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ABSTRACT

Primitive erythroblasts in the circulating blood of the chick embryo continue to divide
while synthesizing hemoglobin (Hb) . Hb measurements on successive generations of
erythroblasts show that there is a progressive increase in the Hb content of both interphase
and metaphase cells. Furthermore, for any given embryo the Hb content of metaphase cells
is always significantly greater than that of interphase cells . The distribution of Hb values
for metaphase cells suggests that there are six Hb classes corresponding to the number of
cell cycles in the proliferative phase . The location of erythroblasts in the cell cycle was
determined by combining Feulgen cytophotometry with thymidine radioautography on
the same cells . Measurements of the Hb content for erythroblasts in different compartments
of the cell cycle (G1, S, G2, and M) show a progressive increase through the cycle . Thus,
the amount of Hb per cell is a function of the number of cell divisions since the initiation
of Hb synthesis and, to a lesser degree, the stage of the cell cycle . Earlier generations of
erythroblasts synthesize Hb at a faster rate than the terminal generation . Several models
have been proposed to explain these findings .

INTRODUCTION

Erythropoiesis in the chick embryo involves suc-
cessive and morphologically distinct populations .
The primitive erythroblasts are the only cell type
present until the 5th day of incubation, at which
time the definitive erythroblasts appear . The de-
velopment of primitive erythroblasts follows a well
defined and predictable progression, with a close
correlation between the day of incubation and the
predominant morphological stage of development
(Dawson, 1936; Sandreuter, 1951 ; Romanoff,
1960; Lucas and Jamroz, 1961) .
After 35 hr of incubation, hemoglobin (Hb) is

first detected in groups of basophilic erythroblasts

localized initially in the posterior region of the
area opaca (Slönimski, 1927 ; Wilt, 1962 ; Hell,
1964; Granick and Levere, 1965) . While these
erythroblasts synthesize Hb, they continue to di-
vide. Their mitotic history has been described by
Weintraub et al. (1971) who showed that the ma-
jority of these Hb synthesizing cells function as
progenitors for six successive generations of eryth-
roblasts .

Microspectrophotometric techniques have been
used to determine the total amount ofHb in single
unstained cells (Thorell, 1947 ; DeCarvalho, 1951 ;
Grasso et al ., 1963) . As the specific absorption co-
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efficient of Hb is very high in the Soret region,
measurements may be made even in cells with
relatively small amounts of Hb . In the present
study the relative changes in the amount of Hb per
cell that occur during development have been
measured with an integrating cytophotometer,
CYDAC (Bostrom and Holcomb, 1963 ; Mayall
and Mendelsohn, 1970 a, 1970 b) .

Since interphase and metaphase cells are readily
distinguishable microscopically, Hb measurements
have been made on cells from both stages during
successive days of incubation . Furthermore, Hb
measurements have been made on cells in different
stages of the cell cycle (G1, S, G2, and M) . Their
location in the cell cycle has been determined by
combining Feulgen cytophotometry with thymi-
dine radioautography on the same cells . Similarly
the synthesis of Hb has been followed after these
erythroblasts undergo their final division . Conse-
quently, the rate of Hb synthesis during the termi-
nal cell cycle has been compared with that ob-
served in the subsequent postmitotic progeny .

MATERIALS AND METHODS
White Leghorn eggs were incubated at 37 °C. The
ist day of incubation was considered as day 0, and
subsequent days of incubation were therefore num-
bered appropriately . Air dried smears were made
from small volumes of blood collected from the
blood islands and one of the main branches of the
chorio-allantoic vessels from day 2 to day 10 em-
bryos .

Cytophotometry

Absorbance measurements were made with the
mechanical scanner of the CYDAC system (Bostrom
and Holcomb, 1963 ; Mayall and Mendelsohn,
1970 a, 1970 b) as an integrating cytophotometer .
Each measurement is expressed in EaA units per cell
(Ex X A), where : Ex = k cd, EX = absorbance,
K), = absorption coefficient, c = concentration,
d = thickness, A = the area of the cell, and X =
wavelength of light defined by the interference filter
used.
Absorbance measurements were made on cells from
unstained smears and smears stained with benzidine
(Ralph, 1941) . The benzidine staining reaction was
used to facilitate the recognition of the most im-
mature stages in the development of primitive eryth-
roblasts . Fig. 1 shows the absorption curves for
both Hb and Hb stained with benzidine . Interference
filters were used to measure the different chromo-
phores. Filter 433 was used to measure unstained
Hb, and Filter 566 was used to measure Hb stained

670

	

THE JOURNAL OF CELL BIOLOGY . VOLUME 50, 1971

with benzidine. The transmission spectrum for
each filter is shown in Fig . 1. The transmissivity
of each filter describes a narrow bandwidth, with a
maximum transmission corresponding nominally
to the filter number . In fact the maximum trans-
mission for Filter 433 is 445 mµ, and similarly for
Filter 566 is 590 mµ. In both cases measurements
made with these filters represent approximately 30°ßo
of the maximum absorbance for each chromophore .
Filter 433 was chosen for measurements on unstained
Hb to minimize any effect that might be attributable
to the presence of free porphyrin (see Thorell,
1950) . Hb stained with benzidine and measured
with Filter 566 demonstrates a stoichiometric rela-
tionship with measurements on unstained Hb with
use of Filter 433 (Campbell, 1970) . There is a four-
fold increase in the sensitivity for the stained mate-
rial . Under these conditions each measurement is
proportional to the mass or amount of Hb per cell.

Estimates for the amount of DNA per cell were
determined from cells that have undergone a modi-
fied Feulgen staining reaction (Mayall and Men-
delsohn, 1970). These measurements were made
using Filter 566 .

Radioautography

To determine which cells in the circulating blood
were synthesizing DNA, 50 AU thymidine- 3H
(6.7 Ci/mmole) in 0.5 cc of sterile water were added
to each embryo for 1 hr. The subsequent smears
were fixed in alcohol : formalin : acetic acid (20 : 2 :1)
and washed for 1 hr, then dried . The slides were
dipped in Kodak NTB3 emulsion and exposed for
1-4 wk, after which they were developed (Bischoff
and Holtzer, 1968) .

For in vitro studies 20 sCi thymidine- 3H (6.7
Ci/mmole) in 0.2 cc F10 (Grand Island Biological
Co., Berkeley, Calif.) was incubated with 0 .1 cc
blood for % hr. Radioautography for these smears
was carried out as above.

Determination of Hb Values for Different
Stages of the Cell Cycle

Smears were made from day 4 embryo blood that
had been pulse labeled with thymidine 8H in vitro.
An appropriate area was selected and mapped
photographically. Hb measurements were made on
individual erythroblasts . The slide was then stained
for Feulgen cytophotometry and estimates of the
DNA were determined for each cell previously
measured for its Hb content . Subsequent radio-
autography indicated which cells were in S when
tritiated thymidine was added . G1 and G2 cells
are readily distinguishable on the basis of their DNA
values . After each cell was identified according to
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its location in the cell cycle, the average Hb value
for each stage of the cell cycle was determined .

The mitotic index for primitive erythroblasts is
approximately 2-3% depending on the age of the
embryo. To increase the number of metaphase cells,
3 cc 10-6M Colcemid (Ciba Pharmaceutical Co.,
Summit, N. J.) were added to each embryo for 4
hr . Hb measurements on normal metaphase and
Colcemid metaphase-arrested cells show no signifi-
cant difference. This leads to two conclusions :
(a) there is no detectable synthesis of Hb during
mitotic arrest, and (b) Hb measurements on meta-
phase-arrested cells can be treated as if they had
been made on normal metaphase cells . Consequently,
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FIGURE 1 a (i), relative absorption spectrum from primitive erythroid cells (unstained) ; (ii), relative
transmission spectrum for Filter 433 .

FIGURE 1 b (i), relative absorption spectrum from primitive erythroid cells stained with benzidine ;
(ii), relative transmission spectrum for Filter 566.

in this paper, Hb measurements have been made on
Colcemid arrested cells, and are referred to as meta-
phase values .

Terminology

The replicating erythropoietic cells in the cir-
culating blood for the first 5 days constitute succes-
sive generations of the "primitive erythroblast"
series (proliferative phase) . After day 6, there are no
further new generations, although the postmitotic
primitive erythrocyte series may persist in the cir-
culating blood until hatching (nonproliferative
phase). In the following discussion erythroblasts
are cells in the mitotic cycle which are concurrently
synthesizing their characteristic amount of Hb .
Erythrocytes are postmitotic cells that are either still
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synthesizing or have finished synthesizing their
characteristic amount of Hb . Hematocytoblasts are
the immediate mother cells of the first generation of
erythroblasts ; currently there is no evidence that
hematocytoblasts translate for Hb.

According to terminology introduced elsewhere
(Holtzer and Abbott, 1968 ; Holtzer, 1970) the divi-
sions of hematocytoblasts that yield erythroblasts
would be "quantal" cell cycles, whereas the divisions
of the Hb-synthesizing erythroblasts that yield the
next generation of erythroblasts are "proliferative"
cell cycles .

RESULTS

Hb Measurements on Primitive Erythroblasts
and Erythrocytes

To determine the relative changes in the amount
of Hb per cell during development, measurements
were made on primitive erythroblasts and erythro-
cytes on successive days of incubation . The results
of these measurements have been combined in Fig .
2 with an outline of the developmental history of
the primitive series . This outline is expressed in
terms of (a) the predominant cell type and (b) the
divisional state of the cells (proliferative versus
nonproliferative) . There is a progressive increase
in the average amount of Hb per cell until day 9,
at which time there is no further increase and the
cells have become mature erythrocytes . Following
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the transition from the proliferative to the nonpro-
liferative phase (day 5-day 6), Hb synthesis con-
tinues for the next 3 or 4 days . However there is a
decrease in the rate of Hb synthesis during this
nonproliferative phase .

In summary (a) there is a progressive increase in
the average amount ofHb per cell until day 9, and
(b) there is a decrease in the rate of Hb synthesis
after the final division .

Primitive Erythroblasts

In this section the relationship between the po-
sition of primitive erythroblasts in the succession
of the cell cycles and their Hb content will be ex-
amined. Accordingly, Hb measurements were
made on cells in the same stage of the cell cycle
(i .e., mitosis) on successive days of development,
and also on cells in different stages of the cell cycle
(G I, S, and G2), during the same day of develop-
ment. In the first series, measurements were made
on both interphase and metaphase cells . In the
second series each cell was located in Gl, S, and
G2 with thymidine radioautography . The average
Hb value for each stage of the cell cycle was then
determined (see Materials and Methods) .

INTERPHASE AND METAPHASE CELLS

The average Hb content for interphase and
metaphase cells was plotted against the day of in-
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DAY OF INCUBATION

FIGURE a Hb measurements from small populations of primitive erythroid cells on successive days of
incubation after the initiation of Hb synthesis. Each point represents the average value for at least fifty
measurements. The Hb values are expressed either as EA433 units (unstained) or EA5s6 units (stained
with benzidine) . The measurements have been correlated with the developmental history of the pre-
dominant cell type and whether the cells are dividing or not .



cubation in Fig . 3 . There is a progressive increase
in the amount of Hb for both interphase and meta-
phase cells. Moreover, the Hb content of meta-
phase cells is always greater than the corresponding
average content in interphase cells from the same
embryo. "t" tests were made to determine the
significance of these differences and the results are
given in Table I. These tests show that for every
day the average amount of Hb per metaphase cell
is always significantly greater than the average
amount of Hb per interphase cell.

METAPHASE CELLS AND HB CLASSES

Measurements made only on metaphase cells
from day 2 to day 5 are plotted as frequency histo-
grams in Fig. 4. The results are interpreted as fol-
lows : (a) there are two peaks for early day 2 eryth-
roblasts, (b) by the end of day 2 the first two peaks

Measurements are expressed as EA433 .
Each set of measurements was made on 50 cells .
* Highly significant for two tailed t test .

remain, but a new peak has emerged . (c) by early
day 3, the majority of the cells are represented by
a third and fourth peak, but there may be a few
cells corresponding to the lowest peak . (d) in late
day 3 embryos, the majority of the cells are in a
fourth peak. There is some correspondence of the
lower values with the third peak in the earlier
material . In addition, there are some cells present
in a fifth peak, which correspond to the Hb values
from day 4 embryos . (e) All the Hb values for day
4 and 5 embryos are in single but distinct peaks .
This analysis of the Hb content of metaphase cells
suggests that there are six different peaks or meta-
phase classes . The appearance and disappearance
of these peaks is consistent with a progression of
successive cell cycles or generations that occur
during the proliferative phase .

As each peak represents a metaphase class, then

DAY OF INCUBATION

FIGURES Hb measurements on interphase and metaphase cells from day Q to day 5 (the proliferative
phase) . Each point represents the average value for at least fifty measurements. The Hb values are ex-
pressed either as EA433 units (unstained) or EA5g6 units (stained with benzidine) . The relationship
between EA433 units or EAS66 units is described in Materials and Methods .

TABLE I
Hb Measurements Made on Interphase and Metaphase Cells from Day 2 to Day 5 Embryos .

Comparison of the Mean Values

CAMPBELL ET AL . Primitive Erythropoiesis in Early Chick Embryogenesis . II 673

Interphase
X f SDx

Metaphase
t tests

X f SD$ df. t value

Day 2 1 .2 f 0 .05 3.0 f 0.10 98 17 .3*
Day 3 3.9 t 0.14 5.5 f 0.16 98 7.6*
Day 4 6 .1 f 0 .14 8 .4 ± 0 .13 98 12 .2*
Day 5 7 .6 f 0 .26 11 .4 ± 0.19 98 11 .2*
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the proliferative phase of primitive erythrocyte de- (Weintraub et al ., 1971) which indicates that the
velopment may be characterized by a total of six majority of erythroblasts emerging on day 2 will
metaphase classes, i .e ., six cell cycles . This is in yield, on the average, six generations of red blood
accord with the results of the cell cycle kinetics cells . This suggests that each mitosis can be
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FIGURE 4 Frequency histograms for Hb measurements on metaphase cells from day 2 to day 5 . The
measurements are expressed as EA566 . Each interval represents a 10% increase in the Hb values . These
measurements have been made on at least two embryos for each histogram . (a), day 2 embryo (early) ; (b),
day 2 embryo (late) ; (c), day 3 embryo (early) ; (d), day 3 embryo (late) ; (e), day 4 embryo ; (f), day 5
embryo.
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uniquely classified on the basis of the total amount
of Hb per cell synthesized during the previous cell
cycle .

The cell cycle data have been summarized in
Fig. 5 . This summary can be used to predict what
cell cycles will be present at different times during
development . These predictions can then be cor-
related with the cytophotometric data. Since the
first two cell cycles are 10 hr long, representatives
from the first two cell cycles should be present in
the circulating blood of early day 2 embryos (20
hr after the first appearance of Hb) . The cyto-
photometric data support this prediction. Simi-
larly, on the basis of the kinetic data, primitive
cells from late day 2 embryos should be in the first
three cell cycles . Again the cytophotometric data
are in agreement with this prediction . By day 3,
no cells should be present in the earliest cycles .
This prediction is confirmed both by the cyto-
photometric data and by the cytological observa-
tion that there are no basophilic first generation
erythroblasts present at this stage . On day 4 and 5,
the lengths of the respective cell cycles are 17 and
29 hr (Fig. 5) and one would therefore predict
that the majority of these cells come from one cell
cycle. The cytophotometric data for both day 4
and day 5 suggest that there is only one metaphase
class present . Thus, the cytophotometric data are
in agreement with the predictions from the kinetic
data.

Both sets of data support the concept that the
primitive erythron in the chick embryo comprises
a discrete population of cells that progress through
six generations . There is one wave of entry of cells
into the circulation from the hematocytoblast
compartment . This wave is of approximately 30
hr duration, and there is no further influx from
the primitive hematocytoblasts . Hence at any
specified time the profile of the population is de-
termined by the distribution of these cells in their
successive generations. This situation is very dif-
ferent from the definitive series .

DIFFERENT STAGES OF THE CELL CYCLE

So far the emphasis has been placed on com-
paring the Hb values from the same compartment
(mitosis) of different cell cycles . In this section, Hb
values for different compartments of the cell cycle
will be compared. It has been demonstrated that
erythroblasts at the beginning of either day 4 or
day 5 from embryos will be predominantly from
one cell cycle. As described in Materials and Meth-

ods, measurements on the same individual cells
were made to determine both their relative Hb
and DNA content. Subsequent radioautography
combined with the DNA estimates showed each
cell to be identified according to its location in the
cell cycle .

The results of these measurements are illustrated
in Fig. 6, in which the Hb and DNA values for
each cell are plotted against each other . Each cell
has also been identified according to its location in
the cell cycle . There is some overlap between the
Hb values for G1 and S cells and similarly for S
and G2 cells, but the values for G1 and G2 are
quite discrete . The spread of the values is greatest
for S cells, and is reflected in the coefficients of
variation for the Hb values shown in Table II . The
interpretation of these data depends on (a) the rel-
ative lengths of the cell cycle compartments, and
(b) the rate of Hb synthesis for each compartment .
The average Hb value for each compartment of

the cell cycle has been determined in Table II .
Although there is a progressive increase in the av-
erage Hb value from G I through S to G2, there
is little increase between the G2 value and the
average metaphase value. The differences between
G 1 and S, and between S and G2 are significant
(P < 0.001, two tailed t test) . However the differ-
ence between G2 and M is not significant (0.2 >
P > 0.1, two tailed t test) . The plot of Hb and
DNA values (Fig . 6), when considered in conjunc-
tion with the results of the t tests, indicates that
Hb synthesis occurs throughout S. In contrast,
there appears to be relatively little Hb synthesis
during G2 . It is not, as yet, possible to characterize
in greater detail how much Hb is synthesized
during G l . Nevertheless these data support the
general concept that there are changing rates of
Hb synthesis during the cell cycle .

In summary, the relative changes in the Hb
content during a succession of erythroblast gener-

TABLE II

Hb Measurements Made on Cells in Different
Stages of the Cell Cycle from Day 4 Embryos

Measurements are expressed as EA433 units .
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X f SDX Coeff . Var .

(%)

GI (60 cells) 4 .9 f 0 .08 11 .4
S (80 cells) 6 .2 t 0 .11 15 .7
G2 (10 cells) 8 .3 t 0 .26 10 .3
M (50 cells) 8 .9 f 0 .15 11 .8



ations have been measured . By focusing on the
same compartment of the cell cycle throughout the
proliferative phase, it has been shown that each
mitosis may be uniquely classified on the basis of
its Hb value. There is a progressive increase in the
Hb values for each generation and the number of
cell cycles described in the kinetic analysis . Simi-
larly, within each cell cycle there is a progressive
increase in the amount of Hb per cell . Moreover
there is some indication that the rate of Hb syn-
thesis varies through the cell cycle .

PRIMITIVE ERYTHROCYTES

After the primitive erythroblasts have passed
through the succession of cell cycles in the prolif-
erative phase, they undergo their final division and
enter a nonproliferative phase, which terminates in
cell death sometime during the next 14 days. After
the final division, the primitive erythrocytes con-
tinue to synthesize Hb for 3 or 4 days (Fig. 2) .
Associated with this increase in the amount of
Hb per cell over the 3-4 day period there is a
decrease in the spread of the Hb values. This is
reflected in the decrease of the coefficient of varia-
tion from 25-30%0 on day 6 to 10-15%a on day 10.
The initial spread can be explained by the fact
that the primitive cells withdraw from the cell
cycle over a period of 25 hr (Weintraub et al .,
1971), whereas by day 9 each cell has reached the
same mature state .

The following experiment was designed to dem-
onstrate that the Hb content of each cell at any
point during the postmitotic period will reflect the
time since that cell underwent its final division .
Tritiated thymidine was added to late day 5 em-
bryos, at which time there are two populations of
cells : one having already finished synthesizing
DNA, the other still synthesizing DNA . It is the
latter cells that will incorporate tritiated thymi-
dine. Smears were made from different embryos on
each of the subsequent days from day 6 to day
10. By combining Hb measurements with radio-
autography, it is possible to determine the average
Hb value of these two populations . There is a
marked difference between the mean Hb values
from the two populations on successive days as
seen in Fig. 7. This difference persists until about
day 9, by which time both populations have at-
tained the same value. The slope of each line
shows that the rate of Hb increase in both popula-
tions is the same. The displacement of the two
slopes indicates the average difference in the de-
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velopmental time of the two populations . This
displacement is consistent with the observation
that the primitive erythrocytes withdraw from the
cell cycle over a 25 hr period .

From this experiment the rate of increase in the
amount of Hb per cell during the nonproliferative
phase may be estimated and compared to the rate
of increase during the last cell cycle. Approxi-
mately 7.0 EA433 units of Hb are synthesized dur-
ing the terminal cell cycle, which is 29 hr long.
Therefore the rate of increase in this cycle is 0 .24
EA433 units per hr . The slope delineating the rate
of increase of the nonproiliferatve cells is 0 .06 EA433
units per hr. There is a fourfold difference between
the two rates. This observation indicates that there
is a marked decrease in the rate of Hb synthesis
after the terminal division .

In summary, there is a progressive increase in
the amount of Hb per cell after the terminal divi-
sion. Most cells attain the same mature value, syn-
thesizing Hb at the same rate . However, there is a
decrease in the rate of Hb synthesis during the
nonproliferative phase as compared with the ter-
minal generation of the proliferative phase .

DISCUSSION
Analyses of mass, total protein, and RNA have
been correlated with different compartments of the
cell cycle (Caspersson, 1950 ; Prescott, 1955 ; Hana-
walt et al ., 1961 ; Killander and Zetterberg, 1965 a ;
Maal¢e and Kjeldgaard, 1966 ; Seed, 1966 ; Pfeif-
fer and Tolmach, 1968) . In general these studies
have stressed the cyclic nature and the constant
values for mass, total protein, RNA, and DNA that
are maintained in cells that yield large numbers
of cell generations (see, however, Fox and Pardee,
1970). More than one model of the cell cycle
(Mazia, 1962 ; Zetterberg and Killander, 1965 b)
postulates that the movement from one compart-
ment of the cell cycle to another is coupled in some
degree with the synthesis of a critical quantity of a
given molecule (e .g . DNA, mitotic protein, etc .) .
In contrast to these studies, our investigation is
concerned with a system that undergoes a speci-
fied and limited number of divisions and is one in
which it is possible to follow the synthesis of a
single cell specific macromolecule, hemoglobin,
from generation to generation . Our aim was to
follow the synthesis of Hb during this succession of
limited generations and further to determine
whether the synthesis of Hb and passage through
the cell cycle were interrelated . Our results sug-



gest that the amount of Hb per cell correlates pri-
marily with the number of cell cycles that each
cell has undergone since the initiation of Hb syn-
thesis at approximately 35 hr of incubation . The
amount of Hb also correlates, to a lesser degree,
with the stage of the cell cycle . Furthermore,
daughter cells of each successive mitosis accumu-
late more Hb than the parental cells . Thus it is
clear that although there are fluctuations in the
Hb content of these replicating cells, they are not
cyclical in nature . Any model concerning the dif-
ferentiation of the primitive erythrocyte must
therefore explain this correlation between the mi-
totic history and Hb synthesis .
Earlier studies have measured the average Hb

content (O'Connor, 1952 ; Rychter et al ., 1955),
and the concentration of Hb per cell (Thorell and
Raunich, 1966) on successive days of chick embry-
onic development. Cytophotometric studies in
other erythropoietic systems have shown that after
the initiation of Hb synthesis there is an inverse
relationship between the Hb content and the
RNA content per cell (Thorell, 1947 ; Grasso et
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al ., 1963, 1966, and 1967) . These investigations
also correlated the amount of Hb per cell with the
progression of the morphological stages through
development. In this study we have not attempted
to do this for two reasons. The different compart-
ments of the cell cycle, particularly mitosis, rep-
resent relatively small time intervals in comparison
with those for the different morphological stages
of development. Hence by correlating the amount
of Hb per cell with the mitotic history, we have
increased the resolution for monitoring develop-
mental changes that occur during erythropoiesis .
Thus, for example, changes in Hb content over
periods as short as 1 hr may be followed . Secondly,
conventional criteria for identifying the different
morphological stages of development are based on
such parameters as cell and nuclear size or baso-
philic staining . The relationship between the cell
cycle and such criteria are not well defined (Tar-
butt, 1967; Wickramsinghe et al., 1968; Killman,
1970) . Accordingly, our effort (see Fig. 5) to
equate basophilic erythroblast, early, mid, and
late polychromatophilic erythrocyte, etc ., with the
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FIGURE 5 Schematic diagram of primitive erythroid development expressed in terms of : (a) morpho-
logical stages of development ; (b) the number of generations ; (c) The cell cycle time for each generation ;
(d) Hb value for each mitosis expressed as a percentage of the Hb content of the mature primitive erythro-
cyte . These data summarize the findings of Weintraub et al . 1971.
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successive generations of primitive "erythroblasts"
is at best only a first approximation .

A summary of the changes in the amount of Hb
per cell throughout the successive generations of
primitive erythroblasts and during the maturation
of the primitive erythrocytes is given in Fig . 8 . The
Hb content for each mitosis has been derived from
the model values of the frequency histograms . The
Hb values for the progeny of each division are as-
sumed to be half the parental value. The relative
changes in Hb content during these generations
have been plotted against the developmental time
for each generation. Each slope is an estimate of
the average rate of Hb synthesis during a specific
interval of time . As these slopes represent rates of
net Hb synthesis, they cannot be considered direct
measures of Hb synthesis until there is some infor-
mation to determine whether there is any turnover
of Hb in the primitive erythroid cells . In Fig . 8,
the average rate of Hb synthesis appears to be
fairly constant during the proliferative phase . If
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FIGURE 6 A plot of Hb measurements made on primitive erythroblasts from a day 4 embryo and of
DNA measurements made on the same cells . The Hb measurements are expressed as EA433 units . The
DNA measurements are expressed as EA566 units . The location of each cell in different compartments of
the cell cycle is described in the text .

this is so, then the amount of Hb synthesized dur-
ing each cell cycle is dependent on the length of
that cycle . However, it is difficult to evaluate the
significance of that constant rate of Hb synthesis,
particularly in light of the fact that the rate of Hb
synthesis may vary within different compartments
of the cell cycle .

Nevertheless, there is a fourfold decrease in the
rate of Hb synthesis after the terminal division .
Whether this decrease is directly coupled to or only
fortuitously associated with the final division is
still unclear . As in other erythropoietic systems
(Grasso et al ., 1963, 1966, and 1967), RNA syn-
thesis reaches a minimal level about the same time
as the final division (unpublished observations),
hence the availability of some species of RNA may
become rate limiting after the final division (Marks
and Kovach, 1966) . If, after the cessation of RNA
synthesis, some species of RNA does become rate
limiting, then one would predict a decreasing rate
of accumulation in the amount of Hb per cell dur-
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ing the nonproliferative phase concomitant with
the degradation of RNA. Since this is not apparent
(see Fig . 7), either the data do not allow us at
present to detect such subtle changes or the situa-
tion is clearly more complex.

Previously, Tooze and Davies (1963) have sug-
gested that the high Hb content associated with
chromatin of the mature erythrocyte may influence
both the condensation of the chromatin and the
synthesis of Hb . Subsequently, Small and Davies
(1970) have reexamined the situation and pro-
duced evidence indicating that there is relatively

DAY OF DEVELOPMENT

FIGURE 7 Hb measurements on primitive erythrocytes from day 6 to day 10 embryos . Each point rep-
resents the average value for at least twenty measurements. The average Hb content is expressed as
EA433 units . Unlabeled cells, (-X-X-) ; labeled cells, ( -U-) . For further details see the text .

6 Postmitotic period

10

n
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2
v

5 'ô
n

FIGURE 8 Summary of the relative changes in the Hb content during the successive generations of
primitive erythrocytes and the postmitotic period in the primitive erythrocytes .

little Hb associated with the chromatin in the
mature nucleated red blood cell . From this, they
argue that it is less likely that Hb will influence
either of these processes . Our own observations
support this present contention . In Fig. 5, each
successive mitosis is expressed as a percentage of
the final mature value . The Hb value for the ter-
minal mitosis is the same as the final Hb value for
the mature cell . Since the relative size differences
are minimal, there will be little difference in the
concentration of Hb for both cells. These results
argue against the negative control of Hb per se on
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its own synthesis . At present it is not possible to
determine whether the amount of Hb per cell will
influence other events such as DNA synthesis or
mitosis (see, however, Stohlmann, 1964) .

Models for integrating the correlation between
Hb synthesis and the mitotic history of primitive
erythroblasts must distinguish between the follow-
ing : (a) the two processes are completely inde-
pendent. They appear to be dependent only be-
cause their time tables are in step . Thus the cor-
relation is a reflection of a precise internal clock
for each process. Such a model would predict that
selective interference with one process should not
affect the other . (b) the two processes are inter-
related either because they share a common meta-
bolic pathway or because genetic influences direct
this correlation. This model would predict that
interference with one process would eventually
affect the other . Such a mechanism has been postu-

lated to explain ineffective erythropoiesis in vari-
ous kinds of anemias (Wichramasinghe et al., 1968,
1969 a, 1969 b) . At present there is insufficient
evidence to choose between these two models. By
manipulating one process and monitoring the
concomitant events in the other process, the cause

and effect relationship between the amount of Hb
per cell and the mitotic history of that cell could
be determined .

The authors wish to express their thanks to Dr . Paul
Liebman for measuring the various absorption spec-
tra for Hb and Hb-benzidine .

This work was supported by the following grants :
United States Public Health Service Training Grant
5T01 HD00030-07, United States Public Health
Service 1R01 GM-16913, National Science Founda-
tion, and American Cancer Society (VC-45) .
H. Holtzer is a research career development

awardee (5-K3-HD-2970) from National Institutes
of Health .
H. Weintraub was supported in part by United

States Public Health Service MSTP Grant 5T05
GM02046-07.

Received for publication 17 November 1970, and in re-
vised form 19 March 1971 .

REFERENCES

BISCHOFF, R., and H. HOLTZER . 1961 . Mitosis and
the process of differentiation of myogenic cells
in vitro . J. Cell Biol . 41 :188 .

BOSTROM, R . C., and W . G. HOLCOMB. 1963. CYDAC
-a digital scanning cytophotometer . IEEE Int .
Conv . Rec. 9 :110 .

6 80 THE JOURNAL OF CELL BIOLOGY . VOLUME 50, 1971

CAMPBELL, G . LE M. 1970. Use of benzidine reac-
tion for quantitation of Hb in immature erythro-
cytes . J. Histochem . Cytochem . 18 :674 .

CASPERSSON, T. 1950. Cell Growth and Cell Func-
tion. W. W. Norton & Company Inc ., New York .

DAWSON, A. B. 1936. Some observations on the
primitive and definitive erythrocytes of the de-
veloping chick embryo. Z . Zellforsch . Mikrosk .
Anat . 24 :256 .

DECARVALHO, S . 1951 . Cytochemie de l'hemoglo-
bine. Demonstration de l'existence de cette sub-
stance dans les nojoux des erythroblasts . C . R .
Soc . Biol . 145 :607 .

Fox, R . P., and A . B. PARDEE . 1970 . Animal cells :
Noncorrelation of length of G1 phase with size
after mitosis . Science (Washington) . 167:80.

GRANICK, S ., and R. LEVERE . 1965 . The intracellular
localization of heme by a fluorescent technique .
J. Cell Biol . 26 :167 .

GRASSO, J . A., and J . W . WOODWARD . 1966. The
relationship between RNA synthesis and Hb
synthesis in amphibian erythropoiesis . J. Cell
Biol. 31 :279 .

GRASSO, J . A., and J. W . WOODWARD . 1967. DNA
synthesis and mitosis in erythropoietic cells . J.
Cell Biol . 33 :645 .

GRASSO, J. A ., J. W. WOODWARD, and H . SWIFT .
1963. Cytochemical studies on nucleic acids and
proteins in erythrocyte development . Proc. Nat.
Acad. Sci. U. S . A., 50:134.

HANAWALT, P . C., O. MAALOE, D . J. CUMMINGS,
and M. SCHAECHTER . 1961 . The normal DNA
replication cycle II . J. Mol . Biol . 3 :156 .

HELL, A. 1964 . The initial synthesis of hemoglobin
in the embryonated chick blastoderms . I . Metab-
olism of the blastodisc cultured in vitro . J. Embryol .
Exp. Morphol. 12:609 .

HOLTZER, H., and J . ABBOTT. 1968. Oscillations of
the Chondrogenic Phenotype in vitro . In The
Stability of the Differentiated State. H. Ursprung,
editor . Springer-Verlag, Berlin .

HOLTZER, H. 1970 . Proliferative and Quantal Cell
Cycles in the Differentiation of Muscle, Cartilage
and Red Blood Cells. In Symposia of the Inter-
national Society for Cell Biology . H. Padykula,
editor . Academic Press Inc ., New York . 9.

KILLANDER, D., and A. ZETTERBERG. 1965 a . Quan-
titative cytochemical studies on interphase growth .
I. Determination of DNA, RNA and mass con-
tent of age determined mouse fibroblasts in vitro
and of intercellular variation in generation time .
Exp . Cell Res . 38:272 .

KILLANDER, D., and A. ZETTERBERG. 1965 b. A
quantitative cytochemical investigation of the
relationship between cell mass and initiation of
DNA synthesis in mouse fibroblasts in vitro .
Exp . Cell Res . 40:12 .

KILLMAN, S . A. 1970. Cell classification and kinetic



aspects of normoblastic and megablastic erythro-
poiesis . Cell Tissue Kinet . 3 :217 .

LUCAS, A. M., and C . JAMROZ . 1961 . Atlas of Avian
Hematology. U. S. Dept. of Agriculture Mono-
graph. Washington, D . C . 25 .

MAALOE, O., and N. O. KJELDGAARD . 1966 . Con-
trol of macromolecular synthesis, W . A. Benjamin
Inc., New York.

MAYALL, B. H., and M. L . MENDELSOHN . 1970 a .
Deoxyribonucleic acid cytophotometry of stained
human leucocytes . II. The mechanical scanner
of CYDAC, the theory of scanning photometry
and the magnitude of residual errors . J. Histo-
chem. Cytochem . 18 :383 .

MAYALL, B. H., and M . L . MENDELSOHN . 1970 b .
Errors in absorption cytophotometry : some theo-
retical and practical considerations . In Introduc-
tion to Quantitative Cytochemistry . G. L. Wied
and G. H. Bahr, editors, Academic Press Inc .,
New York . 2 .

MAZIA, D. 1962 . Mitosis and the physiology of cell
division . In The Cells . J . Brachet and A. E. Mir-
sky, editors. Academic Press Inc., New York .
111 :77 .

O'CONNOR, R. J . 1952 . Growth and differentiation
in the red blood cells of chicken embryo . J . Anat .
86:320 .

PFEIFFER, S. W., and L. J . TOLMACH. 1968 . RNA
synthesis in synchronously growing populations
of HeLa S3 cells . I . Rate of total RNA synthesis
and its relationship to DNA synthesis . J. Cell
Physiol. 71 :77.

PRESCOTT, D. M. 1955 . Relations between cell
growth and cell division . I. Reduced weight,
cell volume, protein content, and nuclear volume
of Amoeba proteus from division to division . Exp .
Cell Res . 9 :328 .

RALPH, P. H. 1941 . The histochemical demonstra-
tion of Hb in blood cells and tissue smears . Stain
Technol. 16 :105 .

ROMANOFF, A. L . 1961 . The Avian Embryo . Mac-
Millan .

RYCHTER, Z ., M. KOPECKY, and LEMEZ . 1955 .
Krev Kurecich zarodku . IV. Objem cirkulujici
drev od . 2. dne inkubace (20 somitu) do vylihnuti .
Cs. MorJol . 3 :11 .

SANDREUTER, A. 1951 . Vergleichende untersuchun-
gen uber die blutbildung in der Ontogenese von

hanschn (Gallus gallus) and Star (Sturnus v . cul-
ganis) . Acta Anatomica Suppl. 14 XI:677.

Seed, J . J . 1966 . The synthesis of DNA, RNA and
nuclear protein in normal and tumor strain cells .
J. Cell Biol. 28 :233.

SLONIMSKI, P. 1927 . Sur une modification de l'ultra-
micromethode de Wu-Hsieh et son application
à la recherche de l'hemoglobine dans les disques
germinatifs des oiseaux . C . R . Soc. Biol . 96 :1496 .

SMALL, J . V., and H. G . DAVIES . 1970 . The hemo-
globin in the condensed chromatin of mature
amphibian erythrocytes : a further study . J. Cell
Sci. 7 :15 .

Stohlmann, F. 1964. Humoral regulation of eryth-
ropoiesis, XIV. A model for abnormal erythro-
poiesis in thalassemia . Ann. N . Y . Acad. Sci . 119 :578 .

TARBUTT, R. G . 1967 . A study of erythropoiesis
in the rat. Exp. Cell Res. 48:473 .

THORELL, B . 1947. Studies on the formation of cellu-
lar substances during blood cell production .
Acta Med. Scand . (129, Suppl .) 200 :1 .

THORELL, B., and L. RAUNICH . 1966. Microspectro-
photometric observations on erythrocyte develop-
ment in the chick embryo . Ann. Med. Exp. Biol.
Fenn., 44:131 .

ToozE, J., and H. G. DAVIES . 1963 . The occurrence
and possible significance of Hb in the chromosomal
regions of mature erythrocyte nuclei of the newt
Triturus cristatus . J. Cell Biol . 16 :501 .

WEINTRAUB, H., G. LE M. CAMPBELL, and H .
HOLTZER . 1971 . Primitive erythropoiesis in early
chick embryogenesis, I . Cell cycle kinetics and
the control of cell division . J. Cell Biol . 50 :652 .

WICKRAMASINGHE, S. N ., E. H . COOPER, and D. G .
CHALMERS . 1968 a. A study of erythropoiesis by
combined morphologic, quantitative cytochemical
and autoradiographic methods . Normal human
bone marrow, vitamin B 12 deficiency and iron
anaemia . Blood J. Hematol . 31 :304 .

WICKRAMASINGHE, S. N ., E . H. COOPER, and D. G.
CHALMERS . 1968 b. A study of ineffective eryth-
ropoiesis in sideroblastic anemia and erythraemic
myelosis . Cell Tissue Kinet. 1 :43 .

WICHRAMASINGHE, S. N ., E . H . COOPER, and D. G .
CHALMERS . 1969. Arrest of cell proliferation and
protein synthesis in megaloblasts of pernicious
anemia . Acta Haematol. 41:65 .

WILT, F. H . 1962 . The ontogeny of chick embryo
hemoglobin . Proc . Nat . Acad. Sci. U. S. A . 48 :1582.

CAMPBELL ET AL. Primitive Erythropoiesis in Early Chick Embryogenesis. II

	

681


