adapting itself to its environment in the absend
of undefined specitic sumult to diffecentiatton, several questions immediately
anse If the fibroblast 15 ref ed 1nto an envi Lavarable fo
bematopoietic differentiation, can it develop into a blood celi? In th
absence of kunowledge of the factors influencing such differentiation, 2!

. . 1 LI m LR « ke

Clikn annPar Tt o]

. te

'
has been established, the cells quickly tend to develop polyplowdy, ehte
which it is unlikely that they wall revert to the original cell type of the paren
tissue

If the fibroblast 15 the primutive stem cell of blood tiesue, appzrenﬂ
deqived from the same cells that are supposed to repopulate the marse'
{ollowing radiation inqury, does it stll retain this potential? 1 have nt

PR A ot .

teTostra)

. aan

. rme

McCulloch’s observations Wil nis - altered cells ot hemuc ongh  (whic
were eptheliod ml:fr than fibroblastlike 1n their ag ) had Iittle ¢

na protectrve effect
Our own studres x_ndnca‘ted .ll:m whc!x the cultural environment that ha

ALLOILYL R . .
demanstrated, It appears la(::ml that, once an abnormal hfomasom.
RN e a
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be deseribed may be ohtained over a fairly wide range of concentrattons of
serous exudate and salt solution, and that the embryo estract was not es<en-
ial, thi, extract was therefore soon discarded

Human plasma or serum
may be used instead of mahgnant exudate

We now use 60 per cent exudate

Figrze 3 Wnght's susined concentrated suspension of eells from well culture at 23
days  Note presence of al) elements including megakary ocy tes.
and 40 per cent mixture 199 plus a drop of penicillin and Mycostattn  Simi-
{ar results al-o can be obtaned i Eagle's mediam

To our great surprise, no fibroblasts developed in these cultures  Instead,
I‘her: was 4 continued outpounng of cells from the explant in gmdually‘
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Using wells of 18-mm, diameter and t0-mm depth on 22-mm. cover shys,’
we began with buffy coats of marrow aspirates and were disappointed fostt :
only a few fibrohlasts, none of which established themselves as a profiferatng '
ussue.  We then began to use whole marrow abtained from human b
freshly resected in the operating room  This would not adhese to the batton
cover slip, the fatty marrow always worked loose and flonted up 1o the

Fiovze 2 Cells foating lree around edges of explant after 16 days sn culture

surface, where it dried out We heard Yofley descrbe Trop el’s! meth
of growing lymph node explants on 3 tantalum gauze mesh and we devises
dirdle of tantalum gauze cut to fjt the uxs;de diameter of the well  With ¢

EBIYL Lhener
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Fioure §  Left 1op, matros grewn 11 days st B men depth  Right top came marros
s grown 11 days st A mm  Left holtom another marro atier 21 dass at $ mon  The
Tottom corer shp has fieen completcly taken over by macrophages flrablavts, and mults

nucleated gant cels

Right pottom, the same at & greater degree of migtatation (all
Waght s stam)

changes of methum, and optimal I The examimition of marmw grawmng
N Y R

Ehese never establihed themschves a¢ true tibroflasts, but started ta die
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reticulum cells  After several months, the number of cells produced after
each weekly change of meditm 1s small  Lxaminations of the explant at
this time reveal presersation of the marrow architecture with enough viable

Fiouze ¢ plant, parafia block, It & It stain, 62 days

the surrounding medium  These marrows resemble some
rows seen in patients (FIGURE 4).

This serendimtous discovery encouraged us to re-examine our concepts
concerning MmMarrow g{ow(h and dxﬂcrenmu'nn 1t .the fibroblast i
healthy, actizely dwviding cell, as we have intimated, it shoyld thrise under
favorable conditions of culture such as good oxygen exchange, frequent

hypoplastic mar-
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Furthermore, when cultures started at the shaffow depth had developed
these celly and were then cultured at the regular depih, the macrophagelike
cells persisted bul no new ones appeared, while the praportsons of erdwnary
hematopoietic cells snereased in the culture {F1GURE 6)  However, as long
as the cultures contained the macrophagehhe cells, they became acid more
rapidly, although they were now being cultured at the full depth  The
ability of the coltures ta form the large cells was restricled to the iatteal
culture period, cultures that had been started at full depth and then changed
1o half-depth fmied to develop them

Although the nature of these farge celis 15 stili obscure, 1t appears that
the depth of the medium has something 1o do with the contsnued differentia-
tion of hemc cells. Osgaod defined the concept of what he called the
gradient pninciple 1n marrow coftuse ' He beheved that the differentiation
of dufferent fines of blood cells 1s connected with the relation of the number of
cells and the depth of the medium  He calls the product of these two func-
tions the gradient factor and hsts optimal ranges of gradient factors for
development of erythrod, myelaid, tymphod, and plasmacytic elemens
In our cultures ne have not obwerved any preferential hine of differentiation
for the first month, and we have not beea able to discern any differences in
the types of bload cells predommating at dilferent depths on glass shdes
slanted at 45° mn suspension cojtures 1n French square bottles as described
by O~good  We thunk that the deprth factor 1s important probably because
1t decreases the avarlable oxygen supply per cell  Since the mstotsc actisity
of a cell must require a targe energy exchange, a poor otygen supply might
be ecpected to hinder such activity  In short, metaboiic conditions i aur
cuftures are not suffiaently favorable to permit mitonis, therefare the cells
must differentiate  Enough cells divtde tn the depths of the marrow explant
to keep the culture gomng but, since these cells differentiate, there 1 no way
for one marrow esplant to perpetuate tt-elf, and its productiity gradually
decreases aver several months and eventually terrminates from exhaustion
of the pnmal elements

Tu 15 imteresting to reflect on the fact 1hat, although marrow in the body
has 2 tremendous celluiar potential, only a small fraction of the marcow cells
capatle of dividing do so  This ts Just as well, since otherw =2 we should af}
have feuhema  The otygen quotient of marrow i tifre mdicates a low
tevel of oxidatice respiestory activity ®  This s enhanced by acetate and
other fatty aods, as nell as pyruvate, indicating that both fat and carbo-
hydrate may be utihized for energy  That the marrow normally may rely
more an im)‘ acufs i 1ts metabolism is suggested by the fact that s s rifro

s fetely bloched by te, but only partially by
matomc acd By wwng explants nch 1 fat (o which the maron shoundy
mothees well cubioses, which banve bmated 2emuem, we have wuecreded
perhaps n reproducing en environment more closely wmulating that of
marron i the body

Hasing evolred & 1y a tech that favors of hemato-
potetic celis along recogmzable hues foran apprecible length of umt nehave
turned 10 studsing the effect of
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after a week However, in these shallow cultures, large round cells with

o R ."
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Ficure 6 Upper row, unstaimed lving preparation of ma; t 4 mm
depth for 17 days, ower 7o, same caltare afier 3 days: incubation a1 8 o

failed L0 Utvuiup vl ss o) senviie uulULIaSUNE, of multinucleated €ev
associated with rapid acid formation
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Furthermore, wken cultures started at the shallo depth had developed
these cetts and were then cultuted at the regular depth, the macrophagehike
cells persisted but no new ones appeared, while the proportions of ordinary
hematopoette cells wereased i the culture L16URE 61 However, ss long
as the cultures contaned the mactophagehke cells, they became anid mare
rapidly, although they were now bemg cublured at the ful} depth  The
ability of the cultures to form the large cells was restricted to the mitial
culture peniod, cultures that had been stasied at full depth and then changed
to half-depth failed to develop them

Although the nature of these large cells 15 suil obscure, 1t appears that
the depth of the medwm has to do with the eafl
tion of heme cells Osgood defined the concept of what he called the
gradient princple m marron cufture ' He behieved that the differentiation
of different lnes of blood cells 13 connected wath the relation of the number of
cefls and the depth of the medium  He calls the product of these two func.
nions the gradient factor and bsts optimal ranges of gradient factors for
development of erythtoid, myelod, lymphomd, and plasmacytic elements
In our cultures we have not observed any prefetential hne of difierentiation
for the first manth, 2nd we have not been able to discern any differences 1n

he types of blond cells predomnating at different depths on glass shides
Janted at 457 in suspension cuftutes  French square bottles a5 desenhed
o3y Osgaod  We chunk that the depth factor 1s mportant probably because
4 decreases the avalable oxygen supply per ceff  Simnce the mitonc actnaty
5t 2 cell must require a farge enesgy exchange, & poor oxygen sapply mught
be expected to hinder such actvity  In short, metabohe conditsons m our
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alter a weekh, IHowever, in these shallow cultures, large round eells »
large vesicular nuclei bling tissue macrof pr J, Theses
<een to divide and to develop into multinucleated, giant cells in some insiar
(viurrs § and 6). Cultures containing these macrophagelike cells apl
ently had a hugher rate of metabolism as evidenced by a more rapid acidif
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tion of the medum, ncccﬁsila:jﬂg changes every 2 to 3 days, in conti
e e sl o T

Tha deanae 1 1nl

wa . ) 4
f'mlcd to develop the MaCropRAgLihL, HULODLISUIAG, or multnucleate
agsociated with rapid acid formation.



Reisner Tissue Culture of Bane Marrow 499

<:0ms of cells harvested from the cwltures, smeaged, and stained with Woght’s-
Guemea stain It can be seer: that there was approumately twice as much
erythropoiesis m the cultures grown with the actsve plasma filtrate asn the
controls  ‘Thus confitms the observatians of Gordan on erythropeiesis in the
nolated perfused kb, and these of Matoth of 2} \*1n using a 37-hour mcitha-
tion of marrow suspended in a plasma clot

At present we are turmng our attentian to {actors mfluencing the prolfesa-
tion of myelocy tes and lymphocytes 1o plasma and n extracts from patients
with fevherma  We bebieve that the capacity of the cell to divade ts intrnsee,
provided condstians are favorable for diviion, and that the direction m
which the cell wili differentiate 23 snfluenced by factors i its enviranment
The leshemic state 13 one in which the ratia of dividing cells to dsfferentiating
cells 15 increased or exen reversed  Any tool thas may shed hght on the fac-
1ot govermng tell division or differentiation may lead us closer to the
<olution of this most challenging problem
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growth 1t i not always easy todentify cell harvested from our wefls afiet
seyeral weehs, but nudeated b globin ¢ i erythrobiasts can esually
be destingurehed from other cells (even these may be confused easily with
eostaophtls tn some preparations}, Neither are the conditions of growthm
our cultures yet so umform that we e2n aluays compare events in one culiure

EFFECT OF AGTIVE {8} B INACTIVE CODLEYS PLASMA (&

FILTRATES DN ERYTHROPOIESIS IN WELL CULTURES
0
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Doys in cultwre
Fiouge 7 TDifects of active trythroposersn contamng holed plasma filtrates (sof
futen) and smactine Birates open Bgures an ery plasma filtrates (

1 the aell t3pe thropaiesis 1 bone marcon tissue ¢
tares of the #¢

material 15 added to the usual meda, 2s previously described  These fi
trates*® have been shown respectively to be active and snactive in the
cvroalation of erythropoiesis, both when injected 1 1110 and when used t

e s o

:v{‘;‘; ‘é“ lrares contaning the active extract (FIGURE 7)  The seattesgras

chows the results of s such etpednmlelms, the sold figures represent 1h

percentage of recogmizable red 13100 cell precursors in concentrated susper
S agid by A 5 Gagdan, New York University, New York, N v



Part 11. Hormone Control of Blood Cell Formation
THE ANCMIA OF HYPOPHYSECTOMIZED ANIMALS*

Roger C Crafts and Howard A Menehe
Untuersity of Cencinnats Colfcge of Wediane, Cincinnat, Gito

. v L TV G

‘ THE HYPOPHYSIS AND ERYTHROPOIESIS

Anterior {obe
: Prntary

Bone Marraw

Peripheral Erythrocytes
Froure t This fgure and pioures 3, 5, 8, (0, 11, and 12 represent o pradual develop-

ment of aur hypottiesis of how temoval of the pitmitary wfand causes an anemma  See
¥ICORE 2 and TABLE 1 for data

the study of anemua i hypophysectomized rats will give us more informa-
uon concerming the fundamental process of red cell development, that s,
erythropoesis
Posthypophyseciomy Anemia

Ficure 1 shows, i diagrammatic form, that the antenor lobe of the
prturtary has an effect on the bone martow which in turn gelivers erythrocytes

* The work reported n ths pager %35 supparted in part by Research Grant 4476 from
the National Institute of Arthuitis and Metabalic Diseases, Publie Health Service, Bethesda,
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Chn Med 51: 420
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Tasse 1
LrrECTs OF * ERvTHRorOIETIC HURMONE” ON T2 Binop Tncross o
HxenrkysECTOMZES RATG
Treatmestt aas stasted the day after curgery 50 ug per day for 30 days tollowed by,
100 g, pee day far W days £ = Sandard Erax

: v
! s pophiy sectomzed
Nt "““)‘ Hspophysectotnized ; fi\‘(f?m?meuc hor-
ral Ao treatment - one
1 i
{

T
| Percemages

shas O

sands per

Adrenai wrights m g

Thyzard wesghis in mg

while our dsta mdywate that the Wistar and Sprague-Danley strams show
onfy 9% and 22 per cent decreases It shouid be noted that Berhin used 1he
radioactive ron methad of detersumiag, total cell valume, while e ased tha
F\:m\ biue method ’lhe>e data also indicate that the mean torpuscular

15 dy d after hypophysectomy, this i shght and due to the

o tlecrease 1 vatume of the erythrocytes, since the mean corpusemlar hemo-
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to the peripheral blood  Hypaphysectomy is usually followed by 2 vey
shght re 1 the erythrocyte count for 4 to 3 days. This 1> followed by1
progressive decrease until approximately 40 day- after hypophysectomy, %
further ducrease occurs and the Llood picture plateaus for as long a» a yeit
the longest ime interval we have studied.  This 15 shown graphically th
upper nght corner of FIGURE 2

R
uyy RSP f’z\%

R N
yd

N T
"~~,~,f£-g»
Pl YA Y
"-Eb‘mru;n
e s Ky 4
NORMAL HYPOPHYSECTOMIZED ) %
[te rats WISTAR RATS || S0 RATS
Nor | Hyp [% Nor{ Nor [Hyp | %Not| Nor | Hyp |%MNof
TRC s817{579) 71 | 852|710 83 |8 33 7.38] &
Hemalocri) 491 {296 | 67 |as1 {33 7| 75454 [374 ] 62
| Hemogtabir 147 (98| 67 fis9 121 | 76 (154 (128 |8
MCV 56 0 1496 | 89 535 474 | 69 [s46[50.7 | 93
MCH 178631 92 ias 171 | 90184 |174 | 95
MCHE 319 P29 |103 353 (355 | 102 333 (342 |10
[Tst Cell Vol - =
| el | ~ 28320 B0 [ 2a7) 185 78
Tot Morrow 1781t 32) 74 [18s|159) se [l 1g7| 141 | 75
Tot Erythrod  |950 |532 | 56 | 960|583 [ 61 | 930 6t9 | 67
Tot Myeloid 6271603 | 95 1 690) 769 111 { 733] s596] a0

Lotal cel) voluIiE LU0 G113 W15 Bypressed n ¢c, Lot Marrow, the total nuclealed ¢
1 mlhons/cu mm _of marcow tissue, Tot Lrythraid, the total erythroid elements,
thousands/cu mm marrow tissue, and Tot Myelod, the total s e et n
sands/cu mm masrow tissue

Frourr Z also presents @ composite of all experiments we have done mn t
A TN R R ”

hyp’oph)’ﬂﬂomy induces & +#> pert tent decrease in circulating erythrocyl
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THE HYPOPHYSIS AND ERYTHROPOIESIS

Antecier Lobe
Prititory

Thyrotropic
Hormone.

Thyrord
Gland

Bone Marrow

Peripheral Erythrocytes

Ficore3  Tentative Typothesss 1, possivle role of hypothyroid
tomy aveons  See FIGURE £ for data

HYP
THYROXIA (3 Olma I

DAYS r 50

TRC 713 (84) 7987{93) 780 (91)
Hematocrit 334 (73) | 358 (86) —
Hemogtebin 12 0 (73} 14,3 (87) 140 (85)
MCV AT 6 (688) 434 {91 ——
Men 17 0 (e8) 178 (93) —
MCHGC 333 (00 359 0N —— \

Ticure 4 Cifects of thyroid b and h: Tollawed
‘by dady injectjons of @ 01 e thyToxin on the blood and marrow ronditions of thevat  See

YiGURe 2 for ¢xplanation of abbreviations used, numbets in patentheses represent per-

_. centages of normal.



504 Annals New York Academy of Sciences

globin concentration i normal in all animats  Histolog cally aft three strains
exhsbit a hypoplasia of the bonie matron after hypophysectomy; the number
of nucteated cells per cu mm of bone marrow tissue is Jecreased in s}l three
strawns  The number of exythrod eiements per cu M. of marron decreased
44, 39, and 33 per cent in the 3 strains, vespectively.

In summary, hypophysectomy induces an anemia of the slightly micro
cyuc, hypochromic vanety. This anemta is accompanied by 2 nypoplasiz
of the bone marrow 1n which there 15 2 profound decrease in number o
erythroid elements

Erythroporetsc Hormone

Flaks ¢f af ® made an extract of beef priwtary glands and gave this orall
to hypophystcmmlzed ammals  They clumed erythrapoiesis was sty
lated and concluded that the pitwtary secreted an ‘erythropoietic hormant
Contopoutos ¢f af * have repeated this nork and, although they could not fin
1his erythroporetic factor 1 cattle pituitanes, they nere ‘able to do so mshee.
glands  They published two other papers* * dewenbing how they fed this
materal 1o hypnphysecwmizcd rats, they claimed an atfeviation of the
anema  Smee feeding pitutary extracts is apen to some question, thet
‘workers follos ed this with an experiment in hach they myected the material !
As we had expressed some skepticism of this w ork, Contopoulos sent us some
of thest erythropolet< factor We injected this material into our hypoph-
ysccmmxzed yats as directed and obtained negative results as can be seen
Tozame 1 Jrshauld be noted that we mject 3~ to $-month old female rats,
white the Califorma » prkers have beer using rats approumately at W eaning
age

§ Thyrout

Sunce we do not behieve the piuitary produces 4 speatfic erythropoiett
hormone that affects the bone marrow directly, we are requred to find a1
alternative exptanation F1GURE 3 shows diagrammatically the possibilit)
of the thyrad gland beiog imvolved 10 this picture.  Froure 4 showns il
effects on the blood picture of thyroid removal and thyreun thexapy ¥
hypophysenomlzcd animals Remaval of the thyrod does induce &
anemia, but one which 1s not as severe as that foliowing hypophysectomy
Treotment with thyrosia o doses of 0 01 mg per day restored the erythrocy!
pumber to within 91 per cent of norrual, the hemaglabin did not respond
well, beng eley ated to only 83 per cent of normal  However, the thyrot
cherapy must be considered effective when the above data are compared
those obtamed i1 the hypophysectomized ammals with no treatment, w
shaft have more details to present on the effects of thyroxin on posthypopt
ysectomy anemia later in this paper.  These findings would idicate the
lthough the thyrod cecanly does have an wnfluence on exythropotest
hypoxhymidxsm alone €annot account for posthypophysectomy anemia.

Adrenal Corlex

be forgotten (FIGURES S and 6
adrenal ghand should ot be forgotten and 6). Adrenale
tog‘fzd rats also extubit an anemiz, but this has been found to be of a ter
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Anterior Labe
Pituitary

Thyrotropie
Hormone

Thyrowd
Gland

Bone Marrow

Peripheral Erythrocytes

Fioure 3 Tentative hests 1, possible role of b d
om) aneoua. See PICOURE § for data

Hre
THROXIN [0 Oty P

&0 S0
TRG ‘ 713 184 197193 780 (31}
Hematocry 334 (7Y 395 (85} -_
Hemngiotn 12 0 (13) 163 (87) 18 0 (85)
MCv 476 {88} 49 4 {a1) -
MCH 17 0 (88) 178 {93) _—
35 3 (100) 338 (101) —

FiovuEd  Lflects of , and y Snllowed
By datly tngections of 6 0 mg thyroxin on the blood and marrow conditions of the rat  See

FGURE 2 for explanation of abbreviatiops wsed, numbers m parentheses represent per-
centages of normal




506 Annals New York Academy of Sciences

poraty nature,”' due according to Fisher,' to the presence of adi
remnants,  Injections of 06 mg. cortisone acetate daily' do have ane
on the blood picture of hypophyectomized rat< but do not return jt to
lutely normal figures The penpheral blood was altered to a degree
brought the hematocrit and hemoglobin to within 95 and 99 per cent of
mal, but the tota! cell volume per 100 gm., body weight remained at a
figure of 73 per cent of normal  The bone marrow showed an even grt

THE HYPOPHYS1S AND ERYTHROPOIESIS

Antenor Lobe
Piturtary

Thyratropic|  {Adrenotorticotropic|
Hormons Hormane

Thyroid Adrenal
Gland Cortex

)

Bone Marrow'
Periphesal " Erythrocytes

Ficore 5 Tentattve Hypotheses 2 and 3, the possible ole of hypoadrenocartic
(see 710yse 6 for data) or combuned hypothyrouism and hypoadrenocorticalism
ricuee 7 for data) 1n posthypophysectomy anerma

hypoplasia than is found after hygqphyscctomy and no treatment. C
sone acetate therapy seems to stimulate delivery of erythrocyles to
penpheral blood, but at the expense of the bone marrow; obviously, thel
marrow cannot keep up with the demand ’

Tiyroid and Adrenal

Combined thyrond ny an
peripheral anemia very simiar
e Eemnnn ®

d ad (FIGURE 7) do indu
to that induced by hypophysectomy.
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27 per cent above normal afier the dual operation  In addition, although
the number of erythroid elements was decreased following thyroidectomy
and adrenalectomy, this dectease was not as severe as that found following
hypophysectomy  FIGURE 7 also shows the effects of treating hypophysec-
tomized rats with 0003 mg, of thyroxin and 06 mg of cortisone daily," '

uvP ~CORTISONE
™

50
TRC T3 (84) 750(88) 736(89)
Hematocr!) 334 (73 400 (87 419 (95)
Hemagtobin 120 (73) 134 (82) 143 (9%
Retic — — 18 (257)
Moy 4Y 6 (88) 494 (o) 369 (107)

4

Mo 7 0 (86) 178 (933 19 4 (10)
MCHE 3$ 5 1100) 359 pon 341 (103)
T Cenl Vor —_

o —_ 183(73)
Tat Marrow — — 10943 (56)
Tot_Erytheand — - 6293 (62)
Tol Myelod -_— — 3638 (48)

FioLre 6 Effects of adrenal k; hypophyseciomy folowed

and
by daily injections of 0 6 mg cortusone acetate on. e Hlood and matros pitores o the rat
Sce TicTRE 2 for explanation of sbbreviations used  Numbers 1p parentheses represent
percentages of normal

addition, both cell types, erythroid and myeloid, were decreased in the bone
marrow of these ammals to 83 and 52 per cent of normal Therefore, a
combination of thyroidectomy and adrenalectomy, although producing a
penpheral anemia similat to that of hypophysectomy, cannot be said to
duplicate the anem:a 1 all respects Cortisone and thyroxin therapy,

although alleviating the penpheral anemia, has done 50 at the expense of the
bone marron
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BRIt To e 1
P gt
%f 3
2433 o

WP THYHRDR — Thynoti Y eormisoney

DAY 60 60 50

TRC 715 (84) € 65(76) 8 44 (102)
Hematoent 320 (7)) 356 (79) 462 (104}
Hemoglobin 10 6 (69) ne (1 155 {105)
Retlc —_— — 25 (357)
MGV 448 (83) 539 (99) 547 (103}
MCH 14 9 (80} 179 {96) 183 (104)
MCHC 333 (96) 333 (96) 335 {I01)
T — — 260(103)
Tot Marrow 147(84) 222(127) 1360169}
Tot Erythroid 486 7 (53) 6531 (72) 8308 (83
Tot Myeloid 719 8 (u5) 11601 (186) 3920 (52)

Ficure 7 Effects of combined thyrom, and ad hypophy sectomy,

and hypophysectomy followed by datly injections of 0005 mg thyroun and 0 6 mg corth
sone acetate on the blood and marrow conditions of rats  See F1GURE 2 for explanation of
numbers 1n p Trepresent of normal

Growth Hormone

Another factor Jost to the hypophysectomized rat is growth hormone
(e1GURE 8)  Fruhman el af ' and we'® have shown that the bone mafrow
i hypophysectomized rats ts stimulated by growth hormone injections
(r16uRe 9).  The nucleated cells per cu mm. of marrow tissue were 28 per
cent above normal, and the erythroid elements were actually counted as
19 per cent above normal  In spite of these findings, growth hormone mjec-
tions do not elummate the perpheral anemia  This has been found to be
true by several groups of workers ' The total cell volume per 100 gm
body t cmn =ad et only &Y nov cent 5f normal - Frahman ef of ' and
later t_he lack of effect on peripheral
blood with thys therapy, but we agree

e taner tthar homeaor
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Antesior Lobe
Pituitary

Gm-m l'hyrrmvpvc
Nnrmw

[Adrenscorticotropc
Harmone.

Thyroid Adrenal

e

Peripherat zrmmym

FioreE®  Tentative hypotheses 4 and 5, the pvsslblt mle ofloss of growth hormone or
Toss of grow th hormone comlined with In post-
hypophysectomy anemma  See FIGURE 9 for data

Growth Hormone -+ Thyrowd 4 tdrencl

i . . . .

alleviated every aspect of posthypophysectomy anemia except for the total
erythroid elements in the hone marrow  We feel that this exception 1s sumply
a matter of dosage  Therefore, 1n summary, the anemia following removal
of the hypophysis would seem to be due to the lack of thyroid and adreno-
cortical activity and to loss of growth hormone found 1n such animals

Ovygen Need

The diagram tn FIGURE 8 indicates that these hormones are producing their
effect on erythroporesis by affecting the bone marrow directly  We believe
that there 1s no such direct effect of these products and glands on the bone
marrow, but that they influence 1t secondarly through their effects on gen-
eral metabolism, this n turn affects the oxygen need of the ammal and,
therefore, the rate of erythrapotesis  This concept 15 diagramed 1n FIGURE
10 What evidence do we have for making this hypothesis?

The nature of posthypophysectomy anerma must be considered  Although
there 13 an anemia n these ammals, the bone marrow can functton in the
absence of the pitwitary gland  This can be shown 1n several ways



510

(1) The erythrocyte count and the hemalocn
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Anterior Lobe
Pitwitary
Growth Thyrotropic [Adrenocorhicotropic
Hormone Hormone Hormone

Thyraid Adrenal
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General Metabotism

Oxygen Need

Bone Morrow

Peripheral Erythrocytes

FIGURE 0 Tentative hypothesis 6, the possihle mediation of hormone loss via low ered
genersl metabolism and subsequent decteased otygen noed on the part of the ammal  See
TA9L5S 2, 3, and 4 for data

Taste 2
Bioop Pictoxe AND OxvoEN CONsUMPIMON (N HYPOPHYSECTOMIZED \DULLT FEMALE
Rats BEFORE AMD APTER A BLOOD TRansFLSION
Average amount of hlood transfused was 4 3ml  + = Standard I rror
Normal | H. h,
contrals | before transfusion after transfusion

13 Rats| 7 Rags | FETCENtages | o g | Peccentages

of normal of normal
Frythrocyte count an mullons| 821 | 699 £ 114
percu mm | %016 ] £017
Hematoent 1n per cent 163 | 363 79 103
$075 | £110
Yemoghabin 1n gm per 100 ¢ | 1Y | 132 89 109
$023 | £028 045
- )EE)
Osygen consumption in bters pery 7 79 | 526 o8 a7 61
gavare meter body surface per | 30 22 | £0 17 0N
our




512 Annals New York Academy of Sciences

(5) In addition, the remarhable response of the ]lypophyseclomlztd at
to cobalt should not be forgotten.™* ¥ Therefore, the hypophysectomized
rat has marrow tissue that will function properly in the absence of the pitu

tary gland

Lr 3

T
PeripierRal BLoob axD BoNg Magrow PreTures anp O¢yGEN CovNsuwrrion

m
5C

1N 5 Grours oF Rats

005 mg, (5) same as group 3, but with the daily dose of thyroun
increased 0010 mg  + = Standard Error

Nor- Hyp Typ Hyp
mal Hyp no | Cor + GH | Cor +GH | Cor +CH
con- | treatment | +o0img | +005mg G o10me
trols Thy /d X 40 | Thy /d x 40 | Thy/d X 40
Per er- Peee Per
cent- cent. cent- cent
10 S jages| o lages| 7 fams| 6
Rats | Rats [ of | Rats | of | Rats | of | Rats | of
nor or nor- not-
mal mal ! mat
Erythroeyte count mmul | 8500 7890 92 [ 94l 110 9 56| 112 908 117
Hions per cu mm £137) 0 41 £0 13 40 29) +0 3
Hematoent in per cent 50| 382| 8 479 | 104 523 ( t13 523|113
+0 69| +1 0] +0 4| +1 80 0 90
Hemoglobinmegm per100| 155 | 135 | a7 | 152| 98 [ 164 108 | 172110
o £0 18 £0 51 £0 24 £0 38 £0 43
Total red cell volume in cc 250 2135 85 2 90l 118 3 74 150 4 19 185
BW 0 06 +0 15 3012 +0 04 0 17,
_per1®@em BW | L
Owygen consumption w| 948 627 6o | 943 99 | 1285 135 | 1504 18
Tters per square meter| £0 34 0 13 £0 28 20 43| 10 54
body surface per hour
Total mucleated cells ] 195 148 75 | 230 118 2 62 134 267 137
enllions pee cu mm | £0 US| 30 11 £0 09 20 19 2013
matrow tissue
Total no erythrod ele-| 888 3 1653 31 93 lize2 1) 132 | 1578 7| 177 | 1000 8 | 190
ments tn thousands per | $36  [+33 1142 +142
4 o marrow trssue
_ed mm marow U e J—
1|1os| 1 [or4| o
Totalno myclord elements| 947 6 | soss| o5 | mers|
e thovsands per oy mm, ¥30 | £80 6o i% R
arrow tissue
c e e sla Alawa data mracamtad fw m aoe 3 L.,

CdIlY Uyt
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brought back to norma! by means of
stilt only 61 per cent of normal #
Another expertment? was conducted to watch changes in the blood and
marrow pictures brought about by a previously successful therapy in hypoph-
ysectomized rats of thyrown, cortisone, and growth hormone, but with
increases in thyroun dosage included to alter oxygen consumption  Hypoph-
ysectamized rats were treated with 06 mg cortisone acetate, gradually
1ncreasing doses of grawth hormone (0 2to 0 8 mg ),and 001,005 0r 0 10 mg.
of thyroun per day The data are presented it TABLE 3 It can be seen

, the oxygen c DS s

Tora Exymiizocyre VOLUME AND OYGEN CONSUMPTION 1N § GROUFs 0F Rt
M e e e N : A for

. . [ELN . 1 e 3
. .
e Hyp Hyp Hyp
| Hyp e
ot Hypmo | G | i | o
s 000 mg /day |0 03 mg /day | 010 mg /day

a2 |
Rets | Rats

Per-
cent

ages
Pats | of
nor

mat
6
107

Body werght in grams a7 las 4w ot a2 e | e fies
$2 80033 19 +2 50 k2 57, £18
Total erythroeyte volume m cc/| 238 204 80 | 213 & | 31 121 | z 74
100 gm B +0 08/ £0 04 +0 0§ £0 10 £0 11
Qxygen Consympuion i Wters per | 9 01 6.06) 67 7 I R
squacs meter ady surtace vec (€0 n‘zo m\ rn 151 £0 20 0

readily that an increase in the dose of thyroxn increased the total red cell
volume per 100 gm body weight, and concomitant increases of a simiar
nature were found 1n oxygen consumption Inadentally, this 15 the first
therapy we have tned 1o hypophysectomized rats (with the exception of
cobalt)?* ¥ where a real polycythemia has been produced

1 oxygen need 15 the only factor nvolved in posthypophysectomy anemia,
\n:hy did we obtain rather discouraging results with thyroidectomy and

marked decreases in weight, all the animals were treated unu! the blood
picture was normal, that 15, 45 days at 001-mg, 25 days at 005-mg , and
10 days at 0 10-mg dose levels  Once again, 1n spue of the rather drastic
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effects of this treatment 1n hypophysectomized rats, the blood picture at
axygen consumption were affected 1n a similar manner.

Since better results were obtaned when cortisone and growth hormo
were combined with thy rovin than when thyroxin was used alone, 1t might
assumed that this indicated that cortisone and grow th hormone were affectt
the bone marrow directty and that oxygen need was not the entire explar
tion.  This may be true, but f the data are examined carefully st can be se
that a combinatton of thyroxin, cortisone, and growth hormone has a m
profound infl on oxygen ¢ 1on than thyroxin alone. When

THE HYPOPHYSIS AND ERYTHROPOIESIS

Anterior Labe
tuitory

Thyratropic Adrenocorticotropic

Hormone Hormone
Thyroid Adrenal
Gland Corfex

[rsraxin

Genercl Metabohsm

Oxygen Need
v

Bone Marrow
Feripheral Erythrocytes
Fiouze 11 Tentative hypothesis 7, erythropoietin as a prssible intermediary betnees
ovygen need and the ‘bone marrow

. FAAn a nf thnoin mar dasr e a1 v O

o - . N
directly on the masrow, the combined treatment has a more profound wnflu-
ence on OXygen consumphion

Erythroporetin
1f o decreased oxygen need 1s the esplanation for the anemia found 10
“alamimals thic etill daes nnt anc «ne the question of how

Jicated in Ficure 11,
* be the intermediasy
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between oxygen need and the bone marrow, we are i estigating this point
at the present time

Suntmary
Fi6UrE 12 15 presented as a summaty, We believe that hypophysectomy
nduces an anemsa by the resultant hypothyroidism, hypoadrenocorticalism,
and Jack of grow th hormone that occur after such surgery  We also hypothe-

size that these losses do not exert themselves directly upon the bone marrow
but, secondanly, through a decrease in general metabolism, this decrease in

THE HYPOPHYSIS AND ERYTHROPOIESIS

Anterior Lobe
P.wimy

Growth
Hormone

Thyroteopic

Adrenocorticotropic
Hormone mone

Thyrod Adrenal
Glgnd Cortex

o] [Eovsa)

‘Generol Metabolism !

Oxygen Need
v

g
arrow &~

Penigheral Erythrocytes

Tigvse 12 Tentatve hypothens 8, a summary of our present wterpretation of the
manner 1o w hich the antenor lobe of the prtunary gland affects ery thropoiesis

metabolism, 1n turn, decreases the animal’s need for oxygen  This decreased
oxygen need results ina decreased erythropoiesis in the bone marrow, possibly
through a decreased amount of erythropoetin 1o the plasma The extra
dotted hines running from grow th hormone to erythropoietin or bone marrow
directly or by means of general metabolism have been added because we
know that growth hormone can influence the bone marrow without raising
oxygen sunsump(lnn, 1t 15 also difficult to separate a phenomenon such as

feel that these dotted lines are necessary until these points of confusion are
resolved
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INTLUENCE OT' HYPOXIC STIMULLI UPOX BLOOD
FORMATION IN ENDOCRINE-DEFICIENT ANIMALS*

Sam J Pihero
Department of Anatomy, Yew York Meducal College, Flower and Fifth Avenwe Hospitls
Sew Vork, N ¥

Gordon ef al * have demonstrated that hypotia, the generally acknow tedged
“fyndamental erythrocytogemc stimulus,” results in morphological and
physialogical alterations in various endocrine glands, including the pituitary,
adrenal, thyroid, and gonads. The suggestion has been made? that hyposc
stimul may affect hematoposesis as a result of operating through hormonal
mechanisms  Along these hines, the experiments of Stewart ef al.? revealed
that the hypophysectanuzed rat does not display an erythropoietic respons
1o lowered b p cor d lated altitude of
16,000 feet  However, while Feigin and Gordon* have confirmed these find-
1ngs, of especial sigmificanceare their results that demonstrate that the hypoph-
ysectomized rat can respand with increased erythropoiesis to an extent
similar to that expenienced by intact controls when exposed to low presi\l'm

. . T £ An . v 11, - st hoadvenalece

poietic stress imposed by lowered barometnic pressures of 3108 mm Mg’
In view of the ahove findings, and since the possibility exists that more thaa
one hormone produced by the endocrine glands is the fundamental stimulus
for erythrocytosis, a detaded correlation of the peripheral blood changes ©
the bone marron cytology in pleuniglandular-deficient animals subjected
to lowered barometric pressures was made,

MATERTIALS AND METHODS

Two hundred and ten young adult female rats of the Sprague-Dawley
strain, weighing 135 to 170 gm at the time of hypophysectomy ot shant

mavr wwnrs amnloved Al amimals wara fad o etandard lahara-

mental peniod  Data nCIUUE 1ELULLS UL Lby Linpietely operated animai
2nd animals surviving the entire expenimental period
‘Peripheral blood from the tail was employed for all procedures. Red and

§ Supphed by B U~ a8 2
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white cell counts were made i duplieate, the former were required to agree
to within %4 pet cent and the latter 1o within +10 per cent  Differentual
counts were made from smears treated with Wrght's staie  Eosinopluls
were estimated by the method of Randolph® Reticulocyte counts sere
made from A1y smearss of peripherat blood stained ssth new methylene blue !
One thousand erythrocytes were counted and the rencuiocytes expressed asa
p of these  Hi 1 conc ere di d by the
and hematm method with a photoelectnc colosmeter  Dupheate hemato-
cnit determmations from hepatinized blood, spun at 12,000 rpm for 7 mn,
were made by a capillary micromethod and were requited to agree to withie
41 mm. Duplicate senal blood volume determipations were made by a
modification of the method of Wang and Hepsted *  Ammals were hghtly
anesthetized with ether and the front of the nech. shaved and washed with
alcohol By blunt dissecuon the jugulsr vem was exposed and mpected with
03 ml of Evans biue (T1824), which contams 0 6 mg of the dye  Esght
mys later, 0§ ml of blood was withdrawa by cardiac punctare into a synnge
moistered with a hepann ~olatton  Twa tenths mi of the heparuuzed blaod
was 2dded to 5 8 ml of 09 per cent sodum chionde, mited gently, and then
centrduged at 3,000 rpm for 30 mn  The wolor of the supernatant solution
was measured agamst a blank, using plasma dduted 29 umes  The photo-
metnc reading was raade at 613 mp and compared with a standard of Evans
blue (23 ug/ml im 09 pes cent sodmm chionde) Plasma volume was
calculated, employing the formula

Blood volume X per cent plasma (100— hematocnt)

Plasma volume =

Control hematologuat determmations weze carred out sn 2l animals befare
esperunental treatment was begun  The expenimental groups were estab-
hished as folows

Expersment U hvpephvseciontied and confrol animals follotnng 21 daye
of evposure  Twenty hypophysectomized and 10 sham-hypephysectomized
control antmals, operated 10 weeks previausly, were subjected ta lowered
barometnic pressures 2 speclly constructed low-pressute chamber
The spimats Teceived 4-hout exposures to pressures of 310 Bman Hp (equiva-
lent 10 an altitude of 20,000 feet) every second day for 21 days  Hemato-
lomeal examsnaisons were made at weekly miervaly

Expersment 2 1 d-kypop { and od !
control gramals followeng 21 duys of exposire  Thurty hypephysectomuzed
and 20 sham-hypophy ~ectomized contrel ammals, operated 10 weehs pre-
vicusly, were adrenalectonzed and examined at weehly wmtervals for 21 days
After 21 days of adrenslectomy, 15 adrenalectomezed-hypophysectomuzed
and 10 ad: Lham-hypoph tomiced 1ats were subjected to
the same exp a futes as i Exp 1

Lxperrment 3 sosirote-kivpophsectomized ond castrate comtrol animals
Thrty hypophysectomzed and sham-hyy phy sectanzed (ondrol anaals,
operated 10 weels previously, sere castrated and exammed at weelly inter-
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vals for 21 days Twenty-one days after castration, 15 castrate-hypophy-
sectomized and 10 castrate-sham-hypophysectomized rats were subjected
to the same experimental procedures as in Experiment 1.
Evperiment 4 caslrale-ady {Z ized-hypoph jzed and castrak
adrenalectomized control animals. Thirty hypophy<ectomized and 20 sham
hypophysectomized control animals, operated 10 weeks previously, wese
castrated and adrenalectomized in a single operative procedure and examined
at weekly intervals for 21 days. Twenty-one days after castraton plus
adrenalectomy, 13 castrate-adrenalectomized-hypophysectomized and 10
castrate-sham-hypophysectomuzed rats were subjected to the same expen

mental procedures as tn Expeniment 1
At the terminauon of the observation pertods, all rats were anesthetized
lightly with ether and exsangumnated by cardiac puncture, The feft fermur
PR ‘. B

wac diccartad cvarkad anam o~ alo

down gently in the serum with a glass pipette Smears were made and fixed
1n absolute methanol for 2 min and treated with May-Grunwald stain
Smears treated by Raiph's techmque® were also prepared.” For each ammal,
1000 nucleated cells were counted for determinatton of the myelogram®

s ) '
addinion, pitwitary, adrenal glands, spleen, thymus, and heart tisstes $€re
fixed 1n 10 per cent formalin for histological analysis, To date our histolog
cal studies are incomplete, our findings will be reported in 2 subsequent
publication

Weekly body werght measurements were made for 2ll animals

Resurts*
Etpersment 1

Perspheral blood.  The effects of 72 days of hypophysectomy are shown 1t
rapizs 1, 2,and 3 Tt will be noted (rabLE 1) that this operation results o

DATt, UIE alivtuns v sayp vpssySurswsy s wnis Sluug 1 of the normocytt,
normochromic vanety A microcytows 1s evident only at 14 and 21 days
after hypophysectomy when compared to sham-operated animals exarnined
3 tius time  Fiouny: 8 reveals that the total blood volumes of untreated

sighitnan
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1 plasma volume levels noted after hypophysectomy are not statwtically
signifeant

TasLe 3 indicates that statistically significant increases an iotal white celt
counts oceur by the sicth weel, through the tenth weel following hypaphysec-
fomy Theditferentsal count showed a tendency to neutroplulia and lympho-
penta No sigmficant alterations s the perpheral towal and differential

Tasse §
Erprcts OF JIYPOPHYSECTOMY UPOX ERYBIROCYTIC VALUES
(Means 3 Standard Freors)

i

NpariNe | mBC | Hemetohn | gucuone Hersices
postop | rats | {ex mm) | {percentages) (percentages) | (percentages
Hypy 7 20[BI9+ 0I5, 16664045/ 243 013477417
14 WiBAI 2622|1590 ENA1 23 L0 {478 0112
1 0186130 15642055/10£0231365%12
28 201835+ 0311380030084 010{458+13
35 26{791%+0627 145320601 1130261434457
42 W{76320214]14361081/00+06121 825212
5 012763 L0BIWORLIOMH] 1300
58 073 EDMI 662038/ 13LA45{395415
&5 WITHAQIN | T3E044108 2021424414
72 190108+ 02313322042 071029,40!1‘15
Controls 7 WIR23F023 115770541820 24964515
1 W70 G4 1587 2038]2230 221470216
bl 017005 FOIPIIOLO 2468212
23 W0]B810£030[ 1603061 |20+040 45717
3 10179720241 1578206112330 ]467519
42 WISOSXO25|361840D28(19+638{476£16
51 1178620111641 2042013204351 468214
58 W8292 0623116621058 13+027{479%12
65 0180191670105 18+0 281484440
oz 08350+ 023/16323041}204019;485%135

white cell counts aze induced by sham-operated ammals  Eosinophil counts
reveal sigmficant elevations only in the hypophysectomized group

Fioure 1 and TABLES 2 and § mdicate the effects of 21 days of lowered
barometric pressure upon the perp 1 blood picture of hypaph d
and control vats  The applicatson of lowered barametnic pressures results in
significant wocreases in red cell, hemoglobin, hematocrit, snd renculacyte
determinations that are symilar in the hypophysectomized and in the control
group of amimals (FIGurRrF 1) Mean corpuscular volume, mean corpusenfar
hemoglotun, and mean corpuscular hemoglobin concentration values ase
unaltered m both groups of ammals aiter expasure to the simulus of losered
batometne pressures (xamiE 2} Fotal blood volume levels of exposed
hypophysectomized and sham-operated rats nndergo progressive increases
accomy d by ve H w plasma volume values
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TaBLE 5 reveals that decreases in total white cef! counts occur in the
hypophysectomized ammals subjected to the lowered barometnc pressures
Total white cell counts in sham-operated rats are unaficcled by the reduced

TaBLE 2
I'rrEcTs oF LOW PRESSLRE LroN Somp LRYTHROCYFIC VALUES
or Snau-Hyroruysecromizen avp Hyeormsecroauzed Rats
(Means + Standard Lrrors)

|
No of | Meancorp | Mean corp “;;':::;V
wts | ol | WoGes) |
J— IR
ype
Postop 7 days 20 | st3too | woros | asor08
14 days 20 542+07 | 18008 | 332%03
21 days 20 | s38*06 | 181404 [ 336210
28 days 2 519308 | 190+06 | 337£07
35 days [ se1d12 { wakos | mrk02
42 days 20 557+13 | 188305 | 338+095
51 days 20 | 551515 ) 183509 ) 27X03
58 days 20 { 540%13 | 00308 | 371209
65 days 20 592314 | 206+£03 ) 337206
2 davs 10 | 570%08 | 203:05 | 37x10
Controls
Postop 7 days 10 | 563+10 | 191406 | 380£09
14 days 10 | 595%009 | 197X06 | 331405
21 davs 10 587%10 195407 331+08
28 days 1 | 564%07 | 198T04 ) 351206
35 days 10 [ 86x09 | 198+05 | 33709
12 days 10 | 584£09 | 201308 | 331210
51 days 10 | S95+10 | 200200 | 351£08
S8 days 10 578+ 12 201+06 347210
65 days 10 579+09 200+04 345407
72 days 80 571214 { 192307 | 337209
Iypx (72 days postop )
"‘m‘msﬂl’ﬁ,,! 20 { S64%£11 | 193403 | 342407
14 dass 20 | 35035 | 107x05 | 358%10
21 days 20 547Tx12 190+04 348%08
troly (72 days postop )
Cnn]",(pn(scd Tinys 10 | 563409 { 9306 { 3835206
14 days 10 sp6+15 196+04 329411
21 days 10 $89+14 02307 313%07

- 1 d
pressure  Likewise, 1 white cell s show no con-
-oan Tt

[P
- arther ot
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Boue marrow studies  The myelograms of the hypophysectomized rats
(tABLE 13) reveal significant decreases in the percentages of nucleated ery-
throsd elements after 72 days of ied by a signit
elevation 1n the concentration of lymphocytes and a tendency to nise in the
numbers of young siwatrophdic forms

TapLe 13 reveals smular changes 1n the marrow cellular components of

Ta 3
Lreects or Haroprysectory tron Witk Crir Counts
{Means + Standard Errors)

No of | No | Total WBC Lympho. | Neutro
daye | of | thousand, | Fosmerkin { T B iy

poslop | rats T mm Tercentages { petcentages

Ttypx Tl 2001632 18| 4151218087 04250120225

11 [ 20lt68t14f3nat1691883338{137£312

2 | 0j1sTiIlBsexrmol8itEioj1i1k23

[ WI49+1913018+2511830+27)116+54

35 | o{wBak1olo7s5k27l805820] 176828

2 | 00203%24[31892135]818336[156%22

S | 20{1913+23{3120%152{8342272(151+3¢0

S 1 20)195%¥25]3513X147{798£22[185%33

65 | 0]208+28|25452172]806x301179%32

72 [130]224X19({3449%167(B3SX21]208%30

Controls 7 1 101162212]1510+160(8204+27]164x29

1 w1652 1719322170180 7220 176%43

21 L 10]1067%25{1390% 2 3{8s8E35[196%32

{28 1 10{184%28{1808X180(811+¥37{130%44

) 35 1101153 %1011310%210]880x14(113%45

I 22 | 0169+ 18| 20084370[8601 311100473

] os W({133F1 11987 £172]858%21122%22

| ss | w{B6r23{m20x20(883313(101%30

I 65 | 10149523 1938%180( 8143 34({ 138531

‘, 72 gn‘uo:za B50E 174 BI9X20] 150540

the control and hypophysectomized rats subjected to the lawered barometric
pressures

Organ werghts TABLF 14 indicates that hypophysectomy decreases ug-
mficantly the spleen and adrenal weights of the female rat  The fow-pressute
sumulus employed 15 of sufficient mtensity to increase sigmficantly the
adrenal weights with a tendency ta decrease the thymus weights in the con-
trol ammals  Pitwtary gland weights were not affected by this treatment
On the other hand, hypophysectomized-exposed rats reveal significant
decreases in the weights of spleen, thymus, and adrenal glands when com-
pared to controbesposed anmals  However, the hypophysectomized-
exposed group revcals no changes from the unexposed-hypophy sectomized
ammals, except for a significant decrease in thy mus weights 1 the exposed
zroun
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Evxperiment 2

LPeripheral blood  FIGURE 2 and TabLEs 4 and 7 indicate the effects of
d y upon the peripheral blood picture of hypophysectomized and
sham-hypophysectomized rats FIGURE 2 reveals significant decreases m
red cell, hemoglobin, and hematocrit values 1 both groups of animals after
21 days following adrenalectomy, A significant rise in reticulocyte values

TasLE 4
Errzcts OF Low PRESSURE UPON SoNE LRYTHROCYTIC VALUES OF
‘- - ADRENALECTOMIZED,
aTs
—— L T T
Ro Mean corp

Mean corp, | Mean corp

o hb conc,
rats | YO (@ ) | b () percentages
Hypx, (72 days postop ) + 130(570408({203+05[357+10
Ads postop Tdays| 301599412208+ 08/339+09
Hdays| 30/505+03[/206+05[346+09
days) 30/5701£06)205+07]350£04
Controls {72 days postop j + 80 1571+14/192207]337409
Adx postop Tdays| 201 5753:08/194505]337+04
Mdays| 201608+03/208+02(312206
Adays| 20552310192 506( 348211
Hypx (72 days postop ) +
Adx (21 days postop )

Cxposed Tdays| 1S |56 14 13(205+04[361208
I4dmys) 13163611200 06)313207
2days| 15/593505(192%07]328403

Controls (72 days postop ) +
Adx (21 days postop )

Exposed Tdays) 10596208 |2004+02 3344209
Mdays| 10 1610%06{201%05]330%09
Mdays) 101603+ 05|204205 339106

occurs 1n adrenalectomized control rats at the 21-day postoperative period,
whereas a sigmficant elevation 1s observed ?nly 1n the 7-day adrenalectomized-
. e

~ 4 QILLLALL HICLESes M Mean corpuscular b lobin
1n sham-operated rals, SIE it T hemoglol
values are noted. TIGURE 8 reveals that the total blood volume of sham-
b pophyseclomlzed ammals undergoes progresaive decreases following
a(’i’rcml ablation  Plasma volume levels are unafected No further sig-
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nificant alterations i blood-volume levels occur in the hypophysectomized
group following adrenalectomy
Total white cell counts 1n both groups (TseLe 7) are unaffected by adre-
nalectomy Dafferential white cell determmauans show a neutropenia and
h m d animals  Of inter-
est is the depression 1 eosinophil values observed in adrenalectomized-
hypophysectomized rats, in contrast to the elevation noted 1n the adrenalec-
tomized-control group

=]
" sHam
RBC IO
Be i HYPX
n 2 oM
Fifeunmg %
%
T ou 2
oaYS EXPOSED
RETIC.
A
] o 7 Ja &
DAYS EXPOSED DAYS EXPOSED

Fiotge | Lifects of low pressure upon erythrocytic values of hypophysectomized and
sham-hypophysectomized rats  Vertical lines through the bars represent +1 standard
error of the mean

The effects of 21 days of lowered b pressure m ad d-

and d control rats are shown n FIGURE 3
and r,uxu-:s 4 and 8 Significant increases in the penpheral red blood cel]
parameters examined are noted in both groups of ammals {FIGURE 3)  Expo-
sure to lowered barometric pressures results 1n significant nses i the mean
corpuscular volume levels 14 and 21 days after adrena]cclomy In addition,
at this time only the d group dlsp]ays
decreases in mean corpuscular hemoglobm cnncenlratmns (TaBLT 4}  Sig-
mificant increases 1n total blood volume occur 1n both groups of adrenalecto-
rmized rats following the stimulus of lowered barometnc pressures  However,
plasma-valume levels remain unaltered (FIGURE §

Total white cell, eosinophile, and differential white cell counts show no
consstent chfferences 1n both groups of exposed ammals compared to the
unexposed groups of rats (TABLE 8)

Bone marrow studtes  'TABLE 13 reveals that adrenalectomized-hypophy-
sectomized ammals possess significant decreases 1n immature and mature
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Experiment 2

Perspheral blood  TF1Gure 2 and TaBLes 4 and 7 indicate the effects of
adtenalectomy upon the peripheral blood picture of hypophysectomized sud
sham-hypophysectormzed rats, FIGURE 2 reveals significant decreases i
ted cell, hemoglobin, and hematocnt values in both groups of animals after
21 days following adrenalectomy A sigmificant rise in reticulocyte values

Taste 4
Lrrecrs oF Low Pressure yrov SoMe Lrymnrocyric VALUES OF
ADRENALECTOMIZED, HIYPOPHYSECTOMIZED AND APRENALECTOMIZED,
Suau-HyroruysecTonzep Rats
(Means & Standard Errors)

N | Mean com | Mean corp | Yene?
rats | YOl (u ad | BD (k) | ercentapes
Hspx (72 days postop) +- 10[570£08[203205[357£10
Adx postop Tduys| 30509+ 12(208+08]349209
Mdays) 0(595+03{206+05{346209
20days| 30 [ S70%06[205£07(359+04
Controls (72 days postep ) + 80)571214/192+07)337£09
Ade postop Tdays| 20[575ros[194r0s|arrrod
Hdays| 20)6085£03]208202|H2206
Pidays| 2055251019206 (348£11

Hypx (72 days postop) +

‘Adv (21 days postop )

Exposed 7days| 15564 +13({203+04(361208
Hdays) 151636511]200206)313207
Hdays| 15/503£05(192£07]324203

Controls (72 days postop ) +
‘Adv (21 days postop)

Exposed 7dags| 10|50 6+08|200502]334409
Idays| 101610%06[201+05]330£09
2t 10‘ 603:05|204%05|330%06

1o bt ad mmton) eabe s ahm e -
¢
mals al e Luey b Tt e mitas wnUwing agrendtectony

n sham-operated rals, significant mncreases in mean corpuscular hemoglobm
valpes are noted.  FIGURE 8 reveals that the total biood volume of sham-
hypuphyscclomxzed ammals Iundexl'goeli Progressive decreases following
adrenal ablation Plasma volume levels are unaffected, No further sig-
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Tastr 6
Trsters or Low FRESSURE UFON Song LRYTHROCYTIC VALUES OF CASTRATE-
HerornysecToMzED, CASTRATE Sitadt HIXPOPIYSECTONIZED, CASTRATE-
ADRENALFCTOUIZED YIYPOPNYSFCTONIZUD, AND CASTRATE-
ADRENALFCTOMIZED Sitast HYFOPIYSFCTOMIZED RATs

(Mears + Standard Frioes)

527

No

of | Mesncarp | Mean orp
rats | Vol (U ¢ hb Guagh
Hypx (72 days postop) + castranon { 130 [ S7 0 £ 08| 203£05

top Tdays| 30| 60RE 13201206
1ddays} 30|5824£09)195405
Mdays| {8308 192207

Contrafs (72 days postap) + castration| %0187 141419207
Tostop 20/598xttl200z10
tidys| 20l606r13)1098308
Zidays| 20{586x00(202x10
Hypx (12 d;\y; postop) + castration
@ da)s ")

Lxpased Tdays) 1518501111980
Tdays] 15{855 711186507
2dns| 151545 £07{187205

Contrals (72 davs postop ) + castration
[¢4) da)s postop )
xposed Tdays) 0]599£09[20008
Mdas) 10162313 4/212509
2tdays| 10 (5950602013508
um (72 days postop) 4+ cast * Adx
Tdays| 30[83£10{208+07
tddays] 0186108/ 2012009
zmm‘ 0[550%07{19a%03
Controls (72 dass postop) + east 4
Adx postop /d:nsI 01583+09|216+12
Lidaysl 201 91205{198202
ﬂdﬂ)st zogmxzoc M112009
Hypx (72 davspostop ) + camt -+ Adx [
121 days postop 1 !

Fxposed Tdys] 1515475091970
tddsya] 151502308(196+08
Ndnys| 15{589207|194%06

Controls (72 days postop ) + cast +
Six 2 s pesion)

¥ xposed Tdns] 10lasr12l1310

tidyst 10/e82:07{MT308
Wi03x07}22507

b .\m,

! Mean comp

[

i ve\‘centages
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neutrophilic forms, g lowering 1 cosinophile percentages, and significant
elevationy 1n Iymphacyc forms 1 the bone marrow, as compared to adre
nalectomized-contro} ammals  The sy g Iymphocyte percentages is sig
mficantly hugher than the elevarion abserved in hypophysectomized eat,
The m) elograms of adrenalectomnzml{on(ro]s reveal significant inereases 1o
1y mphotyte, yeung, and mature neutrophile pereentages in comparison to
unoperated control ansmats

The marroy cellulay componenty of adrenalecxomxzrd-hypophysecmmlztd
and adrenalectomizeq controf rats subjected ta lawcred barometric pressuses

Tasie §
Lrrecrs or Low PReSsuRE 3pgy WITE Cee Copvry or Hyrornyseetounen

AND 5}!A“~}IYI’0P((\STCTO)IILED Razs
{Means 3 Standard Errors}
No {TotatWne Newtro-
f 3

—— S A

ype (72 days posiop ) 130 zz4t193449115 $212w8%30
Expased Tdays! 20 {15 222401439 4 1 EX BT
tdays| 29 35319/ 1n 300155440

Adnysi 15152735 17 +L0[160247

Controls (72 Qays postop ) B0 i1t 6 agy +20{140249
Lxposed ?days| g0 M1ty 300150417
Mdust 0lgi,, *27{133220

2days| 10 |4y 0xtg t30ofis0rze

reveal simmfar erythroporet.c respomses and decreases in Jymphocytic forms
In addition, a decrease 5 the mature neutrophiic Percentages 1s noted in
adrenalectomized controls

Organ weights - Although no changes ars obsers ed sn the argan weights of
adrenalectomized controf ras, SERficant decreases 1 the, spleen weights
of adrennltctom1zed—hypqp},y5¢cmm,zed aumals are seen (rhe P
s of lowered baromotn PIESSULES smposes wmereases fy the weights
of spleen and thymus tissye only i the ﬂd"‘nakctomxzcd controls, Sg-
mficant decreases n spleen and thymus werghs a2 noted in xposod ades
nnlectomxzed~hypuphyscctomxzcd ammals whep compared 1o evposed
adrenalectomized controls

Expertmens 3

Perspheral blood  The effects of Castration npop (he penpheral blood of
hypophysectonuzed and sham.] YPophysectomizeq T2ts are shown 1 yrougs 4
and TABLES 6 and 9 Except for decreases 1y, eosmaphil fevels 1n the
hypophysectomized ammals, <astration 1 bogh EXOUDS Tesults 15 1o further
significant changes sn the peripheral blogd Parameters examined

Low ered barometric pressures in both Broupsevgle erythropojetic Tespanses
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Fiovred  Efferts of low pressure wpon enibrocytic values of adtenalectomszed-sham
hymophy sectomized and adrenalectamized hypophy sectomzed rats  Vertica fines through
the hass represent 4.t standard error of the mean

Bone marrow studses  ‘TABLy 13 reveals no sigraficant changes in castrate
controls  Flowever, increases in fymphocytic forms and decreases tn nucle-
ated erythrocytes are evident mn castrate-hypophysectomized rats m com-
panson to castrate control ammals Similar erythropotetic and myelod
changes are noted in both groups when exposed to lowered harometric
pressures

Errecrs of Low Pressure vron WiiTe CeLi COUNTS OF ADRENALECTOMIZED
SECT A Rars

(Means  Standard Errars)
T
| No ‘\Tom WBC

Lympho. | Neutro-
cytes, phs,
percentages | percentages

of | thousand,
| rats] cu mm

Tosinophds,
c mm

S B

Hyps {72 days postop) 4
Adx {21 davs postop ) \0\\761\915311\67 87422010131
Feposeil Tdaws| 15 {166 £ 261190915 2(87 6 x21{11 2527
Mdays! 15 (IT8 21 T{186 5 £1Z25{91 7 £ 3¢t T5%+23
2days| 151156 L1364 511340023830 7535

Conteols (72 days postap ) +!
Adx Qlduyspostop) 4 20 139%18ls90x 405 as{0r30
Expase Tdays) 10 138 £ 1913984 £27 4{81 234 0/t30%1 9
$days) 10 11203 201258 1530 4{80225)12222 1
Wdas| 0 {4021 7(321x184{82 4533151424
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Fioure 2 Effects of adrenalectomy upon ery throcytic values of hypuvh)““”m"‘rg
and sham-hy pophj sectomized rats  Vertical lines through the bars represent 1 standa
error of the mean

(FIGURE 5) accompanted by sigmificant increases in total blood volume con-
centrations (FIGURF 9) A comparison of evposed hypophysectomized-
castrate and exposed-castrate-sham-hypoph d ‘animals (TABLE B
mdicates that the mean corpuscular volume levels display decreases in lﬁt
hypophys d grouj o changes are evident in the white
series (TABLE 10), except for significant reductions in eostnophil counts at the
21-day period in castrate-hypophysectomized rats

Tasr 7
I'PrECTS 0F ADRENALECTOMY UPON WinTe Ceir Counts oF HyropivsSECTOMIZED
AND Stam HyPOPRYSECTOMIZED RaTs
(Means + standard ersors)

No [TotalwpC| | Lympho- | Neutro-
of | thousand, | Vosmophis, | FLAE hils,
rats | cu mm UMM ercentages | percentages

I I

(12 dayspostop) + | 130 |22 4 £1 91341592 16 7[78 5221|2084 30

P (poston 7days| 30 [197220|202 4142|871 £41/122426

/ 1hdays| 3017915025095 120(s80%37|120528
20days| 30 (176210115823 167|87 4520101231

2 dayspostop) | B0 [146+£ 241850217 4(830 420110249
C""“;";‘”osm‘pp Tdays| 2011382161201 8316481012 4[12 4240
+ade p tadays| 201302 1(503 83228 4Rs 154 4(17250
2days| 20 (4918479017 1|R0S 35150430
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Ficrae 5 Tfects of low pressure upon erythrocytic values of castrate-hy pophy secto-
mized and casteate sham-hy pophy sectomized rats A ertical lines through the bars repre
sent 1 standard error of the mean

I:!u’c'ls or Low l"nswu: oN \\Iln‘z Cerr Counts OF CASTRATE
Rats

(\luns + Sundnrd Errors)

No |TotalWBC| g0 | Lympho- | Neutro-
thousand, | “RPORIE | Toytes phils,
‘r:us c mm Percentages | percentages
4
Hypx (72 davs postop) + | J |
castration (21 days H | 1
Ppostop) 130 191414118322150/827+29/163230
¥xposed Tdwal 18 [195£ 30127 7217 6/8 5227147530
Tadays[ 1S 1802704 1212 7(78 623 6{200241
2dns) 18 [21a215[058%2125(192232(202234
Contrals (72 days postop ) + | {
castration (21 davs
pastop ) 21)\16012\}1628:“7 B24+27/153+40
Frpoceil Fdns, 10 1622220183222 4{837233\155331
thdns, 10 |sstlvlloaz:z4o1x7tzlzns+zg
2dast 10 1312401833 5158[78 7246190242
| '
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E3nrex
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RETIC.
*
'
2 7 (L]
Dars POST OP opays POST OP
YicLre 4 Lflects of castration upon erythrocytic values of hypophysectomized L”.fx

shar-hypophysectomized rats  Vertical hnes through the bars represent *1 s
error of the mean

Organ werghts  TABLE 14 1ndicates no significant changes in organ # eights
of castrate controls, « hereas castrate-hypophysectomized animals reveal si&-
nificant decreases 1n spleen and adrenal weights. The reductions are of the
same magnitude as untreated hypophysectomized animals, Lowered bar>
metric pressures evoke elevations mn adrenal weights, with reductions
thymus weights in castrate-control rats  On the other hand, expased group>

TasLr 9
LrrecTs oF CASTRATION UPON Wit CerL Corsts of IIYroPHYSECTOMIZED
AND Suam HypoPnysecToMizen RATS
(Means + Standard Errors)

No |Total WIC| Lympho- | Neutro-
of | thousand, | Foumerhts, | SRS | T
rats | cu mm S8 MM ) percentages | percentages

72 days postop) + | 130 (2242193140416 7|75 5421|2084 30
“ﬁ:“(n,mn postop 7days| 30 [173+17/18264192/821£39(1606£4 1
fddays| 30227 19)1683 +124]|856 51135427

Zdays] 301911 4)1832£150(827£29[163 £3.0

2 dagspostop) +| S0 113 6E2 4118504 174|830 £29/14 0549
C"“”{:':‘fln ’m’sw‘, Tdase| 2018121712080 1a6lar 13 salingxad
cast 1gduys| 20(167x21[13883220/860x3 1128447
Idays| 201602 3{1628 117|824 227]15.3240
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Frovre 6  Lffects of castration plus adrenalectomy upon ery throcy tic values of hypoph
)

sham-hy poph; rats  Verucal les through the bars repre
sent +1 standard esror of the mean
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Tastr 11
LPrECTS OF CASTRATION + ADRENALFCTOMY UrON Witrte CELL COUNTS OF
HIYPOPUYSFCTOMIZED AND SttAM-HYPOPITYSECTOMIZED RATS
{Means % Standard Errors)

No | Totat WiC Lympho- | Neutror
of

thousanq, | osinophis,
u m

cytes, phls,
rats | cu mm percentages | percentages
I SR
Hype (72 days
o) £ Cast 130224 419(314 94167178522 1(208£30
¥ Adv, postop 7 days 301204 +16/3866+153/850+22(138435
tidays| 30|17 5+18(2300% 175|862+ 2 7{13 1438
2dsys| 0312211284 5152(84 6433137540
trols (72 days
Co,;‘ns'lnop)"’cast RO 146i2418501174819129140119
P posto 7days| 20[16 314|368 8 £ 180l 2515 (a1 1523
1idays) 20 1193212139792 170)81 1523(174228
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group 15 depressed sigmficantly as to total white celf and eounophil counts
in comparison to the control group. When compared to the castrate-
hypophysectomized and castraie control ammals, the addiion of adrenalec-
tomy results in elevations in the eosinopln) values of both greups studied
{raiz 11}

Twenty-one days of lonered barometric pressures i castrate-adrenalece
tomized-hypophysectomized and castrate-adrenalectormzed control rats
{ncTRE T} indicate increased erythrocytogenic responses i both groups

TasLe 12
Lrrects or Low PREsSURE G Waute LERL COUNTS oF CaSTRATE
ADREN\LECTOM\ZED HYPORRYSECTOMIZED AND CASTRATE
Rams

(an! k3 Slandard Errors)

t
! Lvmpbe- ¢ Newtro

‘ Tm\\wu
1ot | thousand, hz;‘“f"\’:"" | oytes s,
] NI,
N - :'”f”‘“\“ T e
Mypx {12 days postop ) 4 | | | | }
Cast 4 Adx (21 days | ' i i
postop ) 0 1314212234152 8365331137240
Fxposed 7 days lSiHltZif[Gl‘tlSlKﬁﬂtlmlht:ls
tdaa| 13 135 £20/1602£ 00,87 £10/M6E 19
Maws! 5 {752 7988l 1l0k20
' i
Conteals (72 davs postop ) | ! j i )
st + Ady (2 days | | | ! ]
postop) }zonsstl7,&33&&0\1&41117)“5:5:
Exposed Tdavs| 10 (1682213612203 82130161227
t4days{ 10 lS(tlHleleR("TSltlsill(t4l
Bams) 10157219 BL 00741 FaoziIz2s

TazLE 6 indicates that the mean corpuscular wlume displays <|gmhcnm nses
accompamed by decrem& N mEan corpt
n exposed  castrat d-hypophy raty  Sumfar
alterations ate noted only at the T4-day po<ltxpo\ure perioi in the control
ammals  FiGURE 9 reveals that significant increases i the total volume
Ievels ave produced by lowered bavometnc pressures after adrenal and ovanan
removal 1n both groups No accompanying changes in plasma svolume
values are snduced by the sumulus employed

Lounophu! determinations after 21 days of expasure were affected n the
wlute blood cell parameters examuned {xBuE 12), reseahiag significant depres-
sians in the hypopliysedtomized group 1 contrast o the elevations noted in
the control anunaly  Thee thanges are sigmficant when compared 10 each
other and to the unexposed postoperative senies  The observed decreases
«n fymphocy te numbers accompatued by weteases in neutrophil percentages
are igmificant
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Fioure 9 Lffects of low pressure upon the blood volume changes of castrate-hypr
ysectomzed,  © poph d-hypol
d, and castrate ham-hypophy sectomized rats  Vertical |
through the bars represent +1 standard etror of the mean

Evperiment 4

Pervpheral blood Jl'munr 6 and TADLES 6 and 11 show peripheral b!
studses of castr ypop d and castrate-
nnleclomnzed control ammals C.—nlral‘mn pl‘ua adrenalectomy 1 1
groups results 1n depr 1n red cell, bin, and hematocnt dewer
iinations. In addition, reticulocyte percentages of castrate-adrenalecto”

N tenls are sigmficantly _clcvaled (r1GURE 6) Mean corpusculaf

Leauees .

)
" e values reveds - o ”
m},‘::nobw“'d in pituunry-ablated ammal‘s {compare F1GURFS 8 and 9)

By 21 days postcastration plus y, the hypophys d
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cytes upon exposure to lowered pressures, significant decreases 1n blasts and
neutrophihic forms are observed in the castrate-adrenalectomized controls

when to the posed castrate-ad control rats
No sigmficant differences are noted 1n ¢ castrat d-
hy d and castraty d control groups exposed

to lhe erylhmpmcllc stimulus employed  The imposition of adrenalectomy

TapLe 14
ErrecTs OF Low PRESSURE UPON THE ADRENAL GLaNDS, SPLEEN, AND Tuvarus
WEIeHTs/100 G¥ BODY WEIGHT OF PLFURIGLANDULAR-DEFICIENT-
Hyroruysectomzep, AnD CoNTROL RaTs
(Means + Standard Errors)

Adzenal wt mx
Spleen wt, | Thymos we Prtatary
mg me b
Rt | Lleft
Hypx (32 days postop)
o expoture (30 1303 x164| 9791003710l 421y
4 21 days (20) forisoleoar sslaer1aaz
Hyps (17 days pomtop ) + Adx (21
days postop )
o exposure (15) BT S
Exposed 21 days (15) 124 6 & 17 8109 5 £ 11 o
Hypx (72 days postop ) + Cast (21
davs postop
Mo expasere (15) Wrot10gfiosos 7ol 36kt a a0k )
Enposed 2} days 15 1263153 8593 4813507 <003
Hypx (72 days posmp) Fomst +
Ay (3 day omiop
o erpoon 1202 + 13 000 0 & 7 4
Exvosed 31 dags 15) 0883 139 748 o4
Comtra (72 days poston)
o etpornrs T10) 319041801019+ 9900t o104t s3020s
be cusomrs GO 380200 8 6111 ONS T £ SO L17|3 2502
Controls G2 days postop ) + Adn
days poutap
e et oy 204 7 415 0100 7 5 9 3 28201
Exposcd 21 days (10) 00 4 2 14 9[189 0% 49 27203
Conteols (72 days posiop ) + Coxt
days postop )
o exposure. (10) 2m o+ 12 7102+ T 820z 211 g3zt0s
o ey 28187, ST2£00 10501 0158521325202
Controls (72 days postap ) + Cast + |
1 days pusto
No expomure (10 oy 4t 190 1352 52 2otuz
Trposed 21 days (10} SR S Jreet

* Number of rats

n exposed castrate-hypophysectomiced rats does cause a significant rise 1n
Iymphocytic marrow values

Organ weights  TasLC 14 indicates reduced thymic weights n castrate-
adrenalectomized controls as compared to unoperated and castrate-sham-
by ammak,  Hypophysis removal tesults in a decrease i
‘pleen \\e;ghu and an ncrease 1n thymus weights 1n castrate-adrenalecto-
mized amimals when compared to castrate-adrenalectomized-sham- -bypoph-
ysectomized rats  Lowered barometric pressures evole increases in spleen
and thymus weights in castrate-adrenalectomized controls, while splemic and
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Bone marrow studres, Tanrr 13 indicates that castration plus adrenalec
tomy 1n control rats results in a depression of nucleated erythrocytes acon
panied by significant ¢levations in lymphocytes and neutrophtls, both yourg
and mature forms The depression in nucleated erythrocyte percentage

Taste 13
Frrrers of Low PRESSURE 0N BoAE Marrow CELLULAR PrRCENTAGES
18 PLEURIGLANDULAR-D}FFICIENT-HYPOPIIVSECTOMIZED ANy CONTROL RATS
(Mean + Standard Frrors)

Neutrophils® st
ho-
Tasts Eosino- | Lymphor | b
Thils eptes * | TS
Young | Mature
Hypx (72 days postop )
Na exposure (20) 08:01/101 1030523051 ¢102t15152003]
Esposed 21 days (20) 09:01/66+08254£18[s4208107x2080122
Hypy (72dayspostop ) + Adx
(21 days postop
o exposure (15 1210270200258 1235304s20848217521
Exposed 21 days (15) 00:02 622002661 1872001462383
Hype (72 days postop) +
‘Cast (20 days postop)
No exposure (15 Stostiosizoozrsososzzosronot?
Exposed 2t days (15) 100 B10amo+1841205 7622049233
Itypx (72 days postop ) +
‘Cast + Adx (21 days
top ) R
No exposure (15) 120260407218+ 2235407430£502882
Exposed 21 days (15) bézoilsssrass or1oH0s?
Controls (72 days postop ) 193621 +
No exposure (10} 16£03 744113021 060212126220352¢)
Expased 21 days (10) 08203 S3+09251 3153420 232453124
Controls (72 days pastop ) + F1Syezospozs
Adx (21 days postop )
No exposure (] L2totiletorlssssogeazioz2zselzals)
Exposed 21 days (10) 08zt0 100927 0 1 e 8i?
Cantrols (72 days postap ) + xleserosazt
Cast (21 days postop ) )
Mo exposuze (10) 203/ 80+1alset a1 als i er a2y garTl
d 21 days (10) 07t04 57509271522 s 742
Controls (72 days postop ) + 223521 {1 84275
Cast (21 days
PR [ 1610210550 1
Qo exposiie 589452038 17 10250¢
Exposed 21 days (101 [0 6201} 5821 “snxna]:oiaglwﬁn 7[:55:!

* Young neutrophils ancluded promyclocytes and myelocytes, mature neutrophuls sncluded met
myelocytes and segmented forms
t Number of 7ats

h )

ey love a d rats is not sigaif
cantly lower than that observed in similarly operated sham-hypophysectc
mized controls However, when compared to operated sham-hypophysect¢
mized controls, the myelograms of these animals reveal a marked e i
lymphocync forms and sigmificant decreases in immature and mature neutre
philic types
‘The marrow

subjected to low
castrate controls

cellular p of castrate-ad \ ized control
ered barometric pressures reveal no differences from expose
However, apart from the increases in nucleated erythrc
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tendy to raise red cell counts 18
Apart from the changes n organ weights cited for the hypophysectomzed
rat, no further changes were noted i any of the pleunglandular-defictent-
'y POF groups drenal has been reported to result 1n
an increase In the abeolute weight of the lymphoid tssues ¥ This seems
doubtful from our previous and present work and from the studies of Stoerh, '
which demonstrated no sigmificant differences in lymphord weights 1n adre-
nalectormzed intact ammals That adrenalectomy serves to protect the
lymphold tssues against those wnfluences that would pmduu involation®®
does not appear to be applicable in the adr hypophysectomized
rat after exposure to lowered barometnic pressures Instend a!mphy of
splenic and thymic organ was apparent  The well-established findings that
hypertrophy of the adrenal gland accompames the response of animals sub-
Jected to low § has been In our
Crafts? reported that combined thyrordectomy and adrenalectomy 1n
adult female rats induced an anemia equal 1n severity to that of hypophysec-
tomy, while Contopoulos et af ** found the posthypophysectomy anemia to
be more severe than combined thyroidectomy and adrenalectomy ~ Recent
studies by Meineke and Crafts?® tend to agree with the findings of Con-
topoulos’ group  Landau and Gordon?®* have reported that the hypophysec-
tomy effects on blood may be due to the generally reduced oudati e metabo-

costerane has been found to preduce a moderate gain 1n red celi count by the
fourth week, but with no significant repair of the posthypophysectomy
marron hypoplasia ¥ In the present studies, long-lasting desoxycorti-
costerone {Percorten) injected 1n 2 5-mg amounts was found to mcrease the
survival tume of operated animals with no apparent effects on the blood
prcture

Tt seems clear from the present investigation that the pituitary, adrenal,
and avanan glands are not of pnmary importance in erythropoiesis, since
hypowa induced by lowered barometric pressures imvokes penpheral and

one marrow erythrord responses 1n pleunglandular operated antmals  Our
previous findings on the exposed adrenalectomized rats* and those of Fergin
and Gordon® on the exposed hypophysectomized rat have been confirmed
and extended

Tor the most part the anemia of hypophysectomy appears to be normo-
chromic and normocytic  This v in accord with the reparted findings of
Crafts?* The present results indiate that at the 14-day postoperatine
penad an the adrenalectomized-~ham-hypophysectomized and adrenalecto-
muzed-hypophysectomized rats, the anemia 15 of the normochromic macro-
cyuc varety  Castration i the hypophy~ectomized and sham-operated
ammals results in no differences from the unoperated group  lHowever, the
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thymic weight decreases occur in the castrate-adrenalectomized-hypophy
sectomuzed graup

Discussion

Recently the relationship of the endocrine glands to the formed elemen
of the blood and to the blood-forming organs has been reviewed by Gordon
The existence of an anemra in rats following pituitary ablation has be
established definitely ''* The observed decrease in reticulocytes i t
hypophysectomized rat scems to indicate a decreased rate of erythroy
production and deltvery to the blood stream  Our studies reveal that,
add:tion to the observed lowered concentration of erythrocytic elements, t
marrow of the hypophysectomized rat 1s characterized by an increase int
percentages of young neutrophilic and lymphacytic forms

Evidence has been accumulating steadily to show that endocrines e
an influence upon the white blood cell elements 1% 8 Qur findings of
increase 1n peripheral white cell counts 1n adult female rats with a tenden
toward neutrophihia and lymphopenia are in accard with thewe of Craft
tn male rats  Eosmophil counts were found to be increased significant
In view of the fact that hypeadrenocorticalism plays a role in posthypop
ysectomy changes and that adrenal insufficiency Is often associated wi
Py e =y

aden
es, 1
been observed l)ciUgthty,” n a survey of the literature, revealed t

s wne g g ey
- adrenalectomized, and castrate-ad
In thes respect, further decreases
arameters below plateau hypophys
tomy levels with elevated reticulocyte percentages were noted in both ad
nalectomized plfu:’E]ﬂ"d“{f‘f d‘tﬁmen‘cy groups  In the adrenalectomizt

© e feemnll canbamaiead

RV

oo -
In addition to the depressed nucleated erythrocytes, adrenalectomy evoh
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imposttion of adrenalectomy in Ci\ilrﬂlc-hypnphyacclOmiztd animals pro-
duces a microcytosts Macrocytic hypochromic erythrocytes are character
e of all the exposed adrenalectomized groups, while the remaining ende-
cnme-deficient exposed ammals reveal normochromic normocytic cells
The anemias charactertic of hypophysectomy, adrenalectomy, and
pleunglandular deficiency are the rewult ‘of decreases in erythroid elements
with no concomitant plasma volume changes  This is apparent from the
data and calculations of total red cell counts per total blood volume Elesz
wons 0 erythrocyte numbers are substantiated by our finding that blox
volume levels are agnificantly \ncreased after exposure 1o the hypowt
stimulus employed
The hypertrophy of the adrenal glands occurring under low-pres’
lation n sham-operated amimals has been reported pxeviously‘v‘ an
confirmed by our present expenments  Cortical hypertrophy fails to ocC!
1n the exposed hypophy~ecmmxzcd intact groups, the cortice» being 10
atrophic state This supports the large mass of evidence which demo
strates that cortical hypertrophy may be under pituntary regulation.
That hypoua 15 the fundamental sumulus for erylhwpoicsis has be
11 . msanted by most nvestigator

~ure stimt

52 However, the fundamen
t-- shronolt

ers

1o probable that tue tuuusay toss X yg
are secondary manifestations of thewr influence upon metabohc reactt
occurning elsewhere In this regard, Gordon'® has suggested that the en

~ weny net as a buffer mechanism, serving to adyust the qualty ¢
. -~ « roments

. » Cot
tuit
1 0N

arculating plasma EYLILUPUILLIL 1aLLusayy bayvaesy not

support to this view
SuMMARY AND CONCLUSIONS

An intensive study and analys:s of the effects of pleuriglandular defici
on the penpheral blood, blood volume levels, and bone marrow ¢yl
has been made

“That the pituitary, adrenal, and ovarian glands are not of primary. in
tance in erythropoiesis is indicated by the results of the present investig?

1t seems clear that the endocrine system plays a role in controlhin:

o= -f1a b antac wntban the airculation.
volume studies have been !

Hustological studies ol tne motpnoogical responses of the pie
e = Aaede mra maa An AEAOTANS

opotetic ¢

rhohic rea

oCCurmng elsewhere
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tmposition of adrenalectomy 1n castrate-hypophysectomized animah pro

The anemias characteristic of hypophysectomy, adrenalectomy, a
pleuniglandular deficiency are the result of decreases in erythroid eleme;
with no concomitant plasma volume changes. This is apparent from !
data and calculations of total red cell counts per total blood volume  Ele
tions in erythrocyte numbers are substantiated by our finding that bl
volume levels are sigmificantly increased alter etposure to the hypo
stimulus employed

The hypertrophy of the adrenal glands occurring under low-pressure stin
lation in sham-operated animals has been reported presiousty' * and
confirmed by our present experiments  Cortical hypertrophy fails to oo
1 the exposed hypophysectomized intact groups, the cortices Leing in
atrophic state  This supports the large mass of evidence which dem
strates that cortical bypertrophy may be under puuitary regulation

That hypoua 1s the fundamental stumulus for erythropoiesis has b
generally accepted by most investigators.”” However, the l‘undam{r
question as to how the sttmulus of hypoxia results in increased erythropoi
so far has evaded solution  In the light of our studies and those of other:
15 probable that the endocrine effects exerted upon hematopoietic 07§
are secondary festations of their infli upon holic react!
occurning elsewbere  In this regard, Gordon!® has suggested that the en
crines may act as a buffer mechanism, serving to adjust the quality ¢
intensity of the erythropoiene reactron in response to the requirements
osygen by the body cells  The revived view has been put forth by Cor.
poulos and his group®™™ that a specific hormone produced by the puuit
15 essential for erythropoiesss  Qur present stucies and iny estigations on
crculating plasma erythropowetic factor(s), erythroporetin(s), do not I
support to this view.

Statary anp Covcrusrons

An mtensive siudy and analysis of the effects of pleuriglandular deficie
on the peripheral blood, blood volume levels, and bone marrow cytol
has been made

DR -

Histologacal studies ol ine INUINOIOZICR) responses of the pituts
adrenal, spleen, and thymus glands are now tn progress,

It 15 probable that the endocrine effects everted upon hematoporetic org
are secondary mamfestations of their influence upon metabolic reacti
ety elsen here.



THE PITUITARY ERYTHROPOILTIC T ACTOR

Donald C Van Dyle
Douner Laboratory, Uniterstly of Californta Radiation § aboraiory, Berkiley, Cahf

\lthough the antemor pituitaty s hnown to influence erythropoiesis
through several of 11s trophtc hormones,! * I <hall not attempt to review these
effects  Instead, I <hall restrect this discussion to two specific questions Is
there adequate evidence for propowng the existence of a ds-crete pituntary
erythropotetin® s there reason to conwder the pitwitary as the tissue of
otigin of the erythropusetin that s concentrated from plasma and unne of
anemic ammaky?

In spite of conwiderable efferts made to separate a discrete erythropoictin
from the anterior pituitary, ro such separation has been accomplished* and,
TasLr 1
ADRENAL WEIGHT STIMULATING FRYTIEROTOIFTIC, AND CALORIGENIT DOsF REsTuneE
ELATIONNINP OF @ CORTICOTROTIY
(81 1lypophy sectomized Rats per Geoup, Injection in Beeswaz}

Dose Hematocrit ! + Metabole
gy .+ Hemorlolun 2 RCA 100gm | Adrenals  Thymus rate
(81685 16 e Mooty POt Tl Tmg s gy L (Cal s
days) ages ey
I
i | \
o £35S 1210% @ 350 |Atrophic, 369 £ 1 9%
137 1 484 218% OF) 251 \rophic S11E1S
1ne W2oOUESE 01 1S Mrophcldtio
5 96 | 06 1522 04, 83 82 MW1+06
R Control 90 77 143% 02 60 1 81 190tno0

1 5

* Standard error of the mean

since highly punfied a-corticotropin 1> the most potent erythropotetin that
has been obtained from the puuitary, for all practical purposes, the terms
corticotropin and “*patuitary erythropoetic factor,” must be considered
synenymous  Tante 1 illustrates the erythropoletic acinaty of a pure
a-corticotropin prepared by C H La ef al*  As lutle as 10 ug /day for
14 days produced a Increase n lobin, hematocnit, and crrcu-
fating red cell volume

Although the corticotropic activity of erude pituntary fractions can be
diminished greatly by autolytic digestion without seriousty affectng the
erythropoietic actinaty, prelimmary evidence suggests that controlled diges-
tion of a highly punfied a-corticatropin may give simifar results A com-

53



542 Annals New York Academy of Sciences

5
3

de

that resulting fram combuned thy and
Endocrinology 58, 509
Meneas, H 3 & R C CRaers 1957 Turther obsersations on the effects o
cortisone and thyrown on the blood picture of hypophysectomized rats  Blood
11

La . . « ot

auciind wiitowg) B a0s

Geant, W C & W S Roov 1952 Fundamental sumulus for erythropoiess
Physiol Ress $2. 449

Covtororios, A N D C Van Dvag, M I' Suweson, | F. Garers, R L He#
B S Wil & H M Liaw 1033 Increase in red cell volume after ord
admemistration of pitwitary antenor lobe  Blood 81 131

Coxtoratsos, 3 N, D € Vay Dyir, § Liiss, M L Stxesow, | H Lanassced
H M Evas 1955 Ludeace for a puuitary erythropaietic factor, Gaz Med
Post 7.99

Costoroteos, A N, S Fitw, M T Stursox, ] I Lawresce & H M Fuw
1954  Production of polycythemia 1n hypophysectomized rats by the pituits
erythropatetic factor  Indocninalagy 66 808

Covtopotros, 3 N, D € Van Dyae, § Fus, M, T Sumow, ] H Lingescek
H M Evans 1955 Preventon of neonatal anemna tn the rat by the puwlas
ery thropozetic factor  Blood 10- 115




Van Dike: Pituitary Frythropoietic Factor 545

anterior lobe of sheep pittitary? and, later, by injecting “punfied pitwstary
preparations contaming ACTH but relanely free of other pituitary hor-
mone~"" into hypophysectomized rats  These evxpeniments ecmed to
establish the lact that extracts containing corticotropin will sumulate eryth-
roposesss in the abwence of the adrenal, and attempts to separate an eryth-
ropoctically actnve princtple from <orticotropin were undertaken, using
hy pophysectomized ammals for the asay

A recent re-examination of the effectiveness of putmtary extracts mn the
abence of the adrenal was made using the Fe*-red cell incorporation asay
of Fried ef o/ ** N\ pituntary extract prepared by the method of Astwood

ADRENAL WEICHT~ STIULATING AND ERYTHROPOETIC ACTIVITY OF e.-CORTICOTROPM

| o
-CORTICOTROPN
Porent moecute
1 veur peptic digest £
s peptc dgeston 0%
8
M wnmgEcted controL| G
& H
o o
ol )

G aopenan weicH
Fe¥ RED CELL INCORPORATION
TiGLRE 2\ comparison of the adrenal weight stimulating and erythropoletic activity
of a-corticotropin before and after peptic digestion

¢t el !\ for the concentration of corticotropic activity, which nas effective in
increasing T'eb® incorporation nto red cells 1n hypophysectomized rats,
failed to produce an increase in hypophy d d rats
The rats were given 2 mg ‘day for 3 days  Twenty-four hours after the
third injection, Fe was given mtravenously, and the blood was taken for
counting 16 hours later The results are summarnzed 1n TABLF 2 Unless
an erythropaietic effect of corticotropin in the absence of the adrenals can be
demonstrated repeatedly, the concept of a discrete pitwitary erythropoietin
must be abandoned

Recently Fisher!s has demonstrated that admimistration of hydrocortisone
or corticosterane for 60 day« to normal rats elevated the total airculating
ted cell volume 1o 15 tumes that of normal controls, thus establshing the
tmportance of corticotropin, mediated through adrenal cortical steroids, in
erythroposests,
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produced equal mcreases in circulating red cell volume, but varied greatly
in adrenal weight-stimulaing aclvity. FIGURE 2 compares the adrens!
weight-sumulating actvity and Fe® incorporation of highly purified a-cort
cotropin with (hat of a-corticotropin subjected to peptic digestion for 1 bout
as assayed m hypophyscctomized rats 7 days po (this worh was done 1
collaboration with C H Ly, University of California, Berheley, Cabf) The
decrease 1 the adrenal weight-sumulating activity of corticotropin wiib
retention of 1ts erythroparetic activity was previously interpreted as evidentt
for contanunation of carticotroptn with erythropofetin. Thus the concept
of a discrete pitwitary erythropoietin depends largely on biological ewdence

Previously presented arguments against the identity of corticotropmn and

pitwitary eryth in made on a biological basist have included the fact
30
v
" i
g200} 7
4
S
Z
=
3 2T OIGESTED
g soLeD BOLED
= loof
]
S

ADRENAL WEIGHT
CIRGULATING RED CELL VOLUME
Fovxel A of the adrenal weight 1 actwities

and ery
of highly punfied corticotropin, undigested borled extracts, and autolytically dgested
pituttary extricts

that corticotropn has ittle effect on the noninjected partner in a parabiolic
cross-transfusion experiment whereas, when one member is subjected 10
hypoua, the crythmpmgnc effect 1s easily demonstrated 1n the panner.‘
Guch arguments must yield to the realization that another, nonpituitafy
mechanism 15 unquestionably involved Thus the biological evidence 15
reduced to two observations: (1) that corticotropn will stimulate erythro-
poiesis 1 (hc‘ab‘se'nce Iﬂf"hc adrenals,* ® and (2) that the aduna]ecmmil“ld

Anmannie mastinnbose

e

n

Ut d : - .
depends on the adeq of the ¢ fon that ad, d cortico:
tropin will sumulate erythropoiesis n the adrenalectomized animal, Such

evidenee was first obtained by feeding adrenaleciomized animals a diet of
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tions,” thyrotropic hormane,'* and a-corticatropin,® ** as well as I-thy roxin
i pormal rits s can be scen from the figure, the correlation » ungues-
uonable It has been shown that corticotromin has no calongenic effect in
the absence of the adrenals,’ but no data are avmlable comparing the ery th-
ropaietic and the metabolic effects of piiustary extracts 1 hypophysecio-
mized-adrenalectomized rats

The calorigenic effect of adrenal steraids in hypophy sectomized rats'! sug-
gests an explanation for the altered ratio of adrenal weight-stumulatmg and
erythropotettc actinsty of digested cortioltopin preparations  The decrease
m adrenal waght-~timulating actnaty of corticotrapin with retention of

.
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P DA S 48 5
S pazkafle gl
g hismbig,
R A B o
Fiorre 4 of the en acuvity of after Yong

term (116 days) admunsiration to ether h\[mph\scuumued ar normal rats

erythropasetic activity following digestion was interpreted previously as pos-
sible evidence for the existence of imo separate <ubstances However, a
decrease (n adrenal weight-stimulating activity does not ensure a decrease 1n
ability to stimulate cortical sterod output

Both in 1ts brological and chemical charactenstics, corticotropin differs
from the plasma and unnary erythropmetin  Corticotropin 1s a low molecu-
tar weight polypeptide,® whereas the erythropoictins of plasma and urine
2ppear to be nonchalyzable mucoproteins 1 * Rarabach and hs co-workers
have recently found that the active {raction from plasma contains a large
amount of carbohydrate with a sma)l amount of mlm"en " and we have
found that the urinary ery D m s in the fraction of
unne, shich contains about S0 per cent carbohydrate ' Furthermore, the
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When the red cell volume 1s plotted agamst the metabolic rate of hypophy
«ectomized rats injected wath corticotropin or corticotropin-containing pitu
tary extracts, the correlation mdicates clearly that the calongenic actnity
of corticotropin, medated through the sterowds of the adrenal cortex, ¢
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¢ mereasing che adrenal weight, producing atrophy of the thymus, or meeeasiag
: the metabolic yate ¥
These stnbing differences m hoth the chemical and biologual characters-
tics of carticateapna and plasma or urmary erythropeiehn, plus the demon-
strations by Fried #f o1 and by Crafts and Memneke™ that the level of
erythropotetia is elevated in the plasma of bled hypobhy sectomized rats,
" would seem to rule out 1he pitustary as an wmponant coptrbutor of any
enythropmenn found m the bady fuds

Summary

Both in uts buologrcal and chemical charscteratics, corticotropn differs
from the etythroporetin found in plasma or unne  Thewe differences plus
the demonstsation that the lesel of erythropoietin iy elevated  the plasma
of bled by paphy<ectorized rats rule out the pitwstary as an important con-
tnbulor 12 any ery thropoteun found m the body fluids

The erythropaietic actnpity of soriottopin af cortkatropin-contaimng
plturtary extracts tn normaj and hy pophy-ectomized rats can be explaned
as secondary 1o the erythropatetic actnaty of the adrenal steroids

The cancept of 3 discrete pmtary erythropatetic hormone depends on the
adequacy of the demonstratson that corticotropm admimstration wall stimu-
Iate erythrapoiesis w the abwence of the adrenals  Although evmdence has
been prevously preented indicating that the adrenals are not evential for
tbe erythropoletic responee 1o cottiLotropin, recent evidence supgests that
the adrenals may be pvential Unless an erythroporenc effect of corticos
ropan can be repeatedly demonstrated i the absence of the adrenats, the
concept of & discrate prantary ery thrapowetic hormone must be ubsndoned

In spite of tonuderable effarts to weparate a discrete etythropotetin from
the anteror piruttary, no such separation has been accomphshed, and since
£oTLicatropn s the most potent erythropoetin shat has bren ehtawned from
the pitmtary, the terms carticotropin and  pituttary erythropoen hoymone”
must he consufered synopymous
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urinary erythropoietin loses 00 per cent of its activity upon bnng ovid
with perodate, which s consi: with its sugg 1 natur

Erythropotettcally active pitwitary extracts that will mcrm:c readily
red cell volume of hypophysectomized rats have been far less effective &
admnstered to normal rats  The onginal observation by Garea #
that corticotropin would produce a polycy thema in normal rats" was M
after 116 days of injection (FIGURT 4), after only 30 days of injection,
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Hypoxsa 576+ 46 Moot 1o 171 { s1 192 -
Sahne 4 48+ S5 M30%166) 171 50 248 35

» Standard error of the mean

response was obtained  On the other hand, the plasma and urinacy ery!

Wiirasmeg X .
filtrate of active plasma from phenyliydrazine-treated rabbits was obts

from Lelbhley *

PRSI

;er c-en( increase 1 the tota) arculating red cell volume, again wit



STUBIES OF ERYTHROPMOILTIN. THE HORMONE
REGULATING RLD CLLL PRODUCTION

Leon O Jacobwon, Eugene Goldwaseer, Clifford W Gurney, Walter Fried,
Lout Plzak
The trgomn Cancer Rezearch Hosprtad,® and the Depastments of Hedune and Beockemestry
University of Chaugy, Checago,

There is mounting extdence that ers thropoiess v controlled by a humoral
factar or fsctors Since Carnat and Ditkendre® firet published this thesis
m 1906, many ivestigators have t to substantiate their work, but
1t has bieen largely mn the last twenty years that such ivenigator as Resss-
mann,® Endey,* Gordon and hits co-warhers,* Barvook ¢f o 2 and Stohiman
¢t gl ¢ have succeedded tn bringiag the problem to the pont of serious study
and acceptance  In 1932 Grant and Root” wrote a comprehenve revies of
the hiterature on the <abjece

The first convincing support of Carnot’™s hy po!br~x~ 1 found i the worh,
of Retvmxnh *and Stoht aalt R ted that snereased
er)(hmpmcsn occurred i both parabioms oyven though only one of the par
was maintamed tn tow Oy tenwen Stohiman amd Rath found that ey thro-
blastie hyperplasia was not contmed 10 the areas of regional hypovia w a
buman beng with regionat hypoua secondary 10 a patent ductus artenows
Hyperplaua was alvo obsers ed 1n the bone marrow that was supgilied by bload
with a normal Oy saturinon

Of necessity, the relanon-up of the humoral Iactor that 1 present m
anemic plasma 10 15¢ maintenance of a normal amount of red blood ceffs and
hemoglobin has been one of conecture untd recently, when Gurney and his
aswerates demonstrated 1ts presence in normal plasma ¥ The exact refanon-
ship of artenal ovygen aturation to the production of arculatory erythro-
poietint and, thus, to erythropaiests has lthewse not been establhed

During the past “everal years we have been concerned with (1) applying
the techmgue of Fe® mcarporation as a measure of red celf production, (2)
finding more sensitive a~=ay 7 for er, , () duadaning
the role of eryrh 1he dynamic equihbrium of erythro-
poiests {4) determning xhe basic condinions that control eryibropotetin blood
levels and, thus, the rate of ervihropmens, (3) studying the effect of cobaltous
o8 on erythropoietin productien, (4} seaeching for tie site of erythraperetin
praduction, and, of tourse, (7) ustog the information obtained to salve certain
dimeal problems A briel discussion of our research and some mierpreta~
tous of the data are the subgects af this paper

* Dperated by the Vriserats of  hicago for the Dnited S1ates Atomc Tnesgy Com-
fmssion,
¥ Covihropoictin 1s used in thas {ext (o mean aty factor found 1n plasma that, when
gnen to test grmals will stimulate (1) incarporation of et snto vl cells or (25 veticulo-
cute formation or (33 will increase he stze of the red celt mass  The possilality that there
may b more 1han one Sactor 23 not excluded
551
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Studies of Hypophysedonnzed Rals

Beecause we nere imeshigataing recovery from radiation injury and jeaned
coward the concept that the mechannsm of recosery of trackisted anmmals
tnjected with cells fram a hematopatetic source was humoral 10 nature, ™ we
became intereted 1n the work of Van Dyheefal 1 Theserm estigators found
that, after rats were hypophysectomuzed, the red cell mass fell 1o about ane
half 1ts onginal value nithin the nevt three months  In addinon, they dem-
onstrated that the red cell mass coudd be restored 1n the hypophysectomized
ammals by giving them a prtuitary extract  On the baws of these and other
findings, they postulated that the by pophysis 1« myohed i the elaboration
of a factor that has a direct effect upon ery thropatesis

Lffect of Hypoplissectomy v Ducorporation of Fc**

We found that by 4 days after hypophysectomy red «clt production, as
measured by Fet? intorporanion, was reduced and reached a manyimum at & oy
more days after the operation (FIGURE 1) Tt was of mierest that red cell
praduction fell mare slowly and stabihized at a hugher rummum value in young
1ats (about ¥ weeky of age and neighing 73 to 90 gm ) than o older ones
{rrcvre 1} In both age groups @ mimmum uptahe was reached betneen
8and 21 days, thereafter the uptake of iron rose slonly to about 56 per cent
©of *t~+ nf the angnal value

~« the Number of Reticulocyles

! ¢ hamophy-

o
n
1o 2 weeks aing o, a

40
as5i- ~x~ 7510 90gm RATS (4 WK. OLD)

~o~ 14013 16G9m RATS (8 WK, OLD)

UPTAKE OF Fe5 (%)

F I SO U SHE W S T |
0 1D 20 30 40 50 &D 7D 80 90
DAYS AFTER HYPOPHYSECTOMY

Tigume § Percentage incorporation of ¥e* into red blood celts of rats b, hy secta.
mazed st 4 or & weehs of age il
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Fe¥ Red Cell Incorporalion as a Measure of Lrylhropoictin tchitidy
of Plasma

The work of Huff and his group® demonstrated the usefulness of the mes:
urement of Fe*® incorporation tnto newly formed red cells as a means of detet
muntag the rate of erythropoiesis  We used their technique, with a fes
modifications, to study the effects of anemic and normal plasma on erythre
potess  The method we use' 1 involves the intravenous injection of tht
test matenal into rats, followed by the injection of Fe.®® When there is 1o
longer the posstbiltty that Fe® will be found in the plasma, a sample of blood
15 withdrawn and counted in a well-type scuntillation counter. From

Taprr 1
LrPECT OF ANEMIC Prasia on {E® Incorvoration (nvo e Reo Bioop Crits
OF NORMAL Ram®

Number | Percentage
of rats | incorporation

Sabine + 365
3 375
4 35
3 2s
H 325
Anemue plasma 4 160
5 453

* Cach animal was given 3 injections of 2 ml each of either saline or anemic plasma 2t
daily 1ntervals

i the animdl
corporation
used in eac

test group, and the results are expressed as the average pcrcentz;ge incorpord-

tion. An example of the range of incorporation of Fet? after administration
of anemic plasma and salne to normal rats s given in Taptn 1 The values
for rats injected with normal plasma are comparable to those for rats injected

with saline,
The Fe® procedure was found to be much simpler, more rehable, more
sensitive, am} less time-consuming than the methods used previously fof
DS

brribes smesales

nd

of

these methods, including et IEd el ncorporation, can a sigruficant difer
ence be found betscen conteol and anemic plasma, if the anemic plasma beng
tested has only a relatively small increased ery thropoietin tter above normal
For this reason, efforts were made to find more senutive methods for assay
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Studies of Hypophysectomized Ruts

Because we were s eshgatng recovery from radation njury and leaned
e machanim of recovery of treadinted ammats
St e e

. . -1

Lfect of Hypophysectomy on Incorpuigwn « *
N ~far hynanhy-ectomy red cell producuan, as

o1

' ' i
i3

t [N

. . ;n

Effect of Hypaphysectomy on the N nimber 5y st

Tets mumber of reticulocytesin the Pt}'\p‘nu’A\ blood of hypophy~
=* aeve comparable to

redeelts  Wathin

culocytes el by a

—x— 7510 90am RATS (4 WK, OLD}

—o- 14016 160gm RATS (8 WK. OLO}

- e N
P O U b6

UPTAKE OF Fe77 (o
o« O

6 10 20 30 40 50 40 70 80 90
DAYS AFTER HMYPOPHYSECTOMY

Ticuze ) Tercentage mm-pmunn of Te* 1nto yed Blood cella of rats hy paphy secto.
mized a1 4 or § wecks of o
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factor of at least 10, and then rose slowly. The effect of age at the umes
hypophysectomy on the rapidity and extent of reticulocyte depression ®
alwo quite apparent (FIGURE 2).

1

A~WEEK-OLD RATS

AETICHLOCTTES 1%)

RO A A R
e DAYS et e Ky e
TINE ATER HYPORHYSECTOMY
1oxrF 2 flect of hypophysectomy on the reticulocyte values of -nech-old 7
Hiypophyscctomized, —____, control, N

Effect of Anemic Flasma on the Incorporation of Fes® inlo Red Cells of
Hypophysectoniized Rals
11 the hypophj sectomized young adult rat 1s used to assay anemic plasi
at a tume when its erythroporetic rate is at 2 minimum, the magnitude of
response is considerably greater than that of the normal amimal {ra8LE
In the normal ‘rn‘t lhe‘ a\"emgc ratio of the stimulated rat to the cozn;
T SN P . e Fearm

Production of Erxthropoictin by Hypoph ized Animals
Finkelstein e# af ** have shown that hypophysectomzed fats develol
reticulocytosis in response to bleeding, We have found that plasma ft
hypopbysectomized rats i which the hematocrit has been reduced to 25
cent ot less by repeated 'blcedmg produces a significant ncrease jn the
cell incorporation of Fe® in hypophysectomized assay preparations (TABLE
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Tierze 3 Effect of anemic plasma on the incorporation of I'es? and on the reticulocvte

walues of hypophy sectomuzed rats

x 2
FreFeT oF ANEmic PLussta 0\ RATF oF FRYTHROFOIFSIS N THE
HypornyscTomizep RAT S Lxpreun vty

Average perccntage uptake of ¢% into
RBC

No rats
per group

L
__
I

! Anemic Normal
| plasm

1 Satine | No njecton

| P
[+
|
/‘

12 | 30 40
3%
10
27 1 38
50

\ 50

! [

*10 10 15 days postin pophviruom)
Tapte 3

TFPECT OF TYPOFRVAECTOMY ON CAPACITY OF \NIMAf TO LLABORATE THE ANEMIC

Prawma Factor

Average Percentage uptake of Fe* in RBC of Hypophy sertamuzed Rats after

Admimistration of Vanous Plasmas

Source of plasma

Total vol -
No of | of plasma
rts | 2cc,m | Unoperated, |  Hypophy Unoperated |  Hypophy
unbled sectomized anemic sectomized
ammal | unbled ammal | ammal | anemic ammal

7 590
0 58
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It may thus be concluded that (1) the hypophysectomized ammal retams the
capaaty to produce erythropoictin in response to repeated hemorrhage, anf
that (2) the “exaggerated " response of the hypophysectomized animal preb
ably 1s due to a decrease in the amount of circulating erythroporetm i tba
ammal  Supported by these conclusions, we postulate the following thess

Within a few days after hypophysectomy, an over-all metabolic reducton
occurs  As a result of this reduced metabolic requirement, and during it
interval before the red cell mass has fallen appreciably, the hypophysecto
mized ammal 1s more or less comparable to an ammal that has been made
polyeythemic by red cell transfusion  Hence the production of erythe
poietin, which we suggest 1s responaible for maintaining the steady stated
arculating erythrocytes, 1s reduced to a mtnimum because a plethora of red
cellsexnts  If this evplanation 1s valid, then transfusion-induced polycylbe
mua or any other condition that produces a relative plethora of red ceII:shouI»!
reduce erythropoiesis It has been shown alrcady that transfusion-induct
polycythemia reduces erythropotests.'* The metabolism of animals is hnost
to diminish as starvation progresees,'” and it has been demonstrated thy
hyperoua reduces erythrapoiests 18 Therefore, we experimentally inducec
these conditions 10 order to learn whether starveu, hyperovic, and transfusiot
wduced polycythem:c animals respond to anemic plasmia as the hypophysect?

mized animals do
Experiments sith Transfusion-Induced Dolycythemic Animals

Eryth 15 supf; d m transfusion.induced polycythemic fats o
muce to the degree that Fe* incorporation 1s greatly reduced and the penph
eral blood 1s devoid of reticulocytes The polycythentic animals respon

RETICULONTES (%)

S
TIME AFTEA BIRST INJECTION foATS)

Fioured  Effect of repeated 0 Sce, ntravenous injections of anemme and pngmal 1abb
plasma on the reticulocy te values of mice that receied mtrapentoneal njections of plasm
beginning on the same day that transfusions for polycy themia were imtiated
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 to anemic plasma to a greater degree than normal rals and mice, as 15 the
. case with hypophysectomized rats (FIGURE 4)
: Lxperements with Starved Rats

Four days after a stamvation program has been mtiated, erythropoiesis
. 15 reduced to a mimmum 1n the rat  The response of the starved animalbs to
. anemic plasma is similar to that of those hypophysectomized (¢1GURE §)

, W—
40,
1150-165gm )
sk B CONTROL RATS
< ) LTI RATS TREATED WITH ANEMIC PLASMA
&
%
k1
Sl (130 gm.}
1
2
ALY
5
wr

s 7

2 “
DAYS OF FASTING

Frorre 5 | fect of duration of starsation on ¥ e incorporation and on response to
ery shropotetin n 8-weeh old rats

Expertments with Hyperoxtc Rats

Hyperovia reduces erythropeiesis n rats, and ammals 1e this condition
gine an exaggerated response to the injectian of anemic plasma (TABLE 4)

Factors Controlling Rate of Erythropotesss and Production of Erythropotetin

The data that have accumulated from studies of hypophysectomized,
polycythemic, starved, and hyperoxic rats and mice suggested to us that the
dynamic equilibrium of the erythron is regulated by erythropoietin that 1
Ppresent 1n the airculating blood, and that the quantity of this hormone {(and
thus the aver-all production of erythrocytes) 1s m some way determined by
the relationship of tissue oxygen stpply ta tissue oxygen demand, rather than
by either factor alone 1

This hypothests 15 strengthened by the fact that, in response to anemic
anoxia produced by bleeding or by hemolysis induced by the admums-
tration of pheny , plasma ery levels are increased. In
these circomstances, the available oxygen supply 1s reduced without any
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appreuiable alteration in the demand.  Dinttrophenal, a metabalic stimulant
was tested 1n normal rats and was found to cause an ncrease in the rated
incorporation of Pe* mnto red cells and a decrease in the sensttivity of ratsto
exogenous erythrapotetin (TAbLt 4)  Another metabolic stimulant, tofe
thyrontne, was observed to have sumilar effects. The data that reves! the
relationship of oxygen demand and supply and how st affects erythropoies
are given in TABLE 5,

An understanding of the otygen supply and demand relationship dots 1
clarify the problem completely  An end organ must be able to mpqnd o
the changes that are occurning by reducing or ncreasing the production

erythropoielin to <atify the bolic O reg £ 1n an equilil state
The bohic O req might be ined to be fauly stable m?
TasLe 4

RELATIVF SENSITOITY OF Assay PREPARATIONS 70 ANEMsc Prasys i Teos
oF PERCENTAGE OF FE® INCORPORATION

Fe# red cell mcorporation
tn percentage®
.
Anermic Contrdl
e
Reaipent
Poly cythemie 24 4
Normat ! 3
Hyperoxic 24 8
Nosmal 46 5 3
Starved (4 days pror to admumstration of Test) 15 3
Normal 38 2
Dimttrophenol to normal rag 42 36
Normal 13 2
* Lach figure 15 an average of § indnidual values
O O G W e
U 1, . . o O e poet

response to temporaty breakdowns in respiratory and cirenlatory mechamism
which, though brief, might yet be sufficient to trigger the increased productioi
of erythropoietin With a mpld.compensalory response, however, produc
tion might be expec_zg“d to fa‘llA T’wk]y( and thus the over-all balance of th
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Tas
RFLATION-NIP OF OXYGEN SUPPLY AND DDEMAND TO | RYTHROPAIFSIS

' | |

Oy suppls | 0 dema

Sensitivity fo

Contitzon o), R
| exs thropotesis | ery throporetin

\
s g e S

I pophs sectamy Normat | Decrensed | Reduced Increased
yperonia | lncreased | Normal | Reduced | Tncreased
Starvation ormal , Decreawid | Keduced Increased
Polycythemia* lnmaw t Normal ? Reduced } Increased

\nemia due to

Thlchotomy ¢ Reduced \ Normal | Tacreased | Decreased
Phenythydrazine | Reduced | Normal ‘ Increased Decreased
Dimtrophenal Normal | Increased | Increased | Decreased
Truodothy ronine | Normal | Increased } Tncreased [ Decreased

* Induced by red cell mjection

to changes in partial pressure of oxygen If oxygen 15 mvohved directly,
then it must be the parual pressure of oxygen since, a» shown in TABLF 5,
artenal oxygen saturation may be normal, yet erythroporetin productton or
erythropotesis may mse or fall  The stimulus may not imvohe oxygen
directly It may be that a metabolic product monitors the oxygen demand-
<upply relattonship for the body as a whole

Effect of Cobalious Ton on Production of Lrithropotetsn

h s well established that Co*+ increases the rate of erythropotesis m man
and ammals, and ly produces a polycythemia  Early
work suggested that coball everted its er,thmpo.mc action by directly pro-
ducing a condition of anoxia wn the marrow ?' However, this has been
proved to be untenable 22 We investigated the posabibity that Co*+ might
exert 1ts erythropoletic effect by increasing the level of erythropoletin i the
plasma

Subcutaneous injections of cobaltous chlorile (250 M kg ) contaiming a
tracer amount of Co® were given to rats that were exsangunated 10 hours
later  Therr plasma was awsayed in starved rats  The cobalt content of this
“cobalt plasma,” based upon the amount of Co®? present, was 0 21 uM/mi
Normal plasma with cobaltous chlonde added n the same amount was used
as the control hecause cobaltous 1on per se increases the rate of Fe® mcorpora-
tion 2 The results of this away (TaBLE 6) indicate clearly that the pro-
nounced increase in the incorporatien of Fe®* that was observed cannot be
due to the presence of a small amount of cobaltous 10n, but perhaps to the
presence of an increased amount of erythropoietin in the plasma It 1s
possible, however, that a form of cobalt other than cobaltous 10n 14 responsible
for the observed effect

We have some evidence that certain of the properties of erythroporettn
n anemic plasma are also commen (o those of the active factor in cobalt
Plasma  The erythropotetic activity of both anemic and cobalt plasma 15
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retained 1 the sotuble fraction after either denaturation of the protems &
100° C at pH 5 5, or precipitation of the bulk of the plasma protem with
5 per cent perchlonic acid ¥ Tt has been reported that erythroporeti is 8¢
heat-stable  We have found that there is an appreciable loss of activity, b
not a complete one  The heat-stable, acid-soluble activity of both types &
plasma may be dialyzed without marked loss of erythroposetin titer \\'hﬂe‘
these parallelisms cannot be accepted as conclusive evidence that the maten
1n cobalt plasma 1s identical with that in anemic plasma, they suzgest that
both types of plasma contan erythropoietic factors with grossly st
properties It 1 premature at this time to hold that there is only one €%
thropotetin that accounts for the activity produced by the various stmuht
When erythropotetin has been characterized more completely, it \’I“ bepo:]
sible to determune whether cobalt plasma contains the factor that is dente
with that found in anemic plasma.

Tante 6 Crus
EPPECT OF CoBALT PLASMA ON T'EW IncorroraTio 1vro mue Rep Brooo CE
OF STARVED RaTs !
:

Tercentage incorporation

Cobalt plasma 139426t
Normal plasma 0 21 uM Co/ml 31206
Anemic plasma® 15133
Normal plasma 28:09

* From phenylhydrazine-treated rats
+ Standard deviation of the mean

The time course of the appearance of erythropoetin in the plasma of rat
after injection of cobaltous 10n 1s shown in FIGURE 6 It is evadent that?
4 hours after a single mjection of Co*+ the erythropoietin titer started b
nise sharply, reaching a maximum at about 12 hours and thereafter declintt
sharply

In addition to studying the effect of cobalt as a function of time, %€ als
studied the effect of a single massive bleeding on the erythropoietin tité!
The data are plone‘d In FIGURE 6. In this particular experiment, the ll]“

DN RS SRR . el
per
f th

The mechanism by Whllll L0 * pluduces erythropoietin and thus inereast
erythropoiesis is still obscure. While 1t seems logical that cobalt migh
evert its effect by producm'g an anovia directly i the sensitive organ tht

S el v e % ke
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presents the aVerRES of values N rained trom 3 80P of § assay FA1S

The Effect of Profer” Depletion % Erythropaiests and on the Sensatmlty
to I-_rylhropmum(s)

A number of Ly EstIBAtor pave showd {hat protei® depletion causes
reduction 10 the rate of erythropoie>® Bethard and Wissler o gl ** demon”
strated that essential amine aud depleuon rats drasucally reduced erythro-
potesis, 85 judged bY the \ncorporatioR @ Tet* into red cells Other wvest
gators have show? that the anermid of protet depletion responds favorably
11 and sull others have Jhown that pro!:m—(\tp\eled anemic
rats retain the capacity 1@ espond 0 hemorrhag® by 3 reuculocytos™ and
:ry\hmb\asuc Mmarow hypt(phsm s It thus appears (o us that erythro-
poretn M3Y be the common denominato? hat caUs the reduction 1® eryth-
ropowesis and the response 1o such S
pm\em-depleled animal
To test thi hypothests wo groups of rats Were placed ot special diete,
The expenmemn\ group was given & ‘et devord of ei;em\a\ ammino acds and
e A

e
uh as cobalt and pleeding 10 the

the control grovP wa the sam diet wit casel e ammal>
1 the am \d-deficsent [ e reductio’ pumber ©
retsculocyt n

o~ o

actor of at lea<t three by 1he giteenth d3Y after the sttt of the expermen
“The rats (0 groups of 5) were {hen given ot o consecutive days 1ntra-
venous 1njections of 2ml of (1) anemic plasmid €3] normal plasma, (€3] cobalt
plasma, (4) anemic plasma estract™ (with ki own er; throporeit actvity)y

ery’
chiorde, 0F (7) <ahn & following the second njectiony BC 9
{as fernc atrate) was 0¥ cred 1nto b€ arl vein, 8 tater a 1-ml

nto Ars
sampte of ood was 1aker py cardia® puncture and counted 10 & well-type
crystal santiflation counter “Pe percentase of mcorporation of the 1s0tope
" Contana 3 M8 PIOET per wl
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1nto red cells was calculated from knowledge of the total bady weight, the tatd!
amount of radicactinity injected, and the radioactirity per ml of blood
Hematocrtts and red blood cell hemoglobin, and reticulocyte determmation
were made on the same animals before and after the experiment.

The data reveal that erythfopoiests was deptessed marhedy m the amin
actd-depleted rats, as Judged by reduced Fe® incorporation and reticulocyi¢
values When the protem-depleted animals were given anemic plasma,
cobalt plasma, anemic plasma extract, or cobaltous fon, their ery thropoietic
rate was elevated to the normal range Saline had no ohservable effect
However, as might have been expected, normal plasma elevated both the
reticulocyte count and the Fe®* incorporation to about one half the extent
shown by the anemic plasma.

It 1s our belief that the reduced rate of erythropoiesss in the protem
depleted amimals 1s, in part, secondary to the reduced producnon o
erythropoietin

The mechamism of a reduced plasma titer of erythropoietin in the protet
depleted rats 15 not completely clear  One po-sible explanation, based on our
earlter findings on the control of etythropoiesis, 15 that the metabolic rateof
the amino acxd-deﬁsxenl animal 1s reduced, since 1t is not making protciil'l':l

development and growth of red cells

Erythropoiesis tn the Embryo®

P

As B dly stated, t ed polycythemia 1 mice reduces
erythtoporests {o zero as Judged by l‘hg number of reticulocytes in the penph
eral blood, the incorporation of Fe®® into the red cells, and the Tustological
examination of Llood-fornung tissue This observation suggests that the
hormone controlling red ce_ll Produtuon is reduced drastically or is absent it
mice after the polycythemia is established

Whether erythropoiests would be altered m the fetuses of mice m which
a transfusion-induced polycythema was established prior to mating and
mamntaraed throughout pregnancy was of mterest  To obtan information
about ths, young adult CF No 1 female mice were made Ppolycythemic
(hematocrits maintaimed between 60 and 75) by transfusing them with
washed homologous red cells About 6 days lg:er, the animals were found
to be reticulocy te-free They were theF mate ,T;md the polycythemsa was
maintamed by repeated red cell transfusion. 3}5 po)ycyq,‘m“,c et hers

ined reniculocyte-free throughout gestation ormal mice of the same
remai. ted and studied hematologically throughout their Ppregnancy-

tramn were mal »
z)ne more contsol group was used. These mice were mated and thepn mien
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mothers and fetuses

At intenvals duning pregnancy and at term, polycythemic, ron-injected,
and normal mothers were sacrificed, and hematocnits and reticulocyte deter-
minations were made routinely on both mother and off\pring  Spontaneous
delivery was allowed to eccur 1n other mice, and similar determinations were
made after birth  Red bloed cell counts and hemoglobin determinations
were made on individual fetuses

‘The hematological studies show that the fetus or the newborn baby mouse
barn of a polycy themic or Imferon-injected mother had higher hemoglobun,
red cell, and hematocnt values than thowe of the “normal ™ mother (TABLF 7}

Taour 7

HEnaToLoGIcAL VALCES OF Napnat, PoLvcymneuic, ANp Tureron Injecten CF
Ao 1 MotieEks AND TuFIR OFFPRING

|
| Offepring [ Stothers ac term

7
"' Nor | Poly- }Imlernn f\'m Paly | Tmferon
| mat r)lhem!c\m}eclcd‘[ mal Ir\mrmc!m]ccltd'

! I
Hemoglobin tgm ) 10 64 | I s
RedLbod cels (ca mom 100 48 46 | 41§ 65) 140 | <96
Hematocny percentage! 30 st 52 36 68 <50
Retculocy tes (percentare) Lo %o e 2 0 | 40

* Tatal dose, 5 5 g . ntramuscularly

1t thus appears that the embryo of a transfusion-induced polycythemic
mouse has the capacity to mitiate and maintam erythropolesss, even though
no erythropotetin 1> available to 1t from the maternal cireulation  Either no
erythropoletin or an msigmficant quanuity passes from the fetal to the
maternal arculation  This 15 based on the finding that no reticulocytes
were present in the maternal Qrculation, an indication that erythropoesis
had not been mutiated No evidence of erythropoiews was found in the
hematoporetic tissue taken from the polycythemic mothers that were exam-
1ned at several intervals duning pregnancy or at term

Tt 1s true that both CT' No 1 mothers and ofi-pring at term are sufficiently
won-deficient to account for the “anemia ”  The tran-fused red cells pro-
vided enough ayalable iron i the polycythemic mice to produre the higher
fetal values, which perhaps should be interpreted as normal values since the
contro} {Imferon) 1on-njected mothers likenwe gave bieth to mice with
higher hemoglobin, ted cell, and hematocrit vatues

* Imferon, praduct of the Lakeside Labaratones, Inc , Milwaukee, Wis
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Studses of the Sie of Production of Erythropoictin

After the observation that the admimstration of cobaltaus ion or a single
massive hemorrhage increases the plasma erythropoietin titer in rats and
rabbts sathin 12 hours,* 1t became possible to study the effect of such proce-
dures as nephrectomy, evisceration, and hepatectomy upon erythropoiesis
In addition, the ramd increase in plasma erythropoietin titer following
exposure to low Qs has appreciably aided us in our efforts to locate the site
of productton of erythropoietin

Tasie 8
‘Tue LerecT or Prasua OBTAINED FRost RaTs Thar Hap Bepv Stsfectep 10
Oraan ExcisioN aND TieN Co** STIMULATION UPON THE INCORPORATION OF
Fe®* ivro e Reo Broob CeLis OF STaRVED RECIPIENTS

Assay of danor
Time of removal of | plasma in starved
Organ removed from donor ¢\ bload from danor {rats using perceniage
prior to Co*™ ingection® UmMUSS | Spter Cot* injection | Fe® smcorporation,
(hours) response of reapient
to plasma
None None 12 7@t
None Cobalt (250 12 14019
#M/kg)
Adrenals and gonads Cobalt 12 15109
Ninety per cent of the liver | Cobalt 12 12400 4)
Stomach, intestines, spleen,
pancreas Cobalt 12 nraa
Kudneys Cobalt 12 1507
None None 12 1806
None Cobalt 12 16 5t
Thymus Cobalt 12 16306

* Immediately following surgery, the rats (Sprague-Das ley, 350 gm.) were injected sub-
cutaneously nith cobattous chlonde, and 12 hours later the blood was collected via cardit
puncture  Plasma thus obtained was assayed 1n starved rats by standard procedures

t Standard error

$ Three rats

We undertook a study of the eﬁfct of extirpation of various organs of
combinations of organs on the capacity of animals to produce erythroporetit
in tesponse to Co** or bleeding.*? As shown in rasLE 8, remaval of the
adrenals, gonads, 90 per cent of the hver, stomach, intestrnes, spleen, pan:
creas, ar thymus does not reduce materially the response when compared
with that of pormal ammals  Nephrectomy abolished the response to Co**
ot acute massive bleeding, whereas bilateral ligation of the ureters reduced,
put did nat eliminate, erythropoietin production, even though the uremit
(BUN elevation) nas comparable in both expermenta) conditions (r4p1s 9
The capaaity of animals with bilateral ureter higation to produce erythro-
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poietin in response to cobalt or bleeding 1s greater at 12 hours than at 24 hours
after surgery This indicates erther that a break down 1n erythropotwetin
production in the kdney {or elsewhere) 1» occurnng as a result of the touc
nature of the increasing state of uremia, or that the production of erythro-
potetin 1s being reduced as a result of local renal effects, perhaps mechamcal
In nature

The effect of nephrectomy on the rate of diappearance of erythropoetin
from the plasma (FIGURE 7) also has been studied as part of this series of
experiments  Ammals were givennjections of cobaltous 1on and, at intervals

ABLE ¢
TE ErrrcT oF Prasse OTAIeD 5roM Rats THAT Hap BEeN Susjected 10
NerarecToxy oR LIGATION OF THE URETERS AND THEN CO** STIMULATION
vroN THE INcoRPORATION OF FE® INTO THE RED Bioop CELLs OF
STARVED RECIFIENTS

Assay of donor

Tume of removal plasma tn reciprent
of blood from | BUN | starved rats uung
Surgical procedures® | Stimulus donor after of percentage F'ei®
Co** imyection | plasmat | mcorporaion  Re
(hours) sponse of recipient to

plasma preparation

None None - — EETCEH

None Cobalt 12 2 66(11)
(167 &M g )

Nephrectomy Cobalt 12 29 3308

Tagation of the ureters | Cobalt 12 05 9801

* Immediately following surgerv, the rats (Sprague-Dawley, 350 gm) were impected
subcutancously with cotialtous chlonde, and 12 hours later the blood was collected via
cacdiac puncture The plasma thus obtained was assaved i starved rats by standard
Procedures

1 Blood urea mtrogen

3 Standard error

after, was d and observations were made to deter-
mine the rate of fall-off of erythropoletin titer It 15 evident that bilateral
nephrectomy at 4 hours after the injection of cobalt prevented the further
nise of titer  The parallel fall-off curves are an indrication that the loss of
activity from the plasma 1s not sigmficantly different from that seen 1n the
normai ammals that had been given a single dose of cobalt Umlateral
nephrectomy did not interfere with the normal production of erythropoietin
m these rats  These data would seem to lend support to the idea that the
hormone 1s elaborated solely by the hidney after cobalt stimulation

In yet another experiment, rabbits were bled by a standard method
{nematocnt about 25) and then subjected to nephrectomy or related proce-

lures  Twelve hours after surgery the animals were exsangwnated and the
plasma was assayed for erythropotetin 1n polycythemic mice  As shown m
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Studies of the Sile of Production of Erylhropoictin

After the observation that the administration of cobaltous fon or a smgle
massive hemorrhage increases the plasma erythropoietin titer 1n rats and
rabbuts within 12 hours,? 1t became possible to study the effect of such proce-
dures as nephrectomy, evisceration, and hepatectomy upon erythropoiesn
In addition, the rapid increase in plasma erythropoietin titer following
exposure to low Oy has appreciably aided us in our efforts to locate the site
of production of erythropoietin 3

TasiE 8
Tue Treect oF Prasua OBTAINED TROM RATS Tiat HAp BEFN Svs[EcTEp 70
ORGAN EXCISION AND THEN CO** STIMULATION TPON THE INCORPORATION OF
FE¥ ixro miE Rep Broop CrLs oF STamiep RECIPIENTS

Assay of donor
Time of remaral of | plasma in stanved
Organ removed from donor blood from donor | rats using percentare
prior to Co* mjection® Stimulus g er Co*+ anjection | Fet incorporatior,
(hours) response of reopient
to plasma
I
None None 12 3.70 0
None Cobalt (250 12 14405
wM/kg)
Adrenals and gonads Cobalt 12 15109
Ninety per cent of the lver | Cobalt 12 540
Stomach, intestines, spleen,
pancreas Cobalt 12 11
Kidneys Cobalt 12 1507
None None 1z 1500
None Cobalt 1 1
Thymus Cobalt 1 Kiue

* Immediately following surgery, the rats (Sprague-Dawley, 350 gm ) were mjected sut
cutaneously with cobaltous chlonde, and 12 hours later the blood was collected via cardit
puncture  Plasma thus obtained was assayed in starved rats by standard procedures

1 Standard error

{ Three rats

We undertook a study of the effect of extirpation of various organs ¢
combtnations of organs on the capacity of animals to produce erythropotet!
1n tesponse to Cot* or bleeding * As shown in TApLE 8, removal of t
adrenals, gonads, 90 per cent of the liver, stomach, intestines, spleen, par

¢

. +

*%

but did not elminate, ETYLUIOPUIELL PIOUULLIOR, even though the uret!

(BUN elevation) nas comparable in both experimental conditions (TnLE 9,
The capacity of animals with bilateral ureter higation to produce erythr
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FIGURE 8, bilateral nephrectomy reduced the erythropoietin titer to the
normal range,

Because of & repoert® that nephrectomized rats responded to hypovic
hypovia by the production of erythropoietin, we remvestigated this question
Although 1t seemed highly mprobable, the possibility euisted that response to
the low oxygen stimulus was qualitatively different from that induced by
bemorrhage, The results, summanzed i TARLE 10, demonstrate quite

s0
bbb ExTRacTS R

RETICULOCYTES (X}

s
o 2z <« & 8 o
TME AFTER PRST INJECTION (BATS}

Ficure 8 The effect of bilateral nephrectomy or hgation of the ureters on the capacity
of anemic rabbits to mamtatn & high ervthropoietin plasma titer  The effect of the myec
tion of plasma extract prepared from the plasma of anemic rabbits subjected to Lifateral
nephrectomy or bilateral ureter igation upon the reticulocy te values of the penphera! Llood
of mice with transfusion induced polycvthemma as compared with the effect of plasma
extract prepared from anemuc plasma and normal plasma  Sahine was used as an addi-
tional negative control

clearly that nephrectomy, 1n our hands, abolshed completely the response to
low oxygen atmosphere (sumulated altitude, 21,500 feet), whether at 1 or
13 atmosphere  This 1s true whether the plasma was assayed in starved or
hypophysectonuzed rats

Tha ywhata re st lam hac covaral snartont scnante that ne & La cone daced

and polycythemuc rat, or the polycythemic mouse), or whether the response
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g

Unitatera) nephrectamy
|

16
£
H]
£° Unoperated
3
g0
]
-
Y \
: Bulateral nephractomy
= {Bhra after cobalt)
“ e
- Bilatera) nephrectomy
4 {3 hrs ofter codal?)
2
4 IS I T SN S A S S S P
o 2 4 6 8 (0 tz 14 1§ 8 20 22 24
TIME AFTER COBALT INJECTION (hra}
-
. &
' 4
. . ’
. »
. r
' . "
are given

Tapee 10
Errect OF PLASMA FROM RATs LX2OSFD To A SIMULATLD ALTrsupg o 21,500 FEET
ox TnF INCORPORATION OF T'£ 1N T™IE Rep Broon Citts oF STARyED RaTS
aND oN TiF Ri TE VALUES OF TR InpCcED
Povxcymzmic Alice

Percentage Fe# myection 1n Percentage rettcufocs Les 1 pol-
starved rats® eytheme micet
Tune in
low Oz
(houre} Normal Ureters | Normat |, Ureters
anoperated | NEPREECOMY | oy [ ungnerated | Sephrectomy [ peated
[ I e |
s its 43 98 | 09 0 183 07
© 26 45 96 17 o114 138
n 17 47 146 16 0 006 126
None 46 w - 0 o0t - -
s Two injections of 2 m! each, S rats per group

1 Four injections o 03 m) each, 10 mice per group
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poly eythemic mice and tn statved and hy pophysectomzed rats  The results
are given in 7ABLE 10 Jt is evident that the plasma of normal rats and of

1he nephrectomized rats exposed to the low O; atmosphere for 8, 16, or 24
hours had no demonstrable ery thropoietic actvity when assayed in staned
or hypophysectomized rats, nhereas m the polycythemic mice reticulocyte
values reached 0.183, 0 314, and 0 006 per cent, respeciively  In other com-
parable experiments, using hy povsc anowa or aneme 350¥1a as the stimulus,
wehave occasionally found 1hat the plasma of nephrectomized ansmals, when

Potetin s made in a wite ar sites other than the fadney, but that production
1 quickly poisoned by 1he toxic state induced by nephrectomy, (21 that the
butk of the erythropoetings) 1 made 1 the Lidney, but that with a sesere
stimulus some other «ite can respond feebly, or (3} that this slight response is
nonspecific and mssgmficant ?

It must atso be considered that the hidney 15 only one important fink sn
the formatson of erythropoettn 2 Tt <eems unlihely that an organ or tissue
other than the kudney mught produce an wactive Precursor in respanse to
cobaltous 1on or anema that 1 autivated in the kidney, because the routine
assay procedures employ ammals with ntact hdpeys It 5 abin possible
that a precursor pngisating n some tssue other than the kidney can be
activated only by an anone ladney  We have not yet studied 1hus situanon
Still another possibility 1s that the hidney makes an nactive precursor that 1
activated elsewhere 1n the body  If this were the case, then anmals with
bilateral nephrectomy would not be expected to respond to cabaltous 1om,
bleeding, phenylhydrazine, or other stimuh uniess another secondary site of
production eusted

o the reasons stated above, 1t would be premature at this time to corre-
late these findings with the frequently reported relationshup of renai disease
toanemia  If further work in this field makes quontitative measurement of
erythroporetin activity possible, we shall be mn a much better position to
determine whether the Xadney 15 the sole producer of erythropoetmn(s) or
a co-producer,

Erythroporeisn su Human Plasma

Recently a number of imvestigators have turned their attention to the
significance of erythroposetn in the human bemng  Contopoulos and his
o-workers® have demonsirated a plasma {actor in the bload of patients with
polycythemia vera that 15 capable of stimulating erythropoesis m the rat
Linman and Bethelt** have demonstrated an increase in erythropojesss in
the narmal rat by wjections of estracts of plasma from Patients with poly-
tythem vera and secondary polycythemia  Prhero and his co-worherst?
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1» measured 1n terms of the uptake of Fet? or changes in blood volume, e
number of reticulocytes, or the histological character of the bone marro
We cannot state with certainty that a negative response obtained by thews
of any ol these methods of assay indicates the absence of erythrapoieun(
from the plasma or plasma extracts that are being imvestigated.  Itus possitle
that, after ncphrectomy, the donor animals fail to respond to the stimul
(cobaltous 10n, bleeding, or hypovic anoxia) by an increased production, bt
may produce 2 normal or a reduced amount of erythropoietin In either
event, attempts to find evidence of activity by testing with whole plasm
would fail In one expenment on rabbits, we used extracts representizf
threefold plasma concentrations and obtained no evidence of increased enth
ropoletint activity in the plasma of nephrectomized antmals that had bett
subjected to bleeding or cobaltous jon 3*

Another possibility has been explored n an attempt to evplain the negatt
results we obtamed after nephrectomy. It might be assumed that hxhlcr:;

4
) '
tion  Therefore, 1t may be that the nephrectomized animal is relativelf
polycythemc and that the ovygen supply to the animal asa wholeis increased
If this 1s true, 1t mught be expected that the production of erythrapotelt
would be reduced  To test this, we have bled animals, reducing their hemat>
crits to about 25 per cent  Under these expenimental conditions, the erythe
potetin titer was igh  When bulateral nephrectomy was performed in thes
amimals and the anemia was maintained, the erythropoietrn titer fell to €
trol levels In addition, we have surgically removed other tissues or €0
bmations of tissues (90 per cent of the liver or evisceration) that might
expected to produce a “relative polycythemia’ comparable with that pr
duced by blateral nephrectomy — These anjmals responded to cobaltous 10t
bleeding, or hypoxia with an elevation of erythropotetin
Tt 15 quite possible that the toxic condition resulting from bilateral nephrec
tomy 1s qualitatively different from the uremia that results when both urete®
are ligated There 15 the Likelihood that the *toxic” reaction follonint
bilateral nephrectomy, under the experimental conditions described in th
paper, \nterferes with the action of the different stimuli at some site ot
than the kidney In addition, the site of erythropoletn formation may b
affected directly by the toxic agent(s) Recently, Erslev has publxab
data on experiments on nephrectomized rabbits from which he conclud®
that the site of erythropoletin 1s not in the kidney and that the anemi2
neph(ctmmxzed animals 15 related to the metabolic changes associated with
the urepna
In a senies of expertments we have completed only recently,™ groups o
mphxecmmued rats were exposed to hypottc condstions (stmulated altitude:
21,500 feet) for periods of 8, 16, or 24 hours, respectively  As in previo®
experiments, control_s c_onsnsted ol groups of rats with bilateral ureter hgaton
and normal rats similarly CEPOSCf to 71‘)’p0x1c conditions  Plasma w3
obtained, and asszy was € y m t jon-induced
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the normal range by tranfusion  In other words, the normal mechannm
{anemic anows) evists, and the norma) response Lincreased erythropoelin
production) occurs by <hutting off the stimulus {tran-lusion), erythropmetin
production then falls.

In other patients, no response 1o AneMIC 3noYa May orcur as measured by
Plasma or utine erythropoietin tter  In most eases, s can be explaned on
ihe basim of such factors as nutntion, infechion, and renal disease,  In other
in:tances, an anemia may exist 11 reponse to decreased metabolm (hypo-
thytoidem® ot by paphysectomy™ m which no anowic stimulus exists snd
production and ntil of erythrop are

Since the erythropoietin titer 1 normal plasma cannot be measured with
any degree of accuracy, and the elevated plasma and urine titers that occur
m rexponst to vanous anowc stmul cannot be quantitated with any accu-
Tacy, 1t 1> ympo-~ible at present 1o establish the renal threshald above which
thy hormone 15 excreted It would be nteresting indeed to establish the
threshald ahove which excretion would occur and measure accurately the
total unnary output under such aircumstances, refating 1t to the piasma levels

Summary

The ctythropoetic activity of plasma from anemic ammals and human
beings can be determmed by studying the rate of mcorporation of I'e*® into
the red cells of reciprent normal rats  Hypophysectomy of rats reduces
erythropoesy to @ munmum within 1 1o 3 weeks  The reduction ts less and
occurs more slowly 10 immasure rats than in yeung adult razs  Hypephy-
cectomized sats are sensitive 10 anemic plasma, especially dunng the penod
(betneen 1 and 3 weeks) when erythropoesis 15 at sts mmmum  The

cythemia 1n rats and mice, acute starvation 1n rats, and hyperoxia in rats, all
rapidly reduce erythropoews Ixperimental ammals i1n these conditions
are sensitive n thexr response to the njection of erythropoleun

The rate of erythroporests, as determined by the quanuty of arculating
erythropotetm, Jepends on the relationship of oxygen supply to oxygen
demand 1n 1be tisue rather than on either factor actung alone

Injecvion of cobshious chionde mcreases the erythropmenm mer 1 the
plasma of rats and rabbits within 10 to 12 hours

After lateral nephrectomy, the admimstration of cobaltous jon, acute
hemarrhage, or the mduction of hypotic anoua fails to elevate plasma
erythropolet N ot LA . [
nate theeryt - it " AL
stomach, int + O e . .
mcrease 1 plasma erythroposetin does occur in response 1o cobait oy bleeding

LErythropoietin titer was assayed in these experiments by measuning the
effect of the vanious plasma samples on the scorporation of Fe® inta the red
<elfs of recipient starved or hypophysectomized rats,  Plasma from nephrec.
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have found an erythrocyte-stimulating factor in the plasma of patients with
Coaley’s anemia and sichle-cell anemia. Their report also reviews previow
work with human plasma by other investigators,

We have described® the demonstration of erythropotetin in the extratts
of heat-denatured plasma obtained from some anemic patients  Using tht
incorporation of Fe¥ into erythrocytes of hypophysectomtzed or stanel
male Sprague-Dawley rats, erythropoietin has been shown to be present 1t
plasma from normal human beings However, a tenfold concentration s
necessary for such a demonstration when plasma extracts are prepared b
heat denaturation or perchlotic acid precipitation. Without concentrating
the plasma extracts, etythropoietin has been demonstrated in ‘heat-denaturel
extracts from twenty anceric subjects Lrythropoictin has been found tolbe
present 1n the urine 1n some, but not all, of the patients whose plasma demon
strated high titer ** - Hypoplastic anemia 1n five patients could not be attrib-
uted to a decreased plasma erythropoietin concentration. The high erythro
poetin concentrations in the blood and urine of one patient with hypoplast¢
anemia fell promptly following blood transfusten It must be emph.\si"‘j
that fmlure to demonstrate activity by this method does not necessarlh
ndicate a decreased erythroporetin concentration.

Comments on Prod and Utilization of Lrythropoictiy

1f a stimulus such as hypovtc anoxia ot anemic anovia were applied vut
gradually ncreasing severity to an ammal, one would expect erythropoies:
to increase as erythropoietin production increased. However, it 15 quit
possible that plasma titer of erythropoietin would not be measurably abovt
the normal (by current methods of as<ay) and, therefore, that no measurablt
amount would be excreted. In other words, one mught consider that utihas-
tion paralleled production  This concept would explain our observation thit
assay of plasma from patients with a moderate anemia but with an actv®
marrow, as in patients with hemolytic anemia or permicious anemia, maj
reveal little or no erythropotetic activity However, if the stimulus Bert
severe and abrupt, one would expect to find erythropoietin in the plasma an
perhaps, in the urine as well, because erythropoiesis could not incress¢
rapudly enough to utilize available erythropoietin ~ Simularly, if the stimuh
were increased gradually, one would expect that only as soon as erythropoles
reached 1ts maumum (calculated to be six times normal) would exces
erythropoietin be found in the plasma and, perhaps, in the urine, and then
only 1f the stimulus for and actual production of erythropoietin exceeded
utilization
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tomized ammals exposed to h
mduced polycy theme mice
ery thropotetic response was o .

i relationship to our suggestion that the hidney may be a site of erythn
patetin production

The producton, utiization, and excretion of erythropoietin are st
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SOME NLW EXPERIMENTAL DATA ON THL ROLE OF Th
ADRENALS IN THE REGULATION OF BLOOD EOSINOPHIL

Alexandre Aschhenasy
Hopual de la Pitit, Parts, France

INTRODUCTION

The eo~mopemic action of ACTH and glucocorticoids has gren
mnumerable publications, espeaially since the introduction by Thornd 2
their test ofadrenotonlm]acln'll)'bcﬁcdbnthceoﬂ'napcnicrespﬂmclm\c

Nevertheless, there still remain many unresolved problems concet
the mechamism of the effect of glucocorticaids upon the eosinophils, as
as the rale played by these hormones in the stress eosinopenias.

To explan the dappearance of these cells in the blood stream, four
bilities are constdered (1) the destruction of these cells in the blood e
(2) their temporary migration nto different organs; (3) their ph:;:fgf)
by the reticuloendothelial cells, and (4) a bloching of their production
ripening in the bone marrow.

This problem has been treated extensvely by Gordon.? Recently L‘
published a review™ on the hormonal regulation of the blood eosinopht

The subject of thrs paper 1s the possbility of the existence of hur
medrators i the productton of eosinopenia induced by cortisone or by va
stressing conditions  The intervention of such mediators would explai
absence of any direct action of cortisone upon eosinophils in zitro

These hypothetical substances should act on the cells in a much sh
ume than cortisone  In fact, Tanos and his group? have reported that!
serum obtamned from cortisone-mnjected rats at the peak of their eosino|
response (3 to 4 hours after the injection), nself induced a very rapid eo
penia (in 10 to 30 mm ) when injected into other rats.

A prior, two categories of mediators are to be conuidered: (1) catabe
produced by degradation of cortrsone 1tself, and {2) catabolites issutng
tiseues that have been mnjured by cortisone,

The first hypothesss seems to be elimmated by the experiments of 5
(reported 1 Gordon?}, who was unable to produce eosinopera with al
the steroxd~ 15olated after hiver perfusion with cortisone

Hays and Zaratzian® sugpest LidL even the eosinopenia producet
574
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cortione iy due to histamine, for they succeed i preventing ths effect by
antirstamime drugs.  However, other espenmental data do not support the
hypothesis of an I acton of h Thus Halpern
and Benos* find that, in the rat, histamune loses its effert upon the eostnophils
after hypophyseciomy.  On the other hand, 1n the same species the interval
between the injection and the peak of the eovnopena 1. generally as fong with
histamine as with cortisane (Aschhenasy*)

Furthermore, 1he fall of the number of blood eowmophils produced by
histamine is perhaps only the consequence of an accumulation of these cells
n the ijected areas, as noticed by Archer’ 1n the hor«e after intradermal or

y of this d  However, hpelr:“’ did not find
ny focal acct of shils after 1 mjection

Moreover, Code e gb '* and Kelemen and Bikach'® show that adminstras
tion of cortmone not only does not increase, but diminishes the blood
amount of histamine, as well as the numbcr of ensmuphlls P:xha[\s, this
effect 15 explamed by the cort: of the f of
tustamine from hutidine

According ta Archer,"* listamine represenis the normal sumulating agent
of the eosinopoiests, and the cortisonic eosnopenia vesults from the blocking
of of phils following the supp: of this agent

Thus the role of histamuine has been nterpreted 1n very divergent ways
some authots have attnbuted to this compound an eusinopenic potency,
ather direct or indirect, onplatng a stmulauon of the adrenal cortex
whereas, on the contrary, other workers have pointed out an eosinotropic or
even eosinoporetic function of this substance

Nevertheless, histamine apparently 1 not to be included among the tissular
ratabolites mobnlized by cortisone, which inhibts its formation

We shall consider the case of other ussular metabolites that may play a
tole In the easinopera observed after admunmistration of cortssonie and in the
so-called alarm reactions

At present 1t 1, generally agreed that the action of the glucocorticods 1s
not imsted to the deamnation of some amino aads and to the subsequent
production of hetoruc auds, glucose, and glycogen,®® but that this action
includes also the labihzation and mobilization in the blood stream of entice
molecules of protens'® and their disintegration into amino acids ¥7

These concepts would explain the decrease 1n the amount of free amino
atids in the blood after adrenalectomy,™ as well as the increase of (his amount
after mjection of ACTH ¥ cortisone® ?' and hydrocorusone 2

On the other hand, the deamination could be one of the reasons for the
Increase of blood pyruvie acid which 15 recorded after injection of the same
hormones™ ¥ and alse 1 vavious alarm reactions ¥ 2

We had to conwder the question of whether the eosinopema should be
attnbuted to the novious action of some of these intermediary products of
the protemn metabolism, products deltvered into the blood stream by ghuco-
corticoids: enher these compounds destroy directly the eosinophits or dymisish

* Unpublished
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their resistance to the phagocytic activity of the reticuloendothehal cel
or enhance the macrophagtc potency of these cells.

If this hypothesis were justified, the responsible compounds should keep
their eosinopemic potency even in adrenalectomized animals and perhap
also produce their effect 1y a shorier interval than cortisore does

Furthermore, the simultancous administration of these substances and
cortisone should amphfy the eostopenic response 1n these same adrenalecto
mized antmals

Finally, every tissular distntegration provohes not only the ducharged
organic catabolites, but also the release of intracellular potassium  There
fore, one could assume that ths electrolyte 1tself might be one of the respons
ble factors of the cortisone eosinopenia

All of these conwiderations justify the manner in which our experment:
have been done

RoLE OF SERUM PROTEINS AND OF SoME ORGANIC METABOLITES
IN CorTiSONE EOSINOPFNIA

Comparison of Intact and Adrenalectomized Rats

In our first study we have compared 1n tact and in adrenalectomized it
the action exercised on eosinophils by the following substances: bovine seru®
albumin, human y-globulin, a mixture of amino aads following approv:
mately the proportions existing in serum proteins;® 14 amino acids inpected
separately, ures, and several carbohydrate compounds, some of which art
known to be increased 1n the blood during stresses or after injection of cot!
sone sodum pyruvate, lactate, oxalacetate, a-hetoglutarate, glucose, and
citrate

All these substances were mjected intrapenitoneally into adult white 12
1n doses of 0023 gm , 0050 gm or 0 100 g, the first time before and the
second time after adrenalectomy  Each rat received 2 series of 3 different
products, the betng ad; d at 5.day intervals

Nevertheless some rats did not receive certain substances, either befcff
or after adrznaleclo‘my which explains the unequal number of antmab it

the day for each ammal
Al adrenalectomized rats received drinking water containing 1 per cent

NaCl
To preclude the posstbility of any error due to the persistence of accesSors
adrenal tissue, which l‘S very frequent in white rats, we kept for our final
L T &



Aschkenasy’ Role of the Adrenals 577

Albunta sntno sctds nmleé.:u.
i
5 -
v 5% wan sy usn 3d F3
= % %% %% &% 2% ¥y %
v c % T A T A c A c A L S <
A% . v "
% } +
i i
A i
wi 6 an (53 (6)
0 95z,
80 ¢8) {11} {6) (10} () (21
0.0

a2y oy (ayy O0SEm. O.ogm. 1ml
G.5gm. G 10gr.

FIGTR2 1 Percentage changes (mean \alues % standard error of the mean) i the
number of Blood easinophuls 4 hoars after ntrapertaneal tjections of serizm albumin, of a
mistere of amima sads, or of soham pyrusate (GOF g or 010 gt ) tn conteals (L)
and 1 adrenatecamized rats (Al Companson with the effects of physlogicat saline
{mt)  Figures v parentheses rupresint the numbes of ats 5a each group

lactete Oxalacet. Eetoglutar, Cltrate Olucose
— [P ™ o o
TE O OFE R R ORWR 38 %%
2 ¥ P P s m g ow
o TR ¥ %Y %27 §R %%
w: ¢ s e c a ¢ A € oa
2

g
ey »

&) ar 16y () (O RO IR ) 16) () (8) (4}
0.10gm 0 Osgm O O%gw 010gs. 0 O5gm O 10gm,
FIGis 2 Pescentage changes (£5 E M ) 1n the qumber of blood costiophds 4 houts
after ntrapentoneal mjections of sodium lastate, oxalucetate, « ketoglutarate, citrate,
of ghucose 1n miact (C) and adrenalectomszed {A) Tats  Figures m parentheses epresent
the number of rats 1n each group

at nectopsy of 5 hypertrophied thymus and apparent ahsence of any forma-
Lion that could be suspected 10 be an accessory adrenal, with hastological
verification in dubious cases

Results  Faurres 1 and 2 show that albumin and the amuno acd mittere,
s welt as the carbohydrate compounds, induce sigmificant falls ta the number
of blaod eosinophuls in wmtact rats  The same 15 true with uren, which 1 nat
inctuded 1n our figures
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All of these substances except urea and sodium citrate alco promote eoun
penta 1n adrenalectomized rats It 1s true that in the adrenalectomz
ammals the eosinepenic response Is often relatively moderate, neverthele
the results are sigmificantly different from those recorded after intrapeniont
injection of 1 ml of physiological <aline which, on the contrary, provohe:
shight increase of eostnophils 1n the operated rats
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Ticrre 3 Percentage changes (£SL M) in the number of bload eosinonhils af
satrapentoneal injection of vanous amuino zcids 1n jutact rats

In order to analyze the action of the amino acids mivture more closely, !
compared the |solatfd effect of vanous amino acids (rrcures 3 and +

Some amn¢ acids (trypiophdu, leucine and 1soleucine, threonine, 2!
sodtm ghiamate) lose almost all of their potency, but several others €l
rovoke a sigmficant €osnopema Geqergﬂy, the latter is less strong aft
the operation than before (tyrosine, histidine, phenylalanine, methiomt
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und sodium aspartate)  Only vahine is approumately as effective in adrenal-
rctomized rats as it 1 1 cantrol

It i> noticeable that not only most of the ammo auds but 2ko all the other
‘ompounds tested thus far ate {evcept for hetoghstarate and glucose) less
iethe in adrenalectomized rats than i mtact rats

These zesults suggest that almost all of thewe mewabolites act at the same
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FIotaE 4 Percentoge changes (355 M} the mumber of blood eosinoptuts alter
nicegesttoneal smpetnon of variows, amno acds 1 adsmalectomined rats  Only wds
vidual changes af 3 and 2 rats ate s en for Iy sine and cysteine because of the deat’s of the
ather et of these 7 groups

tme i an autonomic way, mdependently of the adrenals, and also by the
wtermediary of these glands i spparently inducing a discharge of ACTH
Like albumin, v-globulin provoles eosmoperua in adrenalectomized rats,
as well as tn controbs (F6ure 5 This fact permits & neyw mterpretation of
1he eostnopemas obsersed w vanous diseases with hypergammaglobulinema.
Indeed, 1 opposition ta alburain, y-globuhn not only does not screase
tn the blood after myection of glucocorticoids, but even dimimishes 1 most
cases, conversely, adrenalectomy s follonwed by an avgmentation of this
gutishn ¥ #
Therefore, 11 1 difficult to believe that (he hypergammaglnbulmcmm
recorded in most infe & 78 and
deases rewults drom 4 h)pcracuvxty of the adr:m] cortes
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1t 23 more probable that the increase of v-globulin 1s due to a dicect
tion of the reticulum of globutin-producing, organs (chiefly bore man
the respon-ible agents of this irritation being ewher of microbial, fovi
metabolic ongin

Inany case, this hyperglobulinemia should play a certain role in promt
the eosinapenia observed m these pathologicat states
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Fioyrs 5. Percentoge changes (£ST. M) 1n the number of blood Iy mphocytes
eosnophils atter mirapentoneal injechion of y-globulin {25 or 50 g ) intact anc
adrenalectomized fats. Numbers of rats are given 1n parentheses

15
7

supertonity of the .faﬂs of the easimophil number after i‘n}e:t:;\:l“a{ ’)Lﬂmb"
in intact controls in companson with the falls recorded 1n adrenalectoms

rats. P .

Thus the hyperactivity of adrenals naticed in diseases with hyperglo!
fnemia would be not the cause but rather the consequence of this tat
abnormality-

Moreovet, these i some reason to believe that in thewe diseases the incret
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- of y-giobulin is not the onfy humoral factor responwble of the eosinopeniz
 Perhaps a certamn role 1s played by polypeplides and free amino acids, as well
 as by pyruvic aeid, which are all increased 1n the blood and which likewise
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sunultaneously act ditectly and indirectly through stimulation of the adrenal
cortex

As FIGURE 5 shows, the injection of y-globulin provohes not only an
eosnppenia, but alvo a drop of the level of lymphocytes, this drop 1v almost
identical before and after adrenalectomy
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On the contrary, the number of neutrophils increases considerably after
the ~ame injection (FIGURE 6) However, this increase is recorded chiefly
11 tontrol rats (from 100 to 230 per cent), whereas it is only about 40 per cent
m adrenalectomized ones
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adrenals and without any mediation of these ghr‘\‘ds )

In any case, the direct responsibility of the adrenals in the hematologct!
disturbances of these pathological states does not appear to he as prevailits
as one used ta assume until now

Reinforcement of the Eostnopenic Actton of Cortisone by Certain
Organic Melabolites
{ntraperitoneal mjection of cortisone (1 or 5 mg) induces eosnope™®

which :‘s‘ less o ta\n‘tsi?n:;drena;;(mmized rats receiving sahine drini®®
water 3 *URE
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Such a paradoueal diminution of the effect of cortisone after adrenalectomy
. has already been reported by Henry e al in the dog? These authors
have succeeded in amphiying the response of the operated ammals by simul-
tantous injection of epinephrine.

Thevathasan and Gordon (Gordon?) hate alvo obtarned & potentiation by
epmephnne of the eosinopenic action of an adrenocortical extract wn rats
that had been depmy ed of both spleen and adrenals

On the contrary, Essellier et al ¥ did not find any resnforang effect of
epinephrine upon the action of corlsone n adrenaleciormzed dogs

Our onn experiments show that enhancement of corhisomic Cosinopema in
adrenalectomized rats also can be obtained by means other than mjection
of epinephnne (which we did not try). for example, by adding to cortisone
a preparation of amino acids or better, a mixture of amino auds, albumin,
and pyruvate (AAP of 11GURE 7). This latter mixture was actrve even when
the ammo acids alone were devord of 2oy effect (as was the case with Lmg
cortisone}.

On the contrary, the same adrenalectomized rats did not amphfy sigm-
cantly their eosinopenst response to cortisone when they were njected wmul-
taneotsly with cortisone and 75 mg ACTH  This fact proves that the
ammals were free of accessory adrenals and that the metabolites have acted
1n 2n extra-adrenal way and not only by stimulating accessory adrenals by
“he 4 of hypophyseal duscl of ACTH

Hourly Evolution of the Iostnopenia Provaked by Amino Acids and Pyruvate

All the preceding results make it possible 1o 1nfer that vanous substances,
he blood levels of which increase after administration of cortisone or during
latm reactions, induce eosinopentas without necessanly affecting the
drenals,

Nevertheless, as the example of amune acids and pyruvate suggests (F16-
JRE 8), the maximum of the eostnopema produced hy these substances 1s
ecorded only after 3 or 4 hours and therefore 1s not 1n advance of the epsmo-
senia following an injection of cortrsane.  Thus tt becames dufficult to sup-
s03¢ that cortisone acts upon the eosmophils only by the intermediary of
imine acids and keto acids released into the arculation by tissues injured
2y Cortisane

Tt 15 mote probable that the cortione eosinopenia 1s a complex phenome
non that, in addition to the specific and still mystenious action of cortisone
uself, includes an intervention of vanious tissular catabolites, these catabolies
provoke a discharge of ACTH and also act independently upon the cosino-

phils, thus contnbuting to amphfy and to proleng the speafic effect of
cortisone

Rorr oF Eircyrotates v COrRTISONE Losinoprnia
As F16URE 9 shows, intraperitaneal injectian of potassium ehlonde snduces
PRSI St e .
a
°
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of 0100 gm. had provohed a shock followed by death in most adrenalette

mized ammaly

Therefate the posable discharge of potassium from stressed tissues acb
only by sumufating the hypophysoadrenocortical system because this elee
trolyte 1s deprived of any effect on the eosinophils in the absence of adrenth

500 ~—— Cortisone
= Amino acids
+-- Pyruvate

400

300

200

100

per

.o, N

4 1 2 3 4 5
hours after injection

n opposition to potassium chlonde, sodium chlonde njected m do-
0050 gm and 010 gm indures eosinopema in adrenalectomized rats, 3
2810 antact ones On the contrary, a very dilute solution of NaCl {pt
Yogical saline) 18 effective only 1n ntact rats (probably only because ¢
stress af the mjecuon, whereas 1t proveokes an increase of the cosino]
after adrenalectomy (riGURT 9)

“Fhe orat absorption f 1 per cent solution of NaCl even ihibnts the e
penic responst to cortisone, :imdxmlcd by the comparison of the &

! N
¢
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because the intact animals can control the blood levels and the excretion
nf the electrolytes by an adaptation of theie adrenocortical acuvity

The decrease of cortivone eosinopema after adrenalectomy, as reported by
Henry and lus group in dogs and observed also by ourselves in rats, 1s entirely
suppressed if the operated ammals are gven tap water an place of saline
Thus effect 1s more sigmficant with § mg than with 1 mg cortisone ¥
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We have reported above that a similar amphfication of the cortisone
€osinopenia has been abtamed by us in adrenalectomized rats receiving NaCl,
by injection of amino aaids, or by simultancous injection of amino acids,
z!bumm and pyruvate

‘e were preatly surprised to discover that mjections of desoxycorti-
costerone (glucoside} given to adrenalectomized rats recerving tap water did
not dimimsh the eosinopenic response to cortisone  This response remained
equally strong (approcimately 60 per cent) whether the injection of cortisone
was performed 1n the absence of desoxycorticosterone or after a previous
treatment with this hormene (1 mg per day) during 5 days (FicuzE 10)
Simultaneous injection of both hormones gave the same result as injection
of cortisone alone.

‘These results appear to contradict the hypothesis that desoxycorticosterone
> anlagomistic to cartisone m the regufation of blood eosinophibia  More-
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over, they indicate that there is na similanty of action betw cen adminetr
of ~odium and injection~ of desoxycorticosterone

The mhibrtory effect of NaCl on cortisone-induced eosinopenia leads
convder the powsilnlity that the orgame metabolites tested in gur prec
experiments would also proyohe more pronounced eosmopenias in adret
(omtzed rats 1f these rats had recened tap water instead of 1 per cent!
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In this case, the participation of adrenals i the egsinopenic respans!
\atact rats to these metabolites would be even less than we have adutil
Experiments aré now 1n progress to clarify this problem,

CoxcLustoN

(2) Furthermore, out eXperments suggest a new explanation of cef
eostnopenias recorded yn many miectious, neoplastic, and nutritional dise
which are accompanied by ;" increase of y-globulins, Untl now ¢
cosinopenias have been annduted to a stimulation of the adrenal cof
but such 2 stumulation should nduce a decrease rather than an increas

~-globulins.
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Therefore 1t seems more probable that the hyper-y-giobulnema found
i these diseases 15 independent of the adrenals and 15 1tself partly responsible
for the reduction of the number of blood eosinophils

Furthermore, the action of the globulms may comncide with that of other

and carbohydrate b which, hke albumin and globulm,
act upon the eosinophuls at the same ume directly and probably also ndi-
rectly through the hy pophysoadrenocortical system
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HEMOLYTIC MECHANISMS*

William Dameshek and Robert Schwarizf
Blood Restarch Laboratory, New Ingland Center Hospital Raston, Mass , and the
Department of Medictne, Tufts Umrersuty School of Medictne, Medford, Mass

Much has been learned about hemolytic mechanisms 1n the decade since
1e of us? contributed a paper to a previous monograph on the same topic
t that time the emphasis was chuefly an morphology and pathephysiology,
awever, in the last few years the chemical approach has gained increasingly
mportance  This shift may be recognized throughout the entire field of
‘matology and, indeed, of medicine in general Tt was necessary first to
:scribe diseases and study them morphologically tn vanous ways  Begin-
ng about 1920 and extending until recently, the age of clinical investigation
minated the scene, the pathophysology of disease being 1ts unportant
ature  We are now in a chemucal era i which numerous new mechanistms
e being exposed as the chemical tool etches 11s certain way in1o many cells
id tissues  Perhaps 1n the future biophysical and even mathematical eras
1 come to the forefront, but today’s ady ances are largely chemical, although
morpholegic renaissance seems even now to be in the making  From the
andpotnt of hemolytic mechamisms, there i1s room for all methods of study,
1d all may be helpful in gaiming ever deeper insight into events at the
Nular level
The sudden destruction of erythrocytes within the body, together with the
:velopment of severe hemolytic anemta, 15 one of the most dramauic events
chmeal medicine, As Crosby has pomted out,? this 15 decompensated
mmolysis  However, hemolysts 15 a normal, everyday occurrence, approxi-
ately 1 per cent of the red cell mass being destroyed, but also replaced
uly  This 1s a quiet and compensated type of hemolysis, so quiet in fact
at the mecharusms by which 1t occurs are vather difficult to define accu-
tely, m fact more difficult than in abnormal hemoly tic states

Noryal Hevorysts

In the past, the red cell was considered an inert, amorphous mass of proto-
asmic matenal enclosed n & semipermeable sac that became gradually
orn out by the wear and tear of the circutation and was finally destroyed,
:thaps by lytic substances, perhaps n the spleen It 15 realized now that
& erythrocyte, although nonnucleated, 1s a wing, breathing structure that
quires various sources of energy to mamtain its metabolic needs *  Some
these sources may be said to be built 1n or intrnsic, whereas others are
:rived from the outwide miliew  Thus, over forty years ago, it was demon-
* The work reported m this paper was supported 1n part by Research Grant 11-2021
d Research Grant C-3423 from the Natwonal Insttutes of Health, Public Health Service,
-d‘\:s:'a,\')\ld and by Grant p CEP-16G(1) from the Amencan Cancer Socety, New
ork,

1 Undex teonre of Nananal Weart Instiute Fellnsship HT-1165 C, 19581950, Rabue
calth Service
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«trated that red cells could be preserved for lengthy periods if an energy
ource, namely, glucose, was added 1o the preserving media ! In recent
years it has been shown that the red cell depends almost exclusively oo

leston)? 1 due to the gradua) decline of nonreplicating, “built-in" enzyme,
many of which are present in sigmificant quantities in the red cell as e
released from the bone marrow * Lake a rochet that s launched witha art
fully measured amount of fuel sufficient for 1ts journey through space, the
erythrocyte propelled from the marrow 1s replete with numerous metabolc
constituents  hid, protewn, hpoprotemn, catbohydrate, enzymati, and
others, sufficient for 1ts normal fe span When these become depleted,
the cell dies

Tue Life o A Rep Celn

The new red cell comes out of the marrow thin, biconcave, and <omc“h{l
larger than the older erythrocyte It squeeres 1 and out of capillanes it
15 buffeted about by the pulsating circulation, it may stagnate for hours®
the sinuses of the spleen or hver  In the spleen and in other areas it may
come 1n contact with lytic substances of a low order of potenty. Iysolecithim
soaps, other Uissue lysins ®*  The wear and tear hypothess, althougha purely
physical one, nevertheless may have some ment although, now that mt
more 1s hnown of the metabolic functions of the erythrocyte, this purdy
physical description does not tell the entire story  In any event, the con
bined effect of extrinsic forces (mechanical trauma, ery throstasis, lytic s\}h
stances) 1n association with reduction in enzymes and other nonrephcatd
matenalsleads t~ *- - . - - Toan
svelte, its conca
the entena for 3
thicker than normal, with a diminished diameter and a smaller surface ar
T et + 1 per cent of the ¢!
: », rounded, microc)t

1 that these cellb @
pocked with suttace Lréaks v Physiologically, the hypotonie fragihty
increased.  Enzymatic studies have shown that phosphatase,'! cholineste
ase,1? catalase, and glyoxalase'® dechne progressively as the cell grows olde
{he greatest quantities of these enzymes being present in the reticulocyte
There 15 a dechne i potassium and an increase 1n sodiem and phosphorus 10!
within the cells.* A reduction in the high energy phosphate compoun!
(akes place!® and, at the more fundamental level, a reduction in 10nic transfe
occurs.'® V7

Al 1n all, therefore, as the cell moves around the many myles of capillan
1 the course of its existence, lt"‘_{uns out of gas,” precisely as does the rock

Ten T 1 and the

Destru

eds Tl
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role of tissue lysins, including the rather vague lysolecithin, probably has
been overemphasized and may well be discounted Tissues have been
shown by many myestigators ta have lytic acunity s 11ra,'® #! but whether
the highly artificial condihions eusting 1n the test tube can be compared
with what occurs s tive is hughly questionable The presence of fatty
wmatenals 1n increased quantsties after 2 meal has been cited as a posaible
mechanism far normal lysis,? but again this 1 2 moot point

Although 1t 15 attractive to envision the spleen as a major site of normal
red cell destruction, there 13 no compelling evidence regarding this pomt

ENTERS CIRCULATION THIN, FULL OF
ENERGY, ANXIOUS TO DD WORK.

LEAVES CIRCULATION
FAT, WORN,
DEPLETED.

ENZYME ACTIVITY

o 20 40 8o 100

60
AGE 1IN DAYS
Frotre 1 Life of a red cell

Indeed, Singer and Wenz?? could find no difference i red cefl fife span of dogs
before and after splenectomy ~ The pecuhar vascular structure of the spleen,
the observation that it vitre incubation of red cells,™ and their stagnation
in the spleen, result in increased spherodicnty with increased mechanical
and osmotic fragility® provides only circumstantial evidence of s role in
the physiological destruction of bfood  Curiously enough, the actuai conp de
grace by which the red cefl dies 1s unhnown It may be phagocyted by ele-
ments of the retiuloendathehial system, although actual evidence for tins 1s
{acking, nmay be fragmented 11 may be hemolyzed suddenty  Jtas empung
to conuder that these events tahe place i the spleen, Which has often been
lLinted as the slaughterhouse of the red cell, f not its graveyard aswell  How-
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ever, with the normal spleen removed, hemolysis goes on at approtimatey
normal rates

In summary, then, the Ife of the red cell may be thought of as folloss
1t 15 released from the matrow fresh, svelte, biconcave, and fully primed sub
active metabolites for its lengthy journeys, which continue for a period o
about four months At the end of that time, the red cell is thick, fat, lackmg
in metabolic constituents, including certain enzymes and high energy 0
donors, and with a deranged 10mc compo-~ition (FIGURE 1), How the death
blow ts admimstered 1s not known, but that 1t occurs with remarkable rege-
lanity after 120 days 1s well established

SouME INDICATORS OF NORMAL HF\OLISIS

More 1s known of the indicators of hemoly sis, both normal and abnorma,
than of 1ts mech s It 1s of considerable interest that, of the approx
mately 50 ml of (whole) blood hemolyzed daily, only a few nufhgrams o
hemoglobin are found free in the plasma  This indicates that normal hemely-
sts 15 almost exclusively extravascular, that is, occurnng outside the circult
tion, presumably within the cells of the reticuloendothelial system On the
other hand, under certain abnormal conditions, hemolysis may be Targeh
intravascular, with the liberation of free hemoglobin drrectly into the ar:
lating plasma.?® Indications of hemolysis vary as between these two type
blood destruction. In both, the red cell survival time is shortened, and th>
event establishes the hemolytic state (TanLe 1)

TasLe
Tares or HFnotysis

R-E or exteaascular Intravaseular

{speeded up normal) (bnormal)
-
RBC survnnal tome + 1o + 44 bt
Bile pigment oufput + 1o +-++ . + to 4
11b in plasma * (less than 25 mg 100 ml) | 30 mg /100 m! up
{haptoglobin)
Hb 1 unne o Oto +++
Hemosdenoura 0: Gt
0 plastma
%I:‘l:;n‘::sl‘l:‘:mm. v Less than 100 gamma + +
Sphesocy tasis Usually precent Cokly absent
Reticuloc tes + to +++ + to 44+

The degree of spherocytosis parallels the abnormality of the o<motic
fragity test, the latter having no greater importance as a measurement of
hemalytc actvity than the morphologic appearance of the rod cells. It
measuring hy potomie (mg:lny. the nhller mcthodf of:»llmnllm.', I‘e‘f“‘lyfi‘ in
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graphic representation of the red cell thickness vanations  This™ (FIGURE 2)
i> of particular value in the thalassemic syndromes

Mechameal fragility, using glass beads to traumatize the red cefls, was
first used by one of us to indicate the abnermality of the red cell after exposure
to immune body It was then used by other wotkers as one indication of
erythracylic abnormality but, except possibly as an experimental toof, its
alte 15 to be questioned 2

Shortened red cell survival,® increased pytrole mgment output, hemo-
globinemia and, at the cellular level, spherocytosis these are the direct indi-
cations of increased hemolysis  However, some of the mdirect parameters
may often be of great importance, particulatly 1n *spotting™ a hemolytic state
Of these, reticulocytoxis 1> pre-eminent, representing as 1t does the tendency
on the part af the bone mareow ta regenerale wself after some of 1ts products,

HEREDITARY SPHEROGYTOSIS
HYPOTONIC FRAGILITY TEST - AS Q40
a0

INGREMENT OF HEMOLYSIS

o T —r— ¥ v

® 8 0 e % 4 30 2 o
SODIUM CHLORIDE MOLARITY
Fiourr 2

the erythracytes, have been destrayed  We have already commented on the
importance of persistent reticulocytows of even mild degree (about 4 to § per
cent) as indiating the presence of a hemolytic disorder, and also upon the
biphasic red ceil population seen 1n active hemolytic disease 3 In the latter
phenomenon, there 15 a striking contrast between the microcytic spherocytes
(indicators of hemolysin) and the matrocytic polychromatophilic reticulo-
cytes (ndicators of increased erythropmesis) The bone marrow itself
shows an outstanding degree of erythroblastic hyperplasia and a high ratio
of nucleated red cells to granulocytes

Hyperhemolysis, whether extravascular or miravascular, may furthermore
be subdivided into two mam group~ those m which the defect 1s intnnsic
to the red cell proper, and tho-e due to extrmaic factors active 1n undue
fashion upon the normal red cell (TABIE 2)  Although most of the mtnnsic
sbrormalities of the red cell are under genetic contrel, others can be acquired
All the extrinsi abnormalities may be sawd to be acquired, Another more
occult defect recently has come to the fore  Although fundamentally of
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T
Tyres oF HFYOLATIC ANFMIL AND TIFMOGLOBINTRIY

Intrinae I xtninae

erechtary spherocy tosis Infections
Thalassena Hetetary  CPemneal
Sichle el disease tedttary  Immunological
The Hemoglobinopithies or Tsohemelysis (Rh, ete )
Hereditary ovalocytags ) FORCUC Autohemoly sis
Pernicious anemia Hemaly tic anemia

mal nocturnal h lal 1 I I eoldd h
March hemoglobinuria(?) Tonath-Landstewer

Myperspleic
Other

rs
Occult intansic defects requiting extrmsic “challenge”

intrnsic nature, this does not show itself unless, in "'
factor of a speaific type enters the o e
1n such conditions as primaquine

intnnste and extrinsic types of hetuuy s

INTRINSIC DFFFCTS OF THE RPD Certs as A CAUSE
FOR HyPFRIEMOLYSIS

Morphologic Aspects

Unul recently, the mtrinsic defects of the red cells have been classifit
largely on morphologic grounds  Although the pendulum has swung £
away from the morphology of the cell to 1ts chemical make-up, study of fl
appearance of the mature red cell is stall of some value. One may distingui®
on morphologic grounds alone, several form. of hereditary hemoly tic diseas
«pherocytosis, leptocytosts (target cells), drepanocytosis (stchle cells), oval
cytosis, and nonlsphemcyweis In acquired hemolytic disease, there is 1l

. - - . 2 al
her
aur
na
Eid

pect-
by - echa
pisms- perhaps the small spherocyte 1s vulnerable to the spleen, perbaps the
tiny schistocytes seen so commonly tn severe thalassenua are alo readly
destroyed by that organ, perhaps the sichled cells “lock horns™ with each
ather in capillaries  Certainly, morphology can tell us nothing as to wh)
the red cells of hereditary nonspherocytosis hemolyze or why those of march
beroglobinuria are rapidly destroyed 1n goose-stepping soldiers  Wath the
\qceeasing development of f D moiogical and chemical techmques, 04
understanding of the hemoly tic mechanisms involsed in the vanious intrndC
defects has become greatly increased,
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Tihystopathologrcal .spects

Heredilary spherocstosis. In the course of the past twenty years, many
“tudies have gone far to establish the hemolytic mechantsm of this disorder
e I S e . e

here is an exact correlation between the reaction to hypotonic salt solutions
ind the thickness or degree of red cell spherocytoss, and further studies
1ave demonstrated that the spherocyte was trapped selectively by the spleen,
he degree of trapping depending upon the degree of thickness increase @
Red cell life span studies and cross survival experiments both in normal and
iplenectomized individuals gave ample demonstration that the spherocyte
12d a normal Nife span in a splenectomized individual,® but was removed
-apudly from the circulation i the presence of an mtact spleen # It was
iound alvo that passage through the spleen further increased the susceptibiity
of these spherocytes to fysis by hypotonic solutions % All studies ponted
:0 the fact that removal of the spleen removed the spherocyte-trapping
mechanism, thus allowing the erythrocytes of hereditary spherocytosis to
2ave a narmal hfe span

Herediary Jeplocstosts (thatassema and related syndromes) By hypotome
fragility measurements t was found that the red cells were more resistant
than the normal erythrocytes, thus pointing to the lack of value of this test
n assessing tn vive mechamsms of hemolyws  Survival time studies and
autosuryival using Cré'-labeled red cells indicated a vanable degree of short-
enung of life span 3 *° In <ome severe cases (Cooley’s anemua), the spleen, 1f
considerably enlasged, nas found to increase the hemolytic tendency  Sple-
nectomy under such arcumstances often reduced the transfusion requirement
considerably without, of course, altening the fundamental nature of the
disease @ With the use of Fe and other methods, an effective type of
erythroposesis also has been demonstrated in the disease*? Thus, from
these relatnely limited observations, 1t appears that the anemia of thalas-
semia 15 due only partly to increased hemalysis of mature erythrocytes
The findings of heme diversion,** that 15, the breakdown of primitive erythro-
blastic cells in the bone marrow, and of neflectiye erythrapoesis are probably
of as much impartance as increased hemolysts

Sickle cell disease The increased viscosity of sichle cells under anoxermc
conditions and their liability to mechanial trauma withim the arculation
have been pornted up in several expenments ' The tendency to muluple
thrombotic mamfestations due to the pling up of masses of sickle cells 1n
certain organs 1s undoubtedly an important feature of the so-called enisis 1n
this diease ¢ Increated hemofys:s within an enlarged spleen may play a
rofe 1n some cases ¢

D 1

[T U S P .

signihcance for the tn 910 hemolytc state 1s open o some question, inasmuch
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as the very minor changes in pH that take place during sleep are not likely
to result in the extreme hyperhemoly<is that takes place within the blood
vessels Al studies point to an intninsic defect of the red cell, the nature qf
which 15 obscure  Whether this 15 due to faulty production or to the actis
ttes of a hitherto undiscovered immunological mechanism 1s by no means
clear ** It 1s apparent that the spleen plays no role m the hyperhemolys
The considerable work that has been done on vartous plasma factors, including
properdin,®® 3 indicates that these are normal constituents of the blood
plasma acting against an abnormal red cell. Perhaps too much attentiot
has been devoted to the plasma factors and too little to the intrinsic red ol
abnormality of the disease

To summarize, the various phystopathological studies of the intrnsic i
cell abnormahties, including the more recent studies with radioactive isotopes
have demonstrated quite elegantly many, if not most, of the hemolytc
mechamsms mvoh ed 1n the increased hemolysi~ associated with these condt
tions  However, they have failed to show the “why” of the intrinsic abn
mality and thus have falled to approach the fundamental basis for the mtnna
red cell disorder, this 1s the province of the chemical era we are in now

Chemical Aspects

Hereditary spherocytosss  The increased hemolysis of hereditary spher
cytes i viiro may be reduced by the addition of glucose to the incubatio?
mixture *2 - This results in a reduction in the loss of potassium from the cell
and a decrease in osmotic fragility  Moreover, P 1s ncorporated in smaller
amounts in the hereditary spherocyte than in the normal red cell; this has
been shown to be due chiefly to a dimimished incorporation into ATF and
2,3-diphosphoglycenic acid 1t 1s evident that high energy phosphate com
pounds, probably necessary for the maintenance of the biconcavic shaf
of the red cells, are deficient 1 hereditary spherocytosis, perhaps as tht
result of a genetically determined enzymatic defect  Thus, the hereditan

tion as 1s the congemtal spherocyte However, the mechanical trappiné
function of the spleen for spherocytes 1s not to be ignored.

Thalassena Slud:es o{sthe red cells in this condition indicate that 8%
et b " . A e
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Eighteess years later, Panhing and his group®® onginated the concept of the
“molecular disease,” a disezse caused by genetically determrned abnormals-
ves of proten synthess  During the past @ze years, due to the impetus of
Pauling’s concept and 1o the widespread introduction of apaly < of hemo-
ylobin by paper electraphotesis, progress o this field has been truly enormous
Several recent reviews give excelient summanes of the clmical and biochemscal
aspects of these disorders %2

Some puzzhing features of the hemoglabirapathues appear to be near sofu-
twon, Evidence has accrued to show that the sichie celf tran s due to a
mutation by a smgle gene ®  Although the various abnotmal hemoglobins

PHYSIOPATHOLOGIC
LHEMICAL N .
CRISES'
VALINE Ty Y g
UINGRAMY
MORPHOLOGIG AGGREGATIONS

GLOBIN ABNORMALITY
INC'D VISCOSITY
SICKLE CELL + ING'D RIGIDITY
SICXLING
HEME

TASTQIDS TACTOIS

Fiouse 3 Chemical lesson 15 central for sxample, sickle eell disease

have destinct electrophoretss mobihitses, na chemscal differences among them
were found vl recently  Thus, the number of —-SH grougp. of hemoaglobins
A and § have been found to be dentscal® as well as the Coxerminal amino
acd gratps,* the N-terminal aguno acd gmu;h * and the amino aad com-
posstion ¢ However, by a umque comb: paptr electrop an
fraper d\mmnmgmphy of trypsin-sphit (mgmcnﬁ uf the hemoglobin molecute
I ~=~w has demonstrated that hemoglobns S and € differ from A by 2
2 «memence M one small patt of the polypeptide

N = are that the amuno acd
Sy
of this pattern ta . nd
cﬁect
waocturual hemaglab Recent studits, uo.

ﬁrm:d hmr demonsirated @ hpsd abnormality 1n the red cefl membmne “
W hether this 18 the prumary disturbance or one secondary to some extrinssc
phenomenon 1 obaure  The chemical abnormahty, which Jeads ta the
merphologic, mn tuta results m physopathologwal distusbances {asie 3}
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Tantr, 3
Rep Broon Cril ABNORMALITIFS
Chemical Morphologic Phy siapathologial
Poorly functioning gly cofy tic mechaniom S Trappung in splen
I'oorly functionng \TI cycle ~ Spherocy t01S = G hfe span

Lack of iron utthzation | famuffieient hemoglolun Tagget cell _ Fragmentation
Taulty heme sy athess Tor eyrontamm— (Leptocy te) ™ Ineffective ery thropoiesi

Precursor cell hemolyasi

Valine abnormality g il

Slob 1 It

Glalun b0y 1 s Sichle cells— \gglulmalrd )
| iscous masses

\bnormal hemoglobtn
Tactous

Ouenlt sntrinsic defects (sicure 4)  Qur knowledge of hemolytic med
misms has advanced greatly in the last few years by the finding that cert:
individuals have chemzca) defects of the red cells which are brought out e’

GLULOSE ~& » PHOSPHATE

*
GSH
REOUCED | + ey Lor
GLUTATHIONE TRIPHOSPHOPYRICINE NUE

o« GLUCOSE =6 PHOSPHATE

/ DEHYOROGENASE

’
/
H 6-PHOSPHOGLUCONATE
H +

1 TPNH + W

\ HaS

\

L A
536

OXIDIZED
GLUTATHIONE
G-6-P DEHYDROGENASE IS DEFICIENT, pRogA
ul ceer St B Tebucks, ence K 084BLY ON GENETIC DASIS
3 WTEGRITY OF R NE DEPENDENT UPan ADEQUATE, AMOUNT G5
¢ THEREFORE CELLS ARE SUBJECTED TO PREMATURE DESTRUCTION.

Ticvre 4 Proposed defect in ambline and fava sepsitivity

when the red blood cells are challenged by various chenuicals  The track
down of this occult defect represents a very exating chapter of mod
hematology-

P Y ) -
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acnte hemolytic anemia A pecuhiar feature of the association hetween

1ngestion of such organic chemicals and the development of hemolytic anemia
was 1ts almost exclusive ncmrnnce 1 Negroes 7 7 Beutler and his col-
- leagues have ~=d send m oo o

They founc

seli-hmited

red cells, *

. the red blo(

bers of Hemnz bodies appear in the blood just prior 1o the acute hemolync
episode, these appeared both i ratro and s vivo, and their numbers were
mncreased 10 the presence of increased amounts of oxygen ™ It was apparent
that only the older members of the red blood cell population were affected
byp ™ Thesepr qi t e(ells\»ere Ify sensitive 1o
hermol famlamid h

sullowne, and phenacitn ™ An |mponam finding was l}m the red cclls
" of these patients were um(ormly deficient 1n veduced glulathnonc"’ and that

Aume o and nd ol osadk oo

A fiithas nwanmon -

Ur SLLBILIYG LEIS WILIL LHE Ly LIL ULUR ®  110%ever, 1L apPears that the deh-
aency of reduced glutathione 1s secondary to a deficiency of glucose-6-phos-
phate dehydropenase in these red cells *  This enzyme maintamns the sub-

' strates necessary for the comversion of owidized glutathione (GSSG) to
reduced glytathione (GSH) in the presence of glutathione reductase ™
Ths deficiency of glucose-6-phasphate dehydrogenase may be genetically
determined *

More recently, the very interesting disorder called favism has been brought
mto the picture * & Limited largely to Mediterranean countries and
peoples, this mystenous hemolytic disease has been shown to reside in o
sensitivity of the red blood cells of certain individuals to various products of
the fava bean or the pollinating fava plant, In Israel, Sheba and hus collabo-
rators have for some time been d with the relative infrequency of this
and other hemolyhe disturbances 1 the Ashhenazy Jews and with therr
relauvely ugh frequency n the Sephardic (Oriental) Jews ®  Their recent
studies indicate a hereditary defect of the red blood cell> of certain Onental
l{e“s identical with the defect found 1n Negroes developing primaquine

et n | . . A
Th
the
Life
untsual chemicals that were unknown until the days of modern medicine, or
perhaps the fava bean and its products

ExtriNsic DEFECTS oF THE Rrp CEtrs as A Cavse
¥or HyPPRIFYOLYSIS

The « Sick Crrerdation” (Temopatlie Uemolysts)

‘There are many other factors (chemmical, parasitic, bactenal), extnnse to
the red cell, which may destroy it Of them, hemopatinc hemolysns (uck
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curenlation) 1s of considerable interest.  In recent years, many studies w
the readily available Cr*! techmque, have shown that in such ilinesses 2
curhoss, nephrost= ' -c-- - -t e
span develops #

toxte factors of + . -
destroyed more rrpiury Luan 11 UIE DOFMAL MUIEY 1y G1Ves SO ttiuns
tion of the marked sensitvaty of the circulating red cell to relatively miar
changes 1n 1ts environment.

Immunohemolytic anemias  The disposal of worn-out erythrocytes by e
bady represents an interesting problem, since the reticuloendothelial syste®
which 1s responsible for the removal of such cells, 1s al<o at least one sourced
anttbodies  Under normal conditions, these functions of the reticulr
endothelal system do not overlap, and destruction of the aged red cells do*
not incite antibody formation  The solution of the problem, as envistoned b¥
Burnet, 1s ingemous, and 1t 1s evident that the “immunoclastic system” &8
disciminate, within very narrow limits, autologous (¢“self”) materals fron
foreign (‘“'not self ”) substances The concept of “self” and “not s¢
implies that “in order to allow . . differentiation [of worn out body aeh
from foreign orgamic matenial) expendable body cells carry ‘self-marker’ cn
ponents which allow recogmition of their ‘self’ character ~ Antigens in gene
are substances of the same chemical nature as the marker components but
different molecular configuration ™ In other words, the body’s own cells
are branded 1n a highly distinctive manner, this labeling scheme 1s in
complemented by a censor, the recognition system  If the recognition fact®
corresponds to *“self,” no reaction occurs other than the normal physiola!l"Ll
disposition of worn-out cells, if there 1s a mismatch between the mark!
components and the recogmtion system, however, an immune response B
provoked  Although highly speculative, these concepts, originally put forth
by Burnet and Fenner, are not without some foundation in fact  Indeed
was possible for Burnet, reasoning within the framework of his theory, ©
predict l}}? b d of acquired tolerance,’ one of the major discoren®

or (2) an alteration In the seli-marker component  The former group migh!
\nchude those disotders directly affecting the reticuloendothelial system, si
as leukosarcoma or chromc lymphocytic leukemia It 1 not unusual to fif
autoimmune hemolytic anemia occurring in these diseases and one might
speculate that, when the neoplastic population of cells artses and repla®
the normal group of cells compnising the rettculoendothelal system, the't
new cells, which may have ansen by a senies of somatic mutations, possess?
recogaition system different from the normal cells The dying red <l

erty e un”
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' The second possible mechanism, namely, an alteration 1n the selb-marker
r component of the cell mught be mduced by very mid treatment {FIGURE 5}
- Enzymes that ordinanly do not come mta contact with red blood cells may
: so alter them if they leave their accustomed channels, either by itent or by

acadent A number of observations fend support to this specufation the
- orcurrence 1n seam of autoagglutimns and avtohemolysins 1 patients with
' postiraumatic meningeat bleeding,* hemathorax, or hemaperitoneam,® the

appexrance of a positive Coombs' test 1n rabluts given mizapentoneal injec-
- 11003 of theyr onn blood*® or by intramuscular myections of such blood puxed
~with Freund’s adjuvant,s and the otcurr:ncc of autohemolysins 12 dogs

 Sollownng the Ingection at fysed red blood cells 7
, I mmuL
» mu OUT ABC BESTRUCTION.
mn'nzws!:r‘v_muw
r IEWM‘L
| K
AN -
e
@ _— 5} N
- & nEsYn\l“M T
et

FiGURE S Geness of autonmmune antibodies 2 worhing by pothesss

Furthermore, teeatment of red blood cells with certain drugs,® ' hpd
solvents, 1t or lead!®s will snduce hemolytic anemuz with posiive Coombs’
test

The Nature of the Antbodies tn Immunohemotologicat Disorders

Althaugh Moreschi'™ in 1908 yeported that, if antserum agamst rabbnt
red cells made 1 goats was diluted sufficiently <o that no agglutination of
the rabbit red cells accurred, very strong agglutination accurred if @ drop of
goat serum against rabbst serum was added to the mxtute, hitle aitention
was pad to thes mportant dicovery  Thirty-ux years later, Coombs and
hits proup described a test which they thaught * promises 1o be of prac-
tieal ymportance " In this test, red cells coated by nonagglutinating ant-
bady are rapidly ciumped by the addition of a drop of anthuman serum
{gtobulin) prepared 15 rabbns The ntroduction and explotation of this
simple test has d the understandimg and of bo-
and autommune hemalytic anemias 96 307

1t 15 now hnown that the matenal i Coombs’ serum responsible for it
uncorenng effect i» 3 y-globulin,' furthermore, the substance coating the red
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cell in most inntances of autoimmune hemolytic anemia is a y-glob
This can be demonstrated in two general ways: (1) by the use of the:
globulin reaction®™ in which the action of Coomtbs serum is nullifiec
preincubation with extremely minute amounts of human 7 g!nbu]m, al
tion reminiscent of other highly specific tmmun= =~==* ==~ ~= /N1 womrm
tion of the matenal eluted from the surface of

method, y-globulins have been found to coat

certam circumnstances which will be discuseed la .
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Hemolstie Mech md Hemolstee Anennie (T voLr £}

The role of the roatsng onfabody  How do 1hese vanetes of antibedy attack
the red cells and produce abnormal hemolywin?  When blaod from these
aatients 1s transfused tnito normal persons, most of the donor red celly have 2
aormal survival,¥? but when normal blood 1 transfused o 2 patient with
suimmmune hemolytic anemia, the survival of the transfired oells ¥ very
short and the donar cells o m an { fashion, ™
chat cell age 15 not the primary reason for death, but that an extracellular
‘actor 18 responsible  Furthermore, normal cells gven to such a panent
secome coated wilh antibody pner to ther destraction ¢ It impartant
‘0 note that when blood from 2 patient with autoramune hemolytic anemia
s gven te 2 normal mdividual, not only do these cells remain sensitized
Juning therr Ife 19 the normal errculation, but some of the normal recipient’s
xlls also becorne sensitized [t 1w clear, then, that sensttizatian ey se 1S ot
the complete stimulus for mereased hemolysis  However, 1t 1 hnown that
red cell antibody does produce devrease 1n tenwile wireagih oOf wncrease w
mechameal fragilsty of the red cell membrane " The accelerated hemolysss
of sensiuized red «ells that accurs tie uefro 1s due to progresave degensratine
changes in the cell membranes,H? #4450 that 1t w posaible that the primary
action of sensitizing antibodies n these patients s to inyure the membrane
M an as yet unknown fashion, thereby renderng the cell susceptible 1o
destruction by other mechanssms, normal or abnormal

A stnking finding 1 many cases of autasmmune hemolytic anema s
erythrophagocytasss, wluch may be seen in the penpherat blood, or i ussue
sections % The process has been studied by means of tnsue culture, wjuey
wmduced not on!y by speaifi, immane serum, but alo by trypsin will mduce

osts A fabnle serum Factor has been found to par.
mke w the pmce« Monkeys suffering from malama assocated with
increased hemolysis have been shown 10 have m ther arculation protess-
coated red cells, and these coated cells are observed ta be ynstantantousty
mgested by phagocytc cells of the tiver, while normal, wneoated cells are
not phagocyted ' Whether m »iro agpiutimation of ved cells, which can
be quite strdung m cases of this sort," % ay well as tn the expenimental am-
mal,"* actuaily represents 2 hemolytic mechanism remasns 10 be proved

Splensc meckanisms 1t has been suspected for many years that erythro~
cyte inpury mduced by antabody cannot be the entire hemolytic mechanism.
i autosmmune herolytic aneaia  Muir and McNee, almost fifty years ago,
clearly recogmuzed that the 24 rive destruction of sed cells by antierythrocyte
serom differed quatitatn ely and quanptatively from the w veire destruction
of the cells by the same serum ¥ This observatian has been confirmed more
recently, ! and 11 appears that, although the smaunt of blood destruction s
proporuonally greater in ereo than w wiiro, hemolysis by the wtact ammal s
more geadual that sn the tes¢ twbe  An imporiant feature of expenimentat
mmunohemolyt anemias 15 that blood destruction 1 dimtnsshed s splenec.
tamized ammals as compared 10 nermal ammals ' Hownever, the exact
tole of the spleen 1 difficult ta evaluate in the Iight of chnical experience and




604 Annals New York Academy of Sciences

conthicting expentmental data  However, there is no doubt, that in maa
spleen plays 2 major role in the rapid sequestration of antigen-coated red a1
a~ demonstrated by measurement of radioactivity over the spleen alter
mjection of Cri-Jabeled red cells 1** 13 When red cells are coated byt
agglutinating antiserum, the normal spleen rapidly traps almost all n{
admimistered cells, about one half of them being sequestered within 30 mi
Following their sequestration in the spleen, these sensitized cells ar{:ﬂhr

+  ANTIBODY
REC
ALTERED CELL
MEMOLYZED BY PHAGOCYTED BY
COMPLEMENT RES

{1} HEMOLYZED IN CIRCULATION
1LARGE AGGLUTINATES})
Or
12)"RAPIDLY AGED"

BY
INTRAVASCULAR SENSITIZATION
Fieere 6

the spleens of patients with autoimmune hemolytic anemia %8 It has

suggested that the spleen in autoimmune hemolytic anemia contains 2

stance that sensitizes red cells 7 Although these experiments are imptes

they do not explain the Cnsl(e preture, (1) since 1t 15 well known that pos
iy et H

A1 sanen fran o

responsibie elttiel 10l dLLudl destruction of red cells or their sensitizatio
e PSS
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former agent although occasonally strking, have been inconstant The
remarkable effects of ACTH and the corticosteroids in the great majonty of
cases of autoimmune hemoly tic anemia are probably due to a direct action of
these substances en antibody-producing cells The fact that splenectomy
15 almost uniformly a cure 1n hereditary spherocytosis, while 1ts removal 1n
autoimmune hemolytic anemia 1s often a fallure may be related to the
specialized architecture of the spleen and the effect of this structure on the
abnormally shaped ted cells of hereditary spherocytosis

Immunchemolytic anemias may thus be concerved of as the end result of
the attachment of immune globulin to the red cell surface (riGUrE 6) If
the antibody 1s of the complete or direct-reacting type, as in the A-B-O sys-
tem, then further reaction with complement results 1n hemolysis. 1% That
this 1s not a simple system has recently been demonstrated, and the recent
evidence indicates a reaction along these lines

E4+A—EA
Ca
EA+ Cyy— EACw

Me
EAC;i+ C:— LACua
EACi24+ Cy— E*
E* — ghost + hemoglobin

In this scheme, E represents the erythrocyte, A the antibody and Cy, Cz, Cs,
and C; the various components of complement

If the coating antibody 1s of the incomplete or indirect type, other complex
mechamsms are brought into play  Evidence for these mechanisms 1s some-
what aircumstantial, but the following changes are probably efiected the red
cell membrane becomes bnttle, intravascular agglutination may be pro-
nounced, thereby inducing further mechantcal stresses on the membrane, and
the protem-coated cells are rapidly phagocyted by both free and fived retrculo-
endothelial cells An unhnown factor may cause normal tisue lysins to
ncrease 1n activity  Furthermore, severe cnppling chemical changes
the membrane may be induced by attachment of antibody to the cefl
Actual lysis eventually takes place either within the circulation (intravascular
type) or within the cells of the dothelial system ular or
mtracellular type), as shown in TABLE 4

Tanix 4
TIvouenve

(1) Tught attachment to RISC surface coating

(2) Chemcal, enzymatic, physical changes due to
(2} Coatung
(b Tis degree

(3) Txtnnmc factors anhing hemolysts of coated RBC
Splenic and other intravascutar sequestration
Trauma of carculation
Trapping of spherocytes by spleen
Phagocy tosis
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To summarize and categorize what has been =aid above, one may duié
immunologie  mechanisms 1nto  heteros, i<o-, and autoimmune lype
Heterommunity 15 readily reproduced 1n the experimental apimal lat!
case of the red cell, various features very simifar to those seen in humt
immunchemaelyte : . -
{ragility, polychrom
population, can be '
Tsoimmunization 15 ween very commonly in the hemolytic transiusion 1
uons and in hemolytic disease of the newhborn.  Autoimmunization refss
a puzzhng phenomenon, panicularly since s yet it has not been cleat
demanstrated by experimental means. Although the antibodies l'han
found 1 autoimmune hemolytic anemia have aif the criteria of fmmu
bodies, the fack of a well-defined nntygen is cited in eriticism of the imman
Iomea) natuse of the process That the substance demonstrated on ¢
surface of the red cells and free in the serum i« a factor acting against nor®
red cefls cannot be dented, likewise, the fact that it acts only againt ¢
blood cells  Thys 15 certamnly an enlibody However, whether 3t thetelo
fulhils the full tnitena of an IMmunologist who must know the antigen Mﬁ
he certifies that an anusubstance 11 an antibody i+ another matter, whi
mevitably brings one mto the realm of semantics, We prefer 10 aall t
substance adherent to the red cell and gving a positive Coomby’ test &
often found free i the serum an antibody.

Although the antibody 1 not the only factor m hemolysss, it centa®
appears to be the prime factor It attaches itself fimly to or coats the st
face of the red cell  This 1s by no means a harmiess procedure, sinte itm
resuft in agglutination and 1 2 phywcal and chemical dysfunction of ¢
surface of the red cell  Physical modifications have been demonstrated !
electron murography #* Tichkofl has demonstrated a very interestt
modification of the &-aminolevulinic acid concentration following antib
sensitszation of the red cell surface 197

Morphologically, the red cell acted upon by immune body shows sphe
cytosts, physiopathologicaily, it has a shortened hie span, in part perhd
because W 15 a spherocyte, chemically, vanous enzymatic and metabo
constituents bave probably heen modified  The jmmune spherocyte Pit

cytes, reticular plasmocytes, and, perhaps, combmations of these OF
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removed !\u\mgen musmtd and the skylatung agents used in the attempe
1o destroy 11531€ DYE O Uy effective, but far more
constant effects arc obtamed by use of ACTH and the corticosteraids  1f
these ate given tn suficient, ucvally targe, amounts, the concentration of
antbody gencrally is reduced greatly At firsy, 1here i disappearance of
[zee antihody from the serum, lotow o by an actual reduction iz the surface
of the red cel  This actually has been measured,’® Figure 7 Eventually,
the Coombs’ test may became negative, although this 1s unusuaf, 1o most
eases, with continued use of sma¥f dowes of corticasterod, the antiglobubin
delerminalion remains positi ¢, afthough the mdrcztions of increased hemaly-
ws ate facking  This may rvepresent an tmmunolomenl fandmatk or may
indicate the presence of very smaill quanuties of antbody globukin on the

e araoe "
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Fioise]  Casel ‘dwopathic * aumtmmmune hemnty tic anemia pre dnisone therapy

surface of red cell, wnsutficzent to cause trouble, other factors may be required
for the hemolytic state torecur  Thisis often potennated by a viral tfection
or the injection of one of the numerous vactines noy used against viral wfei~
tons suck as peliomyelitis and Awan wnfluenza

Suanary

The emphasis i previgus years has cetcersd an factozs extrinsic to the
ted cell reaulting ulumately sn s desteuction The wear and eear of the
arcufation, erythrosiasis in the spleen, the phagocytic acunity of the renculo-
endotheliat system, vanous fyamns, not only those normaily ndigenous to
the arculanion but others ansing by abnormal mechamsms these were
emphasized  The red cell was a nownucleated, amorphows, and highly
peeuhar mass of cytoplasm that could be destroyed in a passine way  Wah
wmereasing hnowledge of the complex chenncal and enzymatic structure of
the red ce)t and 1> many metabols actties, emphasis has shifted to the
celt madiew and thus to & mare basic approach
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Why certain red cells are intnnsically defective and what happens fo 16l
cells when they are attacked by extrinsic mechanisms have become matta
of at least partial knowledge. 1t 1 now evident that enzyme systers athe
run down naturally or are attacked, chemical factors become depleted ¥
mothfied and, 1ome transfers are impaired; all of these factors fead to extl
red cell destruction.  Usually, the hypothenical recognition factor preex
i all red cells heeps it out of trouble, should it become altered, antibols
develop and these may attack their own cells, Thus, hemolytic phenowes
are in a dynamic state with many intrinsic phenomena in a state of prt
canious balance with a host of extrinsic factors  How the red celt fndt
comes to dissolution 15 not clear, that it stands up so welf most of the timet
indeed remarkable  Perhaps as our chemical and physicochemical Lnonledy
increases, 1t wiil be possible to produce modifications of the red cell ulte
structure and thus increase its e span.  This should be of considerable e
not only 1 hemolytic disease, but in various ather types of anemia jnwhet
a productive defect 1s present
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METHODS FOR THE STUDY OF HEMOLYTIC DISEASE

Willam H Croshy
Deportment of Hematology, Walter Rerd Army Institutc of Research, Walter Reed Army
Medical Center, W ashington, D

I propose to dscuss briefly some of the problems encountered i the study
{ hemolytic disease  The discussion will be imited to the methods my
ssociates and T use at present and the problems we encounter 1n our attempts
> interpret the data that these methods yeld

As a preliminary, I shall review the nature of the system with which we
e dealmg  The tissue principally concerned 1 the red cell mass In the
ormal state and 1n most hemolytic states the size of the red cell mass does
ot vary During hemolytic cnises 1t may grow smaller and, during periods
frecovery, it expands, otherwise, with small fluctuatons, 1t remains constant,
1s1iz¢ However, the substance of the red cell mass, the individual red cells,
changing continually, with new cells replacing the old, but the size of the
1ass remams constant because production and destruction of the cells are
alanced exactly It 1s a system of dynamic equilibrium, and on ether side
1s complemented by other systems 1n a similar state of equilibnum  The
1ass of erythroid tissue 1o the marrow, the mass of plasma iron that shuttles
‘om the phagocytes to the erythroblasts, the mass of bilirubin between the
hagocytes and the liver, all of these and others are m equilibrium with the
irculating red cell mass  Each of them 1» subject to 1ts awn system of con~
ol When the normal state 1s modified by the presence of hemolytic disease,
1€ systems of control react and the changes charactenstic of the hemolytic
yndrome may appear At the present time we study these changes at three
:vels of complexity  Furst is the concentration of the substance in question,
or example, we measure hematocnit when we are dealing with the airculating
ed cells The second order of methodalogical complexity involves measure-
ent of the size of the substance 1n question for example, the volume of
reulating red cells  The third order of complexity mvolves measurement
{ the turnover rate for example, the hife span of the arculating red cells
“here 15 a fourth order that we are only beginmng to probe the mechanisms
thereby these systems maintain themselves i dynamic equiibnum

Each of the systems, such as the plasma tron, the bihirubin, and the red
ell mass, can be expressed by 2 simple formula

M=1IT

M 1« mass, whether 1t be red cells, retictlocy tes, plasma blirubimn, or iron
"1y 1nput, the amount of the substance that enters the system per unit of
mme T 1 the average length of ime each particle of the substance remams
n the system

With 1 formula i mnd let us revien some of the false criteria for the
)re~ence of hemaly tic (lx\case ‘*The absence of anerma indicated that there
Lnermal hemolysis ”  Here the reference 15 to M, the red cel! mass

5
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the blood do differ from one another, some are ofd and some arc young  If
the old cetls took up more otope than the young, the normal pracess of red
celf destraction would produce 3 curve of cotope decay resembhing the cunve
attnbuted to Cr¥ elution

When the Iife span of red cells 15 studied by observing the ehmmaton of 5
tag, whether it be an otope or an antigen, st 1s not certaim whether the cells
are fost by hemolysts or by & h thus chronte ga ibleeding
may simufate o moderate hemofyt disease  The use of Cr® pravides a con-
vement safeguard aganst this error  Chromissm i not absorbed from the
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Twouag | bueyval of transfused normal red teBs as measured by the Ashhy methed
{REC) and the same cells tagred with radwactive cheomum ((64)  The ssotope decays
wore Tapadly than the cetls 1hat carr) 1t, tnss beheved 10 be dug Lo ctution of the chromium

infestine and any Cr' of tagged red cells lost 1n the intestine ends up i the
feces  The sursmval curve of the transiused red cells may be corrected by
subtracting the radioacireity of the feces

The loss of red catls by extrasasanon o other parts of the body 1 another
problem  These celfs disappeer nnd if they are mggcd the tag goes “nh
them  Should they be d fost or seqy 1 have
sttuations 1n the war-nounded shere the loss by extravaaation {or sequestra-
tion) ryvoh ed & consideradle smount of red celi, 35 much as 1500 m]  Ihave
concheded that red cells Jost mto muscles and tissue $paces are persmanerntly
Yast and eventually are hemolyzed  Thus any considerable extravasatson
not onty resembies hemaly tic dnease, but i alzo one form of hemolytic disease

The mechanem of kemalysts of extratasated yed cells 15 an wteresting
problem and, mewitably, 1t brngs up the question of ussue hemolysins The
following »tosy bears upon ks point

Several years ago ¥ was wiinens 10 3 conversation betw een two men who
were worhing on problems of hemeolysis  The first suid that in his labotatory
several yean of nork had been required 1o wolare a trvve kemolysin that
proved to be o long-chaw unssturated faty and  The second man put s
tongue i huy cheek and saud, * We, too, have just 1sotated a tissue hemolysin
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was not dimushed  This alone does not eliminate the possibility of hems
Iyuc disease By defimtion, hemolytic disease js a shortened Ufe span witha
(he circulation of the red cells. In other words, the T of the formula f
reduced. However, 3 may remajn normal Jf 1 Is increased to compensi't
far 7', that is, the bone martow produces more red cells  This hﬁl’l’eﬂs ‘;‘
most hemalytic states  When the average life span of the red cells s reducth,
there 15 a compensatory increase of red cell production to present au:mu‘
If the bone marrow 1» capable of a full response, a chronic hematytic W:::;
does not cause anemwa unless the requirement for new red cells excetd
seven tymes the normal R

Another sign of hemolytic disease is jaundice, but here, agaif l}’lt’,ﬂd’
room for misinterpretation of the data, **The absence of b]hrubme.m'w I
cated that the anemia was not due to hemolysis It is true thatan mcm;l
rate of ted celf destruction is associated with an increased rate of bitinb?
production, however, it aes not follow necessarily that the roncemr:\\h(f
of plasma biliubin need be elevated.  With reference again to the formt
M = IT, input (or bilirubin production) may be increased, but it will ¢
cause an mncrease of Jf (plasma bilirubin} if T (the time that bilwubin remat
mn the plasma) 1s deminished correspondingly. One must be espsc |;
careful in drawing conclusions from experiments in animals whith 1
normal plasma bilirubin 15 nearly zero, .

Reticulocytosts 15 another sign of hemolytic disease, but the absen®
reticulocytes does not imply necessarily an absénce of hemalytic diseas
Even at high rates of production, only a few red cells appear as reticulocyt
when the bone marrow 1s suffering from a lack of iron or vitamin Bn
well-compensated hemolytic disease, when the bone marrow has neies!
its output suflicently to prevent anemia, red cell production may b"f""’
to be five times the normal rate, but the reticulocyte count is “withia ¥
normal range, or shightly increased,

These ples of anemia, bilirub fa, and reticulocytosis demonstnd
some of the signs that cannot be relied upon to reveal 2 hemolytic proc®
only mederate intensity. In each instance they involve a measurement
concentration, but hittle more w ould be gained by measuring the tota} yolug
To detect the mild or moderate hemolytic process, a measurement of turno!
rate is often need

1t is possible to study the turnover rate of red cells themselves or of su
constituents as tron and porphyrin, The data, evep from such elege
experiments, must be regarded with suspicion and interpreted with €
For example, consider the measurement of red cell Iife span by means
auologous cells tagged with Cr¥%, Tt 1s known that the isotope 1s lost ¢
rapidly than ate the cells that carry it (FIGURT 1) When this phenomen
was frst demonstrated, 1t was ascribed to elution. The red cells W
beneved 1o shed a feele of thgu chromium each day. Homever, if there !

axfferent kinds of red cells in the blood and <ome of them accepted m
chrornium tran athers during the xging procedure and if the tranofi
et withs much Cr» were eZ;xlr:):ie 4] z;t‘e,l'thcnf(he curve of 1sotope d]u
would yasemble the one attril ution of the 1sotope  The cells
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> the blood do differ from ooe another, some ace old and some are young  If
£ the oid cells took up more isotape than the young, the normal procew of red
1 cell destruction would produce a curve of watope decay resembhing the curve
s attnbuted to Cr*t elution
- When the Iie span of red cells s studied by observing the elunnation of 2
. 1ag, whether it be an motope vr 20 aptigen, it 1s hot certan whether the celly
» are fost by hemolysisachy B thus chronic { bleedmng
- may yymulate a moderste hemolytic dwease  The use of Cr provides a con-
senjent safeguard aginst ths eyror Chyomuwsen s nat abeorbed from the
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F1BURF 1 Survival of veansfused pormal ved relts as measured by the Ashhy method
. {RBC) and Abe syme colls tageed with radioactine chrompum (Cr™)  The wotope decays
wose faputy thag the cells that carry st, the)s behes ed 20 be due to elution of the chromum

intestine and any Cr* of tagged zed celts Jost s the intesting ends up i the

feces  The survival curve of 1be trancfused red cefls may be cosrected by
. subtracting the radtoactivity of the teces
The loss of red cells by extravasation nto ather parts of the body 1s another
problemt  These cells dwappear and, ¥ they are tagred, the tag goes vaith
" them  Should they be tonudered lost or d? Ihawe d
Situaseons 1 the war-wounded where the fosws by extrasasatian (ot sequestra-
tion) tnvatved 2 considerable amount of red cells, 2> much 2s 1500 ml  Yhave
concluded that red cefls lost ste muscles and trseue spaces are permanently
fost 2ad eventually are hemolyoed  Thus any consuderable extravasation
ot only revemites hemoty Lic dmease, but 13 abo one farm of hemolytie disease

The mechanm of hemolyss of exirasasaded sed cells s an mnterssting
problem and, mevitably, ¢ brings wp the guesiion of tsue bemolysws  The
follonng story bears upon tha pont

Several years ago 1 was witness {0 2 romversation betseen two men whe
were warking of problems of hemolysts  The first s;ad 1hat 1 ks Yeboratory
several years of work had been required to isolate A tissue hemolysin that
peoved ta be a fong-tham unsaturated fatty smd  The second man put s
tongue 1n tus cheek and said, “ We, 100, have fust 1solated & tssue hemalysin,
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We minced the tissue and put 1t into a distiling apparatus.  When wehealed
Lestte (o 100° C o very powerful hemolysin came through the condemer”
Oh,” ~aid the first man, *but that nas nothing but drtilted water " “Tre
enough, and your fatty acid s nothing but soap. Why not tahe your <y
and my water and wash our hands of tivue hemolysins?”

This wa not empty sarcsm  Watee, as it exists in trsues, i~ not dinlled
water and 1t 1 not hemolytic  Fatty nads, as they exst In tissues, are ol
soaps and they are not hemolyte  The best evidence bearing on the fitt
of red cells I tissues 1~ the direct microscopc observation of exravasated
celly mowa Lo L Clark has repeatedly obeerved that red celly ot in the
extravasculdr tissue spaces are nat [ysed, but may remain intact lor daysot
weeks  The “hemolytic factor™ that finally destroys them s the wandennt
phagocyte, the so-called tissue macrophage or bload monocyte

1t 1 gratfying o note that the investigators of hemalytic disease 37
beginmag to pay more attention to the sole of phagocytes I the past ¢
have hed too mitch m the test tube, seeking hemolysins and agelutin®™
to explam the pathogenesis of red cell destruction  In some diseases thet
are impartant, and where they are tmportant we find the direct evidenceth
therr acuvity an elevated plasma hiemoglobin  The derect destruchion of
cells by antibody activity s an wtravascular event, and hemoglobun of the
cell is spilled 1nto the plasma In most forms of hemalytic disease much
not all, hemolysis occurs otherwne  The plasma hemoglobin 1s not remarhd
Dy high because the abnormal hemolysis 1» accomplished by the phagoeyt®
When radiwoactive ted cells are wvalved, the radoactivity accumulate> m
the phagocytic organs, the spleen, and hiver  Such hemalytic mechanhi
are not casily susceptible Lo study in the test tube, The readily availablt
phagocytes, the polys and monouytes of the blood, are not impllcalcd,“

ot

n
greatly refined by the usc of isotopes 1t 15 powsible to study the rae®
‘which the constituents are transported (and presumably utiized), and 8
also possible to study the rate at which the constituents are tcorporated int
the red cell mass.

- - 1. hay
«
3
s
porate the glyane Inlo the porphiynn rings of the bin moiccuies.

Single targe dose of N3* gycine 1s guven — Thereafter, for about a weeh, I
concentratton of Ni® in the porphyrin of the red cell masws tncreases as B¢
gorl cells are delivered fgum lh{: bone marrow  When all the glycine has bet
wtihzed the concentration of isotope n the ferd cells coanes 10 grow and,

the normal state, it begins to decline after about 80 or 90 days. Geadust
it diappears and 2 m:nhr:m‘ﬂucal treatment of the data demonstrates th
the hfe span of the red cefle 15 about I‘Z‘Mﬂ)\ This agrees well with inform
vion vbtained by the Ashby method.  Suppase the same dave of N1# glych
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15 given to a patient with heredstary hemolytic disease  The rate of meor-
poration is more rapid  The maximum fevel achieved by the cweulating
red cells 1» greater and the dechne ocowrs rapidly  Mathematical treatment
of these data indicates a Jife span of the red cells to be about 40 days, a figure
that is 3 tumes greater than that obtuned by the Ashby method. Why the
discrepancy?  The tume requiced for incorporation of the notope 13 mpor-
tant, During the week when the concentration of 1otope achieves i mau-
mum level mn the red cells, many red cells are formed and destroyed  The
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Fietrr 2 facorposation of ghane N into the heme of arcultting ved cells  The
tormal curve indicates a 120-day cyele  The curve sa herediany bemob lic avesua wndi-
catty 90 day cycle  Actually, the veid celfs i thus discase bave as sverage hie span of
35 This wotope mcorporation merhod does nol give an acturate measuce of red celd
ke span i serere hemoly tic disease bucanse 11 cannor account for the short hverd cells that
arecrested and destroy ed during the first 10 das s w tule the ssotops contentratioa 1s butlding

up wn the tirculatmg red celis

average hfe span of thewe red cells is only 14 days, many of them hive much
fews than that  The mathemaucal teeatment of smotope Lontentration does
not tahe into accowns those red cells that appeared and were destroyed
duning the build up of 1sotope concentratian,

The turnover rate of plasma uon has been related to the rate of hemoglobsn
syathesis  The assumption 5s made that most of the plasma won i m

LY BIVIBE A1) IETAY ENOUS IRACET UOSE (L EE * 0 J0HOWING Ms QINIppearance
Ly sersal samphng ~ When the concentrattan of iron has been measured and
the plasma yolume i~ hnown, the turnover rate can be expressed w terms of
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We munced the tssue and put it o a detilling apparatus. When weheat
tre 10 100° C. a sery powerful hemolysin came through the condent
“Oh, * waid the first man, “but that was nothing bot distifled water ” “Tr
enough, and your fatty acd 1+ nothing but soap.  Why not take your s
and my water and nash our hands of tissue hemoly ins?”

This was not empty sarcasm.  Water, as it exists in tissves, 5> not il
water and 1t 15 not hemolytic  Fatty aculs, as they ext in tiwues, are!
oaps and they are not hemolyue  The best evidence bearing on the f
of red cells in tissues i~ the direct microscopic obsersation of ulm\mffd
ells tmviro L Clark has repeatedly observed that red cefls fost in
extravascular tissue »paces are not lysed, but may remain intact for day
weehs  The *“hemolytic factor” that finally destroys them is the wandet
phagocyte, the so-called tissue macrophage or blood monocyte.

It 1 gratdfying to note that the evestigators of hemoly tic disease
beginning to pay maore attention to the role of phagocytes. In the {'b‘j
have hived too much in the test tube, seching hemaly~ins and :l{:&:’""v
1o explan the pathogenews of ted cell destruction  In some dienes §
are important, and where they are important we find the direct evident
their activity * an elevated f* * T e &
cells by antibody activity
cell is spilledd into the plasr
nat "’ ' -- il -~ . Paest enreem
bly
Whe )
the phagocyt organs, the spleen, and hver  Such hemolytic mechan
are not casily susceptible to stuly 1o the test tube, The readdy aval
phagecytes, the polys and monocytes of the blood, are not implicated
culprit 15 the fived phagocyte that lines the sinusaids of the spleen and !
1ts abnormal appetite mn hemolytic diseases is hittle understood.

The study of turnover rates of red cells and their constituents has
greatly refined by the use of 1sotopes 1t is poswible to study the 13
which the constituents are transported (and presumably utilized), and
also possible to study the rate at which the constituents are incosporatet
the red cell mass

While isotope ncorporation methods are of value, sometimes they
peculiar limitations when apphied to the study of hemolytic discase
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;“\‘:N;;mal state, 1t begins to dechne alter about 80 or 90 days, Grad
3¢ Qisappears and a matheTat{,ml treatment of the data demonstrates
the befe span of the red cells is al o:t l120 days, This agrees well with infc
tuon obtamed by the Ashby method  Suppose the same dove of N5 gf
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been found between the turover of won and the tutnaver of arculating
hemoglobin

My Qiscussion has concerned self wath the systems related to the red cell
mass and hemolytie drsease and with methods and measuzements made at
three levels of completity conceniration, volame, and rate I have stressed
the of recog; the} of our methads when attempting
to totespret results  The mechamuams of the fourth feel, which involve the
mechanssms whereby these §ynamnc systems are maatamed i equibbrum,
ase almost completely unknown  Even the mechanism whereby the red cell
mass 15 held af a constant level 15 not knemn Guven a population of sed
celly with normal hifespan, the wize of the red cell mass tust be controtled
by adjusting the rate of production  In physwological systems the dynamic
steady states, such as body temperature, water balance, ar red cell mass,
depend upon feedback meehamsme  Mechameaf models of these mechanssms
are commonplace when the room temperature falls, this mformation 1s fed
back to the furnace through o thermosiat and the heat contmues unti} the
room 1s at ¢he propes temperature agun  When the size of the red cefl mass
shrnks, this wfermation 15 {ed batk to the bone marron aad red cells are
released unest the mass ts normal and the bone marron 15 “turned of ¥ All
feedbacl. systems depend upon the oscillagion of some factor that ts capable
of producing a stmulation  In the system that mamtans the size of the
zed cell mass, 1w not hnown what factor oxtillates to cause the stmutation
the red celt volume itself, oxygen tension of the blood, oxygen teasion of the
uissnes, hemoglobin concenteation of the blood, total blood volume, or the
contentratsan of some end product of red cell destruction  The amphitude of
ascllation may be so small that 1t cannot be measured by methods now
avarfable

1t 15 evident that many factors are capable of moditying the erythropotenc
activity of the baue marrow  As the study of this compler asea mcreases,
ol be well to Seep in mind the cancept of fundaniental contseh of erytra-
poiesis and to distinguch this from other phenomena that reflect only a
modification of the fundemental system  Several examples are

{1) A patent develops a cramopharyngiema that destray o his pitwisary
Fhis red cell mass duandies from a normal valve of 30 ml (kg to 20 m} ,and
there @ remuns  The hfe span of his red cells 15 unaltered, hus masgon 13
producing one third Jess hemoglobin, but a dynamic steady state s retatned,
functiomng at a lower level

(2} A pauient 1 good health and having hesedutary spherocytoss s found
to bave a red cell mass of 30 i kg and o hematocnt of 48 per cent, the
average dife span of bus rod cetls 1s 13 days  Therefore, s marrow 1s produc-
ing € tumes the normal guanuty of red cells  The dynamic steady staie 15
mamiaied by a very foph rate of marron activity, but the stamub of anemia,
and anemic hypovia are faching

(3) A muner ning in the Andes at 4000 meters has a red celt mass of
45wl /g and hi red cefl have a normal bfe span Althoaugh his tissues
contintie in 4 state of modesate ypowia, b matrow » producing only 15
tames the pormat eutput, presumably, 1t s capable of 8 times the normal
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milhigrams of 1on per day. The hemoglobin malecule contains 4 atoms o
© - e wa omasthied ner cent of its bulk.  Thus, 1 mg of ires!
farmulas 1t 1s por

' ure would be acet

rate of all of the plasma 1ron went 1nto hemogiouil &hy 1 there were A0 atht
source of ron  In the normal state there 15 good correlation between the
figures for hemoglobin synthesis and those derived by other methods Hov
ever, 1n some vanieties of hemolytic diease there 15 a wide discrepanc
There 1s a possibility that 1ron may be bootlegged in the bone mare
Phagocytic cells may destroy erythrocytes and surrender the iron direct
to adjacent erythroblasts without passing through the plasma channe

This 1 nassible, but the discrepancies lie 1n the other direction: too much it
. . -='Ua sa aceal

globin that 1s formed  For example, 1l hemoglobin or ety tulvuies..

ing hemoglobin were destroyed 1n the bone marrow, the “aborted” pigme
would not be measured by methods dealing only with the blood T
probably takes place to a smali extent even in the normal situation, becst
the normal marrow may produce a few imperfect cells However, whie
15 true in hemolytic disease that cells may be destroyed in the marmo
there 1s another and obvious cause for the disproportionate rate of won tW
over This is the siderocyte,

The siderocyte 15 a red cell that contains one or more granules of hen
siderin 1ron  This represents iron taken into the erythroblast but n¢
used for hemoglobm  In the normal state, only a few siderocyles afe dd
ered from the marrow to the blood  In some varieties of hemolytic ane®
two thirds of the red celly may contain iron granules The sider
receves very particular attention from the spleen. Somehow the spleef

o Tt N e osavaped cells that €

e marrow throt
rocyte moves il
precise parailel Wity Lue uciiig o e 1s «d into the eryth
cyte, 1t moves with the erythrocyte into the arculating blood, at the ext
1ts hife span 1t 1s removed from the circulation by the RES, and 1t 1s retur!
1o the bone marrow by way of the plasma iron channel. It differs ft
hemaclahin 1ron onfy 10 that its hfe snan 1s much sharter. where the sp!




THE NATURE OF ERYTHROPOXETIN

W A Rambach, J A D Cooper, 1 L Alt
Depastments of Srgiesne and Buashermsirs, Northuestern Unisersity Medical School,
"ot Passasant emorsal Hosprtal, Chudgd. "

Fotlowing the ongmal imestigations of Rorvook? and Gordon,? numerdus
mestsgators have confirmed the fact that andified, boled plasma fltrates
from anere apimals and from man whes stnchen with certain anemias, A€
copable of smulatiag ey thropotesis  From our awn studies we feel that
1he actvaty of these filtrates i due to 2 sngle humorat agent thatis necessary
for normal red cell production We hare Zccordingly sought to wdentsfy this
single humoral agent

Qur previously published s estigations”™ reveated the protem nature of
the erythropoielic agent, €1y thropotetin, and demonstrated that 5t had the
physworhemscal properiies of an anid glycoprotein We have subsequently
devagned frachionation procedures, wnbizing celfutose a-exchange columns,
and hav e isolated 2 aadic glycoprotein that, when mjected RIS the expen~
menta} amraal, duees & phyqomgmzl erythroporesis ©

n tashing for actvity, we have avouded the usé of hypophyscctomized,
starved, or otherwise wpecially (reated ammals for two reasons First, wehave
felt that such preparations have an altered erythropoiests that may ot may
not respond W normal fashion taan erythrapoietic agent  Second, any agent
1hat 15 the ph):\olcg\ca\ governar of erythyoporesis should be capable of
productag & measurable erythropoieic response 11 2 nareast animat

The stazung matersal vas crythmpmcucn\ly active, acchfied, bosted
plasma filtrate (APF} prepared from ‘phenylhydramne-anemc rabbits by
{he methed of Gordon ?  Following dualy-1s and yophilization, the APY
was fractionated on 2 drethylammoethyl {DEAL} celiulose ron-gxchange
colum, as summanaed grouxe 1 Fracton ook as designated i FIGURE
t, hfied APF staztmng matenal, and control puffer solutions were
m)eatdm\oratsfornsﬂyofm, poretic acin ity ‘The resufts of theasay
are presented 1o TABLY 1

Erythropoenic activity Was confined atmost enurely to Fracuon D The
mumpmal sesponse nduced by Fraetton € 1 attributed to contanunation by 3
small amount of the actne fraction  From the chatacter of the efffuent
dugram 1t appears that the materab w Fraction D13 homogeneous  On
paper electrophoresss n Veronal puffer (pH, 8 6, some strength, 0079
migrates as single component with & mobihiy between that of alpha-2 and
alpha-1 globuln 1t stany 45 3 plycopreteit and does mot stan for fat
Judgng from ats Behaviot o the DEAE-ecinfose cotumn, it has a low 1o
electrc potat, prebminary ‘work suggests that 1t v probably less than 39
That 1t s of smail melerular size 1 (mcicated by the fadure to sedimen
actnely when AP W centrifuged at 103,000 ¢ for 24 houns s protes
content determuined bY the method of Warturg and Christian” & 623 pe
et Jts neuramumc {abe) aod content as determunedt by Winzter

623
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In cach of these cases the f 1 control of erythropoiesis has betn
modified, but without revealing what that mechanism may be  Appatenth
1t is not a pituitary hormone and it Is independent of anemia or hypota
When one uses experimental methods that eyoke such modifications of tht
rate of erythropaesis, one should be careful when interpreting the result
in terms of fund. 1 control of erythropoiesi:
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that reported for other serum glycaproteins,® and 1 probably responsihle for
s fow isoelectrss pomnt. Fraction { contains 9 per cent neyramaic aqd,
swhile Fractions 4 and B each contam & per cent

Caleulauons based on the amaunt of the starting matental and the yield of
Fraction D sndicate that the active fraction stimulates erythropmens when
inected i Sz quantitie,  Preluminary dose response data suggest that

TabLg §
LryTREOPOIETIC ACTnITY of PooLEp (oruy FRACTIONS®

Frachon | Retuculocykestt | Fe# mncorporatiantt
g {percentages) {1n RBC (pexcentages)

S 33668
B 2%9%45(3)
< WOLLIO@
L Hex23(4)

ATF BTx60@

Naftacerate 2t £ 2064

controf

* Groups of white female, Sprague Dawier sats (average werght, 220 gm ) were myected
seheutancusly daty for ¢ days with 03 mg (by peotein content) of respective fractions
On day 4 the armals were gected TV with Tet® and the percentage of the injected dose
appeaning m the total red cell mass an 24 hours was determined  Rencufocyte counts
were done on tail biood using the @y cresyl blue method

1Mean 25D

3 Vigures in parentheses mdicate the number of ansmals i 2 group  Waderlned values
ace stetustcally sigmbcant (p value ss B 01 of less)

the imjecuion of 10 ug per day of erythropotetin will iaduce an erythroposetic
tesponse

This charactenization of erythroporetin des rrespond to the findmgs
of Linman and Bethell'® of -~ 1o the concept of Lin.

ty wn exther the ether
Thu~ ve have been
uiiept of tno erythropoietic
w igvlle, the other relatively heat-stable
. ne teel that there ss but a single erythropozetin, and that
2 glycoprotein that behaves m the ammal as a g
regulator of ery thropuews

gical
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modification of the method of Ayala et al *1515 6 per cent.  Its hevose @
tent by the anthrone reaction 15 7.7 per cent as glucose equivalent, and
glucosaune content by a mmhf[ilcnn‘?n of the methad of Elson and Morg?
15 10 per cent - etudiac £ 8 - T e
suggest that

aminic acid .\




Part 1M Hemopoetin

ERYTHROPOIETIC FACTOR IN THE CONTROL Or RUD
CLLL PRODUCTION®

Alian § Brsley
Tharndike Momorial Lahorators and Second and Feurth (Horeard) Sfedical Servnes,
Bosten Crly Hoepudl, and the Deparivtent of Medwerne, Hereard Medical Sepood,
aston, 2ass

Oxygen transler from the atmosphenc awr to the cytochrome system 10
the cells 13 zccomphished by the mtegrated action of 2 pumber of orgen sys-
tems  Any impasrment 10 the supply of ovygen to the cells i assoctated
with compensatory changes m the funcuons of these systems i the pulmo-
nary vital eapacity, 10 the cardiac output, i the production of red blood
cells, 20d 1n the disinbution of blood among the tsssues

Undoubtedly the degree of tssue oxygenation must be nfluential w the
mobilization of (hewe (ompensatory Mmechansms  Since the prinapat fanc-
tion of red blood cetls 1 to synthewwze, carry, and protect oxygen-carrying
hemoglobn, 1t appears Moot probable that the degree of tisnue oxygenation
ot only wmfuences but actually controh red cell production

AR chmeal and expenimental ob-ervations on red cell production are cota-
patible itk this basic hypothests  They hate shown that, although the
sutntional and hormona} environment condhtions the rare of red cel} prodac-
ton and hemoglobin synthess, an anouc stimulus 15 necessary s order to
batance red cell productzon with the body's nead for oxygen

Mobslizution of the lnevie Stimudys

e ry change m er p functson induced by an anosic
stunuius does not fachtate oxygen transfer until days or neeks after 1§ »
mtiated  Consequently, the finst hime of defense against changes i the
tissue axyges supply 15 composed of the pulmonary and cardrovascular 5y
tems  Thewe defences are m fact so effecta e that, af propesly mbilized, they
could restare tisue otygen supply 1o normat and ehminate the anowuc stmu-
lus that othern e would have calied the bone marrow 1to acuon  Such 2
complete cormpensation probably 1akes place 1 didution anemsa,’ as sug-
gested by the follaw ing experument

Large amounts of 6 per cent dextran were admannstered tntrasenousty 1o
normal rabbats over a d-day perod, resuiting m (1) 3 difution anemvia with
2 decrease i the pyy gen-carzyng capacty of bloed and (2) a hypervolerma
inductng an snerease i the ardiac output  Diotnr § chans the mean
seticulocy te and bone marrow response tn 4 rabbits with ddution anema
and wn § rabbits sn whith 3 wmparable anemia w25 wmduced by bleeding
“The lack of an erythropoietic response m dduten anemia sugpests that the

* The work rporied i this paper was supportet in fart by a research grand from the
Mational Snsttutes af Health Pubhe Ueahth Service, Bethesda, Md
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out pormal activities, despite anemz, without any mcrease it casdiac output
Concomitantly, there 15 a strong anowe stmulus of 1ed cell production
1t would seem likely that this stimulus does not onginate n the protected
tesues, but must come from an area not benefited by the redistnibutson
of blood

‘The location of that azea 1s not known It could be the skin or the hidneys,
which are hnown to be donor areas 1n the redistnbution of bloed duning
anepmas or 5t cowdd be the bone marrow stself

Usually, for the sake of smphaity, the bone marton has been assumed to
respond 1o anova directly with an mcresse in red cell production  This
theory 1s hard to prove or disprove, but direct measusements of the otygen
tensson n the bone marrow dunng anemtas have shown the teasion to be
normal rather than decreased ¥ Recently a factor capable of stimulating
ved cell production has been demenstrated in serum from ammals wath
anemuc of anovic anosia  The existence of such an erythroporetic factor or
erythropazetine tndicates that the phy: :w!agzml control of ved celf ;vraducuon
intolves at least three elements the ery factor, an
organ that regulates the production or refease of this factor, and the erythroid
uissue s the bone marsow

The Erythroposetic Faclor

The exstence of an ery throperetic factor has been suspected for more than
fifty years, actually, however, 1t was nat demonstrated unl a few years ago
The reason for this delay seems 10 be that serum even from anemic ammals
centains very smalt amounts of erythropoietic factor that are hard to measure
with ordinary bio-assay techniques  Oualy whenmassive quanuities of serum
were bio-assayed was it possible to di ery
activity of serum from animaly exposed to anemuc or anowic anovia As an
example, FICURE 2 compares the reticulacyte response of normal rabbits
nfysed with a total of 200 mi of serum Irom normal rabbats and from
anemic rabluts

Further progress has been slow, probably because the erythroposetic factor
has had to be measured by Wo-a<szy, and no exact method easts to evaliare
smal} changes m red cel] production ¢

Although theoretically an excelfent measure ~¢ = n
the reticulocyte count 1 influene~? y
release of retiritas - T
ate ,

' . i 1achio-

. @ tabbits this test
weserated red cell production since
waporate up 1o 50 per cent of the won into red cells

these three methods for measuring red celt production have been used 1
sabbits bled 20 mt kg and the results are tabulated i PlouRE 3 M) three
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anoxic stimulus necessary for the fndyction of an accelerated red cefl prods
tion can be abolished completely by an inerease in catduc oulpet. T
stumulus fs obviously not abolished in ordinary bleeding anemia, and tf

Or~m—Q WEAN OF 4 RABBITS BLED 20 ML/KO UM DAY O«
(CORRECTED ALVICULOCYTES ¥.)

X MEAN Of 4 RABBITS GIVEN 6% DEXTRAN RO NLIG,
ty, g, FOR 4 QAYS
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zrsuch 2 tts heat stabahity has nnt been sobved to everyone’s satssfachion.
= Sume report that the factor 15 heat-siable, whife other< report that a con.
aderable amoant of its activity 1s Jost after bothng.  Uuhzing normal rab-
‘wbm as recipients and the reticulocyte count as « measure of erythropmetic
.31e-ponse, the activity of serum from anemic Tabbats was found to be redaced
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Tivse 3 Nurmat rabbits wece bled 20 i kg with smmediate replacement of the
Tost blood volumae by 6 per cent devtran L hanges m biond production were assessed by
Means af reticuloes te count, plasma won twrnover sad cedt cell utiizanon and the aean
values are recordort

below a Jevel detectable with thrs techaique after heating to 160° € for
15 10 20 oun {prcuxr 4) Obsiowsly, further studses and, most of all, a
Letter bio-assay wechmique arc nerded i order to identfy and tsalate the
erythropotetic factor

tetson of Drthropoictic Factor on the Bone Marrew

The anouc stmubus which, according te aur woshing hypathesis, is medj-
ated by mesns of an ery throporetic factor, 1s capable of reactivating 3 ellow
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will gnve a rough esimation of the rate of red cell production and canbewel
in the bio-assay for erythropoietic factor, but better method~are needed badly

In order to improve the bio-assay technique, recipient animah wih gl
ery 3 actvity and, o q Iy, a fow twenty-four-hour ntilizates -
of 1ron have beea used.  To accomplish thus, recipicat animals have b

prew TUTH

soMt
3

7 TET e

0§ — ANEMIC SERUM = MEAN 3I5D OF 23 NORMAL
RECIPIENTS

HEMQGLOBIN OM %

=--NORMAL SERUM 2 MEAN £1SD OF 25 NORMAL
RECIPIENTS

LR

RETICULOCYTE %
N oawoe N e W

Ficowe 2 The broken Jnes chart the mean hemoglobin concentration and tbe 94
reticulocyte covnts %1 standard deviation of 25 normal rabhits receing mirasends’
50 ml a day for 4 dass of serum from norwnal rabluts  The sohd lines chart the ™%

fob and the mean yte counts 1 standard deviatod
25 nosmal rabbits recerung intravenously S0 ml & day for 4 days of serum obtamned 1%
7abbits with blood-uss anema

hypophysectomlzed, starved, irradiated, or hypestransfused Hypert@®
fustan 1s the soundest method since 1t will suppress the endogenously Pwd"‘.
erythropoietic factor making the bone marrow more sensitive fo the
as<ayed material - On the other hand, n hypophysectomized, starved; 3"
jrradiated antmals the metabolism and reactvity of erythroid tissue havt
been altered, making 1t more difficult to evaluate changes mduced by e
bio-assay of orgamc materals, .

“These theatetical and technical problems have itesfered with the B
chemcal identification of the erythropoietic factor Even g simple proble”
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endered anemic for a penod of 20 hours  Following this period 1 group was
etransfused sn prder to termmnate the anemic anoua, I group was kept
memse, and 1 group was exposed to 68 per cent oxygen  FIGURE 6 shaes
hat the mean renculotyte count nas the same in the § groups an day 2, and
wly shightly different onday 3 This would mean that the accelerated pro-
tuction of new red cells mmuiated duning the 20-hour period of anemac anoxia

MEAN RETICULOCYTE AESPONSE £ 13D
TQ 23 HOURS ANEMIC ANOXIA

)

e
1

x I3

E = oo

g‘; ©

3

& -

4

RETICULOCYTES
%y CORRECTED
R R L]

vars ~ ©orzdagse

FioLge & Mean hemaglaber = * som and mean reticulocy e counts £1 standard
Jewiation of fn-- s - - ¥ onda) Bwith destran replacemenr ety
. - " oo. wirenfused  The zetieutocy te counts on day |

v hate tor almost 48 hoars wathout being wfluenced mate-
» by an anouc, normad, or hyperavic entiranment
These oberianons and consideratons strougly suggest (1) thas the divi-
sson and maturation of the nucleated red cefls are processes ot condstioned
3¢ controlled by the anour stimubus, and consequently (2) that the anovic
stimslus operates solely by differeatiating mutupotental stem gelly nto
prensrmoblasts
Examinatn ot bone marren duning peniods of increased and decreaved
sed celt production support these canclusons  Steele” fownd a fited ratio
bein zen pronormobiasts and noemoblasts of rabbits before and during chrome
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bone martow  Consequently, 1t appears that the anoxic stimulus can chazz
multipotential stem cells into nucleated red blood cells  In addition foth
effect, 1t has been assumed that the anovic stimulus accelerates the dnviic
and maturation of nucleated red cells.

1n order to determine the validity of this assumption, normal rabbitswe
bied 20 mi kg, hept anemic for 20 hours, and retransfused with the e
viously reraved blood Frauer S shows the mean reticulocyte reps

EXTAACY M _% HE

soML

o BOILED EXTRAGT . 80M. ANEMIC SERUN ~s
S0M. EXTRACT
Hj ANEMIC SERUM, MEANZ ISR

N
9
s
®
w7
w
S
8
3s
2
w4
5
3
2
)
DAYS - e r 2 3 a 5 6

Froure 4 Sh.}dcd area represents mean reticulocyte counts +1 standard deva
of 25 normal rahbits recenving S0 ml a day far 4 days of serum obtatned from anemit
bits Lines with sohid curcles chart individual reticulocyte counts of 8 normal 1
recewving 50 ml a day for 4 days of boued serum estract ohtaed from anemic 14
Tighty ml of seram ylded 50 mb of extract after acidification, boiling for 20 @8
centnfugation

induced by the 20-hour period of anemc anoxia The reticulacyte €
remained essentially unchanged for the first 24 hours, aftec which 1t
rapidly, reachung 2 maximum on days 3 and 4 The rise in the numb®
reticulocytes reflects mncreased mitone actvity of the nucleated red ©
both during and following the 20-hour period of anemic anoxia  To ¥
extent the increased mitotic activity initiated in the period of anenuc 3n9™
15 mfluenced sub%eﬂ“m.‘ly by the presence or absence of a sustained anot"
stumulus was examined in the following study, Three groups of rabbits 1
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® This hypathesis rules out the endocring o5guns as the source of the er; thro-
= poittic factor »ince red celt producion continues, alipough at a reduced rate,
~after the complete removal of these organs®  The spleen, ikewne, is not 2
. necessity for zed cell prodi The retcul <ystem, the lives,
{and the central nervous system have not been studied closely enough ta
tanne at any definite conclusson By to their erythropoetac sigmficance.
F However, wt has been shawn that blockade of the phagacytic properties of

) St NEPSRECTOMIZED ANO ANEMIC RABSITS
S HEAN OF T RABRITS EXPUSED TO 639 OXVGEN
€
L3 s
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oh 4
325
Sa
:v: s
Sa
LE 2
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i
pavs - o+ z 3 4 3 B 7 ¥
ook 7 tane hnes chast mdividual reticulocyte coume =€+ N
#rablats Heavs hee charts the mean - . o

* 68 per cent oxveen -

- pussitalaty
tuar ystem misght play a role

. yrouuchion
Loy, Jacobeon and bis co-norhers!! have wuggesied than the kidney o
control red (&l production by teteasug ery thropateting in tesponse 10 anoxa
Thes attracive hypothests nas based on the findings that nephrectomzed
raty challenged sith «obalt or anemu anoxta failed ta respand normally with
an snereave n ery wheseas 4 d amumats responded 1o
1he same way a~ normal ammak.  Fucthermare, the hypothess was sup-
ported by the well-hrown olrersations that renal dicave usually 1< acn.
ciated with an aregeneratine anema and that Lidaey tumor, occasionally
afe assoated wnh polyythema  Unforiunately, simular studies on
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bieeding anemna  Huff and his co-worhers! found a simsfar fised g
people before and after acchimatization to high altitudes Fushermor:
studies uthaing colchicine® have indi d that when j blasts f8¢

o MEAN DF 10 HABMTS AMEMIC 2O ROURS
O==-0  MEAN OF 10 RARBITS AMEMIC § DAYS

Hemef MEAN OF § RARDITS, ANEMIC 20 ROURS,
FOLLOWED BY €87%, Op

Anemly
)

=== N

NEMOGLOBIN
[LL8
3

0
v
2 2
£ 7
g, &
ERE
8 H
£ .
&
® 3
:
: ‘
cars - e

t2aan8 6

Tiure &  Line weth sohd carcles ch:
of 10 normal rabbsts bled 20 mi kg

16 norrmal rablats bled 20 mi /kg wath 4
small bleedeags on day 3 and day 4

reticulocyte response of 5 rabbuts hled
20 howrs lates, and then kept 1 68 per

lextran replacement and mamtamed mermf’:‘;
Lines with crosses chare the mean hemoglohi
20 m! Ak wah dextran replacement, setransi
cent oxygen for the next 4 dags
are formed they will divide and mature into red celis at a fived rate 18
pendent of the presence or absence of tissue anoa
Production of Erythraporetic Factor

It 1s probable that red cell production 15 nfuenced by a number of 191
acting factors produced or released by 2 number of fissues ot organs Hov
ever, sn order to untavel the intricate process that degermipes the it %
red cell production, 1t 15 useful to start with the hypothess that one 5
system 1S responsible for the zelease of the factor that controls red &
pmduclian,



' Erslev Contro} of Red Cell Production 635

+ Thus hypothesis rules out the endoctine organs s the souste of the erythro-
smetic factor seace 1ad cetl production continues, although at a reduced rate,
Tdter the complete removal of these organs ¥ The <pleen, Iihewme, 15 not a
seiesotty for 7ed cell production  The rebicotoendothelial syssem, the diver,
nd the central neryaus system haire not brea studied closely enough 10
umwe at any define conclusion as to thew erythropoictic wgnificance
Honever, it has been shown that blockade of the phagocytc properpies of

4t NEPHRECTOMIZED AND ANEWIC RABBITS
W~—@NZAN OF 7 RAESITS EXPOBER TO £E%, OXYGEN

RETICWLOCYTES
% [CORRESTEDY

oavs |~ © 1 2 3 & 5 & 7 8
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. HGtRET  Fine ey chact wdevidal e ¢ o
bty $favy Yine charts +h-
B et et axs o

oty

e mught play & role

ww g Bis co-uorherstt have sugpented that the kodneys

it cel proguctson by reieasing esyibropoieing in revponst 10 anoaz

s attractive hypothests was based on the findings that pepheectomszest
, "ot challenged wath cabiatt or anemus anous fuled to respond normatly witk
" 2R ntrease in ery throp whereas figated anumats ded 1
| 1he same way a5 normal ammaly  Yurthetmote, the hyPothess was sup-
orted by the weltAnown obmervations that renal dieise wsually i 5o
&‘mud with an aregeneratine anemia and that hadney lamors occasionaily
&re assoctated with pefyeythemia  Unfortumately, stmidar studies on
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nephrectomized rats by Mirand and Prentice® have not confirmed the
experimental findings

1 ihi- laboratory ali studies thus far have been compatible with the theoy
that it 1s the hnown suppressve effect of uremia on red cell production rathet
than the kxch of kidney tssue that i responsible for impaired erythopoiric
function in nephrectomized amimals,  However, the evidenceis indhrect s
@ has been mpossble, despite intensive arnficial dialysis, to prevent e
development of some deprec of uremia in nephrectomized asimals

In the preurennc phase, nephrectomized rabbits were found to aenpond
2n acwte anenuc anaxin with the release of erythropaietic factor into senst

Tante t

! Tlasma iron Rfd “f,),’,,

. tytizat

Opesation Blecdsng | No | N PN ’l‘:c':‘; o ey 30 e
il percettigt
— e e

Sham a 148 39 {29120 %

Bilateral acpheectomy a Y 9 39 lz21zoerf s2¥
Sham Wal gl 41 97 24 (s2ztos] ¥
Umlateral nephrectomy (20l kg | 4 49 24 {sammzoeo} Bl
Bilatersl bephrectomy [20mt byt 90 86 20 [276+p091] 6528
Rl veral veeter hpmuon [20mt kg | §{ @2 2% j2sttos6] BLH

When severe uremia oceusred three days after nephrectomy, erytheopoitt
activity was no langer found m erum, despate severe anema Futh
more, the reticulotyte wounts of nephrectamized rabbits were obsenedt
decrease slowly wiite the reticulocytes of rabhuts exposed to an atmosp i
with 68 per cent 0Xygen decreased at a faster rate (prcurg 7). 1{the kidne
actually controlled red cell production, nephrectomy should have bet
fotlowed by cessation of red celt production and disappearance of the reticul
cytes much mare rapidly than when the red cell production was decre*
by breathwg 68 per cent ovygen

In order to determmne accurately the effect of idney twsug on red &
production 1t is necessary {o esumate the erythropoietic actvity that 1k
place 1 the short penad after the suppressive effect of surgcal nephred®”
has worn off and unt:l the suppressive offect of uremia sets i TABE
summarizes plasma iron turnover and sed cell utihzrtion of radiostt
ron measuted, twenty hours after bulateral nephrectomy, at a point whe
only mederate azolemid was ptesent  These vatues are compared with wals
obtained s sF m wml, phr i, and in et
hgated ammalts 1t 1s apparent Ir'om the table that unmlateral nephrecto?
does not irspair the erythropawtic response to an ncute hemorshage &
that both bilatecal nephrectomy and hilateral yreter ligation supprest ¢
response almost completely
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The exact tole of the kidney tn red celf production is sisif nat clear, hanever,
1t seems unlikely that the kidney actually controls red cell production by
mamufaciunng or releasing the erythropowte factor

Canclusion
In conclusion, 1t appears that the apparently smﬂ\‘“ ¢ k mechamsm
that balances the bady’s need fnr v { hemoglabin
» exceedingly -~ wdtes on the

However,

wy e employment of

4 e talure to distimguish between factors

. ssetiphication and mataration of red celly and factors that

sontrod the rate with which stem cells aze differenniated imto pronormeblasts

Betrer and more standardized techniques and a clearer concept of the acton

of the etythroposetic factor should fachtate studses of this fascinating and
challenging homeostatic mechamsm
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SOME OBSERVATIONS ON THE STIMULATION OF
ERYTHROPOILSIS BY HUMORAL FACTORS

James W Lanman, Donald R, Korst, Prank H Bethell
ANorslaessn Usinersity Medical Schook and the ¥eterans Admimstration Resorh
fospitel, Chicago, Ji1 . and Anw Artae Veteeans Adminidration Hospash and the
Thomas Henrv Sunpson Memorsal Inststwit Jor Medscal Research, Unssersdy
of Shachigon, Ann irbor, Mich,

The regulatory mechanims sesponsible for the normal erythrod st
stateand the nature of the stmuli to esythropotesis dunng periods of e
need have long attzacted the attention of investigators. Untif recent
however, httle was known concerning the maaner in which erythrec

y way ined or restored.  The endlocrine glands, the nene
system, the spleen, hypoxia of myeloid elements, and 2 tumoral factor s
alt been tmphcated s the contro} of ved blood cell production. Altheugh!
former three are capable of modifying esythropoess, they do not appest
ronstitute the pnmary erythrapoetic simutus, whereas the role of 2
OXYgEEN temion ax a basic determinant of erythropoietic actvaty ha .-
widely contismed by observations on experimental anwmats and humas ok
jects  However, the onginal theory that this effect was due to hypmﬂ”‘
myelond ery throcyne precursars has been disproved.

Carnot and Deflandre! * first desenbed a humoral erythroporetic sttt
g factor 1n 1906 and named this hypothetical subsiance bemopatetint ©
the course of research on the regeneration of organs, these im estigators dﬁ'
covered that the serum of bled rabbits mduced exythrocytosss when admie
tered to normal xabbits  In subsequent years this intriguing concept
a humeral esythroporetic regulatary mechanism was Tesponsible for 8 5%
ber of attempts 10 confirm the exntence of sach an ery throcytogenc agent
Some of these studies were w accord with those of Carnot and Defland®
but maay were m clisagreement.  The evident diserepancies 1 data 11
supported this hypothess and the negative findings of other investigale®
were such that, pror to the past few years, the humoral control of enyth®
poretic actvity was considered by most 1o be specutative and taching @
expertmental support

Observations such as those of Rewssmann® 1n 1950 on the stimulstion o

o sute okl fats n 2 normal atmosehara foflowisf
exposute of their parkners to reduced oxypen +n- P
sng large quantities of anerm- - .
porgrin T . "
e

5 Caedt gw.u:;l
" vy Opthebaw

wsitnce of @ humoral erythropoe
B - uu jonger be denicd  Elowever, the nature, S
o1 preduction, and tvodde of action of the substances sexponsible fur the efied
have not yet been gefined clearly
618



Linman ¢t of - Stimulation of Erythroposesis 639

Our observations® ¥ ndwcate that there are both thermostable aed refa-
titely thermolable plasma erythropoetic factors that contral, respectinely,
the seemungly diverse physiological acuvsties concerned wath ery throblastic
cellylar divsyon and the symhess ot hemoglotin  Extracts of acne
* plasmas, which have been processed by bobing for 30 min | 1rduce a singular
% type of erythropoietsc respanse when admanustered to nowmal rats  This
-_‘ effect on erythropoesis s charactenzed by exrythrocytasis and reticulocytous
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o=~ Ringera Satution

{ | Fieter U bevtheacytosis and rencslocy tosss without wtrease 1 the hemoghinn ar
fematocrit valuet 1w normal rats given 38 dady mpectons (Suntayy excepred) of boded
plasma extrscts from mabtais made anerwe b4 phemihydrazine’ Each wyection mas
erpuaalent 1o 2 pet cent of she recpient 8 bodhy meight  Veerage deternunttions of 24 ani-
s fecerng the anemic phasma exirach and & gmias number of controls mivcted with
Ringer's solution

T eV

w1thout assocated narease in the hemoglobin or hematoenit lew els {FIGURE 1)
Myelmd ery throytuc by perplauia tnvebying 2 roughly propostional increase
m all recogaszable nuclented red cedl precurvors 1> abo evident (o the recipients
of these anemic pluwns extracts (FoURE 2}, and 1t provides, together with
the asythirocytoss and reticulony tosis, concluspe cvidence of ncreased
erythropoety sttty The newly lormed celly senporible for the ery thre-
T ytows are syt in Thewr smalf «ize i apparent on stawed films and
" demon-trabie graphucally by Price-Jones measvrements M = In our opiten,

SN
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his type of response is the result of accelerated erythroblastic cellular divisn
without augmentation i hemoglobin ynthesis, 5
Following discontinuatton of the plasma extract injections, restoration
aormal erythrocytte equilibnum 15 prompt. Recent studies'® have sho
that the> phenomenon apparently is due to impaired viability of the mi
cytes produced w response to this particular sumulus. Quantitative pho
colonmetti. measurements of erythrocyte e>motic fragility tn normal 1
wjected dadly for two w eehs with a boiled anemic plasma extract et
found to differ from the controls However, simultaneous determinati
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by a direct cell enumeration technique employing red cell pipettes an
bypotonic salt solutions as diluents demonstrated decreased osmotic T
ance of the microcytes 1n the stimulated ammals. Reversion to BOU™
osmotic behavior accompanied the re-establishment of pretreatment erythee
cyte counts and Price-Jones curves when the injections of plasma extra
were stopped.  Since this fragility abnormality 15 not evident in situation
\nvolving ncreased activity of both humoral factors, it cannot be assum¢
Yorpe due to a specific action of the thermostable factor and most probat!
results frorn alterations in cell size and/or shape, secondary to accelert
ruthroblastic cellular d'VI“SXf’" in the absence of a comparable stimulu» f

e . ' * botling for 30 min. or more, ¥

PR * s but fail to augment circulatt
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aemoglobin or red cell mass, are also meffective 1n enhancing the uptake of
Fe'* m erythrocytes of recxpent ammals However, the response to the
same source matenials, when tested in the unmodified state ot after boiling for
snly short periods of time, 1s charactenized by an increase i both hemoglobin
nd erythrocyte values and 1 won-59 incorporation 1n hemoglobin  The
“ffect of boiling on the activity of anemic plasma, as measured by the mcor-
acration of Fe*® in the hemoglobin of nitrogen mustard-treated rats, 1s shown
nraBLc 1 Although activity was demonstrable by this techmique m recips-
mts of the whole anernic plasma and of material boiled for 5 mm, the
e 4 e T o P e,

flobin formation 1s nat

Taste 1
Errict o BOILING ON THE LRYINROFOIETIC STIMULATORY ACTIVITY OF PHENVL
HYDRAZINE-INDUCED ANEMIC RABBIT PLASMA AS MEASURED BY THE INCORPORA-
TION OF TES I HEMOGLOBIN OF NITROGEN MUsTARD TREATED RaTS
Mean of 4 Ratsn I ach Group +1 Standard Deviation

Percentage Fe* RBC uptake

Matenals tested

18 hours % 24 bours | 42 hours
Unmodified anemic plasma 16 £ 2 : 194 s
Anemic plasma boiled 5 min 1342 20+3 W2
Anemue plasms, boted 10 min 73] 103 | 2%ra
Avemuc plasma boiled 30 mun 7£2 ) 9x2 2 +4
\nemc plasma botled 45 mn st2 ! 6x2 | 2543
Normal rabat plasma 6x2 { 9rz | 27%s

We believe that these separable erythroposetic effects exerted by active
lasmas are due to the presence of two factors that differ i nature and mode
f action  One 1s charactenized by an accelerated rate of erythroblastic
ellular division and 1s related to a thermostable, ether-soluble fraction of
dasma  The other, which mvolves hemoglobin synthesis, appears to be due
o a relatively thermolabile, ether-nsoluble factar

‘The possibility that processing procedures might alter the chermcal and
thysological charactenistics of a single factor must be considered, but appears
[te unlihely  Ether extracts of unmodified anemic plasma evohe responses
n recipent rats identiea) to those induced by boiled filirates of such plasmas

or their ether-soluble fraction Furthermore, the demonstration of mucro-
cytes with decreased osmotic resistance m the bload of patients with poly-
cythemia vera (FIGURE 3), a duorder associated with increased plasma
erythroporetic actraty,® ¥ 1 and the retention 1n ether-insoluble fractions
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of active plasmas of an enhancing effect on the incorporation of Fe* in
hemoglobin provide additional evidence against such an occurrence

We have yet to «tudy an active plasma, regardless of the expenmental et
chinical condtions under which it was obtained, that did not possess achviy
attributable to both humoral factors  Although their combumned effecis 1
normal recipients on hemoglobin synthesis and celular division result n the
production of increased numbers of normal cells, their properties are such it
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the son of 15on-59 mn | as 2 means of demonstraung
nerea-ed hemoglobin synthesis  Ether extracts of these same plasmas or
their Gltrates processed by prolonged baing, however, contain only the
factor that affects erythroblastic cellular division, and they do not enhance
the formation of hemoglobin  Therefore, the differences in chemical and
phystofogical attributes of the humoral erythrocytogenic agents would appear
in many instances to explamn the apparent dispanty in experimental observas
tons that have been described by vanious imvestigators

The majarity of our studwes 1 regard to the chemuatl Wentitees of the
plasma erythropoietic Sactors have dealt with the thermostable, ether-soluble
factor, and cyrsent mformation mdicates that 1t is mast probably a hipid
Simfanities in the chemcat and physical «haracteristies of batyl alcahal, the
monaglycerol ether of s-octadecyl alcohol, and the ether-soluble plasma
erythropoetic factor suggested a possible relationship between these two
substances  Batyl alcohof was rolated from bovine yeltaw bone marrow
by Holmes and his associates™ in 1941 and a few reports have indicated that
1t possesses erythropoleuc!® and lenhopoietic” ¥ activity  Our observa-
t10ns™ have confirmed the erythrovync stimulatory effect of batyl alcohol,
which was mamiested m pormal rats piven darly injections of batyl altohot
1m peanut o} over a period of four weeks by erythracylosss due to micro-
cytes with decreased osmonc ressstance, retsculocytosts, and myeloid etythro-
cytic hyperplasia without ncrease n ther hemoglobin: or hematoctits
Batyl alcohol 1 also meffective 1 enhanang the wmcorporation of Fe® 1n
hemoglobin of reciprent ammals. ™ On the basis of this ery throcyic response,
which was identical 1 all respects demonstrable by the methods used to that
observed following the ad of the th
plasma esythropoetic factor, together with theiw common chemical and
physical properties, 1t 15 suggested that baty! aliohol, onginating w yellow
bone marraw, may be idenucal with or closely related to this factor, perhaps
as precursor matenal

An increase 10 arculatmg thrombocytes has been a consistent finding i
all animals 1o winch ne have given batyl alcohol with a prompt return to
basce line and control values when the injections are stopped *  Although
dnly doses of 25 mg or less of batyi alcohol used n the above esperiment
id not alter the reciments’ leuhocy te counts, other studies® indicate that 1t
aho possesse, granulopoetic stimulatory actnaty  However, greater
amounts apparently are hecessary to evohe this response a normat rats than
are needed to ehen erythrocyte and thrombocyte increases

Since certain ipd ~ubstantes induce hemoly~is which tay be assouated
with thrombocytoss and leuhocytoars, this posability must be evcluded
before true myelopmetic ~simulatory properties can be awigned to batyl
alcohol  Afl of the hemartological phenomena ascrshed to batyl alcohol are
compatible with a compen-ated hemoly b state with the exception of the
ery throcytoas, and this could tencewvably represent red cell eytoclasts with
mpared yiabiny of the resultant erythrocytic fragments. ~ However, it
would then be necessary to postufate defimte augmentation in hemogiobin
synthevs ay a p 1\ for the € of normal h tobin and
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hematocrit vatues, and enhanced iron-59 incorporation in hemoglobin shoud
be evident. The failure of batyl alcohel to increase erythrocyte won ¥
uptake i recipient rats?’ would appear to exclude hemolyss and supparts
the conclusion that this compound does exert a primary stimulatory eflt
on hematopoiesis

These observations on the erythropoietic, thrombopotetic, and probatle
granulopotetic activity of batyl alcohol are in accord with the theory that 2l
aspects of myelopoiess may be under the influence of humoral xtg\ﬂllﬂz
mechamsms  Since erythrocytes, thrombocytes, and granulocytes are il
denived from the multipotential myeloid reticulum ceils, a single substance ol
activator-inhibttor complex may control the formation of all these hem!
elements  If this concept 1s confirmed by further 1nvestigation, the' P“}P:

thrombocytosis that accompany acute blood loss and certain types of mit
vascular hemolysis and the increase n these hemte cells in patients ®t
polycythemia vera

The precise physiol I and pathophysiological significance of
humoral erythropoietic factors 1s not known, but available data suppe
the hypothesis that they constitute the primary erythropoietic stimuly
Enhanced plasma activity has been found in 2 number of clinical and epe:
mental situations which, although of diverse etiologies, all with the except!
of polycythemua vera have hypotia as 2 common denominator Therelo
1t may be inferred that elaboration of the plasma erythropoietic factors
probably dependent on the relationship between oxygen supply and U
requirements at the as yet undetermined site or sites of their formati
Since some activity 1s demonstrable in the plasma of normal subjects: ef
cally after concentration,® * 1t may be concluded that the humoral factt
contribute to the marntenance of the normal erythroid steady stat¢ a
probably constitute the pnimary erythroporetic stimulus.

A well-balanced equilibrium ‘appears to exist that ensures, under no%®
conditions, an oxygen-carrying capacity of the blood commensurate ®
cellular needs  Apparently this humoral regulatory mechanism 13 capablt
responding to even munor changes 1 the dynamic relationship bet¥!
oxygen supply and metabolic requirements.  Erythroporetic activity theft
is altered accordingly, and equilibnium 15 re-established at the same ¢
different level, as the situation warrants

The plasma factors are probably mvolved to some extent in all ane®
srrespective o( their basic cause, but since erythropoiesis 1s dependent o

emn w Aemo o . A 1 e

e .
(rcl:m the circulation Since there 1s no associated defect of the myel
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“ticulum, the marrow responds to this humoral stimulus by mereasing the
roduction of erythrocytes Anemna orcurs enly when erythrorytogenesss
uls to keep pace with the penpheral loss  Therefore, it 18 apparent that
1€ anemuas due to increased removal of red cells from the penipheral arcula-
on are intimately related to plasma erythroporenc stmulatery actiaty
Ithough the humoral agents per se are not of pathogenetic sigmficance m
sese anemie states, their increased elaboration would appear wital for the
:storation of normal values and 1n the case of persistent hemorrhage or
emolysis equally indispensable to temper the sevenity of the anemic hypoxia.
1 15 possible that some failure or defect m the humoral vegnlatory control
I erythropolesis may be responsible, at least in part, for the “aplastic
fses” that have been described 1n some types of hemolytic diseace, this
ibjert needs further study

The pathophy siological activity of the plasma factors m the anemias due to
sfective erythrogenesis « more \pecujauve, but experimentat observauony
pport certain conclusons  The stimulatory effect of erythropmetic factors
resupposes adequate amounts of the vanous erythrocytic constituents
sgether with an intact myelod reticulum It 15 evident that a normal
iarrow response 15 othernice precluded  Studies on the effect of total body
Cirradiation on plasma erythropoietic activity indicate that hematopoenc
ements are not involved in the efaboration of the {factors and that a regenera-
¥¢ marrow 15 not a prerequisite for their formation ®  Plasma extracts
‘om norma! and wradiated rabts rendered anemuc by phenylhydrazine
nd from those with anenna secondary 1o irradiation alone were each effective
t stimulating erythropowesis m normal rars It follows that enhanced
lasma actvity serondary to anemsc hypoxia should be demonstrable mn the
nemas that result from speofic deficency states or injury to myelod ele-
ients of known ause  These conditians would wclude deficiencies of suh-
iances such as witammn Byy or mon, a reduction m myelord erythrocytic
recursors by phyical ar chemical means, dwplacement by foreign cells, or
nerston of growth potenuial by feukemic transformation, and the hereditary
emoplobinopatiues  Afthough the number of pauents studied 15 as yet
mall, increased activity has been found in each of these dinorders  How-
\er, the eustent myelod deficiency ot defect prevents a normal marrow
sponse {o the humoral stimulus

It can be assumed that the plasma erythropatetic factors are not mvobved
1 the actual production of the depressed erythroid values in these cleatly
efined anemias  Nevertheless, thewr presence 1s probably essential for the
ontinued attempt on the part of the marrow 1o produce <ome erythrocytes,
nd they probably represent the mechanim by which normal erthyrocy e
quihbrium s restored 11 the bauc defiency or defect can be corrected.
he possbiity exits, however, that <ome abnormality in the humoral
rythropoieln regufatory mechaniam imaohing imparred formation of the
dasma factors, defective utihzation, or both, may be of pathogenetic impot-
tance in certain other ancrmas of questionable or unknown cause  Pragress
t thes regard has been slow becausc af the difliculties assocrated with measure
g relatnve degrees of activity
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Polycythemia vera and secondary polyeythemia are the hematologe
disorders that, except for time factors, most closely simulate the imbalas
w erythrocytic equilihnum induced in normal rats by the adminntrations
the plasma factors  Enhanced plasma erythropoietic stimulatory actntt
15 demonstrable n patients with polycythemia vera and <econdary pot
cythema, and has been a consistent finding in all of the patients b the
disorders whom we have stuthed  The overproduction of the pla~ma facto
1n patients with erythrocytoss due to decreased arterial oxygen saturaten
not surpnsing i view of the well-documented relationship between hypot
and erythropoietic activity.  Under thee conditians, the hypouic hypota
undoubtediy the stimulus for the increased elaboration of the humora! facto
which 1n turn transmit the need for augmentation of the oxygen-aIvyY
capaaity of the blood to the myelmd reticulum  Howeser, dependiog 3
the sevenity of the arteral hypovemia, the resultant increase in enytht
potests may be insufficient to restore the normal relationshup between 098
supply and tissue requirements  As a consequence, the physiologscal Tegy!
tory mechamsm produces an unphysiological secondary polycythemiz

Increased amounts of the humoral erythropoietic factors in patients &
polycythemua vera occur in the absence of demonstrable hypava.  Sincel
factors are apparently not a product of hyperactive myeloid elements, {
augmented plasma erythropotetic activity in this disorder supports the v
that polycythemia vera may be caused i)y a metabohic imbalance rewdt
in the production of excessive amounts of the plasma factors or, conversely
the failure to inactivate such matenals at rates sufficient to maintain nor®
erythrocytic equihbnium  Enhanced plasma activaty should then perst
these patients irespective of the institution of specific myelowuppre
therapy  To date, we have studied the plasma of six patients with PO
cythemia vera after normal erythroid values had been achiesed follost
trentment with radioactive phosphorus  Myeloid erythrocytic Ty perplt
(raBLE 2) was evident in the normal rats mjected with ether extracts ot !
plasma from each of these patients and was accompanied by erythrocytt
and reticulocytoss

Augmented amounts of both the thermostable and relatively thermofa
plasma factors h:f‘ve been demonstrated in polycythemia vera, thus expla®
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Thexe obsersations add Jurther support o 2 causal relationshup betnesn the
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shght but definste increase mn platelets has been a consistent fading iz o
recipients gnen such extracts daify for tno weeks, with a prompt retum ©
base hine values after the mnjections were stopped.  Although the normd!
unconcentrated buman plasma extract was erythropoietically inactue, «
=== 1a contam mnimal thrombocytic activity when the pltelt
* ~=~ compared to those of rats mjected
LTI, ution., Definitne conclusions »
regard to these obsersdatiun, . additional study; howeser, ther
assume increased sigmficance i the hight af the apparent myelopofetic stms
latory effect of baty! alcohol, the evidence Iinhing batyl alcohol with the
th ble, ether-soluble erythroy ic factor, and the findings that 1§
gest that activity attributable ta the fatter factor may predominate i patieab
with polycythema vera To date, all attempts to detect granulopatei
activity m palycythemic plasma extracts have been unsuccessful, but 1t
possibility of \arying degrees of senvtivity of myeloid elements to such1
stmulus cannot be extluded

Summary

Our studies wdicate that at least two humoral factors exert regalate”
controi over erythropoiesis A thermostable, ether-soluble agent stimulst®
erythroblastic cellular dnision, but does not sugment hemoglobin synthey
;\h!d‘ appears to be governed by a relatively thermolabile, ether-msalublt
actor

It 15 suggested, on the basts of simdanities in thewr chemical and physioled.

~* e that the thermostable plasma erythroposetic factor asd batd
N “mmrady

- smetic actity of batyt alchh
m addition 1o is ene u L., pport the hypothesis that &
aspects of myelopoesis may be under the nfluence of humoral regulaten
mechamsms  Since erythrocytes, thrombocytes, and granufotytes are
deived from the multipotential myeloid reticulum cells, a single agent &
activator-mhibitor complex may contral the formation of afl of these hemt
elements  Batyl alcohal, onginating 1 yellow bone marrow, may b¢

rimary ymportance i such a system

Although the precrse physiol t and pathophysiological 5igmﬁtﬁ““°1
the plasma erythropotetic factors \s not yet known they mast probably «%
sutute the pnmary erythrocytogemc stimulus  These humoral 2560
appear to contribute to the mamtenance of the normal ery(hmid steady
state and to be responsible for the increased erytheopoietic activity ®
hypovic and some types of anemic hypona

Observations o» the erythropoietic and probable thrombopoienc actiltf

of plasma from = vers indicate that the plav™

factars are z;f :& The stimulus to 19

derangement th ey 2ms unknown
Farther study of the humorat conttor ou ..., should aid tn clandy,

ing the p;nhogenesis of certain obscure anemic seat
responses.

es and hematologh®
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STUDIES ON THE ACTIONS AND PROPERTILS OF THE
CIRCULATING ERYTHROPOIITIC STIMULATING FACTOR!

Albert § Gordon, John Winkert, Burton § Dornfest,t Charles It Stegel
Departnnt of Ronlogy, Mo York Umrersuy, Yew York, ¥ 10

The concept of a arculating erythropoetic stimulating factor {ESF) b
now been penerafly accepted  Evidence for 1s existence i derned fr(
studies of the acinity of blood serum and plasma obtained from aoi
rendered anemyx by bleedings,' T or hemolytic agemts such as phenylid
7ine,® 1% and from ammals subjected 1o reduced barometsic pressurest? 2
treated with erythrapatetr. metals such as cobalt.'*

In ammals supphed with adequate quantities of organic and inosgand
nutrients necessary for the normal praduction of red cells and with an uadit
aged tesponsine bone marrow, 1t haw been proposed that the ovygeR s
10 the tissues determunes the rate of formation of red celix?? I this regord,
3 dectease 1n the oxygen content of the artenal blood, manifested either 28
decrease 1 otygen tension (hypoxic hypotia) or as a lowering in oxEet
carrying Lapauty {anemic hypowa), may sumulate a hypothetical ovyfer
sensittve erythropoiets center(s) to elaborate and release the EST. E9 ther
poetse metabs including cobalt may opetate through histatanc hypetd b
imhubiting certain ovdatve enzyme systems, including chohne o¥itE
sucainic dehydrogenase, cytochrome ovidase, and catalase.!”

Thys paper will describe (1) a crique of the methods employed for eralul
ing the ESF, (2) the erythropmetic effects of plasma and unne extratt
abtained from patients with Cooley's and hypoplastic anemia, (3) attempt
at purification of human urinary ESF, and (4) studses of iood formatien®
ssolated perfused hind hmbe of rats
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erythropoietic activity, unless simultaneous measurements ate made of the
ted cell numbers and hematornt values, or preferably the total arculating
ted cell volume, a nse in the numbers of retsiculocytes may be the consequence
of an anemua.inducing action of the agent being tested  Employed alone,
hematocrit determinations alvo may not be cntwal, since 1t 1s possible
to envision the hematocnt vajues remaiming unchanged or even decreased in
the face of erythropmetic stimufation mvolving the production of smafler
sized cells  Simlarly, hemoglobin tonc may be not
asa result of increased red cell production, but as a consequence of the forma-
tion of cells with increased hemaglobin content  The employment of Fe**-in-
corporation into the airculating red cells or desoxynbonucleie acd (DPNA)
meorporation in spleen or marraw as measures of increased erythropoiesss 1
subject to the same criticism a~ the reticulocyte counts alone  Moreaser,
mereased Tes*.incorporation may ocuur a~ & result of the ability of the agent
tested 1o cauce a decrease 1n the circulaung tron pool, thus permuting z
greater proportionate uptake of the wotope '* In short, although smgle
parameters such as reticulocyte counts and Fe®™-incorporation may <erve
as useful indexes for imitial screening pracedures, it s only through a detaited
analysis of 1he peripheral blood picture and the blood-forming organ response
that a true evafuanion of the ery {hl’opoxellr effects of any agent can be made

Qut studies have employed the In the red cefl num-
bers, the hemoglobin, hematount, and renicufocyte values, and afso the num-
bers of the nucleated red cells 1n the bone marrows of ntact rats as the
cntena for erythroporetic stimulating activity  Other imvestigators'! 9
have used hypophyse: tomized ammals as recpients, presumably because of
their greater senwitivity fo blood-stmulauing factors  However, cauhon
should be applied in the terpretation of the results from these ammaly
because of their sensttisity to the ery thropoietic simulating actians of small
amounts of adrenal or androgenic steronds?® that might be present in the
plasmas or in sera obtained from hypouc ammal  Similarly, the use of
starved ammals as recipients may be open to question tn view of their senss-
tive erythroporetic response to small amounts of nanspecihe nutrients that
may be present in plasma or extracts derived from st

In this connecuion, we have recenily found® that aadibed boiled fltrates
of plasma nbtatned from rabbns given a single large dose of wnorganic cobalt
markedly <timulate Fe*®-inorporation into the red telis of starved rats  In
these studies each of G0 rabbus averagmg 3 S kg was admimstered a ~ingle
done of CaCl, 6F,0 amounting 10 30 1o 70 mg kg body weight  Twelve ta
24 hours later the rabbits were exsangunated and the hepanmzed plasma
#as brought to pH 5 3 by the addition of 1 N HCU  The pla<ma was added
to stenle bolmg phyvwologieal safine and the mixture muntamed at 70 1o
80°C v a fiquid petrolatum bath for 10 mm The plasma was Gitered,
‘he filtrate obtatned wa~ oudy ;\ml datk brown n cnlor and :\ppczrc(\ [

* Winkert and Gordon, unpublished
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fight-straw color, and approumately 10 per cent more dilute than thestattir
plasma,

The bio-assay procedure was a modification of that devised by Goldsaser
efal* Mature female rats of the Long-Evans strain were used as test an
mals  They were starved for 4 consecutive days, Subcutaneous injecton
of the plasma filtrates (3 ml of cobalt plasma and 3.3 ml. of norma! plasms!
were begun on the second day, 24 hours after the commencement of stan?
ton  Injections were continued on the third and fourth days of starvation
At 3 hours after the last plasma filtrate injection, 0 pc of Fe® in02u! of
solution was mjected intravenously. This contained 0.3 g of iron ¥
fersous atvate plus 20 sz of wron as FeCly6H;0 added as a carrier. Tadlst
hours later, counting rates were determined for the saline-washed red :eII:
Reticulocyte counts also were made from undiluted blood, using Brechers

Taste 1
LrrecTs OF Piassta FILTRATES FROX COBALT-TREATED AND UMTREATED Ramis
ON RETICCLOCYTE NUmBERS AXD FEM IncorroraTion 1N R CeLLs 0F
StamyEn Rare
(Means + Standard Tierors)

Retics Lass in body 3t
(pcrcentages) Cpm/ml KBC {percentaged
e I
Cobalt-treated plasma filtrate 12+02 763 & 22 38
Normal plasma filtrate 05%01 w0t 7 5}
Signifieance p<DOI p<00s -

method.”  The results in TanLe. 1 indicate that, with the method emplosel
b e - Ehemtpe dan 32 (ol t At e

. e
6
It was felt that i this plasma truly possessed erythropoietic symulat
properties, 1t should be capable of inducing polyeythemic effects Sit
wjected chronically into intact rats  Accordingly, 11 daily subcutent™®
imyections of the same plasma filtrates, in dosages similar to those employ!
above, were admmistered 1o adult female rats of the Long-Evans st
Reticulocyte determinatians were made on the sixth day and red cefl court®
hematocrit, and hemoglobin determmations, on the twelfth day (24 oo
after the last mjection) It may be noted from TABLE 2 that no slgniﬁml
diferences s observed 1n the effects of plasma filtrates obtained fro®
cobalt-treated rabbits an'd those from normal rabbts when intact fed 13®
were utthized as the recipients
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Tavre 1
Frrects or Prasita Tuzeares rrou Comint TREAIFD ASD UNTREATED Ragmirs
RYTHROCATic PARAMETFRs 07 INTACT Frp Rats (Mean Values)

Reucs | RBC (m\lhnn {on Body s
(pescentages) | cu mm 1,,mc<mgm (ptr«nuges) (gms)
)
Ty 7 ‘ 7
Bl Al B [N S O O RN P N
U i
iaslnan)
¢ Cobalt-treated | ! ]
phsmasn | 26 58 ( 91 | 89 V64 167 (456 458(187 {200
Kosoual plassna | | oo
., St 25 35;915935164)167[476“31 181 | 150
1 ¢ X

B = Refore wectians, A = Aler injections

Eyrrers oF WioLe Prasus rrow CosaLT-TREATED RABLITs 0N ERVIRROCYTIC
ARAMETERS OF INTACT RARRITS (Mean \alues)

Body wts
(kg )

T
Retics ‘
{percentages) (lmﬂmm cu mm } (pmmzagcs)

b

A)ﬂ

|
|
3o !
t

B = Beloce infections, A = \ter myections

' o ecythropoteti, stimulation occurred n rabbuts injecied with the whole
Untreated cobalt plasma  On the contrary, a decreae tn sl 3 erythrocy tic
parameters was evident, probably due to the lows in weight and decrease in

-+ food ntake exhibited by the animals donng the wourse of the expeniment

11 15 thus clear that, although plasma abiatned fram cobalt-treated rabbits

' simulates erythropotesis m starved rats, 1t s> icapable of domg w0 fed

'ammals  Chemical analyses wndicate a consulerably greater mtrogen con-

' tent in the plasma hiltrates obtmned from the cobali-treated rabbits than 1

f those from untreated comrol rabbuts  The nitrogenous substances possibly

tthresent produdts of trwue destruction nduced by the Jarge dose of cobalt

Therefore, 1he effects observed with plasma filtrates of the cobalt-treated

rabbits may be due to contained, nonspecific putrent factors 1o which the

starved® or ky pophyser tormized™ 1at responds ~ensitsvely, rather than to the
presence of the EAF - Ut~ equally possible thag the erythrapoetic shimulat.

- Ing effects obrerved with 1he cobalt plasma filtrates are not due to an energy
cantnbunion, m view of the relatreely small amounts of materal adminis.
tered Enidently, the wubstancets) present in such filirates is rnpxb!e of
mobihizing endogenous matenials for prampt fabreation of red cells in the
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“tarved, but ot w the fed, ammal It would be important 1o detemne the
nature of this sutntance and why the state of inanition permits this actie
16 auut

Prisesct af LOF 1N EXTRACTS 0F Prassa OnTuNFD Frowt PATESSS
witit Cootiy's Anp HaropLastie ANPMIY

Work tn our laboratories™ 7 lias extablishied the presence of large guantie
of ESF n the plasma af wome chuldren with Cooley ‘s and hypoplastic anens
Transfusion of such patients with whale bload or packed red cells yeulst
a repad diappearance of the LSF fram the plasma. Two representitl
cases of each of theve anenuas are provaded below.

Cace 1 F D was born i Junc 1950 and was anemic from the age
1 year, dsagnos of Cooley’s anemia was made at 1R months of age- Heh
required transfusions approvimately every 3 wechs for the past 2 yue
The patient 1» senaitized ta the Rl and Kidd blood group factors and bt
not been splenectomazed  Physwal revealed an underdesclapt
boy weighmg 45 1b wnb a large abdomen and typcal facies associated ¥
marked Cooley’s anera  The «pleen 1s huge, reaches below the bom of th
pelvis, and extends over into the night lower quadrant, The fner» d
ealarged and s low er edge reaches the lesel of the umbihcus, O Qutolt
18, 1956, prior to wansfusion, the blood count was as follows: Hb 308
per cent, RBC 23 million (v mm, WHC 5800/cu. mm, plact
75,000 cu mum , retwulocytes §3 per cent, differential count. band fort
27 per cent, segmented polys 37 per cent, lymphocytes 31 per cent, monodyl
4 per cent, eosmophels 1 per cent, 4 nucleated RBC/100 WRC,  The psté
recerved the following transfusions of Group O Rh-negative, Kudd-negat?
compatible blood on October 18, 250 mi whale blnad. an October 19, 308
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reticulocytes seen, differential count band forms § per cent, segmented polys
43 per cent, lymphocytes 52 per cent, monocytes Z per cent, eownophuls 2 per
cent  Patient recewved the following transfusions of Group %, Rh-poutne
compatible lood on January 22, 500 mt w hole blood, on January 23, 500 ml
whole blood, on January 24, 300 ml whole blood  Following trancfunons,
on January 25, 1937, the Hb was 110 gm per cent and the RBC 43
milbon Jew mm,

Blood obtained from the patients was hepanmrzed and centnfuged, the
plasma was aaditied to pH 5§ and borfed for 10 mun, as described pre-
viously 4 #19 Saline was added dunng the boiling procedure 1n ordet to
maintan a volume equal to that of the original plasma  Following filtration,
the residues were discarded and 1he filtrates were neutralized wath 1 N NaOH

Groups of 5 normal adult female rats of a modified Long-Evans stram
serghing 180 to 200 gm were injected daty for & days with 23 to 35 mi of
the plasma filtrates obtained before tran~fusion and foilowing the fast trans-
fuslon  The volumes of filtrates were equinalent 1o 3 mi of the onginal
untreated plasma  Hematological determinations were conducted n the
reaplent rats before and after the experimental treatment with the plasma
entracts  Red cell cotnts were made in duplicate and were required to agree
Rithin 15 per cent  Hemoplobm comentratons were determined by the
acid hematin method with a photoelectric colonmeter  Hematornt salues
were estimated by a capillary tube method, utilizing centnfugai speeds corre-
spouding to 11,000 rpm for S min  Relicutocy tes were Lounted from dned
smears stained with new methvlene Liue * One thousand to 1300 RBC
were enumerated, and the reticulocytes expressed as a percentage of these.
At the end of the expernmental perind of mjection, the rat~ were exsangm-
nated, the femurs quickly divsected, and the marrow contents prepared in
suspension form 1n 2 ~mall quantity of homologous serum  Smears made
from these suspensions were ~tamed with the Ralph benzidine techmigue®
and counterdamed wih Wrght's  The benzidine method permis a
more preci-e estimation of the hemoglobin-bearing red celfs (erythroblasts
and normoblasts)  The nudleated RBC svalues of marrow are presented
as a percentage of 1500 to 2000 nudleated cells caunted 1n the \mears of each
Teaipient ammal

Ticurrs 1 and 2 <how strong erythropuienic stmulating attinity n the
boed plasma filtrates of the patient with Cooley  anerma and the are with
hypoplasti anemia, just prior to trans{uvion when thewr hemoglobin vatues
were 50 gm per cent and 5 gm per cent, respectnely  The recipient tats
expenenced wgmhant nereases i red cell count, hemoglobin, hematoent,
and tetcuforyte vatues, and in the percentages of nudieated RBC within
the femoral marrows 1t 1n of interest 1o note that strong erythropoietic
stmulaung actinaty s not exhibited consitently 1n the patient with hypo-
plasticanemia  Ona prevsous owasion * fltrates prepared fram bis plasma,
when by prevransfusion hemoglobin Jevel was 3 gm per sen, sese virtully
nactive.

F1orsrs 1 and 2 sho miiate that transfuson to high hemogloban tevels
with whole blond or packed red celhs cav od a lowenng i the quanty of the
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ST 1n the plasma of the patients studied, in most cases to nondetectatle
svels  This s1uation s remmiscent of the rapsd curtailment of enibo
\orenc actvity 1 ammals subjected to transfusion polycythemia v Fa
ently, the reduction i the mtenuty of the anemia and assoriated hypows
iy the tranfused cells 1s an effective procedure for suppressing the productes

()
“{“ Sorere

HMARROW NUCL FBC
w

¢ the ESP Transfusion may operate by increasing oxygen supply to &
O B es or 10 the site of production of the EST Tn augiron, (b apeed ¥
which the disappearance of erythropaietic activity oceurs in the paue
sould fmply 2 rapid utilization or elmminatian of the mcreased amaunts
she factor PIEsens t,}.);e plasmas of anemic subjects, a point in agreeme®
ith amwmaf studes. %
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Somewhat surprising was the finding that considerable amounts of the
ESF were detected in the plasma of a chld with chrowme aregeneratn ¢ anemaa,
since previously”® no «igmficant acuvity was present  This difference
occutred despite a relatn ety sumilar hematological picture of the panent at
the time the pretransfusion specimens were obtained It 1 now clear fram

"’{ﬂ wo
rBC He HEMAT ReTIcS MARROW NUCL RBC
87, 7 59 ®
2 .
0. |8 & 5}
2 x s a0
3 R 8
L ER = !
3 3 a0k Tev S
¥ L &R
JEi1 2HF g b
8 B} 1 H =
: 5
[ x 8 Ty

Ficvme 2 Case2 mean penpheral red celt numbers (RBU) hemoglotan (1{b), hemato-
ent (lemat ), and reticulacs tes {Retics ) response, a3 well as bone marrow nucleated
nAllemat), < HA et AL

.
ffore (B) and after (1) translusion are compared to the contrnf (C0) values et
dobin values of the patiemt hefore (B) and after (1) transfusion with whale blaod (1§ B)
are indicated at upper night  Reproduced by permussion feom {eta fermatologus

work performed in our laboratones that fluctuations n the quantity of the
F alvo may occur m the biood of anemi animals, even though the proce-
dures employ ed 10 induce the anemia were essentialfy the same  Such vama-
ons 1 the amouns of the LEY, in both anemie patients and ammals, coudd
result concenably either from differences in its rate of praduchion, its utthiza-
tion by the blood-forming tiwues™ and destruction by the fner,! 3 or
Ludney threshold for the factor at the tme of bloot <amphing
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In the present study, erythromicrocyosts reported prcuouA)“* * w
not a conwstent feature of the respome to the plasma extracts They
although calculations tndicated that the mean mrpu~cu|ar\o!ums and men
corpu~cular hemoglobin values were reduced in the rats receiving filtrates of
pretransfusion plasma of Case 1, they were unchanged in Case 2. The po+
bity that different degrees of ron absorption and assimilation exint in b
recerving the different filtrates should be condidered Al it congeivablt
that the different filtrates possess Varying proportions of the 2 factors it
gested by Linman and Bethell® (1) thermostable, concerned with erythie
blastic cellutar divon and (2 thermolatnle, involved in ‘hemoglobt
synthests

presescr of TiE ESF 1N mHE URIM OF AxFMIC STTJFCTS

-~ 2 patients, as well as in othed
ine  Seventeen 2i-hauf unat
| and 1 anemic adult with hen?

Four additional samples ¢
fun levels Al the urines ¢

PIEsErved au v~ v v « per hiter. Fne of the vi?

samples from patients with Cooley's anerma and 1 from a normal child we!

subjected to the aadification-botling procedures described prev Lously v

The remainder of the unne samples were tested without modification

As with the plasma samples described above, normal mature female

of a modified Long-Evans stram weighing 150 to 200 gm were e

testing the unnes Four or 5 rats were employed for each assay.

received subcutaneous ijections of 3mi urme once daily for 1010

Reticulocyte, red cell, hemoglobin, and hematocnit deterrmnations *

per(ormed prior to the injection period  Reticulocyle counts were m

agan on the sixth day and red cell, hemoglobin, and hematocnt estumatl

were repeated on the day following the last injection In 4 assay™
marrow smears were prepared after the last injection, following the met
descnbed above  In 1 assay, blood volume determunations were perfor
according to the method of Pilierc and Panshy.®
Of 5 urine s?mples‘oblamed from the patients with Cooley’s anemi2
‘ eI I Lo e sample cole
S(FD, abor8)
The other # in?'
. unne from a 10
boy of the Same g W4S HLULLUYG GAULa £y bt 3
The remaining 12 urine samples obtaned from the anemic children
the adult with 2 bemgn thymoma were not acidified and boled  EIf
these evoked Increases in some of the erythrocytic values  These ind
2of thed samples obtamed from the Cooley's patient (F D , Cooley’s af
4), 3 of the 5 samples taken from the hypoplag\,“: anemia st
T poplastic anema 1,2,3) and one each from a case of myelog

Jeukemia. (myelogenous levkemia 1), benign thymoma, and sickle cefl an
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However, only 4 of the & positive responses involved more than 2 ery thro-
tylic parameters

No erythropoietic stumulating actinity was noted 10 a Cooley's patieny’s
unne (I 1), Cooley's anemia, transfused 1, 74RL ) after 2 transfucion had
brought his hemoglobn tevel to 12 gm per cent  Ssmilarly, the unne from
the myelogenous leuhemia patient 1 remision {myelogenous leuhemsa 2,
TaBLE 41 was jnactive, as was the unne from the normal gl (Normal 2)

Tager &
Tresets or Urrr reoM Anpaic Pamients on Prripnrzas Bioab o2 yue Rarst

Statun of donor ¥ flecr. m secspient 1p3s kovean > SE )
fremn . i
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™ | L
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' (R 2o 6x14 17409
68 ¢ | Benign shymams 1oy B w00 A2} @810y
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The 2 camples of unne cofiected fram the boy with bypaplastu anemin
that esobed the marhed mereases i afl § penpheral pavameters lated 1
TWLE 4 (hypoplastic anemia b and 2), alvo evoked ery throwd marrow by per-
plasia, a5 did one ~ampie tahen from the Cooley s anernia panent (Cooley s
anemig 2, Tantr 51 Blood volume vadues, determuined 10 the animal, reven -
WE unne ample 3 of the hypopla-tie anemia panent, were uzndicantly
elevated (ramr & Nudewted red celt percentages were increased in the
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Taner §
1 prrcte o URINE PROX ANFMIC PATIENTs 08 Rone Marsow of i Rar

Marrow response after trestaosit

Status of donor (mean X SE
Nuchated REC
\ . 1 (Percentages of totat pucks'ed
\ge ‘f ragnosit l {gm pereentages) cells)
o SO
6 & | Coaley s anemin [ 54 et
(2); 55 422369
7 & | Nypoplastx anesma 55 458410
45 4 2x40
3 9 ! Sickle cell anemia 65 22£70
o & | Normal ns Hoxis
59 untreated controd tats 324123

*Mean sigmiicanthy grester than untreated controls, p < 005

§ Mean sigmibicanthy greater than untreated control, p < 601, .
"qu\rn(\uced by permssion fram Prorecdings of the Saciety for Fxperimental Bidtor?
Medietne

Taxir 6

Fysrcr or URINE pRox an Anpwnc Pamient 0¥ Btoop VOLUME OF THE Ratt
Rlond volume
fionor (e /100 gmM tody wt
L SN
§ypoplastic anemua (i 5 § g per cont) 101403
Untreated controls $3204

* Mean mignificantly greatet than untreated control, p < 001,
Reproduced by permssion from Procecdings of the Socsety for Experimenial Bralog,
Medscine
Analysis of the resuits indicated that only 25 per cent of the 17w
centrated un‘nc samples taken from 7 anemic humans dispk’Y‘d ey
P R ce of act
urine thag
unconcent
worh by M
nal human

ng suggests
Y
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smce more injections are peneraily requred to evoke detectable responses
However, as a source for the 1solation of the factor, unine haw the advantage
of being readdly available in large quantities relawnely frec of protem It
is hot certain why utine 1» less frequently active than plama  Etammnavon
of the climcat records ndicates no correlation betw een the presence of activity
in urine and the general status of 1he panent, the severty of the anems, or
the degree of concentration (spectfic gravity) of the urine  In this Initer
regard, the question of normal and pathological vanations i yenal threshold
should be studred

Parmiar Pumipication of TiE Usinaky ESF

Concentration of the ESF i plasma has been accomplished by seme
aorkers  Rambach ¢f af % hove indiated that the plasma LSF 15 2 muco-
wotemn of a substance assoaated with mucoprotein  Along the same hnes,
»e have recently shown® the presence of a metachromawa feachon when
ke cationic dye tofwidine biue O 1> added to filtrates of plasma from buman
nd rablut sources p g ery 3 actiaty  Since
wman prinary gonadatropm i achnowledged 1o be glycoproten in natuse
nd since Albert,s after uthang a number of procedures, concluded that
waohin is well swited as an adworbent for the concentraton af this hormone
Tom unne, the present expenments were conducted to determine whether a
oncentration of 1he unnary DSF could be achieved by ad-orption on kaolin
M interess i thi connection are the obeervations of Marcotte-Boy ef ui ¥
hat sncreased amounts of mucoprotesn are deteciable i the urine of rablits
shjected 1o repeated bleedings or 1o lowered baranetric pressures

Farst Asolin Lyperement

The first expeniment employed haokin 1n a senes of hatch operanons sith
wccevsne adserptions ) lower pHs and successine elutions at increasing
M Each eluate was dialyzed separately, nentralizett syth 1 N HQY, and
ombined with the others  Although it was realired that this 3 pe of proce.
lure does not define the most efficient manner i shich to use kaalin (that i,
t does not induate the best adsorption pil, the ounimal quantity of eluate
htamable pr 1he besi elunoen pI, st shoutd indiate, emplos ing 3 mintmum
Funne, whether kaohin 5 smtable at aft

Urine from a G-year-old boy with Cootey's anemia themoplebin 40 gm
it cent at the ume the 24-hout weine sample was obtained) waw ueed 2 the
tarting matenat  The unme sample was dintznctly actne when 1ested i

adult intact female rats grven subcutancous ingections daily for 13 days
4 3 mt of the kitered, but otherwne untreated unne  The re-ulis are
nesented i TABLr T

Method  Sex bundred and eighty-five mi of nrne was mised suth 10 gm
4 Rashn (Frsher K-5 acdnashed, \merican standard Raolin? at pH 62
#Hof ongnal urme)  Miang was conducted at 5° €, uang 3 targe pipette

* %56 haye founid more recensis 1hat unne samples obtarned from severets ancane patients
b levels belew 47 gm pes cent) are slmost mvarably actne
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Tante 7
ERYTUROPOETIC | FrboTy 0F Untrestro Contev's Unsne Uso 1o First Ryour
T XPFRIMENT N Nowwat Rats (Means & bamdard Freargy

REt (mulkon ih (g Het Retics | ol wte

womm Y ¢ g {r {xm}

Il ' gpigp2 895002 | 46010 | 30407 WEe

¥ina 111186 183%gag $1Tx23 1 B3%13 | W
P values } <v0r <602 <002 <002 -

Tasez § o
EFfEcrs oF Kaavsy 111ares ap Coniey’s Urnne ov Exvrieorowsis v Nosss

RaTs (Means & Standard Freors)
e — e

| m et
¢

Raohn eluates
Tartiat

f
}
[ 155205 | 453443
Finat lw2i0} 25%22
p values |o<ses T T g
4 untreated controls i
1st day ! 57507 { 473420
11th day | 58%03 | 635a0
|

The sturry was centriuged angd the supernatant poured off and brought &
PHSZwith I NHCL T “as added to 10 gm of fresh kaolin.

The material adsorbed ar pH 6 7 was ehuted separately at pH 89 and 18
employing 20 mi of ammomum acetate bhuffer twice at each pH  The ﬁﬂij
elution was carnied oyt with § A NH,OH  The material adsorbed at pH32
was eluted smilarly AN the pi § eluates were combined (50 mi) 314
dialyzed for 36 hours against 1 hter of g per cent saline  The pH 9, pH 10
and 1 M NH.OH elutions were treated simulasly Frnally, all ehutions sett
neutralized and combued, atiour 306 mi of total eluate was obtamed T8
matenal was assayed by adiministenng 2 datly 3m] subeurancous rjectot
to each of 4 mtact rats for 10 days Only 3 parameters were used to 346
the actovity  The results are shown M TABLE §

Second Kuolin Evpersppens

Swce the first expenment demanstrateq that active matenal could ¥
adsotbed on and eluted from haohn, o second run was conducted 1o detesm®
an optima} pH for adsorphion

Method  One hundsred ml of uripe from
per cent, 566 TABLF 9 for ongnal assay) w,

H 62 A second 100 mi was brought
a {ourth to pH 43 Each of the ¢ samp),

2 Coosley's pagient (Hb 45 g7
s acuhfied with 1 N acetic 20d 12
{0 PH 32, 4 thied 1q pit 48, a0
S Was added to 1 5 g of haolth
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hle midng wp and down with a pipette  Kach of theve ¢ kaohn.unne
nstures was centrifuged, resuspended an a smaller volume of supernate,
ambined, and recentniuged  The supemmates worre-ponding to each adworp-
on pH were Kept separately  Lash Laobm cake wa~ then suspended m 6 mt
i ammonum acetate buffer, muved with 4 puperte, and centrifugzed  This
> yepeatedd with another 6-ml partwn of the same buffer.

1apir O
Tryzuzorntrnie Vrerers oF Untrraryn Cootry s Line Usen vor Seconn
ADLIN EXPPRIMENT 19 NoRwaL Kats (Means + Standard temors)

T (gm Ha . Reues 1 Body wts

;
!
| percentagts)  {peremtagys) | (porcentages)  (gm)

[ - -
|

Tnatal 16962 Ix18 | 23304 0 01k6
Fina) 19809 M4+ 221 ROL0S  Kmxd
P valuey <B 03 <0 b} <0 0

Toue eats gven dathy sulculanesys imjectons for 13 dave of ¥ mf nltercd unireated
fite, zevcnlacy e counts ditermuned after seventfi iy ition

Ammonjum acetate bufler, corresponding to pli &, pH 9, and pH 10, and
iso 1 M NILOH and 2 M NHOI, were used sucesnvely for dution The

om a burette to § M Nall,PO, uatd a pHoof 6 S wasavtaned  The volution
as sypersaturated and had to be warmed to be hept fram precpuiating, 150
W, of this stock hufler ~ofution was then added to 1330 mt af distiffed water
na) pH 68)  This diluted buffer was wed for dualyss and far the buffer
sntrel,  Theame procedure was followed for the pI 9, pIi 1, t \ XH.OH,
nd 2 M NH,0H eluates

The pH & pH 9, pi 10, 1 M NH,OH, and 2 M \LOIH cluates from the
H &2 adsarptions were all combined after dialvan The vame procedure
2~ faltow ed for the eluates from the pIL5 2, pH 4 8, and pH 4 3 adworpuons
X the tumse the elaates were cambined they were all found to be at ahout pil
8 Approumately o0 mi of the combined eluates was obtamed for each
f the 4 adworptions

The elustes were tested in a short asay employ g reticuluy te and hemata-
nt dersrmupanions  Tour groups of 4 wmtact adele female tats were ginen
duly 3-mb mjections subkutaneousty and examined on the fifth day  Four
satroly recened 3-m) anjections of the buffer for the ~ame length of time
& adjudged from the rehculocytc response, it may be obeerved that the
nnaey LS was adeorbed on Laalin at all 4 pHs employed (vase 1)
B, 1t may fic condduded from s sconnd expeiment that, unfike the
uman unnny gonadotropin, the adworption of the unnary LST i refatively
lepencient ot pilin the pIt range of 4 1ta 62
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Taste 10
Lrrects oF Kaoun TLtates CoRREsTONDING T0 4 AnsogPTion pils 0¥
ERMTHROPOIESIS 1 NORMAL RAT {Mcans + Standard Errors)

1 luates ingected (;wn:lncl!aw) Retics {percentages)

Adsorbed at pH 62
) Imbal 487 28401
' Tinal 491 58104 (p<OO)
Adsorbed at pHL 5 2
| Inual 190 3005

Final 431 66104 (p<OOY
Adsorbed at pI1 48

Imtial 77 2506

Final 402 67203 (p<0O)
Adsorbed at pH 43

Imtal 483 26£06

Final 470 62%05 (p<OOD
Buffer control

Iniial 196 25103

Timal 418 24202

Third Kaolin Expertment

From the previous expenment, 1t was determined that pH 4 § was 25 &
as, if not better than, the other pHs for adsorption of the urtnary fact
It was the purpose of the third haolin run te determine the best elution §
Unlike the previous experiment, 1n which separate batches were adworbe
dfferent pHs, a single batch was used and eluted succes»ively with 1%
»H solutrons (gradient elution)
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09 per cent saline again for 48 hours All elvates were approvimately
neutral, reading about pH 68

Sre groups of adult female rats weighing 170 to 240 gm and averaging
18310195 gm per group were used for the assay  Four rats compnsed each
group  Lach rat of the 6 £roups receved 3-ml subcutaneous njections of
the following materials daily for 3 days Group I, stenile 09 per cent saline;
Group 11, pH B eluate in 0 9 per cent sabine, Gm\xp Y, pll 9 eluate 1n 09 per
cent snhne, Group IV, pH 10 eluate i 09 per cent salme. Group V, 1 M
NH,OH eluate, neutralized, 1 0 9 per cent <aline, Group VT, 2 M NILOH
eluate, neutralized, 1n 0 9 per cent saline  Reticulocyte counts and hemato-
cnt determinations were made pror o the injections and on the day following
the last injection

TasLe 11
Frercrs or haolin Lxreacts FLiTzp aT DiFrerest plls on ERYMROPOtESIS
1 Nowsal Rats (Means + Standard Lrrors)
|

l Hematoerts Retuyior | Bty e
Ploriimo N by P
Coomp|  Tremmeat |
1 Betore l P ! ater | p [ nznm} After
] [ I S | R S
I
Saline conts | }ly 6¢ﬂl\§l sgnl \S .\n»vu 0900 NS ‘lnsxc 18741
" 211 8 Eluate \H !xl em e - -
m )“ 9 El\llle CYS) ]
iy inaiy . .
VNN ot 48 723
1 J2 M O Eiulie da 030 ¢ . PR

! {

It may be ~een from TakLr 11 that the most active fractions were eluted
at pH 8 D and winh 1 M NHLOH  Metachromasa was tested for by adding
D03 m) ef an DN25 per cent solution of toluidine blue O diwolved 1n 1 A
KH:'O4100 2 m} of the § eluates  Only the 1 M NH,OU efuate produced
a strong metachromati teaction  No metachromasia was elicited by the
orinal urine ot by the fractions eluted with the less bavie buffers  The
failure of the onginal unne and the pIL 8 eluate to cxhibit metachromasia
may have been due to the presence of metachromasia inhibitors  Indeed,
we have found that hepana does not display its usual pink metachromasia
when added to anemic human unne

1he nondialy zable ~olids content of the 1 M N1, OH dluate was determined
by dialysis, agunet distifled water, of 4-ml aliquats of the dulysand for
36 hour and evaporation to dryress  Calculations indicated that a 39 per
cent yield with approumately a two hundred and thurty fold puntication of
the actnve factor had Leen obtamed in thiy eluate  The matenal was found
10 ponsess an abrorpuion peak at 280 mu with the DU spectrophotometer and
to migrate very <lownly 1n both the analytial centrifuge or on paper <tnps1n
an electrophoretic apparatus  Applymg the :\nlhmne reaction, the 1 M
NHOH etarte was found ta commtnt & by 25 prer cent carlsolis
None of these findings is Inconsistent with the contenvion that unnary ESF
is & mucaprotem or an assoctated substance
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Tastr 10
LFFECTs OF RAOLIN LLUATES CORRESPONDING TO 4 ApsorpTion pils 0%
ERNTHROPOIESIS 1N NORMAL Rats (Means £ Standard Errors)

Lluates mjected (pc"i_l::ag cs) Retics (pcrcemages)
e .
Adsorbed at pHI 62
) Imtial 487 2801
' Tinal 191 5804 (p<OO)
dsorbed at pH 52
} Tl 190 30208

Final 481 66101 (p<ool)
Adsorbed at pHE 48

Tntial 477 25%06

Final 192 6703 (p<00l
Adsorbed at pH 43

Imtaal 183 26£06

Final 47 0 62£05 (p<ool
Bulffer control

Intial 196 25+03

Fnal 438 24%02

- —

Tinrd Kaoltn Experiment

From the previous expenment, it xas determined that pHA 8 was as B““d
as, 1f not better than, the other pHs for adsorption of the unaary factor
- O ewen of the third kaolin run to determine the best elutton pH:

- ~Aearhed al
aighe!
H solutions (gradient elwuon).

Method  Three hundred ml of the same batch of erythropoietically acti
unne employed 1 the second kaolin expeniment (TABLE 9) was used as
starting material Four and one-half gm of kaolin was added to the u®
and stirred magnetically, § N HCI was added until a pH of 4 8 was attatnel
The suspension was equilhbrated for 24 hours at 5 C. The kaolin ¥

Vot iimamtm oa amsilihrated with 3 $€€O0
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09 per cent sahne agam for 48 hours Al eluates were approximately
neutral, reading about pH 68

Sic groups of adult female rats weighing 170 to 240 gm and averaging
185 to 195 gm per group were used for the assay  Four rats comprised each
group  Each rat of the 6 groups recened 3-m) subcutaneous injections of
the following matenals daily for 5 days Group I, stertle 09 per cent saline,
Group 1T, pH 8 eluate 1n O 9 per cent saline, Group I, pH 9 eluate 1n 09 per
cent saline, Group IV, pH 10 eluate 1n 0 9 per cent sahne, Group V, 1 M
NH,OH eluate, neutralized, in 0 9 per cent saline, Group VI, 2 M NH,0H
eluate, neutratized, 1n 0 9 per cent saline  Reticulocyte counts and hemato-
:nt determinations w ere made prior to the injections and on the day following
the last 1njection

Tasiy 11
Errects of Kaoun DXTRACTs TLUTED T Lierrrint piIs on TRyTHROPOTESIS
1N NomwaL Rats (Means + Standard 1 rrors)

1lematacnits Reticulot ytes. ‘ Body wta.
(reentages) (percentam st |
Group. Treatment ———— 17 - —
;
‘ betre | aner | © " Betare | Atter
—_— e e T R
i .
It - 1
m o
v k]
v
VI .

! ! ! ! 11

It may be seen from TAnLE 11 that the most active fractions nere eluted
1t pH &0 and with t M NHL,OH  Metachromasa was tested for by adding
D03 ml of an 0025 per cent ~olution of tolwidine blue O diwsolved in 1 M
KH:I'O4 to 0 2 m) of the S eluates  Only the t M NH,OH eluate produced
1 strong metachromatic reaction  No metachromasia was elicited by the
anginal unine or by the fractions eluted with the less basic buffers  The
[ailure of the oniginal unine and the pH 8 eluate to exhibit metachromasta
may have been due 10 the presence of metachromasia mhbitors  Indeed,
ae have found that hepann does hot display 1ts usual pink metachromasta
when added to anemic human urine

The nondialyzable solids content of the 1 M NH,OIH cJuate was determined
by dialysis, against distilled water, of 4:mi aliquots of the dulysand for
36 hours and evaporation ta dryness  Calculations indicated that a 39 per
cent 3ield with approvimately a two hundred and thirry fold punfication of
the active factor had been obtained i this eluate  The matenal was found
15 possess an absorption peak at 280 my with the DU spectrophotometer and
10 migrate very <lowly 1n both the analytical centnfuge or on paper strys in

4> a mucoprotein or an assouated substance



666 Annals New York Academy of Sciences

The following experiment demonstrates that the polypeptide portion of
this unnary mucoprotein is essential for its erythropoietic stimulating actn-
ity. A sample of urine from a Cooley’s anemia patient with established
activity was incubated with crystalline pepsin, trypsin, or chymotrypsin m
the amount of 1 mg per ml of unne for 215 hours at 37° C. The peprin
digest and a control without added enzyme were mcubated at pH 1.9 Simi
larly, the trypsin digest and control were maintained at pH86  Thechymo-
trypsin treatment was conducted at pH 7.6 Three-ml. subcutaneous injec-
tions of each of the 5 solutions were administered daily for 5 days to groups of
4 intact female rats, and determinations were made on the sixth day

TaptE 12
TrrecTs o PROTEOLMTIC ENZVME DIGESTION 0% LRYTIROPOIETIC ACTION OF
Coorry’s URINE

Treatment | Retics, change in percentage | et change 1n percentage
- —_—
|

Trvpsin | +08

Trypan control 1 +44v +11
Pepstn ! -01 405
Pepsin control +10 -12
Chymotrypsin ! +09 -10

* Increase greater than contral, p < D01

TabLE 12 mdcates that only the trypsin control produced a significant
reticulocytosis  In the other cases, no hematocrit or reticulocyte changes
were significant when compared to the controls

Since the low pH of 19 was sufficient to inactivate the factor, it cannot be
concluded that the pepsin specifically destroys 1ts activity. However, sinct
the factor remains stable at a pH of 8 6, it can be inferred that the actsuty
was abolished by trypsin  Although no control was run at pH 7.6 (a pHat
which the factor 15 probably stable), it appears that chymotrypsin also ina¢-
tivates the factor  In agreement with the results of Van Dyhe and Garcis?
working with unnary erythropotetin and with those of Slaunw hite ef al * and
Borsook* dealing with the plasma factor, these results indicate that the
essential part of the erythropoietin molecule 1s a polypeptide. The demon
stration by Van Dyke! that penodic acid also mactivates the factor does oot

ino
. ms
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We have noted on occasion that erythromacrocytos:s 1s produced by active
urines and by the eluates derived from the kaolin adsorptions  This phe:
nomenon has also been reported by Rambach et a? 1% who found a shift of the
Price-Jones curve to the nght with acidified boiled filtrates of anemic plasma
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We are at a loss to explain why microcylosis occurs on some occasions and
why on others, especially with urinary materal, macrocy tosis occurs  In
his connection, it would be of interest 10 test the combined effects of the
unnary ESE and the plasma microtytosts factor of Linman and Bethell

Stupies of Broop Foryamtov i\ Isorvtep Prrrusep Hinp Livss
oF Rats

Practically no information 1 available on bone marrow function 1n wolated
perfused preparations  The classic expeniments of Drinker ¢f af ,* dealing
with the perfusion of hind limbs of dogs, were concerned primarnily with the
cellular alterations tn the perfusing fuid, ani! relatively htile attention was
eiven to the alterations in the marrow

The purpose of this section of the paper 1~ twofnld (1) to present a tech-
nque for the perfusion of lind himbs of rats that permits assessment of
wctinaty within the contaned bone marrow and (2) to dewnibe the effects of
wormal blood and blood contaiming the ESE on the marrow elements in
salated perfused hind limbs from notmal and hypophysectomized rats
\bstracts covering several phases of this work have already appeared

Technique for Perjusion of Rat Hind Limbs

The perfusion techmque utilized a standand Dale-Schuster pump and an
ipparatus moditied to recirculate a relatnvely smal) volume of blood (mini-
num of 13 ml)  Speual glass parts were required for this purpose (FIGURF
N \pulanle flow was obtamed by the addition of an air bell to the artenal
#le of the perfusion apparatus (FIGURE 4)  \ comventional-ty pe mercunal
nanometer permitted the recording of perfusion pressures throughout the
ourse of the expenments The entire umi, with the exeption of the
nanometer, the ovygenatng chamber, and the hmb to be perfused were
ubmerged 1n a water bath mamntamed at 37° € The perfused hmb was
«&pt 10 a moist chamber at 29 10 30° € (F16LRE 3)

In all expeniments, the rats (Holzman stran, approumately 300 gm n
reight) used for the perfusion studies nere fiest anesthetized with 0 mg of
odwm pentobarbital per kg body weight  Thiv was admimistered mntra-
seritoneally as a 1 0 per cent ~olution  If necewsary, ether was supplied o
sablish the desired depth of anesthestn  Pollowing deep ~edation, 500 mg
f heparin 1n 05 m! of <aline was injected intw the femoral vein of the nght
ez The rat was fastened to a cork board for cannulation of the vessels of
heleft leg  The alxlomen wa- opened along the median ventral bne  Fol-
owing exposure of the majur sessels (abdominal aarta, infenor vena wava,
and 1liac veins and artenies, the blood vessels to and from the night leg were
tied off caurdal to the afurcation  Subsequently, the artenal annula was
nerted mto the abdomenil aorta just above the nfurcation and forced into
e efe thac artery. at whah pownt 2 was kel The seanus cannuls wa<
Inserted 1nto the anfenior vena cava and tied just antertor to the ifurcation
The approximate time for the entire procedure was S min  However, blood
Was perfused through the left leg a1 sporadic intervals following in-ertinn of
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the artenal cannula, thus reducing the time of anoxia to considerably less than
3 min

Blood for these expeniments was obtained from unanesthetized rats  To
prevent coagulation, each syringe contained 0 & mg. of an 0 2 per cent sofution
of hepann A total of 45 to 30 ml was available for each experiment. The
large volume was necessary in order to supply aliquots required for the

Ly

7L 4

j
\

Yiooxe 3 Schematic diagram of perfusion apparatus  Reproduced by permision
trom The Amerscan Journal of Physialogy v i eproduced by P

o 1tanl and hunchamical detarm’ons oo Z8 & ..n Dearfo
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Ficese 4 Specially constructed glass parts for perfusion assembly (huna o af,
npublished)

' 1

Hiatar & Photograph of entire perfusion sstem  Note marct chamber in which
perfused limb s enclosed  Reproduced by permisaion fram The Umerican Jourmol of
Pivirlogy 14
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Evidence for the mantenance of the functional integrity of the Limb with
1ts included marrow was made evident from

(1) Prompt vasaconstrictor response of the limb upon addition of epineph-
nne {1 g per 50 mi of perfusate)

{2) Absence of demonstrable rigor and edema in the limb

{3) Constant utlization of glucose and oxygen

(4) Maintenance of normal ochemistry of the periusate Determina-

occurred an increase in the concentration of inorgante phosphate which coud
not be prevented by the additson of adenylic acid, malic acid, Versene, wnosine,
calcium chioride, calaum gluconate, cortisone, ATP, or a mixture of creating,
hexosephosphate, and adenylt aaid

(3) Accumulation of mitoses m both the crythroid and myeloid seriey
following addition of colchicme to the perfusate (0.2 to 1.0 jg. per ml of
perfusate)

{(6) Incorporation of added C''-glycine into radioactive hemin polated
from the red cells of the perfusate (15 pc of C'-glycine added per 30 m! of
perfusate)

Effects of Blood Oblatned from Hypoxic Rats wpon Erythropolests in
Isolated Perfused Hind Limbs of Rats

Having determined that the mb operates with good efficiency during the
4-liour perfusion penod, the next phase of the study was concerned with
determining whether blood contmming erythropoietic stimulating actisty
would enhance erythropoiesis in these 1nolated perfused preparations Whole
blood obtasned from the follawing types of animals was employed. Group
normal rats, Group 2, rats exposed 2 hours daily 10 Jowered barometnc
pressures of 520 mm Hg, lowered gradually to 430 mm. Hg overa peniod o
15 or more days, Group 3, rats subjected to S-ml, blood withdrasal on 210
3 occasions over a 10-da; riod, Group 4, rats subjected to 2 single hemor
oo a S5 teingected duly £

| on the numben of

rerfused hind Limb~

percentage chanst

) from those in the

control contralateral nonperfused limbs  Three to § experiments were
performed for cach of the 5 groups

1t will be observed that perfusion of normal rat limbs with blood from

hormat rats (Group 1) did not alter sigmificantly the numbers of erythrobla:ts

compared to those f'nund in the control nonperfused limbs, The <light

. . . PR
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b
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hydrazine-reated (Group 5y rats  The most markett moreases i the num-
bers of eryihroblasts (approuimately 70 to 90 per cent) were evohed wuh
bloort obitained from repeatedly bled and from pheny thy drazine-treated
ammabs  Hlere, sigmificantly wmoreatd numbers of muotic figures aece
evident among the members of the ery throblast series
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Ewtrr 6 Levthropoetic effeces of peefusing hind himbe of sormal mty warh bloml
from narenst and hyposic mis (huna #f of  unpublished)

It may be concluded fspm them study sbat the ESI prosent i the Blood
of animals subjected to by posk of anemit hypotia exerts s stimulatacy
nffuence duectly upon the blood-forming tisues and does not require the
mediation af other cegan systems

On theoretical grounds, 1 might be expected that of the regulation of
erythiopoiews v medived by humorsl mechanisms, the ureahung £SE
hould e prevent wn the blood af normat ammals as well as wn that of animaly
subjected 1o hypoti stmah The metuhty to detect the undoubredly
smaller quantiizes of §.51 i normal blood might be due to the unlizanon
far perfusion, of normat rat bone marrow 1n which the rate of ery thropotesis
n2iready geared a1 a high den )

Tt wastelt that the y~e of imbs from In pophysectomzed rats, under conds
tome of pesfusion, would reflet more senvinely amy LSE that might be
Present wonormal blod  We'® and other!” have already mduated the
&reater erythrogenic yesponse of hypophy et tomized Miv to materal con-
taming the 18E

Two mepresentatine espennments mvoluing perlvon of imbs obtamed
from hypophysectomzed rats at 2 to & weche fallowing the operation and
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Esidence for the matntenance of the functional integnty of the limb with
1t~ included marrow was made evident from:

(1) Prompt vasoconstrictor response of the limb upon addition of epineph-
nne (1 pg per 50 ml of perfusate)

(2) Absence of demonstrable nigor and edema in the limb.

(3) Convtant wuhzatian of glucose and oxygen.

(4} Maintenance of normal biochemistry of the perfusate. Determine-

occurred an 1ncrease 1n the concentration of inorgame phosphate which cock
not be preyented by the additon of adenylic acid, mahe acid, Versene, inosne
calcum chloride, calaum gluconate, cortisone, ATP, or a mixture of creatine
hexosephosphate, and adeny e acid.

(5) Accumulation of mitoses i both the erythroid and myelad sene
following, addition of colchicine to the perfusate (0.2 to 1.0 yg per ml o
perfusate)

(6) Incorporation of added Ct-glycine into radioactive hemin fsolater
from the red cefls of the perfusate (15 pe of C-giycine added per 50ml o
perfusate)

Lfects of Blood Obtained Jrom [[ypovic Rals upon Lrythrapofesis ti
Isolated Perfused Hind Limbs of Rats

Taving determined that the kmb operates with good efficiency danag 1

4 hour perfusion period, the next phase of the study was concerned sit
determintng whether blood ¢ erythropotetic stimulating actisit
would enhance erythropoiesis in these 12olated perfused preparations. Whel
biood ebtamed from the following types of animals was employed: Group !
normal rats, Group 2, rats exposed 2 hours daily to fowered baromets
pressores of 520 mm Hg, lowered gradually to 430 mm Hgovera l\"i"‘l‘
13 or more days, Group 3, rats subjected to 5»ml blood withdranal on 2t
- ot T sfe hema!
1 datly fe

[N umbees &
erythroblasts within the femoral marrows of 1solated perfused find Db
from normal rats. The values are expressed as average percentage chant
of the erythroblast count {numbers/cu, mm of marrow) from thewe in th
control contralateral nonperfused fimbs  Three 1o § expermments #€7
performed for each of the § groups,

1t will be observed that perfusion of normal rat hmbs with blood f1of
pormal rats (Group 1) did not alter significantly the numbers of erythroblat
campared to these found in the contral nonnerfued imbs  The S
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be due to the greater sensinty to erythropoietic stumuh of the depressed
erythrogemic MATFOW charactenstic of the hypophysectomzed ammal
Expenments are beng conducted to establish the nature of this sumulatory
influence. Hypophysectomized rat Jambs wdl be perfused with blood from
hypophy sectomized Tats The effects of hormones added to the perfusate,
smgly and in combination, will be studied Wit thi approach, it il be
possible to determime whether the ery thropoietic stunulating effects of normal
blocd, 25 observed perfused hypaphyseciomized rat limbs, are due to
{1) erythroposeusc hormanal factors, cuch as the growth and thyrad poin-
aples, present 151 normal blood but not w the bleod of hypophysectomized

PERFUSION OF NORMAL RAT LIMBS
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Trcvzs 8 Mamow celtular aumbers i aormat Tat hmbs perfused with biood from
wormal vats (Dornfest o of , unpubbsh

ammals, (2) nonspecific autnents such as proten to which the eny theapowetic
processes tn hypophy wectomized rats vespond sensitively,®* and (3) the spe-
Gific ESE that should be present 1 the Wood of normal rats {although 1n
smatler quantipes), a5 well as 1n the blood of ammals suffersng from lack of
axygen

SUMMARY

Reasons are discussed for applytag quion m relying too heavily on single
P 0 the t of ery th actnity

Strong erythropoetc sumulating activity s present i botded filtrates of
plasma from subjects with Coaley’s and hypopastic anermias  Transfusion
of these patients with compatible blood of pached red cells to normal hemo-
globin levels results 19 the rapud disappearance of the ES¥ {rom the plasma
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from 2 intact normal rats are indicated in FIGURES 7 and 8, respectively. ITn
all 4 cases, whole blood obtained from intact normal rats of the same strain
was used as the perfusion mecdium, The follow ing facts emerge from a con-
sideration of these figures.

(1) The numbers of nucleated red cells are considerably less in the femoral
marrows of hypophysectomtzed rats 2 to 3 weeks after the operation thanm
intact rats, lymphocyte numbers are significantly greater.

(2) Perfusion of imbs of hypaphysectomized rats with blood of intact rats
results 1n large mcreases in the numbers of nucleated red cells within the

PERFUSION OF HYPX. RAT LIMBS
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ricore 7 Marrow cellular numbers 1n hypophysectomized rat kimbs perfused with

blood from normal rats (Dornfest, Gordon, and Sregel, unpubhshed)

femoral marrows, at the same time, the numbers of marrow lymphocy!®
are decreased A considerable lowenng i the numbers of granulocytét
(mostly of the segmented vanety) also occurs

(3) Perfusion of hmbs from intact rats with blood from intact rats exerts
no significant influence on the numbers of nucleated red cells within the
marrow. Lymphocyte numbers are either not altered or exhibit 3 e
The numbers of granulocytes decline 1n much the same way as they doin the
perfused limbs of hypophysectomized rats Dornfest ef al * have found
recently that this1s due largely to a release of rrannlacvies from the marro®
into the pet
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Unconcentrated urtne from these patients contains considerable quantites
of the ESI'  However, activity 1+ not always present, and this may be the
result of normal or pathological changes in Lidney thre-hold for the factor

The uninary erythropotetic factor may be adsorbed on haolin .msl B
and eluted at ~everal pHs in the alhahine range. The greatest actnity 8
obtained m the 1 M NH,OH cluate, in which a purification of Zjnxlh;\sb:m
achieved  The addition of tolujdine blue to this eluate, reaulls"n 5}"’"2
metachromasia UV absorption spectra studies indicate that the Diologically
active fractions abeorb considerable light at 280 mu These properties sup-
port the contention that the LS is a mucoprotein orana ciated substance
Biological actinity 1+ destroyed by proteolytic enzymes, indicating the impor-
tance of the polypeptide portion of the urinary mucoprotein

Rland fram 11ad b cws o o ooo= 1 PR R

e deamiad Tt

blood 1» shown to contain a factor(s) capable of stimulating erythropoiess
B Vaoan b e oo RV

chion
nthe
treatment of certain blood dyscrasias in man.
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CURRENT STUDIES OX THE ROLE OF ERVTHROPOIETIN
ON ERVTHROPOIESIS

£ A Muand, T € Prentice, W R Shunwhute
Rasucll Park Sfemonial Institute, Bufdle. ¥ ¥

Introduction

The evistence of 3 humeral erythropotelic sumulating factor that con-
trols red celt production has been suspected for many years Caznot and
Diflandre! postulated 1n 1906 that this might be true  In 1950 Rewssmann”
published convigcing expenmental evidence, based on the use of parabioiic
rats, of @ crculating erythropowetic factor wnduced by placing ore member
of the puir it a by powe atmesphers  1n 1952 an exceilent revien concerning
the fund: § stimutus for ery threp was watten by Grant and Roat ¢
A blood-borne suk capable of } ery throp was strongly
suggested  Bonsdorff and Jatavisto? veferred to tus substance as erythre-
poietin  Subsequently many \sboratosies, uung several different methods of
study, have taken up and expanded this concept Thus plasma, or a “ depre-
Teimzad " extract of plasma obtuned from ammals rendered anerme by bleed-
mg,? ? was shown to have the abality to stimufate tncreased erythropoiesis in
renprent ammals  Sumlar matena! from ammals with phenylhydrazne-
induced hemolytic anemua’? possessed the same, although somew hat more
potent, properties  Dlasma from amimals hept n a low orygen atmosphere
s exerted agmficant arythropolelic activiy 2 Ao, there 1s enudence
that a substance may be present n the mitk of anotuc rats and nuce that
prorduces an mereased hemoplobin content of the aAuEnng young ? Ssstudies
with espersmental amimab have progressed, wmereasimg wterest has been
centered on the ugmficance of these findings i patients wit h varsous types af
anemia and polycythens Tms phase, the study of hursn patsents, hac
been aided tremendously by the demonstzation'? 3 2 that boited extracts
of human plauma and urnine ream theis erythropoielic-st mulatiag proper-
ties  These botled evtracts of human plasma and unne could be assayed
using small amount of plasma and unne m othes animal speaies sithout
detectable reactions due to forergn proten

1t 1 the purpose af ths commumnication ta zeport some of our findings
with eypecimental ammal- and huran patients  The areas of the problem
1o be discussed are

Site of production of erythrepoictin (1) relationship of the kidnes , (2)

4 p of the hedal system; and (3} relatonship of the
bone marrow

Relasson af the Iner to esy thropaetn (1 direct evidence, and {2} sdurect
exdence

The effecs of vanious hormones and other haown ery throposetic substances
on erythropoietn levels

Lrythroporetsc-timulating effect of cobalt
(124
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Plasma obtamed was frozen and
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anmals Were 3-month-old Sprague-
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Companson of erythropoietic activity of boiled ts. unboled plasma.
The chemistry of ery thropoictin,
Erythroporetic actintty of plasma and urine of human subjects

Stte of Production of Erythropoictin

Relattonshp of the kidney Gordon ef al ¥ attempted upsuccessfully ¢
\dentify the ~ite of production of erythroporetin by assaying acidified bale
filtrates prepared of plasma, pached blood cells, and various organs Only
the filtrates of plasma ~tmulated erythropoiesis in recipient rats Jacobsan
¢t al * reported that the removal of the pituitary, thyrotd, spleen, adrenh
gonads, stomach, pancreas, sntestine, and a major part of the hver does not
wmpair the ability to produce erythropoietin under the stimulus of bleeding,
cobalt, or hypovia anoxia ® Hawever, after bilateral nephrectomy neither
rats nor rabbts had the capacity to respond to bleeding ot cobalt o hypotic
anova and therefore Jacobson ¢f al** postulated that the kidney 1> the major
source for ery thropoietin or an wnactive precursor that is actnated by some
other tissue  Erslev?® reported that abservations on uremic rabbits do ot
support Jacobson’s concept because serum rendered both anemic and uremic
showed a low level of erythropmetin whether the uremia was induced by
bitaterat nephrectomy or by bilateral ureter ligation. Morcover, the bost
marrow of nephrectomized rabbits continued to be active desptte the co
plete absence of the hidney  Murand and Prentice’® showed the prescrst
of plasma erythropotetn i hypovc anoxic rats with or without Aidney ()
and,'or spteen {TaBLE 1) Further observations are presented on the produc-
tion or lack of production of erythropoietin n rate with intact kidneys alter
bilateral nephrectomy or after bilateral ureter ligation when subjected 10
bleeding, cobalt administration, and/ar hyposia, and on the ability of hypo
physectomized rats to produce erythropoietin tndes vanious etpenmrnﬂ[
conditions

The procedures used 1 this study ate as follows  Sprague-Danley rats
were placed n chambers constructed of Plexiglas.  Inte each chamber was
directed a mixture of nitrogen and oxygen, the proportion of which, along
with ambient pressure, determined the stmulated 2ltitude.  Flow of nitrose?
and otvzen was regulated by a rotameter type of flowmeter and remain
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Treatments are tanked i foures 1 and 2from 11023 Dhfferences between
the 1arans pairs gre compared with the standard deviztion mutuplied by
appropriate constants from tables of ranges 1 the above-mentioned astscle 2
Any two treatments that evceed the appropriate tabulated walue (when
multspled by the standard deviation) are dectared 1o be sigmficant at the
S per cent level of syymficance

Durect assays were cazned out on Sprague-Dawley rats, 400 to 500 gm
The treatment and Fei? assay were parformed on the same rat (taste 2) A

agle hemorrhage, cabalt dase, ar snemic plasma was g én after the remaval
hudney s, and Fe¥ nasmyected 1V vz the jugufar veinat thisume The
113 were sacrificed tater for a 24-hour Fe® uptake

Tasiz 2
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) ERRETE)

i
Treatment T w(
Presence of kidney { Absence of kidney
e e Ittt IS 25 —
Groups ;\ 3 tow o, N4 Low Q,
Unueated D26 62428 0 35 2(44 D2 G4 S) 43 1{A2 4
Ried (6ce ) FA(ES 0 1000ES 0)[2‘8(&4 4332 1{%7 5
Cabalt (18 mg } 230 {(£50 B 2{+s 01,23?&4 SHIP S22
Cabalt {15 mg ) L F (£36) ‘159(14 3120 3{22 2712 5¢ET B
t
{

f3matx2 B9 oLs 0)%_\» He1n
: !
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*Avtrage 2bhr Pt uptakes

4 Standasd deviation

Fublished data from this laboratory® have shawn that when normal rats
e exposed ta an stmosphete of appmnmauly w percent Oy for 3, 8, 24, 48,
A 170 hours, a time-tonreniration p of plasma en i
EPF) m hypouc anee rats can be seen The concentration s approtn
wstely 8 times the contro! tevel at 1 hours, at § hours the uter reaches 1
'mes controt lesel and remans approumaiely the same at M hours By 48
nd 120 houry the uter has dropped back \u mmm{ fevels

Yang thie tune-concentwation zel hy plasma
YPOUC anauc FEts 3% a Lasws, WE SEtout to duerm‘ne whather thin rckmnnv
hup could be altered by nephrectomy and ot splenectomy ta ander to reseal
be «ue of praduction of hypoxic exythropoetin  TaBLy 1 shows 1hay the
ime-concenteation relatonstup of plesme EPF w unilateral or bilaseral
ephrectomized animals subjected to hypoue anaas 1 doubled 5t 4 houss,
i daubled or quadrupled at 8 bours, awl 1s § 10 6 tmey greater at 23 hours
ban the tters at controt levels  When splenectorny was combined with
ack of the tirst 3 procedures, essontially the same tesults were obtained
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a1 numbers of observations 1n the subclassifications formed
brnations of experimental conditions and by different days
repetition of the experiment  The average vanation in the matenial, 3
represented by the standard deviation, was estimated to be 0 32 per € \
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udneys {compare bars @ and & wih 8 Fioree 1 dlustrates a simdac
wend withs fower dases of cobali  The comlmation of cobalt plus hypettc
woua can mcrease ihe erythropoetin titer W the presence af the kdney
(compare bars 24 and 25 stk 11) and i the absence of the kdney {compare
bars 17 and 18 with 9}, but not nevessanty so after bilateral ureter hgatson
frompare bars 21 and 22 wmith 23} Sevete anona resulting from bleeding
plus by ponc anoxa  rats wieh Lidney absent (rompare bar 4 with 9) or after
ureter hgation {compare bar 15 with 23) can prevent the appeatance of
elesated erythroporetn iters  Other data observed w our taboratory further
shon that & severe hypowic anovia prr e fas abo reparted by Stohlman
and Brecher™) ar combmations of severe Bleeding plus hypowc anona or
large dases of cobalt plus by poxic anosia can decrease the titer of plasma
erythropoetin.

Tn tamLE 2 “direct ansay " refers to the treatment and assay performed m
the same rat, :n contrast to an ndisest assay” (FrovEes | and 2) i which
the Lreatment % as performed en a dovor fat and the plama was assayed 1
tecprent hypophysectomuzed rate It can be obseried further i TARLE 2
that 2 hyporic anouc shimulant can produce ery thropaietn w absence of the
hdney fcompare average 24-hour, Fe® uptake values 236 and 431 .
unireated group)  Aba, rat~ma nermal atmosphere subjeated to bieedmg
cannot ehat erythropotetin 10 the absence of the kidney {compare values
314 with 23 8)  Rats with or sithout kidneys norma} atmosphere and
recerving cobalt did not, of &id not markedly, demonstrate an mcrease m
erythropoietsn HLETs, MOSEOVer, the rommnation of cobaft math hypouic

anoxia & ted a 4 titer of erythrop regardless of whether
the kidney was present It 3 interesung that a single tnjection of aneme
plasma e did not Tate erythropowesis

ythrop

Fhe data in FIGURE 3 show that donof plasma of hypophysectomszed rats
or hypaphy sectomized rats with the remonal of additional organs can demon-
strate an snereased ery thropactin Ler following evposure to Bypouc anoxin
at vagsous intervals of 4, 24, and 48 bours  Rakewise, hypophy sectomized
rats can demonsitate an increase of erythroporetn after the single remoral of
Lcc of blood  The combination of a vingle e¥posue to ypovic anoua and
a sgle dose of cobalt it 5 mp ) does not produce an agdit e effect on eryth-
mpoetin uters  In fact, cobalt plus hypowc anovia feduces the amount of
ery throposetin as seen the 1-, 24- and 48-hour hypowc gravps Note that
1 ed oy t tata can respond to hapowe
anovia  However, the enythropoweln » reduced as compared wih hypoph-
sectomuzed controls

These studies demonstrate that the hulney pliss an important role in
the production of erythropotetin The studies of Jacobson ¢f ef * showing
that the kudneys, when remmed, fail to produce erythropoictin under the
trythropoietsc “trmeain of bleeding or cobnlt admingstration have hetn con-
firmed by our ~tudits u-1ng wdirecs and or dirert asay methods  The fact
that eobalt plus hypoxia Qepresmes ¢y thrapoiess 10 Tats 1 ouy direct 8583y
data {raprr 2) mught mezd that robalt at these concenteations “potans™
hemoglabin synthess, but does not ntesfere with erythroposetin production
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Nephrectomized and,’or <plenectomized rats exposcd to normal atmosphere
did not show any eleation of ery thropoietin. Their 24-hour Fe¥ uptahes
were comparable to values for hypophyscctomized rats receiving normal
plasma  From such data it was concluded that hypovic EPF producton
was not dependent on the presence of the hidney and/or spleen

Further extensive experiments iny estigating the relationship of the Kudney
to erythropotetin under normal and hypoxic atmospheres were performed
F16URE 1 shows a compilation of averages of 24-hour Fe” uptakes of 3sepa
rate expenrments rej ting, in each experiment, 25 experimental condt
tions  For each separate experiment the assay procedures on 25 expen
mental conditions were carried out simultaneously.

In FIGURF 1 the bottom line represents the status of the Lidney of dono
rats and the Jine above represents the treatment they recened. The doso
rat plasma was assayed 1n hypophysectomized rats by use of the 24-hov
Fe® uptake as shown by the hetght of each bar, A difference of 2.9 percen
between any 2 averaged 24-hour Fe® uptakes i~ significant at 3 per cent, 2
determined by the Multiple Range Test  From FiGugr 1 the following s‘:i“

h s A Pl v avem no et

after bilateral ureter ligation, as welf as in the presence of the Nidney. byt
roporetin elicited by bleeding 1s contingent upon the kidney, stnce detK[lh
elevations m erythropoietin titers can be observed in response to @ sin8
hemorrhage in the presence of the hidney (compare bar 13 with 5) o aft
bilateral ureter higation (compare bar 20 and 8), but sef in the absenc¢ of !I
kidneys (compare bar 4 with 3) under normal atmosphere  The combinatit
of bleeding plus hypouc anoxia can increase erythropoietin titers i L
presence of the kidney (compare bar 22 with 12} or after bilateral uret
ligation (compate bar 25 with 21).  Note that bleeding plus hypovic 300
does not demonstrate a significantly higher rise 1n erythropotetin 1t u
absence of the hidney (compare bar 15with 1) That ery throporetin apP¢
to pile up n the plasma due to the inability of the rat to excrete 1t is demo
strated by higher levels of erythropotetin titers in rats with bilateral uret
Iigation subjected to normal or hypotic atmospheres (compare bar 8 with
20 with 13, 16 with 10, 17 with 7, 21 with 12, 25 with 22, 23 with 19, @
24 with 18).

Ficure 2 shows a similar complation of averages of 24-hour Fe uptab
of 3 separate experiments representing, 1n each case, 25 experimental c%
tions  These expenments differ from the previous ones in FIGURF 1 by wd
~ enre cevere single hemorrhage and a larger cobalt dase to donor rats
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1d placed mmmediately, of aghteen hours ater, man atmosphere of 10 per
mt Oy for 410 23 hours  From the data ta FIGURE 4, 1t can be observed that
avor plasma of rats so treated, when assayed i recipient hypophysectomized
3ts, stilf demonstrate EPF 1n thar plasma  However, it misst be barne m
yund that perhaps complete blockage of the RES was not achieved with the
wose of thoroteast gnen

% Fe3® UPTAKE
"

ANTREATED TRCAGTHAST N
CONTROLS. SUBCUT BB 20 818 W
LATERT FERIOD HTENT PERCD
THORGIRAST= ThoRGTRAST
TANES wa Ew
LATENS PERKR)

Frrxr 4 Cffect of thorotrast o pluseay ervibsopotetan

Relationshp of the bone marrow Danor sass weee exposed to whole body
raciatson with the foflowmg doses 200 % 100 T, 600 5, 800 £, 1000 ¢, 12007,
and 14007  From the first to the sev enth day after rdatiom the donor rats,
alter being exposed to a hypowic anone . timulus for 23 hours, were szouficed
and their plasma awayed far erythroporetin  In all groups, the radiated
Uomor tats exponed o hypovic aneuc simasphere for 24 hours demonstrated
the presence of erythropaettn 1 reupiens hypaphysectomized rats as yudged
by 2 24-hour Few uptake  Thivw ould suppor the hypothess that 1he bone
marroy t» not the st for erythroporetin productian

Relohonshup of the Liver to Erythroparclin

Direct cvidence  TIGURE $ demonsirates the an taz0 tnactavation af ery thro-
poretan by the liver By njecting 2 ¢¢ of pheu lhy drazene-anemic plasmta
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The erythropoetin under these circumstances could very well accumulate n
he plasma, and yet the bone marrow for some unknown reason remains
efractory to the erythropotetin released by cobalt.® However, m the
ndirect assay where hypoxic cobalt plasma obtained from hypophysec
comized rats was assayed in recipient hypophysectomized rats, we se¢ i
decrease in EPF titer (FIGURE 3)  Further investigations on these points
are necessary

These experiments using both direct and indarect aseays further support
our oniginal concept that the kidney is not necessary for the production of
erythropoetin under a hypovic anovic stmulus  We have obtamed plasm2
on occasion with little or no EPF, partreularly from young donor rats expo-

AT LOW 0, AT LOWO, | AT LOW O AT LOW 0

8 NORMAL ATMOSPHERE.
© Low o, (%]

.
¥
ED
2
5 .
5 ,
@ 1o .
[ 1 1 2
® o . ‘
10 ‘| - j
H 1
P N ;
. ( & * | K
. F B 3 B ]
e Pk wix ek
cSiTRocs cNtRoLs  aeLED e N Ao Py
e e soex weox px SCRSTR WL
o e co CONTROLS  CONTROLS @ CASTA 8 B

Tiopse 3 Average Te uptakes of Ty pr rats recening donor Hypx at plasm’

L M ilofio g iia. s oos s gamal BT

However, !

rave v e kidney wot

appear to rul'e out a unitarian concept for a source of erythrapuietim Ju
where hypoxic anoxic erythroposetin 1s produced remains unknown

. 1 et apd b mmm o m a2 - 22 31 pleeding

2 the plast

o 3 as a s0Uf

of erylhmpmeun"‘

F nship of e loendocthelial system Thorotrast 1s hnow?
block the activity of the reticuloendothelial system (RES). Since thi> 1
general system inthe body, we thought that blockage of the RES with the!
trast mght diminish the preduction of erythropoietin. Therefore, dor
rats were injected subcutaneously or intravenously with thorotrast (10 ¢ M
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and placed 1mmediately, or exghteen hours Jater, in an atmosphere of 10 per
cent Ozfor 4 to 24 hours  From the data in FICURE 4, 1t can be observed that
dosor plasma of rats so treated, when assayed in reciprent hypoph) sectomized
ats, st} demonstrate EFF m their plasma  However, it must be borne 1n
mind that perhaps complete blockage of the RES was not achieved with the
dove of thoretrast given

50;
43
NORYAL
o 2 B woseers
¥ B AL
s 4 O 2emRioWG
g 3
oo g
®
2 o
»
[ .
s %
@ UNTREATE!L FHORQTRAST THORO! S
"TONTROLS, Proviery Tenia i
CAVENT PERIOD LATENT PEROO
THROTRRST- THoROTRASY
SUBCUTANEQUS O A iare
LATENT PERIG

Ticrre 4 Lffect of thorotrast on plasm ervthropoietin

Relationsinp of the bone marrowr  Donor fats were exposed to whole body
radiation with the followmg doses 200 1, 400 1, 600 1, 800 £, 1000 1, 1200 7,
and 400 r  From the first to the veventh day alter radiation the donor rass,
alter bewng exposed 1o a hypoc anovic stimutus for 24 hours, were sacnficed
and their plasma assayed for erythropaetin  In all groups, the mdiated
donor rats exposed to a hypowsc anowc atmosphere for 24 haurs demonstrated
the presence of erythropotetin in rectprent hypephy sectomezed rats 25 judged
by a 24-hour Fe® upteke  Thas nould support the hypothests that the bone
marrow t not the sie for erythropoietn production

Relotronstp of the Liver do Lrythropoichin

Diseet evdesice Frours 3 demonstrates the in tera imactivation of erythro-
Poetin by the nes By wjectng 2 <c of phenythydazme-anemic plasma
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from otherwise normal rats via the hepatic portal or jugular vein of reapient
hypophysectomuzed rats, a clear-cut differential in 24-hour Fe¥ uptakes can
be seen
Recent preliminary data demonstrate the inactivation of anemut ril
plasma when perfused through an isolated liver preparation for 3 hours »
Indirect evrdence Additional indirect expenimental evidence showing tha!
endogenic hy poxic anoxc ery thrapaietin is ipactivated by the liver 1s st
ported by the experimente af Ton-s” iy -,
are placed mn low oy
48 hours or § days,

204

W v1a perarse porra vew
VIa WBULAR VEW

. 2
UNTREATED Phh ANEMI NORMA
CONTROL PLASMA 3 PLASM'E
Twurr 5 Hypx rats gven phenylhydrazine anemc rat plasma via the hepate
portal or pugular vein

of ther plasma m ether recipient normal or hypophysectomized i
However, when acute hver damage was induced by carbon tetrachloride
and the rats were placed at the same simulated altitude as the normals for
48 hours, thewr plasma possessed erythropoietin

Jacobsen ¢ al '* have demonstrated et~ ¢ '

\ -« siglmeant amounts of LPF can b
stimulated tn an ammal with no anemua, proyided hypovic anovia and Jiver
damage are present in combunation N

Tt 15 not too surpriung to find that LPI" can be inactivated by the Inen
for substaptial data for the inactivation of such compounds as estrogenS;

wAengens. and adrenal sterowds are well documented
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Lffect of Vartous Hormones and Known Erythropeselic Substances
on Lrathroporetin Levels as Adjudged by Fe>® U prake

A group of normal rats was prumed wathsubcutaneous injections of “Depo™™
Testonterone ¢y topenty Ipropionate (sngle mjection of 2mg Ly yand cobalt
chlonde (3 mg kg, dady), or bled untid a hematoenit of 25 or belon was
obtamed  Afier bewng primed or bled for 7 days, they vere gnen  ac Fe®,
IV and subjecied 10 hypone anowa of a 10 per cem Os level for 24 or
48bours  In il wstances a 24-hour Fei® uptale was taken

Taser 3
Fe# UpTane % NowMar Rat Recrnnt Fouronine TREaTugst

. 2, tevel
Direct assay X {20 et cent 24 s )

Testosterone 26678 s
1 stropen i e WrgEzn
Ces theapoietin 3% 7{£3R) Wo(x2 4
CaCly 423(E49) 1 $0a(xd
Blewding Wilten 05 (£5 8
Congyols 5 E(£3 00 409 (5 0y

Lr 4

aal
TH¥ UpTARE 0\ Nuptaz RaTs RECENING §oLioning TRearsray

11 leset
Ehrect asssy ~ {10 per cent ~2% hrs )
Testosterone LAY LRI EY
Loty C3aEly DREELEN
Beeding 03 (xz Y w2053 D
Controls W22 H B 0{te 9

R <an be obserted fram raptrs 3 and 4 that bleeding or the wjection af
boled phenyihy dranine-anemic rabiat plasma o wobalt (to a ight degree)
caused an ncreave 1 U'e? uptahes of rats exposed 10 normal er hypoue
ttmosphere  Howerer, hypown apewa tn sombpation wih bleeding,
erythroposetin, of cobalt did nol demensitate sn additive effect an Fe
salues  Testosterone did not matenafly werease Fe*? value of rats 5o nonmal
or by paxic atmoaphere  Dntrogen snhtbited the abibity of zats 1n antmal ac
hypovic atmosphere to produce and, or respond to ery thrapaietin

Ersthropotense-Strmulatsng Igfect of Cobalt

The mechamsm of the erythropoietic-stimulating effect of cobaft w stiff
0 quesiion  Recent mrestigation of this problem by Goklwaser and ke
co-orhers®® # has sumatated further interest 1 1t and Aas suggested the
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possibility that cobale exerts its stimulating effect on RBC production
through increased output of EPF. The present study was designed to test
this theory further by determining the amounts of EPF in the urne aod
plasma of animals receiving cobalt over a long period of time during the
induction of their polycythemia.

Animals used were Sprague-Dawley rats in the age range of 3 months at
the onset of the expeniments, One and one-half mg of cobalt chloride was
imjected dmly subcutaneously for a period of 10 weeks. At the end of each

e 5
-RYTRROPOIETIC STIMuULATING ErprEcT Or ConalT

Cobalt administeted for the folfoning wecks

D -——
3 4 s 6 | 7|8 |91
Tt uptahe
Liper 36| 378 358 11| 37.0[ 355 318 82
£51|32 4|43 6[£20]£28]E1 1[4 533!
Control 308( 310 308] 264 35 0] 2803t 4f H1
59 * £28[%
Thematocnit 259/£10/+33]456[+49($30/%
Exper 00| 15| 567 618 658] 670] 20f 81
Control 165\ 475] 170| 475) 437 46 3] 472) B0
Iiemoglobin
Laper 163) 161] 182] 200 204f 201] 224027
o, 1] 148l 160] 159 1ot 157{ 163) B¥
Marrow erythrod percentage
Exper 26 1] 29 0] 47 2] 45 7] Notdone | $46{ #¢
Conteel 203) 202 23 6] 208 Notdone | 2 1{<50
Reticulocytes
Lxper 4ol ozl agl vel 32 24f U i
ontrol L 244
Plasma activity (Fe® uptake) 6! 08 o8] 04
e nzl 83l sa] syl 96l w3l 74 4}
e ol 86 11
Ursne activity (Fes uptake) 43| 89] 77| 99
e ~ l202) — )20l 2a1] 18322 B8
Cortel 277 195] 240] 177] 21 0] 208 138] P’
{ i |

week a part of the total group was sacrificed and a series of determmation
carnied out in these animals, These consisted of a Hb, hematocrit, bor
ERSOR S REIER P ’ -~ticulo

p et

say of

nimals

e

teated

W vee . e
frozen unttl used. For testing purposes it was given 1n 2-cc. amounts sub-
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ataneously for 3 days to 14-day hypophysectomized rats  On day 4, 1 xc
‘e was given I'V and, on day 5, a 24 hour Fe® uptake was done At the
ermination of the experiment, a total red cell volume was done on 10 ammals,
sing Fet*-labeled red cells #

Over the 10-week pertod a very pronounced polycythemia developed
"his was progressive and accompanied by the usual signs of increased red cell
roduction, as shown 1n TaBLES 3 and 6 However, dunng this entire inter-
al neither the urine nor the plasma showed any increased erythropoietic-
timulating activity

Tapie 6

Broop VoLoMe DATA 1N EXPERIMENTAL AND CONTROL ANIMiLs AT LND oF
10 WEEs INTERVAL OP COBALT ADMINISTRATION

Het TRCY | Body wt TRCY
Group TBY percentage | (cc) (gm) |cc/100gm BW
Experimental {ec )
g 730 232 3280 707
43 50 257 3520 730
315 730 230 327 0 703
273 720 197 320 604
285 730 20.8 310 623
307 av 3 2av (22 Sccav | 333 d4av 6 73av
Contra]
24 430 107 450 740
246 430 106 H70 237
26 480 142 492 0 289
263 Ho e 4330 268
236 80 13 3%0 0 289
25 8av 45 2av |11 Tav i 4av 2658y

These data illustrate that a significant polycythemia can be produced in
1ts by means of cobalt-chloride adminstration tn the absence of any demaon-
trable increased titer of erythropotetin in plasma or urime  Since the assay
1ethods used to obtain this data were among the most sensitive to demon-
trate EPF activity in plasma or urine, these data appear to be of interest
t will be noted that the dose of cobalt chlonide used 1 this expeniment was
5mg/day This s a smaller dose than that used by Goldnasser et af *

who used a dose of approuimately 10 mg /day or, roughly, 6 times our dose
¢ level  Using a similar dose level, we were able to confirm increased erythro-
, Dot levels in the plasma after a single injection  However, such a dose
< 15 toac to rats, and these anumals are unable to tolerate it beyond a short
peniod of yme
‘Therefore the question arises as to whether the polycythemm that has
developed with this dose of cobalt 1s due to increased outflow of EPF, In
view of the negative results from the assay of the plasma and urnine, one could
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draw two conclusions: (1) that the polycythemia occurnng subsequent to
thus dose of cobalt was not du¢ to increased amounts of erythropoetin, ol
(2) that there was a mummal rise in erythropoictin levels undetectable by
our assay methods, but adequate to produce polycythemia when presen!
for a period of several weeks.  We are not prepared to state which of thest
possibultttes represents the true state of affairs.  However, the Jatter state
ment 1mplies extreme difficulty in mterpreting the importance of plasma s
urine EPT levels i various types of anemia and polycythemia because con-
lusions cannot be drawn from the levels of EPF found by assay

Comparison of Ervthroporelic Activily of Boiled Versus Unboiled Plasma

There have been differences in optmion for several years concerning the
relatise erythropotetic potency of boiled versus unbailed plasma This 18

TaBLE 7
Tue Courastsoy 0F Lrymiropoietic Actoiry OF Boirp Versvs Ussonsd
PLASMA As ADJUDGED BY 13% UPTARE I RrctriesT HypOrilySECTONIZED Rts

Unbouled Boiled
Injected material from Route e
normal rat o N T
(2cc X 2da) imjection | FUTCntage [ pecentage l"er;‘crg-\ge Percentage
te' N ef I
uptake et uptahe
[ SN oy e
Bled anemie rat plasma v 307 478 16 9 478
Theny )by drazine anemic | IV 8 478 124 ns
Hypova rat plasma v 08 460 1306 a3
Control n 134 454 1ni7 07
R RS SNSRI RS
w@l e leEk;—m 6 Heedod
Bled anemuc rat plisma v 16 2 166 10 4 166
Fheny Ihydrazine anemic | T3 196 150 154 96
Hypota rat plasma v 107 457 16 1 3
Controt v 80 468 68 EN
. [
Untreated control Tef* uptake—3 0 et 47

stll unresolved  Certain groups™ continue to be convinced that Isttle or B¢
N 2-qon

the

ong:

oy i R ) o"‘:-
pared the relative eﬂ‘xcacy of various routes of plasma admimstration (su

P amcously, LP, and IV} The latter was done to ascertain the feasibilit

(1) Whok
phenyiiyutass - o ey pew . nately 38
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erythropoietic activity whether given I'V, I'P, or subcutaneously (boiled
plasma extract was somewhat more active by the IV route in this expen-
ment, however, 1n previous reported expenments, comparable activity was
found when borled extract was given by the TV and subcutaneous routes )
(2) Boiled plasma lost a large amount of its erythropoietie-stimulating quali-
ties as compared with unboiled material This was true i short-term
experuments (4 days) using 24-hour Fe'? uptake as the method of assay, and
also 1n long-term experuments (2 weeks} where Hb, Het, and TRCV were used
Tasie 8
Couparison OF PRYTHROPOIETIC \CTNITY OF BOILED VERSts UNROILED PLASMA
AND THE RFLATIVE EPricacy OF \ARIOUs RUUTES oF PLASMA ADMINISTRATION
45 ADJUDGED ¥ FE® UpTARLs N RrciPIENT HYPOPIYSFCTOMIZED Rats

Lnboiled Boiled
Injccted matenial from | Route o _ . . _
vormai rat of N I T
Qe x2ds) | geenon | Percentame | pe | Percentage | penegye
| Fet G bes T IS
b uptake * uptake
T I . [

Bled anemic rat plasma | IV | 29 80 | 153+ s
Bled anemic rat plasma 1 10 70 | 82 | 483
Bled anemic rat plasma SC 006 48 28 1os3a
Phenylhydrazne anemic " X i70 285 44
Phenylhy drazine anemnc i e 1 00 185 138
Pheny Ihy drazine anemic SO o 432 162 158
Hypoxa rat ;\lasma 1\ e ' 470 91 434
Thpoxa rat plasma ir a9 a8 125 482
Mypovia rat plasma N3 42 152 i1 33
Contrel v 86 | 452 129 108
Control 1 55 | s02 17 467
Contzol Y 1 75 | om0 73, 470
Untreated comrol }A B Fe® uptake—2 8 Hetdo 8

as the end point ~ On this question we accordingly find that boiled matenal
maint wome ery poretic activaty, but derably less (one third 10
one half) than unboiled plasma  These results are in agreement suth those
reported by Stohlman® who utilized short-term studies with Fe*® uptake as
the method of assay It has recently been reported'* that whole plasma,
Particularly heteraspeaific, produces increased Fe®® uptake and reticulocy tosrs
1n reciprent anmmals because of a hemolytic reaction, rather than because of
tncreased titers of EPF, when compared with boiled matersal  The pre<ent
fong-term results {148LEs 9, 10 and 11} show thatin the rat strain used here,
whole plasma from one ammal does not cause hemaolywis when injected into
another and that the increased ery thropotetic potency of whole versus boiled
plasma 1 real rather than simulated, .
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Taste 9
Comparison of 24-n0uk TE® Uptank Arrrz 1 WrEk or BOuep VERstS
Unpoirp Prasua Gnen IP Dy

Boiled | Unboiled

Pheny Ihy drazine anemic 129 381
Bled anemic J o120 79
24-hour hypoue . 87 #3

12 93

Control normal plasma .

TanLE 10
CouparisoN of s Axp Icr ArTER Two WEEKs OF Boreep VERsUs Ussoiteo
Prasua Gnev IP. Dany

Boled Unboiled

D
Hb Het b | Het

—
Pheny Ihydrazine anemic J 166 | 468 | 186 ) 530
Bled anemic 16 4 70 166 [ 90
24-hour hypouc 159 426 168 | 466
Control plasma 159 | 438 56 ( 4t0

Tasee 11
PERCENTAGE INCREASE* OF Totar REp CELL Vorume in¥ Hwpoxic Rats IN
IP Dauy ror Tno WEERS

£CTED

Boiled Unboited

Phenylhydrazine anemic 2 43
Bled anemic [ 31
Hyporic plasma 7 16

+ As compared with controls receiving boiled and unborled normal rat plasma
Volume measurement done using Fes*labeled red cells

Chemistry of Erythropoictin

Although the exact nature of erythropoietin is still unsettled, the bulh o
the evidence indicates that the humoral factor is polypeptidic 1n pature
Hon ever, the possibelity that the protein 1s serving as a carrier of low mole?”
Jar weight molecules has not been eliminated. Our knowledge to date1n t"*
connection is summarized in TABLE 12,

Rambach ef ol # and Slaunwlute ef al.4 independently concluded th!
erythropoiettn may be polypeptidic in nature, the former group also demo™
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Author
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TasLE 12
Results and/or conclusions

r
aay |

-

]

Staunwbate e al 1+ Few uptake by erythte
cytes

Rambach et al

‘bope marow

Gley and Delor® Tncrease in reticulocyter

Entev and Lavictestt
Barsaok ot ol ©

toulocytes

Tohs et o Recovery of Hb after
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marrow asuvity

ot given

Linman and Bethelltt

Van Dyke and Garen'?

strating that the erythroporetic actv
fraction  While most of the earher
Tirectly, 1t a3 10 accord with 1t

On the other hand, Gley and Delo:
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- —_——

Physicochermedl treat
ment of boiled anemnc
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heat or HCIOs did mot

destroy actint
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e

Inpection of boed sne
o plasma ex

tracte

not gven anme used

1ty was associated with the arglobulin
worh does not support this concept

£17 have postulated that there are tho

cvemulin 14 water-soluble and, to our
+ by Gley and Delor
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conclude thas hematoporetin may be a triketoalcohol and, since it is @ non-
<apomfiable Iynd, 1t may be a sterowd.  Conscquently, they testerd the effect
aof a number of wterouds on reticulocytosis - 11-Dehydrocorticouteront at 2
dove fevel of 15 ug 1 ratand 5 pg in the guinea pig and 21-de-ovycortivone
at 5 ug level in the guinea pag produced a two- to threefold increasen reticu.
locytes n 3 days A dose of T mg. of 11-desoxycorticosterone and cortione
was required 1o produce a 100 per cent increase, We have been unable
1o demonstrate reticelocytosss in rats administered for 14 days 1 to 10mg o
catticosterone (ntrapenitoneally .

According to Bush,* the principal steroid produced by the rat adrenat bs
Cortrosterone, which 15 probably interconvertible with 11-dehydrocort
costerone  The most amazing aspect of the reported phenomenon i the
effectiveness of doses that are lews than the natural sccretion of the gland
each minute  Bush®® reports 2.4 10 5.5 pg of @, f-un<aturated Letones/min
for rats

One of the attractive aspects of a dual factor theory is that all the known
properties of the erythropaietic factor or factors will fit one or the other of
the postulated substances. Although this theory will not be dcarded untl
an experimental basis exests for dotng «o, the remainder of thi revien wilthe
n terms of erythropoietin,

Sometimes erroncowsly, Borsook e af '* are credited with stating that
erythropoietin s nonproteinaceous.  Actually, they point out that ther
*“nonprotetn”” plasma extract contains protein, and therefore they refran
from making any dogmatic statement concerning the nature of ery thropol®
un  Stmularly, tn a subsequent paper they shawed® that, although certai
amno aads and iron will expedite the mcorporation of C!*leucine, Cliglyr
cine, Ct-histidine, or C'lysine inte the proteins of rabbit reticulocyi®
plasma supphes yet another unknown factor that still further increast
incorparation

Linman and Bethell" concluded that eryth ictin was nony eoun
since heat and perchloric actd treatment did not destroy its activity. A
ally, their conclusion does not follow from their data, for many polypepu@n
or low molecular weight proteins such as ACTI, oxytocin, vasopresit
nbonuclease, and mucoprotemns will wrthstand fairly vigorous treatment
We regard the data of Linman and Bethell as in accord with prote: natunt

ated

com

tained both nonproteins and protems, they could draw no conclusion 25 otk

nature of erythropoletin  Again, however, their data are in accord with bt
concept of Rambach

\an Dvhe and Garcia®® have experimented with urinary erythropoiel®
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IV9, Fremhel of af # and Robbins and Rall, and the binding of costi~ol
- 10 transcortin (Sandberg and Saunwhite Daughaday™) However, in
~ the case of erythroposetin e do not believe this to be probable  This con-
 viction 1 based on the enzymatic digestion reported by Slaunwhite of al *¢
and Van Dyhe o af ** for, white enzymatic proteolysis would be expected
ta reduce or destroy the activity of a polypeptide, st shoutd nat alter the
activity of a small malecule attached to 1t 1if the digestion mixture 15 ijected
directly into the test ammal It may be argued that the carner protein 15
neeessary for the moinlenance of a constant leved of eryrthropmelin, bar
- since the rat, the uaual test animal, bas been demanstrated 10 possess erythra-
. poetin, catrier will presumably be avalable
1f our hyporhesis concermng the palypepudic nature of ¢rythroposetn 1y
correct, 1he course of tuture experimentation & clear  Unless 2 quanutative
.« assay of erythropotetin requirsng less material 1s disco ered, haweves, progress.
sl be slow and 1edious

X Lrythroporetic Actinaty of Plasma and Urine of Human Subjects

' In view of the conflicting viewpoints concerning the chemical nature of
erythroposetsn and the varying methods of assay for this substance, 11 s not
surprising that Chnical studies have been rather unpredictable # 5 @ Levels
of EF{’ 1n plasma extract from anemic patients have not «orrelated con-
- sistently esther with the degree of anemuia ar with the etiology of the anemia
(raBLE 13), that 1, patsents with sumilat degrees of anemia may show entirely
thiferent levels of LPF and, hhewne, one patent with anemia due o acute
fenkemia may have a very hugh level of EPF in the plasma and anather
®ith anemua of the same etiology wul have no elevation  Also, there has
. been no obvious correlation between the plasma CPT leve! and the presence
or abwence of a regeneratne response of the erythron m a gnen patient
There may be a marhed erythroid regenerative response in the absence of
any elesation of plasma EPT and vice versa  Curthermore, seral studses 1n
» the same patient may <how elerated Jevels at ane ime and normal lesely at
another, with no ather obvious change m their cismeal or hematological status
This is true of anemc patients, and alwo of those with polycythemre vera,
On the powtive side 1t can be stared that the normal mndisidual does not
Poseess elevaied levels of LTF in tus plasma, whereas the anemic patient of
varied etilogy frequently does  Lakewre, 1n polycythemia vera and sec-
ondaty poly cythemia elevated fesels hase been found 1n frequent instances
and by differing method- of assay ™ ¢
D)

Sy S S —

¢ “a
€

t . .

' .
then placed in 36 32 Nojax vasngs and dualyzed for 24 to 48 haurs against
rubmng tap water  Some Jois of unine were frozen imually and daly2ed
atalater pertod o mignificant dufferences i titers of esy thropotetin were
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found 1n the fresh versus the frozen lots  Following dualysis, the utine sam-

697

ples were concentrated to one third their onginal volume, since this corre-
sponded to the concentration factor we used with deproteimized plasma
Howexer, there was a wide vanation n the speafic gravity of the 12-hour
samples, indscating that the kidney had alrendy intreduced a wide vanabihty
For this reavon 1t was thought 1o be more meamngful

in their concentration

%]

aa%)

[ueme

nos
DEPROTEINIZED PLASMA EXTRACT)

PIALINE CONTROLS.
FIunTREATED ConTROLS
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Fioure 6

s

Clonwe

e
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FluntRearen controLs
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i

Comparative actity of normal fuman mate utien versas D P I

Ficvke 7

to concentrate all 12-hour sumples to the same finat votume,
vanauons due o diution would be lessened
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Comparative activaty of ancene human unne veesus § © 0 £

In this way

Therefore the utine was con-

centrated o £0 (¢ 1 every instance, unless atherniee ndicated  In some



698 Annals New York Academy of Sciences

The bio-as~ay techmque was the same for both plasma extract gnd unne
Fourteen- to 20-day hypophyscctomized rats were used  Two cc. of plasms
extract or unne was given subcutancously daily to cach hypophysectomzed
tat for 3days  Onday 4, I uc. of Fet? was given LV, and on day 5 2 24-hour
uptake was done

The results are divided into several sections (1) erythropoietic activity
urne of all subjects studied, TABLE 14; (2) comparative activity m depre-
temmized plasma extract and urine of normal and anemic subjects {Frcvres b
and 7) and (3) the effect of the actdification and boiling procedure of Borsok
on erythropotetic activity of urine (FIGURE &), The vertical line at the top
of the bars 1n FIGURES 6, 7, and 8 refers to one standard deviation Acdific
tion and boiling of the dialyzed urine by the procedure of Borsook had no

Clunsoiten
50%)
{1ACID (o1 8 81+ 20 MIN BOIL.
40%|
w
=
F 307
E
3
o 20%)
10%]

KE€__HL__ Rz KE.  HL
BEFORE BLEEDING AFTER BLEEDING

Fiours 8 Efiect of aciification and boihng on ecythroporetic activity in uee o
normal human males

significant effect 1n 5 of 6 instances when a comparison was made  I2 the
AP, b ~

otk -

. intent
of 15 not
o : . <+t measurable

uently v

-elationsh®

wtract an

-ated leved
ted values usually p¢
" levels in patients can
a. The advantages ©
the former 10 terms of simplicity are selt evident. Serial studies of pla™
and urine in several subjects will Further clanfy this relationship
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Taste 1
ERYTHROPOIETIC ACTHITY 1v Uring 0P NORMAL AND ANEMIC INDR1DUALS
T
Rload Na e
rats Prer
—_ Bt 3
n Dusgnosis B e IR
b, g [iTct <, group fane i
KC i8S Z 6 233'72233 1% 87 <1
L {183 )3 \ul\u-uoo(tmb <1
RZJ132 6 332437 XML <t
Untreated cantrols fos 131 z 36k s2] <1
Saline controls | 6 jloe[17183 21091 <1
an liss | Normal mate s [2sspsenoltao| <1
FD 175, Notmal male 6 J1570s2a 00’ <1
Fatlist l Normal mate 6 [219777-287] % 43 <1
CM)163 Normal male Ve Inzaer-26t 29! <t
TP (182 ~ Normal male \ 6 lart|iss252/ % 44
Ritj179 Kormal male 3 [uolss2ng*63
Untreated controls [ 4 | s0l20 46211
RD 157 ‘Normal female 4 101 217363 £ 58
ur liso Normal female s |2sfoosrd o9
S 151 Norma) female N l 2738437+ 62 |
Untreated controls ‘ vl 662090 % 33 -
h b l
|

| {
| —_
RF | 85 ) 23 0 | Acute lymphoblasuc ’ 6 } ] <1
leuk I |
WE ! 65 210 \cute monocrucleuh| <1
B[ 85210 CaramomaciCs, | 6 <1
‘ ‘ grade [V, raduated |
M AL 47150 dewte lymphoblastic | © <t
1 ! | lewk
] Carcimoma of Ladder ' 6 <t

H
v‘/mlq

with metastases
!

Untreated control-

LA | 60 160 |Carcnoma of breast| 4 407 ‘.u 94106 % 44

1th bone metastass | | !
sy | 84020 Chramoma ol Badder, 0 [ W80 340 £ 32] <1
RG 66 210 Acuteleghema 5 'wsuwTazr x40l <
Sat !l 60 220 Bleeding pepuiculeee S 05259349 + 34 <t
Untriated controls | 5 9% 47116 128

‘The hemoglalin levels were determined by the method of Rumangton *

10 our hands this method has grven salues 6 normals of 1010 15 gm hugher than the
oy anmcthemoglotin method

T ach of he groups scparatef By a doulile ine was fested mmuaftancousiy
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Tt has been shown previously that the active erythropoietic-stimulating
component i plasma extract is not dialyzable. The present results show
that this 15 also true with human urine  These results are not in agreement
with those of Hodgson and Toh#? These investigators found that rabbit
unme lost 1ts erythropotetic activity after sixteen hours of dialysis. The
reasons for this discrepancy are not apparent Species differences and
method of assay might be responsible.

Agam, the vanabiity of the LPI concentration m both normal and
anemic subjects 1» evident.  Although the urine of anemic subjects averages
somewhat higher than that of normals, there is a considerable amount of
overlap between the two groups. .

Turther progress in assessing the importance of EPF 1n clinical hematologi
cal problems appears contingent on several fundamental advances: (1) more
accurate biochemical charactenization of erythropoietin, (2} efficient and
reproducible methods for its 1~olation from plasma and unne, (3) actne
extracts of known potency for testing purposes, and (4) uniform assay proc
dures so that results from one laboratory can be compared with those from
another  In general, 1t would appear that assay in the intact animal ;vera
term long enough to develop a true polycythemia 1s the most nformative
procedure  As the end point, one measures REC, Hb, Hct, bone mmnw‘
erythroid actrvity, and TRCV. Although short-term assays such as F¢
uptake and ret:culocyte counts are simpler, occasionally they may be mv
leading  One may see increased reticulocytoss and Fe!® uptahe within 3
few days following admunstration of certarn ettracts that are nof invariab¥
followed at a later date by significant polycythemia Lihewne, one 03V
see a marrow erythrod response with no accompanying or subsequent tr
polycythemia  Such discrepancies dictate against ustng a single parametet
as a rehable yardstick of erythropoietic actinity  They also suggest that
erythrop 1s a compl 1 process involving many steps and that cefta
extracts may accomplish completion of some of these steps, but not all of them

Stummary

1t has been shown (1) that the hidney plays a prominent role m the prodi®
tion of erythropoietin i response to anemic anovia and cobalt administratios
but not to hypoxic anovia, (2) that hypophy ized and binephrectomizt
rats produce erythropoletin in response to hypouc anova, lending support
to the thesis that there must be some source other than the kidney an
pituitaty for hypoxic anoxic erythropoietin, (3) that a too severe anoti &7
inhibit erythropoiests, (4) that neither the reticuloendothelral svstem nor the
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erythropoletic activity of boiled versus unboiled plasma demonstrates that
whole plasma 15 more potent than unbolled plasma, (9} that although the
exact nature of EPF 1s still uncettied, the bulk of evidence indicates that the
bumoral factor 1s polypeptidic 1n nature, and (10} that normal human sub-
Jects do not possess elevated levels of EPF 1n their plasma, whereas some
anemic pateenits of vaned etiology do, It has been shown that urine fre-
quently contams sigmificant quantities of EPT, that a direct relationship
between erythropoetic-stimulating properties of plasma extract and urine
uppears to exist, and that vanabihity ol EPF concentration 1n the unne of
both notmaf and anemuc subjects exists
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EFFECT OF HEMOPOIETIN ON IRON METABOLISM IN
NORMAL AND STARVED ANIMALS STUDIES WITH Fib

G Hodgwon, I Yuddessch, M Pereetta, Irma Eshuche, 7, Tohd
Secersn Buologsea, I aboratorto dr Fisica Nuclear Umiersidad du Chirle, Suntrago, Chile

Tius paper will discuss the effects of plasma and extracts of plasma and
ursne from anerm¢ ammals on ron metabofism and wifl comment on the
vanous parameters that have been used 1o evaluare mdirecily the mtensiy
of erythroporesis 1n assays of hemopoietin, 1n which Fes? has Leen employ ed
as 2 tracer.

Relation Bekween Plasma Iron Twrnater, Plasma Iron, and Plosma Fe¥?
Disappearance Rate

When tracer doses of transfernin-bound Fe are mjected inte rabbis, the
plasma radioactivity dechnes exponentially wuh time, and a plot of log,
plasma Fe? versus ime grses a straight et The vope of this hne gives
an estimate of the proportion of the plasma ion turnover per hour. In
¢h1s report we ~hall refer to this parameter as K, the time constant of Fes?
disappeatance from plasma  Frouke 1 shows the diappearance of tracer
doses of Fe from plasma in a rabbit anjected with normal rabbit’s plasma
amd i a rabbit injected with plasma of phenylhydrazne-ireated donars  In
snterpreung the signifivance of the slope of thee hines (K}, 11 15 necesoary 1o
know how K varies in amimals with normal erythropoiess, as adjudged by
avemal Hb concentrauion, reluulocyte tount, plasma ron turnover, and
ncorporation of T'e® into red cells 1w URE 2 show the relation of the valne
of k and the plasma 1on concentration w ~uch anmals  The cure s a
rectangular hyperbola of cquanon K X Fe = 124 pg X hour™® X mi %
The darh points and open arcles represent mndn idual ammaly  The dark
points correspond to normal rabbits treated with 0 9 per cent sahine ~olutson
or normal rabbits' plasma  The arcles represent results from normal rabbits
mjected with the supernatant from baded plasma of phenythydrazine-treated
rabbits  Previous expenmeuts’ * <howed that the .upernatant obtamed

water extracts of the precpitated plasma protemns mixed with the super-
fatant  The distnbunion of the points sreund the curve shown v FIGURF 2
1 satsfactory enough to consder 1t a good representation of the relalion
between K and plasmaron  Fhis means that plasma 1ron turnover s inde-~
pendent of plasma iron concentration in the range of 1 10 32 pg.oml, and
thus the value of K, the time comstant of T'e?® disappearance, increases m
propartion 1o the reaprocal of plivma wron concentration It s evideny
from Uus that the determination of diappearance rae of Pe'? alone 1s not 2
goud measure of plasma iron Wrnover  In FILURL 2 the squares repreaent
mean values of h for three different vatues of plasma sron in rabbats injected
08
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with plasma and plasma extracts from phenylhydrazine-treated ammal
It 1 clear that injections of thi material have slufted the points well abov
the curve for normals and that, insofar as plasma 1ron concentration is cor
cerned, the points are displaced to the left. In this respect, it 1s suggestin
that the peint for the lowest 1ron concentration corresponds to three ama
njected with extracts of boiled plasma, and that the mean for the highe
1ron concentration represents a group in which 8 of the 10 animals ve
injected with native plasma  The square for 1.4 ug /ml. corresponds |
6 amimals, 3 of cach group. The triangles represent mean values of K f

HEMOFOIETIN  AND PLASMA Fé
CLEARANCE RATE

e ]
o—0 mnrj

o 10 20 30 &« 30 80 m e s w7 M0 120

tima (i}

FioURE 1 Disappearance of T'e# feam phoe 1+ = v wyrs - . fomm
normal donors (N R I' . TR . -
donors (PARP) I Ve f TRt Lo .

for tvo days  Fe® + . o1 . R
3 dufferent values of Fe*? in rabbuts injected with nliema fram severelv bled
donors or ‘% <" - '
mean for

normals

poretic efft

plasma ir¢

with the “uvisss pupuisuiun \dark points)  Injection of dialyzed plas™®
from bled donors produced the results represented by the white triang
(0 animals) placed significantly above the cusve and to the mght of 1
native plasma group  Funally, the white tnangle with 2 dot n the cente’
shows the result of an experiment with an acetone extract of plasma fro
bled donors (4 2nimals). ‘The position 1s well below the reference curs€ 3%
to the left of the native plasma group.
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The percentage of injected radioiron appearing in the red cells (about
0 per cent) 1a the groups shown 1n PIGURE 2 does not duffer sigmuficantly from
ne group to another There 15 one difference, however, in that the group
jected with plasma from phenylhydrazine-treated donors showed matimum

PUASMA FE' CLEARANCE RATE AS A FUNCTION OF PLASMA
RON CONCENTRATION

T
" mju

Ficeme 2 Relution between rate of plisma £e® clearance and plasma tron fevel i
ibbits  The following atbreviations are used N R, normal rabims, Sm 8T PAR,
ipernatant of bued plasma from pheasihydrazne treated rabluts, PPRR, plasma
henylhy drazine treated rabbits  Lxt PTh R, water extract of boiled plawma from
heny Ihy dranne treated rabhuts, P B R, plasma-bled rabluts, D P B R , draly zed plasma
led rabbnts, and \cet ext P B R, acetane extract plasma bled rabbits

‘The sose of soluntons mjected was 10 m kg twice a dav for 2dass  Fe¥ was imyected
6 bours alter List iyection

ptake at 24 hours whereas, m the ather groups, the mavimum of Fe* 1n red
ells was reached at 48 to 72 hours after tracer injection

taswa fron Turnccer, Plasma fron Concentration, Plasma F¢* Bisappearance
Rate, and I & m Ersthrocyles of Starced Asimals

I'GURE 3 shows the salue of K, plasma iron concentration, plasma iron

oited plasma of phenylhy drazne-treated donors produce a definite incrase
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1 plasma tron turnover and a drop in plasma iron, as in normal animaly
The increase of percentage Fe®® appeanng in erythrocytes is striling, an
effect that 1s not apparent in normal animals, since in these the fraction

IRON METABOLISM IN STARVED RABBITS

PLASIA 1RON TURNQVER TIME CONSTANT: FLASHA RON TURKOVER -

*
g 50 X
*
2 2
. PLASHA 1RON 78 envinocrres a2 awo éom |

—
0 8 O B

Ticure 3 Mean salues for plasma [0 clearance rate, plasma iron, plasma sron (50
aver, and ['ed® wn red cells of rabbuts fasted for 6 days  The solutions were injected ont
thied and fourth days of fasting (10 ml intravenously twice a day), Tet? was given 160
ater the last mjection )

The following abbres ations nere uscd for the four groups N , normal sabbuts, §
starved sabhits injected with saline, S B N I, starsed rabbuts injected with extract
borled plasma from normal rabbuts, and § I Ph P, starved rabbits injected with ext?
of Loiled plasma from phenylhy drazine-reated rabbits

appearing in the noninjected controls is alrearly high (80 per cent) Eurt
of boiled plasma from normal rabbits show no effect.
Plasma Iron and Fe¥* 1n Liver and Erythrocytes of Started Rals

FIGURE + summanzes the effects of extracts of plasma from phen)’lhyd’
zine-treated donors on plasma iron concentration of starved rats, Pl
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PLASMA IRON
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Tiotre 4 Plasma wron levels in normal and fagted rats  The ammals were fasted for

£¢* DISTRIBUTION IN STARVED RATS

L

(S

w
T —

HicLre 5 Te® m en throcytes and Dver and erythrocyle bier ratin 24 hours after
Uacer myechion in statsed male rats intected with different doses of Grnary hemopoiehn
Preparations  The rats weee fasted for four diys  Hemoporetn was wnycted on the
scrond and third day of fa<ting and on the morning of the fourth day, pror to Ee™ injection

determination of relative specific actinity of extracts  FIGURE 6 shows the
effects of ~ome active unnary fractions,* comparc! with the effects of the
same dose of the crade alcehalic extract of urine used as starting materia).
The fgher «peaific activay of the {raction obtained on raising the alcohol
concentration {fom 50 1o 80 per cent at pHLL S 1« shown cleacly.
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URINARY HEMOPOIETIN AND ERYTHROCYTE f's’
IN STARVED RATS
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Discusston

The expenmental results presented show that plasma iron turnorer 1
a‘mmals with normal erythropotesis 1s independent of plasma iron concentr-
tion over wide ranges  This suggests that the bone marrow worhs wath ot
concentration in the region of excess substrate in relation to the enz mel)
involved n the incorporation of Fe into Hb, This relanonship betvte:
plasma iron concentration and turnover in rablats confirms the findings
Bothwell ¢f al.” and demonstrates that the rate of disappearance of Fe from
plasma, used alone, 1s not a valid criterion for Hb synthesis

The effects of extracts of plasma obtamed from anemuc rabbits o0 1ot
metabohism of normal and starved amimals show ;],ﬂt plasma of anemi¢
ammals not only contamns factors that influence erythropotesis, but sho
affects iron metabolism per se, not just as a consequence of the moduficatiot
of Hb synthesis. Plasma from bled animals appears to contatn 2 micture
substances, some of which lower plasma 1ron and possibly depress erythr
poiests, and another that stimtlates Hb synthesis, DPlasma from pheny™
hydmzinc-trealed anmals, which contams high amounts of hemopoteti
appeats to have 3 factor(s) that tends to matntamn 1ron level i the £ of
Y eaeed bone marrow demands, for the extracts obtaned by boilng the
plasma, although conserving their effect on plasma iron tutnos er, prodic®
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clear drop m plasma iron concentration  The expenments with the super-
natant and extracts of boiled plasma suggest that the observed drop in plasma.
won is caused by a factor other than hemopoietin, for injection of the super-
natant produces 2 drop 1n plasma similar to that seen with the extract, and
yet does not affect plasma iron turnover

Knowledge of factors controlling 1ron levels 1s too scarce at present to
allow much discussion, but the results presented in this paper are indicatine
of the exstence of a controlling system of a positive and negative nature

The results of tests in starved meplors conﬁrm prmous findings® 7 a5 to
the sensitivity of arumals with dey d eryth and
show that quantitative bio-assays are feasible and that chemlcal fractionation
procedures for hemopotetin can be carried out employing the criterion of
spearfic actsvity as an mdex of punfication *

Summary

Plasma 1ron turnover 1s shown to be independent of plasma iron concentra-
tion 1n rabbits  Plasma from phenylhydrazine-treated and bled donors con-
tans a factor (hemopoietin) stimulating Hb synthests It « probable also
that the plasma of anemic ammals contams a factor(~) other than hemo-
poetin that mfluences plasma tron level

Hemopoietin injected 1nto starved ammals produces a notable increase i
tron turnover and marked changes tn the distnbution of iron between marrow
and depots  An example 1s given of the use of starved rats for quantitative
bio-assay of hemopoietin obtained from the urine of phenylhy drazine-treaterd
donors,
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OBSLRVATIONS ON THE PHYSIOLOGY OI' ERYTHROPOIETIN
AND ITS ROLE IN THEL REGULATION OF RED CELL
PRODUCTION

Frederich Stohlman, Jr.
National Inststute of Vrthrates and Metabolic Diseases, Public Health Service, Belhesdo, 4

It ha~ been demonstrated by a number of laboratones' that, following
exposure to acute hyposia, whether due to anemia of decreased oxygen pres
sure (pOs) of the inspired air, erythropoictin s released into the plasma
The rate at which erythropoietin is released and the maintenance of plasma
levels under conditions of chronic hypovia have not been studied C(.ltnil\el)‘
Prentice and Mirand? observed a substantial increase in ery thropoictin after
24 hour- of exposure 1o 10 per cent Oy, but not after 48 hours except in the
presence of liver damage  In contrast, Ir-lev? noted simlar activity after
20 and 48 hours of anemiz or exposure to 10} per cent Oz,

1t hecomes of importance, partcularly in considering the role of erythre-
posetn 1n dinical disorders, to determine the rate of formation and "mmd
of erythropotetn from the plasma, the influence of the bone marrow anf
renal excretion on the plasma erythropotetin level, and the role of hyposs
and erythropotetin mn the respanse to posthemarrhagc anemia.

Method of Study

Erythropoietin production was stimulated by evposure of Spmgu:-Danlq
rats at a barometnc pressure of 305 mm of Hg (23,000 fect) or by bleeding
as previously described ¢ In bled ammaly in which the cffect of hype¥
was studied, one group of animals was bled and was kept at normal atm>™
pherc conditions while the other group was placed in a chamber containing
30 per cent O, and 50 per cent N mixture that was exchanged under postt®
pressure at a rate of 2 1./mn,

Plasma from patients was prepared for testing by diluting & ith 3 volumes
of 11,0, adjusting the pH 10 5 5, and boding fo § min® The supermate™t
was removed by centrifugation, dialyzed against 4 to 3 changes of ditil®
H.0, lyophilized, and resuspended i n pH 7, phosphate-buffered 1sotont®
saline, Since this method of plasma preparation results in the destruction
of 70 to 90 per cent of the erythropoietn,® the plasma was concentrale
sevenfold prior 1o testing  Human urine was prepared by dialyzing agam*
§ to 6 changes of distilled 11,0, Iyophilizing, and resuspending 1n phosphat¢
buffered saline. A volume equivalent to 20 per cent of the 24-hour outp™
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Fe®® INCORPORATION = PERCENT

PERCENT OF BODYWEIGHT

Fictre 1 The relationship of the amount of 1njected erythropoietin to the erythro
batetic response n fasted ammals T rythropoiesis was measured by 1e* incorporation
Frythropotetin was obtained Ty expesing rats at 303 mm ol Hg (23000 fect) for 16 hours
Fach pomt represents the mean af 6 sarmals

cottelation with the ['e® incorporation, therefore, subsequently the Fe®*
incorporation alone was used  Moreover, there also appeared 10 be a rough
dose-response relationship in terms of Feb? incorporation (Flutse 1)

Results

Rate of appearance and disappearance of ersthropotettn  Lrythropoetin
was demonstrable within 2 hours of exposure to reduced barometnc pressure
Thereafter there was a progressive increase in the ery throposetic achivity of
plasma until a peak was achieved fallowing 16 to 24 hours of continuous
esposure (ricurs 2)  Follawing more prolonged exposure, the plasma level
of erythropoietin was not mantamed  In each of § experiments in which the
phisma erythropasetin level observed at 16 1o 24 hours was compared with
that oberryed at 48 hours, the 24-hour level was substantially greater than
that found at 48 hours (1GURE 2)  When anmals were exposed for as long
as 90 hours, ery thropoietin could no longer be demonstrated consistently

Inrats i which the release of erythropareun was exoked by the remoyal of
approximately 30 per cemt of the blood volume in a single bleeding, the

h Tevels were sub: 1y Jess than those vheerved 1n alitude.
exposed ammats The 1e* incorporation of ammals gnven anemic plasma
Maned from 11 to 13 1 cent, in conttast to the 22 to 3 per cent values
observed after the admimistration of altitude plasma A was the case with
alttude, plasma collected 45 hours after the induction of anema had less
erythropotetin than did that collected at 21 hours  In 4 experiments these
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values ranged from 11 to 14 per cent for plasma collected 24 hour aiter the

induction of anema and from 8 to 11 per cent in the 48-hour plasma {normal

p'asma 5 to § per cent) 5
Disappearance times of erythropoietin were determined by exposing anr

mals at simulated altitude for a period of 16 hours, alter which they were

returned to normal atmosphenc con i

at varying intervals for the determin

may be seen in FIGURE 3 that under

of erythropaetin ts curvilinear, and s s sewsy

strable 12 hours after discontinuance of the exposure. It 15 recogized

T T T T

Normat Control

% Fe®® INCORPORATION

e . : . AR CEZ
12 18 2a 30 36 42 48 5%

DURATION HOURS EXPOSURE AT 23,000 FEET

Fiouxe 2 The relationship of plasma erythroporetin levels to duration of £tpOsy
a simulated altitude of 23,000 feet  Lach pomnt represents the mean of 6 ammals
different symbols indicate different expenments

that jmitsally there may have been some overlap between production at
utihzation or nactivation, but 1t seems unlikely that this extended beyo®
the first hour or two
Relationship of Degree of Hypoxia to Plasma Levels of Eryﬂxmpmdin
It has been demonstrated previously that the magmitude of the erythtt
poietic response to acute exposire to hypoxia 1s dependent upon the degrt
of hypowia ¢ Thus, the plasma from rats exposed at 450 mm. of Hg P’Od:)f:
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* INCORPORATION

Q “ 8 1Y [T
HOURS

Figerr ¥ The rate of disappearance of erythropoietn irom the plasma  Danor ant
mals were expased at 4 mulated glutude of 23,000 (eet for 16 houry after which thiy weee
returned to atmosphenc ronditions and plasma was collecied a1 the miersals sndseared
an the abspissa Lach PeInt feprresenit the mean of 6 reapum armals  tach ssmbol
indicates  dierent experiment

Taste 1
RrLATINGIP OF SEVERITY OF ANEMIA TO PRYTHROPOUFTIN LEAFL 1%
Cnronie ANEMIA

1 incorporation® |

— == e - mat! g
Normal plasma | Snemue plasra | '
] _ i
! [
TE103 | 1irost ) 26 0ot
S*033 niom |l oa
6119 tox1os 2 aos
8116 9%GOT 1 A1 ons
RE100 0x100 | 3 | s
'

*1em values given are mean values (6 1a13) £5 1. 1n fasted gata prven 2 msections of
buled spesmc dog plasma

1 Rrfers to hematocnt of donor

$ The probatuhity that observed difference pocurted by chance, using onessded 1 test

concentration of a baled alioholic extract® was prepared from dog plasma
and teated in rats It s evudent that in the presence of <ubstantial anemia,
hematocnit 20 1o 25, there is an unequivocal respanse  In contrast, erythro-
posetin could not be demonstrated 1 the plasma of ammals with chronie
anemia tn which the hematocrits were i the range of 30 to 35,
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Utilization of Erythropoictin by Bone Marrow

Since plasma crythropotetin levels decreased in the face of continued
hy povia, where the only substantial change appeared to be that of an increas
1ng cellulanty of the matrow, the relationship of bone marrow actity 1o
plasma erythropoiettn was determined. Done marrow hypoplasa w1
wnduced by a sublethal dose of fonizing radiations (400 r)* at wterva of
0 to 4% hours prior to expostre of the animal to reduced barometic pressure
(300 mm Hg) Plasma erythropoictin levels were determined after penods

33 T T T T T T T |

Alt Exp 23000Ft -
A -Nomrradiated
o -lrradiated

30

%Fe>? INCORPORATION
G

i 1 Il il 1 ) B R T
12 24 36 48 60

DURATION OF EXPOSURE ( HOURS }
Ficrre 4 Comparison of plasma ery throporetun lew els 1n reradhated and normal anmsls

exposed smultancoush 10 & simutated altitade of 23,000 feet | Each pornt repreents
mean of 6 animals v

varymg from 12 to 90 hours of continuous exposure and compared witt

exposed, n diated animals. The plasma levels ©
erythropotettn after 24 hours of exposure were similar in both group> How-
ever, at 48 hours the irradiated animals had a substantrally greater amount
of plasma erythropotetic activity than did the nonirradiated almude—ﬂpo‘fd
animals (FIGURE 4) A similar difference was noted in animals expo
continuously for 90 hours (FIGURE 5) Diappearance curves determin®
on 3 occasions after discontinuance of a 16-hour exposure showed sala?
differences (FIGURE 6} A crude apy tion of the h e
\ume 1n the nonirradiated group was 3 to 5 houts, 1n the irradiated growP
ranged from 5 to 10 hours

+ Raduation was delivered using 2 25 mev Van de Graalf generator at an average 4%
rate of 50 1/ measured with & Bendis wonization chamber known o be air-cquvalent
at this energy
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bierrr 5 Comparon of plasma levels of erythropuietn tn ieevhated and normat
animals exposed simultancously to a smulated alntude of 23,000 feet 1 ach lar repre-
Snts the moemn 076 amamere e “eremen betasen cadiyted snd romesbated o
mals 3t 48 and %0 hours are talisticalhy siRMficant
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Tictur 6 Comparian of rate of diappearance of ery thropctn from the plaema of
format tatx and those with radiation mduced hypotlida  Amimals were exposed for
16 hours 2t 23000 feet and then returned to aimisphene conditaons hen platma was
callected at the mtervals nduated on the shacss  Fach poimt pepresents the taean of
6 ammats
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Role of Hypoxia in the Erythropoiclic Response

Generally, 1t has been conceded that anemia produces an increase i red
cell production as a consequence of the decrease tn Op-carrying capacity of
the blood, with resultant tissue hypovia and lberation of erythropotetin
To determme 1f this was the <ole mechamsm nvolved, reticulocyte and
erythropotetin levels of rats bled and exposed to 50 per cent Oz for 24 hours
were compared with those of bled anemic animals that remaned at atmos-
phenic conditions. In 3 experiments in which this comparison was made,

PLASMA b
35t £ Anemic 3
Anemic+ 0y B
z 30F N
3 3 Attitude
H
& est [Jmormat 4
g
& 20| b
8
=
NS 1
&
& o h
Ll : 1
.
represents the mean of 6 deternunations in fasted animats
B E e T TR 0, wa
In20d
. say ant
denticd

with those ol control animals receiving normal plasma (FIGURE

7
Despite the decrease in erythroposetin resulting from the administratio’
of 30 ner cent Os, the reticulocyte resnance nf tha danas ammals was 80!
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1i6ter 8 The fall b hematornt teticulocyte count and ery thropatetic level of bled
7ats compared with those ied and placed i an simosphere of S0 per cent O The values
were oblained 21 hours after thic produttion of snemia  Plasma was pooled priot to tecting
for erythroporetsn

Clinreal Observalions

In considering the physiological role of erythropmetin, certain chnical
observations appear pertinent  Increased erythropmetin fevels have been
observed 1n a variely of chnwal states  As might be antiaspated trom the
expenimental studies, the level of erythropmenin appears to be a function of
the seventy of anema and the degree of bone marrow activity

The contrast of the erythropoienint fcvels in sichle celt anemia and certain
instances of refractory anemia offers a good Mustravon {1vsif ) The
plasma from one patient with sikle cell anemu, 1n whom the hemoglobin
Was 66 gm, the retculocyte count 18 per cent, and with 26 nucleated
RBC, 100 W BC, increased the Te! incorporation of the assay ammals from
710103 percent  In a second case of wichle cell anemia in which the hemo-
globtn was 8 g pet cent, the plasma on two otcasions produced an increase
w Fe** incorporation to 10 per cent from thit of & per cent obrened with
normal plasma.  In contrasy, 1n one patient with a chronic refractory anemia,
a hemoglobin of 9% gm per cent, and a morphalogicaily normat marrow,
unconcentratedd plasma increased the Fe*® incorporation from 7 10 14 per cent
Even more strhing were the results achiesed with plima (rom a patient
with an aplastic marrow and a hemoglobin of 5 gm per cent  The concen-
trated plasma from this patient inereased the I'ed® imcorporation from the
control (normat plasma) of 7 per cent 103 level of 30 per cent.  Intermediate
betneen theve cases is one of 2 patient with an acquired hemoly tic anemiy
assoaated with chronic lymphocytic leuhemia  The plasma of the patient
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was tested for erythropoictin at a time when the hemoglobtn was 6 gm per
cent, with a reticulocyte count of 6 per cent 1t is to be noted that ths
patient had infiltration of the marrow with leukemic cells and that his eryth-
roid response as judged clineally by transfusion requitements and by reticu-
locyte count was suboptimal, indicating a production rate of only two-to
threefold of that observed m a normal ndividual, This patient’s plams,
when concentrated, increased the Fe incorporation of fasted ammab to
21 per ent

Tanie 2
ReEvaTionsir oF LevriRoroietis 1o Hruocionts asp Bave Marsow Froaenioy
v SeLEcTEp CinvicaL CasFs

L. 1t Retie
L") (em. percentage) (percentsge)
e e
Controt 58 - o
Normal plasma 5-9 1415 0515
Sichle cell anemua 10 8 &
Sickle cell anemia 10 7 14
Acquired bemolvtic anemia wuth chronic Iy m-
phatic leukemia 2 6 67
Refractory anemia 1, 95 32
Aplastic anemia 19 12 05
* Ly threpotetin measurcd as mean Fes mcorporation 1n fasted rats
t Fourteen nucleated red cells/100 W BC.
It has been possible to demonstrate significant urmary levels of erythr®

potetn only 1n those stances where there 1s substantial plasme activity
Thus, utine from the patient with refractory anemia increased Fes? incol
poration from 9 to 18 per cent  ‘That of the patient with lymphatic leukem:d
and hemolysis ncreased Fes? incorporation to 15 per cent, while that from
pauents with sickle cell anemia was without demonstrable effect. The
relationship of the unnary factor to hypoua was shown by transfusing 3
patient to normal levels and testing urine before and after transfusion
pretransfusion level of 18 per cent was reduced 1 24 hours to the contrd!
values of 9 per cent
Discussion
The data presented here demonstrate that, follow ing an acute evposiT to
hypovia, there is a prompt release of erythropoietn nto the plasma
plasma level continues to increase until 3 mavimum s achieved bet$¢?
16 and 24 hours;‘lherelalter the plasma level declines The level at which
. - -
™
or
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Tt 1 evident from the hugh levels of erythropotetin in anmals wath radia-
sotinduced Bypoptasss that bene marrow utthzation accounts, at feast m
part, for the clearance of plasma erythropasetin  Thus, For any guen leve!
of hypovia one would anticspate thas the state of bone marrow funcuon would
determime the degree of elevation of erythropoietin  Of course, thes would
abtasn only if the mechansm for production of erythropoietin remawmed
tntact, For evample, 1n chronic rens} drease with azotemsa there s a sup-
pression of esythropoetsn production ®

These conuderations would explasm both the chinkal and expenmental
observations psesented, as well as those reported by others ' In chrome
bemolytic anemsa due 5 an abrormal h fabss, e which the k job
%as 1 the mange of 7 1o $0 gm and was assaciated withs intenee ery throid
byperplassa, only s shght elevation of erythtopmetn ea» observed  In
comrast, m a panent with hemolyyc anemia as~ociated with chromic fym-
phatic teuhemia, ta which the htmoglobin of &6 fm was a=woeiated with only
mild erythrod hyperplasa as evdeaced by a 6 per cent reliuloyre count,
2 more <k elesation i erythrop way noted  Suwdarly, m dogs
with chronsc blood lavs anenua in winch the won leels were mamtamed,
incressed erythrapatetin was obrerted if the hematorit was 0 the range of
20 1o 23, wheress at devels of 30 to 35 no incredse w ervikropoenn could be
demanstrated  In cantrast, in 4 paticat with refractory anema and a hemo-
globin i the eange of ¥ to 10 gm o substantid elevation of erythropoetin
433 reachly detected

It may be recaffed thal, o atrempting 1o demonstrate erythropotetin in
the playma of 2mmals wath phenythydrazine-sniuced anemit or chranic blood
Tows anemua i <raw, <pecies expersments, 1 Ay been necewsary 1o use atsmats
with hematocrit~ w the range of 17 1o 26 ** Lrdes? has reported sub-
stantial erythropuienan in the plasma of rabbuts 48 houn alter the mduction
of anemia However, 1 all innfances she hemogloin was lews than 7 gm
per cent  Sumdardy, i imend reporss by Piliero o of % Guerney of of
and Premuice sngd Mirand ¥ there hus been @ good carret an betneen the
tevel of exy thropuietsn snd the “eventty of the anemit and the “late of eryth-
roid Junc son of the donor martow

The fate of ery thropoetin onice hiberatest 1+ 10 par, as alseady dicnaned, a
function of marros utibiration  Tn addivion there must be other pathnass

erythropatetin remaval, ~me enthsopeicun drappearame has already
been demnonstrated (r the virtual ab-ene of Tunihoning e throwd t1oue, as
b» seen a0 aradiated ammaby or folfowisg hypertranafuaon 16 pinents with
fefraciory anemsa Clearly, renal excretion s a potential remos 1l mecha.
nm Dy demonairated a-soustion sath high plasms bevels suprests the
prosenve of 3 thresbold for excretion  Another patheat has been auzpested
by Jacobeen and Mipen®® and Preasice and Muwand ™ Deve anthor found
increasesd pasma ery thrapoctia levebs w Rypowe amimals wih coevmtent
hverdamage  \t present the & idente for this appears msondine * 1 se
dlerr fram the foregmng thal the problem of eovihrupsenn meralohun
requires fuether coploraton belfore deamine eonddusons may be drawn

Generalhy 2w conwdered 11t the stare of 1ivure oxygenaton (optrols the
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release of erythropoetin  This is based upon the observation that erythro-
poietin 15 released n response to a decrease in O capacity or pO:  The
observation that the erythropoietin content of bled animals 1s reduced shen
they are placed n an atmosphere of 50 per cent Oy is in accord with this vew

The farture to abolish the reticulocyte response in bled animals placed ina
high O: atmosphere raises the question as to whether hypovia s the sole
determinant of red cell production Reinhard ¢f ol and Tinsley ef ol
have demonstrated chnically that the administration of high concentrations
of Oy, 70 to 90 per cent, 15 associated with a depression, but not abolition, of
the erythropotenic respanse 1n patients with sichle cell anemia, in hereditary
spherocytos:s, and in normal individuals, and that it results ina suboptimal,
but defimte response tolner therapy.  In theit studies, an increase inalveolir
pO: of three- to fivefold was observed  Since the artenal pO; approvimates
that of the alveolar under these conditions'® and is reflected by a substantial
nse 1n tissue pO2,'7 one may assume that hyperoxia eusted in the tissues
these studies, However, as in our studies, the block of red cell production
was by no means complete  In normal individuals, Tinsley ¢/ al" abse?:’d

. S e PR AN P

locyte production by hypertransfusion of normal mice.

There are several other chnical and experimental observations that arget
against the umfied concept advanced by Fried ef of.7 that the relationship of
oxygen demand to supply governs the rate of red cell pmduc!ion It hav
been observed that in normal indwviduals daily fluctuations in plasma volume
may produce alterations of as much as 8 per cent in the hemoglebin concel,
tration of blood, although the red cell and hemoglobin mass remain constant *
In view of this, 1t 1 difficult to ascribe to tissue hyporia the mcrease i ¥
cell production necessaty Lo compensate for mnor blood loss such as may be
incurred from gingival or hemorrhoidal bleeding, minor lacerations, of the
removal of § to 10 cc for blood samples

The compensated hemolytic syndromes, such as are commonly seen !
hereditary spherocytoss, offer another argument against hypowa 3% the
regulant It may be suggested that, while the hemoglobin cuncemmmn
15 within the normal range in such Ppatients, the value is lower than the indt-
vidual’s true genetic normal requirement Indeed, splenectomy in 5‘:“;'

1 A’ ect b3

shed

et

had a hemoglobin that varied from 13 to 13 § gm, per cent, reticulocyes
150 to 225,000/cu mm , ndurect bilirubmn, 4 mg per cent, fecal urobilinoge”
380 mg /day; and Cr*t T 34, 14 days  This patient had a partial exchas®®
teansfusion 1 which 1500 cc of her blood was remos ed and replaced wl
1500 cc. of normal blood, In the 100 days following the transfuston: the
hemoglobin remained i the range of 13 to 13 8 and the mean values &%
slightly fower than those observed prior to transfusion. The reticuloc L
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decseased immediately sfter transfuston and in the fir1 30 days ranged from
831012000 7cu mm  Thercalter, there was & gracual zis¢ 1o the preteans-
fuston level  One cannot evplam the compensated ate of this patent on
the bavis of hypouia  Had this been the case, the decrease m the rate of
lestruction due to replacement by norms) cells should have resulzed i an
merease an hemoglobin without change 1o the number ot retsculocyte,
Observation of the se-pomse to hematysis follow ing msertion of a plastic
salvular prosthesss in the crculatm®™ * has afforded us an oppartumty to
abrerve compensated hemofysis in which the normal hemaglobm lesel wag
stadlished priot to the onset of hemoly e
Taeww §
Red Cery LaLres o8 D06s wint Couppanaren Fsarsst. F9i0wIse Inerron

OF A VAIVLLAR PaosmiEsiy
7 e e

Preoperative vatues { Posteporamenampt
[~ - - -- VRRC sursicalt
Dog .
Ma e R
{perceatages) ! {percentages) | He IpercenLages)
03 1 ' nio0s 4547 043y 0
5102 ¥ o1 a4 50 042 5
s 5% sia7 29 55 0728
83 42 N a2 4245 a3y R
Wy 48 [ A S0 LS W

*Only valnes obiaied after the taentieth postoperatine day are includedt
1 Filty pes cent disoppearance 5me  Dogs 98 £% 4T measured with (o7 nwemat cange
10 27 days, 102 measured mih dusepropy! sfuorophosphate (fF £7%), niemat 43 (o 3¢
iy

One paient in whom 3 plastic ball vaive prostheus of che Hutaaget type™
1as ansetted nto the deseending aorts for the correcton of 2ot mafhi.
renry had a presperative hemato of 43 Two year fater b hematourd
anied between 42 and 44 during a tnme whea the red cell sursnal, detezmined
¥ the techmigue of differemiial apmivination, mdnnied 1he prevence of a
andom lows amnunting to 13 per cent day i addition to the normat low
Tom senescence  In Timrr 3 daia are prevemed on § nermal dogs n whah
s plastic bypass of the aottic vabve had been meerted  Ths proschess
wocated with vanstle hemalysis, the determinants of which are the tipe
#f valve and the rate of thange of the presure gradient across the sabe,
vhich governs the impiact forve ant ~eating *  Ip ~nne & < ompen-ated hemo-
$0C sate revufts Ty 7 presentsy perinent da1s coffevted X3 days (o
Lyearalteroperanion i 5suhidags 11 i to e nated thst the postaperatine
hematocrt rapge i~ dential with or “hghtly higher than the preoperatne
Valge  Increased retu ooy tes amd a <hottened cel satvival Ratank evidence
fur the Bemolyti protess 31 may be <een, then, that thee amimats (om-
Pemate for an mereased rate of destruction a the ab-ence of bypavia
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release of erythropowetin  This is based upon the observation that ery thro-
poletn 15 released in response to a decrease in O; capacity or pOs  The
obseryation that the erythropoietin content of bled animals is reduced when
they-are placed tn an atmosphere of 50 per cent O, is in accord with this view.

The fatlure to abolish the reticulocyte response in bled animals placed 3
high O. atmosphere raises the question as to whether hyporia is the sol¢
determinant of red cell production. Reinhard ¢f ol % and Tinsley of ol *
have demonstrated chnycally that the administration of high ¢
of Og, 70 to 90 per cent, is assoctated with a depression, but not abolition, of
the ery thropoietic respanse in patients with sickle cell anemia, in hereditary
spherocytosis, and 1n normal individuals, and that it results in a suboptimal,
but definite response to hver therapy.  In their studies, an increase in aheolar
pOs of three- to fivefold was observed  Since the arterial pO; approvimstes
that of the alveolar under these conditions' and 1s reflected by a sub:tanu.al
nise i tissue pOy, "7 one may assume that hy peroxia esnted in the tisues in
these studies  However, as in our studres, the block of red cell production
was by no means complete  In normal indiniduals, TinJey ef o1 obsened
that the hyperoxta induced by a three- to fourfold increase in pOz diminihed,
but did not suppress completely erythropotests.  The reticulocytes conm_wt'd
to range from 0 5 to 1 0 per cent and the Fe® incorporation from 35 to 45per
cent  In contrast, Jacobson ef al 1* were able to suppress mmplclejy retict
locyte productton by hy pertransfu-ion of normal mice.

There are several other chimcal and experimental obsertations that argut
agawnst the umfied concept advanced by I'ried ef al.? that the relationship ol
oxygen demand to supply governs the rate of red cell production. Ttk
been observed that in normal indiniduals daily fluctuations in plasma yolumt
may produce alterations of as much a< 8 per cent in the hemoglobin (‘oncﬂ:‘
tratton of blood, although the red cell and hemaglobin mass remain cans(}!nf )
In view of this, it ts difficult 10 ascribe to issue hypowa the increase in 1
cell production necessary to compensate for minor blood loss such s may be
wcurred from gingival or hemorrhordal bleeding, minor lacerations, of the
removal of 5 te 10 cc for blood samples .

The compensated hemolytic syndromes, such as are commonly seed ¥
hereditary spherocytoss, offer another argument against hypota 3> the
regulant. Tt may be suggested that, while the hemoglobin concentratioh
is within the normal range in sttch patients, the value 15 lower than the nde
vidual's true genetic normal requirement Indeed, splenectomy in S0
but not all instances 15 associated with a slight nise ;n hemoglobin concentr
tion, Studies on a patient with compensated hereditary spherocy tovs e
further light on the role of hypoxia under these conditions. The patient
had a hemoglobin that vanied from 13 to 13.8 gm, per cent, reticuled ™
amn  ANTARRIS el o1 avoa v Img per cent, fecal umb.hno;:e:'

his patient had a partial cnhm»h

Was removed and replaced 3¢

1500 cc. of normal blood Tn the yon days following the trapsfusion, the
hemoglobin remained in the range of 13 to 13 § and the mean values M€
slightly Jower than those observed prior to transfusion  The reticulo ¥
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ecreaced immediately after transfusion and i the first 30 days ranged from
-3t0120,000/cu mm  Thereafter, there was a gradual mise to the pretrans-
fuson level  One cannot explaim the compensated state of this patient on
the bushs of hyposia  Had this been the case, the decretse n the rate of
destryction due to replacement by normal celis should have resulted 1 an
mcrease in hemoglobin without change wn the number of reticutocytes

Ghservation of the sesponse to hemolyss following msernion of a plastic
vatvular prosthests 1 the crculation” ® has afforded us an apportunity to
sbserve compensated hemolysyy 1 whech the normal hemoglobin level was
established prior 1o the ppset of hemolysis

TawlE 3
Rep CEit Vawrss v Dogs witn CoMPENsaen Hevorysss Fostowe IxeErriov
or A VAL vzaz PROSTHESIS

Preaperagve vatues :‘ Postoperative range”
Pos e - e [RBE suravalt
Het Ret e |, Rew (a2}
{percentages) | (percentages) - | {percentages) ;
—n : ' e
JEGENIGUSIEN N RN, N
s 45 ores | asr 041t 2
5102 49 LY ! 650 02l i
st 33 0467 49-53 ares | -
s8g <z 67 ards ' 0509 | 16
Sa7 48 95 | %086 | pEI4 | 17

* Gnly values ohiaaned after the 1nentieth postoperatve day are inchided
1 Fsfty per cent disappearanee nme  Dogs 93, 83, 47 measured with Cr%i, norma) range
gl 10 27 days, 102 measured with dusopropy! Suorsphasphiate (DIPH), noraat 45 10 50
ays.

One patient 1n whom a plastic ball valve prosthesss of the Hufnagel type*?
was (userted tnto ce descending sorta for the carrectson of aortic meuff-
cency had a preoperatine hematount of 43 Two years later hus hematocnt
aried between 42 and 44 dunng a time when the ted cell survisal, determined
by the 1echmique of differential aggiutinetion, indicared 1he presence of a
tandom lows amounting to 1 5 per cent, day 1n addition 1o the normal loss
from senescence  In TABLF 3 datw ate presented on 5 normal dogs m which
3 plastic bypass of the aortic valve had been inserted  This prosthess 1
associated with sarable hemolyss, the determunants of which are the type
of valve and she mate of change of the pressure gradient across the salve,
which governs the impact force on seating ™ In same a compensated hemo-
bytic state results  Tamir I presents peruneat data coffecied 20 days to
Vyearalter operation th §such dogs 2t s to be noted that the postoperative
hematocnt range os adenucal with or shehtly higher than the preoperative
value  Increawed reticutocytes and 2 shortened cell survival furnish evidence
for the hemolync process It may be seen, then, that these ammals com-
Pensate fot an icrezsed rate of desttuction a the abence of hypoxia
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The differences between the response to anemia and decreased arterial
pO; are likewise of interest It has been shown (FIGURE 7) that the increxe
in erythropotetin in response to the reduction of arterial O, saturation incident
to exposure at 23,000 feet 15 substantially greater than that associated with
the withdrawal of 30 per cent of the blood volume. Presumably this i the
consequence of a partial compensation by the anemic subject through an
increase in cardiac output® and an increase tn the coefficient of Oz utihzation,
that 15, the extraction rate of 0; ¥ Nevertheless, the increase in red cel
production in the anem:c subject, as measured by reticulocytosis and increase
1 hemoglobin mass, 1~ equal to or greater than in those exposed to decreased
arterial pO:  In phenylhydrazine-induced anemia the entire red cell popula-
tton may be replaced tn 2 weehs,® 1n hemolytic disorders increasen of cell
production of sevenfold have been reported? whereas, in adaptation at
altitude a «omewhat slower, mote gradual nise in hematocnt associated with
a two- to threefold increase in I'et utilization® is scen In part this m)
reflect the slate of oxygenation of the marrow itself, red cell production being
hmited by severe hypovia ® It might be suggested, however, that more than
one mechanim 1s responsible for the observed increase in erythropoie:is in
the anemc state This contention 15 supported by the observations of
Altland and Parker on the box turtle.?* They noted a substantial reticulo-
cytosis following blood loss, but not when the turtles were mtermittenty
exposed to reduced barometric pressures equivalent to 2 simulated altitudeof
35,000 to 45,000 feet, even though the metabolic rate was sustamed At
these levels of alutude the pO, of the mspired aur is 37 and 23 mm Of He,
respectrvely  McCutcheon®™ has demonstrated that a pO; of this magnitude
15 associated with a hemoglobn saturation of 60 to 75 per cent, so that 1L a2
be assumed that the turtles 1n altitude experiments were, 1n fact, hypodc

The above considerations lead us to conclude that the regulation of Cr)l!"
ropoiesis cannot be explaned solely on the basis of erythropoietin release it
response to 2 tissue ovygen supply-demand relationship. In the search for
an alternative explanation we have proposed elsewhere! a modification of lh:
inhibitor theory that has been advanced in other areas of cellular control d

"o

&

ed
and acts directly on the bone marrow  Bleeding, ‘no matter how shight, b
removing a proportion of elder cells would reduce the number of cells destfoy ed
per day and the amount of ihibitor released, hemolysis would reselt '"n’
A R [OEETIN . - . - eel>

2bm

hro-
poletin MECAINLISHL WUUIU AILUKU 4 booster 1n the event of more substantial
demand, Thus far our attempts at experimental venfication have proved
unsuccessful.? It s recognized alvo that the withdrawal of even smal
amounts of blood by removing cells of all ages would result not only i 2%
mmediate reduction of old cells but, in view of the similar reduction I
younger cells, a deficit of cells entering old age would persist throughout th
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enture bfe span of red cells.  Thus, the mechanisms mvolved 1 the regulation
of red cell productton remaimn in question  The ewidence presented, however,
strongly rgues against a umfied mechansm based on hypoxia and 1 farvor
of a dual control of erythropotesis

Suntmary

Data have been presented to show that plasma ery thropotetin levels are
ntluenced by the functional state of the erythroid ussue of the matrow, as
well as the seventy of the hypouc stimutus  In climcal disorders this rela-
tonship has provided an explanation for the high plasma levels in refractory
anemias and the refatively fow values m most hemolytic disorders

Conaideration has been given to the role of erythropotetin m the regulation
oferyth A have been d to support the contention
that accelerated erythropoiesis can be produced 1n the absence of hypovia,
sdicauing that a second mechanism operates in the control of erythropoiesis
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A DISCUSSION OF HUMORAL ERYTHROPOILTIC FACTORS*

Tienry Borsaok
Kerckloff Brologteal Laboratortes, Californta Tnstitate of Teuhnology, Pasadena, Calf

1 propose to discuss the evidence for the eustence of speafic humoral
erythropotetic factors, with some attention to the question of whether there
may be more than one such factor. the matter of ptoducing a potent extract
from the blood, and some physical and chemical properties of preparations
with erythropoletic activity  To facibitate s discussion, I shali designate
the erythropoletic matenial 1o plasma as EP and that 1n unne as EU LI
and EY may ar may nat he the same, there may be more than one EP or EU

1t w4l help to ehminate some of the disagreement 1n the literature if we
accept the following working hypothesis  The Tesponses to increasing
potency of TP or EU appear in the following order. increased red cell activity
m the bone marrow, reticulocytosis, increased uptake of Fe* in the blood
by an increase of newly formed red cells, increased red cell yolume, hemato-
ent, red cell count, and hemoglobin ~ Only powerful stmulation can provohe
a true polycythemua o the 10 days to 2 weeks of the usual experiment, thea
all the signs of increased erythropotesis are present Tt does not folfow, and
it 15 not the case, that a preparation causing a reticulocytosis or even an
increased uptake of Fe* will also induce polycythemia, Herem hes much
of the contradiction 1n the literature It may be that there are several
physiological erythropotetic factors and that the attach of some of thewe 1s
more deep-seated than others, that 15, some may cause only a reticulocytosts,
and the resulting increased red cell formation 15 too slow and too <mall to be
noticed except by tracer methods such as Fe¥*  Also, 1t may be that there
1> but one erythropaetic factor, 1t can sumulate a true polycythema if a
sufficiently large dose is used, but a preparation of low potency may cause
only a reticulocylosis or small increase n uptahe of I'e®  Elsewhere n this
monograph, Hodgson presents data shawing that the relation of the response
1o dose 15 logarnhmie This would be suffiusent to account for the difficuly
of producing a polycythemia with the plasma after hemorrhage or phiebot-
omy, because the usual ancmua after hemorrhage ehicits anly a moderate
increase in EP (see below)

The modern era begns with the often quoted paper by Carnot and De-
flandre 7 fn a typical expermment these investigators Wwithdrew 30 ml of
blood from a rabbut, bled the ammal again on the next day, and njected 9 mi
of the serum of that blood into a normal rablat, whose red cell count rose
24 hours later from 53 mulhon to 8 million;cu mm  They called the sub-
stance m the anemic serum that induces the polycythema heropoietin

c .
o .
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Ever stnce, this name has been given to one or another alleged or proved
erythropoietic factor

T do not believe that the obervations of Carnot and D{flandre are true
‘The mcreases they reported in red cell concentration in 24 hours from one
injection of anemic serum are fantastically high, for example, a re from
55 to 12 mullion m 3 days.

Contirmation of the obsersations of Carnot and Déflandre that were pub-
lished 1n 1906 came 0 1911 from Gibelli,”” the increases he abserved sere
not as large, and eight of twenty-four test ammals showed no erythropoietic
response  In the same year, Boycott ¢f al.® reported completely negathe
results  The question was taken up again by Gordon and Dubin® in 1934,
who could nat oberve any erythropoietic effect of the serum of animals made
anemuc by hemorrhage However, the logic of the idea sustained a faith
that there must be something in it, that there must be a humeral mediator
of erythropotesis  This faith eventually had its reward.

The contemporary state of affairs began with the experiments of Krum-
dieck,3® who reported that the serum of rabbits rendercd seserely anemic by
repeated bleeding caused 2 reticulosts when injected into normal rabbits, the
peak occurnng on the third day after injection. Neher the hemaoglob'®
nor the red cell count rose noticeably. In 1933 reports of the experiments
of Erslev and his collaborators'®? began to appear  When these imoestp
tors injected large amounts of rabbit anemic serum into normal rabbit
50 m! per rabbut for 2 to 4 days, there was an increase in reticulocytes in
blood and normoblasts 1n the bone marrow. A large dose was required 611
fos so small an effect, a 20-ml dose was meflective. Only when 50!
doses were given daily for several weeks was a small rise in red cell count and
hematocnt observed  Gordon ef al.™ found that filtrates of boiled plasm
of rabbuts rendered anemic by bleeding jected into normal rats for severd
weehs caused statstically sigmificant but really very small increases in red
cell count, hematocnit, and hemoglobin, The striking result was the e
in reticulocytes to a peak after 18 days of daily injectrons Crafts and
Metneke,® using reticulocytosis only as a criterion, found evidence of Elm
the bloed of both normal and hypophysectomized rats made anemic b
bleeding It was necessary to inject the anemic plasma nto normal Fats
for 6 to 9 days.

In the last few years Jacobson and his colleagues's ' 3 # hae used
increased 1ncorporation of Fe into the blood to demonstrate an increast I?
EP 1 the blood of normal or hypophysectomized rats and in rabbis with
anemua due to hemorrhage. In order to demonstrate this effect, it ¥
necessary to mncrease greatly the senstiivity of the assay in rats of mx:c liy

5 v A ot Mo

el
Ol oresve . [, hen
Hodgson ¢f ol injected plasma of anemic rabluts into normal rabbits
Stohlman and Brecher® used the sublethally irradiated rat as an anim
with 2 depressed erythropotetic base line to demonstrate an increase 30 EY
1o rats made anemic by bleeding  Their criteria were reticulocytosis 2"
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mereased uptake of Fe'® in the arculating blood In 1958 Gordon et al
reported that normal blood perfused through the hind limb of a hypophysec-
tomuzed rat stimulated hemopoiests in the depressed matrow ¥

To summarize the effect of hemorrhage, 1t 15 clear now that the most that
can be expected from anemic serum ot 1ts borled extract, even when injected
* mlarge doses for several weeks, 15 & small effect* simulation of the bone mar-

Tow, reticulacytosss, increased uptake of Fe', or little or no actual poly-

qthemia. We have failed to obtan a plasma filtrate able to produce a

polycythemsa from the severely bled horse or calf  Nevertheless, it may be

considered as established that anemia caused by hemorrhage does lead to an

imcrease 1n EP

In connection with reticulocytosis as o measure of EP, I cite the use of

reticufocytosts in normal mice  The material under test 1s njected in 1sotonic
'~ salne subcutaneously once a day for 3 days, the next day a renculocyte
| count 1s made  The saline controls have averaged 25 to 30 per cent A
maumal responhse to a level of & to 10 per cent 1s obtatned with 05 m! of
phenylhydrazine-anemic plasma I do not comsider a preparation positive
unless it gines @ maumum response if enough 15 used  The following 1s an
example of what T consider an equivocal response 1 ml of normal horse
- serum gave 50 per cent reticulocyte count, the equinalent of 30 ml gave

Do more

Is the factor in the blood after hemorrhage or phlebotomy the same as or
different than that 1n the blood after the severe anemia due to phenylhydra-
zne poisoning?  The filtrates of boiled plasma of such blood induce a true
Polycythemia, as well as increased bone marrow activity, reticulocytosss,
and increased uptake of Fet® ! ¥ 2 & Unul recently, in all such expen-
ments the donor animal was the rabbit, the recipient the rat or the mouse 3
Now Kinard and Gnflin have shown that the dog may be used as donor to
the rat* Such boiled filtrates are active 1 hypophysectomuzed® and
starved rats  Clearly they are not species-specific

The polycythemia s produced, not by the serum or plasma, but by the
filtrate of the plasma after 1t has been boiled at pH 55 Injection of the
(heparinized) plasma causes 2 hemolytic anemia  Keighley® has shown
that the basis for the difference s probably mmunological  He found that,
wheteas normal as well as anemic rabbit serum 1s antigemic in the rat, the
proteins of the boiled filtrate are not  When rats were immunized with
rabbit serum and time was allowed for thew hemoglobin to return to normal,
they responded positively to boed plasma filirate The antigemcity 15
not connected with erythropotetic activity

Heating to 75° C for a few minutes 15 sufficient to destroy the antigenicity
of the protens  The resulting filtrate, although 1t contains 20 per cent of
the plasma protein, 1s active  The filtrate of plasma bouled for a few mm-
utes 1s as active as that brought to only 75° C Boiling for one hour may
cause a loss of three-fourths of the actiity, but enough remains to cause a
polycythemia

Int such tests i whach only 3 or 4 days are required, for example_retrculo-
€3tosis 1n mice or icreased uptake of Fe¥ in the blood of sensttized rats,
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whole serum or plasma may be used; by theee tests the plasma s 2to4 tim
as active as the plasma filtrate made from it.  We do not believe that ¢
lower actiity n the plasma filtrate is due to destruction by heat in boiln

active prinaple 1s ad~orbed on the coagulated proteins, or that whea t
plasma (or serum) is injected not enough antibodics are formed in three
four days to cause sigmficant hemolysis, Indeed, if hemolysis did ora
uptake of Fe®* and reticulocytes would be increased by the erythropaie
stimulus of the hemoly~is and this would be added to the effect of the ]
mn the injected plasma. Hence, the total effect would not be due solely
the EP mnjected

Jacobsen ¢f al ** have reported that thetr most highly active preparatic
came from phenylhydrazinized antmals whose livers were severely damagt
Phenylhydrazinized rabints with apparently normal or very slhightly damag
livers gave plasma filtrates whose potency was comparable only to that
bled antmals, that 1s, that produced only 2 moderate reticulocytoss. Go
el al * reported that plasma filtrate from rabbits bled repeatedly for thi
weeks (RBC 2 X 10% reticulocytes 20 per cent) had some actvity, b
less than that of phenylhydrazinized rabbrts

Kewghley has studied this matter extensively. The best single indicat!
of hver damage he found 15 a rapid drop in temperature. Almost alss
animals with severely damaged Iivers had hemoglobin values below}ﬂs
and their plasma was potent. How ever, there was a group of rabbits ¥
hemoglobin values below 37 gm per cent, but with normal or only sligh
damaged livers, and their plasma was potent. From animab with hlgl
hemoglobin, the plasma was weaher or did not cause any polycythemia
the usual test 3

The explanation may be as follons  Phenylhydrazine is detoified im?
duately by the circulating red cells, which are destroyed in the process Wi
as a result of this destruction, the anemia 1s so severe that there are !
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mice; on the second day thereafter he noted a 14 per cent increase 12 th
red cell count. He aited such observations as confirming Canot
Déflandre’s idea of hemopoietin  Like theurs, his observations have not b¢
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confirmed, but his 1dea has been  Some years later 1t was reported that the
blood of animals kept at low barometric pressure accelerated the recovery of
ammals that had been gnen a standard hemorrhage '* # Gordon and
Dulun® could not confirm this They gave an tjection of 10 ml of the

Mooy evo .

tot consider the result conclusive

Frrm support came from the wel: n of R who
observed polycythemiz o a parabiotic rat whose partner alone had been
evposed to an oxygen tension reduced gradually over 5 seeks to 8 per cent
Bonsdorff and Jalaviste® injected the blood of anovic rabbits nfo normal
rabbuts and observed a small increase in red cell count, but not 1 hemoglobin
They 1ok this as evidence of a humoral erythropoietic factor Grant®
e'posed Jactating rats and mce 3 to 4 days postpartum to 300 to 400 mm
Hg barometnc pressure for 6 hours datly At 10 to 25 days of age the tters
of these rats mamtained at sea-level pressure had hematocrits, red blood cell
count, hemoglobin, and ovygen tapacity greater than the controls whose
mothers were not exposed to low barometnc pressure  Grant concluded that
there was a subsfance 1n the muk of the anaxic mathers that augmented eryth-
e U el e e dee wea

R

©

mitotic rate than the controls  Thew conclusion was that low oxygen tension
appeared to reduce the radiation injury by its sttmulation of erythropolesis

n an experiment that recalls the report of Jacobsen ef al ** Prentice and
Mirand* reported that they could not detect any ET 1o the blood of normat

TA¥emn ctn —ad =AeoDan YT eenm mnme v am N IV

EP Carbon tetrachlonde posoming under normal oxygen tension did nat
have this effect It 1s to be nated that n their experiments, even where
there was wcreased uptake of Fe®?, the hematocnit value wds not inereased,
however, this was & short period expersment  In thiy copnection there i an
INtarans e b e na = EXE eed amd Toanme v 4T BT cvamihe nmmtmm o na
ke

he .
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Uve methods surh as increased uptake of Fe'® in hypophy sectomized ammals
or reticulacytosts, but trrchled m continuously over a long period, the effect
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1s great enough to cause polycythemia. It is long-term effect. At first
one may see increased mitotic divisions of the normoblasts in the bone mar-
row, but nothing 1n the blood for 2 to 3 days, and then only a reticulocytosis
It does not seem necessary to invoke a special polycythemic factor in the
later stages of hypovia as distinguished from a hypothetical factor early m
hypowia which 1 capable only of mild degrees of erythropoietic stmulation
However, the question 15 not yet settled,

Certain chinical conditions enter into a consideration of erythropoetic
factors as an explanation of certain signs or as sources of erythropoietic fac-
tors  Among such conditions are secondary polycythemia in clmical anouc
condrtions  Polycythemia vera is complicated by uncertainty regarding its
etwology

Can one ascribe chnical polycythemia, primary or secondary, directly to
an increase in EP? If so, the plasma or extracts should give a postne
response In test animals It need not be so potent as to cause potycy themia
As 1n the case of the hyposia of high altitude, the concentration of EP may
not be very lugh, but its perststence over weehs and months causes & poly-
cythemia  Bonsdorff and Jalavisto® reported that human plasma from'cn;h

ticulo-

5 very

When

mjected mto normals, the blood of cases of pernicious anemia taken durin?
oot . py was followed by a high, veif
wcribed this effect to a “reticuld

to be the normal erythropoieti®

The plasma in Cooley’s anemia resembles that in phenylhydrazine anemia
Piliero et el ** found that the plasma filtrate, injected datly for five days into
normal rats, produced marked stmulation of the bone marrow and a poly-
cythemia by every entetion  To have so great an effect in five days, the
plasma of these cases must have had more EP than the plasma in phenyl-
hydrazine anemic rabbits The plasma of sichle cell anemia cases §av€
small and vanable results, but mjection of urine of one case gave a smal
reticutocytosis and large sumulation of the bone marrow

Even 1n the cases of Cooley’s anemia there was no correlation between
intensity of the anemua or duration of the illness and the amount of EF
e A I . -
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formation in the bone marrow, a reticulocytosis, an increase in red cell count
in the blood, but no increase n esther hemoglobmn or hematocrit The
increase 1n red cell count was due chiefly to microcytes whose heightened
osmotic fragility shortened their hfe span  These workers obtained precisely
the same results with the filtrate of phenylhydrazimzed anemic rabbits
They concluded that there are two erythropoetic factors One, most prob-
ably a lipid (I shali return to this point later), increases cell division of already
eustent marrow red cell precursors to produce microcytes with shortened
survival time  Accordingly, this factor does not increase the arculating
red cell mass, nor does 1t accelerate the incorporation of iren

1 have cted the findings of a number of workers that plasma extracts
prepared n almost exactly the same way as that of Linman ef ¢! produced
n the same test ammal, the normal adult rat, a true polycythemia To
account for these ﬁndmgs Linman ef a/ propose the eustence of another
erythropasetic factor that 1won 10n, h syn-
thests and, presumably, formation of notmal red cells  Different chemucal
Pproperties are ascribed to this factor  These will be discussed below  How-
ever, the only factors found thus far that affect hemoglobin synthesis directly
(amino acids, 1ron, and glucose*) have no erythropoietic activity. They can
be dialyzed away In the same plasma the erythropoietic matenial rematns
On the other hand, the erythropoietic factor has no direct effect on hemo-
globin synthesis

In our laboratory my colleagues and I have been unable to confirm the
above observations of Linman ¢f ¢ We followed their extraction procedure
precisely, ether extracts of potent plasma filtrates or of the parent plasma of
phenylhydrazinized rabbits were completely negative  The extracts neither
produced a reticulosis 1n normal mice, nor caused an cxreased uptake of Fes?
n starved rats The water-soluble residues were fully active  Carworth-
Wistar rats, the stram Linman ef al used, gave the same full polycythemic
response with potent plasma filtrate, as did Sprague-Dawley rats reticulo-
cytosis, increased uptake of Fe®, and increased red cell count, hematocnt,
and hemoglobin  Furthermore, we have not observed a mucrocytosis with
weak extracts or with submawumal doses of potent extracts Rambach
e al ¥ % report findings :dentical with ours

Linman et af state that the anemia they induced 1n thewr donor rabbits
with phenylhydrazine was below 7 gm per cent hemoglobin  Keighley,
who prepared the plasma filtrates we use, bnngs the anemia to below 4 gm
per cent It seems unhkely that this 1s the reason for the difference in our
findings  One would have to conclude that in an extract sufficiently potent
to produce a true polycythemia, the factor responsible for the microcy-
tosts, which 15 ether-soluble, has disappeared I am unable to resohve the
discrepancy

There are reports in the literature of findings that resemble those of Linman
€ ol , but are not quite the same  In Krumdieck’s® experiments anemic
rabbit plasma mjected mto normal rabbits produced a reticuiocy tosi, hut
no rise 1n red cell count or hemoglobin  The plasma that Bonsdorff? 3
obtained esther from anowuc patients with congestive failure or from sheep
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fetuses caused & reticulocytosts with only shght and inconstant increases in
hemoglobin and red cell count.  Gordon?® has reported that the serum of
phenylhydrazimzed anemic rats injected into normal rats gave rise to
increases n reticulocy tes, red cell count, hemoglobin, and nucleated red cells
1n the marrow, howeer, the boiled plasma filtrate, while it increased reticulo-
cytes, red blood cell count, and marrow nucleated red cells, did not increase
the hemoglobin  All thee results can be explained reasonably on the basis
that the plasma was not very potent to begin with and that considerable
activity was lost 1n boihing so that, aithough enough activity was left to show
stimulatton of the bone marrow, reticulocytosis, and increased uptahe of Fe®’,
there was not enough to produce a palycythemia.

Reports elsewhere i this monograph by Crafts, by Piliero, and by Van
Dyke are to the effect that none of the known hormones, including those of
the priuitary, may be c lered as specific erythrop factors

I have referred to the evidence of an erythroporetic factor in the mutk of
nursing rais mamtained under anoxte conditions* and in urine of a case of
wtchle cell anemia **  Hodgson and Toh4* ¥ reported that injection of the
unine of an anemic rabbut into another rabbit after a standard hemorrhage
accelerated the latter’s recovery I have tested the actwty of the urine of
phenylhydrazinized anerme rabbits, that 1s, very severely anemic, on normal
mice for reticulocytosis and on starved rats for increased uptahe of Fe*.
The eflects were small and vanable, I am inclined to consider them, if not
negative, certamnly of neghgible sigmificance  On the other hand, the urine
of children with aplastic anema, as reported by Van Dyhe of ol is hi[;!d)'
potent  Elsewhere in ihis monograph Gordon reports a similarly active
urine from a case of Cooley’s anemta,  The plasma of these children increased
the uptake of Fe* m the normal test rat. In Van Dyke's case, 1 ml of
urine was as active as 1 ml of plasma  When a large dose was given, It>
erythropotetic effect was greater than the hypovia of 15,000 fect altitude
{simulated) for 14 days  Such unnc may very well be the best, the largest,
and probably the cheapest source for preparing a highly purified erythro-
poretic factor, However, so far there appears to be no correlation between
the chinical condstion and the erythropoetic potency of the urine.’”

Turmng now to the physical and chemical properties of erythropoietic
factors, there is on::nujor area of disagreement that 1s restricted to thoe
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pigs. Tohdel al.*® reported finding in the plasma of r:epenledly bled rabbits
an acetone-, or ¢! I luble factor thay 1 d recovery ftom

hemorrhage A Jater report from the same laboratory,* in which the te:t 1

was increased uptake of Fe®, .evidemly failed to confirm this finding; the
plasma of bled rabbits and their acetone extracts were no more active than
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the plasma of narmal rabbsts  On the other hand the plasma, unboiled or
batded, of phenylhydrazimzed anemic rabbits was highly active  One may
wfer from the context that the focter was water-soluble  The most con-
sistent and persuasive reports of a plasma erythropoietic factor that can be
extracted by 2 ipid solvent {ether) are those of Linman e ol 7% Thiyis the
factor they observed as causing an outpounng of mezocyuc red cells  Line
man and Bethel}¥ cite obeervations of Sandler that batyl alcohol ot the mono-
gyceral ether of N-octadeeyl aleohol (CH{CHy)ur—O—CH.CHOHCHQI
stimufated erythropaesis sn normal and benzene posoned rats  Elsewhere
in this manograph Linman and Bethel} report that daily mjections of 12 5 to
250 my of synthetsc baty!l alcohot produced microcytoss and reticulocytoss
In therr opinton st » unhkely that plasma contamns sa much baty} aleohol,
aceordingly, the eflects they observed with plasma extracts can hardly be
ascnbed to baty} alcohol

Hodgson e2al had thought that the EP factor they obsesved was a ipd
Recently®® they evphicitly cast doubt on the ether-soluble nonprotemn factor
of Lanman ¢ wd  § referred sbove to my mability to obsesve eithes the
sofubiliy en ether ar the stimulation of microcytosis

There 1s almost complete ag on the of the
erythroporetic factors EP and EU  Indeed, thess properties repotted thus
farare the same  The consensus s that these factors are considerably resists
ant to podimg  This was found 1n human cord blood,” anemic and cobalt
1at plasma,* ¥ phenylhydrazmized anemic sabby plasma,® 322 3 40 %0
hemoarrbagic anemic rabbit plasma,’ the plauna m human primary and
secondary polycythemsa,® and Cooley’s anemia and sichle cell anemma *
Some attivity may be tost m bothing plasma, but the loss may be more appar-
ent than seal  This pamnt has been discus~ed above  Centanly, sufficient
activity 8 retained to causse 1 polycytherna  The great volume of foregaing
evidence outweighs ts o reports that the acinaty of potent plasma s entarely
destroyed by heating to 56° C 7 or by bothng ¥

EP and EU are nondialyzabled 12 13 % % 8 3t and can be yophl
1224, % 5 alshough possibly with some lows ¥

The activity of EP 5s completely lost by allowing st to stand overnght at
PH16at37°C  On the other hand, EP 1s quite stable at p1 4 0 and prob-
ably even at loner temperatures 1435 stabe at g1 109 for 20 houss at wom
temperature

Linman and Bethell® discavered that EP remams in the &itrate when the
fittrate of boited plasma 1s preciprtated with perchiaric acsd in the cold, ths
has been confirmed ¢ 9 We have found that there is some foss m activity,
possibly due to the andity  Trchloroacetsc acud mactivates EINT agam
probably because of the Jow pIl  Shiunwhie of ef ¥ yeponied some lows m
acuvity of EP by digesuon with pepsia or chymotrypsin for four hours ay
317C  We have found that the actnaty is completely destray ed by digeotion
averneght 4t 31° € sath esther teypnin o chiymaypeas @ 1 pes cent)

The foregony properties and thowe described helow prove that EP and
TUare proteins  Boded plasma @iltzate contams L 1o 2 mg proten per mi
The fact that EP resists betling suggested, once tts protem character was

t lub)
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established, that the active protein s a mucoprotein, At no time have we
been able to dissociate erythropoietic activity from protein.

EP 1s precipitated by 80 per cent <aturated ammonium sulfate; according
1o Rambach ¢f o} M 1t is precipitated by 75 per cent saturated ammonwm
suffate  We have found it to be quite solubie in 70 per cont saturated amma-
pwm sulfate  EU s precipitated by ammonium sulfate ¥

Two partial punfications have been reported recently Grant ¢ ol ¥
abtawned a highly potent precipriate by fractional precipitation with 60 to
0 per cent alcohol  Rambach ef a? ¥ reported that the active principle can
be adsorbed on the modified anion-binding cellulose DEAE, from which it »
eluted by =olutrons of NaCl  The purified preparation gase a strong siﬂ'llt
acid and other tests for muceprotein  Our findings agree in the main with
thowe of Rambach et el However, we could not elute all the protein fromt
DEAE We lowt 90 per cent of the activity, and the actie fraction nas not
more than 3 or 4 times as active on a protein basis as the onginal plasma
filtrate  The procedure that has given us our most active preparation 15 43
foltows  The plasma 1 precipitated with 80 per cent saturated ammontum
sulfate  Water 1 added to the washed precipitate so that 1t contains 50 per
cent soturated ammonium sulfate  After vigorous shaking at 4° C. for some
hours the suspension i« fltered and the filtrage is dialyzed, made batome with
NaCl, the pH adjusted to 3 5, and the filtrate 15 then bouled for § mindtes.
All the activity passes into the filirate, ‘This preparation gives a m:mrfm)
respons¢ 1n mice with 230 gz On a protein basis it is much more actht
than the filtrate of boiled plasma,  As Rambach ef al found, it gives a strong
sizlic acid and other tests for mucoprotein, but so also do the fractrons that

electrophores:s this matenal gave three bands, and the chief activity o
found 1 the fastest moving band, which contained about one third of the
protein

The active fraction was purtfied further as follows. Mter the ammonium
sullate was removed by dialysis, the solution was concentrated by freez
drying to 2 per cent pratein, after which saturated ammonum sutfate #4°
added to give a 70 per cent saturation  The filtrate contains the actnityi
st 15 dualyzed sulfate-frec and lyoplilized to dryness This matenal ¥33
acuve 1n all three tests employed 018 mg daily for 3 days |ncrca:€d’lh:

AV Vi . PRGN
faster than ‘ar-globulin.  There was a faint trace in the ag-globul area.
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Rambach ¢f al * were of the opmion that EP activity moved on paper
electrophoresis with the ao-plasma globulns  In other papers m this mono-
graph 1t is stated that there appears to be httle difference 1n the mobility of
the punified material used and ours

In summary, 1t may be sawd that the concept of a specific humoral erythro-
poretic factor has been established  The factors n plasma and unne appear
to be mucoprotein, whether they are the same remains to be established
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Part IV. Life Span of Blood Cells
STUDIES OF RED CELL SURVIVAL*

G S Eadie
Duke Ynvwerstty Sckoot of Hedicine, Duriam, & €

In 1ve survival of red cells can be investigated only when some method of
labeling 15 used 1 These methods may be divided into two classes. With
methods of the first class, all cells are labeled regardless of age At present
radioactive sodium chromate 13 the most useful agent 1n this class, but 1t has
the disadvantage that the label 15 not quite permanent on the average, there
is a loss of shghtly less than 1 per cent dasfy  Preferabiy at is used to taga
small sample 1 vitro  Before injection the slight excess of uncombined
chromate 15 removed by washing or, better, reduced by ascorbic acd to a
chromic salt, in this form 1t does not combine with red cells  The labeled
cells may then be m)ected back into the subject from which they were taken
or into another subject By injecting 1t intravenously, chromate afso has
been used to label ali the cells in the circulation, although not as heawily
The objection to this method 1s that the chromic ~alt to wh ch the chromate
13 rapudly reduced m the blood stream labels plasma proteins and, i samples
taken over the first few days, by far the greater part of the radwoactivity 1s
mthe plasma  Because of 1ts relatively rapid removal, the opposite becomes
true inlater samples  Howevet, in the earlier samples the very much smaller
ved cell radioactivity that 1s determined by subtraction of the plasma radio-
activity from that of the whole blood 15 liable to an unnecessanly large error
Transfusion of cell, labeled mntravenously 1n this manner into a different
subject 1s unsatisfactory because of the relatively small amount of chrommum
attached to each individual cell.

Also m this class are the Ashby method and 1ts modifications, based on a
natural means of idenufication provided by blood groups Since these

O or N and to recprents of groups A, M and, possibly, B For others,
sufficiently powerful antisera are not available except for the Rh system,
which should probably be avowled for other reasons Of course, cells can
be followed only after transfusion If a reasonable degree of accuracy in
counts 1» desired, the method 1s laborious The newer instruments for
automatic counting of red cefls have not been used yet to any great extent
to lighten these labors

Radioactive dusopropy! fluorophosphate (DFP®), introduced more re-
cently,? 1s a permanent label and, 1n this respect, superior to chrommm, but

ZTie wark reported in Uits paper a8 supported I part’ by Researchi Grant 113028
(C1), Nauonat Huany Institule, Public Healih Scevice, RBethesds, Md

1 For tecent discussions with extensive bibliographies see Mollison! or Jacobs 17
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the amount that combines irreversibly with the red cell is very small  Phos
phorus, a beta emutter, 1s more difficult to count than chromium, which give
off gamma rays, and 1t has the further dran back of a relatively short half hfe
While it 15 possible to label a sample of blood i #itro for transfusion (in tht
PR A A . “
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transf of r b of blood is unsatisfactory because of th
small amount of radiocactivity transferred

Methods of the second class are those in which the cells tagged belong to:
relatively restricted age group, the ideal being to confine the tag to cells of
single age N, C', and 1ron, both Fe** and Fe¥, have been used for this
Of these, iron 1s perhaps the easiest to use and, although normally there i
almost complete reutihzation, this can be largely suppressed ¥ The lony
half hife, especially of Fes%, and the absence of excretion from the body resul
m prolonged exposure 1o radiation, this is 2 barrier to the use of these iiq
topes, especially 1n man  Nitrogen and carbon are less dangerous, but it}
more difficult to obtain a well-defined beginning, for the uptahe tends to rix
somewhat slowly to its maximum

Types of Survival Curres

Disappearance of labeled red cells may be dute to several agents or process®
or to combinatsons of these, giving rise to a half dozen or more distinct form:
of survival curve, In every case at least some of the cells disappear becaust
they have reached a hmuting age.

Senescence  The discovery that bile igi d from hemoglob
soon led 1o the concluston that the hfe of the erythrocyte was relatively shor
when compared with that of the body i which 1t circulated, this nas con
firmed 1n the most direct way by Ashby® appronimately 40 yearsago  How
ever, datly loss of red cells may be due erther to incidental damage, such &
the wear and tear of the circulation, or to some age hmit (rrcure 1) Tha!
the latter was the case was shown by Shemin and Rittenberg? who, using N,
Iabeled a population that was relatively umform with respect to 3ge- The

PRSIt S AT

been i many tumes subsequently with Fe®® and CM, ag well' &
with N¥%

PSR TR RS SRS PO B B . . PR
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The pomt at which this straight line cuts the time axis1s the ayerage tife
span It smportant te distinguish this time, which iy based on death from
senescence only, from what may be called the suruival time, that is, the tume
the cell actually survives without sestriction as to the cause of disappeatance
The conceptian of hie span thus excludes disease or accident, such as hemor-
rhage The reason for this apparently artificial distinction is that, when
investigating diease, it 1s desirable to elimi from the average deviations
artributable to individual vanation  Life span defined in this way appears
to be charactenstic of the individual 1t is probably gesetically determmed
—built 1n, 50 to speah—when the cell is formed in the marrow. Thereis 1o
good evidence that 1t s affected by disease and, on analysis, statements 0
the contrary appear to be due to confusion with survival time as just defintd,
or to mistaking curvilinear disappearance for linear in short survival cnes
Life span vanes considerably from one individual to another: normal lintits
ate not yet known, but are Iikely to be as short as 100 days of less and 33 long
a5 130 or more days  That 1 & variatson of about one month on an avesage
ume of between 3 and $ months 1 sun ival is expressed as a batf hife, the
would mean a vaztation 1 half hfe of 13 days or more, in addition to the
expenmental errors smolved in its determmation  The swze of the deviation
indicates that by this methad it 15 possible ta detect only the grosser depat-
tures from the normal

When a method of the first classis used, the equatson for the survisal cane
15 the usual equation for a straight fine  If cells of & single age group only
are labeled (method of the <econd class), the curse s fitted by”

PP, L . o
14 #o-1

i whieh the Pearl-Verhulst expression 15 used nstead of the probalalty
mtegral (FIGURE 3] The constant o corresponds, but w an inverse way,
the standard deviation the larger a, the fess the spread about the mear

The cause of disappearance of cells with age 15 unknown Speculatioh
would lead one to postulate either the Juss of some esseatsal constituemts
perhaps an enzZyme as suggested by Alison and Burn {although there & htle
reason 1o think that cholinesterase 1s escential to the cell), ot the accumuls
tion of some product such as emmobihized protern *  The demonstration that
older cells deficient i glucose-6-phosphate dehydrogenase are mote sus
ceptible to primagquloe 15, perhaps, a lead ?

‘Random loss  Under this heading may be gathered alf curves 18 whieh
there 1s a constant daily loss exther of cells or label unrelated to the rge of the
celt (r1curE 4)  OF course, loss of label 1s the case with chromium, heze the
sate of foss vanies somewhat from wndividual to mdividual, and may amount 10
from 0.5 to 1 5 per cent daily It usually ascribed to eluion In 1his €axt
the age distnbution of labeled celis may be normal, if this is true, the equatio?
denved by Sheets ef af Mas apphicable Xt gives 5, the number of cells P
ent, ot the radoactsvity f!ue 10 them on any day 2 1n terms of the awgaﬁe
hfe span T, and the fraction & lost dasly, yo being the mutial number of e
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or the radioactivity count on day 2erp°
¥ = yoll ~ 8/The Mt @

This v 2 difficalt equatson with which to worsk, for there 1s no simple way
of reduemng 1t to ineas form  Attempts to sofve it by assunung 4 value for 1
and then salsng for £ by a logarithmic translormation and adjushing by
least->quares method ace to be avoided as prejudheing the results, simce th
salue of & obtawed 1w thiy nay depends on the svalue chosen for 7 Ith
therefore arbitrary  Unluased estimates of £ and & may be arrived at by

20 4a $o  do tha to o
oays

$10Re 3 burvival of human erythrocytes from bealthy donocs tnto healthy &om
panble reciprents  The upper curved line {dferentint hentolysts) stowd shight randon
destruction this mncreases the curvature of the doner ine (Cedl taggingl  Reproducet
by permission from Eache and Brown #
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or the radioactivity count on day zero?
¥ =yl ~ YT}t @

This 1 a difficult equation with which to work, for there s no simple va
. " ¥ X hreviuel

value of k obtained 10 thes way depends on the vatue chosen for T, It
therefare arbitrary  Unlrased estimates of £ and & may be arrived at by

R
20 40 60 80 1o 10 140
oars

Tioure 5 Survival of human erythrocytes from healthy donors into healtby €01
panible recipients  The upper curved hine (difTerential hemolysis) shons shght randt
destruction this increases the curvature of the lowes hne (Cr% tagang) Reprodud
by permissian from Eadue and Brown
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method. It is so small that it might otherwsse be mistaken for 2 shight
{aster elution of the label, as m chromium expertments. Although “I
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Yihen plotted, (FIGURE 8) tins duffers only. shightly from gouaion 2 Hese
g, although dyferences to the eye ave shgbt, there should be no canfusion
35 to which equation 1s appheable

With methods of the second class the équation must express the presence
of an evponentsal fall sn place of the platean This leads to

N =8, .
u= i%(:wz“‘“ + Nob &)

which has been shown to fit data in o satisfactory mannex ?
Homolytic disrases  Thearetically, hemolytic Sease mught ahter survival
curves by acting on the mechannsm, whatever 1t may be, that produces

o fgner
r K,[‘ .

o

PER CENT GELLS SURVIVING

o [ 2 1 40 Ly € w0 0 %

Fouse & Theoretscal saraval of cells subyected to random destruction before and
after Tabebing, dady loss of 1 per eent of fabef

sengscence by destroying cells in some way unrelated to ther age or by
affecung the rate of cefl producnion A< previously stated, there > no
endence 1hat the first af the effects oceurs Although ¢t belongs n the
secomd class, destruction by antibodies ¥ discus<ed more convemently under
a separate heading  Other dicenses of this class may be subdivided into
80 groups

Tn the first group are thoe diseases i which the mate of cell destruction
1+ constant, at Jeast over relatvely fong periods  This happens, for example
0 sickle (et diease, although mtertupted from ume to Lime by crises It
seems probable ((IGTRFS 9 and 10) that n smalt fraction of the abrormal cells,
varping hitde from day to day, 15 exposed o very low o) ZED pressures come-
where 1n the yaure of the arcalanion and that, probably asa resaltof sichbing,
2 constant proportion, perhaps ul, of the-e are destroyed  TRuatiovs 4 and
$ apply bese
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The same type of steady percentile destruction is seen in animals, fre-
quently n dogs, and almost always in cats and rabbits? (FIGURE 6). 1t has
been found also tn sheep It has been demonstrated not only with methods of
the first class such as chromium, but also with those of the second class  In
the latter case the plateau in the curve between the end of labeling and the
beginning of destruction from senescence is replaced by an exponential fall.
‘The rate of removal of cells is often greater than in man and, in some instances,
there is reason to believe that the loss of blood is caused by parasites in the
mntestines

As a consequence of these differences the equations for the sunvial cunies
given above must be modified.  With methods of the first class the sample

00
N f KD KT
H] R ()
H
e
H
2
ﬂGO
g
o 407
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®
o 20 0 40 0 e ™ 8 % 0

oars

I'eure 7 Theoretical survival of cells subjected to random destructton before and
after labelng, no loss of labet
of cells labeled will contamn, as explained aboy e, more younger than older
cells. Making the same assumptions as before and, in addition, assumirg
a constant darly fractional loss, £, with a constant daily production of cells,
#o, 1t 15 €asy to show that the number of labeled cells present on any days 4
after labeling will be

3 = (no/k)(eH ~ 1) 5

When plotted, (FIGURE 7) this gives a curve not very different from that guén
by Janney’s equation (Equation 2}, in fact, it would be almost impossible lc;
distinguish the two by inspection, although 1t 1s usually not dafficult to 1€
which equation applies in the case under consideration This equaliot
implies that the rate of random loss 1s the same before and after Jabehnk
€ chromium elution F2€

' rate, ks, after Tabehng

3= Gro/R)(L = ehiT=mpmi @
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When plotted, (¥10URE 8) this differs only sightly from EQUITION 2 Here
agam, although defferences to the eye ase shght, there <hoald be no capfusion
35t which equation 1s applcable

With methods of she second class the equation must eypress the presence
of an exponentio! fall in place of the platesy  This Yeads 0

X =B
= Treen + No? &3

which has been shown o fit daia W 3 satisfactory manner '
Hemolytic diseases.  Theorencally, hemolyuc duease muught altes survival
curves by acting on the mechamsm, ¥ hatever it may be, that produces
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Fieoss 8 Theoretseal sarsisad af cells subjecied 1 randam destricnon before ant
after tabeling, sy foss of 1 per cent of label

senescence by destroyng ceffs n some way antelated 10 their age or by
sfecuny the tate of coli producuion  As previausly stated, there i o
evidence that the first of the effects ocints  Although 1t belonga sn the
ecand class, destruction by antibodies 3 disgussed moe conveniently undes
3 teparate hexding  Other diseases of this dlass may be subdsided 1nte
8o groups
In the first group ate 1hose diseases in which the rate of celf esiruction
15 constant, at least over relatn ely long penods This happens, for example
h ~ Mhough niernpted from time to tume by crses It
2 eal] fracnion of the abnorwal celfs,
. “ + 3 ery low Diygen pressures some-
where i the cotr-e us o at, probably 3< 2 result of sichling,
2 constant proportion, pethaps all, of Lav s ase destroyed uuatiovs 4 and
S apnty hore
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The second group cansists of thowe diseases in whick k=~ -
rreguiar and, with these diseases v -
these cases theaee @ 40 °

differs fram norn I
It may be noted s wio menstrgale a
unsuitable as dor - s HIany experuments

As yet, no analysis n2s been made of the effects of changing rates of erythr
polesis on Ul(‘ survival curve,

Storage  The damage produced by storage is apparently all ot nane, thi
15, stored velly erther survive normally en trancfusion ar do not sunn

100t s

75

50+

25+

SURVIVING CELLS PER CENT

o

o jie] R0 30 40 50
DAYS

Fiouge 9 Survieal of sichle celf eny throcytes i a normal recprent, showmg hgh &
of random destraction 1 xpenimental pornts from Seager and T'isher 1

beyond the first day or 50 The percentage surviving depends on the ofutr
used for preservation and for prevention of coagulation, the temperatvre
storage and, of course, the tunc of sterage  The survival curve shows 2 149
drop as the nonviable cells are being elimmnated The duration of s
usuatly less than 24 hours, but may be slightly loager when - -

The drop is followed by a2 normal survie-1

viable celis have the same ~~-

b = <7

(-

i : < euge nife span of these ¢
M s~ atter the starage, so that it 1s quite de

4 +v w normal senescence was decreased to the vanishing P
dunng storage  However, i senescence were due (o a chemical pracess
for example, doubles in rate for every rise of 10° in temperature, then ¢
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evlent of senescence wonld be Jess than 1 ene-thousandth of that at body
temperature.  For a storage period of 10 months this would be 1 one-hun-
dredib of a mantk, or less than a day, and this 1s nat detectable

From & practical point of wiew mnterest centers on the extent of the wtial
fall, for the optimuts starage conditions are those n which the number of
nanviable cells 1s least  As a measure of these, eatlier warkers used the per-
cemtage survival two or three days after transfusion It now seems simpler

350+

300+

250+

2001

oPM

150+

106

50+

o 20 30 40
oavs

Fiovz 10 Survival of enschrocs tes tn 8 patient »ah permoions anemma Tncraseniogs
Cilt fabeling  Uspubished data by courtesy of Yightman and Haglett, Universty of
Torona, Toronto, Canada

ry

0

1o plot the survival cune on semilog papet, 1 this ca-¢ the ponts fall very
close 1o a straght bne for about the first three weeks A least-squares
extrapolatian of the hne back 1o the day of transfusian probably gues the
mosy accurate measure of the numbet of viable cells  The number of cells

with p3t
Encampatshedity and antibady formaton, Proneer work in this field has
been done on thin wide of the Attantic Ocean by Sunher and Young™ and,
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on the other wde, by Mollison! and others, Lyt much remains unknowe
Maost of the nork on changing antibedy titer has Leen done at what s
be segarded for our purposes as very high Yiters, that is, those that ate hig!
enough to produce aggiutination ar hemolysis in a few minutes in tilro alte
Ldution  In the case of survival curves we must consider cases in which th
Iyghest amibody titer 1> pust sufficient, undiluted, to cause the diszppeasanc
of ery throcytes én tito

At least three different suriival curves sre found when small solumes ¢
ncompatrble or potentially incampatible red cells are tran.fused (F16TRE S}
“Fhe first type of curve 15 seen when the recipient’s blood contains a hig
trier of antibody before transfusion. Incompatible cells are destroyed in

. No.»1982 % 25
2500 T«97 ¢ 4
. K 0122.002
.
w004
=
% 1500+ o Empincol Paiaty
1000+
500
o

o 20 40 e 60 (90
DAYS

Fioure 11 Survival of erythrocy tes stored 1 glycerol at —70° C. for ¥ yesn, BV
with Ceft
few minutes The rate of ehmination 1s sard to be expontnml, but &
retical rensons why thus should be so are not yet forthcaming.

The second and thied types are seen when no antibody is present at
time of transfuston of the recipient is capable of producing an antibody
(hesecells  The difference between the two js in the rate of antshody fof!
qiow, which 15 fast in the second type and slow in the third. The rease
making ths distinction is the very different shape of the two turves. 1
reasonable agsumption that the re-istance {or susceptibihity) of the enhl
eyte 10 antibody Is not quite unifosm, but vanes from cell to cefl, bewg
qributed m the msaA:d1 n urrnal“ I‘}v}\}on, After transfusion of these !

A e nsing, but has

Throughout
, possibly, al«
random destruction, i8¢ anubudy Uler then reaches g level at which

A
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Fi6urR 12 Survinal of transfused eat erythracy tes, showing the effect of rapdt 1so-
smatization, reproduced by pesmission from Hrown and Fadie T
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FiooRe 13 Theoretieal survival curs 2, showing different rates of antibody dextlopment

More suscepuible cells ate affectad and, as st wncrezses, more amd more celly
fhsapipear from the circulation and the suryival curve shows an S-shaped drop
The equation for such a sunvssal curie, based on Thee assumptions, is

e R T [x + tanh g (7~ r)] ©
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The constant b 1s related to the rate of antibody formation and r1s the yme
when the antibody titer has risen to such a point that half the injected cells
are destroyed  Antibady formation will be characterized quantitatively by
two numbers, one being the rate of formation, and the other the amount
necessary to affect half the cells. 17 the rate is slow, the appearance of the

100}

% SURVIVAL

oavs
Tievre 14 Survival of human cells from a pump-ots genator with control

»_0o——
DOG 3E
2000+
15004 *
=
S
1000+
500+
5
0 0 20 30 4 =5 e W

DAYS
Fioume 15 Survival of transfused dog cells, labeled with Cot
curve alters (type 3)  This type has often been seen 1n dogs, but is appa®™
ently less common 1n man. )
1t must be emphasized (FIGURES 13 10 17) that there 15 nothing 1 thi*
cupve itself to indicate that (hﬁ (O“‘C agent 15 an anubody, A it > emié:‘)l'

the
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CELLULAR KINETICS AND IRON UTILIZATION IN RONL
MARROW AS OBSERVED BY FE® RADIOAUTOGRAPHY*

Edward L Alpes and Dons Cranmore
Uncted Siates Nosol Rudsological Defenst Labaratory, Sam Fxancise, Calef

Bince the radigactive isotopes of sren have been available, a great deal of
effort has gane into stwdying the pathways of sron metabolsm and the
Lineus nterrelationships of celtular produttion and wuhzavon of yron
Several techmaques have been propased for the evaluation af ery thropsienc
funcuon using, Jor example, the plastma iron turnaver nme,! rate pf appear-
ance of laheled red cells,? and the fraction of the injected tracer that even-
tually appesrs in perpherat bloed 2 All of these have proved to be useful
1ools, but thewr appheation has suffered from meomplete hnowiedge as to the
Tractions necurrieg 1o the bane masrow cells and feading 10 the obsened end
poits  Two groups have had some success m the technsque of radioantop-
raphy for evaluating ron incorporatian at she cytological Jevel ¢* Hownever,
ther sheervations were exploratory and have nat beem extended subse-
quentty It ax the purpose of this study to devefop furgher the techmgue
25 2 means of imvestigatmg the relationships betscen cellular developmeat
and incorporation of the radossotope

Methods

Male monprel dags of 7 to 10 kg body wesght were used after several weels
of observation and trentment in the faboratory's keanels Al animals were
mmumzed agatast rabies, distemper, and <anine hepatitis 4 the time of
Bxperiment the stutmals were thyected intravenously with 06 1o U8 me of
FeoCh buffeted with sodium aitzate  Plasma and blood semples were drann
from the external jugular vein, and marrow was sampled by aspirasion from
the xs with the Jones sternum needie  The mayrow was coflected anto
tared, hepannized, autctogous plasma and the dilunion of the drawn marrow
«alculated from the sample weight and plasma weight  After collection of
fhe matrow sample, celis were dispersed by forung the ~ample through &
fine-mesh nylon sceeen

A poron of the massos aspirate a» well as marrow * plasma’ was plated
on 1an cupped planchets for radhoactnity measwrement  Peripheral blood
2nd plasma were atq plated far radwactivaty measusement  Counting was
done with an end-on Nal{Th) crystal and photomultipher  Standard sam-
ples of the injected rotope wete prepared and counted simultanesusly for
rotape-decay correction and for calewlation of the tnjected radoactnity

Hematocnts 2nd erythrocyte counts were done on Llood specimens
Hematocnt, erythrocyte counts, and nudvated cell counts were done on
marrow speamens Al these were done an duplicate by standard chmenl

* The ppunians ot axcttious containesd hertin wre our awn sad fce Dot ta be constmed
38 el or refecting ehe niews of the Novy Depariment or the ¥aval Estabfishment

large

53
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laboratory procedures, Infferential nucleated cell counts of marrow were
made on Wnght-stamned cover-shp smears.  All cells were classified as 2
check on the ! ity of marr pling techniques.  However, only
erythroid clawaficattons are germane to this problem  These cells were
dlassified as erythroblast (rubnblast), pronormoblast (prorubricyte, rubn-
cyte), and normoblast (metarubricyte),

For radiautographs, thin slide smears were made of each blood sample
and of the diluted marrown specimens.  In addition, a portion of each marros
and blood specimen was suprasitally stained for reticulocy tes with brlliant
cresyl blue, and thin <hde smears were made of these stained preparations
All smears for radioautographs were fixed in absolute methy! alcohol and air-

dried  They were then 1 with NTB-1 ¢ ble base stripping
A B
E
C D

Picere | Gramcounting gnd used i estumating eellulir radsoactiyity  Celutt
grain count 18 the total number of grains 1n square I; minus the average of squares by B
C,and D Thearea of square L 1s such that the mavimum range of any g track is tncluded

film* by flotation 1n a water bath at 22° C.  The air-dried shdes were stored

over desiccant 1n air- and hight-tight cans at —10° C for 2 to 3 weehs
The exposed film-mounted slides were developed in Eastman D-lg."t

97° C. for 7 mun and cleared 1n Eastman acid fiter-hardener for 10 mi
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A quantitanive estmate of 1he Fe* activity per cell was obtaned by gramn
toungng  With an oculat grateule, & square was dehineated that was,
ares, at least munefold larger than the projected area of the cells  The grams
wete counted with the cell in question cestered 1o this square The back-
ground was detesmuned as the average number of grams n {owr equat-azed
adjacent areas  Frours 1 pictoniaily descrbes the counting arrangement
wed Chesen at yandom, ffty cells of each nucleared cefl sype and seticuto-
tytes were counted for quantstative estimation of radwactivity  In the case
of erythtocytes, grain counts were done onty over (hase cells that were sub-
jecinely chosen as being positively labeled

Reselts
TapLe 1 <hows the plasma man “hatf umes,” the ma<smum pesiphéral
incorpiotation of radiowon, antd the ume for half of this penpheral Sabel to

eis 1
RamiosctnaTy Dava oy Bigo ans Lovrron Boet

i
Bed {31* Biess (1)*
Measure 'y ontred (5)° uxkr:\n‘ 5 e (5

Ao 0m ke
: !
Plesma chatance, te, min 98 4 3t w2 26
Manmm 1ncorporItion peFLeatages
sectesd dase 4 CEBA a
Time for one batf maumum spke (davs) 2 BEDS 243 01 16
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make ity appearance  The weual findng af accelerated plawma elearance and
mereased mcorporatian efficiency 5 seenan ammats that had been bled to 2
tota! of either 40 mi kg or 100 mi hg dunng the weeh just preceding
injection of the ssotope

Tn Ficure 21t may be scen that, by ihe technique of suligectnn € examination
of eells, almost ail nucleated marrow cells of the erythrons ~eries are labeled
within the first 4 to 8 hours after myection of the watope 1n faci, 0 the
control ammals onfy a few vells of the eryth laxt group veman unisheted
alter 4 10 6 hours, and this ~mal! proportion of untabeled celts is mont probabily
attrdutable to fature to clasafy correctly & ~mall number of early blast type
ells 1hat are 1ruly mycloud w thetr eventual deselopment  No sgmificant
diferences bets cen bled and control ammats are seen i the Tate of labebing,
But in all bied dogs, a~ 0 the example shown, 1here 15 a farlure o reach the
stage of cansplete Jabeling charatien«an of the conteal group  In addivon,
the plateay of marimum labeling ~een i the control 1> obwerved unly through
the tyelse-hour point @ the anemic indnwtush  fome of theme differences
my be explaned by ths obeers ed fact that the Jevel of Iabehing & somewhat
lower 1 the anemuce, mast probakly becavse of the compretitian for teacer by
the larger celt populaton  This creaes the probabibny of dasafying
3 celt as unfabeted.  Mternatnely, the explanation might be put forward
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that labeling contmues from a secondary pool, turning over more slonly
P R T AT ten it shannamie whers cellular

avidence

RN o . L remains
hightly radioactive in the controls for some time after the initial rapd disap-
pearance phase and therefore could be reflecting movement of iron from 2
labile nonplasma pool to marrow. It should be mentjoned as beanng on

100
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I'cure 2 Fracton of nucleated marrow cells labeled, as adjudged by subrec!
examination of autoradiographs

thus problem that, as early as twenty-four hours after injection of the labl
qgmficant_numbers of reticuloendothelial cells shawed posttive radioaut
raphs These cells conlam'ed identtfiable remnants of nucleated ery(hr?
Gells and erythrocytes It is entirely possible that part of the contmul!
labelng observed may result from destruction of a certain small number
Jabeled cells. In no case were cells other than erythroid or reticuloend
thehal labeled .
A S,Fniﬁcam difference between our in vivo results and the in vriro 6%
of Lajtha and Suit® should be mentioned  The latter reported that o7
10 to 50 per cent of the late poly: and orth 5c normoblas
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became fabeled, whereas we alisers e 100 per cent labeling of this group which,
mour nomenclatice, comprises most of the normoblast wategory  They alsa
repotted that basophu: (our pri biast} reached 8 stage
of labehing equal 10 that of the prosormoblast lour erytheoblast)  Tiaure 3
shows our data on cellutar radioatruvaty,  Clearly, 1 both bled and conteol
dogs the erythroblasts generally are labeled to a tevel nearly thice as high
s that of the pronormoblasts  Hawever, after 23 hours, the median celtutar
actisctees ate the same for aff groups Of the discrepancies betyeen aur

= o

GRAIN COUNT# GELL {NOAMALIZED TD ERYTHROBLASTIOc

o LT YR SO T 00 2000 S U 0 O A O O T 0 0 2 0 0 008

o ” 24 36 a8 60 T2 &a $5 08 W B2 e g

TME AFTER oECTION 1MR)

Tiouze 3 Celistas rsdonconity of indeedual marrow eells The pioteent salues are
medians of $he nes 1adioactivity of Gty cells of each tpe  The medians are then sor-
makized ta the or throbast salue 10 correct (o cariatins h exposire Hme and inected
sy

data and those of Lajthe and Swit, the most easaly explamed i~ that of the
fraction labeted  Becauss the general fevel of labeting oo their stedy s lower
there would be more tendenty ta regect cells as unfabeled  However, no
such explanation  farthcorung for the differences «a lescls of fabeling

The slopes of the hnes describing the loss of actnaty are genetally equal
m &sther the bied or rontrol dogs.  Howeses, becase we erroneaus)y antyci-
pated a more ragnd fall of these cutves for the anemics, there 1s no pont Iagey
than $8-hour postinjection Ao in FIGORY 3 are the gran counts on et thro-
£ries that appets m penpherad blood

From appiuanon of the technique first descnbed by Swie? i€ 5 powible to
detezmne the to1al celiulanty of bone matrow and, from thi estimated value
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1iure 4 Totalery throd cellulanty in the lone marrow I, T, N, and R refer et

tively to erythroblast, pronormoblast, normoblast, and reticulocyte  The asterrhed ¢
tion of the reticulocy te column rep the blomd

and the differential nucleated cell counts, to establish the numbers of th
various erythrou! precursors  The calculated values for the animals studit
are shown 1n T1GURF 4

Discussion

At the outset, the primary aim of this work was to describe the happenit
1n the marrow compartment during the transfer of iron from plasma to maty
erythrocyte Certain facets of this process are immediately apparent fro
the data shown Incorporation of the radioactive tracer is a rapid proc
occurring in all nucleated cells of the erythroid series, I'rom the tme
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on the other must represent essentially a frequency distnibution of maturation
times of “‘staying times” in the nucleated portion of the erythron for all
thowe cells that were labelcd, as well as for their generated offspring As a
corollary to this statement, the tume at which one haif of the (otal cetl number
has appeared 1n peripheral blood 1~ an estimate of a mean celi maturation
ume or, possibly, better described as the mean duration of stay for a cell in
the nucleated portion of the erythron It 15 1nteresting to observe that the

100 100
90} %0
80 [~ —e0
70 —70
6o }— —eo
sof- —30
“0f— o

INJECTED DOSE (PER CENT)
TOYAL LABELED RBC/kg 110°Y

SRt 10

moL L

Fiotre S Appearance of radioactiuaty and of tabelerl ers throes tes in penpheral blood
following injection of Fe¥*  The curses are referable to the ordinate indicated by the
arraws  Time for half maximum 15 indicated 28 L .

) «
TINE {DAYS}

ralue calculated from the curve desenibing the appearance of labeled cells
I» exsentially identical with that caleulated from the u-val radicactive sron
utilization curve  TABLF 2 compates these values for the bled and for the

TRUPULLAT DIKE G LU RS )

A well-hnown relationship of cellutar dynamics 1 that the turnover time
of a cellutar compartment 1» equal to the ratio of mitotic duration to mitotic
index  \s the mean maturation ume calculated alione 1s abo presumably a
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turnover time for the nucleated erythron, it should be possible to compare
these two derned measures independently. The ayerage mitotic index for
the control dogs was determined to be 0035 on 18,000 cells observed, 1f
the mitotic duration s assumed to be 0.5 hours, the turnover ime fmn:t this
calculation 1s 141 hours  If, on the other hand, the mitotic duration 1
assigned a value of 1 hour, the calculated turnover time is still only 29 hours,
far short of the abserved value of 70 hours derived from the red celt appest-
ance curve

However, there has been no correction made to the mitotic index celcuh-
tion for mean ume spent 1 the bone-marrow reticulocyte stage, which ne
shall show to be of the order of 26 hours The total turnover ume fora
1-hour mitotic duration then becomes 29 + 26, or 55 hours. The discrepancy
most probably lies n the calculation based upon mitotic index, as this meth

TanLE 2
MeaN Doramion Tive or CELts 13 ToE NUCLEATED ERVINRON

I rom uptake curve | From laheled RBC cune
(days) (days)

Control 28 29
Bled 40 ml /kg 21 18
Bled 100 ml, kg 12 13

assumes that no cells from other compartments are entering the one quev
tion  Kindred,® using this same techmque in a very careful study of bon®
marrow cellular dynamics, ponted out that he could not account for all the
erythroid cells produced by diviston within the identifiable erythroid com
partment  The discrepancy observed by him and here seen agan must bi
accounted for on the basis of the number of hemocytoblasts differentiatint
into the erythroid senes  The technique of estimating turnover time ron
R . p . A

um
all
produced ~ From the ratio of the loganthms of the number of nucleater
cells labeled at the time of injection to the number of labeled red cells, 31
estimate of the number of divisions that occur duning the maturatton of th
labeled nucleated erythron may be obtamned  These data are pre:enlzd ¥
TABLE
Tt is interesting to observe that, even though the number of cells produc®
yvaries by almost tenfold in these animals, the ratios are essentially mnsm';:

10
n

that can have occurred tah e uelermined trom the ratio, agun AUB"“}'
mically, of the maximum erythrablast grain count to the mnimum g2
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count observed in the labeled erythrocytes This maumum value 1s 23
divistons for control animals, 2 2 divisions for 40 ml /hg bled animals, and
24 divisions for the single 100 ml /kg bled dog

All the data considered 1n the foregoing analysis point up the problems
mnvolved n interpreting the hinetics of unhz:mon of radioactive iron  None
of the measures that have been as s for mar-
row erythropmetic activity is sensitive to the tr:mendoui range of responsie-
ness of which the marrow ts capable  Maximum 1ron incorporation reflects
only a 60 per cent mcrease in the face of fivefold increase tn numbers of

Retationsnips BETREEN LABELED NLCLEATED CELts AND MaTURE ERvImso.
CYTES PRODUCED

Erythrod cells Labeled Number of
(calculated) RBC/; d
el - iisions
Controls
321 8 8% 100 s
16 101 1
I 65 11
39 i 15
Mean 1
Bled 40 ml /kg
69X 10 120x% 100 o8
79 170 12
87 230 14
Mean 1 1
Bled 100 ml kg
210 % 100 58 0 x 10° 13
|

erythrocytes produced i a test penod  Qualitatively, the same statements
are alo true for plasma clearance and the ume for half maumum uptake
Part of (he reasons underlying the difficulties 1s that in accelerated production
with increased cellularity the amount of iron tncorporated n each cell is,
perforce, decreased At the <ame time, normal utihzation 1s sufficiently high
to prevent wide excursions Jn amounts wncorpotated  The fact that the
cellutar dynamics of the expanded marrow compartment are not altered
setiously and that increased output is accompliched essentially by normal
maturation processes from an enlirged pool abo leads to insenaitivity of the
vanous methods

Observations on cellular Itfe spans  In pursting the basic coure of 1his
imvestigation, other incidental data that are contnibutory to undentanding
the cellular dynamics of the erythron have become asailable.  If one con-
saders the curve for decrease 1n cellular radioactivaty of a single cell species,
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such as the erythroblast, as plotted in FIGURL 3, it is apparent that reduction
of the median or mean value for cell grain count can occur only through
drvision of the cell, nonrandom loss of cells from the Jabeled population, or
entry of large numbers of unlabeled cells By rejecting all unfabeled cells
from the paputation analyzed and using the median of the remaning group
1o reduce effects from nonrandom removal of cells, it 1 po~ible Lo estimate
the mean time required for cell dnion  The technique is applicable only
to the erythroblasts, as they are not being affected by new labeted cells
entenng the population  From these curves an estimated mean time for cell
Qivision of 21 hours for both control and bled dogs 15 derived  In the ant

T e

GRAINS/ CELL (NET)

L i
[ s 10 5 20 25 30 3%
TIME [HR)
Ticurs 6 Median and extreme grain counts of pronormoblasts in dog Cu {control dos
to wihicates the time at which 90 per cent of the circulating radioiran has dis2prta™
frorn plasma

severely bled dog this value 15 13 hours, but further studies are required U
venfy this observation  Independ , the same may be et
mated as i the example i FIGURE 6. If it 15 assumed that whea the ce!
divides 1t very shortly thereafter becomes identified with the next mos
developed type in the seres, we may arrive at estimates of division times fo
2 cell type by their arnval 1n the next compartment The cells cannot b
readily identified using a population estimate such as the meduan, becawy
the infimite number of out-of-phase generations masks alf effects atising fron
duison  However, the extreme values clearly show the data desired
peak seen 1 FIGURE 6 with grawn count of 140 probably resuited from &
. oo A ~mon R v were preset
epresents th
stamed lh‘:
QUL s g € show ’
1:“‘:‘;:5 From 20 to 26 hours for ali ammals, bled or control
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From the gram counts of the large number of reticulocytes in the marrow
sample another senes of estimates may be obtained butin this case they are
probably le<s related to division and repesent merely “arrival times’” from
various predecessor fabeled groups A very early peak at 2 hours (Ficure 7)
represents direct reticulacyte fabefing  The peaL at 1 hours 1 the arnnai
of the first poly< hilsc or orthoch b , probably
without diviston  The third peak represents arnval of the pronormoblast,
while the last peak most probably 1 the appearance of a few enythroblasts
that have undergone no more than one division 1n their transit  Note the
agreement between this value of 72 hours fur transit or turnover time and
the value of 70 hours obtaned from the peripheral appearance curve for
erythrouytes  Lajtha and Suit suggested that the retecafocytes arme directly

140

120

GRAINS/CELL INET)

» & ®= 8

8 3 o o
T

~
5]

o T S S I Y
4 8 12 16 18 Y B 4 5 6
—-———— TIME TIME ¢ 3)

Vurer T Medan aml ctreme gram counts of marrow reticutacstes on dog Bl (contral
oy

from * carly polychromatophilic normoblasts™ vather than from the later
more arthochromatic cells  The data <hown i F1GURF 7 clearly indicate
that this i~ ot the case, as reticulocy les with grain counts quite uimlar to
tho-e seen (n the latest of the orthochromatic normoblasts make their appear-
anceearly There 1 po tea~on to believe that the reticulocy te1s not a normal
stage of maturation of all erythrocytes, and good exvidence in <uppart of this
position can be obiamed by comparing estimates of reticulocyte hife <pan by
sesera) techmiques  One method makes use of the stmple, well-known
approach that the time a cell spends m a goen stage of development 13 1n
direct proportion to the wze of its compartment and the size and mean stay
time 10 succeeding stages, I'rom an estimated mean cell Life of 105 day~
and the hnown red cefl votume of the dogs used, along with the total size of
the marrun reticulocy te compartment (FIGURF 4) a mean <tay time for the
reticulocy te m bone marron 15 calevlated 10 be 24 hours  Of course, this
aliulation can be made only in the control dogs where steady -state condy-
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tons ewst  In FIGURF 8 the grain counts for marrow reticulocytes ate
classified by intensty of reticulum staining  The minimum stay time for the
heavily reticulated cell that makes up the preponderance of matrow reticulo-
cytes s marked on the figure as 22 hour-, A maximum if less probable value
of 30 hotrs may be assigned by rechoning from time zero. The range then
1s 22 to 30 hours, and the most probable value {s 24 to 26 hours. Lajtha®
has quoted a value of 24 hours for bone marrow reticulocyte life span.  We
have not computed life spans for peripheral reticulocytes. Ifany reasonable
proportion of the nudleated cells matured without entering the reticulocy te

GRAINS /CELL.

a5 36
TIME {HA)
Piouks 8 Median cellulas radioactisity of marcow, reticulocytes on dog BY (conteet
dog) when cells are first classified by sntensity of reticulum straimng  Note that 2pproXt
mately four fitths of marrow reticulocytes fall in category 3 phus

stage, the fint computed value would tend to underestimate cerjously the
time of the reticulocyte life span,

Summary

A method 1 described for analysis of the processes of iron incorporation It
erythrocyte precursors, It has been shown that all nucleated cells of the
erythron incorporate iron, but that the quantity of tracer incorporated an
therefore the rate of total 1ron incorporation of the cell 15 inversely propor
tional to the state of differentiation or development of the cell  The intra
cellular 1ron s the only apparent intermediate between plasma iron an
hemoglobin 1ron, but some evidence 15 presented that indicates small reser”
voir of Jess rapidly turming over sron. The appearance of mdmactivnyl;
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erythroblast and the pronormoblast each are approumately 21 hours
either bled or control dogs A limut can be set upon the maximum divisions
occurnng from entry 1nto the erythropoetic senes to completion of the devel-
opment of the erythrocyte  This vajue 1s 2 3 for esther bled or control dogs
Absolute values can be assigned to an "average’ number of divistons occur-
ring during development from knowledge of the ratia of the total number of
nucleated cells labeled to the total number of erythrocytes produced  This
value 15 1 3 1 control or bled dogs  Evidence 1s al-o presented to show that
the reticulocyte 15 2 normal stage of development for al) erythrocytes
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PATTERNS OF NEUTROPHILIC LEUKOCYTEL DEVELOPMENT
AND DISTRIBUTION*

Harvey M. Patt and Mary A, Maloney
Divtnion of Biologreal and Medieal Rescarch, Argonne Nahonal Lakoratory, Femont, Fi

The neutrophtl life span 1s an essential parameter for evaluation of neuiro
phil balance and 1ts control  In the physiwological steady state, the distribu
tion of neutrophils 1n marrow, blood, and periphery is directly proportiont
to the tme <pent m the various tissues  Estimates of the sojourn of peutre
phils 1n peripheral blood vary from hours to days, depending upor the experi
mental procedure, this uncertanty raises important questions about th
penpheral distnbution of neutrophtls and its contrbution to the regulatiol

of the level of circulating cells  Sexeral lines of evidence—for example, fron
PR Lt tamstam of lenlnevt

nevertheless, there 1s some reason to think that neutrophils may erdinatt
move back and forth between blood and extrameduliary sites  This follow
from consideration of the number of neutrophils m matrow and blood ¢
relation to the itme spent in these sites, as estimated by endogenous labelmg®
with P32 The requirement for a blood-tissue exchange may receive suppo!
1n another way, since the apparent turnover time of circulating neutrophil
based upon estimates of the rate of production is greater than that denve
from the disappearance of exogenously tagged cells.® However, this aspet
of the problem of neutrophilic balance remains something of an emgm:
which can be resolved only by accurate appraisal of the neutrophil’s fife cyel
This paper 15 concerned with prelimnary studies of the neutroph's b}
cycle, as revealed by radicautographic analyses of marrow and blood frot
dogs recenving tntiated thymudine. A fairly precise localization may t
achieved with the labeled nucleoside because of its specific incorporat
Into desotynbonucleic acid (DNA) and the short range of the tritm bet
particles Smce‘ neu'lrophnlic leukocytes are part of a renewal system v
Fve M ledams e v w e «-mamneal changt

1 orde

forme

sthesk

e . Iy m
dosage of 100 uc per kg of body weight The experimental details hav

been reported elsewhere * ¥

| hs of the phil series are shown in sicoer 1 T
almost all of the radioautographs, 4 grains over a nuclear area repmenltd

4 The work reported 10 this paper was performed under the ausyaces of the United $12%
Atorme Energy Commission, Washington, D
76
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statistically signilicant increase above bachground (p < 001)  About 15
1o 20 per cent of my elocytes and ery throblasts are laheled within 2 hours after
njection of the tnuiated thymidine in the dasage employed  Since the pre-
cursor 1» available only for a brief ime and labeled tedophases are not seen
during this interval, 1t would appeat that the period of thymidine incorpora-
tion occupies at least 15 to 20 per cent of the cell generation ime  However,
the latter s probably an underestimate, since there 1> reason to believe that
more cells would be labeled with a higher dosage of the precursor ' More-
over, our recent studies suggest that a substantial number of myelocy tes are
in a transiional stage betneen the lawt mitous «nd emergence a~ meta-
myelocy tes and, therefore, would not partiapate in DN A synthesys

The taitwn label appears first in the unmature cells, which ordinanily
contribute to renewal of the marrow pepulation by mito~sts  The distnbution

CRAIN LEVEL
.D $hrs aMer injection of 0 I mc. lk? 4hr M‘hr mlhr
[

o] ]

£2
2
& NERE
CELL LEVEL

myeloblast promyelocyte  myelocyte myrlxyu eamytiee sumerted
utrophil

Tictzr 1 Myeloud cells labeled with 1ntiated themudie  Scgemented neuteophil from
penpheral bluod other cells from marron

al labieled cells Iht‘n progresses in an orderly manner from the less to the more

Since app 1y ball of the labeled DX\ remainy
n the dmgluu wlls of a labeled progenttar, several mitatic cycles may be
required before the fabel 1s no longer detectable abme the badkground
Densely labeled telophases are found n the marron bv 4 hours  This
foflowed by a rapid 1ncrease 1n 1he number of positne myeloid cells with tme
ax shown i F1GURr 2 The number of poutne cells 15 expressed in terms of
a normahzed distnibution of the vanous el types for this companson of
successine samples  The mean turnover tme of the proliferating my eloid
tlements may be approumated from the increase and distnbution of labeled
cells  This s about 15 houts, which 1 in agrecment with anferences based
on mitoli counts,” but Tess than estimates denved from radwautographic
studies of marrow cuttures " The numbee of positive cells begin to decrease
by 4% hours, due Whietly to the dilution of the label by further mitosis,
Irentual conuderanon of the temporal relationship between thymidine
wnjectian and the imirement 1 lbeled mtocs, a< well a« the decrement in
grun counts, should provue a more complete picture of the bfe ¢y cle of the
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AND DISTRIBUTION®
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The neutrophsi life span 1s an essential parameter far evaluation of neutro-
phit balance and sts control  In the physiological steady state, the dustrebu-
tion of neutrophsls in masrow, blocd, and periphery is directly pmpumum)
10 the time ~pent tn the \arious tisstes  Lstimates of the sojourn of neutro-
phuls in peripheral blood vary from hours to days, depending upon the experi-
mental procedure, thus uncertainty raises important questions abrut the
pertpheral distribution of neutrephils and its contributton to the regulation

of the level of airculating cells  Sexeral lines of evidence—for cmmplel. from
C e . . e " Y > e e Teartan of lanlafite

with a large reservorr.  Although recovery from abruptly induced neutt
pentas seems to be accomplished primarily by release of cells from matrol,
nevertheless, there 1 some reason to thinh that neutrophils may ordimariy
move bach and fosth between blood and extramedullasy swes.  This follows
from consideration of the number of neutrophils in marcow and blood E
relation (o the time spent 1n these sites, as estimated by endogenous labehng
with P¥% The requirement for a blood-tt-cue exchange may receis ¢ suppost
tn another way, since the apparent turnaver time of circulating neutrophth
based upon estimates of the rate of production is greater than that derned
from the dwappearance of evogenously tagged cells.? However, thi> aspad
of the problem of neutropltic balance remarns something of an enrgma,
which can be resobved only by accurate appranal of the neutrophil’s e cyele
This paper s concerned with prelimmary studies of the neutraphi’s be
eycle, as revealed by radiwautegraphic analyses of martow and blood from
dogs recesing tottated thymudine, A fauly prease localization may b
achieved with the labeled nucleoside because of ws specific incorporatiot
into desovyribonucleic actd (DNA) and the short range of the tritram et
particles  Since neutrophilic leukocytes are part of a renewat system ¢
Lanetics of their dey elopment 1 vvo can be determined from temporal chatges
1 the Jabehng of the vatious cells n the developmental sequence. 1% ouder
10 mimmize depactures from the steady state, these studses were perform
on traned beagles with marrow samples aspurated under local anesthestd
Tritated thymidine (360 to 390 me./mmale) was given fatravenously ne
dosage of 100 uc per kg of body weight  The evperimental details hare
been reportet ehewhere » 1%
ographs of the seres are shown in srovar ! 18
almost alf of the radioautographs, 4 grains aver a nucleas area rcpmcnm‘ a

«The woik reported m this paper was performed unrer the auspices of the United S121¢
Atomuc Energy Commission, Washingion, D
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vanous proliferating cells.*  Since myeloblasts and promy elocytes comprs
only a small percentage of the total, these cells have been included with th
myetacy tes for prebiminary analysis of each marrow sample.

The pattern of neutrophil development in a dog is depicted in F16TzE
There v a comparable progression of the label in nucleated erythrogyte
(treurt 4), only a small percentage of Iy mphocytes is labeled in the marror
samples from 12 hours to 5 days alter thymidine injection, It will be note
from the data in FIGURF 3 that labeled metamyelocytes appear in the marrot
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« Such studies ast being made and point o a mean generation time of 16 to 18 hours 1of
m)'lsm“;m " about 9 Bours for my eloblasta and promy elocs tes
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5 consistent wath the Gnpding that labeled myelocy tes are detectable 1o mar-
row for several days after injection of tntiated thymudine, though with
decreasing grawn concentration It will be recalfed thay the penpheral half
time of 12 to 24 hours corsesponds to the 13.hour mean generation time
approumated from the rate of increase of labeled cells tn marrow.

Informatian concerning the normal p.nhx‘a): !ar seutrophile utihzation
and removal 1» pl Many destroyed
dischargtag thewr functions of removing ceflufar debn\ and helping 1o mamn-
tam the stenliny of the internal environment  Probably targe numbers of
celi» age alvo Jost iy various ~ectetions and excretions  Thus, 1 15 reasonabile
ta sufipose that the perp f ime span of ' my be fess di
upon age than that of erythrocytes  The data presented here are suggestive
of such a random utthzation  Departures from an exponential di-appearance
m situetions where ail labeled cells contnbute to the anaty iy could be attnb-
uted to continuing release of labeted cells after the peak 1 reached  As
l\ol:d by us previoushy,’ * the heterogeneity of the faheled profiferating

on s the herat time span } from the rise

angd fall of the blood tevel of DNA-P* after labeled edlls bepmn to appear
Since the more homogeneous ilas~es diappear with one hatf time of 12 to
24 hours, the peripheral poal of newtraphils may not be nearly as large as
has been ferred  Perhaps only 5 to I lmes as many vells may rescde in
the penphery 2~ h ubvious Lirculation, o contrast W previous estumates of
some $O times * % A substantizl part of thyy rescrvoir may ewst within the
confines of the vascular sy vtem, poswbly to a con~ideralle extent as marginal
cetts  These results alvo suggest that there may be 3 to 3 imes ay many
develop and 3 nearly eq! number of i neutra-
phiy m m-\rm\\ asn the perighery (vascular and extravascafar)  The fact,
noted earher, that recovery from acute nevtropensa 1> attesbutable w large
part 1o refea~e of vells from marrow lcnds credence to the present etimates
of neutraphite balance

I conluson, 11 vhould be emphia~ized that the daca presented for neutro-
phile des elopment and distribrztion i the dog are pros sonad and are ingended
primanfy to fustaate the apphuabitity of the method for esaluating the
problems of neutraphile Ytlanee  More detaded analywes will be necessary
to establnh the Dfe wycle of the vanous probferating elements and the
«hronology of maturdtin 16 masrow and diappearance from the penphery

§1 &now ledgment

We thank Fugena Jackson far techmial asitance and \tlee S Tracy
for peeparation of the photomirographs

* The hine structurc of the Blood curve 3 being exapuned in Present expeniments Ak
though it 1€ rat 10t bl 10 2581 & precise 1ale for the Balf tme of wegmemd neu-
teophils 1 Blokt pircsent revsits dased on daity sampling reveal A manmum of 12 bours
with the sugxestion of s ball time af the onder of & hoaes - dogs Sudied at more frequent
ntervals  These Andgs re geemanc to the question of an exchangral Je peripherad pewt
which mar be even smaller han descridned n the tegt W
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» revealed by labehng with € adenine ¥ A 3-10 3-day minimal time fos
tev clupment to the pont of release from masros is in good agreement with
e3lues for both dog and man based on 22 wcosporation sie DNA of lewkor
3tes *1® Comparable estimates of the time spent 1 matron abo hase beea
fade frow o vitro observations of marrow suspeasions! and from considerz-
(on of muotie st ity ¥
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fiovse 5 Dusappearance of Jubeled nevtrophils from Wood  Each poist 8 based ot
equmeration of 2000 nevtrophils

The disapy ot labeled phils m perpheral blood, Dm“““d
{0 FIGURE 3, 15 0f partseular mterest  The data suggest that the half time
ior disappearance of alf {sbeled cells from blood is about 2 days. In fich
powever, a half ume of 12 ta 24 houre 1s apparent when consideration > given
te mare homogeneous classes of tabeled cefts as resealed by grun couats
Thus we may note the sharp iference i the imtiat decay of the 4 ta ¥ 3"

10 tp 19 grain CJasses We interpret this to megn that entix ¥ ¢ Vg
which ase detived mamly from propeert- . rinue 10
Yoy sodame € - “This



A METHOD FOR LABELING LEUKOCYTES WITH RADIO-
ACTIVE DIISOPROPYL FLUOROPHOSPHATE (DFP#)®

J W Athens,f A M Mauer, Helen Ashenbrucker, G, . Cartwnght,
AL M, Wintrobe
Unirersity of Uiah College of Medicine, Salt Lake City, Utah

Introduction

Tor a better understanding of leukocyte pathephysiology 1t would be
helpful if the leukocyte compartments and turnover rates could be measured
1n normal subjects, as well as in 2 variety of chmical situations  Numerous
attempts to obtain this information have been made, but the studies have
given contradictory results

These results mught be expected to differ for <everal reasons. First,
different ammal species have heen used, and 1t i possible that leuhocyte
Iife span 1~ not the same 1n all speaien  Also, & distinction must be made

Tisscm
-~
Frasa
s E

Bioiee 1 schemauc representation of the phases of leukocste e «pan  The inter-
Tupted arrows represent posable hut unproved lekocste migrations  The interrupted
arrow extending from the tissue phase directly ta the starage phase 18 included to mdicate
the possibility that leukocs tes may enter several tassues and be lored there as »ell as at
the site of production
betneen the Ife span of different cell types  For example, there is evidence
that the hife pans of granuloy tes and hymphocytes differ - Second, stress-
producing procedures employed 1n the course of attempts to measure teuho-
cyte hfe \pan such a~ anesthewa, surgery., of irrad may have
leuhocyte sunninal Ao, witro handling of leukocytes duning labeling
procedures may damage leukocytes* Because of these considerations, cer-
tain reported dita cannot be acepted, at least until they have been confirmed
by more phyofogical measutements,  Third, 1t has not always been appre-
aated that proliferition, maturation, storage, arculation, and periods of rest
In tissues may represent phases of varying duration in the lfe <span of a
leukaeyte (Floexe 1) Mienton must be piven (o the possibality that any

Dane M.rrcw

€ work reported in this pajer was supported n part by Research Grants € 2231
ani Uy 2319 from the \atwoal Cancer Inaitute and by 3 graduate trainng grant (21 S09%)
from the \atianal Institute of Arthritis and Metabohic Discases, Public Health Sersice,
Hethesla d
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A METHOD YOR LABELING LEUKOCYTES WITH RADIO-
ACTIVE DIISOPROFYL FLUOROPHOSPHATE (DFpi*

J W Athens,f A M Mauer,{ Helen Achenbrucker, G E Cartsnght,
M M Wintrobe
Tmyrersity of L toh Colirge of Sfedicane, Salt Loke Cuty, Utah

Introduction

Tor a better understanding of leuhocyte pathophysiology st would be
helpful 1f the [euhocyte compartments and turnover rates could be measured
i normal subjects, as aell a5 1 & variety of chimeal situations  Numerous
attempts to obtain this mformation have been made, but the studies have
given contradicrory results

‘These results might be expected to differ for several reasams. First,
different ammal species have been wed, and 1 15 possible that leuhocyte
hfe span 1 not the same 1 all species  Alvo, a distinction must be made

Bane Marrow

arrtotse Tissae
Prusa ) Prase
A -] v E

P

Fietue 1 Schematic tepresentauion of the phases of leukocyte bfe span The wnter-
rupted arrows represent possble but unproved feukocyle mugratons  The interrupted
arrow extending from the tssue phase directls 10 the storage phase 15 iclded 10 ndicate
the possibality that leuhocyies ma) enter severs) tissues and be stared there as well as at
the site of production
betneen the hife <pan of dhfferent cell types  For example, there 1s evidence
that the hfe spans of granulocytes and lymphocytes differ U Second, stress-
producing procedures employed i the coutse of attempts 10 measure feuko-
cyte hie span such as anesthesia, surgery, ot may have infl
leuhocyte survinal  Also, 1 miro handling of Jeukocytes during labeling
procedures may damage feuhocytes? Because of these conwderations, cer-
tam reported data cannot be accepted, at least until they have been confirmed
by more physiological measutements  Third, 1t has not always been appre-
aated that prols storage, and periods of rest
m ussues may represent phases of varying duration in the hie span of 2
feukocyte (FIGURE 1), Attention mu-t he given to the possiniity that any

% Postdoctorat Research Teffow 1954-1956, Pubhe Ieatth Service,
{ Postdoctoral Research Feflow 1936~5958, Pubhic Health Service
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&iven expenimentay method measures only a fraction of the total fenhocy te

Iife span N
Trom 1his nould seem that the most physiological Approach yet d'm5td

ta estimate feukacy e hfe <pan ang production race is the 3 1ivg labeling of

several advantages {1} the technique js simple and accurate and Tequires the
use af selatiefy *mall samples {20mi ) of blood; (2) the DFpr binds rapidly
and irreverably 1 feukocy tes, (3) the fabel is not reutitized,? and () the
leukocytes are labeled 1 ¢pg and thys damage 1o levhocytes through handhing
™ vidro 1 avoded

A more detaled account of this ygrl, will be presented elenhere +

Sethod

Tnomg of Drpn (twmg./mi 1 Propylene gly cof) are diluted with isotanh
sahne and injected Intravenousfy overa {0-min interya} Tuenty-ml s2m
ples of venoys blood are abtained a1 3ppropriate mtervaly (hetcal'lgr and the
leahocytes are volsted by o modification of he dextran sedimentation prace-
dure,® folioweq by Rramicidin-fysolecy(hin hemolysis® to remove rematning
erythrocytes Thmmbocytes aTe then remoyed by differential centriluga-

The leukocytes are thug sandwiched the center of a plastic scintxlh}l‘"‘
crystal - The crystal 1 gren placed on 2 stangapg phototube housed in s
hght-tight lead shitld, and the amount of radioactivity s determined  After
counting is complered, pe leukocyte Sample 15 transferred to a flask for
nitragen determinarion by the micro-Kjeldsht method ! A correction »
made for physical decay oo the leukocyte rathoactivity is evpressed as
counts pec mun {epm) por g of white celf nitrogen.

Zivalugtroy of the Methoq

Stnce DFPY alsp labels erythrocyes angd Platelets, the Jeuhocytes isolated
must be iree of these tlements W have found thay the procedure descrbed
abave removes 999 per cony gf (¢ red cell radsonctivity and over 93.5 per
cent of the platelet adioactivyry,

The efficiency of the ounting sysiom, is about 75 per cent with a repraduci-
bality withen £3 per cent With the amounts of lewhocytes isolated, "“"“f'
tion due to sel[.absorpfnon IS neglgibte apg the over-alt reproducibiity o
the method, as determined on duphcate samples, 15 wihy £10 per cent
No tovic effects attabutabls yo DFP haye Leen observed sn about 60 human |
subjects given 2 mg of the compoung in\:awnously

The evidence obtained to ate inducg poy that elution of the labef from
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leukocytes does not occur to an appreciable degree when the cells ate labeled
meno  However, additional studies wil} be necessary before it can be stated
that no efution occurs  The possibifity has been considered that the DFF
may injure the leukocytes and thereby cause a more rapid removal of the
labeled cells from the airculation than occurs under rormal circumstances,
We have considerable evidence against thiy possibiity  Studies on the
motility, phagoeytic capacity, and otygen consumption of leuhocytes labeted
with this compound have falled to reveal alterations from the normal

Radioactitaty Curve Obtarned tn Normal Human Subgects

A representatne radioactivity curve s presented in FIGURE 2 The curve
can be divaded into 3 phases an imtal rapid decrease 1n radioactivity during
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FiguRe Z The mean leakocyte radioactisity curve of 7 normal subjects  The data,
are shownas cpm mg of 1 BC nitrogen and as the logarithm of epm /mg of WBC mtrogen

£ .

data 1t apparent that the results have Leen reasonably reproducible in
normal subjects

Interpretavion of the radioactivity curves i terms of leuholunetics 13
tmpeesible at the present bime  The cunves are complex, posubly due to
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simultaneous labeling of the mitotc, storage, and circulating pools  The
possibility has been considered that DFP? Jabels several cell types, each of
which turns over at an independent rate, the normal leukocyte radioactsity
curve thus would represent 2 composite of several survival curves  Tha,
however, is not plausible since, in normal subjects, the only cell types preseat
m sufficient numbers to affect the radioactivity curve in this way are the
neutrophtlic granulocytes and the lymphocytes. We have found that
lymphocytes bind Iittle or no DFP*. Therefore, 1t seems justifiable to
conclude that the DFP* radioactivity curves represent the turnover of
granulocytes i the circulation.

Taste 1
SumuaRY OF THE DATi 1N 25 NorwAr MALE SvmJECTS
Phase Mean| +1SD. | Range
I(T 14, hours) 6 22 31
II (Duration, days) 12 17 9-16
II (T 15, days) 3 052 24

0

elucidate the correct interpretation of these cury es are now in progress in this
laboratory
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BLOOD CELL SURVIVAL IN TISSUE CULTURES*

Edwin E Osgood
Dinston of Expersmental Meduuine, Unitersity of Oregon Medical Schaol, Poriland, Ore

A more appropniate title for this paper would probably be  Methads for
the Determination of the Length of Life of Blood Cells 1n Culture,” since
the types of cells and the methods now available will be stressed rather than
any survival values so far determmed  The blood cells include the erythro-
cytic and thrombocytic senes and six major vareties of leuhocytes  These
varieties are the granulocytic senes, with its subdivisions into neutrophilic,
eosmophilic, and basophilic, the lymphocytic series, the monocy tic series,
and the plasmocytic senes

TasLe 1
Avanaaie Lose Trey Ceittges or Mosay Hesie Crils

Single source ’ Clones*

I

I

I

!
Tdentification RIS (T I
Date isolated 4754 8/31/51 2/58 [ 1957 1057
Source blood = B, marraw = M | 3 o Jos
Patsent /uskuz ostzz 0Sh26
Age, sex 26,M  25,F 50, F
Blaod type ‘A\Rh+ ARh— ORh+
Duagnosis ALML  ALML  CLGU
Cell senies i
Predotmoant ! Mono  Mono  Gran | Gran(#) Mono
Others I Gran  Mono

Gr:
[Entbra Tnthre Entho

* Tsolated by lhe method of Thendm Puck, Biophysics Department, Unmiversity of
T =dehead to Leone S St Vincent of the

. o . - * W Brown, Carver Foundation,

TasLes 1 and 2 list the essential data on the cultured strans of human

m
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simultaneous labeling of the mutotic, storage, and circulating pools The
posstbility has been considered that DFP* labels several cell types, each of
which turns over at an independent rate; the normal leukocyte radioactiity
curve thus would represent a composite of seyeral survival curves Thi~,
however, 1s not plaustble since, in normal subjects, the only cell types present
1n sufficient numbers to affect the radtoactivity curve in this way ate the
neutrophiltc granulocytes and the lymphocytes We have found that
Ilymphocytes bind httle or no DFP#.  Therefore, it seems justifiable to
Conclude that the DI'P¥ radioactivity curves represent the turmnoier of
granulocytes 1n the circulation,

BLE !
SUMMARY oF THE DATA 1 25 Nogual Mace SUBJECTS

Phase Mean| £18D | Range
1(T 34, hours) 6 22 311
IT {(Duration, days) 12 17 9-16
HI (T Yz, days) 3 052

Several possible kinettc models can be constructed that would explain the
granulocyte radioactivity curve. Unfortunately, at the present time 2t of
these hypotheses are without experimental support; experimental data that
could lead one to reject them are equally lacking. Studies designed 10
elucidate the correct interpretation of these curves are now in progress inthis
laboratoty
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normat precursors  The granulocytic cells retain <ome alkaline phosphatase
*f stained by the method of Kaplow,” but have lost therr perovidase Al
other cell types are phosphatase-negative

In each of these senies af hemi cells the length of life may vary with the
population present at the ime of study  Freshly ssolated cells from a healthy
adult will have a range of survival times, and these may differ also with age,
with many environmental factors related to the culture techmque and, of
course, they will be different for each species T have determined values for
only a few of these numerous varnables, since 1 have concentrated my efforts
on making arailable for study each of the cell varieties that may be derved
from normal or leukemic human hlood

‘To understand this paper 1t 15 necessary to have cearly i mind my con-
<cept of the methods of cell divivon that occur in man and other metazoa,

Tas)
DEFINTION AND RELATIONS

i = time in hours
a = number of cells capable of division potentialls mmortal  1ach may start a
calony
ag = cells at tume 0 = tume cuhure placed in ncubator ar D\A Tabel added
b6, = recopnizable stages of eells with a fimte hfe span which differentiate and die
= = dead cells present which are not yet completely autolyzed
T, = time from cell death ta camplete autolysis
n = cells of categunes b through = present at any one ume
A = total cells of categories b through ¢ produced n time ¢ from aq
Z = ali cells denved from ao that have dxsappmrnl since time fo
3 = total celis present at any one time =
3l e et = e T e not vude  ecls reseat ut ume f
A1 = duration of mutosss or s phases 1, Va, Vo, and U
.

o
I = mitonr index 2Y =
5 «

I = intermatotic intersal  Time from end of one mutosis to begnning of another 1

£ = generation time including all tvpes of divisions = M + 1

£a = generation tume for o cells

£ = gencration time for 7 cells

T = hife span of # cel} from division to death

T =g+ T+ T,="lle" <pan of n cell, which s measured by 1IN labehing

X = number of divisions peca rell = 22 = Yy 2 faep g,
o :

'

ay a ~ a .

Ay = number of a i1} producing dsions per aq ccll simnce by = 220 a0 g0y
2

@
Ywata ga = ¥ cell produaing divions per a cell n tme ga = 2 — 1
a i

[ =‘\m' 9 T +T,
T s to
oducing disisions per o durng mean ““lie” span of n cell
Fach of theve vanabios wil have a probabihty ditnbstion but also il have a mean valoe

= mean numher of n cell
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Tante 2
WaLAsLF Long-Trey Cuireres or Husan Hrwic Ceuis

Muxed cultures®

Identification Mioe Jit1 J169 1123 JUZ3 JING 0 JISK Jinn Jisd, Catt iso i
Date wolated 212/87 3/18757 /29751 10/20/51 12/6/57 12/18/51
Swurce bload = B
marrow = \ B B B B M 13
Patient OSK1043 ASH214301 MCHZI1428 OSK1228  MCHsioo  0SKLs
Age sex o5 M P 9, 79, M 51, M 64 M
Bluod type B Rh+ o+ QRh+ ARb+ ORh+ O RhE
Duagnosis cLLL ALLL CLGL ASPL Erythro- ALBL
leukemia
Celt Senes
Predominant Lymph Lymph Trythra  Plasmo Trythro Baso
Gran
Fibrocytic

1

* Only new hemic source 18 deservbed, for description of culture Iisted second see TABLE Ly

t This cultore contans cells resembling a cubmdal epithelial malignast tumer scen (0 ¢
marrow, but no primary Lould be found at necrapsy
Sced cultures from thes, strains are syailable from R W, Brown (see TAntE 1}
at infrequent 1ntervals only when there is a high population denstty ﬂl:‘dl“’
RS S v Tt e ta o mathe

the subscript indicates the days n culture since original 1solation at the start
of an experiment. The second culture number, for the muxed cultures, inde
cates the long-term culture? to which the cells were added

T have discovered recently that, for cells requining a very high gradient
factor, the addition of the new cells to a rapidly grosing ‘well-establshed
culture greatly facihtates wutial isolation This possibly explams why
Bichel® and deBruyn* were able to grow the lymphocytic senes from rodents
successtully where others had failed, and possibly also the principle under
lymng the feeder-layer techmque, of Puch ¢ al ¥ for isolating clones The
proportions of the different types of cells may be vaned at will by Larymg
the gradient factor ' The cells will grow in almost any of the flid media
: Ses e Aseeess 7T ysng NCTC-109 or Eagle's medit™

nd human serum, 10 to 20 pe? cent,

 balanced salt solution equilibrate
the pH at 70 4 02 I subet ture

when there are about 4 10 5 X 107 cells/sq mm of surface by adding 17
of aqueous 15 per cent disodium ethylene diamne tetracetate (E D T.Azé

A SN P fack Pl

lu-

As might he expected trom my unifying concept of cancer,® the lsfe spans
of these cells becorne progressively shorter the longer they are cultureds
and only the more ymmature of the differentiating cells remain mn these "

tures. All acquire malignant charactenistics even 1if they are denived from
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fiite ife span The ife span of the alpha cell may be defined either as

whnite or as one doubhing time (g.) for a lasge population pver a long penod
of time 1t 15 the exstence of this alpha cell that makes tissue culture,

5
MEeans or Detersinive ESSENTIAL § ALUES

# = total cell count
RS

. . e .
. -

A RN
Ty = time mitral rate of cell decrease intercepts ae

marrow t t and the t e of tumors possible
In fact, however, there 1s some mortalty of alpha cells due to lethal altera-
tions 1n the genenic matertal of the cell and other variables

Methods Acaslable for Determining the Length of Life of Cells s Cultire

‘These methods are listed in TaRLF 6, Many of them are applicable 1 tivo
as well as to tissue culiure  They have been reviewed recently by Lissactt
and by Osgood"® with some discussion of thew advantages and hmutations,
only specific appheations to cuiture will be discussed here

TanLe 6
METHODS FOR DETFRMINING LrunocyTe Live Span 1¥v Curture

(1) Rate of decrease wath no dwision
12} Refative proportion of stages and dismtegrated cefls
(1) Rate of incorporation of fabel 1 DN

(4) Counting cells 1n cloned eclonies

(5) Counting chauns and cells wn chamns

{61 Mitotic ndex with or without mutostatic agents

(7) Time apse phase photomicrograph of colony formation
(8) Chemostat

Method 1, the first employed,'? ** gave a length of life for the n neutrophils
of 24 to 96 hours, mean 48, fot the n eosinophls of about 8 days, and for the
n basophuls of about 12 days It consists essentually 1n startmg a senes of
cultutes from fresh normat blood and followsng the trme course of disappear-
ances of the n cells which are incapable of divison I would recommend
using the inverted shde cap® ** with a cover slip instead of a shde for this
procedure A cover ship has less tendency to ship while being affixed than
dots a shde, and 1t permits better observation with an upside down miero.
scope of the cultures during hfe  Using this techmque, it has been possible
to demonstrate that at least some of the lymphacytes of normal blood,'
as well as the promonocytes and proplasmocytes, retain ther ability to
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fescribed in previous papers ¥ #%° The figures and graphs in this paper

hould further canfy this concept. The symbols and definitions used "
us papes are given in TARLE 3 and are shown graphically in piovee 1

A Ty,
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ol e 1 }»1».';.;:.-""»(
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Frovse ! Schematac diagram of cell multiphication and differentiation based on We3R
values for monoty i senes from the J111 cefis 1n culture M166, Jis1  Tewme dats weie
derived from totism i heled thy mdine eenment § See Fiouas 3 and 1evt

Tantr 4
Tquarions
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The equations ATe ZIVen i TABLE 4, and methods of determining each of the
gssential values are presented in Tante 5 The potentially immortal et
that have been calted @ cells in previous papers are here ealled alpha eefls for
increased clanty and to separate them furthes from the » cells, which have ®

* Ty figure 18 presenteit Lefore the basis for the time values In 1t are presented becaust
e erstanding tbe Symbols, dsinstions, and enaatuons e ters are used 81
‘single eells to show 1l contspuity ¥ time and stage of diffesentiation of the welt
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calibrated sa that the final count can be determned in cells per sq mm ,
counting encugh complete Mutler disk fields to have 50 to 100 cells from each
of the 13 areas, and averaging the computed count for t sq mm from each
area. This procedure corrects for any unequal distribution that may have
been due 1o convection cuttents A line through an arthmetic plot of the
points at the intescepts of time and number will give the value for T7 at the
zero ntercept for the » cells or their stages as Sound in the aireulating blood
under the environmental conditions i culture and probably will give the

probably give the best estimate of the ume spent 1n each stage of differentia.
non and as a dead cel  The times Ty, T, . T are proportional to the
numbers of cells #, as may be seen by drawing horizontal hines through
FIGURE 1 1o indicate the propornons of cells at each stage of differentiation
These varous tmes will be proportional to the numbers just as—" = %
This has been d only for the hals, 1 ™ and it gives \aluc,
of the order of 12 hours for the myelocytes, 12 hours for the metamyelacytes
36 houts {or band cells, 48 hours for segmented cells, 103 hours for toral
mtact neuttophuls, and I8 hours for disintegrated neutrophils  The Lfe
span of the segmented neutrophil of chrontc gratulacytic leubentia was
shorter  This accords with the concept that the essential change i malig-
nancy 1s a shortening of the fife span of the n cell ®

Method 3 1n tanck 615 the method that has been most used Tt conusty
n the rate of incorp of 4 speaific fabel for DNA  The
equations for such sncorposation required by my concept of cell division,
however, are far different from thove ordinanly used  These equations have
been worked out n detayl by my assonate, Rigas '’ Cultures bave the
advantages in DNA fabeling that there 15 na absorpiion or excretion, the
number of possible pooks 15 greatly reduced, and st s someshat easier to
determine the vaneties of Lelis included m the materwal anatyzed  Cloned
cultures may be used, and the colony pattern®® and histochemical stams aid
11 an accurate differential count  Cells recewve hittle trauma in fathng on a
cover shp through a wviscous flud, therefore disimtegrated ceils may be
reliably interpreted as cells that have thed recently

1n cotlaboration with Victor P Bond and E P Croshite of the Brookhaven
Nauonal Laboratory, Upton, N Y John Brooke, the cytalogist
wothing with me, added 05 uc per ml of tritium-labeled thymnbine to o
mixed l\ubu,ujlllm, cultyre with a ell count of 100 per cu mm, and
wntroduced 35 mi of this cell suspen-ion 1nto each of many replicate 1nverted
cover shp cultutes, giving 8 cell count of 2000 over each sq mm of surface,
since 35 ml forms a fayer 20 mm deepin the Kahn chelt vialsweuse  Tour
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SCALE: lem= Imm
Diameter of vial = 14 to I5mm.

Area= 150 fo 178 sg mm.
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calibrated so that the final count can be determned m cells per sq ram ,
tounting ensugh complete Miller disk fields to have 50 10 100 cells from each
of the 13 areas, and averaging the computed count for 1 sq mm from each
arez  This procedure corrects tor any unequal dustribtion that may have
been due to convection currenl~ & fine through an anthmetic plot of the
pownts at the mtercepts of time and number will give the value for I” at the
zero antercept for the w el or their stages as found in the arculating blaod
under the environmental conditians 1 culture and probably will gmive the
mast telable approack possible by culture methods to that occurring wn bfe
for the particular individual of the particulas species mvestigated

Method 2,2 ™ sn T4BLF 6, which may be combined with Method 1, will
probably give the best estimate of the time spent in each stage of differentia-
tion and as a dead cel]  The times 74, T, o T, are proportional to the
numbers of cells #, as may be seen by drawing hortzontal hines through
FIGURE 1 to mdicate the proportions of cells at each staye of differentiatian

z
“These vanous times will be proportional to the numbers just as— = 7
"

This has been d ! anly for the fs, ¢ and 1t gives values
of the order of 12 hours, for the myelocytes, 12 hours for the metamyelocytes,
36 hours for band cells, 48 hours for segmented cells, 108 hours for toral
tatact newtrophuls, 2nd 13 hours for dwsintegrated neutrophils  The hfe
span of the segmented nentrophs of (hrome grapwlocytic leukema was
shotter  This accords with the concept that the essential change in mahg-
pancy 1s a shosterung of the tife span of the » cefl ¢

Method 3 1 TABLE 6 1s the methad that has been most used Tt consists
m d the rate of in of o spectfic abel for DNA  The
equations for such imcorporation required by my voncept of el division,
however, are far different from those ordinanly used  These equations have
been worhed out wn detatd by my ascowate, Rogax f7 Cultures have the
advaniages i DNA labeling that there 13 no absorption or excrenon, the
aumber of possible poobs 15 greatly reduced, and it 15 somenhat exsier to
determune the vaneties of ceils included 1 the material analyzed  Cloned
cultyres may be used, and the colony patiern®™ and histochemcal stamns awd
1n an accurate differential count  Cells receive Intie trauma 1n falling on a
cover shp through a viscous flwid, therefore thsintegrated cefls may be
rehably nterpreted as cells that have d.cd recently

Of the many labels avmizble, labeled th dine has the ad g
that radiweautographs can be made at each time intersal from replicate cover
i, and the absolute number and the number tabeled of eack <ell type per
sq mm determuned as shawn 2 2IGURE 3, nhich 1s fram an experiment dane
 colfaboration with Victar P Bond and E P Cronhste of the Brookhaven
National  Laboratory, Upton, N Y John Rrovke, the cytologist
working with me, added 605 pe per ml of trstrem-labeled thymidine 10 2
mived Mibbiee]Jtdias tuilure with a cell count of 100 per c mm and
mtraduced 3 5 ml of thes cell suspension into each of many replicate inverted
cover <lip cultures, gning 2 cell count of 2000 over cach sq mm of surface,
sinte § S ml forms a fayer 26 mm deepin the Kahn shell vials wewse,  Four
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or more of these cultures were sampled at 4, 12, 24, 48, 72, and 120 hours,
with the results diagramed in FIGURE 3. Fixed but unstained preparations
were mailed to Bond and Cronhite, who made radioautographs, using the
stripping film techmique'® with a Feulgen stain, and they mailed replicates
back to us, The absolute numbers of cells of each type and the numbers
labeled were computed as the average per sq. mm, to determine the pants
from which FIGURE 3 is constructed, using the same arcas for the counts 2
dragramed n FIGURE 2. Each point in the figure for the monocytic series

- -,
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o
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T1oure 3 Graphic analysis of tritum-labeled (hymidine experiment 1, based on dat
from culture J11110usM16616s  See tese for explanation

is the average of 900 or more cells counted on each of 2 or 3 replicates sothat
the 95 per cent confidence limuts for each point should be less than 10 pf
cent of the value.
Since each of the points for the lymphocytic series was based on counting
hetween 300 and ;ll’)? cells, the 95 per cent canfidence limuts should be [‘:5
v Sttt o . " “n ey
1d
10
. n
AR inwhich one cell was labeled and the others s beled
any of the cultures in » ell waslal eled and the others were unla
“There were a few chains of 2 cells labeled in the 48-hour culture; many ehaim*
of 2 to 4 wnere labeled 1n the 120-hour culture, as illustrated in FIGURE 4



Qsgood Blood Celt Survival 785

The equations from which the values for the manocytic series and lympho-
cytic sents were derived are given 1n raBLF 4 and are shown as graphic
sofutions 1n FIGURE

Ficure 1 Wlustrates what would happen i all alpha cells behaved as the
mean of this culture did, and TABLF 7 shows numencally what would happen
through 3 generation times. Note that with large populations, since the

282 RN e
¥ ’ * 4
ot ' PRt
. W
. w5
3 . » - -
Frrmpw 4 Phatamuracranh fram tnimmadibheled thumding spnasimans 120 - b o

cell next to it, the second n cell produced, and the cefl next 1o the alpha celf as the fast n
cell produced by division af the alpha.cell _This woutd account fot the progressive decrease
i intensity of labeling from left tomght  Thentense labeling m the upper nght 15 another
chain of lymphocyles in which the nuck are in poor focus and are supenmposed on the
sucteus of 2 cell of the monKyUe seties

value g. may be <o staggered that one alpha cell will wart a full g, before
becoming 2 alpha cells, others may divide into Z alpha cells almost imme.
dately, and stll others at any point between, so that the mean values for
targe populations given in TABLE 7 apptoximale what happened in this cul-
ture ~ From TaBL¥ 7 it may be seen that the value of s may fluctuate through
2 vange of about 13 to 4 times the number of alpha cells present and that

with a longer relative value of 7° the upper hmit of the ratio, %+ could be
o
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or more of these cultures were sampled at 4, 12, 24, 48, 72, and 120 hours,
with the results diagramed in FIGURE 3. Fived but unstained Ppreparations
were matled to Bond and Cronlite, who made radioautographs, using the
stnpping Glm technique’ with a Feulgen stain, and they mailed replicates
back to us. The absolute numbers of cells of each type and the numbers
labeled were computed as the average per sq. mm. to determine the pounts
from which FIGURE 3 1s constructed, using the same areas for the counts 2>
duzgramed 1 F1GURE 2 Each point in the figure for the monocytic series

MONOCYTIC SEMES Cony LrMmoCTTIC SENEY oMY

1600 ] Totet cots o mammerti saris ——y.

1000

evnt . ot aipna iy

7 Mown e ut st et
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Tiourr 3 Graphic analysis of tritwm-tabeled thymidine expenment 1, based on dats
from culture J111105sM16610y  See text for explanation

is the average of 900 or more cells counted on cach of 2 or 3 replicates 50 that
the 95 per cent confidence limits for each point should be less than 10 pef
cent of the value,

Since each of the paints for the Iymphocyuc series was hased on counting
between 300 and 400 cells, the 95 per cent confidence limits should be le»>
than 25 per cent of the value given, which 15 that for 10 \g mm,or 10 “"‘;
the scale for the monocytic series  Donald Jenktns of our laboratory ¢
most of these counts, - Few tritium-labeled celf were observed in the lympho-
cytic series before 48 ,h?‘:rs N‘.‘. chains of lymphocytes were "bw"tqv‘:‘

N
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quite lugh  Tor example, T calculated it as 184 for the erythrocytic seniesn
the steady state in adult man® 1f 7' 1~ shorter than g, single cells may be
abserved that are labeled but still have formed no colonies, but contioue to
produce  cells which die and are completely autolyzed
TavLF 7
DipneD Vattrs Using Nusericar [Ty rrost Monocstic Series Crinee
JU 00\ 16610

For large
T or ndisdual colanies populations
I S
¢ ¢ :
s ;e @ NS Z s loe N S5z
o U M
0 DO l=a 0 1 0 10 1 0 1 0 1] 21
Ww=g 1 1 1 2 0 231 2 1 30 3| 3513
20 21 2 3 0 3 2 3 s 0 5| 840
30 [ 3 401 3 25 7 1 6 948
40 N 405 2 3 3 7 9 3 6| 9 48
0 501 5 6 3 3 2 0 5 6] 943
60 6 1 6 7 4 3 2 137 6 943
W=ga 7 12 6 8 § 3 213 15 9 6] 9 45
20 8 2 510 6 402 113 m7on 6|30
90 9 2 1012 6 4 s 17 2013 6|10 30
100 10 2 12 14 8 6 s21 2513 8 | 1 70
110 1 2 1416 10 6 325 20 17 12 | 18 99
120 12 2 16 18 12 6 429 332 12 18 99
130 13 2 18 20 14 6 4 33 37 28 12 1B 9e
140 24 18 22 16 6 4037 4t 2912 | 18 90
150 15 1 22 26 18 8 | 3 8§ 37 48 33 12 | 0 100
160 16 4 26 30 20 10 s 45 53 3 12|zl
170 174 0 B2 1z s 53 6 37 12 | 2129
180 18 4 34038 26 12 g 61 6 35 24 | ¥ 12
190 19 1 38 42 30 12 & 0 37 53 24 | 36 58
200 20 4 42 46 3 12 8 77 8 o 24 | 36 180
210 21 3 8 42 S0 38 12 s 85 03 6o 24 | 36 187
20 278 50842 12 |4 16 85 101 77 o | o 180
e
1t would be interesting to see results, determined with one of the digtal

computers, of random walks within set Limits and probability functions ot
the varables defined 1n TARLE 3

The tate of P incorporation in gradient bulk cultutes,? when analyzed
by the equations of Rigas,!” will give mean values for DN turnover rate
under optimal conditions of gronth  Of course, many other labels, such 2
Ct*-labeled thymidine or adenine or stable C12 or N Igbels as used by Lov ot
¢t 01,20 could also be employed. "

Method 4, in TABLE 6, either carried out by the technique of Puch & of”
or adapted to the mverted cover ship vial procedure,? appears to be the bet

ethod for determuning the number of alpha cells present. Only an 8l
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eafl can produce a colony  TIGURE 3 35 a photograph of a Pewr dish made
from Clone 1 of [y 1w Puch’s Jaboratory  This Petn dish was seeded
an October 29, 1957, and fixed and stamed on November 31, 1957 from
Clone 1 of JI1T  This elone 1o interpreted as having been denved from
sngnally normal celts of the granulocynr weries because the cells are phos-
phatase-posstive by the merhod ot Kaplow” Note the extreme ranpe in

Fisuse 5 Photograph of Petn dish plated from cultuce of J Ut er after 14 davs
570w th for which 1 am tadebted to Theodore Puck of he Teapty sies Departmest of the
Unnversity of Colorade Medical Center, Deaver, Lol Note the extreme vanation
3zt of the visible colomies  See PIGLRx 6 and the text far total dhstnbution of calontes
The oval fine s & shadws of the rim of the Petrt dish.

size of the vinble colomes  Because of this vanaton ta celony size, I exam-
med with & dissecting mmcroscope 13 ateas (hat o the nahed eye appeared 1o
be free of colomes, and I discovered 19 colomes m these areas  From the
total ares esamined, determined from the ield size of the dissecting micro-
scope, 1 compured that 121 colonies nere to be expected on the totat acea
af the plate I theo placed the plate on mm paper as showu ta FIGURE §
and, uving a dissecting microscope, counted the entive area of the plate, deter-
munmg the number of cedly in each colony  There were 14 colomes of 1 cell,
11 of 2 tells, and 2 total of 60 colomes innwathle to the naked eye  The
largest of the~e contained 118 cells  There were 60 colonues ranging 1n size
from 133 cefls, the smatlest visible colony, to 39,460 cells, computed as the
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largest. The actual numbers of cells 1 eack colony were counted up 1 ol
For the larger colonies, the number of cell, present in the colomy was 0™
puted by counting the nuclei touching a line of one side of the Miller b
square across the greatest diameter of (he colony. Using this number 3
the diameter of a aircle in cell units, the arca of that circle was taken a5 the
cell count. This method was cheched by actual counts on some of (¢
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colattes between 100 and 800 celly, and gare very pood agreement 1In
¥IGLRE 6 the distribution of the total 120 colomes ts shawn arranged n
sequentsal order of size and placted on sesmloganthmic paper  Individual
tolomes are platted up o 804 cells, and the aumber between powers of 2
{rom 1024 or 2% 10 16,400 ar 24 There vere 10 colonses found with more
than 16,400 cells i each  Note that the slope of the hine conld have heen
predicted from the colomes wath counts under 100 where there  essentalfy
no error 1 counnng  This remarkable distnbuvion of colony size from 29
0 2'* prabably shows what seally happens in these cultures and that the
mean value s far from guing 8 complete picture  Usiag che equation gnen
m PIGURE 6, T computed the expected sice of each colony and, fram these
vajues computed that the lasgest 18 colomes contaned 90 per cent of the
<ells, that the smallest 74 colontes contained less than § per cent of the cells,
and that the total number of cells, 413,500, on the plate divided by 120 gave
2 mean of 3450 cells per colony. aich » 277 This nould give a value for
£a0f 1 19days, or 28 6 howrs  The range of g, values was from 22 1 hours far
the largest cotony to mare than 14 days for the smgle celts

My terpretation of the smalfer colomes sas imtially the same that was
offered by Puck, namely that a few cefls had been displaced from the fargest
colomes  Ylowever, 1he demonstzation that the small am! large colonses
belanged to the same random distribution and the good correlation between
the number of colonies abserved hietween each power of 2 and that predicted
fram the equation make 1t aimost certain that edch colony started from o
single cell distributed at random on the plate  Funhermare, the equation
could have been denved from the ditrbutan of esther the smalf or large
colonies, the smalt calonses were ssmular 10 morphology te the larger colomes,
the one- o1 1wo-cell colomes looked Just as heaithy as the larger (otonies
My mterpretatian of the single-cell colomes 1> that they have been producing
1 <ells with a shorier hife span 7 than ¢ and happen 1o have been fived at &
e wheq no unautolveed # cells were present

Since these cells had been selected by ouy subcultunsg techmque? for
rapid growth eves snce thaw ongmal isolation and since they were dernved
from & relaunely recently cloned subculture, to me this means that evolution
15 going on m these cehtuses and colomes  Very quickly there 1 agam a
wide distnbution 1n the value of g, w the pumber of £ cefls produced, and
1n thets hfe span, 77

This experment suggested that T mght be able to combine the techmque
of Puck ef of ¥ with the tnitiated thymdme techmque® 1n my inverted caver
shp altures? by setung up many replicates wih an wmocalum of 106 1o
470 cell- 10 the total 35 mf of cuhnre n the vial and 2xammsng some at
frequent intervaly  Prehmmary orh with s technique suggests that 1t
offer, great promi-e of bewng ¢xtraorduwanly usefs] “See PIGUZE T and
TapLr 7 for results of our frst study with cufture M166sesJ{f1zer  The
entise ares on which the celfs could settle s counted with as mack magmfica-
tion a~ needed, using the mechaneal stage and the Mudler disk, With this
techaugue these 1 essentially no error eher w deterawning the number of
«olonien or the pumber of cells . each colony. The thymidine labehing
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~erves as an absolute control on whether the cell #s alise at the start of the
experiment and as to whether a dead cell resulted from a division after the
tritwm-labeled thymidine was added, Both the mean value and the indr-
vidual value for each colony for each of the variables defined in Tanie 3
«an be computed  Enough replicates can be used for each time intervai to
reduce the statistical error to any dewred confidence limits.

This combined technique should be equally applicable to the study of any
cell weries thal could be grown in suspension cuftures and would be particu-
larly sustable for a study of the various ascites tumors, It atvo could be wsed

. & ¢
i‘ ’ q
- q’
o < &
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Fiovre 7 Tao monocytic colomes from trtwm-labeled thymidine evpenment In-
192-hour sample, as seen 1 Giems1 stains  Nole remnants of dead cells and ease Wil
which number of colonies and number of cells in colony could be counted

for stadying ‘EQShly wsolated cells from various tissues if conditions can b¢

PAR I T A h e N e,

il

10

form any colonies, although hiving single cells ‘of ‘the lymphocytic sere
were always present

Note from TABLE 7 the considerable range 1n colony size for the monocytic

series. The number of cells in individual colonies ranged from 1 to 21 8ith
many ntermediate odd, as well a5 even, numbers between powers of £
Lt emtalae 3K mev rant Af dha oo . . - e lnang

the cor-

«d, 1 but

. » funda-
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It 15 nteresting to note that m some of these cultures a few 1solated nucle-
ated and nonnucleated erythrocytes with adequate hemoglobin present were
observed, but agam no colony formation was noted, suggesting the great
importance of a high gradient factor for growth of these cells %

L oo L. P N .

5.*5

16643111545 to show chain formation

]
-

Froves 8 Lymphocvtic colony from cultur

autolysts 1n a matter of a few hours and gives an estimate of # for the 1n:tial
moculum

Method 5, shown in TABLE 6, has not been previously described The
character of the tntiated thymidine labeling of the cells from chrome Jym-
phocytic leuhemta, FIGURT 4, suggests that for the lymphocytic and erythro-
cytic series of cells,! which tend to grow i chains, 1t may be possible to
compute ine mamber of wpha cdls from the cells 2% one end and ot the
branches of a chain, and the number of # cells from the number of cells 1n
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Method 6, 1n TaBIF 6, the mitotic index on acetocarmine-stained cover
sIips from i erted vials with or without addution of mutestatic agents, may
e wsed alone or combined with the previous methods.  The mitotic index
has been much used 1 other species and 2 eiro.™ ¥ T1GURE Y illustrales 3
photomicrograph from such an acclocarmine stain on a cover shp from an
nveried vial cubiure of M1663:J111200  This preparation was made 14
hours after 35 ml ¢ ‘ aveom s eten
n the cover--lip-aj
of 410 cells per sq .

TicuRs 9 Neetocarmne stain of culture MIGGay] 111y at 144 hours to shov ¢
sutabihity of ts type of preparation for mitotic inrdex deternnation Al cells in o
fied are 1y pical of the monocytic series  Cells of the lymphoey tic serses are much smd

giving a tutotic indey of 0 04, which would mean a doubling time of 23 hou™
if 2l the cells were alpha cells and mytosiy lasted about an hour, rathes that
the 70 hours observed for the doubling time or the 10 hours derned fro®
tutiated-thymidine labeling  But 1f 28 alpha cells per {00 are correch ¥
denved fram TABLY 8, then ane <eventh of the alpha cells are m proc®
of mitosis at any one “".w' a.ml reasonable agreement is obmmed.\m!\g‘:
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Method 7, 1n TamLf 6, rography of single
cells or small colomes m 2 Ro=e chamberm at Qouble caver <tips ~ealed on
each side of a shde with a vmall hole i, should make 1t possbile to determine
all of the values with extreme aciuracy, providing wleal conditions for grow th
can be determiged for such L Ty, it dificddt 1o
get 2 satifactary gradient factor for grawth and snil have suthaently few
it to give mdividual colony formation

Method 8, m PaBLL 6, the use of a chemostathhe culture technigue,™ 28
should make 1 passible 10 determine rates of cel) diision under constant
conditions It » r1empling to speculate that foad for the bungry would be
provided by simlar (el strans isolated from cammon farm animals grown
tn targescale culfures smar to those used in the production of antsbiotics of
2 sufficiently cheap source of nutnents could be found  Thus should produce
good anrmal protem with nio bone, no fat, and no grtle and incretwe by a
factor of 2" or 1,000,000 tmes 10 a month or ine

Varsables ffecting Cell Swrtrnal o Cuildure

These are summanzed m TorE 9 Unfortunately they mahe it ery diffte
cult to mterpret any of 1he obuervanions except those by Methods § and 2
as having any real beanng on what is the aciual <tate of affairs i the hving
wdwvidual of the species under stusy
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VARIABLES AFPECTING CELL SURVRAL IN CULTURE

1) Somauc genetic change,

(2) Graduent factor and population density,

(3) Composition of medtum and frequency of change

(4) Thysical factors temperature, surface area, and character of surface
(5) Fcotogy of the cell,

Vanable 1, somatic, genetic change, is unquestionably accurrmg a1 a 1aps
rate in these cultures In other words, evolution continues  These cell
show sude varmtions mn ploidy and are nearly all aneuploid  The doubhgg
ume, g., for culture J111 was about 60 days when first isolated versus @
hours, or less, now more than 3 years later.  The life span of each n cell has
continued to shorten and the colony count experiments described show that
thexe changes may occur very rapidly, as might be expected when one con-
wders that in all of postnatal hfe in man there are only 3 doubhngs on the
average,® whereas in tssue culture or in transplanted tumors there mﬂ.)’]’e
thys number of doublings in a week or two, and also shaw that each mite=
offers some ok of genetic change  This also makes it improbable that )t
will ever be powble to prevent normal cells from becoming mahgnant
such cultures

Varable 2, changes m gradient factor and population density, permits 2
to change at will the relative prapartions of different cell types in the mived
cultures and the gradient factor changes with time in any culture techmque
except the chemostat methods

Variable 3, while apparently less important than vanable 2 » ithin the
range of composition of media currently in use, still has an almost smfinite
series of possible permutations, not to mention mutant nutritional requice:
ments and metabolic waste product accumulation

Variable 4, the physical factors of temperature, surface area, character of
surface, pH, oudation-reduction potential, CO: tension, and other facto™
that are regulated by the gradient factor and the size, shape, and location of
the culture contamner and consistency of the medium could be studied in 2?
almost infinite number of permutatians.

Finally, the vanables related to the ecology of the cell® are mportant
Certan cells appear to grow best 1n the company of other cells, and the
malignant celt has a tendency to outgrow the corresponding normal célt
Even such a slight variation as whethier fresh sesum, which contais 1€
unstable inhibitors,® or aged serum from the same source 15 tised will make?
difference  Saetren™ and Rove®™ have shown that the inhibitors present
seem to be specific for each fundamental cell type, Weatherley-Mein a0
Cottom?® have shown that fresh transfusions depress the leuhocyte couns
while bank blood does not  These observations and the experiments hereit
secatded lend further support to my concept of the fundamental nature ®

grow th® and malignancy’ that were first presented™ before The New Y
Academy of Sciences it May of 1953

Since 1t is difficult to present clearly and concisely the results of 24 3%
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of study of the fundamental nature of growth and malignancy in relation to
cell hfe span 1n one article, many wifl find 1t helpful to study at least refet-
ences 1, 2, 6, 8,9, and 10 as an aid in understanding this paper

Summiary

Long-term cultures contaming all vaneties of human hemic cells except
the thrombocytic series ate now available from a central source for distnbu-
S S e e

e e . . . Vo

2 cloned population
Methods for study of cefl growth and Iife span 1n cultures are outhned
and some data on the hie span of human hemic cells in culture ate reported
‘The combination of radicautographs by tntwm labeled thymidine, the
Truck techmque of colony counting, and my inverted cover ship-capped-vial
culture method seems to offer great promuse for quannitative studies of all

The methods of cell growth and division that I bave suggested as being
mathematially necessitated for multicellular orpanisms would seem to be
the only mechanim that could explain the observations presented, and these
observations lend further support to the unifying concept that the funda-
mental etalogy of malignancy 1s an alteration of the genetic material of the
alpha cell leading to early death of the » cell before 1t reaches the siage at
which 1t normally produces a speufic *feed back” inhibitor of logarithmic
muluplication

The necessity for considering many varables, including the ecology of the
cel) 113 21t70 of 11t 170, 1n any study of cell growth and longevity 15 emphasized
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LEUKOCYTIC RESISTANCES IN PATIENTS FOLLOWING
SPLENECTOMY AND THE RELATION BETWEEN THE
SPLEEN AND THE VIABILITY OF WHITE BLOOD
CELLS

E Storty, L Bellesia, E Lusvarghy, P Muca
Institute of Medical Pathotogy of the U nreersuv of Modena, Modena, Haly

In this paper we descnibe the behavior of the osmotic and mechanical
resistances of white blood cells in splenectomzed patients for a variable
period extending from a few months to nine years  Splenectomy had been
performed for diverse reasons n each mdividual case for hyperhemolysis,
thrombopenia, portal hypertension, or traumatic rupture of the spleen A
descniption of the techmques we used in determining the leukocytic reststances
15 to be found 1n our previous papers ' ¥

In these studies we have been able to note that in the 40 splenectomized
subjects we exammed the values of the leukocytic resistances {osmotic and
mechanical) were decrdedly superior to the normal average values, even in
those cases tn which the values of resistance prior to splenectomy were
greatly inferior to the norm  Such was the case also in those patients who
had undergone remos al of the spleen 4 to 8 years before for traumauc rupture
of the spleen, that 1, in subjects who therefore had had a normal spleen and
10 whom no hematopotetic defect played a role

In FIGURES | and 2 we compare the average curves of osmotic and mechani-
cal resictances relatise to splenectomized subjects with those pertatning to
normal subjects  The difference 15 evident, e~pectally for those curves per-
taming to the granulocytes

In Ficurr 1 the cumves of resistance are obtained by plotting on the
abscisaa the hime in which the leuhocyte count 1s carried out and, on the
ordinate, the percentage of nhite blood cell decrea~e at diverse tume intervals
after the imtial count  The resistance curves of polynucleates and mono-
nucleates (Iymphocytes and monocytes) are plotted separately On the
left are plotted the curves of the average values of ovmotic resistance of

resistance and the vatues of resistance of splenectomized subjects 1s statis-
tically significant both for the granulocytes and mononucleates

In FiGurr 2 the curs €s of resistance are obtained by plotting on the gbscissa
the time in which the leuhocyte count is carried out and, on the ordinate, the
percentage of white blood cell decrease at dinverse time intervals after the
mial count  The resistance curves of polynucleates and mononucleates
(lymphocytes and monacytes) are plotted separately On the left are
plotted the curves of the average values of mechamical resistance of granufo-
Lytes and mononucleates relatine to normal subjects On the right the
wurves of the average values relatne to the 40 splenectomized subjects are

97
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plotted  The difference eusting between the normal average 1alues of
restance and the values of resistance of splencctomized subjects Is tati
treally sigmficam for both the granulocytes and mononucleates.

We found with abeolute constancy that the leukocytes and, in particulzt
the grantlocytes contamned in the blood of subjects devoid of the spleen are

Normal subjetls Spleneclomized subjechs
(average values in X00cases) averoge values n40cases)
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Ficure 1 Osmotic resistance of the white blood cells sn perpheral blood of sple
mzed subjects

-necto”

more resistant than hematic feukocytes of normal subjects and that the
state persists for many years after splenectomy, This finding led us t¢
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An expl: atbeit 3 hyp 1 one, of the at described behaviar
of the resistance may be set forth on the basis of vanous facts we had atready
discovered.  We have obseryed both i man! {(at the operating table) and
in anumals® that the leukocyhic resistances of blood cantained in the splemc

Normo! subpects Splensctomized sebpecis
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Fictrr 2 Mechanical cesistance of the white biood celfs tn peripherat blood of splenee-
1omazed subjerts

1a F1GURE 3t 1s clear that in man the Jeuhocytic resistance of the bilood
m the splenic vem 15 lower than that of the splenic avtery  In ¥icurr 4
11 very evident that in the mabbit the leuhacy hic tesistance of the blood in
the sphemic vem 1< Jower than that of the splemc artery.
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plotted  The difference existing hetween the normal average values of
resstance and the values of resistance of splenectomized subjects iv <tans-
tically sigmificant for both the granulocytes and mononucleates

We found with absolute constancy that the leuhocytes and, 1o particular,
the granulocytes contamned in the blood of subjects devoid of the spleen are

Normal subjecls Splenectomired subjects

(average volues in J001gses) (average values in 40 1ases)
00, 100
4

"
-
*
>
g0 . 0
X
x W
~
S & ates *° [
s o
3 .
H s
s
iw 40
-
.
&
& » 20
<
<
rE
<
< e ol
»n & 120 " x £ 12 L4
Lime min

Statistical_Analyis of Dota
Polynutiectes Mononudleqtes
LRI normal. «nf 18540 20142 |LRL. normal: cnf12537 2othd
LRI spienectomzed : 13425 2260 \LRY sprenectomized : enf 10501 sq22t
Dillerentes between cverage(P):» ’Zn‘ Differsnces betwen average(P) )fi,‘

[ LRL (Levkotylie resistance index) = S:ydl l

Figure 1 Osmotic resistance of the white blood cells 1n perpheral blood of spleacct®”
mized subjects

more resistant than hematic leukocytes of normal subjects and that this
state persists for many years after splenectomy. This finding Jed us t¢
consider the above phenomenon as a permanent biolagical index of @ splec™”
free condition Ijel'hapg we can establish an analogy between this phcnm{l:;
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In fact, duting the course of our experimental and clinical research?® 'Y we
have been able to demonstrate that the degree of osmotic and mechanical
resistance of a grven leukocytic populatton ts proportional to the age of the
elements that constitute 1t the resistance of leukocytes having a prevalence
of morphologic-type young elements (Arneth's' scheme deviated to the left)

aplemic ven spleaic arlery
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ts much higher than that of leukocy tes having a prevalence of morphological-
type old elements (Arneth’s scheme deviated to the right)

Since 1t is currently admitted that, at least in strictly physiological condi-
tions, the younger the leuhocy tes the higher is their viability, 1t follows that
there exis(~ a direct relation between the resistance of the leuhocytes and
their viabihry
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The «pleen, thercfore, increases the fragiity of the white blood cells and
this activaty, at least according to the obeervations we have been able tomake
thus far, 1 much greater in the spleen than in other organs and tissues (hver,
hidney, and penipheral tissues). ™ On the basis of these aberyations, which
perhaps may now permit us to foresee the behaytor of feuhocytic resistances
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FIGURE 3 Osmotic tesistance of the white blood cells in splenic circulation i @6
(on the operating table)  Average of the values obtamned in 10 cascs

splenectomized subjects, we behieve that one may formulate the Tiypothests
that the greater resistance of the white blood cells in those subjects devoud of
the spleen 15 due to the lack of the action wncreasing the Jeukocytic fraglity
that the spleen has .
3f what has been mentioned above can be considered an interpreth®
hypothesis of the mechamsm of the phenomenon that we have obrened ";
e e s timte Bas b e v ¢ the biotogca!
1 last qug'(llD\'\
what we havé
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In fact, dufing the course of our expenimental and chnical research® ® we
have been able to demonstrate that the degree of osmotic and mechanical
resistance of a gnen teukocy tic populatien 15 proportionat to the age of the
elements that constitute 1t the resistance of leukocytes having a prevalence
of morphologic-type young elements (Arneth’s’ scheme deviated to the left)
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Ficure 4  Osmotic resistance of the w hute blood cellsan splenic circulation of the rabbnt
Average of the values obtained 1n 13 rabhits

1 much higher than that of leyhocytes having a prevalence of morphological-
type ofd elements (Arneth « scheme deviated to the right)

Since 1t s currently admtted that, at least in strietly physiwological condi-
tions, the younger the leuhacy tes the higher 1 thewr viability, it follows that
there ewsts a direct relation between the resistance of the feukouytes and
therr viabilny

Therefore 1t appears, in concluding our present sertes of studies, that ne
can formulate the hy pothesis that the white blood celts of a plenectomrzed
subject have a greater viability than tho-e of a normal subject and that the
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“pleen, therefore, intervenes also in perfectly normal conditions in the com-
plex mechanism af regulating the viabihty of the white blood cells.
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DYNAMICS OF HEMOPOIETIC PROLITERATION IN MAN
AND MICE STUDIED BY H:-THYMIDINE
INCORPORATION INTO DNA*

E P Cronhite, T M Fliedner, V P Bond, ] R Rubm
Medical Department, Brookharen \afronal Laboratory, Upton, ¥ ¥

G Brecher
N ateonal Institntes of Health, Bethesda, \d

H Quastler
Buatoge Di partment, Brookhaven National Laboratory, Upton, ¥ 1

Tissues 1n the adult can be divided 1nto tno categories, one of which 15
being replaced continually and one sn which the cell populations remain
essentially stable throughout adult hife ' The possible relationship between
neoplasia and the rate of cellular turnover tn tissues has not been explored
satisfactorily, although this problem, parttcularly with neoplasia of the
hematopoietic tissue, has received considerable attention  To Virchow,
leukemia was a result of an increased and uncontrolled proliferation of cells
resulting 1n local invasion and distant metastasis * Ultimately the tumor
cells became a parasitic burden to the host, and death ensued  There can
be no doubt that in ~ome respects Varchow’s concept 1s essentially correct
However Bierman? has felt that certain types of leukemia might well resuit
from a defect i the removal system, and he proposed a balance hypothesis
for neoplasia, particularly the leukemias  The resolution of these differences
becomes of grezt importance because, on the one hand, therapy might well be
aimed at the control of new cell probferation and, on the other hand, at cor-
recting a faulty removal mechanism

In order to understand better the mechanmsms of neoplasia, an understand-
ing of the processes of normal cell proliferstion and removal is essentral A
great amount of effort has been devoted to the study, by various techmques
and m yarious species, of the charactersties of prolderation of the different
hematopoietic cell systems from the stem forms to the malure elements
Classic technigues used have induded marrow suppresston by radiation or
chemual compounds,’ S mitatic counts and cell enumeration in lymph nodes,s
eross-circulation ® ,1° 1 arterso-
1enous catheterization and cross cxrcuhxmn,” L‘ell and nuc]eu: wlume meas-
urements,!? ¥ cannulation of the lymphatic ducts,’® ¥ cell labeling with
dyes, 7 * 1 zitro cell culture,*® and leukocyte depletion techmques ¥ 5
Labeling with radiactive or stable 1~otopes combined with the classic tech-
miques resufted in significant progress :n thisarea  Qutstanding 1s the classic
work m which the hife span of human erythrocytes was determined to be
120 days 2% Other 1~otopic methods employed to study the <everal hemato.
poretic celt systems include the taggmg? ** of desoxyribonuclerc acid (DNA)

“The work reported in this paper s supported by the United States Atomsc Encrgy
Comnussion, Washington, D €
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with P2 or®? 3 CH, 8% fabehng of cystine,® I'ed? fabeling of leuhocyte cyto-
chrome oudase® and of hemoglobin,®™ and Crs fabefing of erythrocytes #
These and other data have been used in atlempts to construct models of the
dynamies of iematopoiesis ¥ 3 &8 131618 4941 With the exception of
studhes of the life span of the ery thracyte, these approaches hase led to con-
flicting results because of inherent disadvantages and uncertainties, patticu-
larly 1n the analy<is of data acquired

Reichard and Lstborn and Friedhin®® have demonsirated that thymidine
1~ efficently utthzed in the formation of DNA by growing cells  The recent
development of triated thymidine in this laboratory by Hughestt ® has
made the selective 2 tiro tagging of DN practicable in proliferating ccilutar
tissies of mammals  Thy midine 15 a spectfic precureor for DNA. The beta
partide emitted by trtium 1 of low energy (0019 mev) and permits high
resolution autoradiography  Thus, DNA synthesis and the dynamics of cell
probferation (an be followed in specific cell lineages The kineties of vell
turnoyer can be follow ed by grain counts over specific cell types in contrast 1o
alder techniques that usually mvolved cither studies on mixed cell populations
ar complicated cell separation procedures  Because of the preceding desirable
charactenstics, studies with tritiated thymidine were initiated to study the
prohferative activity of tissues in man and animats

Previous studies 1n this faboratory* have indcated that imr:\\‘:nou»
3-thymidine disappears from the blood stream in a matter of minutes
(avafatality ume short) Tt is incorporated in part into DNA and i patt,
catabofized to water and to other nonvolatile compounds  Because of the
above-destribed dewirable characteristics, studies with tritiated thymdine
were mtiated to study the proliferatine acirvity of tissues in man and ammab

Some studies using in viiro techmques were made with patients with
hemopotetic diseases and with normal individuals.  Studies i ite with ani-
mals had shown that satisfactory labeling of cell renewal systems was feasible
without any apparent radiation effects Computations showed that the
total body dose from teitium would Le aceeptable after even larger doves of
material were administered ntravenously. Admittedly, the long-ter®
somatic and possible genetic effects have not Leen evaluated, hence its U
should be lumited for the time being to adults past procreative age with short
life expectancies

Materials and Methods

Studies on man To date, two adult male patients with diagnoses of brain
tumor, but otherwie 1n good condition and without evidence of hemopoietic
or nutnitional dysfunction, have received intravenous H-thymidine The
first patient was decerebrate, the hfe expectancy of each patient was limited
The first patient received 4 injections, approvimately 1 month apazt, of 9 10
19 mc. tritiated thymidine with high specific activity. The second patent
simlarly received 83 mc Fol{owing each admunistration senal wcn}vus
Blood and bone martow preparations were made, Clinical and biochemicel
detmis will be published in detail elsewhere +¢ )

Plood leuhocyte preparations were made by sedimenting red cells with
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dextran and then concentrating the leubocytes by centrifugation ¥ Leuho-
cytey were resuspenged ik plasma to give a concentrzuon of {00V cu mm ,
and smears were made  Bane marron aspreation was perfarmed from either
the tliac crests or the stesmum, using 2 Turkel needle  Approvimately 3 0 ml
of the marron was withdrawn snto each of inwo syninges for preparation of
paructe smears wiich were rapudly dred  Some marraw was allowed to
dot for ~ections  Squash preparations™ were made for study of mitone
figures  Autoradiographs were made, using stpping film,® and Wright's
stan techmique (careful H controt) was apphed after <uitable exposure and
deselopment 7 Squash preparations were stamed by a modification of
Feulgen's method

I vitro studies were made with venous blood and bone marrow by tncubat-
sng for 1 hour with H-thymdine (2uc wl)*  Lestran sedimentation vas
used with penpheral blood for concentrating Jevkocy tes, 3nd autoradagraphs
sere prepared  Smeare were then made  To date, the subjects include
2 patients with mutuple myeloma, 1 with chronic myelogenous leubemia 1a
acute myelobtastic ¢nsss, 1 with chromc fymphatic leyherma, | with agno-
genic myelod metaplana, 2 with infections mononucleosts, and 3 with poly-
cythemia sera  The subjects for comparison of i vire uptzhe into blood
and bone marron cells were 6 healthy male laboratory employees betneen
28 and 44 years of age

Asce were given a wingle intrapentoneal injection of Hi-thyrdine, and
were saunficed wenally  Specmens of bleod, bone marrow, and tisues were
prepared for antoradiographs with stripping A, a~ descnbed belaw

in tabulating cells of the marron or blood a cyi0logcat Wdentification was
made and grams overly ing the cell nucler were caunted  For determination
of the percentage of cells labeled, a vell was recorded as Jabeled of there were
more than three graiav  As work progressed 1t became ewvident that this
method resuited 1 an underestimation of the number of labeled cells and
that st w ould be feasible to subtract the random background count by appro-
prute statstial means  These computations aze not »ncluded an this report,
nor 1~ the statstical analyws of the varnmtion i gramn count aver speufic celt
type- with time after injectron Thewe data wull be reported separately

In thiv paper emphasis wilt be given to studies that bear on the hinelics of
hematopoess e man  The hinetic analyse will be published later

Results

Resudt~ of the a vizo studies @ man are shawn 1o FICURES 1 to 4 and in
Freere 6 The rapudity of plasma dJearance and appearance of plasma-
trtiated water 15 shown m FicURt | Fotopic equilibriam 1s approached
within one hour  Complete metabobic details will be publihied elsewhere,
Intense labehng of primitnne prolferating cells a3y seen at §3 min (ricvre
21} The term pnmitne profferating pool of ceb (PPP) 1y veed as an
tntenim ~atution to semantic difficuiues  In this category are included cells
that have previausty been called hemotistoblasts, hemacs toblasts, stroma
wells, stem cells, primitive mesenchy mal cells, reticulum cells, and histiocytes.

+ buheenuently 1t bas been shawn that @5 uc /mb 15 adenuate
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A new general term 1s used because there is no universal agreement on termi-
nology  This speafic term s used because, as wilt be discussed, thewe cells
are labeled promptly and intensely and, in all probability, repreent a diffuse
primitive mesenchymal pool At the time interval of 15 min the pomitne
proliferating cells always showed the most intense label. At 30 mun, 60 per
cent of these cells were labeled heavily Of these labeled cells, approv-
mately 60 per cent had more than 40 grains, 37 per cent, more than 75 grams,
and 30 per cent, more than 100 grains By 3 days the percentage of these

E T T T T T

© PLASMA THO 3
« PLASMA NVTA ]

€pm /100 X OF PLASMA H,0

AFTER 9me, TRITIATED
THYMIDINE INJECTED

o 20 30 3G 50 6
MINUTES AFTER INJECTION

Fiauke 1 Curves for nppearance of tritiated water (THO) and disappearance of mon-

volatle tntium activity (NVTA) from the plasma of a human being after intravenoss

sngection of tritiated thymdine  The NVTA im the early mmutes is Hi-thymidine 3

later intervals the NVTA may consist of Hi-thy mdine and metabohe productsof thy midine
such as g-ammoisobutyric acd

e T U * ells 1s remarh-

thoracic duct

the marrow of

roscopy, Prac

. o e o nds to beheve

that the act of making smears destroys many of the PPP cells and that

ordinanly, these cells would be called degenerating cells, but that the pre>

ence of labet proves they were actively synthesizing DNA and are not sepes”

cent degenerating cells
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necesty of the marrow to dispase of an average of 2 X 181 normoblaic
aucler per day, no direct evidence has been found to ilate for the mechanim
or for the «tte of removal of thewe nuclel by this labeling technique.  Although
data are meomplete, 1t appears that the percentage of labeling reached 2
maximum i the entire erythrocytic serie» between 12 and 24 hours alter
injection I the curves for the gran counts and percentage of lalgelmg
for different «tage~ of matunty, no vi-ible label was scen after 3 days In the
ery throul ~eries

Viorge 1 Demonsiration of mutoses tn kuman lone marros by { culgen’s squach tech
mque (1) Matoses in normal marrow, no Hrthywidine  (5) Labeled and ualibek
mutosss 24 hours after 19 me of FH-thy midine intrasennusly

~vre— . :
' RS
[2d g . . 'z'*r -
. - I"

T
. 2 . .
TR+ I TN e ] .

Tiorss 4 Morpholog, of labeled blood cells after 9 me of
Hethymidine it 3 (1 and BY M celts. (€) Band neutrophi®
granulocyte (1) Segmented ‘granulocy te

Distinct myelocytic fabehing was shown one hour after injection (FIGERE
2C). Labelng of the entire myeloid serfes attained 3 masimum betweed the
third and fourth days  Labeled band forms were seen first in the marto¥
on the third day  Labehing was still evident through the fith day. BY

- e

s
wve days, diffase Jabel-
RPN eerwts time intervals 3

sroure 34 15 an example from a Fenlgen squash preparatian of mitosts 1
human matrow in an individusl who had not been gven Hi-thymidine An



Cronkite ¢f al. Dynamics of Hemopoietic Proliferation 809

example of a labeled and non-labeled mitosss 15 1lustrated in FIGORF 3B, at
24 hours after the mjection of H-thymudine At 2 hours after mjection, 23
of 25 mitotic Aigures were labeled

It 1 significan’ that the lughest gram counts were m the PPP cells and
that the geain counts of differentiating erythrowd 2ad myeloid cells appear to

i
Sl X
¥,

3;,»(
% &%
3 &a

: i

fictse 5 In sea Wbehog of hemopoete elements () Unlabeled companson
marros for bachgrountd (1) Same marrow mcubated 60 min with 2 w0 Hthymidune
per @l of marran () Marrow of muluple mycloma  Note laheled normal elements
and no labeling of myeloma cells () Labehing of circulating deukeme cefly fram patient
with acute myeloblastic crsts

decrease syccessinely with time by factors of two, a~ does the gratn count m
the PPP A« the grain count decredes, the percentage of labeled cellv 1n
the erythroid myeloid and megakaryocytic senew inureases  More work 15
newssary to contiem these trends condluaively

The appearance of labeled cefls 1n the penipheral blood i shown in #1crs 6
Mononudlear cell- nclude monocytes, as wetl as large and medium {not small}
hmphocytes  Labeled menonuclear cells were seen durmg the first 24 hours,
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and the maximum percemage of labeled cells appeared at 234 days. The
percentage of visbly labeled mononuclears decreased «lowly. None was
seen after the wnth day It bs to be noted that thus is a composite curie and
that there 1» good reason to behteve that the curve for the various ypes of
monanuctear ceth wil) be dhifferent,  Thee cells are lustrated in FiGUres 41
and 43 Labeled smali ymphocytes were not ween on the first day  Labeled
small iymphiocytes were seen very rarely in the peripherat blood between the
second and tenth days  The percentage Jabeled was certainly much fev
than O 1 per cent

©  MONONUCLEARS
* BAND NEUTROPHILS
4 SEGMENTED NEUTROPHILS

13 ...
e -

it 1 e A

%% GIRCULATING CELLS LABELLED

o 5 0 15
DAYS AFTER INJECTION OF HLTHYMIDINE

FIGURE 6 Curves for appearance and disappearance of visible labeling of circalating
leukncy tes

Band neutrophils {FIGURE 4C) were abnent on day 1. A small percentagt
was seen on day 2, ihe percentage of labeled cells chmbed sharply 1o 33 et
cent on day 5 Labeled segmented cells (r1Gurt 42) reached the maxumum
percentage 1 day later than dul the band forms Segmented neutrophih
decreased, as llstrated (FIGURE 6), Very few sibly fabeled bands of
segmented cells (a fraction of 1 per cent) were found after the fifteenth das-
Labeled cosinophils, althought too few in number to quantitate, were foun

' csulted in labelng of al cel

N B unlabeled normal marrow for
an estimate of batkground gramn is compared 1o r1cure 55, in which the
co wmmeena wae incuhated with Tl . i~ ' ath e

. Iy
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studies from thns laboratory wndicazed that less than 0 1 per cent of all celfs
scere Jabeled ot

In vira uptahe of thymading was mmmal i the abnorrual cells of both
chrome lymphatic leukemia and muitiple myeloma, however, uptake was
marhed in normal-ap tslands of | (ricure 5C)  In con-
trast to the very <luggish or gbaent DNA synthesis by chrouc lymphatic
leskerma cells and marrow myeloma vells there was vesy attive DNA syn-
thests by crenlating leukemuc cetls from a case of myelogenous Jeukemia m a
terminal acute myeloblastic ensis {FICURE 30)  Detailed results of 2 vifro
studies of blood and bene mazrow 1n disease will be reported later 5

The studies on mice Wil be summacized very brefly At 15 mun after
tngection a very heavy and widespread labelmg af PPP cells was found
threughout lymph nodes, spieen, bone marsow, and foose connective tissue
of miesimal vitly, submucosae, and arcofar ussue 44 early time miervals
tabehing of small Jymphocy tes was neghmble throughaut the body  Light
tabeling was found at later ume mtervals  The vequence of appearance and
Qsappearance of labeled cell types 1 the blood 15 szmidar to man 10 respect
to trends, but semenhat shotter tn tme, thesefose graphic presentation will
not be made  Reselts 1 mace are mmilar to those obtained by Bryaat and
Kedy #

Thoracie dact cannutation m the dog followed by njection of the labeled
thy mudine bas demonstrated that large labeled cefis are present as early as
10 mm after myection  These cells have 2 basophilic cyiopla-m and large
smmature nucler, occasionally with a autleolus  In ume the percentage of
1he large tabeled cells decreases and an incres-ng romber of small to medmm-
sized cefls that have an intensely blue cytoplasm are «een  The nuclet of
these cells are not heavidy clumped, as 10 the typrcal small lymphouyte,
althiough some af these cells approach  x a dameter  Typca) umall tym-
phacy tes with {abels were not seen

Again, the widespreasd and unexpected observation of mtense and rapid
DNA synthess in pnmitive pratiferating cells in hemopaietic and connectise
tiveues throughout she body sugrests that lasge sumbers of mesenchy mat
cells undergo steady and rapid turnover throughour the body  Wherher
these cells have wmilar capacities and are totipotential or whether they
seprevent a famity of mesenchymal cells s not clear

Dnscussion

The present data were obtaned or human besags with undistarbed hemato-
posess  The techmiques w-ed made t possible ta study the behavier of indsi-
vidual cells and cell hneages  Therefore the data ubtamed should affown
tharattenzanion of the different cell sy<siems in the hematoporetic trsues

A decuesion of the general oiuse of steady-state cell probferation in us-
sues that are bemng replaced continually myolves the folloning  The mass
of an orgn of frwue Rotmall) 15 eventially consant  The turnoser sate or
rumber of el produced per umt nme vartes v ath tusnover fme and popula-
now wre  Turnover tme depends upon the aserage hie <pan of the mde-
vuual cefls Study of turnover time and rate 11 dependent upon hnowledge



812 Annals New York Academy of Sciences

of nze of the total population and sts compartmentation; the latter may be
both anatomical and functional. Upon completion of oue ar 3 serles of
mutuplicatrve miteses, differentiation into mature functioning elements
occurs  Thewe cellular systems ean be divided into three basic compartments
1m olving - P s T3 el
multple
ary may °
ade  However, the ultimate flow rate from the total geneeative and matura
e compartments must equal the sum of death and utilization rates to
mamtamn a relatively constant mass,

Much confision has anisen fram fatlure to define carcfully the lfe spanor
cell survinal time  The interval betw een successis e mitoses iy the generaton
tme  The latter 1 subduaded into mitotic tme and intermutotic time
The latter ts agan subdivided into resting pestods before and after DNA
synthews (DN A doubling time).  In general, for a cell line it is prabable that
these times are yanable and drstributed around constant means for each sub~
dnasion of the generatis e compartment,  Cells from the generatnve maturs-
nion compartments flow mto the functioning compartment that can be divrded
into use, storage, transit, and death, It must be specified carefully whether
hfe span refers to total fife span from the earliest cell in the gencrative com-
partment to death or whether hife span refers to time in a specific compart-
ment, for example, tme 1 circulating blood, time in storage, or time it
tsoues  Varous <ellular projferatrve schemes and mathematical rnodﬂ:
have been proposed O-good ef al 2% # Lajtha ¢ al Weichen,™ "
Patt,* Hamhon,® # and Cronktte" have dex eloped and publiched models
1t would be premature from the present data to present new, of 10 thnnxt’
drastically, the existing concepts  In collabaratton with us, vonr Foerster*
1 developing & fized math ical concept of prohferating steady”
and nonsteady-state cell populations  The following, however, can ‘be ton-
cluded from the present data.

Furst, it must be emphasized that certaim basic assumptions have bee
made with respect to thymudine and DNA, These basic assumptions are
(1) the trstcum label on the thymidine is stable and does not exchange with
avajlable hydrogen, (2) when T i into DNA, thymidine is <!n/;f:

sigmificantly revtitized in new DNA synthesis. The Jatter assumption hss
been challenged by Hamilton, % who has evidence that indicates etther that
DNA of lymphocytes s rectilized or that there i a long-lived poputatioh
of lymphncytc<

The significance of p: . ol
bears some scruttny it
TINA synthesis time, ¢ b

DINA ynthesis time to generation tme of thas generatise cycle 1 she
th e LR ! " Ay

2 cow

» ddute
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the label only by factors of tno  Actuyl grain cannes ~v - .
vidual cei{s are dependent 1o~ - \
it 1s assumed that the geor
3 constant although, adn

graw evant 15 dependent 1 ox samdctivity s the cell  1f
the rate of synthests of DNA 1 comstaat for all symuler celts and of the celt
wss synthestzing DNA th the entire availability pertod eact - 4

would have es,emu)\y the same radiotee -
ells that com=-

became av: .
per unit i «s n lottow the Parssao
distribution oo vt ane preceding wilf result 1 a moderately shesed

Powoon dnstributeon for gram count over cell= It +s beheved that quanuta-
nve stadies on ceflulas Senavier can be pesformed using the mean gramn
count

The prewent data tend to support the concepts of Ottesen™ and H:uru(
ton®? # that these are two populations of Jymphocyte, onare-s

hved and the other Jong-lned -t '
Jrmnias

3 o vy ginrd day and there-
a e 1yoph nodes and the «pleen of the mouse suggest

vhat the Jarger iymphocytes are precurson of the smaller, and that the small
tymphocytes ate nondividing progeny of the former, ~thce intense label 1+ <eep
1n the farge cells at 13 muutes after mjection, whereas <mall Iy mphocytes
are nat abeled until later  These absenvations are rommmz with Trawell 3¢
who considers the small fymphucyte a nondssster = 4 N
with the receat schem= <"

The dimunution 1

lahing granutocyte . -
decay law Itshe o, CN . . . \
geperatite c)de i . 3
! .
ay . .
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curve  The curve of FIGURF 6 obtained by di hs of cytologi
identified cells 1o sumilar to the curves that Ottesen,t* Hamitton,* ¥ and
Rescgott¥? derved from specific activity data on NasHPH0, labeling ?‘
DNA, C'adenime-guanine labeling of DNA, and F'e®® labeling of hemin in
cytochrome oudase, respectively. 1t appears that the foregoing i"‘}“‘d“"ls
did not corporate wto their models the exponential decrease in intensity
of label by mrtoss  Accordingly, it is open to question whether the r}\athc-
matical analyses used to date are adequate for extracting information o
total Irfe span or tiume ~pent in the blood, An extensive mathematical analy-
15 of the general problem 1s 1n preparation 8

The data on percentage labeling of mitotic figures in the marrow &r¢ not
complete  However, st is quite evident that the picture will be complex
since one 1 dealing with a mixture of prolferating cells: PP, erythrod,
granulocytic, and megakaryacytic  Howener, it appears clear that the per-
centage of labeled mitatic figures of aay cell type will increase to approt
mately 100 per cent after a time mterval equal ta the post-DNA synthesh
pertod plus 1 mitotic ime.  Fallawing this there should be a platess that
approumates DNA syathesis time. As cells that were in the pre-DNA
synthests pertod enter mitosis, the percentage of labeling will decrease and
o~cillate until 1t settles down to a constant value that wall represent the rat0
of DNA synthesis time to generation time, Of course, the intensity of tht
label will decrease by a factor of 2with each mitosis  In fact, sucha scq\lt!}“
of events has been observed by Quastler ¢ al,b* in the single-cell populatios
of the generative part of the small intestine. 4

In view of the foregomng discussion, the increase in percentage of Tabele
cells in the marrow with time is disturbing. This implies that there’s aithet
a storage pool of tabeled DNA precursor (thymidine or thymidylic acid) that
has not been appreciated or a marhed diminution i ratio of DNA synthex™
time to total generatton time with successive divisions. In the lattes €2
smaller percentage of cells at, for example, the myelocyte level would be
labeled than at the more wmmature levels, As the immature PPP-labelet
cells divide, the percentage of labeled myelacytes would ncrease to the ratio
of DNA synthesis time to generation time for the most immature member
of the series The time mvolved to attain the mavimum percentage ©
labeling and the diminttion in the label should be, in this case—given i
number of drvistons involved and the quotient of time by the pumber 0
divisions—the average generation time for the series,

Our studies on gram count 1n various cell lineages with maturation ate
not complete  However, 1t is clear that il there are doubling davisions &
erythroblasts or myelocytes, none of the mature forms can have more U

. et T o ue, the numbe!
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worh  Wecher!s # indicates that there are 1 anthment and 3 doubling
divisions betn een the proerythrablast and orthochromatic normotdast  The
ohservations of Yoffey' on the progressive gbsolute sncrease 1n the number af
tells of screasing matunty n the macsor of the gunea pig suggest that
there 13 1 anthmeue division followed by 3 doubling divistons between the
myeloblast and the band granulacyte  Intheerythromd senes therets tarh-
metic and 4 doubling divinons betaeen the proerythroblast and the ortho~
chromatic normoblast  1f one asumes that all idennfiable celi types go
through doubling dn astons znd that there (s 3 commeon pnmstne prohferating
pood of eells that divides arthmencally, feeding cells into cach muttpheanon
compartment, all divisions 1n bath the myetoid and erythroid senes would
ymmaay

Sug
NvTa

PLASWA HI-THYKIOIRE FREE CELLULAR NO-THYMIDINE
PLASMA THO k[T )
PLASMA VTR HYTA,

STORAGE ’~1mmmu€
MATURE UNK

WA
+
GEGRADATION NOT CREAR

TH + RV TA

T6ere T Schemiue presentauion of the mesabohsm of I thymudine and oute of
iscorposation into DN ¥

be doubling  The latter vsew 15 suggested by our fabeling techmiques that
<how tense tabeling of the PP eells  More quanutatne abolute cell
counts on the marrow contents combined with labeling techuiques are essen~
izt to anwwer the problems ratsed by and discussed 1 thi nork

omte theee are obnenauons that «3n be resohad ealy by <upposition
about avanatibty tme of the tabeled matertal or storage of a metabolie prod-
uct that can go to DNA, the following scheme of the metabohe putllna)< of
She tabeled shymidine has been proposed as 2 worhing hy pothesss (FILURE T
1t s visuahized that shymidine rapudly diffases tato Usoutes after intrayenous
inpection and reaches sotopic eqwhbrium  The matenal then has cenamn
altecnatines It can be catabolyzed to water, ta nanvotatle trstim tom-
pounds, stored 2< an intermediate or protected thymudine for future BDNA
wynthews, or may be syathestzed tmmediately snto DNA  The relatne
smportance and «zer of these compartments are not kaown It ha< been
~hown by Rubimo e af * that about ene third of the 1njected dowe s recovered
a» (itiated nater {THO) and less thar one sixth as nony olanie tatwm actiyv-
ty (NVTAJ, 10 the unne  More than 50 per cent of the matenal 1s unac-
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counted for, or fias actuafly been incorporated into DNA, Mthough the
evstence or absence of an active transport mechanim for thy midiae 1 not
known, 1 1= lear that the passage into cells and the incorparation into DN
are rapid  Without evohing a special mechanism, we visualize that cells
n DNA synthesns act effectinely as sinks for Hi-thymidine, thus mantaining
a mavumal diffusion gradient between intra. and extranuclear thymidine
while labeted thymidine 15 available  In fact, 1n one of our patients who
weighed 60 hg 1t can be shown that Hi-thymidine would have to have
been concentrated in order to obtain the nutoradiographs A rough approti-
mation of the number of cells in the body can be made, assuming the body
to be 30 per cemt cells and that the red cell is an av erage-sized cell, thest
60 X 10° X 5 X 10% = 30 X 10" cells in the body. This number could be
in error by a factor of 10, If I-thymidine were dintributed equally to all
cells to be catabolyzed of incorporated into DN, the mavimum number of
dismtegrations pef unit time poswible over any cell after a 9 me. dose could
be calculated easily as follows:

9% 222X 10° = 1998 X 10° dpm injected, or
1998 X 10° X 43 X 10¢
30X 10m

= 2.8 d/month

This represents 2 8 disintegrations per cell per month on the average Grain

counts over cells varied from 1 to 100 grams  With a constant amount of

radioactivity per cell, one would expect the disintegrations to vary with ¢

Poisson distribution I one assumed a radioautographic efficiency of 10 per

cent, 11 would be necessary to have 10 times the number of disintegrations t0

get the observed grain counts, or a range of 10 to 1000 d/month. Umform

distribution allows on an average only 2.8 d/month, hence a concentralion
mechanism by cefls synthesizing DNA certainly eusts.

The existence of a large mass of primitive mesenchymal tssue throughout

c Co - notnew  Histolo-

» has been responsl®

t to monophylet¢

he intense cellular

ZCNVILY OL these Lens 10 LIe NOIULA AUuLL 11dsl 4id 1) vy normal mouse 138

unexpected  Ona quantitative basis, since these cells are present throughout

the body, the turnover rate may equal or even exceed the turnover rates @

the epithehial tissues  This 15 a subject for quantification. These dat

<howing high cellular DNA synthesizing activity and didution of the label,

e . . « < +he mont-

n some

o berng

I of all

. 1ficance

. ey has

always been considered o be Olly & morbid process, However, Ui presenct

of circulating prmitrve proliferating cells destined to dividest suggests 153"

‘.
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this v a noratal process providing 3 mebile pool of povable totipatential
mesenchyral celis for defense and repair througheut the body, m addinon to
providing 2 mechanssm for reseeding atrephsc bone marran from normal
marrow

One mught speodate abous the potential uses of this tabeling agent for
DNY B« ues wn studies as reported hevew and for genecal problems of
kanetscs of celf proliferation are obviows  Howerer, there i+ a senes of prob-
fems tn which the agent mught be uselul  In the avessment of potential
anticancer drugs one 1 intesested i the stee of action  Are the drags ants-
mtot®  An-DNA wynhews®  Apticetlolar®  Ann-DNA synibess avm -
1ty could be avaluated precwsely by the use of H-thymdine 12 narmal and
malignant hissues a2 o120 aad tetitra The robe of endocnne fattors (such ag
tortisone and estrogens) an cell prohieration covld be evaluated It has
long been hnown that prewrradiation treatment af anumals wath estrogens will
increase ressstance of the antmads and that postirradiation treatment with
wrtisone witl wcreane mortahtn  The mechaaram of action of these too
efiects might well be sotved by a study of the effect of the treatments on the
state of the PPP cell

Some of the present data ~uggest that in acute Jeahemia there 1 a real
increase o el probferation of the leukermi tells, whereas evidence for

J i the chrome feuk and multiple myeloms - laching

1o date, wn fact, there appear~ tu be less labehag than i the rewdual normalt
trsue 1Tt temping to suggest thal this mdiwates 4 fonger bfe span how-
ever, the dasa wifl pot prove this point A frattion of 1 per cent increase
10 producuion ot 3 fracuen of an wcrease 1n ife wpan, nenher of shuh could
be detested by present techngues, would gne the same sesults of increamng
masses of tymphocytes or plasmacytama cells  However, the labelng
techmque wilt rdentify the numbers of the nepplastic group that are proliferat-
1ng, 1t thus introduces another methed for (dassicasron of neoptastic troue
by funibion, as welt as by appesrance

Stuemnayy end Conclustons

Tritated thymidine hay been wsed tn anmimals and i human bewngs with
normal and abhnormal hematoporesis to study the Linetns of bone-masron
celf probleration  Thymudime is taken sp &y the nutleus only donng DNA
svnghests preparatary to cell dnaston  Its wtzacellular tocauan was deter-
ritned and quantihed by means of stopping film autaradiography and dassic
1yiology

In the bone marrow of human beings with rermal hematoporens gien
St thymuhine mtcasenously, snsense labeling of prmime prolderating cefls
was obsersed withn munutes  Mavimal fabeling of exrythrocyte precursars
weurred ar 12 ta 24 hours, myelund precursars, besween the therd snd fourth
davs Maumad fabehing of megakaryocy ter was observed on the fith day.
Labehng 1n the penpheral bood of fazge munonuslear cells oceussid early ,
the peak Labehng of granulonytes occutred on the 6ith and sivth duys
Hi-thymudine ncubated wish normat human bone marrow eevalted in heavy
tabehing 1n afl (el ~eries, normal s enows biood showed Tabeling of only & smalf
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percentage of the large mononuclear cells, The pattern of Hthymidine
uptahe with s titro incubation of bone marrow and venous blaod from
patients vanied with different h poictic disorders. A prelmi
analyss of the quantitative results 1n terms of the hinetics of hematopoietic
cell proliferation m health and in disease is made, and the requrements for
resolution of the complex problems involved are indicated.

The ntense labeling of the fragile group of primitie mesenchymat cells
i the lymph nodes and bone marrow and their appearance in lymph and
blood m small numbers prove that immature cells capable of divison are
continually mugrating throughout the body It is believed that this > anes
ob~ervation, the significance of which is not yet clear.  However, it 1> enter-
taining to consder this phenomenon as another general biological protectine
measure to mahe toupotential cells available at any time or place for defente,
repar, or repopulation of damaged bone marrow, as in radiation or other
total or partial aplasias of the marrow,
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