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Studies on the Formation of Ferritin in Red Cell Precursors *

SOLAMS. ZAIL, ROBERTW. CHARLTON,JOHN D. TORRANCE,AND
THOMASH. BOTHWELL

(From the Department of Medicine, University of the Witwatersrand, Johannesbitrg,
South Africa)

The mechanisms involved in the uptake and
utilization of iron by red cell precursors have
been studied by a number of investigators. Ini-
tially iron is released from the plasma protein,
transferrin, onto the cell membrane and passes
rapidly into the cell interior (1, 2). The results
of several studies indicate that it is then taken
up by a nonhemoglobin protein before being in-
corporated into hemoglobin (2-4). The nature
of the precursor complex is, however, still not
clear. In a series of in vitro studies on human
and dog marrow suspensions, Greenough, Peters,
and Thomas (4) found that it could be distin-
guished from ferritin but had properties in com-
mon with globin. They therefore suggested that
the iron combines with a protein, which is pos-
sibly a part of the globin molecule, and that this
complex (sideroglobin) then unites with proto-
porphyrin to form hemoglobin. Although such a
concept could well account for one pathway taken
by iron within the red cell precursor, it does not
elucidate the significance of the appreciable quan-
tities of ferritin that can be seen in erythroid pre-
cursors by electron microscopy (5). Theoreti-
cally it is possible that a proportion of the iron
entering the cell is temporarily stored in ferritin
before being used for hemoglobin synthesis, and
recent evidence has been presented in support of
this thesis (6). Alternatively, the ferritin iron
may represent a surplus that is excreted when the
cell has matured.

The present studies were undertaken to try to
elucidate the possible role of ferritin in hemo-
globin synthesis and to define the relationship, if
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any, between it and the hemoglobin precursor
(Fraction 1) described by Greenough and co-
workers (4).

Methods

Marrow was obtained either from the ribs of sub-
jects undergoing thoracotomy or by aspiration from the
posterior iliac crest. All the marrows were obtained
from hematologically normal subjects, except for two
specimens that were obtained from patients with proven
iron-deficiency anemia. Venous blood containing be-
tween 15 and 20% reticulocytes was obtained from two
patients with pernicious anemia in early remission, and
from one subject with idiopathic autoimmune hemolytic
anemia. Reticulocyte-rich blood was also obtained from
rats 3 to 4 days after the parenteral administration of an
ethanolic solution of phenylhydrazine (30 mg per kg).
All these samples were treated the same as the marrow.
In addition, in vivo studies were carried out in one nor-
mal, splenectomized human subject and in both normal
and splenectomized rats.

Specimens of marrow were suspended in balanced
salt solution (B.S.S.) (7) containing 200 U penicillin,
100 lug streptomycin, and 100 /.tg neomycin per ml, and
were processed and used within 1 hour after removal
from the patient. Marrow obtained from ribs was
shaken vigorously and then syringed repeatedly through
a 20-gauge Luer lock needle until adequate dispersion of
the cells was obtained. In certain studies splenic sus-
pensions were also prepared in this way. The marrow
was washed once in cold B.S.S. to remove the super-
natant fat and was then suspended in B.S.S. containing
10 to 30% autologous serum.

Fe5'Cl3 (SA, 20 to 30 ,uc per lg) bound to autologous
serum was added to the marrow suspension at the start
of the incubation. The amount of Fe"Cl, added was
always less than the binding capacity of the serum pres-
ent. Serum iron levels were estimated by a modification
of the method of Bothwell and Mallett (8) and iron
binding capacities by the method of Bothwell, Jacobs,
and Kamener (9). Equal samples of marrow suspension
were incubated at 37° C in air in 25-ml Erlenmeyer
flasks placed on top of a slowly revolving drum inclined
at 100 to the horizontal. Samples of marrow were re-
moved at varying times, and the reaction was stopped by
the addition of 0.5% potassium cyanide in saline and
rapid cooling to 00 C. In some experiments, further Fe"
labeling of the marrow was stopped after 5 to 10 minutes'
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incubation by cooling the marrow rapidly to 4' C, wash-
ing it free of external radioactivity, and reincubating
it in unlabeled incubation medium. After incubation the
marrow cells were washed 3 times with saline and were
then lysed by the addition of 4 vol of distilled water.
The samples were then shaken vigorously and kept at
40 C for 30 minutes. The lysate was centrifuged for
20 minutes at 1,500 X g. The resulting clear red super-
natant solution was siphoned off and kept. The precipi-
tate ("stromal fraction") was washed twice in 10 vol of
cold distilled water and centrifuged at 1,500 X g for 20
minutes.

Isolation of Fraction 1 and main hemoglobin. A sam-
ple of the supernatant solution was chromatographed on
Amberlite CG-50 resin, Type II,1 prepared according to
'ihe method of Hirs, Moore, and Stein (10) as modified
by Greenough and co-workers (4). The fraction eluting
with the solvent front (Fraction 1) was separated with
the starting buffer (0.0067 M sodium phosphate with
0.0033 M KCN at pH 7.0), and all other components
(main hemoglobin) were eluted from the column by
changing directly to the limiting buffer (0.5 M NaCl
dissolved in the starting buffer). Recoveries of radio-
activity were between 85 and 95%o. To ascertain whether
the main hemoglobin fraction represented an accurate
measure of hemin synthesis, the percentages of counts
of Fe5' incorporated into main hemoglobin and into he-
min in a sample of supernatant solution were compared.
Hemin was crystallized by the method of Labbe and
Nishida (11). To correct for the incomplete recoveries
obtained with this technique, a solution of pure hemo-
globin, labeled with Fe", was added to the Fe' super-
natant solution at the beginning of the procedure, and
the washed hemin crystals were finally digested, elec-
troplated onto copper discs, and counted for Fe5" and Fe'
with methods previously described (12). In this way it
was possible to calculate the percentage of Fe"-labeled
hemin in the original supernatant solution. With this
approach the mean percentage of Fe' incorporated into
hemin was 83.4% (range, 77% to 90%) of the value
for main hemoglobin.

Isolation of ferritin. Human liver ferritin was pre-
pared from siderotic Bantu livers by the method of
Mazur and Shorr (13). An antiserum was prepared by
bleeding rabbits immunized with samples of alum-pre-
cipitated human ferritin by a modification of the method
of Proom (14). (One ml of the pooled antiserum pre-
cipitated approximately 1 mg ferritin). In studies on
rats an antiserum to purified horse spleen ferritin was
used, since a cross-immunity has been shown between
these two species (15).

To 1 vol of the solution to be tested was added an
equal volume of 0.2 M sodium ethylenediaminetetraacetic
acid (EDTA) buffered to pH 7.0. One ml antiserum and
0.2 ml carrier ferritin solution containing approximately
500 jag ferritin were then added, and the mixture was
incubated for 1 hour at 37' C. The ferritin-antiferritin
complex, which appeared as a visible precipitate, was

1 Manufactured by the Rohm & Haas Co., Philadelphia,
Pa.

washed 3 times with distilled water after centrifugation
at 1,5u0 X g for 10 minutes. The Fe" activity of the
precipitate was determined.

In this method carrier ferritin was added to the solu-
tion for two reasons: 1) Precipitation could be verified
by chemical methods, and 2) it allowed for the meas-
urement of minute amounts of labeled ferritin. The
theoretical possibility that free Fe" or some other la-
beled small molecule in the supernatant solution might
attach to the carrier ferritin and be precipitated with
the ferritin-antiferritin complex was avoided by the ad-
dition of EDTA to the solution, since preliminary stud-
ies showed that it prevented nonspecific attachment of
free Fe" to carrier ferritin. In a further experiment,
antiserum was added to a marrow hemolysate contain-
ing EDTA and ferritin labeled physiologically with Fe".
Under these circumstances 96% of the radioactivity was
precipitated. The specificity of the antiserum was con-
firmed by the demonstration that when the antiserum
was incubated with solutions of hemoglobin and trans-
ferrin labeled with Fe5' no activity was precipitated. In
addition, negative results were also obtained with Fe'-
labeled main hemoglobin, obtained after chromatography
of marrow supernatant solutions.

Ferritin was also identified using the Ouchterlony
agar gel technique as described by Bodman (16). Anti-
ferritin serum was placed in the center well while human
liver ferritin, labeled in vitro with Fe', and marrow
supernatant solutions were placed in the peripheral wells.
After the bands of precipitation had formed, the gels
were washed for 3 days with frequent changes of dis-
tilled water. They were dried until paper-thin and were
then placed in apposition with X-ray films for several
days to obtain radioautographs.

Results

Demtonstration of physiologically labeled f er-
ritin in marrow suspensions at various times of
incubation. The 'incorporation of Fe59 into the
"stromal fraction," Fraction 1, ferritin, and main
hemoglobin was followed over several hours in
six experiments. Since the major changes in the
pattern of incorporation of Fe59 into the various
fractions occurred in the first hour of incubation,
most samples were analyzed during this period.
To permit comparison between results obtained in
the different experiments, the amounts of radio-
activity present in the various fractions at dif-
ferent times were expressed as percentages of the
total cellular uptake at 1 hour.

Radioiron was rapidly taken up by the mar-
row suspension. After 5 minutes between 23 and
37% was already present in cells, and this rose

to between 71 and 79% by 30 minutes. Approxi-
mately half of this uptake was present in the
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FIG. 1. INCORPORATION OF FE' INTO FRACTION 1,
MAIN HEMOGLOBIN, AND FERRITIN. Analysis of samples
of human rib marrow culture at various times up to 1
hour.

''stromal fraction." Between 5 and 30 minutes
the mean percentage present in Fraction 1 rose

from 5.5 (range, 3.7 to 9.9%) to 16.8 (range,
12.7 to 22.0%). The rate of increase over the
next 30 minutes was much slower, the mean

figure at 1 hour being 18.5% (range, 15 to 28%o).
Between 2.0 and 4.6% of the Fe59 was incorpo-
rated into ferritin by 10 minutes, and thereafter
the radioactivity in ferritin increased in linear
fashion up to 1 hour, when between 8.3 and
16.4%o was present in this fraction. It was note-
worthy that the amount of radioactivity in fer-
ritin was always less than in Fraction 1. Only
small amounts of Fe59 (between 2.0 and 5.9%o)
were incorporated into main hemoglobin in the
first 10 minutes, but by 60 minutes between 19.0
and 36%o was present in this compound. The
pattern of changes occurring in one of the ex-

periments is shown in Figure 1.
Between 1 and 12 hours there were no marked

changes in the distribution of Fe59 between the
various fractions. The rate of uptake of radio-
activity by the cells was not as rapid as over the
first hour, the figures after 4 hours ranging be-
tween 14 and 3 times the 1-hour uptakes. At this
stage between 17.6 and 32.5%7o of the activity
taken up was in Fraction 1, from 10.2 to 23.0%
in ferritin, and between 22 and 46%o in main he-
moglobin.

Site of formation of ferritin. As marrow is a
heterogeneous tissue it was necessary to determine
whether the ferritin isolated in the marrow su-
pernatant solution had been labeled in red cell
precursors or in reticuloendothelial cells. Since
preliminary studies indicated that bone marrow
suspensions obtained from the femurs of rats
metabolized iron in similar fashion to human bone
marrow suspensions, three in vitro studies were
done in which the uptake of Fe59 from labeled
autologous plasma by marrow suspensions was
compared with that of splenic suspensions pre-
pared in the same way (see Methods). After
3 hours' incubation the samples were washed 3
times with normal saline and were then counted
for radioactivity. The total uptakes by the
splenic suspensions were less than 10% of those
obtained with equivalent wet weights of mar-
row. After homogenization with 4 vol of water,
samples of the supernatant solution from the
splenic suspensions were set up with antiferritin
serum. It was found that 0, 2, and 149o% of the
activity taken up by splenic cells was precipitated
as ferritin. The comparable figures obtained
with the marrow suspensions were 10, 23, and
16%, respectively. When these figures were re-
lated to the total uptakes of the two tissues, the
spleen's capacity to incorporate Fe59 into ferritin
was between 0 and 10%o of a comparable weight
of marrow. Although it is possible that reticulo-
endothelial cells in the marrow may behave dif-
ferently from those in the spleen, this seems
unlikely, and the results obtained therefore sug-
gest that the labeling of ferritin observed in mar-
row cultures was occurring predominantly in red
cell precursors and not in reticuloendothelial cells.

Demonstration of physiologically labeled fer-
ritin in Fraction 1. Addition of antiferritin se-
rum to Fraction 1 resulted in the precipitation of
a significant number of counts as ferritin. When
a solution of Fraction 1 was placed opposite anti-
ferritin serum on an agar gel diffusion plate no
visible band resulted, but a radioautograph of the
washed plate showed a line of radioactivity op-
posite Fraction 1 that coalesced with the lines of
radioactivity corresponding to the bands of la-
beled pure ferritin (Figure 2). A similar band
was noted when a sample of the whole super-
natant solution was treated in the same way.
These results therefore confirmed the presence of

672



FERRITIN FORMATIONIN RED CELL PRECURSORS

ferritin in both the supernatant solution and
Fraction 1.

When the percentage of counts incorporated
into ferritin at various time intervals was meas-

ured directly on the supernatant solution, the re-

sults were in close agreement with those obtained
when the same estimation was carried out on

Fraction 1 (Table I). These findings indicate
that all the ferritin present in the marrow super-

natant solution was in Fraction 1. In addition,
the percentage of radioactive ferritin present in
Fraction 1 increased with time (Table II).

Effects of stopping labeling on different frac-
tions. Four experiments were performed in
which the marrow was incubated with Fe59-labeled
plasma for a period of 5 to 10 minutes, and fur-
ther labeling of the marrow with Fe59 was then
stopped. In this way it was possible to follow the
fate of a "cohort" of radioiron at various time
intervals. Figure 3 illustrates the pattern ob-
tained in one experiment. The radioactivity in
Fraction 1 and the "stromal fraction" fell with
time up to 6 hours, whereas the activity in hemo-
globin rose rapidly at first and then reached a

plateau. In contrast, the radioactivity in ferri-
tin remained the same throughout the time of in-
cubation. When the counts present in Fraction 1
were corrected for the ferritin present, the non-

ferritin fraction fell rapidly to a very low level.
During this period there was a reciprocal in-
crease in the activity present in main hemoglobin.

~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~...~~~~~~~~~~~~~~~~~~~~~~~~.. .

FIG. 2. RADIOAUTOGRAPHOF AGAR-GELDIFFUSION PLATE.

Center well, human liver ferritin antiserum; 1, Fe6'-la-
beled Fraction 1; 4, Fe'5-labeled marrow supernatant

solution; 2, 3, 5, and 6, Fe59-labeled human liver fer-
ritin. Although no visible precipitate could be seen op-

posite the wells containing Fraction 1 and the marrow

supernatant solution, bands of radioactivity coalescing
with the liver ferritin bands are demonstrated.

TABLE I

A comparison of radioactivity in ferritin (expressed as a percentage of total marrow uptake) determined in
marrow supernatant solution and in Fraction 1 after various periods of incubation in vitro

Minutes Hours

Exp't no. 5 10 30 1 2 3 4 6

I. Supernatant 9.7 7.0 8.3 7.9 16.8
solution

Fraction 1 7.4 8.0 8.9 13.5 15.3

I I. Supernatant 9.9 8.4 9.8 9.4 15.1
solution

Fraction 1 8.4 9.2 9.9 10.0 16.1

III. Supernatant 7.2 9.9 10.1 10.3 11.0
solution

Fraction 1 4.2 6.6 8.3 8.3 10.2

IV. Supernatant 10.5 11.4 11.5 11.8 11.3
solution

Fraction 1 8.5 10.5 8.4 10.5 10.7

V. Supernatant 11.1 9.2 11.2 11.2 8.9
solution

Fraction 1 10.0 9.6 10.2 8.1 8.9
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FIG. 3. INCORPORATIONOF FE' INTO "STROMAL FRACTION," FRACTION 1, MAIN

HEMOGLOBIN, AND FERRITIN. Analysis of samples of human rib marrow culture
at various times up to 6 hours. Further labeling with Fe'9 was stopped after 5
minutes by washing the cells and resuspending them in unlabeled medium. Closed
triangles, "stromal fraction"; open circles, Fraction 1; closed circles, main hemo-
globin; open diamonds, ferritin; hatched area, hemoglobin precursor, i.e., Fraction
1 minus ferritin.

In the three other experiments the results were
very similar. The percentages of radioactivity
precipitable as ferritin when labeling was stopped
were 9.9, 5.1, and 6.5 as compared with figures
of 9.9, 6.5, and 8.9, respectively, at 6 hours.
During this period the nonferritin activity in
Fraction 1 fell from 9.6 to 2.7, from 11.1 to 2.2,
and from 11.3 to 6.1. The increase in main hemo-
globin was from 26.3 to 64.6%, from 19.8 to
44.3%, and from 37.6 to 67.3%o in the three ex-
periments. It thus appears that the portion of

TABLE II

The percentage radioactivity precipitable as ferritin in
Fraction 1 after various periods of incubation of marrow

in vitro (labeling with Fe59 not stopped)

Minutes Hours
Exp't

no. 5 10 30 1 2 3 4 6

I 43 51 51 59 69 74
II 41 46 51 61 67

III 30 43 49 50 58
IV 31 33 55 58 71 78

Fraction 1 not precipitable by antiferritin serum

is the active intermediate for iron incorporation
into hemoglobin (hemoglobin precursor). Since
in control experiments in which labeling was not
stopped the activity in hemoglobin continued to
rise to between 12 and 25 times the figure at 10
minutes, these data also suggest that ferritin does
not act as an active intermediate for the incorpora-
tion of iron into hemoglobin in marrow cultures
over 6 hours.

Kinetics of Fe59 incorporation into ferritin in
marrow cells in vivo. Since it was not possible to
show any drop in ferritin activity during the in-
cubation of marrow in vitro, further studies
were carried out in vivo in rats to find out
whether labeled ferritin was still present in the
reticulocytes entering the circulation. Since it
seemed possible that the ferritin might be re-

moved by the spleen, studies were done in both
normal and splenectomized animals. Twelve
splenectomized rats and 12 controls were given
an intravenous injection of Fe59-labeled plasma,
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and batches were killed at intervals thereafter.
Four hours after injection the pooled marrows
from three spleinectomized and three control ani-
mals contained 9.6 and 12.0%, respectively, of
the radioactivity in the ferritin fraction. At 24
hours the corresponding figures were 1.8 and
2.2%. However, it was not possible to show
radioactive ferritin in the circulating red cells
of the remaining animals at any time up to 4
days after the administration of the radioiron.
In an extension of the study, plasma (labeled
with 25 uc Fe59) was injected into a normal
splenectomized human subject, and blood samples
were collected at daily intervals for 7 days there-
after. At no time was labeled ferritin demon-
strated. These findings suggest that the ferritin
present in red cell precursors is either ultimately
used for hemoglobin synthesis or is extruded be-
fore the cells leave the marrow.

Iron uptake by reticulocyte suspensions. Re-
ticulocyte suspensions, obtained from the blood
of two patients with pernicious anemia in early

59
FURTHERFE
LABELLING STOPPED

0

U-

CInLI

I
1-

z
0
U
-J

0
10-

remission, were incubated with labeled plasma
for 4 hours. In both cases hemoglobin and Frac-
tion 1 formation was normal. No label was de-
tectable in ferritin in one experiment, but small
and possibly significant amounts of Fe59 were in-
corporated into ferritin in the other. In a third ex-
periment, a reticulocyte suspension from a patient
with idiopathic autoimmune hemolytic anemia
was incubated for 1 hour in labeled plasma. At
this time 10.3% of the activity taken up by the
reticulocytes was in ferritin. Several samples of
the suspension were then reincubated in un-
labeled medium after the cells had been washed 4
times in cold saline. After a further 3 hours' in-
cubation 8.5% of the radioactivity was still pres-
ent in the ferritin fraction.

Two similar experiments were carried out on
reticulocyte suspensions obtained from rats that
had been given phenylhydrazine 3 to 4 days previ-
ously. After 1 hour's incubation 2.0 and 0.9%,
respectively, of the Fe59 were present in ferritin.
After 3 further hours of incubation in unlabeled

A

TIME IN HOURS

FIG. 4. IRON-DEFICIENT HUMANILIAC CREST MARROWCULTURE. INCOR-
PORATION OF FE6' INTO "STROMAL FRACTION," FRACTION 1, AND MAIN HEMO-

GLOBIN. Analysis of samples at various times up to 6 hours. Further la-

beling was stopped after 8 minutes by washing the cells and resuspending
them in unlabeled medium. Closed triangles, "stromal fraction"; open
circles, Fraction 1; closed circles, main hemoglobin. No ferritin could be
identified at any stage.
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substrate the comparable figures were 3.2 and
0.6%.

Iron uptake by iron-deficient marrows. Mar-
row from a case of iron deficiency was incubated
with labeled plasma, and samples were taken at
progressive times of incubation up to 4 hours.
The incorporation of Fe59 into hemoglobin and
Fraction 1 was similar to that observed in normal
marrows, but no labeling of ferritin could be
detected.

In an experiment using another severely iron-
deficient marrow in which further labeling with
Fe59 was stopped after 8 minutes' incubation
(Figure 4), the activity in Fraction 1 fell to much
lower levels relative to the total uptake than in
normal marrows. This can be ascribed to the fact
that it contained only the hemoglobin precursor,
since no labeled ferritin was demonstrable at any
time.

Effect of lead on the incorporation of Fe59 into
ferritin, Fraction 1, and main hemoglobin. In
five experiments 10-4 M lead acetate was added
to the marrow suspension at the start of incuba-
tion. There was little effect upon total iron up-
take, but radioactivity in the stromal fraction in-
creased by a mean of 95% (range, 40 to 154%)
compared with the control tubes. Both Fraction

z
0

U

0
U
I-

0

-4
CONTROL LEAD ACETATE 10 M

FIG. 5. EFFECT OF 10' M LEAD ACETATE ON HUMAN

RIB MARROWCULTURE. INCORPORATION OF FE" INTO
"STROMAL FRACTIONp HEMOGLOBINPRECURSOR, MAIN HE-

MOGLOBIN, AND FERRITIN AFTER 4 HOURS. Black, "stromal
fraction"; vertical lines, ferritin; unshaded, hemoglo-
bin precursor, i.e., Fraction 1 minus ferritin; diagonal
lines, main hemoglobin. There is diminished radioac-
tivity in hemoglobin and increases in "stromal fraction,"
ferritin, and hemoglobin precursor in the lead-poisoned
culture as compared with the control.

1 and ferritin activity were greater by mean
percentages of 38 (range, 12 to 97) and 40
(range, 12 to 90), respectively. The effect upon
Fe59 in hemoglobin precursor (i.e., Fraction 1
minus ferritin) was variable, ranging from a de-
crease of 46%o to increases of 2, 34, 36, and
125%. Incorporation of radioactivity into main
hemoglobin was inhibited by from 38 to 80%7o
(mean, 55%). The results in one experiment are
illustrated in Figure 5.

Effect of varying saturations of transferrin on1
ferritin and main hemoglobin synthesis. A com-
parison was made between the uptake of iron into
ferritin and main hemoglobin, respectively, at
various saturations of transferrin. At high satu-
rations the amount of iron incorporated into main
hemoglobin did not increase, whereas incorpora-
tion into ferritin continued to rise progressively.
The results in one experiment are shown in Fig-
ure 6. In five similar experiments the general
pattern was confirmed, with a mean drop in the
ratio of the Fe59 main hemoglobin to Fe59 ferri-
tin from 4.1 at saturations between 30 and 40%
to 2.8 at saturations between 80 and 100%.

Discussion

Greenough and his collaborators have shown
that iron in red cell precursors passes through a
nonhemoglobin iron-protein complex (Fraction
1) before being incorporated into hemoglobin
(4). Although these workers were not able to
identify radioactive ferritin in Fraction 1, the
present studies indicate that it contains an ap-
preciable amount and that the proportion present
rises progressively with time. There are two
possible reasons for these discrepant findings.
In the first place experiments done in the current
study revealed that approximately 50% of the
radioactive ferritin in Fraction 1 is removed by
the high-speed centrifugation (100,000 X g for 30
minutes) to which Greenough and co-workers
subjected the marrow lysate before chromatog-
raphy, and secondly there were differences in
the immunochemical techniques used in the two
studies. As a result, the kinetic patterns for
Fraction 1 reported by Greenough and co-workers
correspond more closely to those obtained for the
hemoglobin precursor (Fraction 1 minus ferritin)
in the present investigation. The current findings
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FIG. 6. RELATIONSHIP BETWEENTRANSFERRIN SATURATION AND THE IN-
CORPORATIONOF IRON INTO "STROMAL FRACTION, FERRITIN, AND MAIN HEMO-
GLOBIN IN HUMANMARROWCULTURE. After the addition of 10 Iuc Fe59 to 20
ml plasma, unlabeled iron as ferrous ammonium sulfate was added to equal
samples in amounts calculated to produce the desired saturation of the
transferrin. These samples were then dialyzed against running iron-free
water for 16 hours before use. Closed triangles, "stromal fraction"; open
diamonds, ferritin; closed circles, main hemoglobin. At high saturations of
transferrin more iron was incorporated into ferritin.

lend further support to the suggestion (4) that
this substance is an important precursor of hemo-
globin. In experiments where labeling was al-
lowed to continue for several hours radioactivity
appeared in this fraction at an earlier stage than
in hemoglobin and then leveled off. In addition,
in experiments where further uptake of Fe59 was

stopped after 5 minutes' incubation, the radio-
activity present in the fraction dropped while that
in hemoglobin rose reciprocally. The fact that
the fraction only fell to a limited extent is com-

patible with the suggestion that it was being fed
from a large stromal pool, or alternatively, it is
possible that some other active precursor sub-
stance was present.

Significant amounts of iron taken up by mar-

row cultures were rapidly incorporated into fer-
ritin. However, since ferritin is visible on elec-
tron microscopy both in red cell precursors and
in reticuloendothelial cells of the marrow (5) it
was important to establish the cellular location
of the labeled ferritin in the various experiments.
In an attempt to resolve this problem the uptake
of plasma-bound radioiron and its incorporation
into ferritin were compared in bone marrow and
splenic suspensions. Since only negligible

amounts of radioiron were incorporated into fer-
ritin in the splenic suspensions, it seemed likely
that the reticuloendothelial cells of the bone mar-
row were not responsible for the degree of ferri-
tin labeling observed in marrow cultures. These
findings are in agreement with the results of
other workers (17-19) who have shown in sev-
eral different ways that reticuloendothelial cells
have an extremely limited capacity to take up iron
bound to transferrin. Although it therefore seems
probable that the incorporation of radioiron into
ferritin observed in the present study was taking
place predominantly in developing red cell pre-
cursors, there is still some doubt as to its sig-
nificance. Recently Mazur and Carleton (6)
have suggested on the basis of both in vivo and
in vitro studies that most of the iron derived from
plasma is incorporated into ferritin before its in-
corporation into heme. They based this conclu-
sion on several observations. When rats were
given Fe59 intravenously, the activity in marroxv
ferritin dropped between 5 and 12 hours while
the activity in hemoglobin was still rising. This
relationship was not shown in animals in which
radioiron uptake had been stimulated by phenyl-
hydrazine or depressed by endotoxin. Under
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these circumstances the rise and fall of radio-
activity in ferritin and hemoglobin fractions ran
parallel. In further experiments Mazur and
Carleton incubated reticulocytes in vitro with
Fe59-labeled plasma. Further labeling was then
stopped after 20 minutes. At this time the spe-
cific activity of the ferritin iron was much lower
than that of the iron in heme. However, since
ferritin contains approximately 2,400 atoms of
iron per molecule as compared with only 4 in
heme, they calculated that each ferritin molecule
had accumulated many more atoms of iron than
each heme molecule. They therefore interpreted
these observations as indicating a precursor re-
lationship between ferritin iron and heme iron.
At the same time these authors pointed out that
when incubation of reticulocytes was continued for
120 minutes after further labeling had been
stopped, the calculated loss of Fe59 per micromole
of ferritin was many times greater than the gain
by hemoglobin. These results suggested that the
major portion of the labeled iron in ferritin might
eventually leave the cell. These interpretations
depend on the assumption that Fe59 taken up by
ferritin is uniformly dispersed in a large iron pool.
It is, however, doubtful whether such an assump-
tion is justifiable, since it has been shown that
plasma-bound Fe59 is incorporated to a greater
extent into the low density, iron-poor molecules of
hepatic ferritin than into the high density ferritin
molecules of high iron content (15). This lack
of homogeneity of hepatic ferritin indicates the
difficulties associated with any quantitative inter-
pretation of the uptake and release of Fe59 by
ferritin.

In the present study an attempt was made to
elucidate the significance of the ferritin formed
in red cell precursors by studying the incorpora-
tion of Fe59 into this fraction under various ex-
perimental conditions. At high saturations of
transferrin more iron was taken up by red cell
precursors, but this additional uptake was not
incorporated into heme. These results are in
agreement with those obtained by other workers
(20). In the present investigation the bulk of the
extra iron was found to be incorporated into fer-
ritin. A similar build-up in ferritin activity was
noted when hemoglobin synthesis was depressed
by lead. In contrast, when marrow from an iron-
deficient subject was incubated in radioactive

plasma, there was a rapid movement of iron
through the hemoglobin precursor into hemo-
globin, but no ferritin was formed at any time.
These observations suggest that iron is only in-
corporated into ferritin when more iron enters the
cell than can be immediately utilized for hemo-
globin synthesis. Since this storage form of iron
could not be identified in circulating red cells, it
is either utilized for the synthesis of heme at some
later stage, or is removed from the red cell pre-
cursors. Although it seems entirely possible that
ferritin iron is available for hemoglobin formation
if required, no evidence in support of this thesis
was obtained in the present investigation. In the
experiments in which isotope labeling was
stopped, the activity in ferritin rapidly reached
a plateau, and there was no significant fall in ac-
tivity for several hours afterwards. In contrast,
there was a sharp decline in the activity present
in the hemoglobin precursor while the activity in
hemoglobin rose. In addition, in studies where
labeling was allowed to continue for as long as
12 hours there was a steady build-up in ferritin
over the whole period. Although these results
in no way exclude the possibility that iron taken
up and stored in ferritin is slowly released for
hemoglobin synthesis, they afford no positive evi-
dence that this occurs.

If ferritin iron is not utilized for heme syn-
thesis, it must leave the red cell precursors, since
labeled ferritin could not be identified in circulat-
ing erythrocytes. This could theoretically occur
either within the bone marrow or after the reticu-
locyte enters the circulation. Since it has been
established that the spleen has the capacity to
remove hemosiderin granules from young red
cells (21), in vivo experiments were carried out
in splenectomized rats to find out whether labeled
ferritin could be identified in circulation at any
time after the intravenous administration of radio-
iron. Although appreciable quantities of radio-
active ferritin were present in the marrows of
these animals, none was found in the circulation.
Although these observations appear incompatible
with the demonstration that reticulocytes incu-
bated in vitro can incorporate radioiron into ferri-
tin, the explanation for this apparent discrepancy
may lie in the limited capacity of the reticulocyte
to take up iron from the plasma under normal cir-
cumstances (17). If Fe59 incorporated into fer-
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ritin within red cell precursors is not utilized for
heme synthesis, then it seems probable that it
leaves the cell before it enters the circulation.
This possibility would fit in well with previous
electron microscopic findings in which it has been
demonstrated that ferritin can move freely be-
tween the red cell precursors and the reticulo-
endothelial cells of the marrow (5). Although it
was originally suggested by Bessis that the move-
menit was in the opposite direction, several work-
ers have questioned the validity of this interpre-
tation (12, 22). If the present proposal is a
valid one it might explain, in part at least, ferro-
kinetic data which indicate that some of the iron
delivered to the marrow enters a labile pool
wvhich mav feed it back into the plasma again
(23). Although evidence has been produced to
show that this pool is located on the stroma of
red cell precursors, the present findings are com-
patible with another short circuit involving the
movement of iron from plasma into ferritin in red
cell precursors, and thence to reticuloendothelial
cells that release the iron back into the plasma.

Summary

Int vitro and int zivo studies were carried out in
human subjects and in rats on the uptake and
utilization of transferrin-bound iron by red cell
precursors. Iron rapidly appeared in a fraction,
isolated on column chromatography, which con-
sisted of ferritin and an active hemoglobin pre-
cursor. Further experiments were then carried
out to elucidate the significance of the ferritin
component.

With increasing percentage saturation of trans-
ferrin more iron was incorporated into ferritini,
while no ferritin labeling was detected when mar-
row from an iron-deficient subject was cultured.
These observations suggest that the iron not im-
mediately required for hemoglobin synthesis in
red cell precursors is incorporated into ferritin.
No evidence of the later utilization of this ferritin
iron for the formation of hemoglobin was ob-
tained, although this possibility could not be ex-
cluded. Since labeled ferritin could not be identi-
fied in circulating erythrocytes, ferritin iron not
utilized for heme synthesis must leave the red
cell precursors. The possibility that the spleen
might remove ferritin from reticulocytes was in-

vestigated in splenectomized rats. Although la-
l)eled ferritin was demonstrated in the marrow of
these animals after the intravenous inj ection of
Fe59, at no stage could it be detected in circulating
red cells. It was concluded that iron incorporated
into ferritin in red cell precursors may leave these
cells before they enter the circulation. It is pos-
sible that this removal is effected by reticuloendo-
thelial cells within the marrow.
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