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PRETFACE

Students of hematology have long recognized the basic need
for knowledge of the physiologic and pathophysiologic mecha
nisms which govern erythropoiesis  Although the subject has
recerved the attention of myestigators for many years the theo
nies winch arose were considercd by most to be speculatne and
laching 1n expenimental support Rescarch activity has progres
sively ncreased dunng the last decade and studies in many lab
oratones have now confirmed beyond reasonable doubt the
eustence wnd importance of 1 humoral erythroparetic regulatory
mechinism In spite of recent advances the problem of the con
trol of erythropoiesis has not been solved  Arcas of disagreement
and controversy currently cf 1ze ths field of | it
rescarch  The confuston which ewsts 15 not altogether surpnsing
m view of the varied expennmental approaches that ke been
used and the overall complexity of erythropotesis However 1tis
ital that these apparent discrepancies be explained

The preparation of this monograph was prompted by the wide
spread nterest m the regulition of ervthropoiesis and by the
degire to reconaile insofar as possible certam dnergent observa
tions  This project was undertaken with the reahzation that many
questions rematn uninswered and that future studies will prob
ably necessitate revision of some of our current concepts It 1s
impossible on the basis of avulable data to reach defimtve con
clusions concerning all phases of this subject Consequently this
book represents our evaluation of the present status of the role of
humoral factors m the control of eryvthropolesis It 1s not 1n all
mstances a clear cut evposition of fact The latter must awat
further expenmental documentation Even so many pomts have
been clanfied by recent findings  Studies designed to more accu
rately define the homeostatic mechantsms which govern erythro
poiests and the formation of otlier hemic elements are now 1n
progress m many laboratories  More information should soon be
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forthcoming  In 1ddition to their fundamental phyvsiologie signif
teance the clincal mplicrtions of such research activabies are
readily apparent

The mulhiple contributions of the mw other work ers m thus
field are gratefully achnowledged We have wttempted to mclude
most of the recent additions to the rapudly expading hterature
on this topi. but the bibliogrphy 1s not mtended to represent
an melvsive review  We are espeaintly indebted to Dactor Donald
R horst for hus help wath the radiosotopre stud es and to \iss
Martha ] Loung Miss Manhn € Grovhadh and Mrs Helena k
Tascott for their excellent techmeal assistance  Our expernments
were supported m part by Contrict No AT(11 1)-75 from the
Atormie Encrgy Commuss on nd by Rescareh Crant Mo A 1891
from the National Institutes of Hedth Unmted States Public
Health Service

ADDENDUM

Doctor Frank H Bethell died suddenh m Ann Arbor Miclugn
on Aprid 21 1959 We had actively collborated for several years
m our stuches on the humoral control of er thropo «sts ind had
made plms for the final work on this manuscript the dvy of Ins
untimely death It was with great personal sortow that I had to
proceed with these phns 1lone We who were privileged to work
closely wth Doctor Bethell and to know him sntimately shall long

chensh lus memary
Javies W Linvian
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Chapter 1

GENERAL CONSIDERATIONS OF THE
RED BLOOD CELL

“The history of the red corpuscles starts at the begmning of the
17th century  About 1610 m the small Dutch town of \Muddle
bourg an obscure optician named Zachane Jans made spectacles
and polished lenses 1t 1s related that Ins cluldren while plasing
m Iis workshop were directed by chance to pile the lenses like
bricks one on top of the other revealing unconscioush to the
suddenly mspired father the mherent possibilities of the comb
nation of lenses and the birth: of the microscope !

Although the preaise details surrounding the mvention and de
velopment of the microscope are lost the above account of this
monumental discovery emphasizes the far reaching implications
of seemingly ummportant and unrelated observations  Thus the
science of hematology as we hnow it today mav have had its
beginning 1 the humble workshop of an astute and observant
lens maker Following the adaptation of the microscope to bio
logic mvestigation by Gahleo (Pisa 1564 1642) the stage was
set for the subsequent identification of the ervthrocy te

The red cells 1n human blood were discovered by the Dutch
microscopist Leeuwenhoek i 1673 although Swammerdam de
scribed the oval red cells of the frog mn 1658 and Malpigli noted
therr presence i 1665 but mistook them for fat globules  Approx
mmately 100 years later Willam Hewson published an erudite
description of the form structure and dimensions of the red
corpuscles  However 1t was not until the latter half of the 19th
century that the true physiologic sigmficance of the en throcy tes
became apparent Hoppe Sevlers demonstration (1867) that
the hemoglobin contamed i the red blood cell possessed the
property of taking up and releasing oxygen stimulated mestiga
tive activity and a number of important advances followed

Neumann (1868) first recogmzed that the circulating en thro
cytes were formed m the bone marrow from colorless nucleated
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4 Factors Controlhing Erythropoess

precursors  Following Ehrhichs contnbutions and the advent of
stummng techmques study of the morphologic charactenstics of
the formed elements of the blood and the blood formmg organs
was greatly frcihtated Concomtant with the deselopment of
knowledge concernig the structure and function of the red blood
cells procedures were devised to measure the penpheral ery

throid values  Although ongmally crude these techmques were
constanth, modified and mproved by many workers thereby
permitting accurate quantitatne determmations As 2 result 1t
beeame possible to study all aspects of erythropoests Prior to
considening the control of erythropoiesis however st would seem
desirable to review briefly the ongw development structure

components, and function of the red blood cell *

Mesenchyme the embryome ve tissue cf the
ontogenetic anlage of the mammalian erythrocyte and the first
blood cells we formed m the numerous blood ishinds of the yolk
sac These bl 1 dalf m two d
The penipheral cells form the endothelial liung of the first blood
vessels whereas those that are more centrally located become the
plunipotential primtive blood cells or hemocyvtoblasts 1 cells
producmg blood cells In the human embrno, the mesoblastic
phase of hemop continues throughout the first two months
of embryomic hfe and primtie erythroblasts or hemoglobmn
contunmg cells predommnate Intravaseular blood formation is
then replaced by the hepatic phase which 15 characternized by
active erythroporesis m the spleen and thymus as well as the Iner
and by the appearance of granulocy tes and megakary ocy tes

During the fifth month of gestation the final or my elord phase
of hemoporesis begins  Proliferation of mesenchymal cells causes
resorption of the cartilage of the bone pnmordia and forms islets
or centers of blood formation Imtally, the bone marrow 1s
largely concerned with granul and ervthrop con
tinues to tike place chiefly n the Iner Splemc en thropoesis
termmates near the end of the ffth month However the bone
marrow gradually takes over all aspects of hemopoiesis At birth
intramedullary blood formation has entircly supplanted that
occurnng m extramedullany sites  The musenchymal cells are
reduced to a mmmal reticular stroma by the growth of myeloid
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elements but these polyralent cells persist throughout Lfe with
all of their embryonic potentialities intact  Normal blood counts
are attuned only after birth but the transition from embryome
to postnatal life 1s not marhed by any sudden changes in hemo
potesis  The processes of differentiation and proliferation pre
viously established continue without terruption

Controversy 1 regard to the ongin and nter relationship of
the blood cells has custed for many years and gnen nise to the
so called monophyletic dualistie and polyphyletic theones of
hemopoiesis The problem s still disputable but available knowl
edge mdicates that envthrocytes granulocytes megaharyocytes
and probably monocy tes are derned from the multipotential mye
loid reticulum cells or hemocy toblasts Although normally present
m only small numbers these cells may be quite numerous mn con
ditions associated with marrow hyperplast

Multipheation of myeloid elements after differentiation nto 2
certam cell hneage occurs chiefly if not entirely by homeoplastic
mitosis 1€ one cell gives rise to two similar daughter cells Con
sequently the majority of the myeloid elements are the products
of homeoplasia Nevertheless if one aceepts at least a modified
monophs letic ongm of the blood cells from the prnmitive plun
potential retrculum cells 1t must be viewed as basically hetero
plastic In add to the multipl of speaific p
cells hemopaiesis 1mvolses the of these
elements and the release of mature cells into the circulation The
former process 15 charactenized by the evolution of the defimtine
morphologic and physiologic attnibutes of each ccll type eg
the abiity to synthesize hemoglobin 1 the case of cells of the
erythrocytic senes

Our knowledge of the multiple physiologic activities which
culminate n the formation of the mature erythroeyte 1s mcom
plete Many expenimental models have been devised in an attempt
to elucidate the formation of the red blood cells and much infor
mation has been obtained from newer cytochemcal and radioiso
toplc techniques However the heterogenicity of the rapidly pro
Tf g myeloid el mahes ntery of experimental
observnhons quite difficult Even so a number of distinct mor
phologic and functional stages ean be recogmzed mn the develop




6 Factors Controling Erythropecss

ment of the envthrocvte and sernve as a useful outhne of ts
process

Erythropotesis ts tutrated by differentriteon of the plunpoten
tial reticulum cell mto an erythrocvtie precursor This progess
must mvolve a cellnlar division with one of the resultant cells
bemng diverted nto ery thropotesis and the other remuming n an
undifferentiated state  Otherwise depletion of the multipotentin]
stem cells would occur A phase of rid cell prohferttion and
beginning mturation follows The exact number of dnisions
which the nucleated erythrocytes undergo s not hnown but
multiplicition shows a progressive merease with differentiion
As 1 result the more mature mitotic cells contrrbute most of the
proliferative actvsty  The growth rate then dechnes and a stage
charactenized by a pyhnotie nucleus 15 reiched  These cells are
most likely meapable of further prolferition but evtophsmue
maturation continues

The hemoglabin molecule 15 actually formed for the most part
after mitotic activity ceases The svnthesis of hemoglobm 1s
assocrted with 1 Joss of other ey toplasme protemns and desoxyn
bose nuclerc acid and mitochondrn disappear  The Jast s estiges
of nbose nucleie acid persist even after the nuclens his been
extruded and hemoglobn production contnues m the non
nucleated reticulocvte  However when the nbose nuelere 10id
hs completely disappeared the cell 1s no longer eapable of syn
theszing heme or hemoglobin  Maturation 15 then complete

Unfortunatels may terms haye been employed to describe the
various developmental stages of the en throcy te based on stue
tural changes wd gradualhy alterg morphologie charactenisties
Becwse of this vaned nomencliture confusion and msunder
standing have ansen  For this reason we prefer to use the follow
ng termmnologm *

1) Rubnblast The first recoguizable cell of the enthroevtie
senes chamacterrred by finchs stippled to reticulited nuclear chro
matin and evident nucleok

2) Prorubnicyte A cell of the erythrocy tic series sn wiich nu
cleoht are stal discernble but with 4 nuclcr chromtn structure
too coarse to be chissified 4s 1 rabriblast

3) Rubneyte A cell of the cr}throc) tic senes possessing de
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fimtine nuclear cliromatin structure but contamming no nucleol
This stage mav be further subdiided 1ato basophilie polvehro
matic or normochromatic rubrics tes ccording to the amount of
hemoglobin contuned m the ¢y toplasm
4) Metarubneyte A cell of the erythrocytie senies which has
a pvhnohe fragmented or partially extruded nucleus consisting
of a dense solid structureless mass
5) R if A non nucl d ey throcy te wluch possesses
when supravitally stuned (usunlly with brilliant cresy] blue) one
or more granules or a diffuse network of fibrils  Without tins
special stuning techmque reticulocvtes are ndistinguishable
from ery throcy tes
6) Lrythrocyte Amyv non nucleated cell of the erythrocy tic
series
The end product of e throposests 15 1deally suited for the effi
cient completion of the physiologic functions 1t has to perform
Combustion 15 the essentinl chiermieal nature of life and requires
2 constant supply of oxvgen her with the 1 e
moval of carbon dioude Approxsmately 230 ml of ovygen arc
absorbed and 200 m! of carbon diwude are produced per munute
m a human beng at rest These quantities are inereased many
fold during excrase If the respiritory gases were carmed m
physical solution 1t has been estimated that mans actu ity could
be only one fiftieth of that which 1s actually possible Hemoglo-
bm permuts the transport of about 100 times as much oxvgen as
could be carnied by the plasma alone In most mvertebrates the
ovygen carrying pigment eusts freely 1n the plasma where 1t
exerts an osmotic pressure equnalent to five times that of the
plasma proteins  When hemoglobin 1s contamed within an envth
rocyte as 1s found m the vertebrate pnlum the mechamsm
for the transport of oxygen 1s greatly improved
Further mprosement was achieved dunng the phylogenetic
development of the red cell by the loss of the nucleus and the
bseq d n oxygen ption by the erythrocyte
itself In addition the decrcase m cell size which oceurred 1n the
evolution of the erythrocyte contributed to erythrocy tic efficien
¢y Although there 15 a reltively umform quantity of hemoglo
bin per umt volume of blood 1n all vertebrates the size and num
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ber of erythrocytes vary marhedh The targe cells of the lower
vertebrates circulate less freeh than the smaller en throcstes of
mammalin Howeser the mereased surfice aren of the latter
approvmately 1500 times that of the body 1s more mportaat
and greatly smproyes gaseous exchange  The biconcave shape of
the erythracvte lso uds by permitting the diffuson of gases 1o
and ont of the cells with maximal case Hence the mammahan
envthrocyte has attamed a high degree of efficiency through the
evolutionny process nd 15 partienlarly well adapted to absorb
oxygen rapudly i the Jungs pass through the smallest caprllines
without damage gne up its ovygen readily to the tissues and ud
i the removat of carbon dicude

The mature erythrocyte once thought to be = relatnely mert
protoplasnuc particle consisting largely of water and hemoglobin
15 now known to be i a contmual state of metabohe actnvity and
possesses a fimte Life spin Although the predomnant and most
mmportant constitnent of the red cell 1s hemoglobm 3t also con
tams other protems Iimds vatunms 2 vanety of metals and
clements ete In addition a complete gh colytic enzvme svstem
1s present and serves to supply the energ) requirements of the cell
and to mamtun hemoglobin m a reduced or functiond stte
QOther enzvmes wd ¢o enzymes welude eatalase which protects
heme from perouide decomposition and cwbome anhydrase
wlueh uds 1 the transport of carbon drovide as bicarbonate jons

Hemoglobim comprises about 30 per cent of the wet weight and
95 per cent of the dry weight of an envthroevte It hias a molecn
1ar werght of 68 000 and 1s made up of a proten globin and four
prosthetic groups of heme molecales Globin 15 colorless has a
molecular weight of 66000 and contuns all ten of the essentinl
ammo acids wd many of the nonessential ones® The heme
mowets 15 won protoporphvrin 9 type HI a metal complet wath
1n 1ron atom 1 the center of 1 porphvan structure  The protopor
phvrn of hemoglobm consists of four pyrrele nings attacked to
each other by four methene bridges The eight side chams melude
four metin] two van} and two propnome acd groups The
metin] side chams are unreactne whereas the propuome acd
groups are belieaed to md in the attrchment of heme to globm
and the vim1 groups re apparently essential for the mscrtion of
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won 1nto the center of the porphynn nucleus This 1ron atom 1s
lexacovalent  Four of these coordination yalences are attached to
the pyrrole mtrogen atoms onc to the lustidine component of
the globin molecule and the list attaches itself re\erslhl) to
ouvgen The four heme of the | glot are
colored and ympart the red color to hemoglobin  The synthesis
of globin and protoporplivrin occur independently  The former
15 degruded nd returned to the amino acid pool duning the catab
olism of hemoglobin  Iron 15 2lso conserved and reutihzed m the
d of new 1 o but the porphynins are excreted
1 the bile and must thercfore be continuously synthesized
Recent studies™ have contnibuted much to our knowledge of
the iosynthesis of hemoglobm wlich 1s 1 subject bevond the
scope of tlus monograph The evident compleuty of this single
aspect of erythropotesis emphasizes the multiple and intricate
physiologie processes mvolved 1n the formation of the red blood
cell It s rendily apparent that the actne multipheation and ma
turation of this nghly differentinted series of myeloid cells to
gether with the acquisition of their unique ¢y lcphsmlc consm
uents and enzyme systems req| a
sistem  Nucleoprotemns globin lipids porphyrms and the nu
merous other essential components are needed n adequate
amounts In spite of these many facets of red cell production a
well balanced homeostatic mechamsm eusts and 1s capable of
mamtainng erythrocytic equbbrum and governing erythropor
etic responses to a variety of physiologic and pathologic stimuly
Indiidunl tissues are thus ensured of a constant and readily avail
able supply of oxygen n amounts needed to support their meta
bolic activity and sustain he




Chapter 11
ENDOCRINE CONTROL OF ERYTHROPOIESIS

The wfluence of the endocrme glands on hemopoesis hns bren
the subject of micnsne studv  Experimental and chineal evi
dence both direct and mdirect, indicating thit the hormones
e deternunants of erythropoetic 1ctivity has been recently re
vewed by others ' These dats estiblish besond reasonible
doubt the abihity of the secretions of the pitwitany thyrod adre
nils and gonads to affect erythropotesss Consequently 1t 15 nec
essany to evumme the possibihits that anc or mare of these hor
mones may be of prmary importance m the fundimenta] regul
ton, mechanism which governs red cell formation  Numerous
expeniments frue been designed ostensibly 1o test this possibihity
and at 15 the consensus that the hormones exert ther en thropoitie
effects through their modifsing influences on metabohe ctinity
Nevertheless 1t would seem desirible to consider the evidence
fuonng this contentron before assigmng the endoenne ghinds a
secondiry role i the control of ery thropoesis

In order to justify the conclusion that a speufic hormone everts
bsic control over the erythroporetic process certun cntera must
be met A deficiency of such a hormone should be associated with
an anemit and st should be possible to repur or prevent the
anemua by appropriate repiwement theripy Comverseh et
cess should result 1 acedker ited ery thropaietic wetivity and elest
ted peripheral «n throid v lues  Furthermore remoy sl of the or
gan wlich elaborates the hormone m guestion should bolish the
exvthropaietic response to hvpove stimuli such 2s fowercd baro
metre pressure or blood loss wemir All manlable chimenl and
cxpenimental obscrvations on red ccll production support the the
sis that hvpoxa or more speaificilly the relationship between
ovsgen supph and tissuc metabolie requiruments constitutes the
fundamental stimules to enthropowsis {sce Chapters IIE and
A1) In expenmental sl or human subjects capable of o
sponse hypoua 1§ always followed by mereased on thropoests

10
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Since cobalt probably imparts its ery throposetic effcct by the pro
duction of tissue Inpout (sce page 119) the polycythemic re
sponst brought 2bout by 1ts wdministrition should also be chminat
ed by ramosal of an organ suspected of excrting, primary control
overredeell production The morphologic and ply siologic changes
duced m the endocrme glinds by hypox'® suggest that they
may be imvolved i the medition of thus en thropaetic simulus
However the demonstration following the application of hypoxic
stmult of increased erythropoiesis m the absence of an endo
enine gland would exclude that organ from participating i the
ervthropowctic vesponse  None of the orthodox endocrine glands
{ulfill all of the aboyve cniterta

The thvroid clearly exerts an effect on red cell production as
cvidenced by the anema winch deselops i experimental ammals
and human subjects after thyrordectomy ** ' * Morcover anemin
1s present 1o the majonty of patients with 1diopathe myvedems °
Although not marked the anemit of hy pothy rordism 15 correctable
by the adnumstration of dessicated thyroid or thyroun On the
other hand thyroun 1s not an effectne erythroporet ¢ sttmulant
m nondeficient reciprents  Triodothy romne does enbance the
corportion of 1ron 59 1n normal rats *  and thyroun has been
reported by some mnvestigrtors to exert a munmal stimulatory
effect on ervthropoiesis m normal ammals * 4 and human sub
Jects * In spite of these findings 1t 15 not possible to produce 1
true polveythemia by this means Furthermore patients with
hyperthyroidism do not manifest erythrocytosss *  and thyroid
ectomized ammals exhibit normal enthropoetic responses to
lowered barometric pressure'* ™ and cobalt* Therefore 1t 1s
not possible to assign the thyrowd a pnimary role in the control of
ervthropoests but its modifving influence crnnot be dented

Eustent data support a similhr concluston m regard to the scc
ondary naturc of the erythropoietic effects of the sex hormones
A shght to moderate anemia 1s evident mn castrated male am
mals 3 * and eunuchoid men* and responds to trettment with
testosterone  Castration 1t the female 15 followed by increased
erythropoietic activity preventable by the admintstration of estro
gens® Thus testosteronc appears to stimulate erythroporesis
whereas estrogens exert an mbibitory effect These observations
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appwently explan the shghtly higher erythrod values 1 the
males of nrny species meludmg man  In addition normal male
rats recover 2t < faster rate from blood loss thin de normal fo
males and regeneration 15 more rapid in castrated females than n
orchidectomized males® Estrogens have also been 1eported to
wduce an apemna 0 morml recipents* Comversels profonged
androgeme therypy n mdnaduals wath earemoma of the brenst
has been associated m a substantial number of patients with the
development of considerably greater than normal ervthroid values
tagether with myelord enythrocytic hyperplisia ™ ® Howerer
orchidectoms does not prevent the enythrocytic response to
wnemie or hyposte hypown™ ?* or cobalt ™ and the alterations
w erythropoietic activity subsequent to 4 deficienes or excess of
testosterone are mmommn]  Therefore the gonadal secretions 4

thongh capable of affecting erythrop and undoubtedly
responsible for the normal sex differences m erythrond values are
not the sole or basic deter of ery throporetie netis ity

The adrenal ghnds also ply a role m the regulation of ery thro
potesis  Adrenalectomy produces a shght anem in expermental
amgmals 2 # ¥ and corticosteronds induce erythroposetic stmula
tion 1w both normal and 1drenalectomized recipients ' * ¢ The
climeal counterparts of these expenmental obsersations are the
anexta 1 many patients with Addison s disease’ ** and the poly
cvtherm m some patients with Cushing s syndrome * However
the adrenals are not tial for the munt of etive eny
thropotess  The muamat depression of liemoglobin levels and
red cell counts renched wn the rat about three weeks after remoyval
of the adremals 15 followed by 1 gradual retum to norml values
m 80 days *' Adrenal cortieal extracts prevent the deyelopment
of tlns temporary alteration w ers thropaiesis thereby estabhishing
their role m sts production  The pohes themst produced in recip
1ents of cotticosteroids 15 more mmpressne thn the mummnd
changes which follow adrennfectomy Dot gt can be elieved ouh
by prolonged therapy over 2 number of wecks ™ Itsnot the type
of response expected of a pnmany en throporetic stumulint - Adre
natectomized ammals are adso ceapble of responding i 2 narmal
fashion to the stmulus mmparted by wxposurc to simulited Ingh
alttude # ° ® hemorhage® or cobalt® Consequenth  the
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adrenals cannot be considered active partrerpants an the funda
mental control of erythropoiesis

There 1s no doubt that the pitwtary glind 1s intimately related
to erythropaiesis and 1t hs been claimed by some to produce a
speaific envthropoietic hormone distinct from the other hormones
elaborated by this organ A modcrately severe anema together
with myeloid ersthrocytic hypoplasia consistently follows hypo
physectomy 1n espenimental ammalst! 31710 220535 and g5 pres
ent m patients with panhvpopitmtinsm* - Since removal of the
mtermediate or postenior lobes of the pitwitary does not produce
an anemin * the depressed erythropotesis must be attnibuted to
the absence of the anterior Iobe Iowever the bone marrow
contimues to function undcr these eircumstances and 1s still capa
ble of responding to a vaniety of erythroporetic stmult The ery
throud values do not show a progressive declme following ablation
of the pituitary  Instead they become stable approuimately 40
days after surgery and are then maintamed at this level for periods
as long as a vear ™ In addition hypophysectomized rats exlibit
active red cell regeneration after hemorrhage ** 7 or exposure
to total body x rrradiation * with restoration of levels character
wstic of the hypophy sectomized state  The incrense m ery thropozet
1e actmty 15 compatable n degree and promptness to that occur
g m unoperated anmmals similarly treated Furthermore 1t 1s
possible to restore normal values and even produce polycythema
1 hypophy { rats by the adi ation of cobalt ? &
Even though these animals do not respond to lowered barometnc
pressures that are capable of evoking erythropoietic stimulation m
mtact ammals® e g simulated altitudes of 16000 feet they are
responsuve to this hypovie simulus ** At 22 000 feet hvpophysec
tomized rats exlubit positive erythropoietic responses equnalent
m magmtude to those observed i normal controls*  Therefore
the pitwtary s not obhgatory for the typical erythropotetic re
sponse to hvpoua but the sensitivity of hypophysectomized am
mals to this stimulus 1s decreased

Studies designed to elucidate the patt of the posthy
pophvsectomy anemma mdicate that the pituitary exerts its effects
on erythropotesis chieflv through its varous trophic hormones
It 15 obvious that this anemic state 1s the result of a number of
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fractors  Hy pophysectormzed ammals are cipble of responding
m some mnner to 1 vanety of substinces including thyroun cor
ticosterords ACTH growth hormone androgens a lugh protem
ciet won wnd copper™ ' % Even so it 15 not possible to
restore normn] peripheral ery throid and marrow parameters with
amy of the wbove forms of treatment grven singly  Such ammals
huve decreased serum sron levels ™ ™ but storage won 1s ~ctually
merensed and therefore avaulable but not utihized for hemoglobm
svnthesis Combmation therapy with thyrovin and cortisont does
repur the anemin i hypopln sectormzed wnmls but marrow b
poplasia persists 1¥ % 958 6880 ¥y thys regard combined thyrod
ectomy and adrenalectomy are followed by an anemur simdar to
that produced by hypophysectomy alone ®* but the marron
ws more cellular This difference 15 appently due to the contin
ned presence of grow th hermone n thvreidectomized and adre
nalectomized ammals

Growth hiormone mnduces my clord ery throey hie In perplisni and
reticnlocytosis m by pophn sectomized rats but st does not ehim
wate the werm ¥’ * 56¢¢ 73 \When this hormone 15 gen to
these animals 1a addition ta thyroxm and cartisone Al wspects of
the posthy puphysectomy anemc state are allevinted ** Thus
the enthropaietie alterttions secondary to removal of the pitw
tuy apparenth result from the absence of wdrenocorticotropie
thyrotropic and growth stmulating hormones Since none of
these hormones 1ppear to be 1 puman, enthropmetic determn
nant it must be assumed thnt the prtwstary lso exerts a secondan
effect on eny thrapoesis

The evidence that has been responsible for the postulation of a
spearfic prtwitary ery throporetic factor deserves comment  Thes
concept ongmated vath Fliks and co wothers™ They gave n
evtract of bovine pituitany orlls to hypoply sectomzed amsmals
and reported that 3t stmulited erythropoesis These studies
were extended and supported by Contoponlos and his assocates
Although unable to estract an erythropetetiedlh actne principle
from the beef hvpophysis thes were successful i obtunng such
an agent from the antenor lobe of sheep pitmtan ghinds In =
serves of articles M 77 the latter group of myestigators reported
that this substance corrected the anemia seconds to hypopin
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sectomy and produced pols ¢y thema 1n both hypophyvsectomized
and intact reciprents  In addition they concluded that it did not
require the presence of the adrenals thyroid or gonads in order
to evert 1ts enythropoietic stimulatory effect However other
workers were unable te confirm these observations  and difficul
ties were encountered in prepanng a pitwitary extract that drd not
contan corticotropie actaty ° *

Since ACTH 15 capable of stmulating erythropotesis in both
normal and hypophy sectomized recipients the custence of a dis
crete pitmitary erythroporetic hormone 1s dependent on its sep
aration from ACTH Tlus separation has not been accomplished
and 1t has been concluded that the terms corticotropin and  ptut
tary erythropoietic factor must be considered svnonymous * Asa
result the evidence supporting a direct erythropoietic effect of
the pituttary 1s reduced to the obseryation that ACTH or pitwitary
extracts contaming this substance can stimulate erythroporesis
1 the absence of the adrenals ™ ** Adrenalectomized animals have
lugh levels of endogenous corticotropin actiaty 1 the absence
of any ewvidence of erythropoietic stmulation * Furthermore 1t
has not been possible to d trate dly an ery thropotetic
effect of corticotropin or anterior pituitary extracts i the absence
of the adrenals® Unless this can be done 1t would appear that
the concept of a discrete pitwitary ery thropoetic factor must be
abandoned

Observations such as those of Pihero*® on pleunglandular defi
ctent ammals exclude the possibihity that the hormones act con
jomtly to exert pnmary control over erythropoiesis  Smce the en
docrine glands apparently do not constitute the chief regulatory
center of erythropotess or directly affect the myeloid reticulum
some other expl for their ervthropoletic activity must be
sought There eusts strong expenimental support that it 1s direct
Iy related to their effects on general metiholism which m turn
determine oxygen requirements In this manner mcreased oxygen
need subsequent to an overall increase in metabolic activity would
result 1 4 state of relative tissue livpowa the generally acknow!
edged fundamental ervthroeytogemic stimulus even m the face of
normal erythroid values and normal oxygenation of the blood
Conversely a reduction m metabolic actnaty would produce m
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the presence of a normal ovvgen supply 2 situation analogous to
that created by transfuston poh eythema®™ ® or hyperova &%
both of which depress en thropoesis

In support of this hypothesis the observed ery thropoetic ef
feets of hormonal deficieneies ean be correlited with lterations
m metabolic ctnvity and oxygen consumption The role of the
thyrotd gland as 1 determmant of the rate of metabolism 1s of
course clear cut and hypothy roidism 15 associated with decre ised
ovygen consumption  Furthermore the appeirince of anemir m
experiment1l ammals or patients subjected to thy rordectomy comn
cxdes wath the drop in their metabolic rate and mproves as meta
bolic activity and ovygen utihization are incrensed following re
placement therapy ' The anabolic effect of testosterone could
also evplan 1ts mfluence on crythroporests and the curve of the
erythroey tic response 1 cunuchord men treated with testosterone
has been shown to parallel the ncrease in therr BMR 3 The
adrenal corticosterords also contribute to normal heat produc
tion ** Adrenalectomy 1s accompanied by decreased oxy gen con
sumption and cortisone or hydrocortisone are capable of restor
mg the metabohie rates of thvrordectomized 1mmals to normal
Hvpophysectomy 1s 1lso followed by decreased ovygen consump
tion which persists m spite of transfusions ® * Therefore 1t cmn
not be due to the decreased o¥ygen crrying cap terty of the blood
but must be the result of a reduction mn metabolic requirements
In hypophysectomized animnls the metabolie rate and the anenma
but not the mrrrow hypocellulanty can be corrected by the si
multaneous admmstration of thyroun and corbisone

The enthropoietic stmulation caused by hormonal excesses
mas be related to the mercased metibolie activity so mduced
The relatn e meffectn eness of thyroxin 1s an ery throporetic shimu
Ius 1 normal ammals the absence of polyvcyvthenia m patients
with hyperthyrordism and the prolonged treatment needed to
produce pohevthema with ACTH  the corticosteroids or testo
sterone do not necessanly detract from thus theory It is obvious
that many fretors must mfluence the final responsc Certun com
pensatory mesures e, the tachyveardia imcreased cardne eut
put wd Inpercapnma which accompany In perthyrordism m
be sufficient to mantun an adequate supph of ox gen without
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sigmficut elevation m the ervthroid values Thyroun cortico
steroids and testosterone all increase ovyvgen requirements In the
case of the pitmtary 3t would appenr to cxert its crythroporetic
action through its effect on the thyrowd and adrennls ACTH does
nccelerate calongenesis and erythropoiesis but only n the pres
ence of the adrenals * *

The single exception to this apparent relationslup between the
metibolic and ery thropotetic actities of the various hormones 15
the growth stmulating liormane of the antenor pitwtary Al
though capable of producing a reticulocytosis and augmenting
myeloid erythrocstic ccllulinty i hypophysectomized ammals
tlis Liormone fals to correct thie anema and does not mcreasc
ovvgen consumption® Since growth hormone can nfluence the
marrow without altening o gen consumption the possibility that
it may act direetly on the marrow appeirs likely  However this
cannot be dered a primary enthropoetic stimu

lant

Tt1s therefore concluded that the endocrine glands exert sec
ondany control over enthropoiesis through their effects on metab
olism and oxy gen requirements  Even though they serve to deter
mine 1n this manner the level at wlieh erythroeytic equilibnum
should be mamtamed they do not appear to affect the marrow
directly Thus the decreased erythrowd values which occur m the
presence of hormonal defi s mty be d to rep
normal levels for the rate of metabolic activity present instead
of a true anemuc state  In other words enthrocytic equlibnom
has been re established it @ new level which although lower than
normal for the species imvolved 15 shll adequate to supply suff
cient 1mounts of oxygen to fulfill the decreased needs of the
tissues This concept 1s supported by the normal cardiac output
1 ptients with hypothyroidism and anerma ' wherens acute and
chromie blood loss anemia 15 assoctated with an enhanced cardiae
output ** &

The theory that the end fl erythrop through
theirr metabolic actinity will also explun several other observa
tions  The latter include the need to expose hypophy sectomized
rats to lower bhirometric pressures than re required in the case of
normal animals m order to elicit an erythropoietic response and
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the merewed altitude tolernce of rits previoushs subjected to
thyroidectoms or given antithyrond substances®  Under these
crcumstances of reduced metabolism the oxygen requirements
would be less acute than m normal ammls  Consequenth a
more mthed decrease m ov gen tension of msprred mr would be
required to produce tssue hypowir or wn on gen supply msuff
cient to meet the reduced cellular needs

In summary the hormones elaborated by the prwtary ndre
mis thyroid 1nd gonids (androgens) are clearh eapable of ex
erting regulttory control over er) thropoesss as mamifested by the
anemy present when they are deficient and correctable by spe
afic replcement theripy  In addition these substanees also stim
ulite ervthropotess m normal reaipents but such actnate 1
usually shght and requwres m most nstances prolonged admums
tration of the hormone before it can be detected However these
organs are not needed to medrite the fundimental en thropoctic
stimulus of hypour  For this reason 1t m1y be concluded that
these hormones do ot participate 1 the primary ery throporetie
regulatory mechamsm but evert msterd 1 modifving or conds
tionng influence on erythropoesss  Current expenmental datr
indicate thnt these secondar, enythropotetic hormonal effects wre
related to the role of the endocrine glnds as determmuits of gen
ertl metabohe activity and cellulwr ovygen requirements



Chapter HI

EVIDENCE I'OR THE EXISTENCE OF HUMORAT
ERYTHROPOIETIC FACTORS

The regulatory meclnmsms responsible for the normal en
throud steady state and the nature of the stimult to aceelerited
erythropoiests during penads of increased needs e long attract
ed the attention of mvestigators It 1s evident that the formation
mituration and release of erythrocyvtes from the bone marrow
mto the aircultion are governed by cquilibrated forces which
mamtam normal erythroid values and deternune ersthroposetic
responses to stimuli ansing from physiologic or pathologic
changes Untl recenthy little was hnown concermng, the mecha
msms by which enythrocybie equilibrium was muntuned or re
stored  Substances required for the production of erythrocytes
such as iron folic acid nd vitamm B 12 cannot be considered as
exerting dircet influences on the rite of ¢rivthroporesis smee they
do not evoke an 1nerease in en throid values when admimistered
to normal amimals or man  Alterttions in erythropoletic act vity
following ther admimstration occur only mn the presence of re
speetive defieiencies Endocrine glinds the nervous system the
spleen hvpoua of erythrocytic tissue itself and humoral factors
of unknown origm have all been impheated i the regulation of
envthropolesis

The role of the hormones in the control of ery thropoietic activ
ity has been discussed mn Chapter II It 1s evident on the basis
of both climeal and experimental obscryvatons that the endocrine
glands are capable of exerting a modifymg influence on erythro
polesis However the hormones cannot be considered as funda
mental stunuli to erythrop and therr | poretic effects are
most likely meidental or secondary to their metabohe functions

The evidence for the role of the nervous system m the control
of ervthropoiesis has been reviewed by Grant and Root® Al
though neurogenic frctors Ithe others of endocrme origm appear
to modifv ervthropolesis perhaps by altering levels of equilibra

19
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tion 1t has not been comvincinghy shown that thew mfluence 15
primary
The spleen which m many respeets sull fits Galens deseription

asan organ of mystery  1s intimatels assocrated with hemopoie
ss Itis the clnef e throey togenie organ m lower sertebrates ind
15 an important site of hemopotests m human fetal development
In man splente reticulum cells persist throughout hie and retun
therr embryome hemopotetic potentinhties In addstion to s
phvlogenetic and ontogenetic roles m blood formation the spleen
also mfluences medullar, hemopotesis s 15 shown by the effects
of remoal of the organ s well as by disturbances affectmg 1t %
Yet many +f not all of the hemic changes obsers cd i such situt
tions my depend primanly upon the function or dvsfunction of
the spleen i the removal of corpuscular elements from the circn
lation  Strong evidence supports the opimon that the spleen by
means of humoral factors presumably produced by reticuloendo
thelial tissue may trrest the des elopment of myveloid cells or
bt the releise of mature elements mto the crrenlation How
ever the scarch for such an agent or agents has so far proved
unrewarding and the custence of 1 splenie hormone with 1 phy
siologae action on myelopoesis althongh claimed by some mves
tigators has not been estiblished

_/ The relationshnp of the o gen content of artenal bloed to ery th
ropotetic tetvit has been recogmzed for mamy vews  The
polyey themse response to hugh fatude was mtalh desenibed by
Bert m 1878" and 1882 and confirmed by Viauldt (1890) * and
Muntz (1891) ** Hypowa s the pumary en throposetic stmulus
was first proposed by Miescher m 1893t He concluded thit a
relitne degree of bone marrow hvpown 1s always present thus
mamntaimng constint ervthrord actissts From this coneept the
bhypothesis was formulated thnt the oxigen tension of the blood
reschung the hemic orgms or tts efficienes of trnsference toervth
rocvtic tissue determmes the rate of envthropoesis W heares
en throporetse Ty peracti sty s hnown to be evohed by deeretse
1 the v gen content of artenal blood regardiess of its cwse the
theors that hvpovia of marrow en throcy tie precursors 1 atself the
stmulus to mereased envthropoiesis has been disproved  Bouc
marrgw oxvgen saturation and tension 1 acute and chrome hem
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orrhagie anemin 1s normal™ ** although accelerted erythropore
s1s accompanies these states  Furthermore 1 vitro bone marrow
studies hase shown that 1 reduction m oxy gen tension depresses
rather than stimulates ens thropoietic activity 2 Nor 15 there
any evidence to suggest that mc‘?ﬂsed carbon dioxide tension acts
as an erythroporetic stmulus Mt 15 evident therefore that the
part played by hypoua in the regulation of erythropoiests 1s me
diated lhm})gh some means other than direct action on myeloid
elements

Camot and Deflandre first described humoral en thropoietic
stimulators actiaty 1 1906 1 197 In the course of research on the
regeneration of organs these myestigators discosered that the
serum of ribbits which had been bled was capable of ¢nhaneing
erythropoiesis when admimstered to normal rabbits as evidenced
by an merease 1 the recipients red blood cell counts To the
hypothetical sut P ble for the lators actnaty of
the serum of bled rabbits they gave the name “hemopoietine
Thus the theory of a humoral erythropaietic regulatory mecha
msm was born  They further postulated that a dynamic balance
eusted between hemopoietine” and another hvpothetical sub
stance “hemolysin” with augmentation of the former in states
associated with active erythrocyvte regeneration They also sug
gested that means other than hemorrhage re exposure to high
alutudes could produce similar effects

This fascmating concept of a humoral erythropotetic strtmulat
ing factor was responsible m the two decades following the
ongmal reports of Carnot and Deflandre for a number of attempts
to repeat their findings Gerhardt (1910) *** and Boveott Doug
las and Price Jones (1911) ' failed to obtam evidence of such a
factor However Gibell: (1911} was able to corroborate the
findings of Carnot and Deflandre He also extended the worl to
other species and first described the presence of m erythropoletic
stimulating factor in the sera of ammals rendered anemic by the
admimstration of phenylhydrazme During the same period
Muller (1812)"! and Morawitz (1913)" reported equivocal re
sults although the latter considered that the eustence of some
chemical agent possessing bone marrow stimulatory activity was
Iughly probable There followed scattered reports both m accord
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wnd 1 disagreement wath the eustence of 2 humoral exy throey
togenic substince  The studies of Forster {1024)"% were more
evtensive than those of eaher imvestigntors and he was the fisst
to demonstrate erythropoietic 1ctivity an the sera of anmals ex
posed to sunalited hngh alttndes

Lattle mterest was shown i the humoral control of eny thropore
us durmg the subsequent tuenty fire yews wd onhy sporadic
veports of experimental studies appewed m the hterature  Tlus
ss understandible 1m vies of the negatrve fndings reported by
mans workers and the rather marked discrepancies in data which
were submmtted m support of this hypothess Although ~ceepted
by some the theory of a humoral ery thropoietie regulatory meeh
wism was for the most part considered to be speculitne
and laching m expenmental confirmation  Gordon and Dubin
{1934)* cuned oot studies on memie and  mowuc serum
and concluded that hemopowetine was not present an such sert
Feenders (1936)*" aksa obtamed negutive results but Ter
(1938)""® ag un demonstrated fwanorad stimulation of et thropoie
sis

After another peniod of telitn ¢ mvestigatne mactnity Bons
dorff 1nd Jalwisto (1848)7 revinved the humoral theorn  Thowr
report led to aceelernted wmterest m this field and was followed
by 1 number of sigmficant stuches and observations T 4 seres
of experiments un obhang paribiotic rats Retssmann (1950)* was
able to show that exposure of one partner to lowered ovygen ten
ston mdueed aecelerated ers throporetic actvaty m the other
mal ny 3 w1 normd phere 1s evidenced by retienlo
evtosis nerensed ved cell levels nd mo eloid ery throey tie Biyper
plasit This enidence aithough mdireet provided strong, sup
port for the exstence of a humorl erythropotetic factor  Ersles
(1933)"™ obtuned clewr cut evidence of emthropoctic stmuls
tion m riblats mgected with plsme from other rbluts made
anemic by repeted bleedmgs  He pomted out the need for grang
large amounts of “wemic plasma m arder to obtan responses m
the seerprents Tlis observation nndoubtedly cxpluns many of
the prior negatn e results The demonstration m 1934 of ery thro
potetic actity m boded “ancmic” phsma extracts by Barsool,
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and assoctites! * tnd by Gordon and his co workers' ! greath
facilitated mmvestigation of the humoral factor With such ex
tracts 1t has been more foisible to use heterologous species as
donors ind reeipients thereby allowing the testing of plasma from
larger ammals and man 1n rats and mice

Since the renewal of interest i this subject research has taken
severil well defined directions There are currenthy five ap
prorches to the study of the humoral ery thropoetie factors 1)
Deselopment of new methods of demonstrating actnaty which
can be performed more quickly more easih and perhaps more
quantitatively than those now m use 2) Physical chemical wnd
plysiologie charicterizations of the substance or substances rc
sponstble for this phenomenon directed tow ard therr identification
ssolation and possible synthesis 3) Detection of the site or sites
of production 4} Measurement of actiity m pathophysiologie
situations such 1s ammals conditioned m various w1vs and n per
sons with 1 vanety of disorders imolving anemia poly evthema
and hypout 5) Attempts to quantitate the effects on erythro
potesis of extracts or concentrates of normal plhsmt which must
be done before evaluation of the possible role of decreased pro
duction of erythropoictic factors m certam anemias can be under
taken

Although the presence of a humoral erythropoietic regulatmg
mechamsm can no longer be demred ! ! * the nature site or sites
of production and modus operand: m normal and abnormnl states
relative to erythiropotesis have not vet heen clearly defined There
are considerable vanations 1n the findings that have been report
ed by different groups mvestigating this subject This may be
due m part to the of two'l 1 ervthropoiete factors
which differ in plvsical chermeal nd phy siologie properties

The two most commonly used names for tle humoral ery throcy
togenic agent or agents are hemopoletine s first proposed by
Carnot and Deflandre ' and ervthropoetin as suggested by
Bonsdorff and Jalavsto "' The latter has recenved wide tccept
ance We have been reluctant to emplov either term because of
the present lack of 1dentification of the suk or to
which the words refer In addition there 1s evidence of more than
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one factor m biologie matenals capable of stmulating erythro
potesis We have therefore preferred to designate these hnmoral
agents 1s the plisma en thropotetic factors pending the 1dentt
fication of their chermeal natures phy stologic actn sties and places
of origin



Chapter IV

METHODS OF DEMONSTRATING
ERYTHROPOIETIC ACTIVITY

The methods of measuring erythropoietic activity m test mate
mals have proved to be one of the major obstacles in the studs
of the humoral control of ervthropoiesis In contrast to i utro

h 1 tests based on resp of iy mg organ
1sms to substances possessing brologic activ ity are associated with
many vanables including spectes and indinidual differences It
1s necessary to know the baseline status of the selected target
tissue and to be able to predict with considerable accuracy 1ts
responses to active maternals thus enabhing interpretation of re
sults obtamned with substances of unknown actnity  Vath ad
equate controls for each expenment simultaneous testing in a rel
atnvely large number of ammals and utihzation of more than one
means of measuring response bioassay techniques can vield val
uable information

A single method of d g entl 1

g all of the ct desirable 1 an 1deal expern
menta\ situation does not eust These qualities include ssmphe
ity speed reproducibility and a vield of specific and quantitatine
data reflecting the rate of erythropoiesis Since alterations m mve
lowd en thropotesis are reflected 1n the airculating blood changes
1n the percentage of reticulocytes red blood cell count hemoglo-
bin and hematoent levels 1ron 59 erythrocy bic uptake and total
red cell mass have been widelv used as indices of erythropoetic
actaty  In add e and g ve e of
the bone marrow affords relevant information  Howeser when
these pamms—ters are used singly demonstrable changes even

though ily do not h a
vahd or mfallible mdex of true erythropoletic shmulatmn Con
1y the crythroporetic activity d 1n test matenals

can be accurately ascertamed only through a detailcd analysis of
both the peripheral blood and bone marrow of recipient ammals

25
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AVAILABLE METHODS

Prior to the mtroduction of racoisotopic techmgues for study
ing erythrokumetics such as the incorporation of won 59 m hemo-
glohin the only means of assessmg chamges m red blood celf pro-
duction were measurements of the perpheral erytlwoid values
the reticulocyte responses and murow erythroporetic activity
These determinitions together still constitute the best and most
relible means of e\ duating all aspects of erythropoiesss The
advantrges of this method of demonstr wting ery thropose tic stimu
laton are 1) The relative simphicity of the hbaratory procedures
mohed 2) The case with wiuch perpheral blood ¢an be ob
tamned for serial exanunations 3) The opportumty to study quaks
titive 1s well as quintitati e changes m ery throporests

Although there are several disads mtages to these teehmques
most of the enticisms ean be met f switable precautions are taken
Two vahd objections however are the pumber of duh mjections
required and the tume consumming nature of the laboritory proce
dures mvolved It 15 apparent that alterstions m ers throporctic
actnity sufficient to produce detectable changes m all of these
parumeters will not occur inmedratel  Reticulocy tosis may be
effected fter three dady mjections but st 1s necessiry to admm
1ster an en thropoietically active matenal for 1 persod of 10 to 14
davs m order to et sigmficant changes m the penpheral red
blood el levels and bane marrow ¢y tolog)y

Other disadvantages melude the mherent exrors m the tech
niques emploved the vanations of the peripheil ery throid y alues
among normal secipients and the possibihty of changes due to
{actors other than true altertions 1 ery throcy tic equilbrium The
statistical and techmcal ervors assactated with red cell cnumers
tion are recogmzcd  However when o throcyte counts are per
formed with striet observance of +l detuls of the procedure ™
the Iikelihood of an erroncous trend 1s virtualh elimnated  Inds
vidual vanations ameng the reaprents ean be largely 1ecounted
for by snformation concerning the range of normihity for the
measurements used nd by selcetion of the reciprents with respeet
to strasn sex weight and age The necessity for determmng
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baseline lesels and for having a suffictent number of test ammals
and controls 1n each expeniment 1s obyious

The cnticism that the changes m the penpheral ery throid deter
ymnations or bone marrow findings may not reflect actual stimula
tion of erythropoietic activty mvites serutiny - Examples of such
possibilities are the mcreased erythrowd values secondary to a re
duction m plasma volume ar the release of cells sequestered or
stored mn sites like the spleen the nonspecific reticulocy tosis which
may be produced by a number of agents such as potassrum arsen
ste or cholnergic dmgs * * and the marrow eny throid hyperplasia
and reticulocy tosts associated with hemoly sts

Hemoconcentration although capable of producing nses n
erythrocyte count } 1t level and hemoglobin measure
ment does not evohe reticulocy tosis or increased numbers of mar
row erythrocytic precursors A nonspeaific reticulocy tosis 1s not
accompanied by elevations in other ervthroid values or enhanced
marrow erythropotetic activity  Myelord ervthrocy tic hyperplasia
and reticulocy tosis caused by hemoly sis are not associnted with in
creases m crrculating red cell values  For these reasons the dem
onstration of symultaneous increases m ervthrocy te counts with or
without hemoglobin and 1t nises together with reticulo
cytosis and augmentation 1n the number of marrow erythrocy tic
precursors ehmunates flnd shifts nonspeaific reticulocy togenesis
and hemolysis as causes of the observed changes and provides
conclusive evidence of erythropoetic stimulation  However
when any one of these determinations 1s employed exclusively as
the sole method of demonstrating ery throporetic activity m a test
matenal the results must be viewed as inconclustve

The time consuming aspects of these conventtonal hematologte
methods of demonstrating erythrocytogeme activity m hiologie
materials have been responsible for a search for other means of
eheiting sumlar information  The mcorporation of won 59 1
hemoglobin and the measurement of tottl circulating red cell
mass by radiotsotopic methods have been widely adopted as rela
tvely simple ind quick assay methods  Although such means of

d rating erythropotetic stimulatory activity are consider

ably faster and have yrelded valuable nformation there are cer
tain Iimitations 1 therr use It 1s evident that only some of the
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quantitative aspects of erythropoesis can be 1ssessed by such
and qualitative changes cannot be detected Aug

mentation m hemoglobm synthesis 1s mamfested by the radioiso
topic techmques but alterations m mdividunl cell size and hemo
globin content are not revealed This fact assumes considerable
mmportance m view of the evidence that there are at least two
erythroposetic. factors which vary 1 thewr chemical plhysical and
physiologic properties (see Chapter V) Furthermore the dem
onstration of enhanced uptake of 1ron 59 m the erythrocytes of
reciprent ammals does not constitute conclusive proof that true
erythropoletic stimulation has been induced It must be borne in
mind that hemolysis results 1n a similar finding

Hodgson and hus associates ® have recently cmphasized other
hazards that may be associated wath the use of iron 59 mcorpora
tion alone as an mdex of erythropotetic activity They hve pro
posed the use of plasma iron turmover determinations which are
apparently mdependent of plasma iron concentration as a more
relinble means of detecting the presence of erythropoictically ac
tive substances 1n test matenals These workers e reported
data indicating that certain plasma extracts may affect 1won me
tabolism and lower cold plasma 1ron levels in recipient ammals
without enhancing hemoglobin synthesis  Such 2 mechimsm
could lead to increased 1ron 59 mcorporation and erroncous con
clusions 1n regard to the erythropoetic actvity of the substince
being tested

In spite of therr hmitations and the need for caution m the m
terpretation of expenmental results the convemence of the 1so
topic tracer techniques are such that these methods constitute
valuable resenreh tools m the study of the plasma erythropotetic
factors  The advantages of the iron 59 techmques include the
speed with which an ass1y can be completed and the few mjee
tions and consequently the small amounts of test plasma or
serum required

In respect to the species of the recipient or test ammal rib-
Ints and rats have been most cxtensively used but monhevs®”
mice ™ 1A gunea pigs U0 dogs M° and man™™ 12" 3 have
also been emploved Due to the lack of species specific respon
ses sclection of the recipient amimal appears to be relatss el un
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unportant  The necessity of admimstening a large wmount of
plasma or serum has m many mstances precluded the use of
more than a few recipients m any single expeniment  Tlus prob
Tem has been largely circumvented by the use of heat denatured
plasma extracts which have made 1t possible to employ Jarger am
mals or human subjects as donors and smaller anmals usually
rats as reciprents

Recipient animals have been treated prior to testing n vanous
ways 1n order to demonstrate more readily their responsiveness
to erythroporetic stmulition  The earhest experiments were con
cerned with the rate of restoration of normal erythroid values in
ammals rendered anemic by bleeding However these ammals
already have accelerated ery thropo etic actity secondary to blood
loss and differentiation between the effects of endogenous and
exogenous erythropoetic factors m bled recipients 15 impossible
Furthermore there 1s experimental evidence to indicate that there
1s 2 pomt of mavimum dose response to the admmstration of
enthroporetic stmulatory matenals The ability to detect aug
mentation 1 red cell formation following the admmstration of
additional amounts of the plasma factors to amimals that already
possess enhanced plasma activity 15 therefore improbable More
over the production of a change m the erythroid steads state 1s
more indicatrve of specificity of action than the modification of a
previously accelerated rate of red cell formation

The use of reciprents conditioned 1n such a way as to depress
their erythrop actnaty b has advantages particular
I+ 1n respect to mcorporation of labeled 1ron n new hemoglobm
Although this method has been employed m normal rats 3% 12 the
uptake of 1ron 59 1n the erythrocvtes of these animals 1s so great
and vanable that 1t 15 often difficult to ehert significant differences
between the controls and the reciptents of potent plasmas Con
sequently 1t 15 important to depress erythroporesis and the mcor
poration of 1ron 59 m hemoglobin prior to the mjection of the test
plasma thus allowmng the develop of easily d bl
differences between observations on control ammals and those
receing active materials  Depression of erythroporetic ac
tnaty can be accomplished by hypophysectomy #0144 starva
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tion! 71 M transfusion polyeythemin ¥ 17 total body ¥ irra
diation ** or the administrition of nitrogen mustard 1011

Procedures designed to depress erythropotests sen e no useful
purpose when measurements of erythrocytes hemoglobm hema
toent reticulocytes or myeloid erythrocyic precursors are used
to test stumulatory activity  Although the uptake of won 59 m
hemoglobin 1s curtailed to 100 per cent of the admimstered ridio
activity the above determinations have 1n Almost unlmuted po
tentinl for merease For this reson together with the require
ment for significance of changes of an equs lent magmtude over
the brseline values regardless of their actunl level the introduc
tion of vanables associated wath depression of the reciprents
erythropoletic activity 15 not wrnted

Other means of demonstrating en throporctic actiaty melude 1
technique recently descnibed by Matoth nd co workers ' These
authors studied the cffects of sera from patients with anemic and
hvpouc hypovia on the prohferitiye activity of human ervthrocy tic
precursors 1 vitro  In brief their method consists of the culture
of human bone marrow suspensions i plism- clots to which small
amounts of normal or Inpoxic sera are added  After incubrtion
m 1 roller apparatus for 17 hours at 37 C  the clot 15 dissolved
by the addition of trypsin solution and 1bsolute nuclented red cell
counts are obtamed These determinations are then compred
with each other and their respective baschne values  An nercase
mn envthrocy tic clements m the cultures contuning hypoue sera
serves 1s mn mdex of the erythroporetic simulatory activity of that
material  These investigators noted about equal numbers of nu
cleated red cells before and ~fter culture with normal serum and
terpreted this obseryation as evidence that cell proliferation hnd
occurred m these cultures or a drop would have been evident due
to maturation to later forms wd cell death A sigmificant mnerc e
1n these cellular elements w s obseryed after culture with 2 num
ber of sera from patients hasing hy poxemia secondary to congen
1tal heart disease and with «nemins of varving ctiology  Such an
1 vtro assay offurs several advantages includmg the small imount
of phsmn or scrum needed for study the opportumity to abscrve
quntitatne changes n envthropoictic tissue and the testing of
human material in 1 homolegous sy stem



Vethods of Demonstrating Frythropoetic Actiusty 31

Other mmestigitors using different techmques hwe also te
ported an mcrease in the number of r throeytic precursors m
Dbone marrow cultures contanung “anemic” plasma or serum* >~
Although in titro culture techniques hold considerible prommse as
an imestigative tool m the study of the humoral en thropoietic
factors and certamh desenve thorough exploration 1t should be
pomted out that mamy technienl problems eust  These include

among others the difficul d with ot umform
cell suspensions and accurate counts together with the deselop-
ment of techmq duenve to both prolf and the mat

uration of en throcy tic precursors

The enhanced uptahe of 1ron 59 by 1 titro marrow cell cultures
following the addition of actrve test matenals has also been used
as a method of d o d enthropotetic activ
ity ' - Even though the imtal observations suggested that 1t
i reflect altered rates of hemoglobin synthesis many possible
sources of error are evident Jandl and his associates' * were un
able to observe any differences m 1on uptake by reticuloci tes m
the presence of “anermc” plasma or “normal” plasma  These work
ers have concluded that the uptake of iron 1s not alwavs hinked
to heme svnthesis and have shown that rron bound to the iron
bindmg protem 1s readils and preferentially transferred to imma
ture but not mature erythrocytes whereas free cationic 1ron 1s
adsorbed onto the membranes of either mature or immature red
cells The latter ron but not the former can be eluted with ethy1
enedumimetetracetic acid  Only the immature cells are able to
mcorporate this membrane-bound 1ron mto heme In addigton
morgame iron forms hvdroxy compounds which are collordal and
mught be spun down as particulate matter and create the false
mmpression that 1t had been taken up by the marrow cells For
these reasons sanations m free and protemn bound iron available
to marrow cells i culture may greatly influence the results There
fore the mterpretation of alterations 1n the uptake of mon 59 by
m tifro marrow cultures 1s complex, and conclusions based solely
on this finding are subject to question

Gordon and Ius assoctates' ! have deeloped a techmque for
the di Tation of d ery throposetic activaty 1n the 1solat
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ed hind hmbs of rats  These i estigators have reported unequn
ocal mncreases 1 the number of nucleated erythrocytic precur
sors i the marrow of 1solated hind imbs of normal rats after per
fusion for four hours with the blood from other rats subjected to
low ered barometric pressure bled or gisen phenylhydrazine Per
fusion of normal rat imbs with normal blood did not sigmficantly
wmcrease the number of erythroeytic precursors as compared to
those found 1n the control or nonperfused lwabs The prompt vaso
constrictor response of these 1solated hmbs to epmepherne the
absence of ngor and edemn the constant utihzation of glucose
and oxygen the m-untenance of normal biochemistry of the per
fusate and the mcorporation of C1* glycine into radioactive heme
wsolated from the red cells of the perfusate a1l indicate that the
functional ntegnty of the limbs 1s mantuned Therefore this
method of demonstrating erythropoletic activity would appenr to
possess mamy of the advantages of in vitro culture techmques
without the obvious d sadvantages of the latter

According to Rnmbach Alt and Cooper ** the mcorporation of
radioactive phosphorous (P* )} mto desoxynbose nucleic acid
(DNA) of bone marrow and splenie cells rcflects accurately the
rate of ther division and also serves as a useful measure of re
sponst, of these tissues to erythroporetic factors  These workers
have determmned the relatn e spearfic activity of the DNA proten
m bone murrow and spleen as well as the distribution of iron 59
n bone murrow red cclls spleen and hver following the injee
tion mto normnl rts of boiled filtrates of plasmas obtamed from
anemie rabbits

It 15 reachly wpparent that a number of yaried methods of dem
onstriting erythroporetic activity are available to investigators
studving the plasma factors Each possesscs certam advantages
and disadvantages nd 1s capable of rcflecting changes in one or
more of the multple plysiologic processes which encompass
crvthropotesis The many techmques that have been devised at
test to the overall compleaty of red cell formation nd emphasize
the difficultics associnted with attempts to assess alterations mn all
aspects of my elord en thropoictic activity
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DESCRIPTION OF TECHNIQUES

The majonty of our studies huve made use of changes in the
penipheral ery throid determimations nd bone marrow cy tology as
indices of envthropoietic stunulation Normal Wistar stram rats
weighing about 160 grams have been employed most often as
recipients The use of younger rats 15 madvisable because of thewr
already accelerated rates of erythropotesis and resultant poor re
sponse to additional ery throporetic stimuli ' Early observations
falled to rcveal any sigmfient sex differences in response and
female rits have been used subsequently since they possess the
advantage of a slower growth rate than males Tle experimental
groups have consisted of 1t least six rats  When sufficient quant:
ties of test plisma were avulable the number has been greater
In each experiment a control group of the same size has been
gwven Ringers solution or normal plasma In some expenments
both Rmngers soloton and normal plasma controls have been
employed

In most of our experiments daily mjections have been equiva
lent to 2 per cent of the recipient s body werght with plasma ex
tracts being reconstituted to the ongmal volume of the plasma
prior fo admmistration  Inttinlly the daily injections were con
tinued for a period of three weeks but more recently the bio
assay has been shortened to ten injections gien over a two week
period (Saturdays and Sundays excepted) All ammals are
wetghed twice weekly and the daily dosage adjusted accordingly
Injections are usually grven suk ly however mtr:
or mtraperitoneal routes are equally effective

The baseline hematologic studies consist of hemoglobin and
hematoerit measurements and  erythrocyte and reticulocyte
counts Hemoglobms are determined by the cvanmethemoglobin
method 1 its by a ) crit techmique and eryth
rocytes are enumerated by hemacytometer Reticulocytes per
1000 red cells are counted on dried brilhant cresyl blue coverslip
films counterstamed with Wrights stam  The period of observa
tion usually extends for one to two weeks after discontiuation of
the mjections  All determinations are repeated at seven day mn
tervals throughout this time with the exception of the reticulo
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¢ytes which are obtumed twice weekly  Blood 15 procured from
the tul vemn of the rats and n cffort 15 1lw1vs made to present
any appreenble loss over that required for the hematologie
studies

At the conclusion of the myection peniod and after the penph
eral hematologic values have been determined approuimately
hlf of the 1mmals 1n each group are hilled and femoral marrow
evunmmed The remunder of the amnls can then be followed
m regard to the ripidity of the return to normal ery throes tie cquu
ibrum  Myeloid erythrocvtie hyperplasia represents the most
comvinemng smgle method of demonstriting changes 1 erythro
potetic actinaty and a number of techmgques for the quntititne
study of bone marrow hve been devised ® ™ The following
method which we have selected for studymg rat marrow has
been m use m our laboratories for mamy years The ammnls are
amesthetized with ether and exsangumated s the abdommnal
aorta Both femurs are then removed by cuttmg through the up
and knee jomnts with sharp scissors  The ends of the femurs re
cut off a rubber tube with a moathpiece 15 attached to one end
and the marrow 1s expelled onto 2 watch glass It 15 oceasionally
necessary to loosen the murow with 2 fine wire Tlis materral
1s then drawn up nto 1 red cell counting prpette diluted with 2
mixtare of hlf serum (human or anmnl) and half 4 per cent
acetic acid shiken by machme for 2 pertod of at least 30 rn
utes nd counted by hemacy tometer as for an ery throcy te count
One or two drops of serum 1s added to an approumately equil
amount of the remumng marrow 1nd mned until 3t 1s homoge
neous and of flmd consistency  Covership films are made stuned
with Wrights stun 1nd 500 cell differential counts are done The
absolute 1 1lues for exch cell ts pe c1n then be calculated from the
total marrow nucleated cell count  This procedure 1s carried out
on the material from both femurs and the counts averaged to
obtam the marrow cells per cu mm for each indisdual rat By
use of 2 scrum tcetic 1eid diluent good separition of myclod
elements for counting 1n the hemnes tometer 1s 1chneyed

As previously emphasized umformity of the reciprents and
establishment of the range of normal for the determinations
used m measunng changes m ersthroporctic actinty are prerequ
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sites for the interpretation of results The average erythrocyte
count hemoglobm level hematocnt value and reticulocyte per
centage with therr respective standard deviations from the mean
of 400 normal femnle Wistar strain rats weighmg 140 160 grams

TABLE 1

AvLiack ERYTUROID VALUES AnD MEeas STANDARD DEVIATIONS
oF 400 Nonstat, FEMALE W 1sTAR STRAIN RATS

Standard
Determination Mean Devigtion
Erythrocytes 774 086
(millons per cu mm )
Hemoglothin 137 11
{grama per 100 ml )
Hematocnt 443 30
(volumes per cent)
Reticulocytes
(per cent of 29 13
erythrocytes}

TABLE I

MARROW GRANLLOCYTIC anp NucLEaTED Emvrunocyric Cert Counts
MEa~ VALUES OF 64 NorvaL TEvaale WisTAR STRAIN Rats

Total Total
Granulo | Erythro-| Rubri |Prorubri| Rubri | Metarubrs

eytic cytic | blasts | cytes | cytes cytes
Cells Per
Cu Mm | 1047150 {322055 | 2845 | 8960 | 40102 | 241500
Ter Cent of
[All Nucleated | 642 178 02 06 24 145
Cells

are listed 1n Table I The average femoral marrow nucleated cell
counts of 64 normal control rats e tabulated 1n Table IT

Before discussing the details of the techmque of won 59 1n
corporation as a method of demonstrating ery thropotetic actiy ity
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1t would seem desirable to review the various means of condition
g recipients prior to their use as test ammals vaoph)sec
tomy 1 rats 1s followed by 1 great reduction 1 the uptake of
won 59 1 arculating erythroevtes  Changes mduced by erythro
poretic factors may therefore become strihingly apparent in such
ammals s has been shown by Fried and co workers™*® and by
Mirand and Prentice ' The contention of the former ~uthors
that the hypophy sectomized rat 15 actually more sensitive to the
cffects of anemic plasma factors 15 not proved since the abso
lute nise i the won uptake 1n the intact aimal may not differ
appreciably from that of the hypoplvsectomized rit” Neverthe
less 1t scems plausible as suggested by Fried and hus associates 2
that during the first few weeks after Iy pophysectoms the levels
of curculating erythrocyvtes and hemoglobins are Ingher than e
required for the reduced metabolic status of the animal and that
a state of relative plethora 15 present It may be argucd reason
ably but without proof that the endogenous production of the
eryvthroposetic factors 1s thereby rednced ind that the responses
of the recipient amimals to potent matenals become more evident
although not necessanly exaggerated However Mirand and
Prentice'* used rats 40 days post hypophysectomy at which fime
hemic equilibrium had been re established  They reported results
comparable to those of Fried and co workers

Ammals are suitable for testing as recipients of cry thropoietic
factors cight days after hypophysectomy Rats so conditioned are
delicate and losses due to ntercurrent nfections and adverse
emvironmental conditions mav be heavy Furthermore they ex
Inbit erythroporetic responses to 1 vanety of hormones and nu
trients (see Chapter II) which might be present n test matenals
It should also be noted that substinees such as ascorbic acid nd
sochium bicarbonate® induce a nonspecific reticulocy tosis in hy
pophy sectomized rats In addiion Gordon and lus associates’
have reported increased numbers of erythrocy tic precursors in the
1solated ind Limbs of hypophysectomized rats after perfusion
with normal blood In order to obvite these disadvantages as
well as to explore different modahities vanous other methods of
prepanng amumals for iron uptake studies hve been devised

Starvation of rats for three days ™" allowing water ad lbitum
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has been found to result in 1 reduction of 1on meorporation in
new hemoglobin attnbutable to Jowered oxigen tissue consump
tion and decreased hemoglobin requirement  Such ammals re
spond to the d wtion of en throp factors by 1 greater
than five fold increse m iron uptake However as the penod of
starvation 1s ncreased from three to scven d1ys these amimals
show a greatly diminished response to the injection of active
plasmas  This decreased sensitivaty 1s probably due to the overall
deterioration of the amimals  These amimals are 1lso difficult to
handle nd the possbality evists that they my respond to cer
tain nutnients in the plasma or serum bemg assaved

The mduction of 1 polycythemic state by the mfus on of red
cells 1 both experimental ammals' °  and mn® causes an
almost complete but tcmporary cessation of erythropoiesss The
merease 1n oxygen carrying eapacity of the blood over 1nd above
that required for normal cellular metibolic activity presumably

the end lab of the plasma factors and

thereby depresses red cell production 1 * " Normal rats given
approumately eight daily 1ntraperitoneal injections of 2 ml of
washed homologous ervthrocvtes suspended mn salme have he
matocnts between 70 and 75 volumes per cent and a defimte de
crease 1n the rate of incorporation of 1ron 59 i hemoglobin
Antmals so treated have been shown to be quite satisfactory recip
1ents m the short term assay for the plasma erythropotetic factors
On th 1 il polyeythemiy would appear
to be the best mmlable means of depressing crythropo esis m the
reciprents  Although the other methods are necessarily associated
with many vanables and must produce effects other than on
hemopoietic elements transfus on polycythemia most ikely de
presses erythropotes.s through a normal physiologie mechan sm
Mice rendered polycythiemic by transfusions'™ are also suitable
recipients

Rats matamed for 10 d1ys 1n an atmosphere of 85 to 95 per
cent oxygen also display a reduction 1n the uptke of 1ron 59 in
erythrocytes ! The sume reason given for the altered myelod
erythropotetic activity secondary to transfusion polycythemia
probably explains this finding Since these animals do not sunvnve
1n a lugh oxygen atmosphere for more thn two weeks depres
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sion of ervthropotesis by the production of transfusion polyey
therma 1s more practieal

Darect mjurs of mvdoid elements 15 followed by 1 decrease in
red cell production due to fewer numbers of ery throevtic preenr
sors nd has also been used to moddy the uptike of wron 59 m
reaipients prior to the admmistration of erythrocytogeme mate
nals For tlus purpose ¥ uradiition and mitragen mustard hwve
been employed as mitotie poisons  Stohlman and Brecher'*
hwe shown that sublethally mradited rats have deereased won
59 uptale m exytleocytes Actwe plismas rdmunustered to these
antmals mduce 1 clear cat mcrease n the rate of 1on 59 mcorpo
ration 1n hemoglobm

Nitrogen mustird treated rats lso hwe reduced uptrhe of
1ron 39 and are switable reciprents for demonstrating ery thropot
etic stmulatory activaty 2 2 A satisfactory dose which produces
sufficient depression of ery thropaiesis for the purpose mtended is
04 mg of mtrogen mustird per hilogrum of body weight Itss
important that the won 59 be given withm 1 48 hour perod fol
lowing the admmustration of mtrogen mustard  After this itenv 1t
of time hs elipsed the uptake 1s 1ccelerted presumabhy due to
the regencration of the marrow  The mjection of 1ctive plsms
cvokes m these ammals 1 four to five fold merense in the pereent
age of rdiorctmity nccounted for i hemoglobin at 18 aud 24
hours Howcver as is common to nearly all methods of depress
mg en thropotests 1 recipient ammals prior to the admmsts 1tion
of test plasmas or sera there is some varibility 1 the responses
of mitrogen mustard treated rats

Although the mechmisms by which red cell production 1s de
pressed vary with the method used to prepare the test tmmals a
ducretse m the uptake of won 59 1n arenhiting hemoglobin en
sues For the rcasons gnven hypertransfuston would appenr to be
the most satisfactory menns to rchieve en thropoietie suppression
However with adequate controls any of the other methods v i
vicld valid datv The use of conditioned reexpients 1 the ridio
10N Incorpar thon hmque of rating,  erythrop 10
actnaty 1s important even though these ammnls may not show 1
greater absolute envthrapor hic response than do normal ammnls
Such recipients of en thropoctic stimulatory agents do however
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have relatively stable and uniform rates of 1ron uptake as opposed
to the wide fluctuations evident among normal rats and 1 the
senial determmations of a single ammal The small percentage
of injected radioactivity recoyerable in the eirculating hemoglobin
of anmmals with depressed red cell production allows only shght
svariation in the ndividual values Therefore the enhanced 1ron
mcorporation induced by actue plasmas or sera 15 more evident
and consistent

The methods used by different workers to measure mncorpora
tion of radioiron m hemoglobin have been qute umform \Minor
modifications nvolve the amount and number of 1njections of the
test plasma and the intenvals of time after the administration of
the Iabeled iron that blood specimens are obtained for counting
We have emploved the following techmque 1n our studies utiliz
g this means of demonstrating erythropoetic activity

After the test amimals have been prepared by the method select
ed to depress 1ron 59 uptake the matenal to be tested 1s mjected
m an amount equinvalent to 2 per cent of the recipients body
werght and repeated 6 and 30 hours later Each expenment has
mcluded a control group gnen either Rmgers solution 1sotonie
salme or normal plasma  Followmng the last injection 05 ml of
ferrous (Fe 59) aitrate contaming 2 we of radioactivity 1s gnen
travenously mnto the recipients tail vein  Eighteen 24 and 42
hours later 002 ml samples of blood are drawn mto capillary
pipettes for the of rad 1ty and h lot
content The sp so ob d are diately plnced nto
5 ml of cyanmethemoglobin or Drabkin s solution and the hemo
globin determined 1n a photoelectric colorimeter Two 2 ml ali
quots of this solution are then placed 1n seintillation well counter
tubes and counted D d are d by diluting
05m! of ferrous (Fe 59) atrate contaming 2 pe of radicactivaty
to 250 ml 1 a volumetric flash Three 2 ml aliquots of each are
counted m a scintillation well counter and the average taken as
the standard for total mjected radioactivity  Smce the wron 59 n
05ml was diluted to 250 m}  the total injected counts per mm
ute 15 the product of the average counts per runute m the 2 ml
standards multiplied by 125 The counts per minute per ml of
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it blood are obtuned by multiphing the 1 erge counts per
mmute in the 2 ml samples by a simihr factor of 125 (002 ml
of blood 15 diluted to 5 mi and 2 ml dquots wre counted) Each
ammal's average hemoglobm 1s corrected to 15 grams per 100 ml
for purposes of standardization  Blood volume 1s then ealeulated
on the bsis of 4 59 ml per 100 grams body werght 1%

Blood Volume (BV ) == Weight x 0459 x Hemoglobin
15

Utthizing this value and the mewn counts per mmute {(c/m)
2 ml of the sample and standard respectneh the per cent up-
take of 1ron 59 1n the ery throes tes e be erlculated from the fol
lowing formuln

% BBC Fe 59 Uptaike == o/m (2 ml sample) » 125 ¢ BY x 100
o/m (2 ml standard) < 123

or

c/m {2 ml smple) x werpht ¥ hemoglobin x 0306
c/m (2 ml standaxd)

Mewurement of the total erculiting red cell volume by the
sron 59 Inbeled cclt dilution techmquie '™ has also been used by 2
numbcr of myestigators to determme the ers throcy bie stimulating
eaprerty of test matenals  Tlus means of demonstrating er thro
potetic actnaty daes nat offer amy distmet ady intage over the
won 59 uptake techmque  The results with both of thesc mcthods
are m agreement and the mformation so obtamed in regrd to
changes mduced 1 en thropoesis » comparable The detals of
this techmque and the other less frequently uscd methods are
readily wastable 1n the htcrture

SUMMARY AND CONCLUSIONS

Hemoglobin and hematacnt determmations erythroes te counts
retienloevte response nd marrow evtologie studies sn normal
rats gnen 10 to 34 duby mycetions of an erythroey togeme mate
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rial 1s the method best swuited to vield direct evidence of both
quantitatine nd quilitatine changes m ervthropotetic acivity
However the number of duly injections and the total amount of
plasma or serum required to clieit defimtive evidence of eryvthro
poretic stunulition by tlus techmque are so great that it 1s prac
tical only when heterologous plisma extracts from larger donors
are grven to smaller test ammals

Study of unmodified plisma whether from 2 donor of the same
or different spectes thn the reeipient usually necessitates the use
of 1 short term ass1y teehmque such as the meorporation of 1ron
59 m hemoglolnn  Tlus mcthod permuts the study of relatwvely
small amounts of homologous mntenal and as has been generally
assumed the use of unmodified heterologous plasma wathout the
mduction of 4 foreign protem reaction A recent study by Lowy
and his co workers™ casts doubt on the validity of the latter
statement  These mvestigators hve reported that boiled fltrates
of anemic rablit plisma produce polycythemit i ree prent rats
However several mjections of the unmodified parent plasma m
duced hemolysis and  resultmt deerease in hemoglobm  Similar
results were abserved followmng the 1dmimstration of whole nor
mal rabbit plasma to reapient rits but the boiled filtrate of
these plismas had na effect They concluded that this hemolytic
action 15 relted to the development of antibodies i the rats
given unmodified rabint plasma and recommended that such ma
terals be heated to destroy the antigen aity of the plasma pro
teins prior to testing  Plasma brought qu ckly to 75° C and 1m
mediately cooled was found to retan full ery thropoietic actvity
without sensitizing recipients of a different species

In view of the abave observations we agree that heterologous
plasmas should be heated prior to testing,  Short term asswy tech
n ques which utilize iron 59 mcorporation or reticulocy te response
as a measure of ervthropo ctic st mulation would be altered by
hemolysis thereby obscuning the true significance of the results
obtamed It 1s smportmt howeser to boil for less than five mm
utes when using the won 59 uptahe techmque Our studies and
those of others indicate that prolonged boiling will mactate
the agent 1n 1ctne plisma whieh stimulates hemoglobn synthests
{see page 75)
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Although 1ron 59 uptake studies are capable of demonstrating
augmentation n hemoglobm synthesis they do not serve as an
mialhble index of true enthropoetre stimultion and £l to re
flect changes i other aspects of erythropoiesis such ns those
which determine cell size and hemoglobm content Therefore
this assav method 15 most useful as a rapud screening procedure
for the presence of enhinced erythropotetic actnity m vanous
test materials or i situations w here msuffictent plasma precludes
the longer wnd more tedious techmque utihzmg changes m the
perpherat erythroid values and marow evtology s mdices of
erythropoietic stmultion However as 2 prehrymary mdieator
we believe a reticulocyte count m rats or mice goven three to four
darly mjections of actne materials 15 just as mformatie and con
siderably less complex

Alteratsons 1 reciprent ammals of mdnidual parnmeters even
though capable of reflecting 1 crythrop cannot be
construed as unequivocal evidence that the ngent being stadied
possesses true erythropmetic stimulatory properties Thus w1
crease m won 59 uptake or plisma won turnover may be due to
hemolysis or the former may result from 1 lowening of the cold
phsma iron level by the test substance reticulecytosis might re
flect hemolvsis or 1 nonspeafic response myelowd ery throcy tic
hyperphisia could be crused by hemolysis and angmentation 1n
erther hemoglobm or hematoent levels red cell counts or total
euculating red cell solume e oeccar with hemoconcentration
or release of sequestered or stored enthrocytes

On the other hind the fasdlure of tust mnternls to enhance
1won 59 incorporation m hemoglobim or to tugment the liemoglo
i hematoent or total red ccll mass does not necesswrsh men
that the substance 1s desord of enthropoietic actnaty  These
measurements may reman stable m the face of an merensed
rate of production of smail cells (see Chapter V) For thesc rea
sons caution must be employed m the mterpretation of cxpen
mental resalts based on mereases m single determuuations such
as won 59 uptake reticulocyte per hemoglobin levels cte
Although such changes mw be the result of truc ery throporctic
stunulition the possialits that they mny be due to other causes
cannot be entircly excluded The evidence so chested must there
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fore be considered meonclusne Many of the published obser
vations on the humoral eryvthropoictic fictors hve used single
parimeters most notably 1ron 59 uptake with or without con
comtant reticulocyte counts to demonstrate the stmulatory ef
fect of certain matenals  Valuable information has been obtamed
n tlus manner but the conclusions denived therefrom although
not necessanilv maccurate or imahd should recewve additional
confirmation

Tt 1s apparent that there 1s as yet no entirely satisfactory short
cut avulible to v estigators studyng the humoral ery throporetic
factors  Although the detailed analysis of both the perpheral
blood and bone marrow responses i recipients of test materials
permts 2 rather complete quantitative and qualitative assessment
of changes 1n erythroporetic activaty 1t remamns a lengthy labo
nous method Howcver pending the deselopment of shorter and
more imformative techmques this disadvantage must be accepted
1f reliable and sigmficant data are to be obtamed



42 Factors Controlling Erythropotesis

Although 1ron 59 uptike studies are caprble of demonstrating

gmentation m hemoglobin synthesss, they do not serve as an
mfthble index of true en thropoetic sumulatson and faf to re
flect changes m other aspects of erythropotesis such as those
which determme cell size and hemoglobm content  Therefore,
this assyy method 1s most useful as a rapid screenng procedure
for the presence of enhanced crythroporetic actity m vanous
test maternls or mn situations where wsufficient plisma precludes
the Jonger and more tedious techmque utihzing changes 1 the
peripherl erythrord values and marrow cyvtology as mdices of
ervihropoctic stimulition However as a preimmary mdieator
we belicse 1 reticulocy te count m rats or mice given three to four
duly mjections of actne maten ils 15 just 1s mformative and con
stderably Jess complex

Alterations m recspient ammals of mdnidual parameters even
though capable of reflucting mereased er)thropotesis cannot be
construed as unequivocal evidence that the 2gent bemng studied
possesses true ervthropoietic stmulatory properties Thus anm
crease 1 1on 59 uptke or plisma iron turnover may be due to
hemolysis or the former may result from a low ering of the cold
plasma 1ron level by the test substance reticutloey tosts mught re
fleet hemolysis or 2 nonspecific response, mycloid erythrocytic
hiyperplasia conld be crsed by hemolssis and rugmentation
erther hemoglobms or hematoenit levels red cell counts or total
circulating red cell solume can occur with hemoconcentration
or release of sequestered or stored ety thracytes

On the other hand the fulure of test matenials to enhance
rron 58 meory m hemoglobn or to augment the hemag}
bm hematocnt or total red cell mass does not necessaridy mewn
that the substance 1s devord of erythropoietic actinaty  These
measurements may remain stable m the face of an mereased
rate of production of smll cells (see Chapter V) For these rca
sons cution must be emploved 0 the mterpretition of expen
mentil results based on mcreases 1n simgle deternuvations such
as ron 59 uptahe reticulocyte percentage hemoglobin levels ete
Although such changes may be the result of true ervthropotetic
stimulation the posstbility that they mav be due to other causes
cannot be entirely excluded The evidence so ehicited must there
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1o the coagulum and 1t was thoroughly stirred bonled for an addiional 5
minutes and refiltered  This step w s repeated two more tines

The il fltrite and wasthings were then concentrated i vacuo to the
ongmal volume of the plismy _Subsequent expenments hive shown that
ths latter step et be accomplished more ¢ 1sily by addition ]l boding with
out alteriny, the degree or type of envthropmetic respanse_observed in the
recipient  In more reeent studiestherefure we have used this method of
cuncentratimg the filtrate obtuned from the prelmimary Lotling and sub
solucnt washings

wnce the miterial at this stage of its prepiration was gute turbid 1n

appearance presumably du  to the presence of retuned praten materal
Precipitation with pcrcf]lonc aaid was curted out The boiled extract was
chilled to 5 € and cold 55 N\ perchlanc waid w s added to 2 final concentra
tion of 05N\  This materiyl was then filtered the temperature being mun
taned at 5 C and the pil was rewdjsted ta 60 by the addstion of 5™
potassium ydroxide  After the mixture had been llowed to stand in the
cold for scveril hours the potasstum perchlorite was removed by filteition
Following this step the plismt extrict was ¢l ir n appearance

It has been shown!™ that preaptition with perchlone 1eid 1 no way
detracts from the ersthropowtic actmty present m boiled “anemic™ plisma
extracts However at does prevent the devclopment of areas of induration
that are occasionilly scen at the site of the mjections m rits given boiled
plasma extracts not treated i this manner Therefore we have usually
employed acd g m the preparation of plisma ex
tracts for tesing  Unless speathenlly stated to the contrary  all future ref
erences to our experwnces with protemn free or heat-denatured plisma
extracts (often designited Pl PE) refer to matera] prepared in a manner
Wentical to that just desentbed

Thirty six normal female Wistar stram rats weighmg 180 to 200 grams
were given duly subcutineous mjcctions of nemic” {by phenyihydrazine)
rabhit plasma extract in doses equivalent to 2 per cent of their body weight
Eighteen such imjections were given over a three week perod (Sundavs
excepted) Another group of 36 similtr tits were mjected with comparable
amounts of Ringer s solution and served as controls The hematologic meas
urements were obtamed by the techniques described in Chapter 1V

The results of this expeniment are shownn Fig 1 The animals
mnjected with the anemic plasma extrect developed ervthro
cytosis and reticulocytosis but fuled to show amy associated
mncrease 1n thar hemoglobins or hematoents  All values 1 the
ammals mven Runger s solution remained constant throughout the
pertod of observation The reticulocytosis w s evident three days
after the mjections were started and the erythroevtosis in seven
days These changes i the penipheral blood were accompamed
by a fall mn the mean corpuscular volume and the mean cor
puscular hemoglobin whereas the mean corpuscular liemoglo
bin concentration remammed unchanged (Table III) The small



Chapter V

CHEMICAL, PHYSICAL, AND PHYSIOLOGIC
CHARACTERISTICS OF ERYTHROPOIETIC
FACTORS

An agent eusts in heat denatured anerme  plasma extracts
wiich 15 erpable of altenng the crvthrocy tie equilibrium of nor
mnl reetpient ammals  The preparition of these extracts nd an
example of the rusponse they mduec m normal rits will be de
scribed in detu} since these data form the foundation for mamy
of our subsequent obser ations on the plasma o throporetic fac
tors  Adult rabbits constitute 1 readily 1v ulable souree of plasma
for study and can be rendered ancmie by a vartets of methods
The two most commonly used teclmiques are repeated bleedings
and the production of an acute hemolvic anemir by phenylhydra
zine  The latter method 15 generally preferred because of the
greater technieal difficutties nd relatnely high mort-hity rate
associated with cardiac punctures

ERYTHROPOIETIC RESPONSE TO “ANEMIC” PLASMA
EXTRACTS

The following esperment lustrates the entiopoetic Te
sponse 1 normal rats to boiled plasma extracts from rabbits made
anemuc by phenylhydrazine

Adult New Zealand rabluts were gnhen daily subcutineous mjections of
1 m! of a 25 per cent solutton of phemylydrazme After approuimately
seven such myections the animls huS hemoglobins of 4 to 8 Gm _per cent
They were then apesthetized « sth ether wnd rapudly exsangumated throu
the abhdorminal aorta  One part of 1 35 per cent solution of sodium atrite
to 9 parts of whole blood was used 15 the anticoagulmt  The whole blood
was centrifuged immediately and the plasmi removed and frozen watl
the extraction process was carned out

The heat-denatured plasma extract wns prepared according to & modifica
tion of the method deseribed by Borsook and his co workers 3 © The trozen
plasma was thuved and the pH adjusted to 53 by the addion of 1 N
hydrochlone acid It was then boited for 15 mnutes and filtesed A vol
ume of distlled wtter equl to the ongmal volume of the plasma wis added

44
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TABLF M1
Averace Ren Cern Meastnpuists o 36 Rars INeCTED wimn as
“AvEie” Prasva EXTRACT AND a COMPARABLE \CMBER
Cuex Revcens Sournon

A
Grours § ;l })Arlme\ 1k 2 Weeksd mm‘{ o Werke & ke
Dl s e e = e ~
i(mcv j 528 ) a7 | 0 , 182 3 507 | W37
An S
]
Plxsm.s‘l\zcu I i | 13z ¢ 121 | 123 1 10 | 172
Friract
Menef a2t | omr ' oms | Tart | 3ts | 32t
uuiing Nl Ste S
. Moy p i1 | 5oz 1 ses | ss2 | saa ' oses
inger 8 it SO S U SN
Soluton | MCH ) 174 | 174 ) 174 181 | w2 w2
Mcncu %o | ss 320 ‘! 328 | 307 | w6
i
*Injections discontinued
MCV " —Menn corpuscalar volume (cubse mocrons)
MCH ~Vean
MCHC— Mean lob (per cent)

At the conclusion of the mjection period 12 anumals m each
group were Jalled and femoral marrow examined by the tech
mque previously desenbed (see page 34)  The incrense
total marrow cellulanty m the ammals with the peripheral envth
rocytosis was due solely to erythroid hyperplasia and imvolsed all
recogmzable precursors {Figs 3 4 5 6 and Table IV) Thus
three to four fold ncrease m marrow ervthroos tic elements Hltus
trates one of the most commemng methods of demonstrating
wicrensed erythroporebic activity

After the mjections were stopped the enthrocyvte and rehicu
Jocyte counts and Price Jones curves of the 24 rats remamng
w the expenmental gronp rapudly returned to basehine levels
(kg 1) All amals remamed healthy throughout the expen
mental period gamed weight normally  and showed no adverse
effects from the injcctions

The rapid restoration of normal enthrocvte counts after the

mjections were stapped ded with the disapp of the
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Erythrocytes Reticulocytes
{msttlons per cu mm.} (percent)
10
9
8
7
[
5
4
- ‘--_._‘,.v" 3
af " 2
O 7 14 21* 28 35 03 7
Days
Hemoglobin Hematocrst
©r (grams per cent) 18 (volumes per cent)
15F

O 7 14 2" @8 35_ 0 7 14 2i* 28 35
Day=
Injections discontmued
- "Anemic Plasma Extract
*-~~# Ringers Solution
Freure 1 Enythrocytosis and retienlocytosis without sipnificant change in
the hemoglobin or hematornst valucs of rats injected with bosed extracts

of phenylhydrazine induced anenme rablue plasma  Average dctermmations
of thistv six anumals in each group gveu the above described materuals

size of the erythrocvies was ¢vident on the stuned films (Fig 2)
and 1n the hemacytometer chamber and could be demonstrated
graphically bv Price Jones curves constructed fram measurements
made with a micrometer dise and Wright s stained coyershp films
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M Granulocytie Efements
[J Erythrocytic Elements

Marrow Nudleated Cells (millions pec cunm.)

Anemic Plasma  Ringers
Extract Sclution.

Freune 8 Mydlod enthroeytic hyperplasia at the end of a three weeh

injection period m recipients of 1 boled extrict of anemic rbbit plasma

AMarrow granulocytic cell counts did not show sigmficint change  Average

counts of twelve rats receiving the “anemic” plisma extract and a sumlar
number jected with Binger s solution

solutions  These percentizes were cleulited from the reading for com
plete hemolysis obtuned m distilled water

The second tech wsed to d osmotic consisted of
the direct enumerttion of the erythrocytes remammg mtact m media of
vaning hvpotonicity  Red cell pipettes were filled as for standard ervthro
eyte covnts uumg, 2 1200 ddution with 085 065 055 and 045 per cent
sodiom chlorrde solutions respectively as diluents The pipettes were al
Towed to stand at room temperture for 2 hours shaken by machine at a
uniform rate for 3 minutes and the cells were counted by hemacytometer
It was then possible to calculate the per cent hemolysis that had oecurred
1 each solution on the basis of the actual number of cells Iysed  Although
4 greater number of i potomie salt solutions would have yiclded more de
tailed fragility cunves the possible import of these data did not appenr suffi
cient to warrant the additional bloed loss which could m itself have altered
ervthropoletic 1ctivaty  The counts m 0 8% per cent salt solution were used
1s baselines to determme the per cent hemolysis occurming, i the hypotonic
diluents m ord¢r to obvite any possible change due to more sapid settling
of the cclls i the counting chamber  These values however did not differ
sigmficantly from those prepared with standard red cell diluting flwd
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Froune 2 Amsocytons doe to the presence of microcytes m a rat mjected
dasly for two weehs with the thermostable fraction of anemic rabbit plasma
orignal magmificihon x 900

mucrocytes  These observations suggested that the erythropor
etic factors contamed 1 bolled anemic plasma extracts induced
m nonancrmic recprent rats the formation of small cells possess
mg imparred viability  Studies on the v throcy te osmone fragl
ity patterns of stimulated rts” provide addrhonal support for
this hvpothesis

Six female Wistar strmn rats were ginen ten mjections over a perniod of
14 davs of phenylhydrazime induced anemie ribbit plisma extraet A s
lar number of anunals recened Ringers solution and served as the ron
wols  In addition to the routme hemitolo e studis erythroeyte asmotic
frambties were measured by two different quantitative techmques  One was

the photocolonmetric methed of Betheli? ¢ with determumation of the per
cent hemolysis oceurnng m 065 055 and 015 per cent sodwm chlonde
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TABLE IV

Aarrow  GrAnuLoeYTIC AND NUCLEATED Envrunocyric  Lrkaewts

Lxrnessen s PER Cent oF Att NtcLeatep CELLs  Avemace DETERMINA

Tions oF 12 Rats v Dact Grour Injrcten ror 8 WERKS wimit A
AneEwic Prasva Extract on Rivgens Sovvrtion

Total
Groups || Granulo } Frythro- | Rubry | Prorubrs | Rubr:  [Metarubry
e otic | blasts | cytes cytes eytes

Anemic
Plasma || 412 462 11 25 96 330
Extract
Ringer s
Salution | 625 178 01 04 21 152

turned to normal as had the ervthroeyte counts and Price Jones
cunnes (Figs 7 and 8) These findings indicate that only the
microcy tes possessed thns abnormal osmotic behavior

The more commonly used means to measure erythroeyte os
motic fragality are based on the assumption that there is a direct
relationship 1n a given quantity of blood between the number of
cells hemolysed and the color imparted to the supernatant The
erythrocytosis induced 1n recipients of erythropoetically actine
barled plasma extracts 1s not accompanted by augmented hemo
globn synthesis Hence such an assumption 1s mvahd under
these cxpenmental conditions It 1s evident that a greater num
ber of these small cells contaming less he moglobm could be lysed
without sigmificantly increasing the optical density of the super
natant  The determination of erythrocyte osmotic fragihty by
direct cell counting was first desenbed by Simmel n 1923 17
The method has recerved only hmited use because of 1ts time
consuming aspects together with the fact tht it offers no defimte
advantage mn the climcal evaluation of hemolytic states Yet as
an s eshigative tool 1t 15 1deally suited to an expermental situa
ton such as the one descnbed above

Dispanty 1 erythrocyte osmotic fragility measurements be
tween the two techniques emploved would be anticipated 1f nor
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Freure 1 Absolute marrow nucleated red cell counts m normal rats mjected

for three weeks vath an pemic ribat plasma extract The four fold

merease 10 erythroeviic precursors (Fig 3) mvolved all recognizable stages

of ervthrocylic development Average counts of twehe ammals recening
each of the above descnibed materials

The rats mjected with memic (by phenylhydrazme) plasma
extract developed erythrocytosis and reticulocy tosts without sig
mficant change in thew hemoglobis or hematocents (Fyg 7) The
microcy tes were readilv apparent and demonstrible graphieally
by Pnice Jones measurements (Fig 8)  Erythrocyte osmotic fra
gihty studies with the photoelectric colonmeter failed to reveal a
sigmfic mt vanahon between the shmulated and the control am
mls (Fig 9) However osmotic fragiity determmations by the
direct cell counting techmque demonstrated a defimte decrease
1n resistance to Iysis m hypotonic medst of the red cells 1 the rats
with the erythrocytosis (Fig 10 md Table V) Two weeks after
the mjections were stopped the osmotic fragility curves had re



Chemical Physical and Plysologic Charactenstics 53

R R
5]

- -
| \' v +
e

'f‘ ;.« . f‘/ﬂ‘?ﬁ
¥ ” N z -

Eh 2 w .:;-‘o
@ & h <
&’ . A

Fioure 8 Myelod erythrocytic by perplasta in 1 it myected daily for two

weeks with a bolled tnemme plism extrict  The femoral marrow hyper

cellulanty 1 recypients of such test materials s due soly to wcreased

numbers of erythrocyhe precursors s reflected by the ervthrocvte granulo

cyte ratio of 11 and a three to four fold merease mn the absolute marrow
nucleated red cell count ongmal mrgmfication x 900

placed by microcytes in the above expeniment they would have
contamed 25 per cent of the hemoglobin  Consequently fragihity
abnormalities should have been eisily detectable by the photo
colonimetric techmque In addition a larger number of small cells
should have been demonstrable by Price Jones measurements
The possibility that all of the mrcrocy tes m this study did not pos
sess d d osmotic must be dered but the
Pnce Jones curves in the stimulated ammals afford evidence
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Fure 5 Temoral marrow specimen procured from 1 nomal rit showing
a ritio of nucleated erythroeytic to granulocytic clements of 1pprouimately
13 Absolute counts of bone marrow cells m norm1l rats by the method
employed yield approxuimately 1000 G0u granulocytic and 300 600 nucle
ted erythrocytic elements per cu mm of femor\l marrow  ongmal magn

fication x 900

R

mal erythropore sis m the sumulated amimnls was largely replaced
by the formation of merocytes with decreased osmotic resist
ance It cannot be assumed however that erythropoiesis m nor
mal rats gnen anemic plasma extracts consists enturely of the
production of microcytes Based on a normal hfe span of 58 to 60
days for rat erythrocytes * ¢ ¢ approvumately 25 per cent of the
cells present pror to the admumstration of the plasmr factor
wonld have been removed by natural destructive processes at the
end of a 14 day mjection peniod  If all of these cells had been re
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Baseline 2 Weeks * 4 Weeks

Diameter m Microng

*Injection discontinued — Plasma Erythropo etic Factor
-~ = Ringers Solution

Ficune 8 Pice Jones curves demonstritig graphically tho presence of the
)

for the enthrocvtosss (Fig 7) n rats gien
anemic” plasma evtract The smll cells hid disappered two wechs after
the mjections were d. d Compisite wts of six rats n

each group (From Linman ] W and Lang M J  Erythrocyte asmotic
fragibty of rats recewng the tl plasma erstt factor
Blood 13 226 233 1953 Repnnted by permussion )

agamst such an occurrence (Fig 8) At the end of the injection
penod this curve had two defimte peaks One represented cells
of normal size and the other microcytes The latter compnsed
306 per cent of the mean erythrocvte count or 3 080 000 red cells
per cu mm If all of these cells had been lysed 1n 065 per cent
sodium chlonide solution the expected per cent hemolysis and
ervthrocytes per cu mm with this hypotonie solution as diluent
would have been 306 and 6980000 respectnely The actual
values (Fig 10 and Table V) were 291 per cent and 7 030 000
per cu mm

The sources of error mherent in the techmque of red cell count
ing are important constderations in the mterpretation of expernt
mental data based on thus procedure and have already been dis
cussed It should be re emphasized that with proper precautions
the role of such crrors can be rendered negligible Furthermore
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RBC (Milhans Per Cu Mm) Reticulocyles (PerCent)
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Ficune 7 Average erythrocyte ind reticulocyte counts of s rats myected
wath 2 bolled anemic” plasma extract and six given Ringers solstion The
erythrocytosis nd reticulacytosis in the former group were not associated
with esidence of wgmented hemoglobm syntliesss  (From Linman J 1%
and Teng M J  Enthroevte asmohe fragilitv of rats receving the ther
mostable plasma erythropotetic factor  Blood 13 226 238 1958 Repnnted

by permussion )
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Ficune 8 Price Jones cunes demonstrating graphically the presence of the

microcytes responsible for the ervthroeytosis (Fig 7) i rats gnen an

anemic” plisma extract The smll cells had disippered tho weeks after

the mjections werce discontinued Composite mesurements of six rits m

each group (F'rom Linman ] W and Long M J  Erythrocvte osmotic

fragilty of rats recevmng the th ble plisma entt factor
Blood 13 226 238 1938 Repnnted by permussion )

agamst such an occurrence (Fig 8) At the end of the injection
penod this curve had two defimte peaks One represented cells
of normal size and the other mucrocytes The latter comprised
306 per cent of the mean ery throcyte count or 3 080 000 red cells
per cu mm If all of these cells had been Ivsed in 0 63 per cent
sodium chlonde solution the expected per cent hemolysis and
ervthrocytes per cn mm with this hvpotonte solution as diluent
would have been 306 and 6980000 respectively The actual
values (Fig 10 and Table V) were 291 per cent and 7030 000
per cu mm

The sources of error inherent i the technique of red cell count
mg are important considerations mn the mterpretation of expen
mental data based on this procedure and have already been dis
cussed It should be re emphasized that with proper precautions
the role of such errors can be rendered neghgible Furthermore
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Concentration of Sodmum Chlorsde (Fer Cent)
*Injections d scontnued ~——Plasma Erythrop eti Factor
Ringers delution
Fioune 9 Enythrocyte osmotie fragthty cunves determined by a quantita
tive  photocolonimetrie techmque  There was no sigmficant difference
between the measurements m the recipients of the nemic plasma extract
and the ammals given Ringers solution Average values of six rats i each
group (From Linman J W and Long M ] Enthrocyte osmotic fra
mhty of rats recenng the thermostable plisma erythropoietic factor
Blood 13 226 238 1956 Reprmted by permussion )

the magmitude of the clinges m the study just described the
stmilar findings m cach rat i the expenimental group (Table V)
and the constancy of both the individual and average counts m
the control group contnbute to the sigmficance of these observa
tions  There are two other possible sources of error in the direct
cell enumeration techmque of determunmg osmotic fragihty  The
first 15 that lysis may not be an all or nene phenomenon and the
second 1s that ery throcy te fragments or ghosts could have altered
the counts There 1s evidence that the former does not occur
but if erther had been operating 1n tlus expenment 1t would have
served to drmush rather than accentuate the findmgs

Therefore 1t may be concluded that there exists m the normal
rat gnen boled anemic plasma extricts a double red cell pop
ulation consisting of normal cells and microcy tes with decreased
osmotic resistance  The assumption that such an i oitro osmotic
abnormality mdicates an 11 tito decretse m viabiity appears jus
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Ficure 10 Decreased erythrocyt to Iysis i hyp medm in

reciprents of Anemic” plasma extracts demonstrable by a direct cell enu
meration method for determmmg osmohe fragiity Two weeks after the
mjections were stopped the osmobtic fragility curves had returned to base
Ime and control values as had the erythrocyte counts (Frg 7) and Price
Jones curves (F.g 8) Averige measurements of si¢ rats m ewch group p ¢
formed v with the ph ! which failed
to show between the 1 and control ammals
(Fig 9) (From Linman J W and Long M ] Erythrocyte osmotic fragil
ity of rats recerving the thermostable plasma erythropotetic facter Blood
13 226233 1958 Reprinted by permission )

tified  Although not strictly anal to the d ration of
decreased cell survival by radiisotopic techmques the correla
tion between decreased osmotic resistance and a shortened hife
span 15 well accepted m clinical and expenimental medicine  De
creased cell survival can eust without demonstrable changes
osmotie fragility but the reverse probably does not oceur in the
mtact experimental ammal or man A number of vanables are
mvolved in the osmotic behavior of red cells and the abnormality
responsible for the decreased osmotic resistance of the erythro-
cytes 1n reupients of bolled “anemic plasma extracts 15 not yet
apparent The relationship between the basic configuration of an
erythrocyte and 1ts susceptibility to Iysis m hypotonie medma 1s
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TABLE

STanparp Deviations oF e Ervyrirocite Counts (Mirtions Per Cu
Mut) i Diwvents oF Varyine Hyrotoniciry  MEeav VALUEs oF 6 Rats
v Eaci Grovr (From Linman | W and Long M §  Erythrocyte
osmotic fragility of rats g the th able plasma erythrop

factor Blood 13 226 238 1958 Reprinted by permission )

Baseline 2 Wecks* 4 Wecks
Dhluent Materals
Ingected Mean SD )| Mean SD || Mean SD
Anemic  pliyma
Bethell s extract 808 046 (1006 022813 015
Solution
Ringer s
Solution 793 044 (782 041782 016
Anepuc plasma
extract 794 047 1996 ©33 1792 047
10857 NaCl|
Ringers
Solutton 777 048 785 037778 016
Aneptc plasma
extract 752 042703 059759 058
685% NaCl|
Rungers
Solution 724 067} 758 031757 013
Anemic plisma
extract 637 060594 053)/643 045
0 557 NaClf-—————————] ] e )
Ringers
Solution 587 080) 620 013|857 016
Anemic plasma
extract 252 1151254 059 266 088
[0 457 NaCl,
Ringer s
Solution 277 074} 271 063 242 052

#Injections discontinued

well established but osmotic fragility 15 not determmned by shape
alone The microcytes present m the rats mjected with anemic
plasma extracts appear spheradal on dried stamed films although
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TABLE VI

Meax Rep Cerr, MeastReMENTS oF 6 Rats v Eacu Grour INJECTED

Dan Yy Wit AN “AsEsnic Prasys Exiracr on Rincens Sovution  {From

Linman J W and Long % J  Erythroevte osmotre fragihty of rats receiv

ing the thermostable plisma erythropotetic factor Blood 13 226 239 1958
Repninted by permussion }

Anemsc Plasma Extract Ringer # Soluteors
}Es_r(me [2 Wechs| 4 Weeks || Baseline ||2 Wecks| 4 Weeks
McCvV 567 432 537 547 548 572
—71\5};- 186 139 174 198 179 189
MCHC 32 9— 321 324 361 326 330
MCD 7 -G;‘— 57 61 60 61 62
MCT 20 17 18 20 19 19
MCS 912 808 934 951 948 971

*Injections dsscontinued

MCV —Mean corpuscular volume (cubic microns)

MCH —Mean

MCHC—Mean corps (per cent)

MCD —Mean corpuscular diameter (microns)
4 1cv (microns)

'rM cD

MCT —Mean corpuscular thickness=— "

MCS —Mean corpuscular surface*'MCD x MCT + 2
(square microns)

Z

average cell measurements have failed to reveal a decrease in the
length/ thickness ratio  However these cell indices (Table VI)
are mean values and 10 mny derived me of
a distmetly bimodal cell population and do not represent the true
size and shape of the microcytes Consequently the behavior of
these small cells m hy potorue media might be due to their altered
size or shape but mtracellular abnormalities mjury of the sur
face membrane a possible combmation of the above or perhaps
some more obscure factor cannot be excluded
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In view of the meretsed number of reticulocy tes present m the
stimulated rats the relatonship between erythrocyte age and
osmotic resistance should be considered but would not seem to
be a contributing factor Recent studies dicate that young cells
are actually more resistant to lysis m hy potonie solations than are
older cells * ' Furthermore the number of cells from the rats
recerving the anemtc plasma extract that were lysed in 0 65 per
cent salt solution was three times greater thau the absolute reticu
loeyte count

The rapid re establishment of normal ery throcy te counts after
the njections of boiled anemic plasma extracts are discontin
ued would on the basis of the osmotic fragity abnormahties
demonstrable m these ammals certamly appear to be the result
of the rapid removal of the short Ined microcytes and therr re
placement with 1 smaller number of normal cells The retumn of
the fragiity and Prce Jones curves to normal two weehs after
the wyections were stopped (Figs 8 and 10) strongly supports
this conclusion

The failure to demonstrate any sigmficant change in the hemo-
globins or hematocnits of recipient ammals during the perod of
erythraporetic readjustment deserves Follow ing cessa
tion of the erythroporetic stmulus afforded by the anemic
plasma extract rapid removal of the circulatmg microcy tes mght
be expected to produce a measurable reduction n the hemoglo
bin or hematoent Ievels The erythrord values were not cheched
for seven duys after the imjections were discontinued m order 1o
Reep blood loss umform throughout the pertod of observation For
thus reason changes n the immedrte post njection period cannot
be excluded As previously pomnted out however it camnot be
assumed that all normal erythrocyte production ceases under
these experimental conditions and the microcytes probably con
tribute relatively Iittle to the total arculatng hemoglobm  In
addition these cells most hkelv have a survival time of approvt
mately two wechs (see page 88) Replacement of the micro
cytes with normal cells could prevent any discermble drop an the
hemoglobins or hematocrits 1 the early post mjection penod but
1t would then be necessary to postulate some augmentation mn
hemoglobi production during this time which s greater than that
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present normally  Otherwise the hemoglobn and errculating red
cell mass would not be muntuned  Marrow eximmations of shm
ulated ammals show 2 three to four fold increment 1n erythro
cytic elements imvolving all recogmzable precursors It 1s not
unresontble to conjecture that following the remov il of the
erythropotetic stimulus contamed 1 these test matersals sigmf
cant numbers of erythrocytic precursors might mature in an
essentially normal manner However augmentation in the endog
enous plisma factor actinaty subsequent to 2 shght reduction 1n
the oxygen carrying capaaity of the blood brought about by re
moval of the short lned microcytes would seem a more likely
explanation for the maintenance of normal exrrculating hemoglobin
levels (sce Chapter VIT)

Normal rats given multiple duly mjections of boiled extracts of
erythropoetically actne plismas have consistently mamfested
erythrocy tosis and reticulocytosis wathout evidence of enhanced

tobin synthesis as reflected by the stnlung stabibty of their
hemoglobin and hematocnt levels even m the face of dramatic
mereases i the erythrocvte counts  Myelod erythroey tie hyper
plasia 1s also present mn the reaiprents of these plasma extracts
and provides together with the ery throey tosis 1nd reticulocytosis
conclusive evidence of erythroporehie stimulation  The mero
cytes responsible for the erythrocytosis are casily demonstrable
and mamifest decreased resistance to Iy sis in Iy potonic medin The
mmpaired viability of the microcytes produced 1n the nonanemic
rat in response to tlus particular sumulus 1s the apparent explana
tion for the rapid restoration of normal ervthrocy hie equilibrium
after the plasma extract injections are stopped

THE NATURE OF THE THERMOSTABLE PLASVIA FACTOR
The precise nature of the erythroporetic factor in boilled ane

mic” plasma extracts which induces erythromicroevtosis m normal
rats 3s not known but some of its chemical and phy sical attnbutes
have been ascertamed The presence of erythrocy togenic activity
m plasma extracts prepared according to the method described
permits in 1tself several 1 The ponsibl

for this effect 15 clearly stable over a wide range of temperature
and retams 1ts activity after both prolonged boiling and storage
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m the frozen state No dummution m the ery thropotetie stimuh
tory effects of extricts prepared from plasmas that hve been
frozen for pertods 1s long 15 twelve months accurs Exposure to
oxygen does not reduce the actnaty  Tlus factor 1s acid soluble
and not precipitible by perchlonie acid  Ultraviolet absorphon
studies have shown that borhing for 30 munutes followed by pre
cipitation with perchlone acid removed 92 3 and 94 1 per cent of
the materinls bsorbed 1t wave lengths of 260 and 280 millim:
crons respectively without altering the type or magmtude of the
ervthropoletic response 1n recipients

The thermostable factor 15 not 1dentical with cobalt which pro
duces a true polycythemia t * The destruction of the ery thropor
etic actvity m anemuc  plasma extracts by ashing'®® establishes
its orgamie nature In addition the active prneiple possesses
nesther 1 negative nor 4 positn e electrical charge  Borled plasma
extracts passed through both Dowex 50 x8 NH,+ and Dowex
1110 COOH— 1on exchange resm columns have been found to
retamn therr full ery thropoietic simulatory capacity The matenals
eluted from both columns were completels devord of any erythro
poretic activity

Early studies'” suggcested that the thermostable plasma e th
ropotetic fictor was ether soluble Boiled anemic plisma ex
tracts preciprtated wath trichloroacetic acid were machive where
as precipitation wath perchloric acid did not lter the reciprents
enythropotetic responses  Since the effect on any retamed protem
matenal 1 these extracts would be the sume with either agent
the apparent explanation for this findmg was that the ether ex
traction process used to elmmate the excess trichloroacetic acrd
also removed the stmulhting factor The solubility 1n ether of the
thermostable plasma factor has now been confirmed **

Plasma from rabbits rendered anemuc by the admmistration of phenyl
hydrazine was procured wd divided into two portions  One aliquot w s
extracted five times with 2 volume of reagent ether equal to the ongmal
volume of the plasma  The ether phase was pliced under yeduced pressure
to remove the ether and reconstituted with distilled water The wates phise
was boiled and precipitited with perchloric acrd as previously outlned  The
resaamung portion of the ongnt] “anemic plasma was then subjected to the
Tater procedures and dnvided mto two parts  One portion was issiyed as

t reagent
such The other was extracted five times with an equal volure of
ether and evaporated to complete dryness Rengent ether was then readded
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1n an amount equn lent to twice the oncinal yolume of the plasma filtered
and the ether wis remeved under reduced pressure A small amount of
greenish oy maternal remamed following, this last step and was reconstt
tuted to the onmoil volume of the plasma by the additon of distilled
water

The results of this study are shownin Figures 11 and 12 Enyth
roporctic stunulation was evident in the amtmals injected with
the ether extract of whole “anemie plasma the boiled “anemuc™
plasma extrict and the cther soluble portion of the latter The
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Ficure 11 —Enythrocytosis and reticulocytosis i rats mjected with boiled
or “protein free plasma extracts (PFPE) from anemic rabbits the ether
soluble fraction of these extracts and ether extracts of otherwise unmod:
fied “anemic plasma without evidence of en thropmetic stimulatory activ
ity 1 the boiled filtrates of the matcnals remaming after extraction with
ether The imcreases m red cell and reticulocyte counts were not asso
cated with sigmficant changes 1n the hemoglobin or hematoent levels
Average counts of twelve rats injected wath the ether soluble and ether
msoluble portions of the “anemic plasma extract and of six rats i each
of the other groups (From Linman J W Bethell F H and Long
M J  Studies on the nature of the plisma erythropoetic factor(s) ] Lab
and Clin Med 51816 1958 Repnnted by permission )



64 Lactors Controltng Erythropoiesis

14 Bl Granulocyhis elements
E [ Erythrocyhic etements
£ 129 ]
; 0
g
L
& 1o
= M
S
E o8
a
3
o 06
2
£
2
e

04
H
F3
3
g o2
=

!P*?hPE Pl PE  Whole plasma POFSI:EI oo, PEPE Ru‘-gers
= .
Solible  imsofable Sowble  Biherd ot solunen
extraction

Ticure 12 Myelod erythrocytie hyperplasia at the end of a two week
wjection period m reciprents of the ether soluble fractions of a boiled
anemic plasma extract (PFPE) and whole anemic” plisma The ew1
dence of erythropoictic stmulation in the penpheral blood of these
ammals 15 depicted m Figure 11 Averige counts of four rats m each
group (From Linman ] W Bethell F H and Long M J Studies
on the nature of the plasma erythropoletic factor(s) J Lab ond Chn
Med 51816 1958 Reprnted by permussion )

other groups exlibited no alterations 1n erythropotesis These
observations would certamnly appear to establish the ether solu

bility of the heat stable erytliropotetic factor The presence of
stimulatory activity mn the matenal extracted twice with ether
mcluding evaporation to complete dryness interposed between
the two extractions and the absence of activity m the other frac

tions obtamned by this procedure are findings of considerable im

port m thns regard Thev elimmnate the possibility of this factor
bemg water soluble and ether wmsoluble but present at the ether

water mterface or carried over in the small amount of water con

tamed 1n the ether phase following the mitial extraction
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The removal by ether of all demonstrable actiity from pre
viously unmodified “meme  plasma with identical responses m
the reeipient 1umals given this matenal and the boiled cxtracts
not treated with ether contnbutes 1dditional expenimental support
for the ether solubality of the thermostable factor It should be
noted however that the fulure ta deteet actity m the plma
remamning after ether extriction does not exclude the presence of
a water soluble erythropo etic factor In the above expenment
this matenal was subjected to prolonged boiling prior to testing
This procedure has becn shown to inactivate the agentin anemie
plasma wluch 15 capable of stimulating hemoglobin synthesis (see
pige75) In fact subsequent studies have shown that the ether
msoluble fractions of activ e plasmas do enhance the incorporation
of rron 59 1n recipient rats when assayed in an otherwise unmodi
fied state or after boiling for only short perods of time

The above obserations have been confirmed on plasmas ob
tamed under a vanety of expenmental and climeal conditions
with 1dentical responses in normal rats gnen the ether soluble
fractions of otherwise untreated plismas boiled plasma extracts
or lyophilized specimens Thus solubility 1n ether at ncutral pHor
after acidification of the prrent plasma can be added to the other
chemical cl 1shies of the ther ble factor which induces
m normal rats the umque erythropoictic response previously de
scribed  This humoral agent 15 also soluble m chloroform Al
though positwe 1dentification of tlus erythrocytogenic substance
has not yet been made the avarlable data would appear to exclude
many known biologieally active compounds and indicates that it 1s
most likely a hpid In this respect the similarities between the
chemical physieal and physiologie properties of baty] aleohol
and the ether soluble thermostable plasma ers thropoetic factor
are such that a close relationship seems likely (see Chapter VI)

APPARENT DISCREPANCILS IN EXPERIMENTAL
OBSERVATIONS

It would scem pertinent at this me to review the often strik
mngly vanable and seemungly divergent data that have been re
ported by different mvestigators studying the humoral erythro
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poretic regalatory mechansm  The fulure until recently, of
many workers to confirm the presence of ery thropaietic stmula
tory acttvity m anemic plasma or serum has already been men
toned The majonity of these cxpeniments however nvolved
only a single or at most twao or three mjections of the test matessal
mto norma} ammals  The necd for multiple myections of relatively
large amounts of plasma or serum undoubtedly cxpluns these neg
atwe results
The findings m regard to the nature of the factor or factors
responsible for the stmulatory actrvity of certun plasmas and
sera are more disturbmg Vanability 1 expermmental obseria
tions has been apparent since Carnot and Deflandre first hvpoth
sized the ewustence of 2 humoral factor They reported loss of
erythroporetic ctinity when anemuc serum was heated to
56°C ¢ whereas Muller ' a few vears Jater noted complete
retention of activity after heating to this temperature The con
troversy as to the thermostability of the humoral ery thropotetic
factor shll persists  Although the demonstrition of ery thropatetic
stimulatory activity m boiled extracts of anemmc plasma by Bor
sook and co workers® ® ind Gordon and hus assocrates' ! has been
confirmed repeatedly by many mvestigators * ¢ 10 3¢ 18 10 1
103 13T 730097 gome hme farled to find activaty m heat
denatured materils ¥ *** In more recent studics Stohlman and
Brecher ™ have reported that 70 to 90 per cent of the erythro
potetic activity present mn plisma from donors with hypotie by
poua was destroyed by heatmg to 100°C for ten minutes Heat
g for 60 munutes did not produce a further decrease 1n the shm
ulatory effect They noted refention of actn sty mn unconcentrated
plasma boiled for five minutes but not after 30 or 60 mmutes
Similar findings m regard to the effect of prolonged boihing on
plasma erythropotetic actinity have been noted by other worb
ers 1% 1 17 Gurney Jacobson and Goldwasser *° using the up
take of ron 53 m erythroevtes of hypophysectomized rats as an
index of actvity have described complete loss after heat dematur
ation of the erythroporetic stimulatory effect e d m active
unmodified plasmas
Although the concensus 1s that the ery thropoictic agent m ac
tive plasmas 1s nondialyzable some have found 1t to pass through
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a semipermeable membrane™ " A number of mestiga
tors* ™ " have reported that the ervthropoietic simulatory
effect of active plasmas or sera 1s 1bolished by exposure to oxygen
and 1t has been suggested that certam fatlures to obtawn evidence
of accelerated e thropoiesis may hase been due to aging or aera
tion of the plasma or serum However retention of activity 1n
“anemic” plisma despite equilibration with 100 per cent oxygen
for 24 hours has recently been desenibed * This finding supports
the many other studies wlich have shown that anaerobie mamp
ulation of the test materials 1s not a prerequisite for the demon
stration of en throy } 1n the recip

Because of these widely diffening observations it 1s easily un
derstandable that many theonies and diserse views have anisen as
to the chemical structure of the plasma en thropoetic factor
There eusts evidence wiich supports the contention that a hpid
agent 1s mvolved m the | 1 control of erythrop Ter''®
first described such a substance 1n 1938 and Toh1 and co work
ers™ concluded on the basis of their early experiments that the
active factor was possibly a fatty acid ester but not an amino actd
punne or sugar Using orgamic extraction procedures coupled
with infrared spectrophotometry Glev and Delor™® *® have sug
gested that the primany erythropotetic factor 15 a steroid posses
sing one functional aleoholic and three functional ketonie groups

In contrast to this view howcver the majonty of the worhers
m ths field are of the opimon that the plasma ery thropoietic fac
tor 15 protemn in nature Erslev and Lavietes ™ concluded 1n 1954
that the active agent was attached to or behaved like a serum
albumin alpha globulin or beta globulin More recent studies
mdicate that it 15 a small molecular weight glyvcoprotemn

Rambach Alt and Cooper?® 152 1% 1% hay e reported that the
envthropotetic factor m  anemic” plasmn 1s heat stable insoluble

m ether mgrates on paper el ) s as a smgle |
neous component with a mobility between that of alpha 2 and
alpha I globulins stams as a glycop has a low 1

pomt and 15 not sedimented by centnfugation at 103006 g for
twenty four hours These mvestigators found the protein siahe
acid hexose as glucose equnnalent and glucosamine content of the
erythropoetically active matenal 1solated on a diethylaminoethyl
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cellulose 10n exchange column from anemic rabbit plasma fo be
693,156 77 and 100 per cent respectively They conclude that
1t 15 an acidie glycoproten  Sialic or neuraminic acd alone was
without effect and hy droly hie removal of this substance rendered
the mucoprotem ery thropotetically macti e

The studies of Gordon and his associates’® ' haye also mdi
cated that the ery throporetic stimulating factor cannot be extract
ed from boiled plasma filtrates with petroleum ether or ethyl
acetate  Chromatographic techmques faled to reveal specific
quahtative differences between active and control filtrates of
ribbit plasma with respect to free ammno acids punnes pynmi
dmnes sugars and organic 1cids When the cationic dye tolurdine
blue was added to botled plisma filtrates they noted the desel
opment of metachromasia i chromatogrums of ctive matenals
Gordon has also suggested on the basis of these observations
that the plasma factor may be erther a mucoproten or assoctated
with such a substance

Slaunwhite Mirand and Prentice * have concluded from ther
stucses on the propertics of the erythroporetic factor m  anemie
plasma that 1t 1s probably 4 polypeptide They reported that it 15
heat stable at pH 55 and pH 9 but 1s in1ctrvated by heat at pH 1
and pH 13 1s nondrlyzable not estractable with chloroform nd
15 digested by pepsm trypsin and chymotrypsm

Borsook and Iis co workers™! ' have also concluded from
therr observattons on the chemical characterization of the ervthro
potetic factor thatit 1s a mucoprotein They have been unable to
separate activity from protein and have found the active agent to
be msoluble 1n ether precipitable by 80 per cent saturated am
momum sulfate nd to give a positnne direct siahe acid test Al
though resistant to bothng for five minutes or less a loss of as
much as 75 per cent of the activity was noted after botling for one
hour On paper electrophorests their active fractions gave the
same bands but a different density distrbution from those of
Rambnch and lus assocrates *® Two thirds of the protein and all
of the actiaty m theer plasma fraction was confined to one band
but these myestigators do not beheve that the matenal i this
bnd cn s yet be constdered homogeneous
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Grant and s assocrates ' have reported that the erythropol
etic activity 1 boiled filtrates of anemic rabbit plasma can be pre
apitated swith ethanol hetw cen concentrations of 60 and 80 per
cent Therr active fraction obtuned in this manner was digestible
by proteolytic enzymes and mactwve orally  Earlier studies from
tlus Jaboratory ' indicated that the agent in wnemic plasma re
sponsible for an accelerating effect on the P' uptake in DNA of
recipient anmmls settled durimg ultracentnifugation

As mentioned previously Hodgson Toliv and their collabort
tors ongmalby, described dat1 indicatmg that the erythroporetic
factor in anemic plasmawas 1 lipid ™' ** However on the basis
of therr more recent studies! * utilizing 1ron 59 incorporation and
turnover as indices of response these workers now support the
view that the active substance 15 mucoprotem n nature

Van Dyle and Garera !¢ have suggested that the erythrop
substance detectable mn the urine of aneme donors 1s a polvpep
tide structure They base their conclusion on observations that
the actwve agent does not pass through a collodion membrane on
ultrafiltration 15 not altered by washing with ether or aleohol
withstands botling and 1s digested with trypsin Winkert Gor
don Piliero and Medier ** hve descnibed studies resulting 1n the
partial punification of the erythroposetic factor m the urme of a
five vear old boy with hereditary leptocvtosis Utihzing a haoln
adsorption technique these workers recovered in the INM NH,OH
eluate 39 per cent of the ongmal activity at a punty 230 times
that of raw unne This punfied preparttion produced a strong
metachromatic reaction with tolwdime blue and an absorption
peak at 280 millmicrons They conclude that these observations
are not mconsistent with the thess that the ervthroposetic factor
may be a mucoprotein or an associated substance In contradis
tinction to the reported electrophoretic charactenstics of the
active substance 1n anemuc rabbit plasma deseribed by Rambach
and lus assocrates ** Winkert and co workers were unable to de
tect any material i their erythroposetically active unne fractions
that migrated on paper electrophores:s as far as the alpha globu
s Hodgson and lus associates ** have reported that the eryth
ropoietic factor in anemic unne contans more than 10 mg of

1c
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carbohvdrate per 100 mg of proter and also conclude that this
agent 1s 1 mucoprotem

Thus there evist two opposmng views m respect to the nature of
the substance m certasn “memuc  phismas and wnes which s
capable of 1lterng the erythroporetic activsty of recipient amt
mals  One school of thought contends with excellent expent
mental support that the active agent 1s at least relattvely rests
tant to heating 15 nondrilvzable can not be precipitated with
perchloric 2erd but 1s precsprtable with 70 to 80 per cent saturated
ammonum sulfate or 60 to 80 per cent ethanol and 1s destrosed
by proteolytic enzymes This matenal 1s soluble m water but not
m ether or other hpid solvents contamns salic acd  possesses
metachromatic properties and mugrates on electrophorests with a
mobility charactenstic of the alpha globulms Al of these findings
support the contention that thus factor 1s a small molceular weight
acidie glycoprotem, 1 conclusion with which we concur (see
page 76) On the other hand our studis together with those of
others mdicate that an erythroporehie factor possessing the attn
butes of a hpid can 1so be extricted from these anemmc” plasmas
or sern  Tlus substance 1s marhedly thermostable soluble m
ether and chloroform and may be closely related to batv} aleoho!
the monoglhycerol ether of n octadecy] alcohol wiich has been
1solated from vellow bone marrow and shown to possess erythro
poretie stimulatory activity (see Chapter VI)

The tvpe of response esohed m animals given en thropotetically
actrve sera plasmas or extricts thereof has also vanted The eryth
roeytosts due to the formation of mcrocytes without associated
wgmentation n hemoglobin synthesis which we have repeatedhy
observed m normnl rats imjected with bordcd filtrates of memie”
plasmas has not been noted by some investigators who bave re
ported elevations m liemoglobins and hematocnts merensed total
red cell volume, and enhanced mcorperation of ron 59 i hemo
globm m recipients of heat denntured anemc” plasmn extracts
However Gordon and lus associates'™ ¥ ' have described
responses m normnl rats mjected with boiled phsmn filtrates sim
Jlar to ours Bonsdorf" has also reported a lack of pirallehsm
betwcen the merease m en throevte counts and the other periph
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eral ervthrord determinations i recipients of certan test mate
nials

On the basis of the preceding discussion 1t 1s evident that this
rapudly expinding arca of hematologie research has been char
actenzed by confusion 1nd on oceasion by grossh mcompatible
conclusions It 1s vital that these diergent observations be ex
plamed and reconaled  Until this can be done and some sem
blance of order and umf; y be bhished sn this gl
chaotic field 1t 1s virtually impossible to assimlate the current
data 1nd assess their true sigmficance

EVIDEACE I10R THE EXISTENCF OF TWwO HUMORAL
FACTORS

The widely varving views on the nature and mode of action or
physiclogie effect of the plisma ery thropaetic factor(s) may pos
sibly be explamed by the following considerations 1) The type
of biologic matenal studied and the circumstances under which it
was obtamed  2) Donor ind recipient species differences 3) Dif
ferent methods emploved to demonstrate erythropotetic stmula
tion 1n the reciprent  4) Possible alterations mn the active factor
mduced by the techmques utilized in handhing and processing the
test matertals  5) The eustence of more than one humoral envth
Toporetic factor

The methods used to enhance the donor s en thropoetic activ
1ty have been multiple and i addition to their presence in plasma
and serum en throcytogenic substances have been descnibed n
urine ¥ 00 187 mufl ™ % and yellow bone marrow ** How
ever there 1s no evidence to suggest that the erythropaletic re
sponse to any of these source matenals 1s different nor do the
methods vsed to augment tlus activity eg  bleeding phenylhy
drazine or stmulated hugh altudes appear to affect the nature of
the reciprents response  Rabbits and rats have been most com
monly employed as donors but gunea pigs '*° dogs * ™™ cat
tle '3 sheep ™ goats * monkeys! T and man!¥ 13 149 1501 13 18y

WOl 00 ™30 T 1T 0 1T R have also been used  Thus
the observations made with a wide vanety of sources and recip
tents (see page 28) mdicate a lach of species specaifieaty and dis
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credit the above as explanations for the apparent divergent exper
mmental results Although we have utilized Wistar stram rats as
recipients in most of our studies a number of other strams have
manifested rdentical responses

The many means of d trating ery throporetic stmulatory
activity together with the use of both normal recipients and those
with depressed erythropoiesis often make critical companison of
different studies difficult Although the types of 1ssay methods
emploved are undoubtedly responsible for certun discrepincies
m expenimental data there 15 no valid reason to assume that these
differences reflect specific defects in the techmques

The question as to whether or not alterttions m a single eryth
roposetic factor might result from the varted procedures that have
been used to process plasmas and plasma extracts for festing cer
tainly deserves comment Such changes concervably could m
duce 1 different hind of erythropoetic response n recipient um
mals However expenimental evidence does not support this
possibility  Ethier extracts of whole anemic plasma evole the
same envthropoietic response n normal rats as do boided and
perchloric ncid precipitated plasma fractions and the ether ex
tracts thereof This finding would mdicate that boing and treat
ment with perchloric 2cid do not alter the tvpe or magmtude of
the ery thropotetic stimulus contained m boiled anemuc plisma
extracts Furthermore an enhancing effect on the mcorporation
of won 59 1n hemoglobm 1s retaned m the ether msoluble frac
tions of 1ctine plismas Additional evidence agamst alterations
m a single factor can be found in patients with polycy themra vera
(see page 159) It consists of the demonstration m the blood of
these patients of microcytes with abnormal osmotic behwior
which are stohingly siular to these observed 1n normal rats m
Jected with boiled or ether extracts of polvesthemic or other
erythropotetically actne plismas  For these reasons changes mn
the chemical and physiologic properties of a single factor by
processing procedures would appear to be an unhikely possibility

It has been proposed that the fulure of certan heat denatured
plasma extracts to evohe an merease m all of 2 recipient s eryth
rard values may be related to the potency of the stimulus con
tamed therem However 1t 1s difficult to envision a suboptimal
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stim lus as affecting some but not all of the parameters that re
flect enthropoictic actnity - On the basis of our current knowl
edee of the phisiology of e thiropotesis 3t would be more plaus
ble to expect providing all other conditions remaimed normal
a sumihr hut less marked response with Jesser degrees of stmula
tion A shght increase mn reticulocytes or won 59 wcorporation
even though indicative of accclerated e thropolesis may not be
accompanied by detectable clevations i the hemoglobin or he
matocnt Ieveds However the magmtude of the reticulocy tosnis
and myelord envthroey tic hvpurplasia togetlier with the erythro-
cvtosts scen m reaapicnts of bholed plasma extracts are such that it
would seem very unbihely that a greater but 1dentical stimulus
would be needed to augment hemoglobin synthess  \Moreover
observations on plismas from donors with scvere moderate or
mimmal anemuns have shown that even though the degree of the
response 1 normal rats gnen the boiled extracts of such mate
nals may differ presumably due to the Jesel of humoral factor
actnaty contamed 1 the parent plisma the type of response re
mams the stme  Studies on the effect of different doses of boiled
anemc” plasmn extracts also support tins concept {see page 861
Whereas certam minor chsere pancies n the results of otherwise
1denhicr) expenments may be due to Qifferent levels of plasma
factor actiity 1n the matenals tested 1t 1s inpossible to reconaile
major areas of disag by such an expl

Gardon' * has suggested that the production of microcytes may
be partialhy prevented by the melision of extra morganic wwon m
the diet of rats rocen mg actne plasm extracts However there
is 10 evidence of by pochromrt in the erythrocy tes of recipient rats
displaving, erythromicroevtosis  Furthcrmore at has been shown
that active plasmas from donors with phienylly drazine induced
hemolvtic anemia or from ﬂ\ose given cobalt although capable
o lating he dobin § do not the gas
tromtestinal absorphion of won m reciprents *  Heme synthesis
1> not wnpaired 1 these ammnls even though greater than normal
amounts of won are actully bemg uulized Consequently 1t
would scem improbable that after prolonged boiling these same
plasmas could alter ron metabolism 1 such a way as to produce
the wmucracytic response
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Lxpenmental evidence mdicates that there are at least two
plasma cry thropoictic fictors  Our imhind research acti ttres dealt
with the erythropoietie actvity m filtrates of anemie plasma
processed by bowmg for a totl of 30 mmutes or more followed by
precipitation with perchlonc acud  Although these extracts m
duced erythrocviosis reticulocy tosts and my eloid ery throe tic by
perplasia when admumstercd to normal rats they failed to aug
ment ewrculating hemoglobmn or red cell mass and were meffectne
1 enhaneing the mcorporation of an 59 m the hemoglobin of
recipient anmnals  The response to the same source materials
however when tested w the unmodified state or after boihing for

TABLE VI

EFrFECT OF BOILING OV THE ERYTHROPOIETIC STIMULATORY ACTIMITY OF
PHENYLHYDHAZINE INDUCED Anerac Ransir Praswia as MEasURED pY Ty
IncorPoraTion OF Imon 59 v HEvOGLOBIN OF NITROGEN MUsTARD:
TREATED RaTs MEAns oF 4 Rats iv Facu Grour #1 Stanpanrp Devnation
{(From Lanman | W horst D R and Bethell F H  Some obsenations
an the strmulatton of enthsoporesis by humoral factors Ann New York
Acad Sc 77 Art 3 838 649 1959 Repnnted by permmssion )

7
b Per Ceont Fe59 RBC Uplake
Matereal Testd — y
y 18 Hours 24 Hours 42 Hours
Unmodified anemic 162 194 4=
plasma
Anemuc plasma
Boded 5 mm 13+2 20%3 952
Anepuc  plasma
Boiled 10 mun T3 10+3 23+4
Anemic plasma
Boiled 30 mun 72 92 23+4
Anerntc  plasma
Boded 45 mun 52 6=2 253
Normal Rabbit
lasroa 6x2 9=z 27=5
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anly short periods of time was charactenized by an merease i the
envthroevte counts hemoglohin nd Lematocent values and rate
of 1ron 59 sncorporition m hemoglolin Tlus obsen ation suggest
ed the presence of an agent m whole “anemc” plasma which aug,
mented hemoglobin synthests but did not possess the marked
thermostabihits of the factor 1 boded extracts

The effect of boihng for varying penods of time on the eryth
ropotetic actnity of plisma obtamed from rabbits rendered
anemic by the admustration of phenylhvdrazine 1 shown m
Table VII It can be seen that boiling for fise minutes did not
alter the enthropotetic activity of the plasma as measured by the
meorporation of wran 59 m hemoglobnn of mtrogen mustard treat
ed rats However boiing for longer pertods of time abolished
this effcct and the responses of ammals mjected with such mate-
rials were comparable to those of rats recening nosmal “non
anemic” plasma  Although actne by this method of demon
strating an ey thropowetic effect the boiled extracts still retained
therr ability to evohe enthromicrocytoss reticulocytosis and
melord en throcytic hiyperplasia in normal rats gisen multiple
daily mjections The ether or cholorform soluble fractions of ac
tne plasmas also failed to alter 1ron 59 uptake but the matenal
evtracted with these lipid solvents induced the same tvpe of
merocytic resy observed 1 recip of bailed plasmn fil
trates

We believe that these separable effects ¢ verted by ervthropolet
1cally actise plasmas are due to the presence of two factors which
differ in nature and mode of action One effcet 15 charactenzed by
the devclopment 1n reciprent nmmnls of enthrocviosss second

ary to the prod of bers of small cells reticul
cytosis and myeloid ervthroey ic hvperplasia without evidence
of enh d hemoglobin prod 1t 1s related to a heat stable

ether soluble fraction of plasma and the agent responsible for this
ervthropotetic effect 15 probably a hipid  These findings wnch
dicate that a lipid 15 s oh ed 1n the control of erythropoesss are
supported by and give apparent meaning to several observations
such as the mcrease m blood hpids that follows acute hemorrhage
and the alterations 1n marrow fat of rabbits induced by bleeding
or the admimstration of phenylhydrazme ™ 3
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The other erythroposetic effect contamed m anemic plasmas
15 manif d 1 recip Is by imcreased hemoglobm syn
thesis and 1s detectable by such techniques as the ery throcytic up
take of 1ron 59 m addition to changes m other parimeters which
reflect hemoglobin production It 1s related to a substance which
15 relatively thermolabile and soluble 1 water but not m ether or
chloroform This agent 1s nondialyzable resists Iyophilization
and 1s not mactnated by exposure to ovy gen or freczing How
ever 1t does not remun active i the frozen state for as long pe
riods of ime as does the thermostable ether soluble factor Froz
en “anemic plismas retun therr enhancing effect on iron 59 in
corporation for as long 15 two months after which thev raprdly
lose this property Our other studies m regard to the chemcal
nature of this erythropoehic substince are n agreement with
those of others and support the conclusion that 1t 15 + mucopro
tem or closely associated with such a substance

The concept of more than one humtoral factor concerned with
the regulatory control of erythropoesis 1s not a new one In 1938
Ter'*® described an erythropoietic substance which resisted boil
mng and was soluble mn ether acetone and alcohol 1 the serum
of anmnals that had been bled or gven phenylhydrazine and con
cluded that 1t was probably a prd In the serum of anmals sub
jected to reduced oxygen tension or fed garlic he reported the
presence of another factor winch was thermolabile and ether
msoluble Te: postulated that 1t was probably 1 globulin  More
recently Gley ® % 3 has also described two factors m the blood
of animals subjected to hemorrhage one Irad the solubthty char
actenstics of a ipid and the other was water soluble He has sug
gested that the former hematopoietine 1s the primary factor
which controls the multiplication of erythrocytic precursors and
15 posstbly a trioxomonoalcoholie sterol whereas the latter  hemn
tostmuline  has propertics closer to the protemn group and may
exert an mdirect effect

The apparent dispanty 1 many experimental observations on
the nature and type of response induced by certun plismas sera
and urmes can be explamed on the basis of tw o factors with differ
ent chemical and physiologic properties Some varance 1n find
wngs would then be expected depending upon the type of matenal
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studied and the assay method emploved The demonstration of
erythroporetic stimulttion m recipients of active plasmas or ex
tracts by techmques utthzing as an index of activaty the incorpo
rtton of iron 59 m Liemoglobin or measurements of hemoglobin
hematoenit or total blood volume would depend upon the pres
ence m the materals tested of the relatively thermolabnle factor
which enhances hemoglobm synthesis These methods would
not yield evidence of the production of mereased numbers of
microcytes which accompnies the admmstration of the heat
stable factor 1lone

Unmodified active plasmas gne positive results regardless of
the type of assay method used Gordon ' has descnibed mereases
m both the hemoglobm determmations and ery throcy te counts n
normal rats gnen multiple injections of unmodified anemic rat
plasma However when the plasma was borled for 15 mmutes
prior to testing the recpients developed ervthrocyvtosts reticulo
cytosis and myelod erythrocytic hyperplasia but without asso
ciated ncrease tm their hemoglobimn levels We have noted sim
tlar findings with comparable test matenals and this method of
demonstratmg ery thropotetic activity It may be concluded from
these observations that the combined effects of both the thermo
stable and relatiy ely thermolabile factors contamed in whole “ane
mic” plasma result in the formation of mcreised numbers of
normal erythrocvtes Therefore the recipients of whole plasma
mamfest an mcrease n all erythroid determmations  The differ
ent resp observed m recip of heat depatured anemic”
plasma extracts would then appear to be due to the selectne
removal by boiling of the relatively thermolabile factor which
stimulates hemoglobin synthesis with retention of the thermo
stable ether soluble agent

1t should be noted that boilng the test plasma for five to ten
minutes or placing 1t in a boiling water bath for simlar relatively
short peniods of time will not completely mactivate the relatively
thermolabile factor This manner of preparnmg plasma extracts for
testing has been much more generally used than has prolonged
boiling over a direct flame These matenals would possess an
erythropoietic stimulatory effect attnbutable to the combined ac
tiities of both humoral factors and would appear to explam m
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essentinlly every mstance the reports of mcreases in hemoglobin
and or hemtoent red cell volume and 1ron 59 uptake m eryth
rocytes of reciptents given heat denatured plasma extracts

Certain other discrepancies in experimental data may be sum
ilarly explamed Thus the majonity of the studies supporting the
protemn nature of the plasma erythropoletic factor have used ra
chorsotopic techmiques as a measure of response whereas those
favormg a lipid hwe emploved changes i such parameters as the
erythrocyte or reticulocyte counts Recent obsenations on the
loss of activity after boiling have for the most part been based
on the uptake of 1ron 59 m reciprent aimals  Farlure of the ether
soluble fractions of active plasmas to enhance the mcorporation of
won 59 m recipient ammals with retention of this effect m the
ether soluble portions has been construed as a failure to confirm
the findings of an ether soluble factor There are mny other ex
amples too numerous to mention It may be concluded there
fore that the methods of demonstrating activity and of processing
plasma serum or urmne for testing do play 1mportant roles n de
termining the ervthropoietic response observed n recipient ant
mals However the vanable results that have been described
cannot be attnbuted to defects i the techmques employed In
stead they appear to be due to the presence m ery throposetically
actrve matenials of two factors with different chemieal and physio
logic charactensties

MODES OF ACTION OF THE PLASMA FACTORS

The precise modes of action of the plisma erythroporetic fac
tors have not yet been clearly defined Certan speculations m1y
be made but the potential hazards associated with conclusions
Iased on expermmental observations of the response evoked by
erythropoletic factors n another hving orgamsm should be
stressed and must be constantly borne i mind

Erythropotests mvolves not one but 1 number of plhysiologic
processes {see Chpter 1) which together result i the formation
of the hemoglobm contamng erythron Although their reltive
compleuty wnd apparent mnter relitionship m the normnl state are
recogmzed ervthropotesis can be divided mto the followmng four
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phases 1) Dufferentiation of the multipotential myelod reticu
Inm cells mto ervthroeytic precursors 2) Intramedullary mult
phication or proliferat on of erythrocy tic clements  3) Maturation
of ersthroey tic precursors 4) Synthesis of hemoglobin Smce the
end product the erythrocyte 1s ordinanly confined to the circula
tion quantitatine nd qualitatine alterations in erythropoictic ¢
tiaty are readily detectable However the specific site of action
or type of effect exerted by maternils capable of mducing such
measurable changes 1 the peripheral blood of recipient animals
can only be mferred from the observable response  Thus the
demonstration of an increase in airculating, hemoglobm red cell
mass ot meorporation of 1ron 59 i hemoglobm while clearly n
dicative of enhanced hemoglobm formation does not delineate
which of the physiologic processes comprising ery thropoiesis that
has been stimulated

In the presence of an intact myclord reticulum and sufficient
amounts of the vanous substinces required for the formation of
the normal erythrocyte ervthropoiests proceeds i an orderly
manner and superficially would appear to be under a single reg
ulatory mechamsm Replacement of myeloid erythrocytic el
ements that have matured and been released nto the arrculation
by duversion of reticulum cells into red blood cell production cel
lular division and progressive maturation would seem to oceur

1y with 1 globm synthesis  Upon closer scrutiny

however such an assumption does not appear valid or justified

Many expenimental models have been devised 1n an attempt to
elucidate the mtramedullary stages of red cell development 3 *
The difficulties assomated wath such studies are evident and there
remains much to be learned but a number of observations rel
evant to the present discussion have emerged The first step
enytl conststs of diff 1tion of the myeloid retsieulum
cells mto erythrocytic precursors  Tlus process must mvolve only
one of the products of a mitotsc division 1n order to prevent deple
tion of the primitive pluripotential cells There then follows a pe
riod wluch 1s charactenized by progressive maturation and prolif
eratton  Multiplieation of erytliracytic precursors oceurs clnefly
if not exclusively by homeoplastic mitotic division 1e  one cell
gves nise to two cells with the same characteristics as the parent
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cell It 1s not possible to specifically refate cellular division and
maturation  The number of mitoses increases with differentration
nd the more mature mitotie cells contribute perhaps 80 to 50 per
cent of the proliferatne actisty * Furthermore quanttatie
marrow studies demonstrate disproportionately more mature than
primitive nucleated red el precursors and are mcompatible with
a single or comparable number of cellular divisions occurning be
tween each succceding recogmizable stage of erythrocytic differ
entiation Tinally there 1s reached a degree of matunty besond
which further multiphication does not take plice even though ¢y
toplasmic maturation continues

The synthesis of hemoglobn 1s a complex praccss, our know!
edge of which has been greath advanced by newer isotopre ¢y
tochemical and tissue culture techmques It 1s dependent upon
the avarlability of a number of enzymes and metibolic bulding
blacks most notably ron porphvrm and protem (see Chapter 1)
The production of hemoglobin 1s ntimately assocrated with the
differentintion and mataration of myelord ervihrocy tic elements
It may be reasonably assumed on the basis of custent data that
the physiologie activitics of the most prumtue erythroevtic pre
cursors are essential for the ultimate formation by Jater forms of
the actual hemoglobm molecule Therefore the synthesis of he
smoglobm would appear to result from a contmuons sequence of
events which 15 mitiated mn the rubnblast and contnues through
the reticulocyte stage of maturation  Accepting the monophyletic
theory of bload formation 1t is equally logical to assume that the
rubriblist possesses the mherent capacity to synthesize hemoglo
bm and providing all other conditions are fxorable ncluding a
uniform rate of mitotw 2ctnvity that each such cell 1s the progem
tor of a preordamned quantity of hemoglobin ¢venh dnided in a
grven number of mature er) throcy tes

Being cognizant of the evistent s ords m our knowledge 1t would
still seem essentinl to explore the possible modes of action of the
Thumoral erythropotetic factors The responses observed m reeip
lents of erythropowetically active matenals could concenably
result from one or more of the followmg four mechmsms
1) Augmentation  the amount of hemoglobin synthesized by
already differentiated red cell p 2) Decreased intramed
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ullary maturation ime  3) Increscd dwversion of the pnmtive
multipotential reticulum cells into envthiroev te production 4) In
creased en throblastie cellular division or mitohic actnan

Inview of the multipheity of the physiologie processcs invohved
and the fact that hemoglobn svnthesis appears to be dependent
on a progressne series of metabolic activities imtiated m the
rubnblast 1t would seem quite unlihely that 1 stimulus could be
accorded to rehtisels mature mselod erythrocytic elements
whieh would result in the formation of sigmficantly ncreased
quantities of hemoglobim  Althongh a number of substances have
been found to nerease the incorporation of lnbeled ammno acids
to the protemn of reticulocytes these matenals do not evert an
i 1o envthroporetic effect * ** In addition Jand] and hus asso-
ciates™ have shown that nesther hyvponia nor en throporetically
Tctive plasmas enhance the 1n tifro incorporation of won mto
heme by reticulocvtes  Acceleration i the rate of hemoglobin
synthesis wonld also appear improbable It 15 evident that under
conditions of ncreased need reticulocytes are released into the
eirculation earlier than would occur normaily  However many
studies such as those of Alpen and Crinmore " indicate that the
penod of ime required for intrimedullary development and mat
uration to this stage or at Icast o postmtotic forms remams con
stant regatdless of the total output of en throcs tes or hamoglobn
bs the marrow  Furthermore the mvelowd erythrocytic hyper
plasia m recypents of active plasmas precludes a decrease 1n gen
ention time as the sole explanation for the responses observed
It may be concluded that the svnthesis of hemoglobin 35 nts
mately and inseparably rclated to the maturation of marrow eryth
rocytic precursors  These two aspects of en thropoiesis apparent
v proceed at a relativels fined rate unaffected by the humoral
factors and predetermined perhaps by the nutntional and hor
monal environment

The possible cffects of mereased en throblastic cellular dma
son and enhanced reticulum cell enythroeytic differentation re
mam to he considered It would seem improbable that accelera
ted mulohc actmity of differentiated en throcy tic precursors could

! 1 On the other hand 1t 1s readily

T
pre
app:m:n! that an mcrease m the number of ervthroevtic precur
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cell Xt 15 not possible to specifically relate cellular division and
maturation The number of mitoses increases with differentiation
and the more mture mitotic cells contribute perhaps 80 to 90 per
cent of the proliferatve actinity ** Furthermore quantitatne
marrow studies demonstrate disproportionately more mature than
primitive nucleated red cell precursors and are mcompatible with
a smgle or comparable number of cellular divistons occurring be
tween each succeeding recognizable stage of erythrocytic differ
entiation  Finally there 1s reached a degree of matunity beyond
which further multiplication does not take place even though cy
toplasmic maturation continues

The synthesis of hemoglobin 1s a complex process our knowl
edge of which has been greatly advanced by newer 1sotopre cy
tochemical and tissue culture techmiques It 1s dependent upon
the availability of a number of enzymes and metabohe bulding
blocks most notably iron porphyrn and protemn (see Chapter I)
The production of hemoglobin 1s intimately assocrated with the
differentiation and maturation of myelotd ery throcytic elements
It may be reasonably assumed on the basis of eustent data that
the physiologic activities of the most primitive erythrocytic pre
cursors are essential for the ultimate formation by later forms of
the actual hemoglobin molecule Therefore the synthess of he
moglobin would appear to result from 2 continuous sequence of
events which 1s mitiated 1n the rubnblist and contmues through
the reticulocvte stage of maturation Accepting the monopliletic
theory of blood formation 1t 15 equally logteal to assume that the
rubnblast possesses the mherent capacity to synthesize hemoglo
bin and providing all other conditions are favorable including a
uniform rate of mitotic 1ctivaty that each such cell 1s the progent
tor of a preordamed quantity of hemoglobin evenly divided in a
grven number of mature erythroey tes

Being cogmzant of the existent vords m our hnowledge 1t would
still seem essential to explore the possible modes of action of the
humoral erythropoietic factors The responses observed m recip
tents of erythroporetically active matenals could concenably
result from one or more of the following four mechamsms
1) Augmentation m the amount of hemoglobmn sy nthestzed by
already differentiated red cell precursors 2) Decretsed intramed
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cursors underge during matnriton s subjeet to the regulatony
control exerted by the thermostable ether soluble plasma factor

1t 15 often desirable and certanly more convement  chnieal
and i esigaive medicme to attnibute 1 response such as an m
crease wn erythrocyte production to a single agent or effect How
ever there 15 no compe llimg support for the contention that hemo
globin production and ery throblashie cellular division must be
Tesponsu¢ to a sngle simulus or that an mcrease m ecllular div
sion must necessanly follow angmentation m hemoglobtn svn
thesis or wice verss There are well documented mstances where
this does not oconr and examples of dispanty between these twa
aspects of erythropowesis are fardy numerous These include
among, othcrs lhe lack of parllelism between enthrocyte and

w ) ditary leptocytosis and chronic

hemonha&m or 1ron defiency anemm and the ncrease in hemo
globin content of the macrocy tes in permeious anema

In witro tissue culture techniquies have shown that the multiph
cation and maturation of marrow cells may be dissomated Al
thaugh tion wluch is p d by hemoglobim synthe
s1s and the multiphcation of my eloid ery throey tic precursors takes
place tly i vito d that favor prohferation n
tissue culture do not s favor m Conyersely
culture techmiques most ducsve for or differ
entiation are not compatible with optimal rates of multplica
tion? s 3% 3¢ Other observations also mdicate that the prohfer
aton and smaturation of erythrocy tic elements are separable and
distinet physiologic processes Recent studies by Thomas and
Lochte ** provide an cxample of such support These workers
bave found that the addibion of vitamin B, to cultures of eryth
rocytic marrow cells from patients with permeious anemia perrmat
ted proliferation of these cells due to its effect on DNA synthests
but did not merease heme production It has also been suggested
on the bass of expenimental data ® that the decreased ervthro
potesis secn i patients gisen therapeutic doses of mitrogen mus
fard 15 duc to imparred mitotic actiity with fewer cells reactung
matunity and does not reflect a specific abnormahty 1 hemoglobn
synthesis
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sors differentiated from the primitive dividing cells would if all
other conditions remamed unchged augment hemoglobm pro
duction  Consequently this mechanism can be assumed to be
responsible for the enhanced hemoglobm synthesis demonstrible
m recipients of actne plasmas However alterations in the num
ber of erythroblastic cellular divisions cannot be dismissed as
nconsequential or of mnor 1mportance 1n the regulation of eryth
ropoless

Increased mtotic activity of ery thryocytic precursors 1s evident
cytologically un the marrows of experimental animals and human
subjects with erythroid hyperplasta secondary to hemorrhage
hemolysis or decreased arterrl otygen saturation ind in recip
1ents of plasmas from such donors The mtimte association of
cell proliferation with the synthess of desoxyribose nuclere acid
(DNA) has also been utilized to study changes in mitotic activ
ity  The 1ncorporation of radwactive phosphorous to the DNA
molecules of bone marrow cells has been shown to accurately re
flect their rate of cellular diviston and 15 1nereased by hypoxic hy
powia * and by the admumstration of erythroporetically actrve
plasma extracts ' Therefore 1t 1s important to give attention to
the possible relationship between the production of hemoglobin
largely a cytoplasmic function and mitotic activity wluch 1s basie
ally nuclear

In the past the erythroporetic effect of certain plasmas and sera
has been ascribed by most mvestigators to only one substance
which was assumed to stimulate all of the physiologic processes
which encompass erythropoiesis More recently 1t has been pro
posed that the humoral erythropoietic mechamsm acts only to
mtiate red cell production by mducing reticulum cell ery throcy
tic differentiatron and that subsequent proliferition and mntura
tron occur at fixed rates mdependent of the humoral shmulus !
We concur with this theory msofar as the mode of action of the
relatively thermolabile plasma erythropotetic factor which ap
pears to be a mucoprotem 15 concerned However our studies
together with a number of other observations do not support the
thesis that the multiphcation of nucleated erythrocytic precur
sors 1s unaffected by the humoral sumulus Instead thev suggest
that the number of cellular drvistons which the ery throcy tic pre



Chemical Thysical and Physiologic Charactevstics 83

TABLE \IN

Distusumion Parrers o Myriom Frvmurocymic Precursors v Recie
1ENTS oF Rincers Sorution (Covtiors) asn e Tuenviostasle Enmen
soLunLE Prasuva Enyninoroirtic FACTOR (STIMULATED ANIMALS)

Pro- Meta
| Rubrs | rubms | Rubn | rubn
blasts cyte: tes oytes
Cells per ‘
Controls cu mm 3845 8960 40102 | 241509
(Average of 64 rats)
TRatio 1 2 10 63
Cells per
Stmulated Ammals | cu mm

{Average of 42 rats) I

Ratio {

Ratio between Control Anmals] i
and Stimalated Arumals }; 110 i 110

the metarubricytes many of wluch are probably no fonger capa
ble of undergomng mitotic diiston Tlus observation together
with the failure to detect evidence of enhanced hemoglobin syn
thesis in recipients of these anerme” plasma extracts rules agmnst
mereased reticulum cell envthroeyvtie differentiation as a physio
logic action of the erythrocytogenic agent contaned theremn
Sinee 1t appears improbable that hemoglobm synthess can be
augmented other than by stimuliting rubnblast formation from
1 i

the plunp cells m globin and
hematocent values should have been evident if this had occurred
Furthermore the ratio between and mature

ted cells would be expected to remain constant 1f thetr mcrease
<hd not reflect a greater than normal number of mitotic divisions
The fact that the ratio betwecn the various morphologic stages
of erythrocvte develop <an be changed provides add 1
evidence that the number of homeoplastic cellular divisions oc
curnng during therr maturation 15 not predetermuned and unalter
able even though the total gencration time appears to be constant
utespective of the presence or absence of accelerated erythropor
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Swann * ¥ has recently reviewed the complex mechamsm of
cell dinision and 1ts control He emph sized the antigomsm be
tween this process and differentintion and concluded that grow th
per s 1s not 1 any w1y a direet trigger for division It 15 not un
reasonable then to postulite that the seemmgly drverse physto
logie processes of hemoglobm synthesis and the proliferation of
myelord ery throcy tric precursors m1y be under the regulatory con
tiol of separate humoral factors The experimental obscrvations
on the ery throposetic effects of 1ctrve plasmas and plasma extracts
desenbed m the preceding pages support such a theory The ap
parent mode of 1ction of the refatively thermolbile plasma enyth
ropotetic factor 1s to mduce ervthroeytic differentiation of the
prmttive reticalum cells or hemocy toblsts with a resultant ang
mentation 1n hemoglobm synthesss The thermostable ether
soluble plasm factor appears to stimulate cellular diviston of al
ready ewstent nucleated ery throcy tic elements

An mereased rate of erythroblastic proliferttion would be ex
pected to eyventuate m the formation of a greater number of cells
even 1 the absence of a comparable stimulus to hemoglobin syn
thesis 1e augmented retrculum cell erythroeytie duferentiation
or a shortened miturition time Under these conditions how
ever it may be logically surmised that the new erythrocytes
would be small and contam collectively the same amount of
hemoglobin as the norma) sized cells that would hay e been formed
from the erythrocy tic precursors 1ol ed had fewer cellular dwa
sions occurred Although the duration of the mutotic process 1
undoubtedly constant and fived a decrease m the ntermtotic
mterval or resting stage would permut more mitoses m 2 gren
perod of time This mechamsm 1s apparently responsible for
changes 1 the rate of cellular proliferation regardless of the tissue
mvehed * The umque peripheral erythroid 1esponse m normril
rats injected with boiled or ether extracts of active plismasis com
patible with such 1n en throporetic effect

The marrow findings mn the recipients of the thermostable
ether soluble factor also support the abovc Iivpothesis As shown
n Table VIIT the myelowd erythrocyic Ty perplasia invokves all
bl leated red cell el but with a dispropor

g
tonately greater merease m the more immature forms than
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TABLY V11
Distrapunion Parrens ov \herom Erymirocynic Precursons i Recre
1ENTS OF RinGERs SoruTion {ConTrots) asp e Tuenastostaste Foien
sorveLe Prasya Favmunoron 1ic Facton (STISULATED Aniuats)

| i Ma
! Rubri | rubn | Rubri | rubn
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cu mm ' 3845 } 8960 N 40102 I 211,509
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Stsmalated Ammals | cu mm | 39540 ' 91861 | 204030 69Tl
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8 18

Ratiy between Control Ammals !
and Stinulated Arumals | 110 110 1 18 3 13

the metarubnicytes many of which are probably no Jonger capa
ble of undergong mitohie dnision  This obsenation together
with the falure to detect evid of enhanced hemoglobin syn
thesis n recipients of these anemic” plasma extracts rules agamst
increased reticutum cell envthroeytic differentiation as a physio
fogic action of the erythroes togeme agent contuned therein
Since 1t appears improbable that hemoglobin synthesis can be
augmented other than by stmuliting rubnblast formation from
the plunpotential reticufum cells increases in hemoglobin and
hematocnt values should have becn evident if this had occurred
Furthermore the ratio betw een mmmature and mature nucleated
ved cells would be expected to remam constant if thewr mcrease
did not reflect a greater than normal number of mutotic dnasons
The fact that the ratie be tw cen the vanous morphologic stages
of erythrocyte development can be changed provides addihonal
evidence that the number of Lomeoplistic celfular disisions oc
curnng duning their 15 not pred d and unalter
able even though the total generation time appears to be constant
urespective of the presence or absence of accelerated ery thropo




86 Factors Controlling Erythropoiesis

etic activity  Some reports indicate a slightly greater mcrease m
mmmature than mature nucleated erythrocytes m the marrows of
evpenimental amimals and human subjects with hypovic and cer
tain types of anemic hypowia ° However most studies have
shown that the myelotd erythrocytic hyperplasia which accom
panes these conditions mvolves a roughly proportional merease
m all forms with 1 relatively constant ratio between the four rec
ogmzable morphologic stages of development ® ' @ This ob
servation has been nterpreted as evidence that maturation and
multiplication proceed at a fived rate Data on the effect of the
thermostable plasmn crythroporetic factor do not support this
conclusion The parallel increase m both humoral factors demon
strable m these hypoxic states would seem a more likely expla
nation for the mechamsm by which this ratio 1s mamtamed

In most mstances we have employed daily mjections of
anemie plasma extract reconstituted to the ongnal volume of
the parent plasma m doses equnvalent to 2 per cent of the recip
tents body weight per day This quantity has produced defimte
evidence of ery thropotetic stimulation in normal rats and has been
used 1n order to mamtam umformty and llow companson of the
actiaty m different plasmas However studies have been carned
out to determme the ery throcy togenic effect of varyng amounts
of an anemc plasma extract®” The results of these expen
ments also support the hypothesis that the mode of action of the
thermostable plasma factor 15 to merease erythroblastic cellular
division

Groups of rats were gven daily subcutaneous mjections over a
four week period of 1 boled extract of anemic plasma m
amounts equal to 05 10 I5 20 25 and 30 per cent of therr
bodv weights respectrvely Tt was noted that daidv doses greater
than 2 per cent of the reciptent s body weight failed to mduce 2
sigmficantly greater degree of erythroporetic stmulatton  On the
other hand amounts as small as 05 per cent per day werc capable
of evohing reticulocytosis and ery thracytosis m normal rats but
the evidence of erythropmehe stimulation m these ammals was
delayed m onset It appeared progressively sooner m the other
groups as the daih dosage was mcre:;scd Ever‘l‘so the erythro

3
cvte and reticulocyte counts ¥} p p an
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were only shightle less matked 1t the (nd of four weeks m the
ammls recening 05 por cent of thesr body weaght per duy than
m the rts mjected with luger quintities of the plisma extract
Femoril marrow stuches at the tme the injections were termmat
el showed a comparable degree of enthroey tie hyperplasia in all
ammals reg wdless of the totnl amount of wnemic plasma extract
they had reeencd

These findings suggest that the responses mduced 1 normal
rats by the erythropotetic stimulating factor in boled  anemic
plasma extracts 15 determined not onh by the dulv dose but by
the length of the injeetion period  The time required for maymal
stimalation to develap appe s to v ary mersely wath the quantity
of the factor admimstered  In other words a speafic amount of
this factor 1pparently evokes a certun degrec of erythropoietic
stunalation m the mtact rit whether 1t be given m 1 rehanels
large number of small doses or m greter daily amounts over 1
shorter period of time

1f the thermostable ether soluble factor acted to dnert 1 great
er number of prmitn ¢ undifferentiated myvelowd retienlum cedls
mto erythrocyte production the werease s circulibng enthro
cytes would then seem to be imated only by the available mtr2
vascular space Under these conditions the response to small
amounts should alw s lag betund that mduced by Jarger quant
ties However f the ulimate en thropoetic rsponse w 15 related
to the number of pre treatment mirrow red cell precursors with
out & significant increase in reticulum cell crvthroes tic differentia
tion over that which would occur normally a defimte cethmg
would be antiopated  The length of tme required for this to be
achieved would depend on the dosige gnen  This concept s also
supported by the constiney of stimulited reGipent s marrow nu
cleated cell counts whether they are mjected for two four or s
weeks The rapd return to normal afte r the mjections are stopped
rules agunst posaible storage and threshold effects

Stnce the small cells produced  the normal rat injected with
the thermostable plasma factor apparently possess unpaired via
blity this must be considered as a poswble determinnt of the
response observed  On the basis of the rapdsty of the restoranon
af normal red cell counts and Price Jones curves after the injee
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tions are stopped (Figs 7 8 and 11), 1t 1s reasonable to estimate a
survival time for the microcy tes of 1pproumately 15 days Con
sequently the mmpaired viability of these cells cannot be assumed
to affect the type or magmtude of the response observed in short
term experiments of two weeks or less When the mjections are
continued for longer periods of time 1t 15 necessary to postulate
some merease i hemoglobin production mn order to mamntamn the
normal oxvgen carrying capacity of the blood The stability of
the hemoglobn and hematocrit values indicates that this does
occur and 1s probably the result of enhanced endogenous forma
tion of the erythropoietic fictor which stimulates hemoglobm syn
thests Under these expenimental conditions 1e 1njection pe
niods of three or more weeks there must eust 1ccelerated rates
of both production and destruction with the former predomma
ting unttl providing the stimulus 15 contiued long enough equ
Librium 1s re established t a lugher level Such a mechamsm
could play an mportant role n the development of the plateaus
m the erythrocyte and reticulocyte counts evident m long term
experiments  Even so if the thermostable factor acted n some
manner other than to accelcrate cellular division of differentiated
erythrocy tic elements the responses to varying doses would agam
be expected to beir 2 constant relationship to each other and
greater myeloid ervthrocvtie hvperplasia would be antiipated
with larger doses

Ersles ' * has recently described experiments concermng the
effect of anemic hypoxia on the cellular development of nucleated
red cells Normal rabbuts were bled kept anemic for twenty hours
and then remfused with the previously removed blood A char
actenistic reticuloey te response followed and reached its mu
mum 1 theee days despite the absence of continued anerme
bypoxia The reticulocytosis wis not dimmished by placing the
ammals 1n an vtmosphere of 65 per cent oxy gen immediately after
the anemia was corrected and was not significantly mereased by
the continued prusence of anerma  When mitotic division was
completely but reversibly arrested by the admimstration of col
chicine durmg the period of anemic hypoua the retrculocy te re
sponse was delayed for twenty four to forty eight hours but was
otherwise of charactenstic magmtude Colchicine given imme
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diately after the penod of ancma modified the response which
began s usual but disappeared twents four hiours later  Erslev
has concluded from these obscrvations that the hypouie stimulus
mitiates cryth by accel g the differ on of mye
Iowd reticulum cells mto rubnblasts bat that subsequent multiph
cition maturation and hemoglobin synthesis proceed at fixed
rtes independent of the hypovic stmulus  Although entirely
compatible with this thesis these data may be mterpreted dif
ferently and are not necessanly patible with the
that the proliferation of erythrocy tic precursors 1s also under hu
moral control

Some reports indicate that the plasma erythropoetic actity
of anemic donors can be rapidly abolished by transfusions "¢ 1
thus suggesting that the biologic action 1s short lned These ob
senvations support Ersles s conclusions However 1f the level of
plasma actinity 1s dependent on marrow utilization such an mter
pretation may not be justified  In this respect 1t has been shown
that the plasma from anemic patients with mtact hyperactise
marrows 1s less actne than that from patients whose marrows are
hypoplastic or otherwise unable to respond to the humoral stimu
hus

Recent studies by Stohlman and Brecher **  also mdicate that
the level of plasma erythropo ehie achvity reflects the balance be
tween production and utihzation Using mtact rats wiich had
been subjcted to hemorthage or sunulated h\gh altitude as do-
nors these mnvestig; noted enk d erythrop actmvity of
these plasmas when assaved n other rats This stimulatory effect
reached a peak m twelve to twenty four hours and had dimimshed
markedly at forty exght hours Increased actiity was no longer
demonstrable after mnety hours When the donors ervthrocyte
production was depressed by x wradintion prior to the application
of the hypoace samulus thar plasmas were still erythropoietic
ally active ninety honrs Iater  Since the immediate effect of both
colchicine and 1omzing radiation 1s to mhibat mitosis the delaved
response noted by Erslev i rabbuts gn en colelueme during the pe
riod of anemta may have been due to persistently elevated levels
of plasma factor activity resulting from the marrow s temporary
mability to respond to the stmulus It is equallv reasonable to
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tions are stopped (Figs 7, 8 and 11), 1t 15 reasonable to estimate 2
survival time for the microcy tes of approuimately 15 days Con
sequentl) the impaired viability of these cells cannot be assumed
to affect the type or magmtude of the response observed i short
term experiments of two weeks or less When the mjections are
continued for longer periods of time 1t 1s necessary to postulate
some mncrease m hemoglobin production mn order to muntain the
normal oxygen carrying capacity of the blood The stalulity of
the hemoglobin and hematoenit values mdicates that this does
occur 2nd 15 probably the result of enhanced endogenous forma
tion of the ery throporetic factor which stimulates hemoglobin syn
thesis  Under these expenmental conditions 1e injection pe
riods of three or more weeks there must eist accelerated rates
of both production and destruction with the former predommna
ting until providing the stiumulus 1s continued long enough equi
Lbrium 1s re established at a Ingher level Such a mechanism
could play an important role in the development of the plateaus
i the erythrocyte and reticulocyte counts evident in long term
expeniments  Even so of the thermostable factor acted in some
manner other than to accelerate cellular division of differentiated
erythrocytic elements the responses to varying doses would agamn
be expected to bear a constint relationship to each other and
greater myelord erythrocytic hyperplasia would be antieipated
with larger doses

Erslev ! has recently described expenments concernng the
effect of anemic hypovia on the cellular development of nucleated
red cells Normal rabbits were bled kept anemic for twenty hours
and then remfused with the previously removed blood A char
actenistic reticulocyte response followed and reached its maxi
mum mn three days despite the absence of continued anemic
hvpoua The reticulocytosis was not dimintshed by placing the
ammals m an atmosphere of 65 per cent oxy gen 1mmediately after
the anemia was corrected and was not sigmficantly mereased by
the continued presence of anemia  When mitotic division was
completely but reversibly arrested by the adminsstration of col
chicine during the period of anemic hypoun the reticulocy te re
sponse was delayed for tnenty four to forty exght hours but was
otherwse of charactenstic magmitude Colclieme gven imme
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A similar explanation apphs to the findings of Alpen and Cran
more ** winch ndicate that the number of cellular dnisions oc
curning from the time of cntry into the erytliroe tie senes to com
pletion of maturition 1s the same 1 hoth bled and unbled dogs
Since hemorrhage 1s followed by an increase m the actinaty of both
plsma factors more enthrocvtic precursors would be denved
from the multipotential reticulum cells  Greater amounts of the
thermostable factor would then be needed to maintam the um
form number of cellular diisions apparently needed for the for
mation of cclls which are normal in size and hemoglohun content
for the species imvohved In tlns regard the increased mitotic
figures and enhanced ncorp of ve phosphorus
mto DNA demonstrable in the marrow 1 eevtan anemie and hy
pouc states {sce page 82) probably reflect the presence of more
mutotable cells rather than any nereasc in the number of diny
sions over those wiich would occur normally dunng the matura
tion process

The possibihity that the hematologic phenomena ascribed to the
thermostable ether soluble plasma factor mav be the result of
hemol\tic rather than true enythropoietic stmulatory properties
must be excluded The failure of tlns agent to enhnce hemoglo
bin synthesis 15 not n atself sufficent evidence to warrant the
assumption thiat 1t cannot constitute a bisie stmulus to envthro
pousis The hemoglobin content of the envthrocytes 1s essential
for the mamntenance of normal cellular metabolic actinity  How
ever 1t 15 equally important that they be of the appropnate size
and shape for the successful completion of their phy siologic func
tion and alterations m erythropoiesis are not necessanly reflected
by changes m hemoglobin production Furthermore experimental
data would appear to elmmate hemolysis 1s an explanation for
the ery throey tic responses observed mn normal rats given the ther
mostable or ether soluble frictions of actrve plasmas

The reticulocyvtosus and myeloid ervthrocvie hyperplasia re
compatible with hemolysts but the other findings n recipients of
these plasma extracts are not  The abscnce of anema does not 1n
ttself exclude hemolysis A discermble reduction m circulating
hiemoglobm or red cell mass occurs onky when ers throes togenesis
fails to keep pace with the peripheral loss Increased myelond
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conjecture thit the time required for utilization by the marrow
of the factors elaborated response to the anenna may have
played a role mn the other observations described by Erslev there
by explaiing the fact that the reticulocy tosts was not dependent
on the continued presence of the hypavc state or mfluenced by
hyperoua which apparently depresses the endogenous formation
of the factors

The critreism has been advanced that the production of micro
cytes without tug; ation m b globm synthesis depicts an
abnormal erythropoietic response and could not therefore repre
sent the true mode of action of a substance mvolved i the phys
wlogic control of erythropoiesis However when one considers
the expenmental circumstances under wlich this response 1s ehe
itable 1t does not appear unlikely The type of erythroporetic re
sponse observed 1 normal recipient ammals given the thermo
stable or ether soluble fractions of active plasmas occurs 1n the
absence of anv evidence of accelerited hemoglobmn production
The unequnocal myeloid erythrocytic Iy perplist i these am
mals establishes the presence of incretsed erythroblastic evto
Lmesis  Consequently the formation of microcy tes would be ex
pected The abnormal osmotic beha tor of the microcy tes formed
n normal rats mjected with the thermostable factor probably re
flects their altered size and-or shape rather than a specific phys
1ologic effect on cell viability

A situation 1mvolving 1solated enhancement 1n the endogenous
activity of the thermostable plisma ery thropoietie factor compar
able to the ahove expermmental conditions would 1ppear highly
mmprobable An associated increase in the relatiely thermolbile
factor wlnch exerts 1ts effect on hemoglobm synthesis can how
ever be logically hypothecated and 1s supported by expermentil
evidence We have vet to study an active plsma regardless of
the expenimental or chmeal conditions under which it was ob
tauned that has not possessed activity attributable to both factors
Under these circumstances the parallel increase m both factors
augments hemoglobin synthesis and cellular dusion  The pro
duction of ncreased numbers of normal sized cells with munte
nance of 1 steady ratio between the different marrow nucleated

ery throcy tic precursors results
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be necessany as a prerequusite for the muntenance of stable hemo-
globim and hematocnt alues to postulite the prescnce of defimte
augmentation n hemoglobin production  Although this radiorso-
topic techmque of d riting enh d hemoglobm synthests
1s relatinel msensiti e to minor changes the myveloid en throcyvtic
Tvperplasta and reticnlocvtosis m these recipient wmmals are
marked and occur promptly  There would appear to be Iittle
doubt that hemoly tic activity of this degree whether compensat
ed or not, would be reflected by enhanced tron 59 mcorporation
1n hemoglobin - Simce the oxygen carrying cpacity of the blood
1s mantaned without evidence of enhinced hemoglobin synthe
s1sthe microcy tes produced in response to ths particular sumulus
cannot be considered nonfunctional  Therr sndinidual hemoglo-
bin content 1s reduced hut the total eirculiting hemoglobin re
mamns normal Therefore the persistent reticulocy tosts obseryed
mn these reciptent rats probably reflects the mcreased number of
cells reaching this stage of deyvelopment

One other possible effect of the thermostable ether soluble fac
tor deserves comment but it too would seem excludable by expen
mental data The erythroes tosis without chnge 1n the hemoglo-
b or hematocnt determinations could be explained by fragmen
tation of circulating red cells * The lack of poillocyvtosis the
size of the microes tes and the umformity of the small cells giving
nise to a double peaked Price Jones curve {Fig 8) are agamst such
an oceurrence  Moreover such a mechamsm could not be corre
lated with the reticuloeytosis and myvelord ervthrocyvtic hvper
plasia unless the viability of the fragments resulting from en thro-
cytie cytoclasis was markedly mmpatred 1t would then be possible
to reconaile all the penipheral blood and marrow findings Haw
ever under these conditions enhnced won 59 mceorporation
hemoglobm should of necessity be easily demonstrable

The eustence of two humoral factors with different natures and
modes of action 1s mn with and app 1y expl a
number of other observations It 15 of interest m this regard that
heat denatured serum has been found to merease the oxygen con
sumption of marrow cells 1 titro but does not exert an effect on
heme synthesis  The latter was reported to be enhanced by un
Teated serum  In these studies serum heated for thirty yunutes
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envthropoietic actn ity can mamtain normal penipheral values even
m the face of hemolvsis 1e a compensated hemohvtie state The
liemoglobins and hematoents i rits mjected with the thermo-
stable plisma factor do not show sigmficant change However
ervthrocy tosis 1s evident  Although the Intter could concenabh
reflect an element of hemoconcentration comparible increases m
the hemoglobin and hematocnt lesels would then be anticipated
m siew of the magnitude of the en throes tosis that these ammals
manifest Therefore the production of increased numbers of small
cells without evidence of augmentation i hemoglobin svnthests
rules agunst hemolvsis

The presence of spherocytes would be compatible wath both
hemolvsis and the abnormal Price Jones cunes but such cells
would possess a normal hemoglobin content even though their
dameters were decreased Decreased osmotic reststince should
then be demonstrable m reciprents of this humoral factor by both
the quimtatine photocolortmetnic and direct cell enumeration
techmques  Furthermore mereased hemoglobin and hematoent
levels should have nccompanied the ery throcs tosts or else the red
blood cell counts should have remuned unchanged In addition
the erthropotetic stimulition induced by hemolysts 15 character
1zed m tivo by an mereased production of red cells with a normal
hemoglobin content  Consequentls the development of ervthro-
cvtos s m the face of stable hemoglobm and hematocnit determ:
nations 15 mcompatible with the concept that the microcs tes are
normal cells which have assumed the characteristics of sphero-
cvtes It then follows that the umque combmation of findings ob-
served m normal rats gnven the thermostable ether soluble factor
cannot be due to the action of a hemolytic agent with an effect on
red cells such as snike venom Ivsoleeithin or sapomn ™™

The 1bov ¢ conclusion does not rest solels on the demonstration
of enthrocyvtosis m the reciprents of botded or ether extracts of
actve plhismas cven though the magmtude and consistency of
this finding would appenr to establish its sigmficance  The farllure
of these plasmn extracts to enhance the mcorporstion of 1ron 59
m hemoglobmn of reciprents gnen these matertals 15 1 itse}f suf
ficent evidence to exclude a compensated hemoly tie state  If the
agent n these plasma extracts exerted a hemoly ic effect 2t would
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be necessary s a prerequisite for the muntentnee of stable hemo
globin and hematoent values to postulate the presence of defimte

g ttion 1n | globin prod Although tlus radiosso
topic techntque of demonstrating enlineed hemoglobin synthesis
1s relatively msensitiv e to nor changes the myelod erythrocytic
hyperphsin and reticulocytosis m these recipient ammnls are
marked and oceur promptly There would appear to be little
doubt that hemols tic activity of this degree whether compensat
ed or not would be reflected by enlnced 1ron 59 incorporation
n hemoglobin  Since the oxygen cxrying epreity of the blood
1s mamntuned without evidence of enhanced hemoglobm synthe
sts the mierocy tes produced in response to this particular shmulus
cannot be considered nonfunctional ‘Therr individual hemoglo
bin content 1s reduced but the total eircultting hemoglobin re
mams normal Therefore the persistent reticulocy tosis observed
m these recipient rats probably refleets the increased number of
cells rerching thus stage of deselopment

One other possihle effect of the thermostable ether soluble fac
tor desers es comment but it too would seem excludable by expen
mental data The erythrocy tosis without chinge m the hemoglo
bin or hematoent determinations conld be explamed by fragmen
tation of cireultting red eclls * The Inch of porlalocytosis the
uize of the microcytes and the nmfornuty of the small cells gring
nise to 1 double peaked Price Jones curve (Fig 8) are agunst such
an occurrence  Moreorver such 1 mechamsm could not be corre
lated with the renculocytosis nd myelowd envthroeviie hvper
plasia unless the viabnhty of the fragments resulting from ery thro
cvtic eytoclasis was markedly impured It would then be possible
to reconcile all the peripheral blood and mirrow findings  How
ever under these conditions enhnced wron 59 incorporation m
hemoglobin should of necessity be easily demonstrable

The ewstence of two humoral factors with different natures and
modes of action 15 m agreement with and apparently explans a
number of other observations It 1s of nterest in this regard that
heat denatured serum has been found to merease the oxi gen con
sumption of marrow cells in vitro but does not exert 1n effect on
heme synthesis ‘The Jntter was reported to be enhanced by un
heated serum * In these studies serum heated for thirty minutes




a1 Tactors Controfiing Leythropoiesis

n 1 botling watcr bath wercsed ongen consumption 1s much as
the nheatcd matena) hut contuncd none of the stimulating of
fect on heme formation dctectable in the origm |l serum

The findings of Gordon and lus assoctates™ m the 1solated hund
hmbs of rats perfused with 1ctive plisnis 1lo necessitate the
hyvpothess that 2 humoral fictor aceelerites erythroblastic cellu
Irr division Using thus teehmque for demonstrating the presence
of ers throporetic activaty s test maternls these workers hase de
seribud increnses m the number of ncloated red cells and mutotic
figures after mfusion with active phisms for only four hours
These observations are clerly meompatble with the concept that
the humoral ¢ry thropotctic stimulus cts solely by mercsing the
number of rubnblasts derved from the pluripotential myvelod
reticulum cells but does not affcet the multiphiction of differen
tinted envthrocytic precursors The average mutotic ime of nu
cleated red blood cells 1s rather similar m all vertebrates and has
been estimated In 2 number of techmques to be m the order of
thirty to sixty mmutes In the rit thirts mmnutes would scem to
be 2 reasonable figure * However the generitron time of ervth
racyte precursars in tlus spectes 15 on the basis of several m
dependent measures  probably i the ringe of two to three
dus " 1 A conserny itine estrmate of the tmme required for mat
uration from the rubnblast to the prorubricyvte or rubricy te stage
would 1ppear to be twenty hours or more  There 15 excellent sup
port for the contention that the humoral ey thropoietic factors do
not hasten the maturition of mclord enthroeytic elements
Therefore the only conclusion permtted by the short term exper
ments of Gordon nd Ins co workers is that the perfused plasmas
augmented the multiplication of pre evistent en throes tic precur
sors i the sohited r 1t hund himbs

The npparent dichotomons nature of the humoral ervthropot
etic regulators mechinism 1s susceptible of further espernmental
proof In order to test the validity of the hypothesis that a well
balanced effect of both plasma factors 15 needed for the marrow
to produce e throcy tes w hrch are normnl 1n srze and hemoglobin
content the admmistration of the relativels thermolabile factor
Jone should enhance hemoglobin synthesis i 2 recipient but the
ervthrocytes theoretically should be macrocy e Unfortunately
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detuled studies of tlus tvpe e not vet avulable  Gordon? * ¢
has occrsionally obstrved macrocytosis especially n the reep
1ents of unnary materls  Additionnl expeniments are indiented
but failure to detect such changes would not necessanly invah
date the thesis that the rate of en throblastic proliferation 1s also
under humoral regulatory control Certam data suggest that the
level of actity attnbutable to the ther ble ether soluble
factor mav 1 fact be determmed by the humoral agent wlich
enhances hemoglobmn synthesis  Other alternatsve explanations
that deser e testing, nclude among others the possibihity of selec
tive and preferential utihzation by myeloid ery throey tic tissue of
a single humoral mitotic stimulant which exerts a govermng,
fluence over 1l hemie precursors (see page 169)

For the reasons mven together with the knowledge of the va
ety of expenimental and chinienl conditions associated with its
enhanced tctivity 1t may be concluded that the thermostable
ether soluble plismn [ictor does exert 4 primary stimulatory ef
fect on ervthroblastic cellultr division 1n normal rats thereby gov
ernmg the number of red cells formed The relatnely thermola
bile factor on the other hand apparently controls the number of
envthrocy tic precursors derned from the prmutine multipotentral
myeloid reticulum cells and regulates the amount of hemoglobin
produced  Their combined phasiologic tctivities appear to deter
mine 1n addition the size and hemoglobin content of the mdnt
dual eryvthrocytes

SUM\VARY

Plasma serum unne and certain extracts thereof from 1 1a
nety of donors with anemic or hypovie hypoun are cipable of
exerting 1 profound effect on erythropoesis 1n a reciprent of the
same or different species Current data indicite that at least two
agents with different chermcal physical and phys ologic charac
tensties are responsible for the erythropoietic stimulatory actity
contained in these materials

One factor 15 thermostable soluble n ether and most likely a
lipid  When admimstered to normal rats 1t apparently stimulates
homeoplastic cellular division of differentinted marrow ervthro
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cytic precarsars without causimg merctscd dnersion of the multr
potentill marrow reticulum cdlls inte enthrocyte production or
demonstrable augmentation m hemoglobin synthesis Thus effect
on ervthroporcsis 1s m tufested in the sceiprents by mycloid eryth
soevtic hyperphisin reticuloestosis and oy throcy tosts sthout
associ1ted increases in thesr hemoglobin or hematocnt Ievels or en
hanced meorporation of iron 59 1n hamoglobin The newly formed
ervthrocyfes re micracy tic and possess decreascd osmotic resist
ance Tollowing discontimuation of the cxogenous source of the
thermostable phisme factor normal eny throcyhie equitbnum 1s
rapudly re established  Tlus phenomenon is apparently due to the
removal from the perpheral arculation of the microcs tes whose
survival tumes are shortened to approximately 15 days and therr
subsequent replieement with 1 smaller number of normal cells
The mmpured vibnlity of the nucroeyvtes 1s beheved to refleet
chianges m size and or shape occisioned by 1solated acceleration
of the rate of crythroblistic mitotic activity m the absence of a
comparable stimulus to hcmoglobm formation rather than a spe
afic property of the en throeytogenic agent

The other humorl en thropoictic factor is relatively thermolt
bile ether msoluble and probably 1 mucoprotein or closely asso
crated with such 1 substance It enhances the synthests of hemo
globin most Ithel by nerersing the number of erythrocy e ele
ments derned from the primitise multipotential myeloid reticu
lam cclls \aturation of ervthrocy tic precursors and the actual
synthesis of the hemoglobin molecule are apparently unffected
by the humor! erythroporetic stumulus and procecd at relatvely
fived rates mdependent of the total output by the marrow and
predetermined perhaps by the nutritional and hormonnal environ
ment

It 1s suggested that these two humorl erythroposetic factors
contro! mdividually the quantity of hemoglobm and the number
of crythracytes praduced In addition to the regulatory effects
on these quintitative aspects of erythropoiests their combiaed
actiyties apper to deternune the size and hemoglobm content of
¢nch enythrocvte

Many of the euident discrepancies n evpennmental ebservations
on the humoral control of erythroporesis may be due to the pres
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cnce m actine matenals of two frctors wath different properties
Whole plasmas and ser1 ot ttracts prepared by boilimg for less
than 10 minutes contun both factors and mduce n recipient rats
an increase n all parameters that reflect erythropoictic activity
Ether extracts or plasma filtrates processed by bothng for 30 or
mote minutes do not increase won 59 uptake or the arculiting
globmn levels but do late ery throblastic cellular division
It 1s evident that many questions 1 respect to the humoral
erythropoietic factors have yet to be answered  Although certan
conclusions appear justified and do possess experimental support
the speculative nature of theories formulated on the basis of re
sponses mduced mn recipient animals by substances of unknown
composition and punty deserves emphasxs The exact modes of
1etion and ck t 1

of these 1 k re
mun sub judice However 1t muy be predicted with reasonable
certamnty that the imtensnve mnvestigatne activity currently m
progress m many laboratones will result 1n their 1solation positive
identification and probable synthesis in the near future  Further
studhes designed to efucidate more precisely the physwologic prop
erties of the erythroporetic factors will then be greatly facilhitated




Chapter VI

THE HEMOPOILTIC EFFECTS OF BATYL
ALCOHOL
In 1941 Holmes and Ins assocrates ' isolated banl aleohol

from the nonsaponfiable fraction of bovine yvellow bone marrow
Tlus compound (Tble IN) Ind prevsoush been thought to exst

TABLE I\

Prysicat anp Cucvicar CHanacTERISTICS OF BATYL ALCoioL
{Mo~ocLycenoL ETHER OF n OCTADECYL ALCOSOL)

CH,(CH )iy ~O—CH.—CH(OH)—~CH (OH)

Molecular Weight 34156
Melting Pomt 67 4—70 4 C
White Crystailine Solid

Soluble in the Usual Fat Sotvents

only m ccrtun marine orgamsms  The apparent importance of
baty] alcohol 1s a biologiealls actne substance has been subse
quently emphasized by diseoveries of its wide distribution i
nature wd 1ts 1solatton from the spleen 7 arteriosclerotic arter
ses ® and envthroovtes bone marrow mtestinal mucost meco
mum 1nd body enitv fat * of 1 number of mimmals mchiding
man  Sandler’™ reported 1 1949 that bats] alcohol obtamed
from the yellow bone marrow of cattle stimulated en thropotests
1n normal and benzene treated rats and that an opticrlly mactnve
synthetic preparation evohed reticulocyte responses m normal
human subjects  The suularttics betw cen the chemiel and phst
el propesties of the glsceril ethers wd the thermostable ether
soluble plasma er thropoictic fctor suggested a possible relation

9%
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slup Recent studics in our faboratories on the hemopoietic effects
of batvI nicohol hve confirmed its crvthropoietie stmudatory ac
way ®

Six norm) fermale Yoastar stram rits were ghen 20 daily subeutaneous in
jections of 2 ml of peanut ol contuming 125 mg of racenuc batyl aleahol
over a penod of four weeks (Siturdays and Sundavs excepted) The syn
thetic bity] aleohol used i this study  was extracted with ether from the
salme suspension n which )t was recened the ether evaporated and the
enystafline matenal dssobved 1 warm peanut oif s a concentration of 6 25
me of batl aleohol per ml of peanut oil - Another group of ammals was
swven twice the above duly dose for 2 mz{nmble period of time A third
group recened poinut ol dlove and senved as the controls  Hemoglobing
hematoents and“:qthmc)tc reticulocyte and marrow nucleated el counts
were determined by the techmques previously desenbed  Lenlhoeytes and
thrombocyvtes were cnumerited by hemacytometer  The latter were counted
with the phase microscope using sihconzed red cell pipettes and a 1 per
cent solution of ammonium ox e as the dilucnt

Frythropoetic stmulation was manmifested i the ammals in
jected wath batyl aleohol by the development of erythroey tosis
and reticulocy tosis without n assoerated increase m thewr hemo
globins or hematoents (Fig 13) At the end ol the imjection
peniod the microcvtes responsible for the erythrocytosis were
demonstrable graplucally by Price Jones cunves (Fig 14) De
creased erythrocyte osmotic resist ince was also evident with the
direct cell enumeration technique (Fig 14) These osmotic fra
gilitv abnormahities were not detectable by a quantitative photo
colorimetric method At the end of the four week treatment
perod the femoral marrows of three ammaals in each group were
examined  Defimte enythrocytic hyperplasiy was found m the
recipients of the baty} alcohol (Fig 15)

Two weeks after the mjections were discontinued all values in
the animals not afled for marrow studies had returned to normal
baselme levels There was no evidence of altered ery thropoetic
actvity 1n the control group mjected with peanut o1l - All ammals
remained healthy gamed weight normally and demonstrated no
local or general adverse effects from the injections

These findings which have since been reduplicated m a large
numbcr of recipients are m igreement with those of Sandler™
and confirm the e thropoietie stimulatory effect of hatvl alcohol

Tundly supphied by the George A Breon Company New York New Yorl
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Erythrocytes Reticulocytes
{muions per cu mm) (per cent)

03 7101417212428

Hemoglohin Hematocrit
(grams per cent) (volumes per cent)
16 5 48
15 46
14 44
424.=~
131 40

0 7 14 21 28
Days

o—eBatyl Alcohol (25 mgperday!
#~-~~eBatyl Alcohol (125mg perday)
©—0 Peanut 011

Ficure 13 Erythrocytosis and locy t without

in hemoglobm or hematoent levels 1 normal rats mjected daily for four

weeks with a solution of baty] alcohol ;n peanut ol Average determina

tions of six amimals m each group (From Linman J W Bethell F I

and Long M J The erythropoietic stimulatory activity of batyl alcohol
J Lab and Clin Med 52 596 604 1958 Repninted by permusston )
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OSMOTIC FRAGILITY PRICE ~JONES CURVES

s—sBatyl Alcohol (25 mg perday)
=~ Controls
Frcore 14 Microcyt and d osmotic n
of batyl aleohol Composite ennves of osmohc framhty determined b) a
dareet cell enumeration techmque and red cell dismeter distnbution (Prce
Jones) of six rts mven 25 mg of bayl aleohol per duy and the same
number of control ammals at the end of a four week imection penod
{From Linman ] W Bethel F H and Lony, M ] The erythropotetic
stimulatory actity of batyl aleohol | Lab end Clin Med 52 506 604
1958 Reprinted by permissian }

s normal rats  The greater wmounts of baty alcobol used m our
LXpH than those emploved by Sandler undoubtedly ac
caunt for the more muhed ncre 1se n erythroeytes that we ob
served Tlus apparent relationship between dosage and the degree
of response i the reaipents was suggested by Sandlers studies
and 1s supported by ours Angmentation n the numbors of eryth

racytes and reticulocytes wis greater and appeared earher 1n the
rats inpected wath 25 mg of batyl deoho! per day thari in Giose
gren half this amonnt {Fig 13) Frythracytosis was not en

dent 1n the ammals gven daily mjections of 12 5 my until the end
of the second weel whereas the rts recrwving 25 mg, of batyl
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M Granulocytic Elements
O Erythrocytic Efements

o -
v ~

o
g

Marrow Nucleated Cells
{millions per cu mm)
&

[
Batyl Alcohol  Batyl Alcohot  Peanut
(25 mg perday) (12 5mg perday) Oil

Freune 15 Mydoud erythroeytic hyperplisia without n sigmificant increase

m marrow granuloestic cell counts 1n normal rats mjected dailv for four

weeks with batl aleohol  Megihanocytes were also increased in num

ber Averige counts of three ammals 1 each group (From Linman J W

Bethell T H and Long M ]  The erythroporetic stimulitory activity

of baty] alcohol J Lab and Clin Med 52 596 604 1958 Repnnted by
penmission )

aleoliol per dv had an werage increase m ery throcy tes of approy
mately 1000000 per cn mm  after only five mjections How
ever at the t me the mjections werce discontinued the mean m
creases mn enthrocytes per cu mm over their respectine pre
treatment v alues were 1 640 000 1n the former group and 2 180 000
n the htter A snmlar but less defimte dispinty m the reticulo
cyte response w 1s also noted (Fig 13)

This singular type of erythrocy tic response mduced m normal
rts by batyl aleohol was identical mn all respects demonstrable by
the methods used to that wluch has otherwise been observed
only following the admmstration of boiled or ether extracts of
envthropoetically ictrve plsmas (sce Chapter V) In addition
Dbatyl aleohol docs not enhinee the meorporation of 1ron 59 n
hemoglobm of 1ccipient uumals (Table \)} Therefore 1t may be
concluded that batyl lcohol also accelerates the rate of erythro
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TABLE \
Fawwre or Barvn Arconon (25 Mc Pen Day x 3) 70 Engance THE
IncorronaTion OF roN 59 1n HrviocLosny oF RecieiesT Rats  AvERace
DETERUINATIONS OF 4 Anruats v Eacit Grour =1 Stanparo Drviamon
(From Lanman ] W Long M J horst D R and Bethell F H  Studues
on the stnutation of hemoporesis by baty] aleohal ] Lab and Clin Med
54 335343 1939 Repnnted by permussion )

Per Cent Iron-59 RBC Uptake
at 24 Hours
Type of Recypients JURUUR U - -
Normal ,  Batyl Anemic
Serum | Alvko! Serumt
4DayStarved Rats | 66227 | 6516 | 189=74
t
14 Day Fost
hypophysectoroized Rats | 2.=05 31=22 109+46

blastic prohferation but does not augment the synthes:s of hemo
globin
The stmulatory effect of batvl alcohol on crythropaiesis might

be explamed on the basis of l) Enl 1 plasma ery thropoietic
actmty either through d prod of t]\e
humaral factors or T action on mhl b

2) A stmulatory action on erythropmesis nnrelated to the plasma
erythropoetic factors wiich hawve been studied 3} Hemolysis or
erythrocvtic fragmentation rather than primary stunulation
4) Identification of bats1 alcohol with the thermostable cther
sofuble plasma factor or close ehemical relationsinp to 1t possibly
as precursor mtenal

The first hvpothess 15 susceptible of expenmental proof wiich
15 not vet avalable Stmulation of erythropoesis by anemic or
hypouic bypoua or by the admumstration of cobalt 1on wineh
probably acts by nterfenng with otvygen transport has becn
shown to augment endogenous production of and to be medirted
by the humoral erythropometic factors (see Chapter VII)  Similac
hndings m regard to haty} aleohol would appear unlikely hecause
Ivpowa or wterference with oxvgen metrbolism the apparent
sine qua non for enhanced plasma activty m all other situations
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would not be expected to be produced by 2 compound such as
Dbts] alcohol  Moreover 1f baty] aleahol did affect oxygenation
m such 2 manner s to strimulate ery thropoiests an mcrease m the
factors responsible for both enhanced hemoglobm synthesis and
ccelerated erythroblastic eellular division would be expected to
occur The ery throporctic stimulus imparted by T powa 1a sub
jeets eapable of response 1s alwavs followed by elesation of both
hemoglobin and enythrocvte values  Conscquently st would be
difficult to envision as a0 explantion for the ery throposetic actry
ity of batr] alcohol enhanced eliboration of the thermostable
plasma factor alone  Nevertheless 1t 15 concenable that banl
alcohol muight inaetnate an inlubitor of the thermostable factor
Addional nformation 1s needed before this question can be
answered

The theory that batv] ~leohol acts independently of the plhsma
erythroporetic factors 1s at present merely an eplanation by ex
clusion Itis now being subjected to test by assaying for mereased
enythroporetic actisty the plasma of animnls made poly i themie
by means of batyl aleoliol and by attempts to relate chemeaily
baty] aleohol and the erythroporetic sumulating factor mn the
boiled or cther soluble frictions of 1ctive plismas If both of these
experimental 1pproaches should yreld negatis e results some other
explanation for the 2ction of batyl alcohol on erythropotesis not
mednted through humoral fictors must be sought Since all of
the other known ervthropotetic stumult appear to be transmitted
to the myeloid reticulum by the humoral factors 1t would be nee
essary to asenibe 1 hitherto unrecognized and highly indisidual
1zed physiologie effect to batvI aleohol if the above explanition 15
valid Furthermore 1t would seem quite unusunl for two entirely
untelated biologeally active matenals 1e haty] alcoliol and the
thermostable cther soluble plsma factor to evohe the same ap
pavently umque type of erythroporctic response n normal recip
1ent animals

The possibality that the ervthropoietic response ascribed to
baty! aleohol might be secondary to hemolvsis rather than true
exrythroporetic stmulation certunly must be ruled out A number
of ipid substances do possess hemoly tic properties Howeser the
combmation of findimgs 1n normal rats grven bat1 alcohol would
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appear to exclude hemoly sis for the same reasons applicable to the
ther ble plisma en thrap factor (sce page 91) The
myelod ery throey tic hyvperplasi and retieulocy tosis even i the
face of stable hemoglobin and hematoent values are compatible
with a compensated homols tic state The ervihirocytosis s not 3§
it reflected anvthroey bie fragments wath decreased survival times
1t would agamn be necessary to postulite defimte augmentation
hemoglobin production 1s a prerequisite for the muntenance of
normal hemoglobin and hematoent levels Under these crrcum
stances enhanecd meory of yron 59 1 lobim of recip
tents given batvt aleohiol should be evident  Smce ths 15 not the
case 1t would not seem possible to assign hemoly e praperties to
this campound  Consequently 1t may be reasonably concluded
that bats ! alcohol does exert a primary stumulatory effect on enth
ropoiess at least m the normal nonanemic rat
Esidence currentls at hand favors the fourth hypothesis a close
cliermcal relationstup between baty] alcohol and the thermostable
ether soluble plasma erythropotctic factor  Both of these sub-
stances apparently stimulate homcoplastic mitote division of
envthrocyte precursors without augmenting hemogloba preduc
tion both are resistant to heating to 100 C for prolonged penods
they appear to be of comp wable molecular siz¢ batyl alcohiol 1s a
monoglyceral and the thermostable factor i plasma also appears
tobe a hyd
In sddition to its ervthropoietic activity batyl alcobol exerts
other ¢ ffects on hemopotests  Anincrcase in the cirenlating throm
bocytes was also obsen ed m the rats injected with thus substance
Although the thrambocs tosis was not marked it was defimte bore
a el tup to dosage comparable to that note d i respect ta the
enthrocyte and reticulocyte responses and has been a consistent
findmg, m all ansmnls given batslalcohol The retum of the plate
let counts to norm i basehne and control salues one week after
the trcatment was discontinued adds support to evidence favor
g the eustence of & speafic thrombauy tosts promoting propertv
of hatyl alcohal
Sigotficant Jeuhoevtosts or mycloid granwnlocytie hyperplasia
{Fig 15) were not noted in these rats given daily mjectians of 25
mg or Jess but other studies mdicate that this compound does
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would not be expected to be produced bv 1 compound such as
batv] aleohol  Morcover if Inty] alcohol did affect ovs genation
m such 4 manner as to stmulate erythropotesis an merease m the
factors responsible for both enhanced hemoglobmn synthesis and
aceclerated ers throblistic eellulr disision would be expected to
occur  The ers thropoietic stmulus imparted by hvpoua m sub-
Jects erpable of response 1s alw s followed by eles 1tion of both
hemoglobin and enythrocyte salues Consequenth 1t would be
difficult to emvision s 1 explantion for the en thropoictic activ
ity of batsl aleohol cnhanced elaboration of the thermostable
plisma factor alone Nevertheless 1t 15 concenvable that batyl
alcohol might mactnate 2n mhibrtor of the thermostable factor
Additional information 1s needed before this question can be
answered

The theory that batyl aleohol acts independently of the plasma
crythroporetic factors 1s 2t present merely an explanation by ex
clusion It1s now being subjected to test by assay g for mereased
enythroporetic actiats the plasma of ammals made poly oy themie
by means of baty] alcohol and by attempts to relate chemically
baty] alcobol and the ersthroposetic stimulating factor m the
boiled or ether soluble fractions of active plasmas If both of these
experimental 1pproaches slould yreld negati e results some other
explanation for the action of baty] alcoliol on ery throporesis not
medrted through humoral factors nwst be sought Since ll of
the other known erythropotetic stimult appear to be transmtted
to the my eloid retriculum by the humoral factors 1t would be nec
essany to aseribe 1 hitherto unrecognized nd highly individual
1zed physiologre effect to batv] alcohol if the above explination 15
valid  Furthermore 1t would seem quite unusual for two entirely
unrelated hiologically actine materials 1e batv1 aleohol and the
thermostable ether soluble phsm factor to cvohe the sume ap
parently unique ty pe of erythropoietic response 1 normal recip
1ent ammals

The possibility that the erythropoietic sesponse asenibed to
baty] alcohol might be secondary to hemolvsis rather than true
ery throporetic stimulation certamnly must be ruled out A number
of liptd substances do possess hemoly tic properties However the
combmation of findings m normnl rats gien bat] alcohol would
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Erythrocytes Retienlovytes
(miilons per cu mm) (per cent of erythrocytes)

0 7 1& 21* 28 3% 0% 7101417 21 28 35
Days

Hemoglobin Hematocr:t
{grams per cent) {volumes percent)

444
424
40
184

LS

0 7 14 a2 35 o 7 14 2" 28 35
Days
*Treatment discontinued e Batyl alcohol
s-—=¢ Controls
Ficune 16 Enthrocytows and reticulocytosis m normal rats given 50 mg
of batyl alcohol dailv by gastne mtubation. This enythrocytic response
was 1dentical to those observed following the injection of batyl alechol
(Fig 13) or the thermostable plasma erythropoietic factor (Figs 1 and
7) The explination for the drop in the hematocnts one week after the
treatment was stopped 15 not apparent Since 1t was not accompanied by a
decrease 1 h lobin levels and has not been observed
1 other amimals given baty] alcohol 1t 1s probably not sigmfeant  Aver
age determinations of ten ammals 1 each group The controls recened
comparable amounts of distilled water by the same route (From Linman
T W Long M J Rorst D R and Bethell F H Studies on the
stunulation of hemopoiesis by batyl alcohol J Lab and Chn Med
54 335 343 1939 Repnnted by permission )
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possess granulocytic stimulatory actiaty  In our early expen
ments we emploved 1 suspenston of bats! aleohol m 1sotonie
s1hne i doses s Iugh 2s 75 mg per diy  With this preparation
ind dosc the recipient timals develapcd indurated areas at the
mjection sites which at tutopsy were found to contain matersal
grosshy sunilar to that injected  The variability of the hematologie
chnges m these mmals was attributed to faulty absorption
Howcrver the aimals that did respond developed leuhocytosis
m addition to ery throcy tosis ind thrombocy tosis  These findings
suggested that greater 1mounts might be required to wduce len
hocstosis than were necded in order to elicit erythrocyte and
thrombhoey te mcreases

The administration of baty1 alcohol in peanut otl w 1s not asso
crated with reactions at the mjection sites or evidence of 1m
pured absorption but evaluation of Jarge doses with thus velucle
ws preeluded because of difficulties in acluevmg 2 concentrited
solution  Thereforc studies were designed to develop and test
solutions m other medin by or1l as well as parenteral routes of
adnumstration m the hope that they might answ er the question of
the granulocyic stimultting activity of batsl aleohol These ex
penments are stll m progress but some obseryations are v ul
able 13

Twenty normil femile VWistar stran rats were draded mto groups of
ten e1eh  One group was given 15 dah 50 mg doses of a_suspension m
witer of baty] 1leohol H.\J;nmc miubibion Over 2 period of three weeks
The second group recenred compnrable amounts of distilled water by the
same route At the conclusion of the three week pentod five anunals m each

roup were hilled ind femortl marrow exammed  The remaming rats were
%’allo“cd for an additionil two weeks to evaluate the rapidity of return to
normal hemic equlibrium ~ All amimls remained healthy  showed no a
verse effects from the batv] alcohol and tolerated the dly pastrie ntuba
tions without untowrd rerction  The erythrord values leukocytes throm
bocytes and marrow counts were @ 1) {the y P 3}
descnibed  Absolute numbers of the Vv irious Jeuhocytic elements m the pe
ripheral blood were denved from the total nucleated cell counts wnd 200
cell differentinl counts

This expertment confirms the orl effectiv eness of baty] aleohol
These reciprents also deseloped erythrocy tosis and reticulocy tosts
without associated increases m thewr Jremoglobmn or hematocrit
levels (Fig 16) In addition they mamfested thromboc tosis
and leuhoevtosis (Fig 17)  The hatter was due cluefly to an i
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TABLY \I

Circvrating Nucteatep CeLrs Per Cu Mar v Nomvian Rats Guvew

BaryL ArconioL Oranty (30 Mc 1Er Day x 15) Toe Co~xroLs RECEn e

CouramABLE ANVOUNTs OF Di1sriuLen WATER Avi race Varues of 10 Rate

w FacuGrour (From Linman J W Long M J Korst D R and Beth

ell F H Studies on the stimulition of hemopoiesis by batyl alechol
] Lab and Clin Med 54 335-343 1959 Repnnted by permission )

Batyl Aleohol Controls
Cell Type I A g
Bascline | 3Weeks | Bascline | 3Weeks
Total Leukocytes | 11800 o100 | tasw 12900
‘Neutrophils 1128 52r2 1704 1800
Lymphocytea 10167 | 1301 | 15, | 10401
Monocytes ‘ 323 598 388 283
Eosophils 160 01 % 137
Basophils i 27 2% 53 23

rapid return to normal after the treatment was stopped are such
that 4 causal relationship cannot be dened ‘The myelord hyper
plasa and stable hemoglobn and hematoent levels ehmnate
hemoconcentration as a cause for the findings Consequently pri
mary myeloporctic stimulation or hemolysis would appear ta be
the only alternative explanations for the hematologic phenomena
abserved  Although thrombocs tosis and leukoeytosis do accom
Py hemolvsis the evidence previoushy cited (see page 105)
Appears to exclude a hemoly tic effect

Although the evact i of the T 2 effects of
batyl aleohol must await future expenmentation these data af
ford strong support for the conclusion that this compound stim
ulates the prolif m of myelod el The of
gving relatively large doses 1s w1t probalulity the explanation
for the negatve and equnocal results that have been noted
Evensten Gordon and Eusler ™ have given synthetic baty] al
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crease in granuloey tic elements (Table \I) The changes m the
penpheral blood were accompanted by mereased numbers of
both nucleated ersthroevtic and granulocy tie cells n the mar
row (Fig 18) and megiharvocvies were very numerous All

Thrombocytes Leukocytes
{rulitons per cumm ) {thousands per cumm)

0 7 14 21* 28 35 0 7 14 21f 28 35
Days

*Treatment discontinued o~ Batyl alcohol
e=~-~e Controls
Ficure 17 Thrombocytosis and leuhocytosis 1n normal rats ginen 50 mg
of batyl aleohol duly by gastne intubition  The increase n Jeukocytes
was cliefly due to 1 relative wnd absolute neatroplulia  The thrombocy te
and Jeukoeyte counts had returned to normal two wechs after the treat
ment was stopped Aserage counts of ten ammals n exch group (From
Linman J W Long A J Rorst D R and Bethell F H  Studies on
the stimulation of hemopaesis by batyl lcokol ] Lab and Chin Med
54335343 1959 Repnnted by permussion )

determmations 1n the anmmals not Mlled for marrow studies re
turned promptly to normal baseline and control levels after the
treatment was discontinued  These findings mdicate that bats]
alcohol 15 eapable of sumuhiting granulopoiesis m normal rats
but greater amounts are apparently required to ehert this response
than are needed to mduce crythrocy tosis or thromboes tosis

The magmtude wnd umfornuty of the ery throcy te reticulocyte
thrombacyte nd leukocyte mcreases m the recipients of batyl
alcohel (Table MII) together with the marrows Endings nd the
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TABLF \lI

Stanparp Deviamions v 7ur Henatorocic VaLves or 10 Rats Cnes

50 Mc oF Banmi Arcomon viv Gastuic INtusation Damwy Axp of 10

Rats Gives DistiLren Water ny T Savg Roure  (From Linman J W

Long M ] horst D R and Bethell F 1l Studies on the stmulation of

hemopoiesis by batyl aleohol J Lab and Clin Med 54 335343 1959
Repnnted by permission )

i

I
Baseline 3 Weeks* ' 5 Weeks

|Determination! Groups _ = | —
| [ an\ SD | Mean | SD | Mean | 5D
Baiyl I I \
RBCS | Aleohol || §68 \048 | 842 |04t | 666 | 083
110t
Controls) 649 | 033 [ 639 | 030 | 591 | 057
Bt ] 0 |
Platelets | Alcohol || 677 | 091 ‘il 86 | 090 || 702 02 | o4l
108 | ]
Contrals! 605 111 | 636 | a9 |l o2t | 066
Bats! I | 1f I il |
WBCS | Alcohol|| 118 | 14 I| 191 | 27 | 128 22
x 107 ———‘\-—‘——‘\—— e s —
Controts' 138 | 22 | 129 | 27 126 1 32

| i |
87 | 11 \t 33 o2

43} ‘37 04

Batel | ‘ |
Retics | Alcohot| 46 | 15
P

Conbmlsl 16 | 20

*Treatment discontinued

The concept of a biologically active substince capable of alter
ing the rate of cellular proliferation 1s not without precedent A
number of agents wluch promote cell division m plants have been
descnbed ™ The possibality that a lipid may play a basic role
the control of hemopoess 1s also supported by several expersmen
tal observations Evans and co workers ¥ 3 have shown that
hemorthage or the admimstration of phenylhydrazine are fol
lowed by the preferential removal of linoleic 1nd linoleme acids
from the marrow fat of rabbits Even though the eventual fate of
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124 M Granulocytic etements

O Erythrocytic elements
10 4

] 4]
06 -
04 4

024

MUarrow Nucleated Cells (mllions percu mm)

Batyl Controls
Alcohol

Ficure 18  Average marron nucleated cell counts of five rats m each

group demonstriting both enthrocytic and granuloeytic hyperplasia m

the recipients of 50 mg of bitl ~lcohol orally per day for three weeks

(From Linmw ] W Long M J host D R and Bethell F H

Studies on the stimulation of hemopotesis by batyl alcoho! J Lab and
Clin Mled 54335313 1959 Repnnted by permission )

cohol 1 doses of one to five mg duly to rats No alterations m
hemopoicsis were noted over penods of one to four weeks Ve
have also faled to obtamn responses with such small amounts

The demonstration of the thromboporetic and granuloporetic
actnaty of batyl alcohol m addition to 1ts effect on erythropoesis
bears directly on the problem of the control of hemopoiesis These
observations are 1n apparent accord with the hypothesis that all
aspects of myelopaesis may be under humoral regulatory control
and that a single substance or activator inlabator complex may
affect the formation of all hemic elements dernved from the plurt
potentnl myeloid reticulum cells Batyl alcohol onginating 1n
yellow bone marrow may be of primarv importance m such a

system
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been 1solated from yellow bone marrow  2) Thus glyceryl ether
appents to simulate cellultr prolferation of myeloid elements 1n
the mtct rat 3) Thrombocy tic and erythroey fic precursors are
appatently more sensitive to the stmulus imparted by bats] alco
hol than are cells of the granulocy tic series Tentatn e conclusions
are newther justified nor implied and further speculation would
attlus ime be hazardous

Many questions remam unansw ered 1s to what role if 0y batyl
aleohiol may play in the physiologic or pathopliy siologic control of
hemopoiesis T oremost among these 1s the apparent inconsistency
between the dosage of baty1 aleohol required to alter myvelopoie
s1s 1 normal rats and the much smaller amounts of a substance
possessing such speafic biologic activits that would be expected
to exert a readtly detectable cffect Concenvable explanations for
this obser ation include the difficulties with absorption previously
mentioned with exogenous requircments greatly exceeding en
dogenous needs the use of 1 racemic synthetic preparation m
stead of the optically active natural form and the possiblity that
baty] aleohol may be closely related to or a precursor of but not
dentical with some other more active substance Additional
studies are now 1n progress in our laboratones and those of other
v estigators pertuming to the hemopoictic actistties of the other
gheenl ethers selichvl and clhumyl aleohol  Although the latter
15 also a solid selachy] aleohol wlich differs only shghtly from
baty1 aleohol in chemical structure 1s hquid at room temperature
and 15 the glycery! ether found most abundantly m nature *

The possible therapeutic potentinlities of a substance such as
batyl alcohol are readily apparent and deserve exploration A few
observations of this type are avulible It has been reported that
batyl alcohol everts a therapeutic effect i mice and patients
with post irradintion leukopema * % Evans and co workers *
have also desenbed beneficial results following the admmistration
of batyl leohol to cattle with Bracken posoming a disorder asso
ciated with pancytopema due to ngestion of the Brachen fern
However Schultze and Ius associates ** were unable to prevent
or alter with batvl aleohol the course of aplastic anemia induced
m calves hy the administration of trichloroethylene extracted sov
bean ol meal The site type and degree of injury to the myeloid
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these fatty acids 1s unknown 1t may be reasonably surmsed that
they tahe put m the ery throporetic response to such stmuk In
this regard 1t 15 interesting that these workers  were unable to
rchte the loss of these fatty acids from the marrow to the sy nthesis
of hemoglobm  Batyl aleohol also fails to enliince hemoglobm
production but still exerts 1 clear cut effect on iemopoiesis

In addition to the loss of hipid matenal from marrows under
gong active regencribion hemorrhage 15 known to be assocrated
with an nerease in blood pids 1t Tias also been shown that the
apphication of 4 vanety of hypovic stimult 1s quickly follow ed by
n mcrease 1n certun phsma esterases ™ thus suggesting the op
eration of 2 Iipols ic enzyme system n the ensuig ery throporetic
response

Stemberg ™ has reported studies which indicate that mvelo
poiesis 1s predscated on the presence of fat cells in the marrow  In
these well concened cxperiments marron w1s extirpated from
one or more of the long bones of normal Iving rabbits and the
pattern of regeneration was studied The formtion of fat cells
consistently followed the sprouting of prmutne reticulum cells
and always preceded the appearance of differentiated hemic ele
ments When the rabbits were gnen large amounts of benzene
regencration <hd not progress further than the appearance of a
few primitnve reticulum cells Wit lesser degrees of mtovcation
however this stage ws followed by the formation of fat cells and
then by the proliferation of hemic precursors An interesting se
quential pattern of regeneration was observed Megikaryocytes
appeared first with the subsequent development of foci of eryth
rocvtie precursors Granulocytes were not noted unless 1
constderable number of fat cells developed and not until mega
Karyocvtes nd cells of the erythrocytic series were present 1
moderate numbers  Stemberg concluded that myelod activty 1s
dependent on fat cells and that at Ieast part of the mechimsm by
which benzene mduces marrow aplasia 1s by mhibitig cellular
division

TIn view of the meager expenmental data currenth availible
1t 15 obsously nmposstble to relate m any way the above findmngs
to the hemopoetic effects of batyl alcohol 1n normal rats Even
so the following pomts are worthy of note 1) Baty1 alcohol has
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been isolted from vellow bone marrow  2) Tius glyceryl ether
appears to stimulate cellular proliferation of mycloid elements m
the intact rat 3) Thrombocy tic and erythroes tic precursors are
apparently more sensitive to the sumulus imparted by batyl aleo
hof than are cels of the granulocy tic senes Tentativ¢ conelusions
are neither justified nor ymplicd and further speculation would
at this time be hnzardous

Mamy questions remaim unnsw ered s to what rolef any bty
~leohol may play 1n the physiologic or pathophy siologic control of
hemopoiesis  Toremost among these 1s the apparent inconsistency
between the dosage of baty] aicohol required to alter myclopoe
s15 0 normal rats and the much smaller amounts of a substance
possessing such spearfic biologic actinity that wonid be ¢xpected
to exert 1 rendidy detcetable effect Concenvable explanations for
this observation include the difficulties with absorption previously

tioned with exog req greatly e ding en

dogenous needs the use of 1 ricemic synthetic preparition m
stead of the optically active natural form and the possibihty that
bats1 alcohol my be closely related to or 1 precursor of but not
wlentical with some other more active substance Additional
studies are now m progress m aur laboratones and those of other
m estigators pertuning to the hemoposetic activities of the other
gheen) ethers selachyl and climy] aleobol  Although the latter
15 also a sohd selachyl aleohol wlueh differs only slightly from
bats1 alcohol in chemien] structure 15 hquid at room temper iture
and 1s the gheeryl ether found most abundantly in nature

The possible therapeutic potentialitics of a subst ince such as
baty1 alechol are readily npparent and deserve exploration A few
observations of this tvpe are available It has been reported that
batyl alcohol exerts a therapeutic effect m mmee and patients
with post irrdintion leukopemn ¥ % Fvans and co worhers ™
have also deseribed beneficial results following the admumstration
of baty] alcohal to cattle with Bracken possoning a disorder 4sso
ciated with pancytopema due to mgestion of the Bracken fem
However Schultze and lus associates  were unable to prevent
or alter with batyl aleohol the course of aplastic anema induced
1 calves by the ad ation of trichl hylene extracted soy
bean ol meal The site tvpe and degree of myury to the myelod
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clements are undoubtedly of paramount importance n determin
ng the ultimate response  Widespread and ureversible damage
to the myelord reticulum conld prevent a benchienl effect regard
less of the potency of the stumulus nmparted by the baty) alcohot
It 15 not possible to relnte these obscrvations to ours smce we
utilized normal amimals as reeapients Yet 1t s of interest that on
the basis of weight alone the smallest duly dose which we have
found to be effective m normal rats 1s approimately erght times
thit used by Schultze and lus co nvestigators

Since bty alcohiol has been isolated from yellow bone mirrow
1t seems probable that the therapeutic results attributed i the
past to yellow bone marrow and entracts thereof ** *7 were due
to 1ts presence  Recovery m benzene poisoned rabbits grven the
unsipontfitble frictions of vellow bone marrow Irs also been
deseribed ** Observations on the myelopoietic effect of batyl
aleohol support the once widels held concept that yellow bone
marrow extricts and concentrates do possess hemoporetic stimu
latory propertics Insufficient dosage mav be the reason they fell
mto disrepute as therapeutic 1gents

The chemical and physwologic attributes common to batvl al
colal and the ether soluble thermostable plasma ery thropotetic
factor suggest reasonably but without proof that they are closelv
relnted If tius relitionshup 1s estabhshed by future mvestigation
the pathogenesis of the thrombocy te and Ieukocey te mcreases as
soctated with 1cute hemorthage some types of hemolysis and
polyeythemm vera may be clanfied The fulure to observe con
sistently leukocy tosis and thrombocey tosis in experrmental animals
or human subjects with hvperictive ersthropotesis due fo endog
enously enhinced Tumoral factor actvaty does not necessanly
rule agamst this possiality Tt may reflect varving degrees of sen
sitivaty of the different myeloid elements comparable to the dose
sesponse relationship noted m normnl rats gnen baty] aleohol
In this connection there does ewist 2 suggestive correlation be
tween thrombocytosts leukocytosts and the sevenity of certam
acute liemoly tic processes  Morcover the granulocyte and throm
bocy te mereases m acute hemonhage are related to the magm
tude nd rapdaty of the blood loss and disappear after subsidence
of the mitial and presumably maximal Iy povic shmulus
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The reported farlures of plasma from anemic or hypovic donors
to induce lewhocy tosts in recypient nimals™ 111300 I mgy
be similarhy expluned  Obsen ations on the granuloporebie actsy
1ty of larger doses of anemic” plasmas nre needed as are those on
the thrombocytosis promoting propertics of such materals  Sup
port for the thesis that the thermostable plisma enythropotetic
factor may also affcet the rite of prohferation of other lierme pre
cursors has recently been ebtamed 10 patients with polycy themua
vera (sce page 161) It should be cmphasized however that
this suggested rdationslup between byl aleohol and the ther
mastable plasma factor 1s ns yet conjectural and without incontro-
sertible expenimental documentation

In summary our preliminary studies have shown that batsl al
cohol the monoglycerol ether of n octdecy] aleohol mduces the
same umque type of enthropowetic response in normal rats as
that obsenved following the ad ation of the ther bl
or ether soluble fractions of erythroporetically active plosmas It
18 suggested although not vet proved that batvl aleohol may be
1dentical with or closely related to this plasma enythropoetic fac
tor perhaps as precursor matenal Batsl alcohol also evoles
thrombocy tosis and granulocs tosss m normal rats therebs lend
wg suppost to the thesis that all aspects of my elopoesis mav be
subject to humoral regulatory control These findings assume
added interest m the light of recent advances m our knowledee
of the mechamsms governing erythropoiesis and may provide a
clue to the intngumg my stery that surrounds the homeostatic con
trol of hemopoiesis




Chapter VI

CONTROL OF PLASMA LRYTHROPOILTIC
ACTIVITY

Enhanced plasmn eny thropotetic activity has been found m a
number of diversc elimical and expernmental conditions  Howes er
Al of these siturtions with the single cyeeption of polycy therma
ser1 have some type of hypovia® as a common denommnator This
finding m atself strongly suggests that there 1s 1 causal relation
ship betw cen hy poxta and the levcl of ery throposetic factor actiy
ity Manv expenimental obscrvations support and confirm this
hypothesis

The erythropotetic stimulatory fect of Iy povia was recognized
many years before 1 humoral regulitory mechamsm was first
postulated  Hypoua 1s now generlly accepted as the fundn
mental stmulus for erythropotesis Prior to the demonstrabon of
plsma factors wlich are capable of accelerating ery thropoesis
1 normal reciprent tumals the praduction of blood loss wnemia
exposure to lowered birometrc pressure or the 1dmumstrition of
cobalt constituted the only means of expcnimentally mducing
erythropoictic stimulttion It 1s essentral to consider the evidence
favoring oxygen deficiency s the determmant of plisma factor
actvity before the latter can be 1ssigned 4 basie role m the pri
many control of ery thropoiesis

The ery thropotetic stimulus mmparted by hypoxie hypowa 1rre
spectrve of the mechanism responsible for the reduction m arterial
oxygen suturation has been extensuels studted nd 15w mndis
putable fact Tlus ery throporetic response gave nse to the theory
that hypowa of bone marrow elements was the fundimental shm
ulus to enythrop It was subsequentls mferred that the

*The term hypoua 15 used throughout this discussion to designate cellular
oxygen defiaency  Four types are recogmzed 1) Anemc hypowia {dmunution m
the oxygen camying capaaity of the blood] 2} hypoue hypoua (reduction 11t the
arterral oxygen saturation or pO,)  8) histiotoxe hypona {mpa red utihzation of
oxygen by the tissues) and ) stagnant hypoua {eirculatory insufliciency)

16
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mereased enthropoietic actimaty seen in certain types of anemia
was due to a decrease i the oxygen-caming capacity of the
blood and the concept of marow hypoua as the pnmary en thro-
potetic stmulant was extended to include anemic hvpoua Ths
thesis was dable and even desirable mn an attempt to
establish a single explanation for the control of enthroposesis
However 1t was based on idirect evidence and was deseloped
without knowled. e of the oxvgen content of the marrow Al
though the role of fivpowa n the regulation of red cell produc
tion cannot be denied the theory 1n regard to a direct marrow
effect has since heen disprorved (see page 20) As a result 1t
became necessary to evplam by other means the en thropotetic
stumulation induced by hvpoac or anemic hvpoua \Mediation of
the hivposic stmulus by a humoral factor(s) offered a logical ex
planation and no lungcr ths cxpcnmcnhl support

The p of } 1 envthrop factors 1 ammals ex
posed to low ongen tension was first desenbed by Furster
m 1924* and has since been confirmed by mamy mvestiga
tors 16 T 17113 19 00 M1 W% There also eusts ndirect evy
dence that hvpoxic hypoua exerts its en thropoietic shmulatory ef
fect via the plasma factors  Examples of such support are found m
the expeniments of Reissmann™* wath parabiotic rats and those of
Grant™ with lactating rats and mice In the former enthro-
poetic shmulation was evident n both partners even though
only one anmal was mamtaned at simulated Iugh alttude In
the latter studics hypowa of lactatng mothers mduced accel
erated erythropoesis 1 their normal offspring  In addinon ob-
sen ations on patients with regional hypowa™ " have ymphicated
al 1 m the ¢n thropotetic stimulation accom
panving such disorders These patients had localized hvpona but
generalized myelod erythroestic hvperplasia  Converseh 1
creased envthropoiests 15 not evident in 1solated ischerme himbs ™9
Ent d plasma eny throp activaty has also been demonstra
ted wn patients with deereased arte nal oxy gen saturation and sec
ondary polyevthema of vaned ctiology ™ * ' and 1n buman
subjects residing, at ligh altitudes > * " Therefore 1t may be
Togreally luded that the stimulus to ent} P i
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by Iy povie hypoxi s mediated through the plsma ery throporetic
factors

A reltionship between these factors and the hyperactie
erythroposesis ssociated with hemorrhagre or hemolytic anemia
1s also readily apparent  Carnot and Deflandre!®’ 7 were ac
tually studving the mechamsms of regeneration of organs when
they noted i the serum of rabbits with actne regeneration of
blood after bleeding a substance that would stmulate red cell
production i other normal rabluts They reported that the poten
¢y of the serum w 1s greatest on the first day followmg bleeding
and progressively decreased with repeated bleedings However
Furster and Kiss®™ subsequently demonstrated actnity i the
serum of animals with chronic hemorrhagie anemia  The increase
m plismy erythropoietic 1etivity m both acute and chrome hem
orrhagic 1inemia s since been confirmed repeatedly

Erslev * has descnibed studies concerning the envthropoietic
stimulatory cffect contuned in rabbit plasmr after time-hmited
evposure to wnenue hypovia  He found that the plasmn of rabhits
whose hemoglobm had been reduced approximately 50 per cent
by 1 single bleeding w15 questionably active three hours later
Anemma mantamned for six twenty and forty eight hours progres
swvely induced greater plasma factor actnaty - The activaty present
after five days was sumlar to that observed twenty and forty eight
hours 2fter bleeding The correction of anemn1 of twenty hours
duration reduced the plisma activaty to undetectable Jevels
three hours Erslev also reported simular observations following
time himited exposure to simulated lugh alutudes It 1s evident
from these experrments and others that both anemic and hypoxie
hypout evoke a prompt merease m plasmn erythropotetic factor
actint

Grbell?? first descrtbed ers thropotetic properties i the serum
of ammnls with acute phenyvlhydrazine induced hemolytic ane
ma  This technique has recerved widesprend use as 1 method of
augmenting plasma activity because of its rehability reproduc:
bilsty and relative simplicity  Consequently 1t 15 apparent that
the lowered erythroid values brought about by hemorrhage or
hemolysis enhance the endogenous plisma ery thropoietic actiy

ity The humoral factors are undoubtedly responsible for the
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i 1ito increase n en thropoiesis demonstrable under these con
ditions

Even though the artenal and bone marrow oxy gen saturation in
hemorrhagie and hemoly tic anermias are normal the oxvgen car
rying capacity of the blood 1s reduced and anemie hvpoua re
sults Amimals exposed to lowered barometnc pressures or ren
dered anemic by hemorthage or the admimstration of pheml
Indrazine have three things in common 1) increased plasma
erythropotetic actinity 2) myvelod ervthrocytic hvperplasia and
3) Inpoua Since the accelerated erythropotesis 1s most hikely
the result of the increased plasma actimity 1t then follows that
Tvpoua whether lnpovic or anemic m l\pe must be the sumulus
to the augy of the | 1 enythrop factors  The
remote possibihity that the latter might represent a by product of
hivperactine myelad enthrocstic elements can be excluded on
the basis of observations on the effects of mtrogen mustard *
and wrradiation’ * on plasma factor actnity (see page 136) These
studies have shown that a regeneratne marrow 1s not a prerequm

te for the formation of the humoral en thropoetic factors

Cobalt 15 another means of evolung accelerated en thropoiesis
m many species ' This response 1s mamfested by a true pols
eythema with an m i globin and red cell
mass erythrocytosis reticulocy tosts and myelod en throcy e
hvperplasia  Large doses eventually depress red cell produc
tion ** The mechamsm by winch cobalt exerts such an effect on
erythropotesis has been clanfied by recent obsenations “The co-
baltous 1on 15 known to have an inlubitory ¢ffect on the endoge-
nous respration of a number of tissues Vihere eusts evidence
wiuch indseates that it mterferes with certain enzvmes concemed
with the transport and util of o gen incl
dehvdrogenase choline oudase ¢ytochrome oudase “and cata
lase®™ Such an effect would result in Instiotouic hvpowa  Since
hvpoua of marrow clements does not constitute a specafic sttmu
lus to erythropoiesis and because cobilt does not stmulate esther
ovygen consumption or heme synthesis m bone marrow cultures
1 ©itro % 1t 1s necessany to postulate some mechamsm other than
a direct effect on erythrocstic issue Augmentation n plasma
envthropoetic activity 1s known to follow hypowa and has been
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described 1n amimals given cobalt 4% Tlierefore 1t would ap
pear that the erythropoietic stmulatory effect of cobalt 15 also
meduated through the plasma factors and most likely dependent
on the production of tissue hypoua The possibility that cobalt
itself might be responsible for the erythroporetic activity mn the
plsma of ammals treated with thus agent can be excluded A very
small amount of cobaltous 10n 1s present m such plasmas whereas
relatively large quantities of the metal must be admmstered to
produce pols ¢y themin

An increase m plasma erythropoetic actmvity dernved from
esther exogenous or endogenous sources 1s the apparent sine qua
non for the stimulation of erythropotesis m the normal ¢xpen
mental ammal  Since all methods of enhancing humoral activity
are ssociated with hypowa 1t mayv be mfcrred with reasonable
certamnty that general or local tissue hvpoua 1s the stimulus to
the elaboration or activation of the plasma factors  Ersley 7 has
shown that dilution 1memia secondary to the adminstration of
dextran does not cause mcreased erythropotesis desprte the re
duced oxygen concentration of artenal blood Tlus finding indr
cates that loeal tissue oxy gen tenston 15 probably the method by
which the level of plasma stimulators activity 1s controlled Pend
ing further study 1t must be assumed that the functional level of
each plisma factor 1s dependent upon hypowia It 1s entrrely pos
sible however that the manner by which hvpoxa exerts this reg
ulatory effect on the humoral erythrocytogeme agents may dif
fer It may for example stimulate or control the formation re
lease or activation of only one factor which 1s then responstble for
exerting a sumlar effect on the other

In addition to the enlinced plasma erythroporetic actrvity m
duced experimentally by hemorrhage phenylhydrazine hypouc
hypoxia and cobalt plasmas from fetal sheep? ® and dogs °* nor
mal pregnant rats ** and human subjects with secondary polvey
themta and 2 vanety of primary and secondary anemas have been
shown to be active Umbilical cord blood of the normal new
born ¢ © ° 313 and plasma from patients with congestive
heart failure!'? have also been reported to shimulate erythropolesis
n recipient ammals  All of these conditions are assoctated with
some type of hvpoxia thereby strengthenmg the theory that tissue
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hypoxa controls the functional luvel of the humoral erythropos
etic factors The only exception to the correlation between hypoxin
and d plasma ervthropotetic activity 15 found in patients
with polycythemia vern However this does not detract from
the importance of hypot as a determmant of humoral factor ac
tiaty  There 15 good reason to beheve that an diopathic over
production of these humoral agents 1s of etologic significance
poly cythemia vera (sce page 157)

On the basis of numerous experimental and clintenl observa
tions 1t mayv be concluded that hypowa 1s the fundamental or
basie shmulus to ery throp and that the 1 factors con
stitute the mechamsm by which this stimulus 15 mediated to the
myelowd reticulum  Such a umtanan concept of the control of
erythropolesis 15 obviously desirable but m a lning organism
where blood and o gen supply to varous tissues are under con
timuous flux the possibihty that other regulatory mechanisms may
be operating must not be overlooked

Stohlman ® has recently called attention to several observations
whuch argue 1gamst the thesis that hypotn alone governs the rate

of red cell production Tllese mclude a number of situations asso
crated with enk d erythrop without d able hy
poua eg the compensated hemolyhe states frequently seen m
patients with hereditary spheroeytosis and 1n dogs following the
msertion of a Iucite ball prosthesis mto the cardiovascular sys
tem *° #* Furthermore the loss of very small amounts of blood
would hardly seem capable of altening the oxygen carrving capac
ity of the blood more than the daily fluctuations in hlood flow that
oceur normally  Yet 1t has becn shown that the peripheral ery
throid values remain stable in normal human subjects bled 20 to 30
ml every other day for three months®  Other evidence includes
the potentiating effect of cobalt on the ervthropoetic response to
hemorrhage® or lowered barometne pressure #* Altland and
Parker® have also shown that hypoxic hypova severe enough to
cause death in the box turtle falled to mduce increased erythro
poiesis but repeated bleedings did evoke an erythroposetic re
sponse  Moreover hyperoua decreases but does not abolish

erythropotetic actvity 1n experimental anumals and human sub
jects
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In an attempt to explun these findings and the day to day regu
lation of normnl erythnocy hic equikbrinm  Brecher and Stohl
man™ have proposed 1 dual mechamsm of ery throporetic con
trol They hwe postulated the desclopment of an ery throporetic
inlubttor within the red cell dunng the agng process When the
cell 15 destroyed the mhibutor 1s released and acts directly on the
bone marrow  Minmal hemorrhage by decreastng the number of
alder cells would reduce the amount of tins hy pothetical mhib
tor substance released per day  Hemolysis would remove cells
prior to the acquisition of the mhibitor 1t 15 suggested reason
ably but without experimental venfication that tius mechamsm
exerts 4 fine regulatory control over erythropoiesis and that hy
poxta  through 1ts enhineing cffect on humoral ery throporetic
factor activity serves as a booster m the event of greater need

Although the datr cifed «dmttedly persuade agamst 2 umfied
concept of erythropoietic control several pomts must be clanfied
before 1 definitive concluston ean be reached  Alternitive expla
nations may exist Thus the normal erythroid values m com
pensated hemoly tic syndromes may actually be lower than those
required for the particular level of metabolic actisty present In
addition the site at which hypovia everts its enhancing effect on
the hiumoral factors 15 not known It 15 difficult to visuahze just
how sensitive 1t might be to immeasurable changes m tissue oxy
gen tension  The varying responses and degrees of phsma actss
ity noted after the application of different hypoxic stimuli may
also be related to such things as the magmtude and type of hy
poua the presence or absence of certam cardiovascular or put
monary compensatory measures and the depressne effect of
marhed bone marrow hypoua on erythropotesis In regard to the
farlure of the box turtle to respond to hyposc hypova, 1t may re
flect the vastly different oxygen requirements and much higher
carbon diode capaaty of the blood of poikilotherms as compared
to hormotherms

The farlure of hyperowia to abolish erythropotests even m the
face of a marked merease m ah eolr artenial and tissue pO 15 dif
ficult to reconcile with the hypoxic theory However normal

Insma contams small amounts of the plasm 1 factors in the absence
of demonstrable hypovia (page 127) It 1s possible therefore
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that a tissue owvgen tension greater than that wlich can he
aclucved by increasing the oxy gen content of mspircd air may be
needed to completely suppress humoral factor activits - Afthough
the eustence of a second enthropotetic reguliton mechanism
cannot be excluded there 1s as yet no compelling reson ta alter
the thesis that hypowxa and the phisma ery throporetic factors exert
priman regulatony control oy cr red eell production

Hypoxa 15 undoubtedly the clief determinant of enhanced
plsma erythroporetic actisity  but the assumption that it stm
lates the actual formation of one or both of the humoral factors
15 not warranted Tt 1s theoretically possible thit hvpoxa may al
ter exstent actwator miubrtor complexes or bring about the re
lease of preformed factors stored i their formatn e tissue or else
where Tt is also feasible that the plasma factors may Le elabora
ted s mactive precursors and activated m some manner by hy
povia Gordon! * has postulated that the humoral factors m1y be
formed by a mechanism analogous to that of hypertensin Tlus
scheme emisions hivpoun as bnnging about the production and
release into the eirculation of a proteoly ic enzyme complex which
acts on protem substrite furmished by the blood formmyg, organs
to produce the actine agent An altermative scheme involves the
operation of a hpalvtic enzvme system acting on fatty substrate
furmished by the marrow These theories are supported by the
prompt ereases in peptidase and esterase activity n the plasma
following hemorrhage exposure to simulated Iugh altitude or
the admmstration of cobalt ™ #*

The level of plasma erythropoietic activity bears a direct rela
tionship to the degree of hypowa but s also determmed in part by
the functional status of the marrow Utihzation of the actne
agents by the marrow 1s undaubtedhy the explination for the lngh
er levels of plasma actvity present n human subjects or expen
mental ammals with myeloid hvpoplasia than in those with eryth
rocy tic hyperplasia /F xeretion by the ladnevs conshtutes another
P I removal mect and the be
tween the leved of plasma activity and that w the unine sug‘qcsts
the presence of a threshold for the factors The hner has also been
mpheated as playing a role m the excrction or macti ation of the
humoral ery thropoietic substances
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The less marked strmulatory capacity of plasma from ammals
subjected to repe1ted bleedings as opposed to those with phenyl
hydrazine induced anerua has been noted by several mvestiga
tors This observation has usually been explamed on the basis of
the rapid development and more severe depression m erythroid
values i ammals given pheny Thydrazine However Jacobsen and
her associates™™ have reported a correlation between the level of
ervthroporetic activity and Iver damage They noted less plasma
acturty n bled anumals than i those given pheny lhydrazine even
though the anemia was comparable i both groups These work
ers also deseribed differences 1n responses in recipients of phenyl
hydrazine mduced anemie plasma which appeared to be de
pendent on the extent of Iiver damage rather than the seventy of
the anemia  All of their phenylhydrazine anemmc plasmas were
capable of mducing reticulocy toss 1 recipient anmals but only
those from donors with Iiver damage evoked a defimte mcrease in
red cell miss as determined by the won 59 techmque It was
concluded from these observations that the Iner probably partic
1pates 1 the humoral regulatory mechamsm by mactiv iting the
active factor

Prentice and Mirand®" have also postulated that the liver plays
a sigmficant role in determining the level of plasma ery thropoletic
actvity These mvestigators were unable to demonstrate en
hanced actnity mn the plasma of rats subjected for forty eight
hours to 1 low oxvgen atmosphere unless prior acute liver dam
age had been produced by carbon tetrachlortde Activity was evi
dent 1n normal rats after exposure for twenty four hours In spite
of these findings they did not observe any greater erythropoletic
response m ammals with liver damage followmg such stimuli a5
hypovia or the admmistration of active pheny lhydrazme anemic
plasma than m the normal controls Observations by a number of
other workers have failed to support this concept that hver dam
age 15 a prerequisite for augmentation 1n plasma erythropoietic
actvity by hypoxic hypoua Tt would appear more Iikely that the
relationship noted by Prentice and Mrrand was due to the fact
that ammals maintamed at low oxygen tenston develop maumal
plasma stimulatory activsty n approvimately twenty four hours
followed by the restoration of equiibrium and a rapid declne to
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undetectable levels after forty eight to mnetv hours The
creased activity i their rats grven carbon tetrachlonde may have
reflected a dimaged marrow ncapable of utilizing the humoral
factors 1e a situation anlogous to Stohlman s expersments with
v arradiation ¢

The possible rolc of the liver in the humoral regulation of eryth
ropolesis must await myestigative clanfication but several points
deserve comment  Although greater plasma actiaty has been
noted 1 ammals with phem Iy drazme mduced anemia than in
those with anemia secondary to acute or chrome blood loss this
difference has not always been marked nd 1n many mstances
quite mmmal  The efficacy of hemorrhage as a means of enhane
mg ervtlropoietic stunulatory actwity cannot be questioned  In
additon many other conditions are associated with mereased
plasma activity without defimte lner dimage Examples include
patients with certun tvpes of anemua secondary polveythemia
and polvcythenua vera If the Iner everted an important inhib:
tory effect on the plasma factors thereby explaming the greater
activity 1 phenylliy drazine treated donors with hver damage 1t
would be difficult to le the easly d rable ervthro
potetic activity in the absence of hver damage

The reported association between Irver damage and the level of
actnvity 1 donors given phenylhydrazine may be related to indt
vidual responses to the drug There 1s 1 direct relationship be
tween dosage and the toxc effects of phenyvihy drazine which n
clude hemolysis and hepatic damage However as 15 the case
with similar agents all ammals will not respond n a Iike man
ner to a given dose  Vaniability 1n the degree of lver damage 15
expected The tremendous functional reserve of the bone mar
row docs not permit a strict correlatton between the sevenity
of the hemalvtic process and the perrpheral erythroid values In
dividual differences 1n response to phenylhydrazine may be pres
ent even though the anema i1s comparable m degree 1t 1s reason
able then to surmise that liver damage mav reflect a more marked
reaction to the phenylhydrazine mcluding 2 greater hemolytic
component In addition the actual decreise m the oxygen carry
mg capacity of the blood n reciprents of phenylhydrazme 1s
greater than indicated by the degree of anema because of the
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The less marked stimulatory capacity of plasma from ammals
subjected to repeated bleedings as opposed to those with pheny!
hydrazine induced anemia has been noted by several investiga
tors This obsers 1tion has usunlly been explamned on the basis of
the rapid development and more severe depression m erythroid
values m amimals g en phemIhydrazme However Jacobsen and
her assocrates™™ have reported 2 correlation between the level of
erythropoietic activity and Iiver dimage They noted less plasma
actnaty m bled animals than in those given phenylhy drazine even
though the anemi was comparable m both groups These work
ers also described differences m responses 1n reciprents of phem!
hydrazine induced anemic plisma wlich appeared to be de
pendent on the extent of Iiver damage rather than the seventy of
the anemma  All of therr phemylhydrizine anemic plasmas were
capable of mducing reticulocytosis 1n recipient ammals but only
those from donors with I er damage evohed a definite mcrease m
red cell mass as deternuned by the won 59 techmque It was
concluded from these obseryations that the ver probably partic
wpates 1n the humoral regulatory mechamsm by mactivating the
active factor

Prentice and Mirand®? have also postulted that the Iver plays
A sigmificant role n determining the level of plasma ery thropotetic
actrvaty  These nvestigators were unable to demonstrate en
hanced actvity m the plasma of rats subjected for forty eight
hours to a low ovygen atmosphere unless prior acute hyer dam
1ge had been produced by carbon tetrachlonide  Activity was evi
dent 1n normal rats after exposure for twenty four hours In spite
of these findings they did not observe any greater erythropoletic
response n ammals with Iner damage following such stimulr as
hypova or the admimstration of active pheny Ihy drazine anemuc
plasma than in the normal controls Observations by a number of
other warkers have fatled to support tins concept that Lver dam
age 15 a prerequisite for augmentation 1n plasma erythroporetic
activity by hypotic hypowa It would appear more likely that the
relationship noted by Prentice and Mirand was due to the fact
that anmals mantamed at low oxygen tension develop maumal
plasma stumulatory actiaty 1n approuimately twenty four hours
followed by the restoration of equihbrium and 2 rapid declne to
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seribed m reapients of normal human ¢ and rabbit plasma *®
Gordon and Ins associates™ fave dso reported ery thropoetic
st wtion i the 1solted hind hmbs of hwpopln sectomized rts
following perfusion with normal plasan

1t s Been postulated that the fulure to demonstrate actnaty
1 normal plasma or plmt extracts (Figs 19 and 20) may be

Erythrocytes Reticutocytes
{msthions per ¢u mm? {per cent of erythrovytes)

P

o 7 14 26 6 3 7 10 1 1 2
Days Pays

e Hormal Rabbst Playma

-=~~ Normal Human Plasma

Ge—=0 Ringery Solution
Fioupe 19 Falure of the bosded fltrates of normal rabbat and human
plasma to alter the enythrotvie or reticuloeyte counts i normal rats over
a three weck micetion penod  Duly doses were equnvalent to 2 per
cent of the weeypents body waghts The hemoglobins and hematocnits
also remaned stable  Average counts of siteen ammils recerssng each

of the above desertbed matenaks

due to the low concentration of the factors i such material and
the rehtne msensivity of the assay methods  Recent studses
mdicate that this 15 probably true We hare observed defimte
en throporetic stmulition 1m rats gnen 1 s1¢ 10 ten times concen
trated dose of norml plasma ' and Gurney 4nd Ins associates 7
have also detected en thropoetic actvity n normal human plas
mas concentrated tenfold  Although some dissenting, opmions
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reltively large amounts of methemoglobin present  Therefore 1t
15 not possible to aseribe 2 primary role m the humoral regulation
of erythropoicsis to the Iner  The possthility that the hver may
c:’]crt secondary or modifying effects cannot of course be exclud
e

It has become mcreasingly apparent as more data on the plasma
factors are rccumulated that the mechamsms wlhich control enth
10poictic actaty are m 1l probability quite complex At this
time the only justifinble conclusion 1s that hypowa 1s an essential
and basic determmant of the level of plisma factor activity  The
manner by wiich this 1s wccomplished 15 as yet purely speculative
The existence of mactne precursors or actn ator mhibitor com
plexes would seem quite Iikely Furthermore additional informa
tion a5 to the utiization excretion or mactnvation of the erythro
poretic factors ss needed since they may play mmportant roles m
the regulation of plasma actsvity It also should be emphasized
that deficrencies of certun substances such as ron and vitamin
B, exposure to vanous chemicnl nd physicn] agents and the
presence of pathologic processes which mnjure or destroy normal
myelord elements are capable of drastically altermg or modifymg
ervthropotesis irrespectrve of the integnty of the humoral regula
tory mechanism

It 1s evident that the plasma erythropoetic factors exert impor
tant regulatory control over erythropoesis n 1 number of situa
tions ivolsmg erther a reduction n the oxygen curymg cpactty
of the blood or 1 decrese i arterial oxvgen saturation The
marhed effect of the plasma factors on erythropoiesis under these
cireumstances certunly suggests that they ase also involved n the
homeostatic control of the normal erythroid steady state  [he
facts that transfusion polycythemi?™ and Iigh tenstons of n
spired oxygen™ * depress erythrocytogenesis provide ddditional
support for the role of the humoral factors m normal en thropote
sis
The concept of a humora! ery throporetic regulatory mechmsm
demands that the Tesponsible factors be demonstrated m the
blood of normal as well as hypovc donors  Although most mnves
gators have failed to detect the presence of ery thropotetic fac
tors 1n normal plasmas enhanced iron 59 uptike has been de
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Fiovss 21 Role of the plasma erythropoietic factors i the fundamental
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rubnblasts through normat growth to differentiate mto mature
hemoglobin contammg enythrocvtes These two aspects of eryth
7 are p parable and provided with a normal
1 and i 1 ens appewr to proceed at a
fred and predetermined rate  Eren though the generation time
reqmred for the mammhon of erythroevtic precursors and the
5 af } globin may be unalterable the
end resalt of lhls process m terms of its contubution to the crcu
lating hemoglobin and red cell mass 15 subject to both quantita
tine and qualitati e modificatrons
Lattle 55 known concernng the mechamsms wineh govern the
release of e throeytes from the marrow  Under conditions of m
creased need the premature delnery to the errculation of n
creased numbers of reticulocytes and other young erythrocytes
oceurs  While capable of temporanly augmentwmg the murow
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Rabbtt Human Solution

Plasma Plasma

Fiure 20 Umformty m the marrow nucleated cell counts at the end of
a three weel injection peniod m normal rats given exther boiled extracts of
normal rabbit or human plasma or Ringers soluton Average counts of
erght anmnls 1n each group

persist 1t scems certan that the development of more sensitive
methods of detecting the erythroporetic factors will firmly estab
Lsh their presence m normal blood  Therefore 1t may be assumed
that the plasma ery thropoietic f1ctors are responstble for the mamn
tenance of normal ery throeytic equilibnum n addition to deter
rmming the erythropoietic responses to stimuli anising from physio
logic 1nd pathologic changes

Utihzing evstent expenimentnl data 1t 1s possible to formulate a
hypothesis concermng the primary regulatory control of ervthro
potests It has been suggested that ey thropoiests consists of three
basic physiologic processes of which only two appear to be under
the nfluence of humoral regulrtory mechamsms (see page 81)
As depreted schematically m Figure 21 hemoglobin synthesis and
maturation of myeloid erythrocyhic precursors apparently occur
simultaneously and most likely reflect the nlierent potential of the
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Decrensed atternl oxvgen saturation whether seeondary to
lowered oxygen tension of mspued “ur or to cwrcultory or pul
monany defects will produce tissue hvpovie hvpoxia  The Jatter
then mdnees wgmented phismn ery thropotetic actiaty which m
erenses the penipheral erythrond values and oxvgen earrying e
preity of the blood by stimulating myelord ersthroe togenesis
Depending on the seventy of the hyposesma e thropoess witl
be estrblished 1t a lugher level compatible with the mamtenance
of a normal tissue o gen supph or the process will continue un
abated 1n an abortsne attempt to restore cquhibnum  The un
phisiologic poheytherma 1 patients with cert1m congenstal car
hae defects 15 an example of the latter situntion  If the cause of
the decreased arteral oxvgen situration can be elunmated the
ervthropmetic stimulatory capaaty of the plasma wall fait and the
envthrond values wall retusn to normal levels

A reduction in the oxygen cwrnung capactty of the blood sec
ondary to bload loss would through the resultant tissue wwemie
hypoun enhinee phisma en thropoetic actinity m 2 similar man
ner In the presence of normal myclowd elements neveased red
ccll production continues until the blood 1 agawmn capable of ful
fithng the o gen requrements for normal celluler metabohe e
vty

The humort en throp regultor, mav so be
mpheated m situabons mvolving chinges m the overall rate of
metabohie activity and ongen requurements rather than altera
tions wm ovigen supph  Increwsed need would produce relrine
tissue hy poxia even i the face of stable en throid yvalues and nor
mal ongenation of the blood In this respect Jreobson and s
coworhers ¢ *** have shown that the admuustration of the nat
urally oceurring mettbolie stunulwt tnjodothyronme does stun
ulate ervthropoiesis 1 reupient ammals It may then be snferred
that reduced metibolic requirements would produce 1 situation
malegous to transfusion polyevthemia or hyperova which un
doubtedh depress plwma factor 1ctiaty  Further study should
clucidrte the lkely possibubity that such an cffect on the phsma
enythropuetic factors may be of major 1mportnce m the pitho
genesss of the lowered ery throvd values winch Iccompany vanous
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outpat 1t would scem to be of reltively minor importance 1 the
final restoration of erythrocytic equilibrum  Acceleration m the
rate of relese of red cells from the marrow 15 therefore probably
a stop gap mensure brought into plty n emergency situations un
tl sufficient ime has elapsed for the actn ation of more effectne
means of enhiancing erythropotesis The latter 15 undoubtedly ac
comphshed as the direct result of the humoral ervthroporetie fac
tors  As previoush proposed (see Chapter V) the latter through
their effects on hemocy toblastic or reticulum cell ers throey i dif
ferentiation and homeoplistic cellufar division appear to control
respectnely the quantity of emoglobin produced and the num
ber of erythrocvtes tn which 1t 1s distbuted In addition 1t 1s
suggested that the combmed actnities of both plasma factors
govern not only the amount of hemoglobm and the number of red
cells formed but also deternune the size and hemoglobin content
of the individual envthrocytes It may be concluded wath expen
mental support that 1n the presence of normal myelotd elements
the plasma factors constitute the cluef and i all probability the
only means of sigmficantly altering both quantitatively and qual
statively erythroporetic activity

We concur with the concept of ery thraposetic control developed
by Jacobson and his vssocrates *'® Tissue oxy gen tension or more
specifienlly the reltionship between oxygen supply and cellular
metabolic requirements can be assumed to control erther the
actual formation of the factors therr release into the circulition
changes 1 actnator inlnbitor compleves or possibly their activa
tion from mactive precursors A well balanced equilibum ap
pears to extst for a gven level of metabolic activaty winch ensures
under normal conditions not only 1 stexdy ery throid state and an
oxygen supply commensurate with the tissues needs but also the
production of red cells which are of an optimal size and hemo
globin content for the most efficient completion of their physio
logic functions This humoral regulatory mechimsm apparently
responds to alterations i the dynanuc relationship betw een oxv
gen suppI) and tissue requirements By t]lroc)hc equibibrium 1s
thereby re established at the same or a different level as the situa

tion warrants



Chapter VII1

SITE(S) OF PRODUCTION OF THE
PLASMA FACTORS

The majonts of the obsenations on sites of production of en th
roposetie frctors have had negatne value They have tended to
eltminate such hlely organs as bone marow spleen and Iner as
places of ongin of these matenls  Pluma and serum conshtute
the most potent source of the enthroposetic factoss however
en thracy togeme agents hnve been found 1n unipe 18 0 @ @ @

* toulk 3 mad yellow Lone marros ™ Seattered reports of
activity 1n other tissues have appeared but in most of these
stances the responses hive heen equn ocal and Iack confirmation
At the present time there exists duwect nd conclusne evidence
for erythropoietic shmultory properties ookt th the bologie ma
tenals isted bove

I view of the findings s hich sndicate that there are two plasma
ery thrap frctors with daff phesseal el 1 and phas
wlogse charactenstics expenimental observations may reflect these
propeskies  Consequently the type of matenals studied and the
methods used to demonstrate enthropotetic actiaty hecome 1m
portant considerations i the mterpretation of such data In wdd

tion the possibility of different sites of prod cannot be ex
cluded
Carnot and Deflandre were the first meestigators to study the
) umulatory achivity of diffe argans 7 Aq

P

extracts of femoral marrow brun and hner of bied ribhts were
reparted to mduce 2 response I recspsent ammals similar to ane

we” serum Extracts of spleen hidney ntestine {lvmphoeytic
tissue) suprarenal capsule and muscle were found to be mactne
These workers speculated that the large amounts of blood 1 or

gans such as the bram and Iner may have accounted for the
activnity 1 these tissue exiracty and concluded that hemopoe

tine” probably exsted only n the blood and boue marron with
perhaps a greater concentrition w the latter Towever they sug

133
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hypometabolic states such as hypoprtwitansm and myvedem?
Comversely mcretsed calorigenesis mvy be responsible for the
ervthracvtosis associated with Cushings syndrome and the ad
minmstration of ACTH or the corticosteroids

In summary the primary regulatory mechamsm which governs
erythropoiesis 1s most hikely dependent on the relationship be
tween the avarlable supply of oxvgen and the metabolic require
ments of some 15 yct undetermuned tissue or tissues It s mediated
to myelord elements by the plasma erythropotetic factors This
well balanced mechamsm apparently mamtams the normal ery
throid steady state and 1s responsnve to even mmnor changes m the
custent equilibrium  Although thus hypothes s 15 1 part specula
tnve 1t 1s fortified by many experimental observations Pending
further investigation 1t provides 1 logreal and rational explanation
for the physiologic contro} of the normal erythroid steady state
aud for the regulatory mechamsms which govern the production
of red blood cells m a number of «bnormal states
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alter an ammals ablity to produce the humoral factors s re
sponse to phenylydrazme gathie feeding or excessive ultra
siolet yradiation However he reported that splencetomy did
present the formatan of the active factors m ammals rendered
anermie by blocking the reticulocndothelial system with India ik
or 1 those exposed to simulated ngh altitude  Donors with im
pawed reteeuloendothelal systems faded to produce enhanced
actinity after bemg placed m atmospheres of reduced oty gen ten
sion but responded to the production of anema as mimfested
by an aug d enthrop latory effect of their serum
Ter concluded from these studies that there evsted two factors
which were formed at different sites 1n response to varyag stimuls
Recent observations {see Chapter Y ) are m agreement with the
former postulate but do not support the contention that the meth
od of augmenting 4 donor s plasma activits determumes the speat
ficity of the plasma factors so produced  The question as to duffer
ent sites of production has not yet been answ ered

More recently Mirand and Prentice * subjected splenectormized
rats to simulated Iugh altitudes and concluded that the spleen was
not responsible for the mereased plasma enythsoporetic stmula
tory actiyaty induced by hyposic hypova  Although seemmgh
contradictory of Ters chsenations 1t should be pomted out that
the method used by the former sm estigators to demonstrate ervth
roporetic actnaty consisted of the won 52 uptahe n hvpophysec
tomized rats This technique was not available to Tey Jacobson
and lus associates™ have shown that splenectomy does not ehm
wnate or alter the capaaity of eyy 1 ammals to augmen
thesr plosma erythroporetie acttvity following bleeding or the ad
mmstration of cobalt Nether does remmal of the thymus
stomach intestines pancreas or 90 per cent of the Iner

Bensdodlf and assocnates™ ** 3 have reported that blaod sub
jected to reduced oxygen tension in utro developed mereased
ery thropoetic activity and that normad subjects exiubited accel
erated erythroposesis following \enous ocelusion of an extremity
These observations suggested the possibthty that en throporetin™
was formed m the blood itself or by myeloid elements Other
workers have faled to confinm these somewhat nconclusive find
mgs™ 7 and recent studses have shown that normal plasraa re
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gested that the 1ctnty of thar bone marrow extracts may have
been due to the fact that this was the site of the factors action
rither than its formation

More recent expeniments have been conducted by Gordon and
hus co workers™® 1% 1n an attempt to detect the site of production
of the circulating ery thropotetic factor(s) Although therr ong
mal mvestigations suggested actnaty 1 extracts of I er and bone
marrow ' subsequent studies'® did not corroborate these findings
Boiled extracts of plasm Iver spleen thymus lung bram skel
etal muscle bone marrow and packed red cells from anemic
donors were ad ed to other Is Only the plisma
extracts were found to possess erythropotetic stimulatory proper
ties Erslev * has evaluated salme extracts of bone marrow
spleen thymus Iung and kidneys from anemic anumals and failed
to detect activity 1n any of these matenals

Most of the other reported obseryations on the possible site or
sttes of production of the ery throporetic factors have dealt with an
anmals ability to elaborate these substances followmng damage
to or removal of one or more organs Constderable 1mport must
be attached to evidence obtamed m this manner because the 1c
tnve agents my not be stored but released mto the ewrculation
immediately upon formation Even if the factors are present in
Ingh concentrations at therr place of ongmn or some storage site
not concerned with their elaboration 1t 15 equally possible that
they may exist there m n mactive form and be activated m some
manner by hvpoua concomitantly with their releise mto the
plasma The above arcumstances would preclude the demonstra
tion of cr)thmpolctlc activity m various tissues even if the organ
studied was actively imohed i the production of the humoral
factors Therefore the fulure to detect activity m eccrtan tissue
extracts cannot be considered conclusne evidence that the ervth
ropoietic factors are not produced therem or subjected to some
measure of regulatory control by that particular tissue

Ter studied the reltionshup of the spleen and reticuloendo
thehal system to the humoral ery thropoietic factors and reported
that splenectomized recipients exlubited greater ery thropoietic
stimulation followmg the admimstration of active sera than &d
normal anmmals  He also noted that remosal of the spleen did not
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Exteact
Fioure 22 Myclod enthrocytic hyperplasia in normal rats injected darly
for three weeks with boiled extracts of plasma from rabbits rendered
anemic by phenylhydrazine following exposure to a mear 100 per cent
lethal dose of total body <1rradittion and from other rabbits with anemia

dary to 1omzing urradh alone The nucleated red cell counts
these ammals were comptrable to those 1n recipients of phenylhydrazine
mnduced anemic plasma extracts from nomirradsated domors  Average
cell counts of ten rats given Ringers solution and four antmals 1n each of
the other groups recenving the above descnbed matenals  (From Linman
J W and Bethell F H  The effect of uradiation on the plasma erythro-
potetic stmulating factor  Blood 12 123129 1957 Reprnted by per
mmssion )

manifested peniplierally by erythrocy tosis due to mcreased num
bers of microcytes and reticulocytosis The hemoglobws and
h did not show signifi change m any group through
out the period of obsers 1tion

From these findings 1t would appear that an actively func
tioning or regencrative bone marrow 1s not essential for the pro
duction of the ther ble plasma ery throp factor and that
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mams inictive even after equilibration agamst pure mtrogen for
24 hours ** There are additonal data that tend to negate the
possible role of the blood or blood forming organs mn the produc
tion of the plism« ervthropoletic factors

Erslev and Lavietes ** have camned out expermments regarding
the effects of mtrogen mustard on the elaboration of the humoral
agent(s) They noted no impurment after treatment with this
cytotoxic agent m the ability of rabbuts to deyelop increased plas
ma ervthropoietic nctivity n response to hemorrhagic aneria
We hue conducted similar expenments with x uradiation ™
These stodies were designed to sce if 1 near 100 per cent lethal
dose of total body x ray which immeditely arrests erythroblastic
cellular division and differentiation would prevent enhanced pro
duction of the stmulating factors It was also desired to deter
mme if the anema produced as a delayed effect of the irradiation
itself was a stimulus to plisma factor elaboration even though the
donor vmmals had hy poplastic marrows

Adult New Zealand rabbits weighing 25 to 30 hilograms were gien
total body x irradittion (total dose — 750 ¢ filtration — 05 mm_copper and
I mm alurmnum 245 KV dose rate — 17 6 r per mmute) These ammals
were then divided mto two groups One group was started on dally sub
cataneous njections of 1 ml of a 25 per cent solution of phenylhydrazine
twenty four hours later After three to four mjections these animals were
awemic with hemoglobmns ranging from 22 to 66 17d averagmg 37 Cm
per cent They were then exsangunited Boiled and perchlorte acid pre
cipitated plisma extrrcts were prepared according to the method previowslv
descnbed (see page 44) The other animnls were followed for two to
three weeks after iradiation until therr h Tob d app! 1
6 Gm per cent They were then exsangummnated and plasma extracts pre
pared These md(eruis were gtven to groups of normal rats m mdiadual
doses equnvalent to 2 per cent of the recipients body weight (18 daily i
jections over a three week peniod) Other rats were wmjected with boiler
plasma_extracts from nomrraditted rabbuts rendered wnemic by phenylhy
drazme A control group received comparable amounts of Ringer s solution

The results of this endeavor are i part summarized i Figure
22 which depiets the average marrow nucleated red cell counts 1n
cach group of rats at the end of the mjection pertod  The extracts
of plasmas from both pradiated and nonirradiated rabbits with
phenylhydrazine mduced anem and from those with anema
secondary to wradiation lone were all capable of strmulating
crythropoesis 1n normal rats The myelord erythrocytic hyper
plasia was comparable i degree 1 all of these groups and was
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Since tissue hypowin apparently stimulates the formation or
actiyation of the humoral factors the presence of mereased eryth
ropotetic achvaty in anemie and ]l\«PO‘(leC states where cardrac
and pull v ad) the oxy gen supply to such
organs as the bram suggests that they may be elaborated by some
relatively nonvital cellular system or organ Even though expen
mental observations appear to elimmate a number of organs as
loa: of erythropometic factor production 1t would seem mmprudent
to exclude them without reservat on  The number of unknown
varables mvolved 1n such studies demand that caution be em
ploved m reaching definitive conclusions These include to men
ton but a few the possibilities that multiple organs may be
volved and that the factors may be stored or activated m tissues
other than those 1n which they are formed The unresolved ques
tion as to the eustence of mhubitor substances further adds to
the compleuty of this problem

The most persuasne data linking erythroposetic factor produc
tion to a specific organ have emanated from the laboratory of
Jacobson and lus associates 14¢ M7 318 3334 Tlese 1myeshigators
have reported that nephrectomized rats rabbits and mice fail to
develop enh d plasma stimulatory activity mn resp to hem
orrhage the admimstration of cobaltous chlonde or exposure to
lowered barometric pressure Therr methods of demonstrating
erythropotetic activity m recipient anmals have included the n
corporation of 1ron 59 1 hemoglobin of starved and hypophysec
tomized rats and the reticulocy te response m transfuston induced
polycytherme mice Following bilateral ureteral ligations the
augmentation m plasma activity was only slightly less than that
observed 1n the intact controls given cobalt or bled

These workers have concluded from therr observations that

erythropotetn 1s most likelv produced by the kidneys but sug
gest that the toxic reaction to nephrectomv may prevent its forma
tion 1 some other site or it may be formed m the hidney as an
machive precursor and actnated elsewhere Ammals with intact
Lidneys were used as recipients so 1t seems unlikely that the kud

neys activate an mactive precursor formed m some other organ
The possibility that such a precursor can be activated only by a
hypowic hidney has not been elunmnated  Since ureteral ligation




138 Factors Controlling Erythropoicsis

1t 15 not formed by hemoporetic elements but by 1 relatively radia
tion resistant tissue  The obsers 1tions of Stoldman and Brecher"
permit a sumilar conclusion 1n respect to the humoral factor wlhich
stimulates hemoglobm synthesis Thes noted that exposure of rats
to x rdition prior to bleeding or placing them m atmospheres
of reduced oxy gen tension not only fuled to dimimsh the enhanc
g effect of their plasma on the incorporation of wron 39 1 hemo
globm of reciprent animals but actunlly potentiated the activity
Therefore neither plasma factor seems to be formed by hemaopot
etic or other tissues | g comparable radi taty  Mathe
and Bernwrd® * have also concluded that irradiation does not mter
fere with the development of enhanced plasmn erythroporetic ac
troaty after hemorrhage

An alternatrie explanation for the failure of mitrogen mustard
or x wrradiation to prevent the appearance of increased amounts of
the erythropoietic factors 1 response to hypoutr must be ex
cluded It 1s possible that mjury to the myelord elements may
enhance the accumulation of the active agents m the plasma be
cause of an m bility of the target tissue to utilize them n blood
formition There 1s hittle doubt that the level of plsma actn
ity 1s determined at lexst in part by the functional mteguty of
the marrow  On the other hand if the factor or factors were pro
duced by the blood formng organs 1t would scem unlikely that
injury severe enough to prevent their utihzation could occur with
out seniously mterfering wath their formation

The evidence which indicates that the endocrine glands exert 1
modifying mfluence on erythroporests through therr cffects on
metabolic activity rather than participating m the primary control
of red cell production has been discussed (see Chapter I1) Ex
tipation of the orthodox endocrme glands smgly or together
does not prevent the erythropoietic response to hypovc stimul
Furthermore enhanced erythroporetic activity has been demon
strated m the plasma of hypophy 1 adrenal ]
thyroidectomized and castrated animals after bleedmg
Consequently current data render as untenable the thests that the
endocrme glnds may be sites of production of the humoral eryth
ropotetic factors which have been studied

40 113
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1 110 response to acute hemorrhage s measured by plasma ron
turnover Ersles hias concluded from these studies that the anemia
of urenuc rabbuts 1s not related to the presence or absence of
nomal kidney tissue and 1s associtted with both decreased pro-
duction and mmpured utilization of the plisma factor He does
not believe that us observations support the theory that the lad
ney 15 the site of formation of the humoral erythropotetic factor(s)

The problem 1s further pl d by the failure of others to
reproduce the findings of Jrcobson and lus co workers Mirand
and Prentice 7 ° usmg the uptake of iron 59 1n hypophssecto
muzed rats as a measure of response have reported that bilateral
nephrectomy does not prevent the development of enhanced
plasma ery thropotetic actnity m rats subjected to lowered baro
metric pressure but does abolish the response to hemorrhage or
cobalt They have Tuded that ervthropoletin” 1s not pro
duced 1n the kidneys 1n response to hypouc hypoxin Howesver
these imvestigators concur with the thesis that the hidneys are
required for the increase m humoral ery throporetic factor activity
evohed by hemorthage or the cobaltous 1on

The question as to whether different tissues might respond to
different tvpes of hypovic sttmuli cannot be answered However
1t would seem highly improbable that the effect of hvpouc hypoua
would be qualitatively different from that of hemorrhage Jacob
son 1nd hus associates®® have shown that in their hands nephrec-

tomy pletely abolishes the resp to a low oxygen atmos
phere The explanation for these dictory findings 1s not yet
apparent

There are additional observations on the hemopoietic effects
of bilateral nephrectomy m rabbits*® wiich mdicate that the kid
neys are at least not the sole place of ongin of the plasma eryth
ropotetic factors Nephrectomized amimals do not develop reticu
locy tosis but nerther do their reticulocy te counts fall precipitiously
The speed with which the plasma regulatory mechanism 1s capa
ble of altering erythropoiesis providing no myeloid abnormality
eusts 15 well documented 1 many experimental situations m
volving both ncreased and decreased humoral stimulatory actry
v This effect has been demonstrated after time imited epo
sure to anemic and hypouc hvpowa * and decreased ery thropor
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produced a comparable degree of uremia without sigmficantly
decreasing the plasm activity evoked by hy pote stmuli accum
lation of waste products would not scem to cxplun the findings
However a negatie responsc by the 1ss1y methods used does not
necessarily indicate an absence of the ery thropoietic factors Ne
phrectomized ammals still may be able to produce a normal or a
decreased amount of n active agent which 15 undetectable by
the relahnl) msensittve methods avaulable to demonstrate ervth
ropoietic tctivity

Naets® °7 has desenibed sumilar observations m nephrecto
mized dogs  Followmg remoy 1l of both kidney s the animals were
Rept alne by pentonenl dialysis He obsery ed 2 marked decrease
1 1ron 59 ncorporation nd plasma turnover m these nmals
wherens sumilar measurements 1n dogs subjected to bilateral ure
teral ligation were virtually normal In addition Naets has de
seribed a disappearance of the ery throblasts from the marrows of
nephirectomized dogs which was evident 1n three to siv days after
extirpation of the kidneys Erythroblasts were stated to persist in
the marrows of dogs after ureteral higations  En throblastopema
has also been reported mn persons with acute anuna but not m
pattents with chronic uremia even though the level of the NPN
was comparable 3 ¢ Naets has concluded from these findings that
bilateral nephrectomy bolishes en throposesis m the dog

Erslev © 9 has also carried out studics designed to evaluate
the role of the hidneys i the formation of the plasma crythropor
etic factor(s) but with different results He reported that rabbuts
subjected to bilateral nephrectomy or ureteral ligation or section
and bled 1n the preuremic phase showed 1 low level of erythro
potetic factor 1etrvity 15 determined by the reticulocy te response
1w reciprents of their serum  Although he did not observe this find
mg or an merease m reticulocytes or bone mirrow erythrocy tic
elements m severely uremc rabbits following hemorrhage mve
loud ery thrapotests remuned active despute the complete absence
of renal tissue The serum of uremc rabbits did not ympar the
erythrapotetic activity of serum from normal bled ammals and
the uremme rabbits did not respond to an nfuston of serum from
anemie but otherwise intact ammals He has 1lso reported that
both bilateral nephrectomy and ureteral hgations abolish the
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At the present ime the possible place of ongin of the thermo-
stable cther soluble plasma erythropotetic factor 1s entirely con
jectural In view of the similarities between the chemcal char
actenstics and ervthropoietic effects of this substance and batyl
alcohol (sce Chapter VI) yellow bone marrow deserves further
study

In summary expenmental observations permit a number of ten
tative conclusions regarding the site or sites of production of the
plsma erythropoietic factors There evxsts evidence that tends
to exclude the following organs or tissues  Myeloid hemopotetic
elements Iner spleen thymus lung bramn skeletal muscle ma
ture erythrocytes pituitary thyroid adrenals gonads Iymphoid
tissue stomach mtestmes and pancreas The khidneys are most
Iikely mvolved 1n some manner i the humoral cry throposetic reg
ulatory mechamism It 1s suggested that the plasma ery thropotetic
factors may have different sites of production The place of ongm
of the thermostable ether soluble factor which stimulates eryth
roblastic cellulr dinision 1s unknown The relatively thermola
bile ether msoluble factor which appears to be a mucoprotem
and augments hemoglobin synthesis may be elaborated by the
lidneys The possibilities that the erythroposetic factors may be
stored 1n sites other than their formative tissue(s) produced as
mactive precursors in one organ and activated elsewhere or enist
1n the form of activator ihibitor complexes cannot be excluded
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etie 1ctiaty oceurs prompth m transfusion mduced poly cy themic
ammals* # Tt has also been shown that exposure of rabbuts to an
atmosphere of 68 per cent oxygen 1s followed by 2 much more
rapid dechne in the reticulocy te count than 1s the removal of both
kidneys * If the mtegnty of the humoral erythroporetic regula
tory mechanism was entirely dependent on the kidneys 1t would
seem that bilteral nephrectomy should be followed by a prompt
and essentially complete cessation of reticulocy te production In
additton normnl or even mcreased numbers of erythrocytie pre
cursors hve been observed m the mirrows of rabhits three days
after bilateral nephrectomy *° This finding 15 1n distinct contrast
to the absence of marrow erythroblistic elements 1n nephrecto
mized dogs described by Naets® =7

Further studtes we needed before the exact role of the kidneys
m the determmation of plasma erythropoietic factor actiity can
be accurately defined However vailable dat1 make 1t difficult
to envision the hidney s as the only site of formation or actnation
of the humoral agents On the other hand the elaboration of one
plasm erythropoietic factor by the hidneys cannot be excluded
and could explain some of the variations m reported experimental
observations The studies of Jacobson and his assoctates*? 147 316
33 4 strongly suggest that this 1s true On the basis of their test
matenals and methods of demonstrating actuity (iron 59 mcorpo
ration n hemoglobin) 1t would appear to be the relatnely ther
molabile factor which stimulates hemoglobin production Con
tmued elaboration of the thermostable ether soluble factor might
then account for the persistence of pertpheral reticulocy tes nd
myeloid erythrocy tic precursors m totally nephrectomized animals

The frequent occurrence of anemia 1 patients with chronic
renal disense® *® provides further support for active participt
ton by the kidneys m the regulatory control of erythroporesis
Conversely the occasional association of polycythema with var
1ous renal lesions (tumors polycystic disease and hydronephro
s15)% 9% 15 also compatible with such a thesis In addition ery th
rocytosis has been reported to follow the partial ocelusion of a
renal vein m dogs ¥" Future mvestigation should clarify this ap
parent relationship between the hidneys and ery thropoiesis
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Normal human plisma estracts do not induce clear cut eryth
ropotetic stimulation 1n recipient ammals when adminsstered in
the usual doses However evidence has been abtamed'*® 1 s luch
ndicttes that ery thropoietic factors do exist m normal human plas
ma  Activity 15 apparently present under normal conditions but
escapes detection unless the plasma extracts are concentrated ap
proumately tenfold Tlus finding together with others such as
the depressant effcct of hyperoun on erythroevtogenesis  ® sup
ports the concept that the plasma factors exert important physio
logic control over erythropoesis and probably constitute the prr
mary mechamsm responsible for the m of the normal
erythrod steady state m man It also may be concluded from
available dita that the reltionship between oxygen supply and
tissue requrements controls the formation or activation of the
plasm ery thropotetic factors m the human spectes The humoral
agents then mediate the specific requirements for ery throcyte pro
duction to the bone marrow and thereby automatreally establish
a level of erythropotesis commensurate with the oxygen needs for
normAl cellular metabolic activity

Observations hve been carmied out on the erythropotetic stm
ulatory capacity of plismis from pitients with a number of prnt
mary and secondary tnemias However failure to observe ervth
ropotetic activity m certun of these plismas or sera merely mdi
cates an erythroporetic effect equal to or possibly less than that
present normally Therefore 1t 15 not vet possible to classify
anemtas on the basis of d 1 plasma erythropoietic factor
actisity  On the other hind enhanced activity has been demon
strated m a vaniety of disorders imcluding permcious anemin acute
and chrome hemorrhagic anemin acquired and hereditary hemo
Iytic anemias hereditary leptocy tosis sichlemna acute and chronme
leukemia enythroblastosis fetalis Hodghins disease metastatic
carcinoma  and hvpoplastic anenma®? 13 3 14018 15 100 101 00

18

The plasma erythropoetic factors undoubtedly play an mmport
ant role m all anemuas even though certam deficiency states or
abnormalities of myeloid elements are capable of altermg red cell
formation For the purpose of this discussion 1t would seem de
sirable to divide the anemas into the follow ing groups



Chapter Ix.

ROLE OF THE ERYTHROPOIETIC TACTORS
IN MAN

Prior to the demonstration of erythropotetic actnity mn heat
denatured plismas and the development of short term assay meth
ods observations on the humoral factors 1n man were necessarily
restricted nd 1in most mstances indirect  The etrliest mention of
their possible role m mn 1s found m the reports of Carnot and
Deflandre 17 These mvestigators described ncreases m the
red cell counts of anenuc patients given serum obtamed twenty
hours after bleeding but did not specify the type of anemua treat
ed or the source of the serum

In 1939 Loeschcke and Schwartzer’ reported that both the
serum of 1 man residing at lugh altitude and human umbiltcal
cord blood evohed ery throcy tosis m norml rabbits  Several years
later Bonsdorff and Jalavisto™" immunized rabbits against human
plasma and noted evidence of erythroporetic stimulation 1n such
anmmals grven plasma from patients with congestrve heart failure
and stagnant hvpoxin Ol and assoenttes'™ utilized normal sub
jects as reciprents m therr studies i 1949 on the ery throporetic
activity of human anemic plasmas In addition observations on
patients with regional hypou1 ® * and generahized myeclod
erytlnocy tic I perplasia suggested that 4 humoral factor was ac
tive 1n the human species

The eustence of 1 humoral ervthropoetic regulatory mecha
mism m man has now been confirmed There 1s excellent support
for the concl that the cl 1 and physiologie character
1stics of the human er) throporetic factors are :dentical with those
m other mammals The assumption that the mformation obtained
through ammnl expenimentation 1s directly applicable to man 1s
2 valid one Therefore these basic prmeiples will be utihized to
supplement the evstent observations on the role of humoral fac
tors n the control of erythropoiesis in man

144
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m clanfying the role of the plasma en thropoietic factors 1n the
1anous anemic states

Followng acute hemorrhage m an otherwise normal mdn 1dual
with adequate tron stores the restoration of erythrocytic equih
brium 1s undoubtedly the direct result of the accelerated erythro
potesis occasioned by the enhanced plasma en thropotetic factor
actnaty  Hemolysis 1lso mduces augmentation m plasma activity
but depending on the seventy and persistence of the hemalytic
process the inereased production of enythrocytes may not be ad
equate The depressed ery throid values which usually accompany
hemolysis regardless of the underlving cause probably reflect the
ceiling 1mposed by the functional resenve or capacity of the mar
row rather than anv abnormality in the humoral e thropoetic
regulatory mechamsm Therefore 1t may be logically inferred
that the plasma factors by evoking accelerated erthrocs togene
si1s temper the severity of a hemoly ic disorder as reflected by the
degree of anemua present It 15 also possible that they may m
some produce “comp ted disease without anema
The latter occurrence has heen mentioned as being incompatible
with the theory that hvpowa 1s the primary erythropoietic stimu
lus (see page 121} However in view of the delicately balanced
equilibrium which apparently eusts 1t would not seem unreason
able to surmise that minor and perhaps undetectable changes m

lating globin levels may suffi plasma

factor activty so that red cell production exceeds peripheral de-
struction More sensitrve methods capable of accurately quan
ttating changes n plasma ery thropotetic actinaty will be needed
to clanfy this problem

The plasma erythroporetic factors cannot be mphcated m the
production of the anemias due to blood loss However 1t may be
considered axiomatic that their ncreased elaboration 1s vital tor
the restoration of normal values In the face of continued hemoly
s1s or bleeding they serve to at least parhally counteract the pe
ripheral loss until 1t can be elminated or brought under control
“Aplastic erises have been described m many tvpes of hemoly ic
disease and have usually been explamed on the basis of “marrow
exhaustion It 15 concevable that some failure or defect i the

humoral regulatory )} may be responsible at least n
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I Increased removal of red cells
A Hemorrhage
B Hemolysis

II Impaired blood formation

A Deficiencies—1ron vitamin B, folic aud ete

B Destruction of myeloid elements—hy poplstic and aplas

tic anemia
C  Drversion of growth potentral—granulocy tic leukemia
D Displacement or crowding out of marrow elements—mye
lophthisic anemia
E  Defective erythropoiesis—hereditary hemoglobmopathies
F  Depression (etwology unknown) — chrome infection
renal msufficiency etc

All anemmas are basically the result of madequate blood forma
tion but the above two categories differ markedly 1n respect to
the pathophysiologic pracesses responstble for the Towered eryth
roud values  Since all of the metabolic building blocks required
for normal red cell formation are present in otherwise uncomph
cated anemuc states due to inereased removal of ery throey tes from
the arculation the marrow 35 capable of responding  However
the myeloid erythrocy tic hvperactivity may not be adequate and
anemi occurs when erythroeyvte production fails to keep pace
with the peripheral loss In the case of the anemas due to m
pured blood formation the primary causeis defective erythrocy to
genesis  The number of red cells formed by the marrow 1s msuf
fictent to replace those lost by normal aging  For thus reason the
role of the plasmn erythropoietic factors in these different anemie
states will depend on the functional integnity of the myelod retic
ulum

Unfortunately no etiologre classification of 15
1t 15 impossible to dehneate all anermc states on the basis of 2 sin
gle pathogenetic mechaism  The end result often reflects both
mereased removal and mmpared formation of the erythrocytes
Chrome blood loss with 1ts resultant ron deficiency and subse
quent impurment in hemoglobin synthesis 1s one of m) cxam
ples of muluiple causes for 2 measurable lowering of the erythroid
values Howeser differentration as to baste cuse 15 2 definite ud

enlut
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wrenma 15 assou ted wath both deereased forsiation and wpured
uthzation of the plisma erythropowetie factor(s) * " ¥ Gumey
and Ins co workers * have reported therr fmbure to demonstrate
enlymnced en throporetic actnsty 3 the plismas of seven patients
with refractory wnumin secondiny to chronie rend diserse  Gal
Iagher and his associntes™ described sumilar findings w fifteen
out of the srcteen uremic patients with anemua that they studied
It has also been suggested that congenmital hy poplistic e may
be due to a dcfiouney of an essential plasma factor 5 Many
m estigators are now working on this aspect of the fiumoral con
trol of erythroporesis Addwsonal sformition concermng the plas
ma esythropotetic factor actn ity i patients wath 1 variety of re
Irattory <nemuay should soon be warlable

Anmy d of the possible therapeutic potentithities of the
plasma enythropontic factoss 15 perhaps premature However
snce one of the ultimate gorls of research on the humoral control
of ervthropaiesis s ta 1solate and synthesire w ery thropoetic sub-
stance or substinces which may be effective sn the treatment of
certamn refrictory meruts thus subject 1s of great mterest On
theoretienl grovmds st would scem yeny unbhely that the plavma
erythropoetic factors would be of value 1n the treatment of other
wise uncomphctted anemias due to blood lows hemelysis or ym
pawed erythrocy togenests secondary to well established myelosd
deficiencies or defects  These conditions 1re not the vesult of ab
normahties i the humoral ery thropoetic regulatony mechanism
Such patients already hue mereased phisma stnulatory actiy sty
due to endogenous claborat:on of the factors Under these ew
cumstances st 15 Inghly mprobable that the admmstrabion of
additional tmounts of the e throp factors from
saurces waukd be of any therapeutic benefit

On the other hand if some aneme states are found to e asso
ented with decreased plasma actsesty the humoral factors may
consttute specific therapy  Has of mterest that the disorders most
Bhely to be assocsated with depressed plasmaiactivty eg uremia
rheumatod arthutis and chrome mfection ~re the ones i wiich
the wnerua has on cecasion responded to therapentic doses of
cobalt Thes substance has been shows to wnbnnce endogenous
plasma erythroporetic activity However the erythropoetie re
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part for these occurrences TFurther studies mn this regird are
needed

The pathophystologic activity of the plasma cry thropotetic fac
tors 1n the anemuas due to jmpaired blood formation 1s more spec
ulatnve If the prerequusites for normal erythropotesis do not eust
1t 15 obvious that the marrow cannot respond m a normal manner
to the stimulus 1mparted by the humoral erythropoietic factors
Since hemoporetic elements are apparently not mvolved m the
elaboration of the plasma factors1® * it then follows that en
hanced plasma activity secondary to tissue aneme hypowia should
be d trable 1 the resulting from erther quantitative
or gqualitative marrow bnormahties The latter would melude de
ficrencies of vitwmin B;  folic acid or ron a decrease i normal
marrow elements secondary to therr destruction by physical or
chemical mens crowdmng out by foreign tissue or diversion of
growth potential by leuhemic transformition and defective eryth
ropolests resulting from hereditary or nborn abnormalittes m
hemoglobin synthesis Although the numbers of patients studied
have been small enhanced plasma activity has been demonstrated
mn each of the above hematologic disorders Evcn though the pnt
mary marrow abnormality prevents the normal erythropoietic
response to the humoral factors 1t cannot be assumed that these
agents are devoid of pathophysiclogic significance Their pres
ence 15 probably essential for the continued ittempt on the part
of the marrow to produce some ersthrocytes under these condi
tions and for the restoration of normal erythrord values after the
spectfic marrow deficiency or defect 1s corrected

The plasma erythropotetic factors are not of pathogenetic 1m
portance m these well defined anemias However the ver real
possibility eusts that some abnormality of the humoral ery thro
poetic mechamsm may be of etiologte sigmfictnce m certam other
poorly understood anemtas Such anermue states mught mclude
among others those w hich accompany renal msufficiency chronic
infection rheumatoid arthritis chromic lver disease and mahg
nancy

The evidence which mmplicates the hidneys m the humoral con
trol of erythropotesis has been described (see page 139) It has
been postulated, on the basis of anmmal experimentation that
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urerma 15 assocrited with both decreased formation ind 1mpared
utilization of the plasma erythropotetic factor(s) *® #* Gumey
and lus co-workers @ have reported their fulure to demonstrate
enhanced erythroposctic activity n the plasmas of scven patients
with refractory anenua secondary to chronic renal disease  Gal
lagher and lus rssocrates™ descnbed similar findings m fifteen
out of the sicteen uremic patients with anemia that they studied
It has also been suggested that congemital hvpoplistic anemia may
be due to a defictency of an essential plasma factor ™ \Many
myestigators are naw workg on tlus aspect of the humoral con
trol of erythroporesis  Additronal information concerning the plas
ma erythropotetic factor actinity m pitients with a vanety of re
fractory anemas should soon be availble

Any discussion of the possible therapeutic potentitlities of the
plasma erythroporetic factors is perhaps premature However
since one of the ultimate goals of research on the humoral control
of erythropoiesis 1s to 1solate and synthesize an eny throposetic sub
stance or substances which m1y be effective 1n the treatment of
certan refractory anemas this subject 15 of great interest On
theoretical grounds 1t would seem very unlihely that the plasma
erythroporehic factors would be of value in the treatment of other
wise uncomplicated anemsas due to blood loss hemolysis or im

paired erythrocy darv to well established myeloid
deficiencies or defects These conditions are not the result of ab
normahties n the h 1 eryth 1c regul 1

Y

Such patients already have mereased plasma sttmulatory activity
due to endogenous elaboration of the factors Under these air
cumstances 1t 1s lughly improbable that the admimstration of
additional amounts of the erythropotetic factors from exogenous
sources would be of any therapeutic benefit

On the other hand 1f some anemic states are found to be asso
ciated with decreased plasma activity the humoral factors may
constitute specific therapy It is of interest that the disorders most
Iikely to be associated with depressed plasma activity e g uremia
rtheumatoid arthritis and chrome wmfection are the ones m which
the anemia has on occasion responded to therapeutic doses of
cobalt This substance has been shown to enhance endogenous
plasma erythropoietic actrvity However the erythroporetic re
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sponses attnibutable to cobalt are reltively mfrequent and leave
much to be desired ‘This fact 1s not incompatible with the con
cept that decreased plasma ery throporetic activity may be of path
ogenetic sigmficance in some of these 1nemic states Cobalt prob
ably exerts 1ts erythroporetic effect by producing tissue hypova
(see page 119) and patients with these refractory anemas are
already hypouc because of the reduced otygen carryng capac
1ty of the blood If a plasma factor defictency does exist 1t would
therefore reflect a defect m the patients ability to respond m a
normal fashion by the development of enhanced humoral eryth
ropoietic activity It 15 not necessary to assume that mereased
tissue hypowa 1e lustiotoxie hypovia superimposed on the pre
eustent iemic hypoaa would overcome thus by pothetical block
m the elaboration or activation of the ery throporetic factors

Since a concentrated and potent source of the erythropoietic
factors 15 not avalable few attempts have been made to assess
their therapeutic effectiveness Beneficial responses although
shight have been descnibed an two patients with congemtal hypo
plastic anermia given five to erght dmly 300 ml infustons of plasma
from bled human donors ® However Luliby and lus associates'™
were unable to detect an erythroposetic response in a patient with
hypoplastic anemnn given over a period of nme days a total of
735 ml of erythroporetically active plasma from a patient with
hereditary leptocytosis These workers also deseribed negative
results m an infant with the anerma of prematurity given anemic
dog plasma orally and m another mfant with mild erythroblas
tosis fetalis fed urme from an anemic donor with leukemia Retic
ulocytosis and a sharp mcrease 1n 1ron 59 uptake have been re
ported m an uremic woman with anemr who was grven 3000 m!
of plasma from patients with hemorrhagic anerma and liereditary
spherocytosts over a pertod of five days* 3

Polycythema vera and erythrocytosis due to arterial hypovenna
are the hematologic disorders m man wlich with the excephon
of temporal factors or the durition of the erythroporetic stmula
tion most closely simulate the experimentally mduced accelera
ted erythropoiesis observed n normal rats injected with the pln?
ma erythropowetic factors These conditions are associated with
an imbalance m the normal erythrocytic equiibnum and m
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creased crthropottic actnaty muntuns the enythroid values at
greater than norml lesels nhanced en thropoictic actnaty 1s
demonstrable n the plism of patients with both pohevthenna
ser1and sccondary polycythempe ™% 7 20

Examples of the my eloid cry throey tic his perplasia demonstrable
m normal rats injected with boiled extracts of plasmas from pr
tients with polyeythemm vera and secondany pobiesthena e
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cml’olywllm; Polycythe Secondary Seconday Normal Ringers
mta Vera  mia Vera Polyeythemiz Poly ythemaHuman  Selitten
RE UVMH (JP UMH (TN JMH (IJ UMH Plasma
830179) 835356) 604296) 835350)
Frcure 23 Myelond erythrocytic hypurplasta in normal rats ingected daty
for three weeks with the boiled extracts of human polyeythemue plasmas
Patients R B and J P had typrcal untreated pohvcytherua rera with
hematocnts of 63 1nd 72 volumes per cent respectively T N had coa
gemital heart disease wath a hematocnt of 85 and I | had a pulmonary
arterovenous fistula with a hematocnt of 705  Average marrow cell
counts of four rats mjected with each of the polyeytherme plasma ex
tracts erght grven a nonnal human plasma extract anl sixteen recerving
Rungers solution {From Lanman ] W and Bethell, F #  The plasma
erythroporetic shmulating factor 1 man  Obsenvations on patwnts with
polycythemia vera and secondary polycythemia J Lab and Clis Med
49 113127 1957 Reprnted by pernusston }
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shown mn Figure 23 The erythropoietic responses n these recip
tents were similar to those observed following the admimstration
of anemic rabbit plasma extracts and consisted of ery throcy tosis
due to the presence of numerous microcytes and reticuloey tosis
without change m the hemoglobin or hematocnit levels These
extracts which hid been boiled for thirty minutes also falled to
enhance 1ron 59 mcorporation 1 hemoglobmn of other rats How
ever plasmas processed by boiling for five minutes or less from
patients with polycythema vera and secondary polycythemia do
increase the uptake of 1ron 59 1n erythrocy tes'™ *° and the total
red cell volume' of recipient rats

The overproduction of the humoral factors m patients with
secondary polyeythemma 1s not surprising 1n view of the well es
tablished relationship between hypoua and plasma erythropor
etic activity The decreased artenial oxygen saturation and the
resultant tissue hypovic hypova 1s undoubtedly the stimulus to
the mncreased elaboration of the plasma factors m these patients
The marrow responds by mcreasing the output of erythrocytes m
1n attempt to restore the normal relationslip between oxygen
supply and tissue requirements Mmor reductions m pO, may be
compensated for in this manner with the restoration of erythrocyt
1c equlibrium at a higher level However the seventy of the
arterial hvpoxera may be such that this normal phy siologie cor
rective 1 1s pable of c acting the tissue hy
poxia  Under these circumstances myeloid ery throcy tie hyperac
tivity continues and eventually produces an unphy siologie second
ary polyeythemia Tt can be concluded that the plasma erythro
potetic factors are directly responsible for the secondary ery thro
cvtosis seen mn patients wath decreased artenal oxygen saturation
whether due to airculatory defects or pulmonary disease The
creased erythropoiesis 1n subjects exposed to lowered atmospher
1c ovygen tension®* 1s apparently the result of a sumdar mecha

msm
The presence of increased amounts of the erythroporetic shm

ulating factors m the plasma of patients with polycythemra vera
1n the absence of anemia or demonstrable hypovia raises several
interesting questions  Polycytherma vera was mstially described
by Vaquez** in 1892 and established as a specific disease entity &
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few vears later by Saundby and Russel® and by Osler®® Al
though the clinical manifestations and natural course of the dis
case have been clearly defined 434 1ts etiology remams unknown
The more commonly held theones of causation include hypoxn
an 1bnormahty of the hypophyseal hypothalamic system a neo
plastic process or a derangement i the physiologic regulatory
1 ponsible for the of normal erythrocy t

1c equlibrium  In view of the potent erythroposetic stumulus 1m
parted by hypoxra 1ts possible role m the pathogenesis of poly
cythemia vera has been especrally stressed However there 1s no
proof that a hvpoxic state exists in this disorder and arterial®
and sternal marrow*® 3¢ blood oxygen saturations are normal A
possible defect i gas transfer i the pulmonary alveoh has been
proposed but there 1s no evidence to support such a mechantsm ® *
It has also been shown by Lawrence and his assocrates® that the
mhalation of 50 per cent oxygen depresses the plasma 1ron turn
over and red cell on uptake 1n secondary polyeythemit but not
m polycythemia vera  The possibility that bone marrow vascular
lesions may produce localized hypoxin as suggested by Rezmikoff
and Ius co worhers** cannot be entirely excluded However
many chneal observations including the splenomegaly throm
bocvtosis and leuhocvtosis 50 commonly assoctated with polyey
themia vera mdicite a different pathogenetic mechinism than
simple by poxia

Polycythema has been observed 1n association with lesions m
the bram and especrally 1n the region of the pituitary and the
mudbran ¥ * but abnormilities of the hypophs seal hypothala
e system have not been demonstrated 1n patients with the char
actenstic changes of polycytherma vera  Although the midbrain
most likely exerts some modifyng effect on erythropoesis there
1s no convincing evidence implicating the central nervous syvstem
m the pathogenesis of polveythemia vera

The neoplastic concept 15 supported by the mncreased incidence
of leukemia and other related myeloprohferative disorders n these
patients However the natural history of thyy disease 1s agamst
1t bemng a malignant process It 1s not rapidly progressne or uni
formly fatal unless some complication ntervenes Furthermore
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the pathologic changes are not those of organ nfiltration and ab
normal proliferation of a single immature cell type

The theory that polycythemia yern may be due to some de
rangement m the physiologic 1 wlich the
erythroid steady state 1n the past considered by most to be spec
ulate 1s supported by the finding of mcreased ery thropotetic
actiaty m the plasma of these patients Whereas the enhanced
plism ery tiroporetic actuvaty mn subjects with secondary polycy

TABLE XIIT

EnyTHrRoCYTOS1s 1N RATs InJECTED FOr 2 Weers wrmn Tme Bomwep

Extracts OF Prassas OBTAINED FRont PATIENTS WrTH POLYCYTHEMIA

VEna BEFORE AND AFTER TREATMENT witi P3 Meax Counts (MILLions

Pen Cu Mt ) oF 6 ANDMALS Iv Eacit Grovr (From Lanman J W Bethell

F H andLong M ] Factors Ning h Exp 1 ob-

servations on therr role i polycythemia vera Ann Int Med 51 1003
1018 1939 Repnnted by permssion )

Source of Plasma
Extract Baseline 1 Week 2 Weeks

T C—VARH 6738

Pre treatment (1) 739 830 898

T C—VARH 6738
Post trestment (2) 735 907 987

E S —VARH 8069 719 830 864
Pre treatment (3)

E S —VARH 8069

Post treatment (4) 705 821 880
Normal Human
Subject 747 731 737

Donor s Erythroid Values

(1) Hgb 195 gms per cent (3) Hgb 182 gms per cent
Hemat 635 vols per cent Hemat 635 vols per cent
RBC 7 500 000 per cu mm RBC 8 500 000 per cu mm

&
2) Hgb 14 2 gms per cent (4) Hgb 152 gms per cen
@ Hemat 495 vols per cent Hemat 450 vols per cent

RBC 5 060 000 per cu_mm RBC 5 550 000 per cu_mm
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themi can be logieally explamed on the basis of hypour m
creased amounts of these humoral agents are present in patients
with poly ey themia vert 1n the absence of demonstrable hypoxta
In additon the augmented plasma factor activty persists regard
less of the admimistration of spectfic therapy designed to depress
erythropolesis

The erythrocytosis and retreulocytosis nduced i normal rats
by the boiled extracts of plasmas procured from tw o patients with
polycythemin vera before and after treatment with radwactive
phosphorus are shown m Table \IIT and Figure 24 There were

x—xTC VARH 6738 (pre treatment)
%-—- % TC VARHG6738 (post treatment)
o-—aE.§ VARH 8069 (pre treatment)

\ © —E5 VARH 8069 (post treatment)
~— Normal Subject

[P T R T - R 3R]

Reticulocytes (per cent of erythrocytes)

o 3 7 10 18 2t 3

% Days
Injections discontsnued
Ficure 24 Reticulocytosis n normal rats jected with the polycythemic
plasma extracts described 1n Table XIH  Average counts of six ammals
recening each of the above descnbed matermals (From Linman ] W
Bethell F H and Long M ] Factors controling hemopowess Ex
penmental observations on therr role m polycythemia vera Ann Int
Med 51 10031018 1959 Repninted by permussion )

no associated increases 1 hemoglobmns or hematocrits 1 these
ammals (Table XIV) and microcytes with decreased osmotic
resistance were demonstrable  Myeloid erythrocy tic Liyperplasia
was also evident at the end of the two weeh treatment period
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TABLE XIV

SraniLiTy oF Tie HEMOGLOBINS {GRaMs PER 100 My ) anp HevATOCRITS

(VoLunes PErR CPwt) N RECIPIENTS OF THE “POLYCYTHEMIC PrLaswiA

Extnacts wrien Inpucep THE Erymunocyrosts StowN 1v TapLe MIHI
ASERAGE VALUES OF 6 RaTs iv Eac Grour

Source of Plasma
Extract Determination Bascline 2 Weeks
T C —VARH 6738 Hgb 153 148
Pre treatment Hemat 429 406
T C—VARH 6738 Hgb 164 157
Post treatment Hemat 453 446
E 8 —VARH 8069 Hgb 142 141
Pre treatment Hemat 391 401
E 8 —VARH 8069 Heb 126 137
Post treatment Hemat 378 373
Normal Human Hgb 145 142
Subject Hemat 420 412

m the rats mjected with the polycythemic plasma extracts
(Fig 25) Enhanced plasma erythropotetic activity persisted 1n
both of these patients after therapeutic remission had been
achieved and at a tume when therr ery thrord values were entirely
normal To date we have studied the plasmas of sixteen patients
with active polyey themia vera and exght m therapeuttc remission
Identical responses have been observed 1n normal rats gven mul
tiple duly injections of the thermostable or ether soluble fractions
of exch of these plasmas Augmented amounts of the relativels
thermolabile factor which enhances hemoglobm svnthesis were
also demonstrable m these plasmas when tested n the unmodi
fied state or after bothng for less than five minutes

Since the plasma erythroporetic factors do not appear to be
by product of hvperactive myelod elements considerable sigmf
cance must be attaiched to the presence m patients with poly
¢y themin vera of enhanced p]asm'x activity w hich persists e
spectn e of the institution of my elosuppressn e therapy and occurs
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tients with polyveythemi ver: but the humoral agent which con
trols erythroblastie cellular division apparently predommates
Microcytes are evident in their penipheral blood™® * and de
monstrable graphically by Price Jones measurements (Fig 26)
Fragility determmations utihzing the direet cell enumeration
technique reveal decreased resistance of the microcy tes to Iysis
m hypotome meda (Fig 26) The nbnormalities are still dis
cermble durning therapeutic remissions (Fig, 27) These cells are
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20 »
85 B0 15 YO 65 60 55 50 45 40 35 30 20 3 4 5 6 7 B 9
Concentration of Sod vm Chlor de Diameter nM ¢ ong
‘ERYTHROCYTE CSMOTIC FRAGILITY PRICE JONES CURVES

e—Pre Treatment | Polyeythema Vera

«==~Post Traatment J (E S VARR #6069)

~—Normaf usfect
Ficure 27 Enythrocyte osmotic fragiliies measured by a direct cell
enumeration techmique and red cell dameter distnbutions of a patient
with polycythemia vera The mu tes with d d to
Iysis 1n hypotonic media persisted 1n this patient as did enhanced plasma
erythropotetic actrvity {Table \III Figs 24 and 23) after treatment with
P3  Control values are the composite curves of eight normal subjects
(From Lmman J W Korst D R and Bethell F H Some observa
tons on the stmuolation of erythroporesis by humoral factors Ann New

York Acad Sc 77 Art 3 638649 1959 Repnnted by permssion )

remarhably similar to those observed 1 normal rats gnen the
thermostable ether soluble plasma erytlropotetic factor (Figs
8 and 10 pages 55 and 57) ~As noted m the reciptents of boiled
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This finding 15 m agreement with those which have shown that
wradration does not mterfere with erythropoietic fictor elabora
tion 180 ¢

Although we hue observed enhanced plasma erythroporetic
actrvity e all patients with polyeytherma vera studted so far
others have not Contopoulos and lus assoctates™® reported m
creased activity 1n most but not all such plasmas that they studied
Gordon has also described negatrve results * 3 More than one form
of thus disease may eust However yvarying degrees of mercased
activity perhaps undetectable by the relatively msensitive assay
methods wvailible would seem more Iikely since the seventy of
the disease vanes clmreally

Augmented amounts of both the thermostable and relatnely
thermolibile plasma erythropoietic factors are present m pa

100 o
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PRICE -JONES
ERYTHROCYTE OSMOTIC FRAGILITY MEASUREMENTS
——— HB VARH 10449
+—~-» Normal Subject

Ficure 26 Erythrocyte osmotic fragihty determined by « direct cell enu

meration technique and Prce Jones measurements of 1 patient with

active polycythemia vera (Hgb 182 gm per cent Hemat 60 vol per

cent and RBC—6460000 per cu mm) These findings are similar to

those observed m normal rats jected with boled extracts of anermc
rabbit plasmt (Figs 8 and 10}
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cursors was unaffected by the humoral stimulus increased pro
duction of normnl red cells should result

The small cells with abnormal osmotic behavior detectable i
pateents with polycy thema vera would certamly appear to reflect
a lack of parallelism between the actinsty of the thermostable
ether soluble plasma erythropoietic factor and the humoral agent
which enhances hemoglobm swnthesss This finding assumes
added 1mport 1 the hight of evidence which suggests a possible
relationship between the former factor ind batyl alcohol The
latter 1s capable of exerting a stimulatory effect on the prolifera
ton of all myelod elements Consequently expenments were
designed to test the hypothesis that the leukocytosis and throm
bocyvtosis so commonly observed m patients with polvesthemin
vera might also be the result of humoral factor actuity These
studies mdicate that the ether soluble or thermostable fractions
of plasmas from such patients do possess thrombopoletic and
granuloposetic actnity 3%

Plasmas from three patients with active polycythemia vera
and three with normal erythroid values subsequent to treatment
with radioactive phosphorus were lyophilized and extracted with
reagent ether The residue remaming after the ether was re
moved was reconstituted to the original volume of the plasma with
distilled water Each plasma extract was tested m groups of
normal rats The recipients of 10 mjections of these polycythe
mic plasma extracts sn daily doses equivalent to two per cent of
the rats body weights mamifested typical erythrocytic responses
1e erythromicrocytosis reticulocytosis and myeloid erythrocyt
1 hyperplasia without mcreases m therr hemoglobm or hemato
cnt determmations In addition these animals developed throm
bocytosis which although not marked was a consistent finding m
all ammals recerving the ether soluble frictions of these polycy
therme  plasmas (Table XV) The thrombocyte counts returned
promptly to normal levels in those animals not hilled for marrow
studies after the mjections were stopped Leuhocvtosis was not
observed 1n these rats (Table \V) and myelord granulocytic
hyperplasia was not present However therr marrow nucleated
red cell counts increased and megakaryocytes were very numer
ous The normal human plasma extract was ervthroporetically
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ot ether extracts of neme plismns (see page 56) simultaneous
osmotic fragihty measurements 1 these polycythemic patients
with a quantitative photocolonmetric technique were not sigmif
1eantly at varance with those of normal control subjects  These
findings mdicate that the ers throcy tes m patients wath polycythe
mia vera can be divided mto two groups made up respectively,
of normal cells and mucroey tes with impared viability

Berlin and Ius co workers® have described studies with a
C* methy! labeled glycme techmque wluch also mdicate that the
red cells of panients with polyeythemia vera can be drvided into
two classes  One has a normal survival time and the second a hfe
span of only 1 few duys These mvestigators concluded that the
rapid turnover of the short hved erythrocytes 1s largely respon
sible for the five fold ncretse m plasma won turnover mn these
patients *** *¢ Although most descriptions of the erythrocvies i
patients with polycythemia vera fail to mention any significant
amsocytosis microcy tes have been noted®® and were emphastzed
by Price Jones ' Evidence of mereased blood destruction as sug
gested by bilrubmemiz and mncreased urobiinogen n the unne
and feces has also been described ¢ ind a shight mcrease m the
reticulocy tes 1s farly common  Clear cut abnormalities m osmotic
behavior hayve not been evident by the usual techniques for deter
miming ery throcyte osmotic fragihity but a Jengthemng of the re
sistance span has been reported with imtial hemoly sis appearng
1 more concentrated solutions and complete hemolysis m more
drlute media than s normal 3 207 20

The demonstration of mucroey tes with decreased osmotsc resist
ance m the blood of patients with polvcy thema vera lends further
support to the thesis that there are two humoral factors with &if
ferent modes of action The possibility that the responses ob
served 1n normal rats injected with boiled “anemic or “polycy
therme plasma extracts might represent an abnarmal or unphys
10logic effect due to denaturation and subsequent alteration of
a single stimulating factor by the processing procedures 1s unten
able m view of the similar type of erythroporetic actvaty 10 pa
+ ents with polvcythenma vera If erythroblastic celfular division
and hemoglobm synthesis were controlled by a single humoral
factor or if the rate of multiphication of my eloid ery throcy tre pre
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TABLE XV (Continued)

AvERsGE Marnow Nucreaten Cerrs Per Cu Mst or 3 Rats v Eacn
Group ar ToE E~D OF THE INJECTION PERIOD

G "
Y
1 96° 965 962 4556
2) 964,361 1039 646
3) 916 209 1078293
4 1008 570 1096 517
5 1053 988 1447074
8) 1036 858 1037 635
kil 917 609 3249.1
8) 915 700 279 155

mactive but did appear to exert a mmmal thrombopoetic effect
(Table V)

Since the studies with batv] aleohol mdicated a dose response
relationslup (see Chapter VI) other experiments were carried out
to determine if larger amounts of polycyvthemic plasma extracts
might evert a leuhocytosis promoting effect m normal rats  Plas
mas from four additional patients with active polycythema vera
were used  All of these patients hnd increased erythroid values
and mod to marhed thrombocytosis Leuhocytosis was pres
ent m three of these donors The pH of each plasma was adjusted
to 55 and 1t was boiled over a direct flame for thirty minutes The
filtrates were reconstituted by the addition of distilled water to
half of the onigmal yolumes of the plasma Normal plasma was
Pprocessed m a sumlar manner The plasma extracts were gnen
to groups of normal rats n daily doses calculated on the bass of
2 ml per 100 Gm of body weight but equivalent m terms of the
ongmal volume of the plasma to twice those amounts previously
used These anmals again exhibited typical erythrocytic re
sponses Thrombocytosis was evident and normal plasma once
more appeared to exert a shght thrombopoetic effect (Fig 28)

Leukocytosts was also present 1n these reciprents of larger doses
of “polycythemic plasma extracts (Fig 28) and was chiefly due
to a relative and absolute neutrophila The constancy of the
leukocytosis m all ammals and the rapid return of the leukocyte
counts to normal after the mjections were stopped contribute to
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TABLE \WV
TrRrovBOCYTES (X 10%) AnD LEUKOCYTES (x 103) PEr Cu Ma v Rats
INJecTED WitH THE ETHER SOLUBLE FRACTIONS OF PrLasiias FrOv( B
Patients witi Potscrmuenua VEra T THROMBOCYTOSI was ACCOM
PAMIED BY ERYTHROMICROCYTOSIS RETICULOCYTOSIS AND MyELom Ewvrm
nocyric HYPERPLASIA  MEGARARYOCYTES WERE ALso IncrEAsED  Marrow
Cranvrocyric CELL Counts WERE NOT SIGNIFICANTLY ALTERED DALy
Injections Were EQUALENT T0 £ ML OF 11E ORIGINAL Y OLUME OF THE
Prasuia Penr 100 Gut oF THE RECIPIENT 5 Bopy WEIGHT AvERACE COUNTS
or 6 Rats REcen1nG EACH OF THESE MATERIALS

Status of Poly | i ‘ i i
e themsa Vere 1n | Determ: | Baseline! 1 Week |2 Weeks*| 3 Weeks {4 Weeks
Plasma Donors | nation | i
Active! s || 6% [’ sz | o0 | — | —
1 e ——
| wee f s | us | s | = | —
| Pits 675 | %00 | 932 | 73t | 680
Active? el R
wee | 120 | 136 | 134 | 137 | 131
( Pits || 714 [ s [ ow [ m2 | 6w
Active?
| wee || 108 ] 126 | 180 | 11z | 100
Plts 751 | 1015 | g8z | st | 628
Therapeutic — |
Renpussion! waBe 122 13 133 145 138
Pits 655 | 1183 | o940 | 631 | 589
Therapeutic e —
Remssion® | WBC || 145 | 123 | 129 | 130 | 128
Plts 659 | 93 | 956 | 70z | o9
Therapeutic |~ - SR
Remuission® | WBC J’ 103 | 136 | 133 | us | 100
‘Other Test Matenals i
Pits 699 | 793 | si6 | 763 ( 6t
Normal Human
Plasma Estract’ | WBC 127 123 132 102 102
Plts G2 | 60 | 646 | e | om
Ringers  |—————{i——— ]
Somton® | WBC || 127 ‘ 137 l 130 ’ 134 t 2 3-|

*Injections discontinued
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14 W Granulocytie efements
[ Erythrocytic elements

i

04

oz

Marrow Nucleated Cells (mullions pec ey mm )

UMH 605900 UMH 787358 UMH71I0M  UMHS66103  Normal Ringers

(Hemat 59) emat 50) Hemat 57){\,}{/@5{8&? 57 Human Solution

WBC 43500/ \WBC {21300/ 14000/ 8800/ Plasma
Ficure 29 Erythrocytic and granulocyvtie hyperplasta at the end of a
tuo week mjection peniod 1n the marrons of the rats given the “polycy
themic  plasma extracts which induced the thrombocytosis and leukocy
tosts depicted 12 Figure 28  Average counts of two ammals in each
group The hematocnts and leukocvte counts of the plasma donors are
shown in parentheses (From Linman J ¥ Bethell F H and Long
M J Factors Ihng hemopoiesis  E: ! observations on thetr
role in polycythema vera Ann Int Med 51 1003 1018 1959 Reprinted

by permussion }

therme  plasma extracts Megakaryocytes were also increased
Stoular studies on the plasmas from four other patients with actne
polycythemta vera and one 1 therapeutic remission hwe corrob
orated the myelopoietic sumulatory activity of “polycythemic
plasmas (Tables XVI and \VII) The recipients of a normal hu
man plasma extract agam mandfested shght elevations in therr
thrombocyte counts without erythrocyte reticulocyte or leu
kacy te mncreases

The magmtude and umformity of the platelet and leukoc te
increases mn these recipients of polycythemic plasma extrcts
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Thromboceytes Leukocytes
(milltons percu mm) 2 éthousands per curm)

0 7T 1421 28 0 7 4% 4t 2
¥ Days

Injections discontinued,  *——XUMH 865900
*---X UMK 787358
02 UMH 711011
9--~-0JMH 566103
+——= Normal Human Plasma
*--~~*Ringers Solution

Ficure 28 Thrombocytosis and leulocrtosis m nommal rats mmected with
the baled extracts of plasmas from four patients with active polscythemia
vera  Daily njections were equnalent to four ml of the ongiml phisma
per 100 gm of the recipients body werphts Counts i those anmmals not
lalled for marrow studies returned promptly to brseline lesels after the
myections were stopped Average counts of four wmals recenng each
of the above desenbed test matenals The hematoerits and Jewkoeyte
counts of the donors are shown i Figure 28 Each of these patients
had maderate to marked thrombocstosts (From Linman ] W Bethell
F H wd Long M | Factors ling b E J
obsenvations on their role in polyeythemia vera Ann Int Med 51 1003
1018 1959 Repnnted by permission )

the sigmficance of ths findimg as do the marrow nucleated eell
counts At the end of the treatment period half of the ammals
m cach group were illed and thewr femoral marrows exammed
As shown m Figure 29 both erythrocy tic and granuloet i hy per
plasta were d trated m the rats mjected with the “polycy




TABLE XVI
LevkocyTosss Anp THROMBOCYTOSIS IN NORMAL RATs INJECTED wrTth
Bowep EXTRACTS OF PLASMAS FROM PATIENTS WITH POLYCYTHENMIA VERA
AVERAGE Couxts oF 4 Rats 1N Eactt Grour Given THESE MATERIALS AND
oF 8 Recenme e NorvtaL Prasya Exrracr asp RinGERS Sorurion
(From Linman J VW Bethell F H and Long M J Factors controlling
hemopoesis  Expenmental observations on therr role in polycytherma vera
Ann Int Ved 51 1003 1018 1959 Repnnted by permussion }

Leukocytes (x 16" and

Daiy Thrombocytes (x 10°) per cumm

Test Dose

Materials | (mi/ || De | |
100gm )| terms || Base |1V eek 2 Weeksr'3 Weckss Week.

nation || line

UMH 852687 ‘WBC 141 162 204 128 —
Hemat 55 | 4
WEC 13 050 Pits || 500 | 864 | 995 | 5 | 610
Plts Normal
JUMH 514267 ‘WBC 147 ) 198 , 226 15 —_
Hemat 52 | 8
WEC 10 000 Pla || 604 . 852 1 893 | 647 | 661
Plts Increased
[uMH 811765 wee || 184 | 153 [ 175 | 135 | —
Hemat 52 4
WBC 14 500 Fite 2 929 998 T46 701
PIts Increased
JUMH 707644 WRBC 147 166 184 128 —
Hemat 47 | 3
WRBC 15 250 Plts 5.8 856 972 745 694
pits Tncreased|
UMH 835356 WBC || 112 | 191 | 262 | 140 | —
Hemat 53 | 3
WRC 8 700 Pits 105 1075 864 118 725
Pits Normal
(3 months
after Rx
with P*%)
Normal WBC 127 115 129 109 —
Human 4
Plasma Plts ns 784 805 718 709
\ wee || 127 | 1o | 1we | wa | —
Ringers | 4 —|
Solution ‘ Plis 699 700 667 705 706

¥njections Discontinued
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Thrombocytes Leukocytes
(millions per cumm) 2(1*housancls per cumm)
2
N

haa N T

-~ 2

0 7 14* 2 28 0 7 14%* 21 28
x Days

Injections discontinued  X——xXTUMH 865900
%~--XUMH 787358
OO UMH 7110614
©-~--0UMH 566103
s——=Normal Human Plagma
&--—-*Ringers Soluton

Freune 28 Thrombocytosss and leukocytosis i normal rats mjected with
the hoted extracts of plasmas from four patients with active polycythemin
vera Dalv ijections were equivalent to four ml of the ongmal plisma
per 100 gm of the reciptents body werghts Counts in those animals not
hilled for marrow studies retumed promptly to basehne levels after the
jecttons were stopped Average counts of four ammals receing ech
of the nbove described test matenals The hematoents and leukocvte
counts of the donors are shown i Figure 29 Each of these patients
had A to marked thrombocy & (From Lmman J W Bethell
F H and Long M ] Factors lling hemoy E tal
observations on their role in polycytherut vera Ann Int Med 31 1003
1018 1959 Repnnted by permussion )

the significance of thss finding 2s do the marrow nucleated cell
counts At the end of the treatment period half of the ammnls
n cach group were killed and thewr femoral marrows evammed
As shown 1 Figure 29 both crvthrocy tic and granulocy tic hy per
plasia were demonstrated m the rats mjected with the polyey
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However the thrombocytic and Ieul\oc) tic stimull pol}cy
themc plsmas have not been d d from the ther
ether soluble plasma crythropoletie factor which has been stud
ted The fact that a single compound batyl alcohol has been
shown to affect the rate of production of all mycloid elements
also rules agamst this possibabty

Confirmation of the above hypothesis would clanfy the patho
genesis of the proliferation of myelotd elements en masse m cer
tun other conditions such as tcute hemorrhage and hemolysis
As previously discussed (see page 114) the failure to observe
thrombacy tosis and leukocytosts consistently n experimental am
mals and human subjects with myvcloid erythrocytic hyperplasia

to enl lasma ery throp factor activity does

not necessanly detract from thus theory The findings m recip
tents of pohyeythemic plisma are i agreement with the rela
tionship between dose and type of response suggested by the
studies on the hemopoietic effects of batyl alcohol Larger
amounts of these plasma extracts failed to mduce greater erythro
cytosis or thrombocytosis but did cvoke leukocytosis m addition
to the erythrocyte and thrombocyte ncreases  This observation
suggests reasonably but without proof that selective and prefer
ential utilization of the actine agent by erythrocytic precursors
may occur  Although the final response 1s undoubtedly governed
by many vanables 1t mny be determined at least 1n part by the
number of specific hemic elements present m the marrow at
the time the stimuluy 15 applied Since the total generation and
mtrammtotic times of erythrocytic precursors are apparently
fived only a hmited number of cellular divisions can take place
from the time a cell enters the erythrocytic series until it has
matured to a stage no longer capable of undergoing mitosis In
the absence of 1 comparable increase m the number of erythro
evtic precursors derived from the primitive reticulum cells and
available to selectively utihize the mitotic stmulant the latter
mught then affect granulocytic precursors

The speculative nature of the above hypothesis ts evident
However several observations are seemingly 1n accord with ths
possibility 1) Plateaus are evident n the erythrocyte reticulo
cyte and marrow nucleated red cell counts m rats injected for
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the rapid return to normil hemic equilibrium after the mjec
tions were stopped and the marrow findings establish the pres
ence of thromboposetic and granuloporetic activity m these plas
mas from patients with polycythemia vera However yaryug
degrees of sensttivity or responsiveness of the different myelord
elements to the shmulus contamed m these matenals custs at
least in the normal rat Larger doses are needed of most but not
all such plasmas w order to mduce leukocy tosis 1n recipient am
mals whereas smaller amounts consistently exert demonstrible
erythropotetic and thrombopoietic effccts

We have observcd leukocs tosts m rats gnven the thermostable
fractions of plasmas from three patients with active poly ¢y themia
ver1m daily doses equnalent to only two per cent of their body
weight but our experiences to date mdicate that one and one
half to two tunes this amount are usually required to cheit this
response In this connectron 1t 1s of interest that the leuhocyte
mcreases n other rats given twice the quantity of the aboyve plas
ma extracts were numencally comparable It 1s also worthy of
note that the smallest duly dosage emploved in thesc expent
ments 1e the equivalent of 2 ml of the ongmal plsma per 100
Gm of the recipient s body weght apparently imparted the max
unal las to ery throp and thrombop The mcreases
m the erythrocyte thrombocyte and marrow nucleated red cell
counts 1 the rats recenving the polyevtherme plisma extracts
were comparable m all groups irrespective of the size of the duly
mjection Therefore 1t was not possible to quintitate the activity
m these plismas or relate erther the degree or type of response
the reciptent to the magmtude of the erythrocyvtosis thrombocy
tosis or leukoey tosis mn the patients It may be concluded how
ever that the presence of actue disease in the donor 1s not a pre
requsite for the m titro demonstration of plisma myelopoietic
spmulatory sctnaty

The thrombocytasis and leukoeytosis promoting properties of
plasmas from patients with polycy themta vera vccord strong sup
port to the thesis that humoral factors are responsible for the
thrombocyte and lcukocvte ncreases associated with this dis
arder m addition to the accelerated tate of ery thropoicsis Thus
A1l of the Lematologic mamfestations of polycythemra vera are the
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centrates of normal human plasma contain demonstrable eryth
ropoiette activity

The eustence of a humoral hemopotetic regulatory mechansm
demands more expernmental confirmation than 1s currently avail
able bLut it 1s tentatively proposed on the basis of data now at
hand that the thermostable ether soluble factor may affect al
though not to the exclusion of other mechamsms the formation
of all hemic elements However the entire subject needs further
study before definite conclusions mv be reached

Insummary expenimental ohsers ations indicate that the plasma
ery throporetic factors pl'\) an important role i humnn ery thropot
esis Thes are app Iv responsible for the of the
normal enthroid steady state wnd for the increased erythropol
esis wlich follows hemorrhage or hemolysis  Augmented plasma
erythroposetic activity 1s also demonstrable 1n patients with ane
mias due to well established marrow abnormalities or deficrency
states However the latter preclude a normal marrow response
to the humoral stimulus  Although 1t has not yet been proved
impred production or defective utilization of the plasma factors
mayv be of pathogenetic 1mportance m some currently obscure
anemtas The humoral agents also appear to constitute the phys
wologie corrective mechamsm which attempts to mamtam an
adequate supply of oxvgen for the tissues 1n the face of decrensed
arterral oxygen saturition regardless of cause The mability to
compensate for severe arteninl hypoxemra eventuates m the pro
duction of an unphysiclogic poly ¢y themia

The presence of enhanced erythroporetic factor activity m the
plasma of patients with polycsthemit vera which accurs i the
absence of hypovia and persists after treatment with a myelosup
pressive agent supports the thesis that an imbalance or derange
ment m the 1 1 1 of etologic sig
nificance 1n this disorder The thermosmble or ether soluble frac
tions of plasmas from patients with poly cythemia vera also mduce
thrombocy tosis and leukoeytosts n recipient rats  These phenom
ena lend credence to the theory that all aspects of hemopoiesis
may be under humoral control It 1s suggested that a single agent
or activator nhibitor complex may affect the formation of all
hemic elements and may explan the thrombocviosis and leu
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TABLE \WVII

Myrroip ERYTHROCYTIC AND GRANULOCYTIC HYPERPLASIA IN NogaaL RATs
InjecTED WiTH BOmEp EXTRACTS OF PLASMAS FROM PATIENTS wimH
PoLycymesis VErA (TabLe XVI)  AvERaGE COUNTS OF 2 ANIMALS
Recenine Eacnt oF Trese MATERIALS AnD oF 4 GREv THE NORMAL
PrasmA EXTRACT AND RINGERs Sorutioy  (From Lmman J W Bethell
F H and Long M | Factors [hng h Exp [
observations on their role 1n palycythemia vera Ann Int Med 51 1003
1018 1959 Repnnted by permission )

Marrow Nucleated Cells per cu mm

101111;::4113 Total Granulocytic Total Erythrocytic
UMH 8,2687 1300228 1011 585
UMH 514267 1151 257 960 024
UMH 811765 1286823 988 561
UMH 707644 1118124 843742
B UMH 835356 o 1114934 935 450

Normal Human
Plasma 948 427 291 229
Ringer s

Solution 952 658 256 185

apparent result of enhanced plasma factor actiaaty The shmu
lus to thus derangement 1 the humoral regulatory mechanism
remains unknown

The thrombop and granulop activty contuped m
the thermostable or ether soluble frictions of plasmas from pa
tients with polycythemua vera also provides direct support for
the theory that all aspects of hemopoiesis are subject to humoral
regulatory control and that a single substance or actiator mhibt
tor complex may mfluence the formation of al hemwe elements
The possible presence of multtple humoral frctors each affecting
the rate of prohferation of 1 single cell type cannot by excluded
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prolonged peiods with boiled ¢xtracts of 1nemic plasmas (sce
page 87) 2) Actmaty attributable to the thermostable ether
soluble ervthropowetic factor 1s apparently more marked m pa
tients with polycythemra vera than 1s that of the humoral factor
which augments hemoglobin synthesis 3) Leukocytosis 15 not
present 1n patients wath secondary polycythemia where arteral
hypoxemin ensures through its enhmemng effect on the relatnely
thermolabile plasma erythropoietic factor an increased rate of
reticulum cell erythrocy e differentiation 4) The thrombocy
tosts 1nd leukoeytosis 1ssociated with acute hemorrhage occur
promptly and are soon replaced by evidence of active red cell
regeneration 1e  polychromasin reticulocytosts and nucleated
red cells i the circulating blood

An Mternative explanation nught be that granulocy tic precur
sors are not affected until 1 certam Icvel of humoral factor activ
1ty s reached The persistence of leuhocytosis 1n patients with
some tvpes of hemolvtie disease supports this possibihity The
problem 1s further complicated by preliminary observations which
mdicate that mrcrocivtes with decreased osmotic resistance may
be present in some patients with secondary polveytherma in the
absence of thrombocytosis or leukocytosis More mformation 1s
needed about the eliboration or actnation utihzation 1nactiva
tion nd excretion of the plasma factors In addition the mecha
misms responsible for the differentiation of the plurpotential
retrculum cells mto granulocy tic and megakary ocytic precursors
are unknown This aspect of blood cell formation represents a
field of hematologic research which 1s virtually unexplored and
must be subjected to mtensne study before ccrtan ot the prob
Jems reliting to the coatrol of hemopoiesis m1y be solved

The sigmficance 1if 1y of the mmmal thromboporetie ¢fect
of normal human plasma (Fig 28 Tables \V and \WVI}) 15 con
jecturdl  However thts finding 1s compatible with the obscrya
tions of Schulman and Iis associates®™ on a cluld with chrome
thrombocy topenia - Norml plisma has repeatedly but temporar
iy restored the platelet counts to normal in this child  This find
g suggests that a plasma thromboporetic factor 1s present m
normal mdwviduals In this connection 1t 1s of mterest that con
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hocytosis associated with polycythemia vern and certun other
conditions such as acute blood loss

The problem of the physiclogic and pithophyswologic control
of hemopoiesis 15 complex nd has not yet been solsed Recent
studies have greatly advanced our knowledge of the remarkable
homeostatic mechamsm which governs erythropotesis but there
1s still much to be learned Investigatnve approaches to the mut
tiple facets of thus problem are now underway 1n many labora
tories  Although many questions remam unanswered ewstent
experimental observations are such that the primary importance of
humoral regulatory mechimisms can no longer be demed Con
tinued study of the humoral control of hemoporests should make
possible the practical appheation of the baste mnformation ob
tained toward the elucrdation of certam poorly understood hem
tologic disorders and responses i man
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