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I N A PRECEDING PAPER a method was presented for observing maturation
of human erythroblasts in a clot-free cell suspension culture system in

vitro.’ The parameter of maturation was the increase of orthochromic cells

(luring the period of incubation. The present study was undertaken to

determine the extent to which the morphologic parameter of maturation

correlated with a basic aspect of erythroblast maturation, namely, the forma-

tion of hemoglobin. For this purpose the measurement of radioactive heme

formation in the presence of radioactive glycine was selected, because it

represented an easily identiflable portlon of the whole hemoglobin molecule.

METhOD

Tile methods for procuring and processing marrow have been described.’ In each com-

plete experiment one hematologicaiiy normal and one abnormal subject were studied. Cells

from each were incubated in the subject’s own piasnla (autoiogous plasma) and in the

plasma from the other subject (nonautologous plasma). The advantages of this experimental

model were discussed in the previous paper.1 Following washing and reconstitution of

the marrow material to its original volume with balanced salt solution, giycine-2-C’4 was

added to the incubation mixture in amounts to produce a final concentration of 250 ug./ml.

Control cultures to be studied by the morphologic method contained the same amounts

of normal glycine. Tile radioactive cultures were prepared in triplicate, and tile contols
in quadruplicate. The specific activity of giycine-2-C” was approximately one curie per

mole. To the extent that the activity differed from this level, the results were corrected

appropriately.

Following incubation for 24 and 48 hours tile cultures were stored at -20 C. until

processed. Immediately prior to the preparation of henlin a measured quantity of bank

1)100(1 containing 100 to 200 mg. of hemoglobin was added to the thawed incubation mixture.

Preparation of ilemin followed the method of Fischer3 except that all quantities were

reduced by a factor of 500 in proportion to our sample volume of about two ml. A test

tube and syringe were substituted for the flask and dropping funnel used for the larger

volumes. Temperature was maintained between 103 and 105 C.#{176}With an oil heating

bath and an immersion thermometer inserted in tile reaction tube the desired temperature

could be maintained by adjusting the rate of addition of the sample.

Hemin crystals which fonned overnight were washed in the original reaction tube

with successive 1 ml. quantities of the solvents recommended by Fischer.3 Following each

washing the crystals were sedimented by centrifugation and the fluid decanted. The result-

ing material consisted of finely crystalline, slightly iridescent, blue-black crystals. From
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#{176}Thomas’� enlphasiz.ed the importance of controlling temperature in order to obtain

maximum yields.
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one-half ml. of blood concentrated to contain 105 mg of hemoglobin, 60 �tg. of

hemin were obtained. This represented 75 per cent of the theoretical yield and was fully

comparable to that reported by Fischer for one liter of blood.
Recrystallization once or twice by the method of Fischer3 or that of Shemin et al.1’

failed to increase the specific activity in trial runs and was deemed unnecessary. This was

the experience of King and Cilchrist7 who were also unable to measure any increase in

purity of hemin following recrystallization.

For measuring the specific radioactivity the hemin was dissolved in a quantity of

pyridine sufficient to produce a concentration of approximately 10 grams per liter. A

measured volume of this solution was used to determine the exact concentration. For

this purpose 200 microliters were diluted in 10 ml. of one per cent sodium carbonate

solution and the concentration of hemin was determined colonnletricaliy at 5400 Angstroms.

Another measured volume of the solution was placed on an aluminum foil planchet on a

disc of lens paper to assure uniform spreading of the sample.� All specimens were counted

in a gas flow counter#{176} for a period sufficient to assure a counting error of approximately 2

per cent or less. Approximate corrections for beta absorption in both the specimen and the

lens paper were determined by nieasurement and the results were corrected accordingly.

The compound actually present on tile pianchet following evaporation to apparent

dryness contained a variable amount of pyridine, approximately 15 per cent by weight.

This residual pyridine could be removed by heating the specimen to 98 C. under reduced

pressure, but without appreciable effect on the measured radioactivity. Tile actual hemin

content of the planchets, as measured colorimetrically, was confirmed for a series of

trial specimens by detemmination of tile iron content of the coulpound following acid

digestion.”

Sodium carbonate diluting fluid was used for tile colormletric measurenlents of hemin

because, unlike fluids containing cyanide, it was found to he insensitive to pyridine.

It is not known whether this insensitivity is (lime to dissociation of the hemin-pyridine

complex of the type described by Kaziro et al.’ in the strongly alkaline fluid or to failure

of the coiorimeter used to detect the slight spectral silift which may have occurred.

From the measured specific count rate of tile hemin and the known total henloglobin

content of tile specimen plus carrier, the total count rate of hemin present in 1 mi. of

reconstituted marrow was caiculated.f Results were expressed in terms of moles of

henlm formed during the period of inctmhation.

RESULTS

The presentation of the results of the isotope experiments and their com-

parison with those obtained by the morphologic method reported in the

preceding paper1 fall conveniently into two categories: first, the results of

incubating normal marrows in autologous plasma; and second, the results

of incubating both normal and abnormal marrows in autologous and nonautol-

ogous plasma.

#{176}Model PC-3A, Nuclear Measurements Corp., using P-10 gas (90 per cent argon,

10 per cent methane) at 1750 volts.

The amount of hemin present in Specinlefl pius carrier was calculated from the

measured hemoglobin content. A molecular weight of 16,520 per gram atonl of iron

was assumed for hemoglobin.1’

Tile conversion from total count rate (expressed! as counts per minute in tile ilemmn

of 1 ml. of reconstituted marrow) to total activity was based on the assumption that

the measured beta count following correction for self absorption and back scattering

is related to the absolute rate of beta emission by the counter efficiency of approximately

50 per cent. The conversion factor was calculated as follows: 0.50 counter efficiency

in counts per decay x 2.22 x 10’� decays per minute per curie X 1.0 curie per mole

giycine x 8 moles glycine per mole hemin = 8.9 counts per minute per j&jtNI of hemin.
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1ABLE 1 .-Heme Synthesis armd ()rthoclmrornic Cell Accumulation of Normal Cells

in Autologous Plasma (48 Hours’ Incubation)

Culture
Number

Normoblasts
in Inoculum

(all types)
� cells/cu.mm.

Heme Synthesized
1O’ moles Fraction

Hemin of mean

Orthochromic Cells
Accumulated

Fraction
10’ cells/cu.mm. of mean

TC253 13.00 3.05 1.78 2.31 1.67

TC255 - - - - -

TC257 4.28 1.57 0.92 0.31 0.23

TC259 5.61 1.39 0.81 ill 0.80

TC261 - - - -

TC263 2.44 0.66 0.39 0.32 0.23

TC265 4.20 1.67 0.98 1.89 1.37

TC267 3.04 0.71 0.42 0.52 0.38

TC269 6.97 2.51 1.47 2.36 1.71

TC271 2.82 1.13 0.66 0.40 0.29

TC273 2.88 0.96 0.56 1.05 0.76

TC275 8.70 2.68 1.57 1.53 1.11

TC279 7.82 2.50 1.46 3.43 2.48

N’Iean 1.71 1.38

2.5 _______________

[Hemin Radioactivity �

�1
:

0 2 4 6 8 0 2

Normoblasts in Inoculum (thousand cells per mm3)

Fic. 1.-i-Ieme synthesis and ortilochromnic cell accumtmiation of normal cells in auto-

logous plasma as linear0 functions of the ntmmnher of erythroblasts (all types) in the

inocuhmm. To facilitate conlparison both paramimeters of maturation have been expressed

as fractions of the respective means. The pair of (lotted lines represent one standard

errorf above and helow the function. (48 hours’ incubation)

#{176}The line drawn is time straight line through the origin for which the sum of the

squares of the distances to each point measured parallel to the ordinate has been mini-

mized ill deference to the usual convention regarding similar lines. However, it may be

noted that miliflimizing either time normllai distances or the squares thereof yield lines of

very similar slope. That the line should go through time origin is obviotms from the nattmro-

of the variables.

The standard error was computed as tile square root of the sum of the squares of

the actual values of time dependent variable niinums the vaitme predicted by the linear

function just defined and divided by two less than tile number of points.
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10.0 I

5.0 I

2.5 #{149}

l.0 �
0.5 I

0.25 I

0i I

0.1 0.25 0.5 1.0 2.5 5.0 10.0

Relative Orthochromic Cell Accumulation
(non-nutoloaous/outoloaous plasma)

Fic. 2.-Scatter diagram relating time relative effect of autologoums and nonautoiogous

piasmas on heme synthesis to that on orthochromic cell accummuiation. (P < .0005)12

Thirteen normal marrow specimens were incubated in autologous plasma.

The data are given in table 1. The values of the parameters in the morpho-

logic studies as well as those in the isotopic studies are shown graphically

in figure 1. These data show correlation between both heme synthesized and

orthochromic cells accumulated and the number of normoblasts in the

inoculum. In table 2 we present data for comparing the effects of normal with

abnormal plasmas as observed by both morphologic and isotopic methods.

Thirteen consecutive experiments were carried out. Data on one entire run

(TC260 and TC261) and half of two other runs (TC254 and TC264) are

not included because of technical failures in culturing or processing the

material. Data on the remaining 22 pairs of cultures are given. By expressing

the results as a ratio of the value obtained in nonautologous plasma to that

obtained in autologous plasma it was possible to cancel the common effect

of size of inoculum. The results are shown graphically in figure 2, which

shows definite correlation between the two parameters.

DIscussIoN

Our experiments showed that there is a correlation between the increase

of orthochromic cells and hemin formation in the clot-free cell suspension

cultures of marrow cells maintained in various types of plasma media. If the

orthochromic erythroblast is considered as a cell containing its normal full

complement of hemoglobin, this type of correlation is not unexpected. How-

ever, there are important dissimilarities between the results obtained with the

two parameters of maturation. These will be discussed, although their full

interpretation requires more study.

The interpretation of the measurement of radioactivity of hemin derived
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1218 EDWARD B. POWSNER AND LAWRENCE BEllMAN

from the cultures is based on its reliability as a measure of hemoglobin forma-

tion by the erythroblasts. The validity of this assumption is open to examiria-

tion with respect to three main points : ( 1 ) the extent to which the measured

radioactivity represents heme synthesis; ( 2 ) the extent to which heme syn-

thesis represents hemoglobin formation; and ( 3 ) the extent to which the

synthesis occurs in erythroblasts as opposed to reticulocytes.

\Vith regard to the first point, the factors to be considered are the purity

of the derived hemin and the amount of radioactivity which can enter the

hemin independently of heme formation. We have already pointed out that

the iron content of the hemin was consistent with the theoretical values ex-

pected in pure hemin. Furthermore, recrystallizations of the hemin produced

no significant change in the specific activity of the material. Of course, on

the basis of such observations, the possibility that a small part of the radio-

activity was present in other porphyrins which may have been formed in the

system, cannot be ruled out. There is good reason to believe that the radio-

activity can be incorporated into heme cnly during its synthesis and that

it remains inert thereafter.bo,W4 Furthermore, incubation of peripheral red

blood cells in the absence of erythroblasts resulted in only very slight incor-

poration of radioactivity into hemin.

With regard to the second point, the extent to which heme synthesis rep-

resents hemoglobin formation, Muir and co-workers1#{176} have shown that in

vivo 24 hours following injection of glycine-2-C’4 the porphyrin and the

glycine of the globin isolated from hemoglobin both contained radioactivity

in the expected proportion. Thus, either may be expected to indicate the

extent of hemoglobin synthesis. However, the exact temporal relationship of

beme and globin synthesis is not clear. For example, there is evidence that

the two are not synthesized simultaneously.4’1#{176} Muir et al.1#{176}have shown that

six hours after injection there is less than the expected activity in porphyrin

relative to that of the globin portion of the hemoglobin molecule. Hammarsten

et al.4 have shown that this relation may be reversed under some conditions.

Therefore, it may be concluded that for periods less than 24 hours the amount

of hemoglobin synthesis may be incorrectly estimated from measurements of

radioactivity in hemin.

Finally, with regard to the third point, the extent to which the synthesis

occurs in erythroblasts as opposed to reticulocytes, it is known that human

peripheral blood containing reticulocytes is capable, though not uniformly,
of incorporating radioactivity into hemin.8’#{176} To determine the extent to which

this might have influenced our results we incubated 1 ml. of fresh human

peripheral blood containing 42,000 reticulocytes per cu.mm. The radioactivity

in the hemin was approximately one-tenth as much as that in the least active

sample of hemin obtained from bone marrow culture TC267 made up with

cells from a normal subject cultured in normal plasma medium. In this culture

the reconstituted marrow contained 3040 erythroblasts per cu.mm. Since flO

subject in our series had a reticulocyte count in excess of this value (most

having considerably higher erythrohlast counts), the contribution of reticulo-

cytes could be disregarded.

The interpretation of the increase of orthochromic cells in the cultures
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RADIOACTIVE HEMIN FORMATION AND MARROW (;HAN(;Es 1219

is not subject to the more nearly exact analysis applicable to heme synthesis

aIl(I must depend mainly on its perform�tnce as a parameter in test situations

ill which different kinds of cell-plasma relationships are investigated. This

has been discussed in the previous paper.’ However, as a result of our use

of the mattmration model for isotopic study of heme synthesis we have come

to recognize two additional points needing consideraticii : ( 1 ) the significance

of the color of the stained erythroblast, and ( 2 ) the significance of the num-

l)er of orthochromic cells as a function of the rate of formation and loss of

these cells.

The definition of orthochromasia given in the previous paper is: a color

identical with that of the fully mature ( not polychromatophilic ) red cell.

At this stage of cell maturation the acidophilic color of the stained hemoglobin

predominates, and there is no visible trace of basophilia presumably due to

ribonucleic acid.2” It is probably safe to assume that the orthochromic

erythroblast is a fully hemoglobinized cell.

The number of orthochromic cells seen at a given time is, of course,

tile number formed minus the number lost. Formation is assumed to reflect

the normal process of maturation, that is, the transition between the poly-

chromatophilic and orthochromic stages. Loss is assumed to be due mainly

to denucleation, both because degeneration forms were very rare within

48 hours of culture, and because of the increasing number of free nuclear

fragments in the smears. Both these processes may vary in rate and may do so

independently. The factors controlling them in vitro are not understood.

There also is a possibility that some pclychromatophilic cells may never

reach the orthochromic stage in vitro. Finally, the accumulation of ortho-

chromic cells in the experimental system has no exact counterpart in vivo

under normal conditions.

Nevertheless, the correlation of the two parameters, namely, the increase

of orthochromic cells and the radioactivity of derived hemin, is good. This

makes it possible to consider relationships between the development of

heme and the development of orthochromasia in the cell culture populations.

As a preliminary step both parameters were studied in the cultures of normal

cells in autologous plasmas. As expected, both correlated well with the

number of erythroblasts originally present. In general, the greater the number

of erythroblasts present initially, the greater was the accumulation of ortho-

chromic cells or the amount of radioactive hemin. However, the scatter, as

indicated by the standard error was considerably lower for the radioactivity

in the hemin than for the increase in orthochromic cells. Since the experimental

error as indicated by the previously reported data on the replicability of the

counts is comparatively low, it must be concluded that the scatter is in large

part due to actual differences in the performance of the parameter in the

various apparently normal subjects. As pointed out above, the accumulation

of orthochromic cells is dependent on several factors and is more complex a

parameter than formation of hemin. It is therefore not unreasonable to find

that the scatter is greater for it than for the formation of hemin.

In studying the correlation of the two parameters to each other, the

relation of both to the size of the inoculum has been eliminated by comparing
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FiG. 3.-Heme synthesis and cell counts of a normal marrow culture (TC279) in

autologous plasma as a function of the tinie of incubation.

their relative performance in autologous and nonautologous plasma. The

correlation is best shown by consideration of the data of table 2, and the ac-

companying scatter diagram, figure 2. From the table it can be seen that in

the 22 cases available for comparison both parameters showed qualitative

agreement in 20, and that in the remaining two the amount of radioactivity

incorporated in the hemin was so nearly the same for the specimens incubated

in each of the two plasmas as to suggest that the lack of agreement lay in

the range of experimental error. Also, in the scatter diagram it may be seen

only two points lie outside the upper right and lower left quadrants, and one

of these lies on the dividing line. An example of correlation between the two

parameters is the fact that greater maturation was observed in cells from

iron deficiency anemia when they were incubated in normal plasma medium

than was the case when incubated in iron deficiency plasma medium, both

in the isotopic and morphologic methods of study.

Despite the generally satisfactory agreement between results derived from

isotopic and morphologic studies of maturation with our in vitro model,

there are some areas of significant disagreement. One of these has a connection

with the temporal relationship of the two parameters. Heme synthesis in our

system, as in other in vitro systems,’”� was most rapid in the first few hours

of incubation and was essentially complete in 24 hours. On the other hand,

the increase of orthochromic cells in our model was only half or less than half

completed in the same period. In our system heme synthesis was an approx-

imately linear function of time for the first nine hours, during which it is

almost two-thirds completed. This is shown in figure 3. At the time when heme

formation was 90 per cent complete (17 hours in the case illustrated), only

one-third of the maximum number of orthochromic cells ha(l accumulated, and

only half the initial number of polychromatophilic cells had disappeared.
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RADIOACTIVE HEMIN FORMATION AND MARROW CHANGES 1221

It is obvious that a major portion of the heme and probably the hemoglobin

was formed in cells which were still detectably polychromatophilic. These

cells apparently still contained appreciable quantities of ribonucleic acid,

as indicated by their staining reaction. Thorell1 concluded, to the contrary,

that loss of ribonucleic acid was practically completed at the time when hemo-

globinization has begun. By light absorption the ribonucleic acid declines

to two per cent, less than half its maximum value, at the time when no de-

tectable amount of hemoglobin is yet present, and then declines beyond the

point where it can be detected, less than one-half per cent or somewhat

lower than ten per cent of its maximum value, by the time the hemoglobin

reaches two per cent, or about seven per cent of its maximum. These ap-

parently conflicting data suggest that the small amount of ribonucleic acid

stainable in the largely hemoglobinized polychromatophilic cells was un-

detectable by Thorell’s ultraviolet absorption measurements.

Another point of dissimilarity in the results obtained by the two para-

meters of maturation was revealed in our experiments with marrows and

plasmas from subjects with erythrocytosis, i.e., primary or secondary poly-

cythemia. Only a small number of cultures were available but in these there

was unusually rapid maturation, shown by the early and rapid increase of

orthochromic cells not reflected by similar acceleration of heme synthesis

indicated by isotopic studies. A possible explanation of this finding is that

the rapid increase of orthochromic cells seen in the erythrocytosis experi-

ments’ represents an accelerated disappearance of ribonucleic acid rathei

than an accelerated hemoglobin synthesis.

CONCLUSIONS

In general there is correlation between the results obtained by isotopic

and morphologic study of maturation of human erythroblasts in our clot-free

cell suspension culture system. Both approaches provide a measure of matura-

tion. However, the differences in the rates of formation of hemin and of develop-

ment of orthochromasia in the cultures are a matter of considerable interest. Re-

sults observed in studies with erythrocytosis plasma indicate that the two para-

meters of maturation may provide useful measures of separate aspects of

erythroblast maturation.

SUMMARY

A method for measurement of radioactive hemin formation has been ap-

plied to the in vitro system for culture of human erythroblasts previously

described. The results of these measurements have been shown to correlate

with a morphologic parameter of maturation, the increase of orthochromic

cells, in the same in vitro cell culture system.

The significance of these findings as well as the differences in the times

of formation of heme and the increase of orthochromic cells has been dis-

cussed.

It is proposed that both the formation of radioactive hemin and the in-

crease of orthochromic cells may be useful in the measurement of different

aspects of the effects of various plasmas on the maturation of normal and

abnormal human erythroblasts.
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1222 EDWARD R. POWSNER AND LAWRENCE BERMAN

SUMMARIO IN INTERLINGUA

Un methodo pro le mesuration del formation de hemina radioactive esseva

applicate al previemente describite systema de cultura in vitro de erythroblastos

human. Esseva trovate que le resultatos de iste mesurationes se trova in

correlation con un parametro morphologic de maturation, i.e. le augmento

del cellulas orthochromic, in le mesme systema de cultura cellular in vitro.

Le signffication de iste constatationes e etiam le differentias in le tempores

de formation de hem e le augmento de cellulas orthochromic ha essite discutite.

Es postulate que tanto le formation de hemina radioactive como etiam le

augmento de cellulas orthochromic es possibilemente utile in le mesuration de

differente aspectos del effectos de vane plasmas super le maturation de normal

e anormal erythroblastos human.
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