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'oF cataboli

_atom of heme °, has enabled investigators to study ths fate of a cohort ol

Previcus studiss havs demonstrated that endogencusly-preduced carbon
) S : .

lpha-methene bridge carbon atom

o
0
r

monoxids in mammals arises solely from the
Vi

Q

heme , 2nd that onz mole ;

£ CO iz fcomsd for each mole.of »

heme degradad , Since there ars many different hewm-COWLawn_“g cow”ound

within ths body, it is obvious that tha contribution of each to total endogu

enous carbaen moﬂoxlde pradUbflon will dapend not only upon its total hemsz

.

content, but also upen its rate cf turnover. The auailability of glycine-2-

3 1=

abolic precursor for the alpha—m nane bridae csaroon

- '

cf

C, the specific me
o
such heme compounds, including hemoglobin heme, the latter comprising mors
than 903 of ths total hzm= content of the Sody, by collecting the expired
: P

air 7 or peripheral blood 8 for its content of carbon-14 labeled carbon mon-

s communication is a synthesis of a number of studies perfermed in

fude -

xide, Th

[

this laboratory in an effort to gain insight into the kinztic behavior of the

.2
several heme-containing "compartmsnts" within the body, through the study of

endogcnous production of 14cp in experimental animals following in J ection of

trﬂcer doses cf gl/cznc-2-14C.

FATERISLS AND METHIDS R

Animals studied included maly buffalo or Sprague-Dawley rats, female

LAF mice or male Japanese quail (Cciurnix jeponica, courtesy of Dr.'Hans
1 ’ > 7

< .
Abplanz2lp, Dept, of Poultry Sciences, University of california, Davis,) These

animals were treated with a variety of experimental procedures, including

‘transfusion-induced plethora, phenylhydrazine, repeated vengsection, phenobar-

bital, allylisopropylacetzmide (8IR), cross-transfusion, or gastrectomy, using

established techniques, e .

Endogenous 14CO productién was studied using a method previously pre-

“sented 7. Rnimals were injected with 10-50 microcuries of glypine—2~14t ¢ sp-

Y

'7901F1c aﬂt1v1ty 15-28 millicuries per millimole) intravenously, and placpd

[
3

mediztely 1nto plaqtlc metabolism cages. Rir wes elther contlnuousl/ evac-

Lt B erial mramos by a dianhraam oumo. or forced th:oouch the czaes by



pressurz from e cylinder of compresszd air, at a flow rete of 300-400 ml per
‘minute. The air lesvimg thess ceges was then, in succession, dried by passzge
. - d

thréugh anyhdrous Cadl, , the carbon dioxids resmoved by pezssage through sodz-

t
<

e

limz, and thsa 14c0 oxidized to 14;02 by wassage.through a ropcalite cannistiar

(Fins 3afety Applianzss, Pittsburgh,Pa.) The 14C02 thus geﬁsrated, fepreseﬁt-
. \

ing endngengusly-~produced 14CO without significant contamination from endog-

enously-produsad 14C02 7, wés then tragpad in an'ethanolamine-containing sgl=-

.

ution 9, aliquots of which were ccunted by liquid scintillation, By mezns of

o+

unes

]

e

a bank of ethanolaminz-contzaining absorbin

AL

ncd air valves, attached to

t

a timing device, breaith of experimental animzls could be collected continuous-
. ’ i . . : .

"ly in collection pericds of from 1-5 hours each, For the study of the "early

leheled peak" (ELP) of CO production, samples were collected continuously for

14

. ] 4
the First 43 hours following glycine-2-'7C injection, and then deily for the

-

naxt 3-5 dzys. For the study of the "late pezk", animals were placed in the

metabolism cages, and zir flow started zbout 15-30 minutes before sample ccl-

lecticn was started, in order to wash the mon-zquilibrated room air out of the
chamber and dead space of the appzaratus, Single 5-hour collections were thean
performed 1-4 times a week over the tims period of ebout 7-150 days zfter in-

jection of the labeled glycine,

1

|~

(=

LiQUidAscint ation samplés were counted in duplicate For a sufficient
length of time to allow a maximum uncertéinty of i.1 com (low éctivity samples)
or + 24 (high_activiﬁy‘sambles) at 953 conFideﬁce. Sample ccunting efficiency

. was determined using a toluéne-14t internal standard, and proéﬁction rates for
14¢0 were expressedgin. erms of cpm/hour or dom/hour .

Iﬁ mest cases, the result for each sample collection period was consider-
ed as a single data point obta;ned at ﬁhe midpoint of the collection pariod.
However, most experimenté were désigned with the same sample collection sched-
ule fer the control and experimental animels, so that dafa #bints within‘any

ﬁeries'of experiments would be directly comparable, "Lats peak" data were fit-

ted to appropriate mathematical formulae using a least-squares fitting program

oA
~ ~
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RESULTS ARND DISCUSSIGH:

A. The "farly Labeled Penx " (SLP) in Control Animals:

Tha production of 14C0, normalized with respect to the weight of the animal

U

and the .dose of injectzd

w

(]

lycins:

[t

-2-1%¢ in a normel LAFl mouse, normal buffzlo

1

1=

e

rat, and normal quz s shown in Fioure 1 for the fipst 2 deys after labelad

(0]

glycine injection., It can te seen that the general shape of the ELP is similar
in all threa animals, with peak 14CO excretion rates 1-3 hours after isotope in-

jection, and & smooth decline therzafier, Although there was always soms variability

nstance did the ELP in normal animals show a

[

in individuai datz pdints, in no
distinct secondary rise during the first week after isotope injéction.

In an aﬁtempt to ésbarate the ELP of the LAy mousé into erythropoietic and
nqn-eryth:opoigtic components,‘mice were studied either in the untreated state,‘or
Followin§ prolonged transfusion-inducéd plethora.'ln the latter state, erythro-

poiesis is completely suporessed, as evidenced by the lack of significant SSre

"incorpcration into circulating R3C, absence of recognizable erythroid precursors

in tha bone marrow, -and absence of reticulocytes from the peripheral blood 10.

Fioure 2 indicates that the "late peak" of the hypertransfused mice was completely

abolished, élthqugh the ELP was still presant, elthough at a reduced magnitude, This

‘indicates that the "late peak" is completely dependent upbn the presence of active

erythropoiesis, while at least a portion-of the ELP is independent.of erythropoiesis.

The £LP in the 2 groups of mice is seen in more detzil in Figure 3; it can be

-

oroups, although there éppears to be

seen that the E£LP is very similar in both

ne in the ELP of the plethoric mice as compared to tﬁe controls,

cl

Q)
1+

a more rapid d

Simple subtraction of like data points yfelded a difference curve shown in Fioure

:

3 as a finely dashed line, which was roughly symmetrical and maximal at about

12-22 hours after isotope iﬁjection.

5



nt differences in the slope or timing of the ELF were noted betwezn the con-~

tire E£LF was dimin-~ '

m

trol and hyperiransfused rats, In the latter group

ished in magnitude, the lowsst magnitude beipg observad in the znimal which

th a hematozrit of

B
Q

attainsd ‘he highest hemztocrit ( Jeble I ). In thz rat w

657 on the day © of is otopz injection, the magnitude of the ;LP was 40 of the

+ I3

control, Since er H“ouove is is not completely supprassed in the rat by vpﬁ»

transfusion D, this gives a rough uppsr limit to the non-erythropoietic com-

)

ponznt of the £LP of about 405 in the rat, This value sgrees wzll with estimates

in in nnrﬁal and hyocrbran sfus=d

ar

obtzined using the excretion of labeled bilirub

-

11 . .-
dogs . \ . .

B. The MNon-fErvthrovoiatic Combonent of the £LP:

) . N
It is generally accepted that ths non-erythropoietic component of the

ELP is associated with the turnover of tissue heme compounds, especially the

heme compounds of thg liver 12"14. Ths magnitude of the ELP for bilirubin in

intact rats was shown tc be very similar to the labeled bilirubin formed in

the isolated perfused rat liver, suggesting that this organ alone can account

: 2
for most of the CLP 1‘. In addition, Robinsen has shown that the initiel portion

of the;ELP is greatly diminishe d in nﬁjﬂthuc followlnﬂ surgical removal of

the liver 15. Exgerlneﬁfs in the hypertransfused mice (Fizure 3)alsc showad

'that the initiel porticn of the ELP For COo lS :elotlv“ly unchanged in the 2rese-
ence or zbsence of erythropoiesis. Thus, it appears that thg initial portion
(first 2-3 hours) of the E£LP is most closely associated with turnover of hepatic

hemes, A .

Further evidence suggesting that the initial portion of the LLP is asoc~
" jated with hepatic heme turnover can be obtained from studies employing pheno

barbltol or the porgﬁyro enic drug allylisopropylacetamide (AIA), dcugs krown

to incrsase h~“atlc heme turnover..In fasted rats treated with 80 mqg per kg

5.

:of phenobarbital f‘orx days, the ELP f'or CO was increased 2- Fold (Fioure 4

: 300 5
Similarly, treatment with AIA (8@ mg per kg for X days ) increased the mag-.-

~



.

ure 45). Since these animals were fasted throughout the study, erythropociesis

('7

was mackedly depresssd, as noted by descrease ed hesmoglobin heme specific activ-
ity in circulating R3C 2 days aftér glycine—Z-'QC injection ( Table 11 ).
Thus, in these experiments the magnitﬁde of the obtzined ELP must clﬁsely
epproximate non-erythropoist ¢ components of the ELP aloneg,

'Results in the phenobar blta’-t atad rats agrea wsll with results Q:av—

icusly obtainsd through study of labeslzed bilirubin proeduction in rats using

c acid to lah=l hemz cchorts

e

lzbeled glycine or lazbeled delta-azamincle vulin

P

13,15-17  aad alse with non-isotopic studies of endogencus CO roduction per=
) ? S )
formed in human subjects by Coburn S. Tha major hemes compounds coatributing
\

to the ZLP have not yet been d”?lﬂlt’v@’v established, however, It has bsen-
. . . . . 13

suggested that an "unassigned" heme pool may be involved in this prccess 7,

pernaps explaining why the magnitude and turncver rate of the £Lp ék‘creater

than can be accounted for by the known amounts and turnover ratass of specific

s -

—_—

hemoprcteins.in the liver. ¥inztic studies by Rarver gt 2l.

administration of AIA does not lezd to increazsed hema content in the liver,

although the turnover rate of liver hemes -apprars. to be incrsased by the drug.

O]
0

Thus the increased magnituda of the ELP for 1406 seen in these enimals ° may

be due to the drug-induced acceleration of the turnovar of this "unassigned"

eme pool., .

C. .The “ryuhrog etic Comnonent . of the £LB:

Previous theories concerning the -ﬁesis cf the erythropoietic compon-
Y P P

‘ent of tha ELP have implicated such sources as : heme formed in excess of glo-

bin in dsveloping erythrocytes, loss of a certain fraction of hemoglobinnéon—

taining cytoplasn accorpan/lng normotlast nucleus extruswon 20, and death of

a small fraction of developing R2C within the bone marrow. The first -2 of thes=

processes would constitute a "chemical death" of erythropcietic heme, while

s,

N
N
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ipheral blood,
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Bassis has showq using e’ectvon mlC‘“ ?

claus is extruded with up to 3% of the total cytoplasﬁ still atteched,

Since this fr g ment of cytnplasm may coatain a similar fraction Lo»ql
hemoglobin, as well as some or all of the cesll erganelles containing non-

hemoglobin hemes, this process would naturally lead to a component of the
ELP wﬁich would be directly propo rtio5al to the rate of erthroﬁoiasis. Ir
erythrepoietic and non;ﬂrythro cistic componants of the ZLP in the fat are
approximately in the ratio o f 3:2 (Section A), then one would ex ne ct 92
units of.heme destruction due to maturs R3C ddotructwon ("1atn pcak"), 8
units of heme destruction due to. hemoglobin loss aésociatedvﬁith nucleaf

. A}
extrusion, and 5 units of heme destrustion from the'non-erythropoietic
component(s) of the £LP, This would vield -an cLp/ total hema tusnover

~Y

ratio of 13/103, or 124, which is only about cne-half of th

[1e}

ioc as ac-~

[y

ra

tually measured in the normal buFFélo rét (see Seption G, Jable III ).
Israels et §;,21 have shoua that the £LP in the duck appearsiﬁo have
an erythrdpéietic componen%; in this animal u*uAA'cirdulating nucleatsd R2C
,ﬁuéléar extrusion does not océur. It is known, however, that there is a retic-
ulocyte phase in avian ervthvocyte S, SO that partial functional loss of the

"R2C nucleus seeés probahle, Thus, heme-containing organelles in the develop-

e

ng RBC may be lost at some stage, resulting in an erythropoietic component,
Fioure 5 shows that when the quail is made anemic with 2 consecutive daily

”

[ ndd

njections of phenylhydrazine, the £ELP magnitude is increased -aboul 3-fold,
although a definite altoration in the shape of the ZLP doess not seem to have
occurred.

These results point to an important facet of tha erythropoietic compon-

.ent of ths ELP which has not been stressed until recently 3. ... .~ the pres=

ence of non-hemoglobin hemzs within developing erythrocytes, Thesz may have

-’ . - . R
. ) ) . .



. . __‘77_

c hem=s, for example, so tha

1=

turnover rates quite similar to Heoat

' : .
2 portion of the eryt Hropolctvc compnonant of the would be kinstically indis-

>

tinguishable from the non-ecythropoietic compeonent, Thus, stimulation of '
erythropoiesis in animale might increase the initial portion of the ILP by

increasing the non-hemoglobin heme content of developing erythroid tissue,

THis behavior was saeen in the quail stimulated with phenylhydrazine ( Figure

S ), and also in rats treated with 3 conwgvuuive.fail" injections of phenyl-
hydrazine or 3 caonsecutive daily phlebotomies ( Fizure 5 ). In these animals
the increase in magnituds of the £LP was assosiatad with an increase in ths

nitial portion of this curve, It thus appears that the erythrcpoietic com-
ponept of the ELP probably consists of a number of phenomena, It ;hould he
noted, howsver, that studies of ths fLP for bilirubin have gencrally not.

shonn an’lnﬁrsa for this initial phase following stimulation of erythro;

. 22 : " . . )
poiesis 16{ . Further studies concerning this point seem ihdicatead,

0
1=
‘-t-
p
.
3

('.
by
Q

h01 there are conditions leading to death of developing 28C

=

sites of production, an erythr4001otlc c0ﬂponen» of the ELP becomes clearly

evident, Fioure 7 shows. the £LP in 2 normal rat and in a severely jiron-defic-

ient rat secondary to gasurectomy*. A secendary rise in the ELP can be seen
in the latter anlnal, cccurrlng about 10-15 hou"“ after isotope injection,

This result is similar to those reported b Roéinson vho studied the LLP
. b J gy ’

n iron by dietary means 23; In: these

~— -

Je

for blllrubwn in rats made deficient
animals, the shape of the ELP was found to be markedly eltsred, with the .

createst alteration occurring 8-13 hours after glycine injection,

Since it is known that the maxinum uptake of iron by the developing

erythrocytes in the bons marrow occurs about §-8 hours after SgFe injection
. . 24 L e . . . e el e Ty o
in tha rat » @nd that the maximum rate of appearance in the circulation of

. . . . . . 25
- labeled raticulocytes occurs at about 24 hours after injection ~ 7, it would

be probable that death of R3C in the marrow during maturation would be assoc-

1at°d with increased proeduction of bilirubin or CO betwesn about 6 and 24 hours

¥ Kindly -provided by Or. Samusl Lepovsky, Dept. of Pouliry Husbandry, Universit Ly

of Callfornlu,uermﬂley. R B Cw
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Fioure 2 1ndlcates that 14CO produculon in. observable for more than 60 days

2
. . fs -
which 2 secondary riss in the ELP was ncved 18-16 hoursifioure 7) and $-13
‘ .
haurs 2 aftsr isstepe injsction strongly implicete tha pressnce of "inzffect-

npublishad results from this laboratory and the Jacikson fiemorial Labe-

S . . ) . . w25 < .
oratory in certain strains of congenitelly znemic mice have also shown a

secondary rise in the LLP in-the time range of &-24 hours after isotope in-

1)

jection, Fioure 8 compzres the ELP in a normal mouse with the ELP in two

sets of mice with congenitel he rol/ulb anemia. The two disorders uihosa resul-

ts are depi cted in this figure have much in common with the thalassemic dis-

r

orders in man, in which insffective erythropoiesis is p crilnant 27. The €£LP

in these animals was noted to be markedly increased, with maximum production

2t ' . .
of Y4C0 12 hours after injection of glycine~2~14c, in keeping with the 2bove
arguments. Similar rasults were also found in mice with ths Steel ct ZE

4

Tha results shown in Figure 3 ealso suggested that this phase or T4co

.production could be detected in normal LAT4 mice, although by the magnitude

of the subtracticn curve iﬁ could hbt account for morb thab 10-205 of thq cLb.,
It is therefore possible that there may be a small amount of ineffactive eryth-
ropoiesis present in the mousza, The sabe subtrabfion technique, when épplied

to résults in hypertransfused and normal rats, did not uncover an alteration

in tbis phasé'of the ELP, houever..lﬁ»might tbus be boncludgd that if fhefe

ive erythropoissis in these animals, it constitutes only a small

ct

is inaffec

fraction of totel heme turnover,

me Limits for the FLP:

[

D. Definition of the T

Inspection of the ELP in the hypertransfused mice (Ftour 2) indicates

that the prOdUCLIOﬂ of Y4co contvnu°s uell beyond ube first week follou1ng

njection of labeled glycine, while most inve stlgators have used arbitrary '

'tlno limits for the €LP of about 3-5 days in enimals and 1-2 weexks in man,

28

in the-complete absence of erythropoiesis. derlin et 2 ;29 have shoun that

R \‘



significant amounts of activity persist in the freze glycine pool in human

30}
!
-
S

'C for many meaths, and that this continual per-

sistenca of label may be responsible for most of the non-idaal behavior ssen

. . . o s 14
in heme labeling curves in such subjects, Sings the cont nual

b

CO production
noted in the hypertransfused mice wes also seen in. the normal mica, but was

not seen in mice or rats cross-transfused with labeled R3C, it is suggestsd

o

that this continuihg production -of labeled CO is due to persistence of label

’

in the glycine pool, with continual C/cllﬂg of labeled glycine into successive

hame cohorts, )

If this "slow" compcrent of CO production, which was found to have a

half-time of .about SO days in the LAF, mouse and 100 days in the buffalo rat,zo

_is subtracted from total T4cg production, then the slowest remainini component

4 s s : . .
of 1 CO production in mice or rats with suppresszd erythrepoiesis has a half=-

o
3
o
13
3
(\
|—J
[
D
e
_.T]
)
'q-l
[0
o
=)
o.

time of abcut 1-2 days. Such components are also sean i
in animals with increased e erythropoistic rate when the ﬁhéée of "7CC Q:oduction
dee to d struction of circulating R3C is alco subtracted out, Thus, the pro-

césses asscciated with the £LP of .the initially labl=d h”ﬂE-CDhOPuo appear to

last not more than 1 week., Along with 2 successful medel for the kinetics of

1-'-
g,
»--

CO production from ¢ ng R3C ( sce ~e"twoq 'F ), it should then be poc-

’

sible to define the ELP by means of a sum of exponential terms, which may be

quantitatively more meaningful than arbitrary time intervals,

jculocvies

(' l’

E[.14CD Production =z2nd Destruction of Re

The preceding sections have dealt with destruction of tissue hemes and

with death of RBC in the sites of production, including "chemical death! of

hemoglobvn hame. Thrze other modes of destrustion of hsmoglobin heme in R3C

have been studied, namely:

1. Death of R3C upon entering the circulation (reticulocyte death),

y)

__2.xnge-1nd°pondenu f3C destruhtlon ( raﬁdon hnwo1y515\ and

3, Age-dependent 22C death ( senescence).

2 .

~



during iron kinetics studies, in which splanic ectivity is shown Lo increzse
(trepping of “?3 s the activity in the bonsz marrow decreases (rslease of
R3C into theAcirculation) 30. Kinstic argumants would suggast that death of

circulation, and should end shertly zfter all labeled cells from the initial

cohort have enterad the circulation, For the rat and mouss, this phzse should
encompass thz time interval of 24-96 hours afiler glycine-2—14c injection, In

a strain of congenitally znemic mice (mk/mk), following a normal ILP, there

wes noted to be @ secendary rise in Tcg production starting at aboub 24 hours,
and ending about 72 hours after isotcpsz inje:tion.zo tihen the splesn wuas re-

moved from these animals prior to glycins injecticn, this added "peak" of 14cg

production was entirely abolished, ‘Finurz 8 suggests that this phenomznon also

occurs in corngenitally anemic mice (ha/hz). In those mice, as well 2s in the
- S i
nb/nh mice therz is evidence for "ineffective er

pPOdUCthﬂ is increased in the time period of about 12-18 hours after isotops

443

injection, However, as opposed‘to the situation in the nb/nb mice in which 14Co
production dropped rapidly after 18 hours, in the ha/ha rice T4co nroduction
continued a2t a merkedly increzsed rate Eor more than 43 hduEs, :éturning £9w~
ards the curvz in the pb gg‘hice at 72 hours. Moreover, the "diffarence curve"
between the ha/ha and nb/nh mice was of the. same general sgépe end timing as
the added "peak:" seen ;pithe ok/ck mice, These preliminary results suggsst
‘that the phase cf réticulocyte death is not pfesent.in normal anim als,bbut if
prasent under abnormel circumstances is.a discrete event which can be distin=~
guished from other processes of R3C destruction by timing and response to spl=
>
enectomy.

el

"F..Death of lature r1rcu1 tino P2C:

Labelwnj of a cono*t of 01rcu7atinj R5C has been studied using a variety

~
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reticulocytes out of oroport

the blocd, ( The processes of reticulocyte desir
wever, been shown to co-sxist in the m

but only slightly rsduces the'l
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fiticd

mouse
ng of soma
h in most

yed in a

gaussian distribution about some period of time, called the mean potential

lifespan, Thz m

23 days in the quail

the body uwe

‘The §

kXAl

-
3c
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activity can chznge only when labeled cells lezove the circulation and are re-

activity in hemeglobin heme of circulating 28C, and if only thz alphz-methens
bridge carbon atom of hemz gives riss to CU, then the rate of

arising from destruction of labelad RSC ( co(t) ) will be 1/8 th of the first

dezriyative cf Equati (1), since glycins can potentially label 8 of tha car-
6

bon atoms of hems °. This is shown in Egquation (2)
i

. ' o : al(t- . ) .
co(t) = Ce “t( k + (lea)e ( T)) @)
(T '
8( 1 + eaft«l? )2
Finure 9 shows the behavior of fquations (1) and (2) using an arbitrary set of
values for the s2bove parameters.,
washed labeled R3C were cross-iransfused into normal compatihlea rat

the total amount of = ‘.. 14CO expi red over the first 100 days

Lhe

2

(L

hosts, an:

_was determined, it zmounted to 95+ 5 ¢ of the zmount of activity calculated

to be pr ent in the alpha-methene bridge carbon atoms of the hemoglobin hsme

14

in the injected R3C. foreover, the curve of CO excretion rate versus time

.

‘after initial-élycine in J on could be well approx <imated by_tqua on (2), as

shoun in Figure 10. Such expsriments demonstrate the applicability of these

equations .in predicting the bshavior of a cohort of Roc, and ﬂop ar to confirm

the previous demonstraticns that CO arises in vivo from only one of the eight

poten ially lzbeled carbon atoms of hems.
The applicability of this method of deterMLnlng Pdc survival from
7production'will be the subject of future communications 28.

Al

G. fFracticnation cf Toktal 70 Procuction into Caomoonent Parts:

.A,,L-

Fractionation of totzl CO production can be estimated using the following

assumptions:



. . - . . - -fJl-

. ) 1. The "late peak" can be dascribed D/ Lquavlon (2)
_ , . N L P v I
2. The fLP can be duscribed by all of the  CU prouuceo curing the first 2
. R " .
to 3 days after glvcine injection, and by a single exponential function

after this pariod of time. ot
. !

3. The single 810w m<ponontl lA( half-time 50-100° dd;s) szen . n-mice and
rats wluﬁ suppre essed, normal, or'incraaéed erythrcpoiss;s reoressnts ths
persistence (ol 1abalAin the glycine poal does not re pinct the des t' ction
of the initisl heme cohorts, and thus all of the 1420 arising from this,
source must be omitted from the caiculaéions

o

4. The ratio of the non-zrythropoie

cr -
[N

c portion of ths CLP to totel ELP is

2:5;

14

With these assumpiions, the average fractionation of total " 'CO pro-

ducticn in tha buffalo rat is that shown in Jable I1I. From previously noted

arguments, it. may be stated that thare do not eppear-to bs sionificant amounts

PR of ineffective erythropoiesis oOr s slenic ret ticulosy

on in normnal

te dastruc

ck
(¥

: - animals. It is then possible, using these furthsr assumptions, to determin

(L‘

‘the fraction of all labeled R3C being destroysd by the modes of destruction
outlined in this communication, by quantitating the following phases of LR

‘production: o : o ST

e

te pea< wlthln 8-15 hours after glycine

~——

1. "Ineffective ervihronoiesis": defin
“injection,

2. Splenic destruc tion of reticulocvies: definite peak occurring 24-S& hours

after glycine injection. i

3. Random hemclysis: as obtained from £quation (2).

"4, Senescence: as coualnnd from Equation (2). B - _ -

‘Table IV indicates the results of this fractionation in 6 normal buffalo
rats and in a single sPrngu»—dawlDy rat with iron defici ncy secondary to gas-
:trectomy. when such calculations are applied in animals with alterations in

erYthpopoiesis; they are able to give important information concerning the

| - : . ] . .
q : - - ~ L




which may be p:asent. far examule, in the iron

erythrc

: _ y .
This model has been applied to the study of R3C: nruiVﬁl in mice with various

oy o 25
‘anemias,.and will be the subject of sepa 2te comminicat ians . R

SURMARY

'
Endogenous Yéco nroduction was studied in exuaiinental animals following

, 14,

inag-2~

£. As had been noted previously for labelsg bil-

f—t
~
O

- the injsct tion of

“irubin and stercobilin, an "early labeled pzak! and a "late pzak" were noted,

=

~the latier bzing exclusively rslated to the destruction of the initia coh?rt
of red blood ; 1ls labzled specifically in the alpha-me heﬁé bridoe carbon

atoms of hzmoglobin heme, A'ﬁathamaﬁical formula was.prasented by whichhéhis
“late pzak" couid bg describsd, and includad parémeters dascribing the size

- of this cohort, tha rate of random hemolysis, and the phase of genescent death,
The "early labeled peak" (ELP) was shouwn to consist of 2 portion associated

with erythropoiesis, dnd a component unassociated with erythropoiesis, with

e

the latter comprising approximately 40u .of the tOual ELP in normal rats. This

non=- er/LHrooaietic COﬂponpnb could be increasesd in naﬂnitudd following treatment

~with phenobarbital or allyliscpropylecetamide (AIR), agents which are known to
increase non—hemoglobin'heme'furnaver in mammalian liver,
The rﬂgnitude of the ELP could be ihbreésad following phlebotomy, phenyl-

hydraZine, iron defiClenC/ anemia, and in certein congenital anemias din the

‘mouse, tvidznce was produced to show that such st timuli increased differant
pottions of fue ELP,'SUQQesting that the erythropoietic cocmponent of the.ELP
consists of a number of discrele proéeses, inclbding turnover of non-hemoglobin
‘hémes in .developing erythroid prescursors, "ineffective‘érythropoiesis", énd
early deétruction of reticulocytes by the épieen. The laiter two proéesses

were felt to Ee minimal or absent iﬁ.normal animals.

;”_A By quantitation of these various phaseo'of 14?0 production, th; contrlb-

.utlon to total €nd03°nOUa carbon monox1de produuulon from the above processes

2
~ L R ~



. "+ ceould be estimated, as could ths fractionation’of the various mcdes of death,

of the initizl cochort of labzled rad blood cells,

The author gratefully acknowledges the dsvoted technicel assistance of

firs, Sandra Kay Bristol,



TREATHENT HEMATOCRIT ON DAY
OF GLYCINE-2-1%c
INJECTION ( % )

RELATIVE "EARLY IABEL-
ED PEAKY MAGNITUDE
( 0 to 50 hours ) _

CONTROL L5

HYPERTRANSFUSED 56

HYPERTRANSFUSED 65
TABLE I

-1.00
0.64

0.40

ALTERATION OF "EARLY LABELED PEAK" MAGNITUDE FOLLOWING HYPER~-

TRANSFUSION.



TREATMENT GROUP SPECIFIC ACTIVITY OF HEMOGLOBIN HEME OF
CIRCULATING RED BLOOD CELLS 2 DAYS AFTER
INJECTION OF 50 uC OF cLycINE-2-1%C (dpm/mg)

CONTROL, NON-FASTED 5953 * 5598 4352
CONTROL, FASTED 753 1052
PHENOBARBITAL, FASTED ~ 422 1715

ALLYLISOPROPYLACETANIDE,
- FASTED S 428 144 212 302

* Each number indicates the result in a single animal.,

- TABLE II .

EFFECT OF FASTING, PHENOBARBITAL, AND ALLYLISOPROLYLACETANIDE
" ON INCORPORATION OF GLYCINE-2-1%C INTO CIRCULATING RED BLOOD

' CELL HEMOGLOBIN HEME.



PROCESS

PERCENT OF TOTAL %o

PRODUCTION

"Early Labeled Peak " 2L
Erythropoietic portion 14
Non-erythropoietic portion 10

* Late Peak " 76
Réndom hemolysis 23
Sénescence 53
100 100

TABLE III

FRACTIONATION OF TOTAL %CO PRODUCTION INTO COMPONENTS IN

THE NORMAL BUFFALO RAT.



MODE OF RED BLOOD CELL DEATH .

PERCENT OF INITIAL COHORT

DESTROYED BY SPECIFIC PROCESS

AVERAGE OF
6 NORMAL BUF-

TABIE IV

FALOC RATS
-®Ineffective erythropbiesiS" 0.0
Splenic destruction of reticulo; 0.0
cytes ' oo
Random hémolysis '35.2‘
Senescence 64.8
. 100.0

IRON-
DEFICIENT
RAT

24.9
0.0
21 .4
3.7

100.0

FRACTIONATION OF PROCESSES OF RED BLOOD CELL DESTRUCTION IN

6 NORMAL BUFFALO RATS AND IN A SINGLE SPRAGUE-DAWLEY RAT WITH

IRON DEFICIENCY ANZMIA SECONDARY TO GASTRECTOMY
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'is 'shown in the upper right‘portion of the figure.

FIGURE L_,GENDS : L  .

FIGURE 1: Excretion rate of uCO (dpm/hour/50 nlcrocurles of

inJected glycine=~ -2-1 C/lOO grams body weight, ordinate) versus
rtlme aIter 1n3ectlon of labeled vlyclne ( hours, absc1ssa) in

a normal LAFl mouse ( open circles), Japanese quail (open t;ls

angles), and buffalo rat ( open squares) .

FIGURE 2: Excretion rate cf‘14CO ( cpm/hour, ordinate) in a

group of normal LAF; mice (open circles) and a group of hyper-

transfused LAF; mice (closed 01rcles) versus time after glycine-
2-1kc injection (days, absclssa) Note that the "Late peak”

is absent in the hypertransfused mice, although the “early label-
ed;peak" is still present. Reprinted from Science ( J.R.Goldsmith

and S.A.Landaw, Science, volume 162, pages 1352-1359, December

| 20, 1968). Copyright 1968 by the American Association for the

Advancement of Science.

FiGURE 3: "Early labeled peak” for 1L‘CO iﬁ the normal LAF, mouse
(open trianales. solid line) and tﬁe hypertransfused~LAF1 mouse
-inwhich erythropoiesis has be°n totally suppressed (open circles,
dashed line). Data the same-as for Figure 2, The dlfference curve.

presumably reiaresen’cinrr the component of the ELP ass001ated with

'erythrop01e31s, is shown as the flnely dashed 11ne and open

squares. (Ordinate: 1k

CO excretion rﬁte (cpm/hour/animal), ab801ssa:
time after injection of glycine- -2-1

C (hours). _

FIGURE 4: "Early labeled peak" for 14CO (ordlnate and abscissa
same as for Flgure 3) in 3’starved Sprague-Dawley rats, one
untreated (opeh squares); one treated with phenobarbital ( open
trlangles), and one treated W1th the porphyrogenlc drug allyl-

lsopropylacetamlde (AIA) (open circles). The relative mavnltude

Ucf the ELP for %he first 49 hours for each of the three animals

-



- FIGURE 8:

" FIGURE LEGENDS (CONT.)

FIGURE 5: "Early.labeled peak” for 14@0 (ordinate and abscissa
same as for Figure 3) in two male Japanese quail, one untreated
(open triangles) and.one treated Qith 2 daily consecutive in-

- jections of phenylhydrazine ( open circles)., Note that the
magnitude of the ELP of the latter is increased 3-fold,'although

. the shape of the curves is quite similar.

FIGURE 6: "Early labeled peak" for 14CO‘( ordinate'and abscissa
same as for figure 3) in three male buffalo rats, one normal
(open squares), one treated with three consecutive daily phleb-
otomies ( open traingles), and one treated with three consecutive
daily injections of phenylhydrazine ( open circles), The relative
- magnitudes of the ELP (first 48 hows) and thé "late peak” for

the three animals are shown in the upper right portion of the
figure. 

FIGURE 7: 1¥CO "Early labeled pezk” in a normal male buffalo

;at (opén'circles, dashed line) and a gastirectomized male Sprague-
Dawley rat Qith iron deficiency anemia ( open circles, solid.
line). Note the presencé of é secondary rise in the ELP in

the iron deficient rat at about 10 to 16 hours after \injection
g,

~——

~of glycine-2-

‘luCO “Early labeled peak” in a Single normal female

mouse (dotted line), 3 female mice homozygous for "normoblastic"”
(gg/ﬁp, dashed line), and 3 female mice homozygoﬁs for "hemolytic®
(ha/ha, solid line). Note thé marked increase in the magnitude

of the ELP in the two stfains of anemic mice, with the maximuﬁ
time of 1L_FCO excretionAshifted from 1 to 2 hours tp'about 12 to
518 hours, suggesting the presence of‘4inefféétive.érythropbiesis";

The difference between‘the ELP in the two anémic mouse'strains

s




" FIGURE LEGENDS (COWNT.)

Figure'8 (Cont.):
is probably due to the presence of 5plenic'destruction of retic-

ulocytes in the "hemolytic" (ha/ha) mice.

FIGURE 9: Theoretical behavior of a cohort of red blood
cells according to Equations (1) and (2) in text. Solid line
indicates the total activity in red blood cell hemoglobin heme
(dpm, left ordinate, Equation (1) ). The solid squares indicate
the proposed prodﬁction rate of 14co arising from the destruc-
tioﬁ of the labeled RBC (dpm per hour, right ordinate, Equation
(2) ). In\this case the rate of random hemolysis (. k ) has been
set at zero, to indicate the destruéfion of the cohort by senes-
cence alone. Note the gaussian shape of the 14C0;”1ate peak”,
~with a maximum at the time of the mean potential lifespan (T).
The parameter ( Lambda, A\ ), not indicated in the text , is

| félated to the rate of entry of RBC into the circulation, and

‘has been set at infinity to indicate instantaneous entry of

labeled cells into the circulation for the purpose of clarity.

14

A FiGURE 10: "Late peak” for CO in a normal buffalo rat éross-

transfused with glycine-z-lubflabeled RBC-from a normal, compat-
~ible rat donor, The solid circles indicate collected data points,
- while the solid line is the least-squares best fit of the data
" points to Equation (2). The parameters of RBC.sruvival-obtained
frog this best-fit curve are shown in tﬁe upper left portion of

the figure. Red blood cells were transfused 2% hours after

injection of glycine-z-luC into the initial donor.

\
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