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Protein Synthesis: Its Control
in Erythropoiesis

Cellular differentiation is explored in the

erythroid cell system of the mouse.

Paul A. Marks and Richard A. Rifkind

The regulation of mammalian cell
differentiation remains one of the ma-
jor unresolved problems in biology.
Operationally, the definition of the dif-
ferentiated state generally involves the
capacity for synthesis of specialized
proteins. To elucidate the mechanisms
controlling the initiation of synthesis of
differentiated proteins one must study
the precursor of the differentiated cell.
In almost all mammalian cell popula-
tions there is heterogeneity with regard
to the stage of differentiation and with
regard to the type of differentiated cell.
To identify the initiating event in the
onset of synthesis of differentiated pro-
tein of a given cell line, the precursor
cell must be isolated for quantitative,
analytical studies. In the total cell popu-
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lation of most differentiating mam-
malian cell systems such cells are pres-
ent in a very low proportion.

In erythroid cell systems a substantial
beginning has been made in the analysis
of aspects of the regulation of the bio-
logic activity of the precursor cell (I,

- 2). Erythroid cells synthesize a pre-

dominant type of protein, the hemo-
globins. There is a considerable body of
knowledge with respect to the genetic,
chemical, physiological, and cytological
aspects of erythroid cells. The hor-
mone, erythropoietin, has a role in in-
ducing erythropoiesis and hemoglobin
synthesis. While no single mammalian
cell system is ideal for exploring the
full range of problems that are critical
to the understanding of the regulation
of protein synthesis in differentiating
cells, the erythroid cell system has
provided considerable insight into a
number of these, such as: (i) the cel-
lular basis for changing patterns of
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hemoglobin synthesis during fetal and
postfetal development; (ii) the relation-
ship between primitive and definitive
erythroid cell lines; (iii) the mitotic
activity of erythroblast and the relation-
ship to hemoglobin synthesis; (iv) the
stability of messenger RNA in relation
to the synthesis of different classes of
proteins during erythroid cell dif-
ferentiation; and (v) the nature of
erythropoietin action on cell differentia-
tion and hemoglobin synthesis.

Patterns of Hemoglobin Synthesis

Changes in the types of hemoglobins
synthesized during fetal and postfetal
development have been described for
the mouse, man, tadpole, chick, and a
variety of other species (3). Studies in
the mouse have provided perhaps the
most direct evidence on the relation-
ship between alterations in the cell line
active in erythropoiesis and the type
of hemoglobin formed (4). In the
mouse, whose gestation period is 21
days, the first morphologically identi-
fiable site of erythropoiesis occurs in
the blood islands of the yolk sac at
approximately the eighth day of gesta-
tion (7). Proliferation of erythroid cell
precursors is active in these sites from
about the eighth to the tenth days
(1, 5). These cells enter the fetal cir-
culation as nucleated erythroblasts by
the ninth day of gestation. From the
tenth day onward, further division and
differentiation of these cells proceeds
in the circulation. Mitosis may be ob-
served through day 13 of gestation.
Ribosomes and polyribosomes, abun-
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Table 1. Patterns of hemoglobin synthesis compared with development. This table is based

on data reported in (3, 4, 7).

Cell lines
Species Embryonic Definitive
Site Hemoglobin Site Hemoglobin
Mouse Yolk sac E; (xy) Liver and (Fast A?) and
Eq (ay) bone marrow Aap)
Ein (a2) .
Man Yolk sac (?) Gower (ae) Liver and F (ay), A(ap), and
bone marrow A.(ad)
Chicken Yolk sac E («?) Yoik sac and A (a7), D («?)
P ‘bone marrow
Frog Liver Type I Liver and Frog I and frog II
Type 11 t bone marrow

dant in early stages of these cells, pro-
gressively decrease in concentration as
the cells accumulate hemoglobin. This
process is accompanied by progressive
condensation of the nuclear chromatin,
shrinkage and disappearance of the nu-
cleolus, and overall nuclear pycnosis.
The mature circulating erythrocyte de-
rived from the yolk sac is nucleated but
devoid of cytoplasmic mitochondria
and ribosomes. Three hemoglobins are
formed in erythroid cells of the yolk
sacs of strain CS57Bl/6J mice. These
have been characterized as embryonic
hemoglobin, E;, composed of x and y
globin chains, embryonic hemoglobin
.E;1, composed of « and y globin chains,
and embryonic hemoglobin Eyy;, com-
posed of « and z globin chains (4).
There is no detectable synthesis of 8
globin and, hence, no adult hemoglobin
(a@y8,) in these cells. During the tenth
day of gestation, a second site of eryth-
ropoiesis, the liver, becomes morpho-
logically detectable. Erythroid cell pre-
sursors, apparently derived from
mesenchymal cells adjacent to cords
of hepatic epithelial cells of endodermal
origin (6), give rise to hemocytoblasts
and, in turn, to proerythroblasts which
differentiate through a series of devel-
opmental stages, to nonnucleated reti-
culocytes. Terminal differentiation of
these erythroid cells is characterized by
nuclear expulsion prior to loss of the
cytoplasmic ribosomes and mitochon-
dria. Liver erythroid cells synthesize a
single type of hemoglobin with a globin
composition indistinguishable from that
of hemoglobin present in the adult of
this species, designated « and 8 globin
4).

These data establish that there are
two distinct populations of erythroid
cells appearing at different times during
fetal development of the mouse. The
change in pattern of hemoglobin syn-
thesis from the embryonic to the adult
type of hemoglobin is associated with
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the substitution of liver erythropoiesis
for yolk sac erythropoiesis. This cellular
basis for changing patterns of hemo-
globin synthesis appears to be a more
general phenomenon in animal develop-
ment (Table 1). Evidence indicates that
an analogous shift from a primitive
to a definitive erythroid cell line is as-
sociated with a change in types of
hemoglobin synthesized in the chick
(3), man (I), and the tadpole (7). In
addition to this pattern of cellular
changes which determines changes in
hemoglobin formation, a further sug-
gestion of pattern may be discerned in
the structural alterations in the hemo-
globins formed in primitive and defini-
tive cell lines. In the mouse, man, and
chicken, conversion from embryonic to
adult hemoglobin includes the substitu-
tion of one globin chain (3, 4). In the
mouse and .in man this substitution is
in the beta-like chain. The alpha chain
is constant in structure in the embryonic
and adult hemoglobins, presumably re-
flecting constant genetic activity for the
alpha chain and altered genetic activity
for the beta-type chain. In the chicken,
likewise, one globin chain appears to
be constant between the embryonic
and adult hemoglobin, although this is
not the case with the tadpole-frog sys-
tem which has no common peptide
chains (7).

Primitive and Definitive Cell Lines

These observations raise questions as
to the relationship between the primitive
and definitive erythroid cell lines. At
what stage of embryogenesis does deter-
mination occur in a progenitor cell to-
ward the yolk sac erythroid cell line
and, subsequently, toward the hepatic
erythroid cell line? Do the blood island
cells of the yolk sac seed the liver as
direct precursors of liver erythropoiesis?

There is no definitive evidence in

any species to indicate that the primi-
tive erythroid cells are direct precursors
of definitive erythroid cells. Mouse yolk
sacs contain pluripotential cells capable
of producing granulocytic, megakaryo- -
cytic, and erythroid spleen colonies in
vivo, and of producing granulocytic
and mononuclear macrophage colonies
in vitro, on agar (8). There is no de-
tectable megakaryocytic or granulocytic
cell formation in mouse yolk sac cells
in situ. These findings suggest that in
the yolk sac environment differentiation
is restricted to the erythropoietic path-
way and the synthesis of embryonic
hemoglobins. Neither in vivo nor in
vitro is there substantive evidence that
yolk sac cells seed fetal liver erythro-
poiesis (8-10). No evidence for embry-
onic hemoglobin synthesis in liver cells
has been detected (5). These negative
results do not exclude the possibility
that the yolk sac contains cells which
are the direct precursors of fetal liver
erythropoiesis. An alternative possi-
bility is that the primitive or yoik sac
cells and the definitive or liver cells
derive from a common precursor at a
point considerably earlier than the de-
velopment of yolk sac cells. There is
considerable evidence that expression
of a differentiated lineage may reflect
the interaction of a programmed cell
and environmental factors (11).

Mitosis and Hemoglobin Synthesis

Erythroid cells in the yolk sac dif-
ferentiate as a relatively homogeneous
population in vivo (12). In these cells,
hemoglobin formation proceeds in cells
synthesizing DNA and dividing. This
was indicated by studies in which yolk
sac erythroid cells derived from 11-day
fetuses were incubated with [3H]thy-
midine and examined by autoradio-
graphic techniques to determine which
cells synthesize DNA (12). At 11 days,
approximately 80 percent of the cells
were labeled with thymidine within 4
hours of incubation. At this stage, at
least 45 percent of all the hemoglobin
that would be synthesized by these cells
had been formed. All of the dividing ery-
throid cells contained hemoglobin, as
evaluated by histochemical techniques.
Yolk sac erythroid cells differentiate
between days 10 and 14 of gestation,
and the cells, on the average, undergo
two to three mitoses. With each
succeeding division, the increment
in hemoglobin content per cell de-
creased (Table 2). Between day 10 and
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day 11, there was approximately a six-
fold greater increase in the content of
hemoglobin than occurred in cells be-
tween days 12 and 13. These data indi-
cate that the rate of hemoglobin syn-
thesis per cell decreased with each suc-
ceeding cell division between days 10
and 17. There was continued hemo-
globin synthesis following the terminal
mitosis, but at a relatively low rate.
Cessation of hemoglobin synthesis oc-
curred by day 15.

The nucleus of mature erythroid cells,
following the terminal division, is es-
sentially inactive in nucleic acid syn-
thesis, but may be capable of reactiva-
tion under special circumstances. Hen
nuclei, freed of cytoplasm by treatment
of the mature nucleated erythrocytes
with Sendai virus, and introduced into
fibroblasts of a variety of species includ-
ing man and mouse, resume nucleic acid
synthesis and direct the synthesis of cer-
tain species-specific proteins but not
hemoglobins (I3). Since the fibroblast
does not synthesize hemoglobin despite
the fact that its nucleus contains the
necessary genes, the failure to reactivate
hemoglobin formation in these experi-
mental circumstances may be due to
the fact that fibroblast cytoplasm is not
an appropriate environment for hemo-
globin messenger RNA transcription or
translation.

It has been suggested that synthesis
of specialized protein does not occur
in cells which are actively proliferating
(14, 15). This is not the case for dif-
ferentiation of erythroid cells in the
yolk sac. Similarly, DNA synthesis has
been demonstrated to occur in dif-
ferentiating cells of the galea of the
silk moth, in fibroblasts capable of col-
lagen synthesis, and in cells producing
antibodies (16). Holtzer (15) suggested
that erythroid cell differentiation is a
variation on the theme of obligatory
separation of mitotic activity and syn-
thesis of differentiated proteins, which
does appear valid for differentiation of
skeletal muscle. In differentiation there
. is a critical mitosis, at which point the
definitive commitment to the synthesis
of differentiated proteins occurs. This
definitive, or ‘“quantal” (I4), mitosis

need not be the terminal division of a .

cell lineage. It differs from divisions for
self-renewal of the precursor cells by
virtue of initiation of expression of the
program of differentiation. This pro-
gram determines the transition from
precursor cell to erythroblast, including
the number of divisions and the amount
of hemoglobin to be synthesized by the
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Table. 2. Number of yolk sac erythroid cells, content of embryonic hemoglobins, and
mitotic index on days 10 to 14 of gestation. These data are derived from (12).

Content of embryonic

Increment in
hemoglobin

N No. of cells hemoglobins* Mitotic
D tent
ay (X 10%/embryo) g:ﬁl ;21_ g:; Indext
u&/embryo ug/10° cells (ug/10° cells)
10 o 0.31 3.5 11.3 3.2
423
11 0.70 37.5 53.6 3.8
10.4
12 o122 78.0 64.0 34
7.3
13 1.41 102.0 72.3 04
13
14 1.50 121.0 80.6 0.0

* These values represent the average of at least three separate experiments on each day. The values
for micrograms of hemoglobin per 108 cells were calculated as the quotient of the average value for

micrograms of hemoglobin per embryo divided by the average number of cells.

T Based on counts

of 2000 cells from blood pooled from at least 100 fetuses on each day.

cell and its progeny (12, 15). This de-
finitive mitosis results in a process
which, at least in vivo, is irreversible.
The findings in the fetal mouse cited
above, and those reported by Holtzer
and co-workers in studies with primitive
chick erythropoiesis (12, 15, 17), sug-
gest that the number of cell divisions
and the amount of hemoglobin syn-
thesis of these cells is programmed and

‘independent of specific external influ-

ences.

In mouse yolk sac erythroid cells,
there is evidence that mitotic history
and hemoglobin synthesis are not in-
extricably linked and selective inter-
ference with one process will not neces-
sarily affect the other. Fantoni et al.
(18) have shown that by exposing fetal
mice to a suitable dose of x-irradiation,
the number of mitoses which the yolk
sac erythroid cells undergo can be de-
creased, on the average, by one, while
the. content of hemoglobin per mature
cell in irradiated fetuses is twice normal.
This suggests that yolk sac erythroid
cells are programmed to synthesize a
specific amount of hemoglobin at a
relatively early stage in differentiation
and that this program is independent of
that which determines the number of
cell divisions that the erythroblasts will
undergo.

Stability of Messenger RNA

As yolk sac erythroid cells differenti-
ate between days 11 and 15 of gesta-
tion, there is a progressive decrease in
the content of RNA (72). This decrease
in RNA content per cell correlates with
the disappearance of cytoplasmic ribo-
somes observed in electron microscopic
studies of these cells. The capacity
for RNA synthesis falls sharply between

days 11 and 13 of gestation. Paralleling
this decrease in the rate of RNA syn-
thesis is a decrease in the formation of
nonhemoglobin protein, while the ca-
pacity for hemoglobin synthesis re-
mains relatively unchanged during this
period. Over 90 percent of the non-
hemoglobin proteins synthesized in yolk
sac erythroid cells are nuclear proteins
(19). Of this nuclear protein, approxi-
mately 50 percent is insoluble in acid.

In yolk sac erythroid cells the forma-
tion of nonhemoglobin protein appears
to proceed predominantly on relatively
short-lived molecules of messenger
RNA. On the other hand, differentiated
protein' synthesis, that is, hemoglobin
formation, is directed by relatively
stable messenger RNA formed at some
time prior to day 10 of gestation. Thus,
incubation of 11-day yolk sac erythroid
cells with actinomycin D has little or
no effect on the rate of synthesis of
hemoglobins, but inhibits nuclear pro-
tein synthesis by at least 90 percent
(12, 19). The synthesis of differentiated
protein on relatively stable messenger
RNA templates is characteristic of
several differential cell lines studied to
date, including the lens, fibroblasts,
pancreas, and others (20).

At 11 days, only one-third of the
total protein formed in mouse yolk sac
erythroid cells are hemoglobins, but by
day 13 essentially all of the proteins
synthesized in the cells are hemoglobins.
The formation of nuclear and other
nonhemoglobin proteins decreases to
nil between days 11 and 13.

These alterations in the pattern of
proteins formed are associated with
changes in the types of RNA syn-
thesized at different stages of differentia-
tion. In the RNA purified from poly-
ribosomes of day 11 erythroid cells, -
there is a major peak of rapidly syn-
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Fig. 1. Alterations in the erythroid cell population of the liver in terms of proportion
of the cells morphologically classified as proerythroblasts (solid circles), basophilic
erythroblasts (open circles), polychromatophilic erythroblasts (squares) and ortho-
chromic erythroblasts (triangles) on days 11 through 18 of gestation of fetal mice.
The numbers at the top of the figure are from studies by Barker et al. (I10) for the
total erythroid cells per liver. The data on the different stages of differentiation of
erythroid cells are from Djaldetti and Rifkind (unpublished results).

thesized RNA which migrates on aga-
rose acrylamide gel in a position cor-
responding to 95 (19). This 9§ RNA
is not recovered from 80S ribosomes
and is not a degradation product of
ribosomal RNA. Between days 11 and
13 of gestation, while there is a marked
decrease in the overall rate of synthesis

of RNA, the rate of synthesis of 9§
RNA falls almost to nil, in parallel
with the decrease in nonhemoglobin
protein formation. It was further shown
that the 9§ RNA synthesized in 11-day
cells is not identical, by the criteria of
electrophoresis in agarose acrylamide
gel with the messenger RNA for hemo-

[3H] uridine [3H] Leucine
50}
o—o 11 day
40} a—a 12 day
g 30l 0—0 14 day
n]
20+ Vo —n\
BRIV AN a
o | \
Q g--o =}
(0] b, L i o 1 s, I\ETO

100 O 25 50 75

Grain counts
Fig. 2. Uptake of ["H]uridine and ["H]leucine by proerythroblasts of the livers of 11-, 12-,
13-, and 14-day fetuses. The cells were incubated with [*Hluridine or with [*H]leucine
for 15 minutes and isotope incorporation was determined by quantitative radioautogra-
phy. Grain counts for these cell populations with major differences in rate of incorpora-
tion were calculated by extrapolating observed counts to an arbitrary exposure time,
after establishing the linear relationship between duration of exposure and grain count.
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globin isolated from polyribosomes of
adult mouse reticulocytes (19, 21). Be-
cause mouse yolk sac erythroid cells
synthesize three types of embryonic
hemoglobins, two of which contain
alpha chains indistinguishable from the
alpha chains of adult hemoglobin, one
would anticipate that if the 9§ RNA
synthesized in these cells is messenger
RNA for globin, it should be identical
to the messenger RNA for globin found
in adult mouse reticulocyte polyribo-
somes. It has also been found that
agents such as actinomycin D or hy-
droxyurea, which block the synthesis of
9§ RNA in yolk sac erythroid cells, in-
hibit nuclear protein formation but not
hemoglobin synthesis (19). The charac-
teristics of this 9§ RNA, namely, that
it turns over rapidly, that it is electro-
phoretically distinct from adult reticulo-
cyte messenger RNA for globin, and
that it is not synthesized in the presence
of actinomycin D or hydroxyurea,
agents which inhibit the synthesis of
nuclear proteins but not hemoglobins,
suggest it may be messenger RNA for
one or more of the nuclear proteins.
The messenger RNA for globin in yolk
sac erythroid cells appears to be syn-
thesized prior to the tenth day of gesta-
tion and remains stable while these
erythroblasts proliferate fourfold. The
stable messenger RNA’s for hemo-
globins may be distributed to daughter
cells through, on the average, two to
three cell divisions.

In contrast with yolk sac erythro-
poiesis, it has been possible to demon-
strate in liver erythroid cells a transition
from hemoglobin synthesis which is
sensitive to inhibition by actinomycin
D on days 11 and 12 to one which is in-
sensitive to the effects of this antibiotic
by day 13 of gestation (12). This devel-
opment of resistance to actinomycin D
appears to reflect an alteration in the
environment in which erythropoiesis
is proceeding. On both days 12 and 15,
actinomycin D inhibits RNA synthesis
by more than 90 percent at all stages
of differentiation between proerythro-
blasts and orthochromic erythroblasts
(22). On day 12, the antibiotic inhibits
the uptake of labeled iron or leucine,
employed as precursors of hemoglobin
synthesis, at all stages of erythroblasts.
By day 15, the antibiotic has little or
no effect on the uptake of these isotopes
into polychromatophilic and ortho-
chromic erythroblasts which synthesize
hemoglobin. These observations suggest
that the stabilization of the hemoglobin
synthetic capacity in liver erythroid
cells occurs with fetal development.
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Erythropoietin Action

Central to our understanding of the
regulation of erythroid cell differentia-
tion and hemoglobin synthesis is identi-
fication of the cell in which the syn-
thesis of these proteins is initiated.
From day 11 of gestation, the fetal liver
is a site of erythropoiesis and the popu-
lation of liver erythroid cells becomes
increasingly more differentiated (6, 23,
24). On day 11, approximately 80 per-
cent of the erythroid cells present in
the liver are at a very immature stage,
but by day 14, the proportion of these
immature cells decreases sharply, to less
than 5 percent, and there is a con-
comitant increase in the proportion of
orthochromic erythroblasts which have
synthesized hemoglobin (Fig. 1) (25).
During this period, there is a greater
than tenfold increase in the total num-
ber of erythroid cells in the liver
(9, 10). Erythropoiesis in the fetal liver
proceeds as a heterogeneous population
with regard to cell stage, in contrast to
yolk sac erythroid cells which differenti-
ate in a relatively homogeneous fashion.
Thus, yolk sac erythroid cells appear
to develop from precursor cells as a
cohort, while liver erythropoiesis, at
least for a short period, depends on a
self-perpetuating precursor cell which
yields differentiating erythroblasts over
a period of time. Erythropoiesis in the
liver, however, is a transitional process;
by birth, the liver is no longer an active
site of erythropoiesis (26).

In the livers of 11-day fetuses, there
is a population of cells morphologically
classified as proerythroblasts, which
show a very active incorporation of
uridine into RNA and leucine into pro-
tein. This is indicated by a rate of up-
take of [3H]uridine and of [3H]leucine
by these cells which is three to five
times greater than that in morphologi-
cally comparable cells on subsequent
days of gestation (Fig. 2) (25). In ad-
dition to morphological criteria, as will
be indicated below, evidence that these
cells are erythroid cell precursors in-
cludes their selective response to the
physiological regulator of erythropoiesis,
the hormone erythropoietin (27). Its
disappearance and the consequent loss
of the capacity for sustained erythro-
poiesis may account for the transient
nature of erythropoiesis in the liver of
the fetal mouse.

There is considerable evidence that
the precursor cell responsive to erythro-
poietin is distinct from the pluripoten-
tial hematopoietic stem cell. Thus,
Stephenson and Axelrad (28), by means
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of velocity sedimentation of mouse fetal
liver cells, separated erythropoietin-re-
sponsive cells from hematopoietic spleen
colony-forming cells. Earlier biological
studies provided evidence that pluri-
potential spleen colony-forming cells
are distinct from (and probably include
the progenitor of) the erythropoietin-
sensitive cell (29).

The nature of the erythropoietin-
responsive cell, the immediate precursor
of the hemoglobin-forming cell, has
been examined further at the cellular
level. Goldwasser and co-workers (30),
studying bone marrow of the adult rat,
and Paul and co-workers (23, 31),
studying liver erythroid cells of the fetal
mouse, demonstrated that erythropoie-
tin induces increased hemoglobin for-
mation. In fetal liver erythroid cells, the
hormone-induced increase in hemoglo-
bin formation does not result from a
direct effect on the rate of hemoglobin
synthesis per cell (24). This is indicated
by the observation that erythropoietin
does not increase the uptake of [3H]-
leucine per polychromatophic or per
orthochromatic erythroblast in cultures
in which the hormone causes approxi-
mately a twofold increase in hemoglo-
bin formation. The erythropoietin-stim-
ulated increase in hemoglobin synthesis
is caused by an increase in the num-

£

Fig. 3. Electron mi

crograph of a typical cell from the population of erythropoietin-

ber of cells synthesizing hemoglobin.
Incubation of erythroid cells derived
from fetal liver with erythropoietin
for 24 hours results in an approxi-
mately twofold increase in the number
of erythroblasts compared with cul-
tures without erythropoietin. The hor-
mone acts to maintain the number of
immature proerythroblasts and baso-
philic erythroblasts in the population,
and to increase the total number of
hemoglobin-forming cells. Erythropoie-
tin is required for renewal of the im-
mature population of erythroid cell
precursors under these conditions in
vitro. Yolk sac erythropoiesis, in which
immature precursors do not persist, is
not demonstrably responsive to erythro-
poietin (23, 25, 32). These observa-
tions are consistent -with studies in sev-
eral laboratories (27) which suggest
that the continuous presence of erythro-
poietin is not necessary for erythroblast
maturation but does stimulate erythro-
poiesis.

In erythroid cells of fetal liver, the
first detectable effect of erythropoietin
on macromolecular synthesis is a stim-
ulation of the rate of RNA formation
(24, 33). Radioautographic studies
demonstrated that this effect of the
hormone is selective, in that it is re-
stricted in culture to a stimulation of

sensitive precursors from the liver of the 11-day fetus. A large nucleus and nucleolus,
with almost exclusively extended chromatin in the nucleoplasm, are characteristic. The
cytoplasm contains free polyribosomes, mitochondria, and relatively few cisternae of

endoplasmic reticulum (x9000).
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the rate of RNA synthesis in the most
immature ~erythroid cells, the pro-
erythroblasts (24). The hormone had
no effect on RNA formation in more
differentiated erythroid cells or in non-
erythroid cells.

These erythropoietin-responsive cells
are included in a class of precursor
cells designated proerythroblasts on the
basis of cytological criteria (34). The
cells in this population are large and,
by light and electron microscopy, dis-
play a high ratio of nuclear to cyto-
plasmic material and an extended chro-
matin pattern within the large nucleus
(Fig. 3). The cytoplasm contains
abundant polyribosomes, mitochondria,
and sparse elements of the endoplasmic
reticulum.

In these cells, erythropoietin stimula-
tion of RNA synthesis is not dependent
on any hormone-mediated effect on
DNA synthesis (35). Inhibition of
DNA synthesis by hydroxyurea or cy-
- tosine arabinoside does not prevent the
erythropoietin-stimulated RNA synthe-
sis in proerythroblasts. Comparable re-
sults were reported for rat marrow
(35). Erythropoietin-stimulated synthe-
sis of RNA in fetal liver proerythro-
blasts in culture precedes detectable
increase in cell number and in hemo-
globin synthesis (24, 35).

The nature of the erythropoietin-
stimulated RNA in fetal liver erythro-
blasts has not yet been determined. In
rat marrow, Gross and Goldwasser
(33) report that erythropoietin causes
stimulation of a variety of RNA spe-
cies including 1508, 55 to 655, 455, 28S,
185, 95, 6S, and 4S. This is in con-
trast to an earlier report from the same
laboratory which concluded that ery-
thropoietin selectively stimulated 10 to
125 RNA and suggested that the hor-
mone might be acting primarily by in-
creasing the synthesis of messenger
RNA for globin (33).

In considering the mechanisms of
action of erythropoietin, it is interesting
to note that a number of substances
which affect, selectively, cell growth
and differentiation, such as nerve
growth factor (36), phytohemagglu-
tinin (37), insulin (38), and others
(39), stimulate the synthesis of RNA
as the initial effect on macromolecular
formation. It has been suggested that
this requires a constant set of biochemi-
cal reactions responding coordinately to
the environmental stimulus, possibly via
a common mediator substance (38).

On the basis of the data presently
available, we suggest the following hy-
pothesis: erythropoietin acts on a spe-
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cific cell, a proerythroblast, which is
differentiated from a progenitor pluri-
potential stem cell. This erythropoietin-
responsive cell is programmed to differ-
entiate to erythroid cells capable of
synthesizing hemoglobin. The erythro-
poietin-responsive cell is differentiated
to have a receptor site for erythropoie-
tin, possibly on the cell membrane. The
hormone is necessary to induce the
transition from the erythropoietin-re-
sponsive cell to the erythroblast stages
capable of hemoglobin synthesis. The
primary effect of the hormone on mac-
romolecular synthesis is to stimulate
the formation of a variety of species of
RNA in the erythropoietin-responsive
cell. The hormone-induced RNA syn-
thesis in turn leads to cell replication,
possibly mediated by yet unidentified
factors whose synthesis is determined
by the RNA. This response may be
representative of a more general phe-
nomenon, characterizing hormone-de-
pendent cell differentiation.

Summary

Erythropoiesis in the fetal mouse
provides a model to study several im-
portant aspects of the regulation of cell
differentiation and differentiated protein
synthesis. Changes in the patterns of
hemoglobins formed during fetal and
postfetal development are shown to be
associated with the substitution of the
liver erythroid cell line. In the course
of differentiation of yolk sac erythroid
cells there are at least two classes of
proteins distinguishable with respect to
dependence on continued RNA forma-
tion. The bulk of nuclear proteins,
“nondifferentiated” proteins, appear to
be dependent on relatively short-lived
messenger RNA while synthesis of dif-
ferentiated proteins, the hemoglobins,
proceeds on relatively stable molecules
of messenger RNA. Hemoglobin for-
mation occurs in those cells which are
actively synthesizing DNA and dividing.
On the average, two to three cell divi-
sions may occur after the formation and
stabilization of the messenger RNA for
globin. Yolk sac erythropoiesis, at least
from day 10 of gestation, is unrespon-
sive to erythropoietin. By comparison,
in fetal liver erythropoiesis, the hor-
mone, erythropoietin, acts selectively
on the most immature erythroid cell
precursor to induce differentiation, cell
replication, and hemoglobin formation.
The erythropoietin responsive cell in
the liver is apparently differentiated
from the progenitor, pluripotential stem

cell and committed to erythroblast
formation and hemoglobin synthesis on
exposure to the hormone. The initial
effects of erythropoietin on macromo-
lecular synthesis are to stimulate RNA
synthesis, which temporally is followed
by cell replication and the increase in
hemoglobin formation. During liver
erythropoiesis, there appears to be a
transition from hemoglobin synthesis
dependent on RNA formation to hemo-
globin synthesis directed by relatively
stable messenger RNA.
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Information for a Changing Society

For society’s purposes, technical information must be

credible, interpreted, and appropriately packaged.

Edward L. Brady and Lewis M. Branscomb

The wise society, like the wise in-
dividual, does not act without attempt-
ing to determine what the consequences
of its actions might be. Surely then,
few societies can be called completely
wise. On all sides we see concrete evi-

dence of our own society’s failure to.

be wise. Some of those failures are lit-
erally embedied in concrete—the con-
crete of highways that have uprooted
populations and changed the character
of towns and major cities, the concrete
of dams that have now turned into eco-
logical disasters. Others are found in
the pollution of our streams, in urban
ghettos, in blackouts and brownouts, in
ill-fed and poorly-educated children.

Our national administration and our
state’ and local administrations have
dedicated themselves to repairing the
damage of past imprudence and to en-
suring that future decisions are wise
ones. This is not a partisan political
goal, but a goal of our entire society,
one that surely is endorsed by every
citizen.

We do not want to appear to line up
on the side of those who say that tech-
nology has been disastrous and has led
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to all the evils of our society. Quite the
contrary. We believe that technology
has been responsible for the material
virtues of society, making it possible for
much of the world’s population to
achieve a high standard of living, and
pointing the way to peace and material
abundance for all. While the misuse of
technology has contributed to some of
today’s problems, the future can be
improved only through the better appli-
cation of new and existing technology.
What is needed to ensure that chang-
ing societies make wise decisions?
First, information. Information is
needed to tell us what our society is
like now, how rapidly and in what
ways it is changing, and what scien-
tific and technological alternatives to
present practices exist or can be found.
Second, social analysis. Analysis is
needed to determine what relations ex-
ist between current actions and future
effects, to weigh the merits of alterna-
tive priority systems, to derive practical,
achievable goals for society, and to de-
termine how best to allocate our finite
resources to attain those goals.
Third, well-informed decision makers.
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Society requires mechanisms to ensure
that decision makers, including the
public, have access to the information
they need, have available the results of
the analyses carried out, and have al-
ternative courses of action formulated
for their consideration.

Fourth, appropriate institutions. In-
stitutions are needed to ensure that de-
cisions can be put into practice. They
take many forms—political institutions,
financial institutions, legal institutions,
and educational institutions.

A report prepared under the auspices
of the Organization for Economic Co-
operation and Development (OECD)
has addressed the first need listed above
—that for information. The report, en-
titled Information for a Changing So-
ciety (I), is an outgrowth of OECD
concern with national and international
policy relating to information systems
in science and technology; its content
and its implications are the subject of
this article.

In 1969 OECD Secretary General
Emile Van Lennep appointed the Ad
Hoc Group on Scientific and Technical
Information (2) to examine the infor-
mation program of his organization and
to advise OECD member states on in-
formation policy. The ad hoc group de-
cided in its earliest deliberations that
policy for information in science and
technology could not be considered
separately from policy for science and
technology, which in turn could not be
separated from policy for economic
growth and other social goals. The task
of the group thus becams an examina-
tion of the information needs of the

Edward L. Brady is associate director for
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is director, National Bureau of Standards, De-
partment of Commerce, Washington, D.C. 20234.
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