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Abstract

Human embryonic development involves transition from yolk
sac (YS) to liver (L) hemopoiesis. We report the identification
of pluripotent, erythroid, and granulo-macrophage progenitors
in YS, L, and blood from human embryos. Furthermore, com-
prehensive studies are presented on the number of hemopoietic
progenitors and precursors, as well as of other cell types, in YS,
L, and blood at precisely sequential stages in embryos and early
fetuses (i.e., at 4.5-8 wk and 9-10 wk postconception, respec-
tively). Our results provide circumstantial support to a mono-
clonal hypothesis for human embryonic hemopoiesis, based on
migration of stem and early progenitor cells from a generation
site (YS) to a colonization site (L) via circulating blood. The
YS - L transition is associated with development of the differ-
entiation program in proliferating stem cells: their erythroid
progeny shows, therefore, parallel switches of multiple param-
eters, e.g., morphology (megaloblasts -+ macrocytes) and globin
expression (D- a, E y).

Introduction

Human hemopoiesis is sustained by a pool of pluripotent stem
cells, which are capable of both extensive self-renewal and dif-
ferentiation into progenitors committed to the various hemo-
poietic lineages ( 1-3). In semisolid cultures, pluripotent progen-
itors from human adult marrow (4) and fetal liver (FL)' (5) give
rise to mixed colonies, and are hence termed CFU-GEMM (col-
ony-forming unit(s), granulocytic, erythrocytic, macrophage-
monocytic, megakaryocytic). At least two erythroid progenitors
have been identified in adult (6-8) and fetal (9-10) age, the
erythroid burst-forming unit(s) (BFU-E), and the colony-forming
unit(s) (CFU-E), which generate, respectively, large "bursts" and
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1. Abbreviations used in this paper: BFU-E, erythroid burst-forming
unit(s); CFU-E, erythroid colony-forming unit(s); CFU-GEMM, colony-
forming unit(s), granulocytic, erythrocytic, macrophagemonocytic,
megakaryocytic; CFU-GM, colony-forming unit(s), granulo-macrophage;
CRL, crown-rump length; CSF, colony stimulating factor, Ep, erythro-
poietin; EPA, erythroid-potentiating factor; FL, fetal liver, GM, granu-
locyte-macrophage; IMDM, Iscove's modified Dulbecco's medium; L,
liver, NASDCA, napthtol AS-D chloroacetate esterase; YS, yolk sac.

small clusters oferythroblasts. BFU-E represent early progenitors,
closely deriving from the pluripotent compartment (1 1). They
differentiate into late progenitors (CFU-E), which in turn feed
into the erythroblastic pool. Granulo-macrophage progenitors
(CFU-GM), identified in both adult (12) and fetal mammals (5),
may be similarly subclassified as early and late progenitors ( 13).

The complex mechanisms controlling proliferation and dif-
ferentiation of stem and progenitor cells in mammals are still
debated. In both humans and mice a variety of glycoprotein
positive regulators, produced by the T lymphocyte-macrophage
complex, have recently been purified and the corresponding
genes have been cloned (14, 15). In adult humans, in vitro for-
mation of mixed colonies is induced by the "pluripotent" colony
stimulating factor (CSF) (16), while BFU-E proliferation is ap-
parently modulated by erythroid-potentiating factor or activity
(EPA) (17-18). Erythropoietin (Ep) (19, 20) mainly modulates
differentiation of CFU-E in vitro and in vivo (3, 21). In both
human and murine cultures, granulocyte-macrophage (GM)
proliferation is controlled by three types of CSF, termed GM-
CSF, G-CSF, and M-CSF, respectively (14-15).

Ontogenic development of the human hemopoietic system
involves a series of coordinated changes in embryonic and early
fetal life (i.e., at 3-8 wk and 9-10 wk postconception, respec-
tively) (22, 23). At 3-4 wk the first generation of hemopoietic
cells proliferates in yolk sac (YS) and extraembryonic mesen-
chyme. These elements consist largely of "primitive" erythro-
blasts (megaloblasts), which are present in circulating blood from
4 wk onward. At 5-6 wk the YS is replaced by the liver (L) as
the main hemopoietic site. In L parenchyma, "definitive" eryth-
ropoietic cells massively proliferate, thus giving rise to enucleated
macrocytes. The definitive series enter into the bloodstream from
8 wk onward, thus gradually replacing circulating megaloblasts.

Although the general outline of these developmental phe-
nomena has been established, their systematic analysis at pre-
cisely sequential stages has not been possible so far (see below).
In particular, the kinetics of embryonic hemopoietic precursors
have not been described in quantitative terms. More important,
data on human embryonic stem and progenitor cells are virtually
nonexistent so far.

We report the identification and the characterization of plu-
ripotent, erythroid, and GM progenitors in human embryos.
Detailed studies are presented on the time course of hemopoietic
progenitors and differentiated precursors in YS, L, and blood at
precisely sequential stages in the 5-10-wk postconception period.

Methods

Hemopoietic organs in embryos andfetuses. Our understanding ofhuman
embryonic hemopoiesis has been severely hampered so far by a variety
of technical limitations. Human embryos have been scarce, particularly
in the crucial 4-6-wk postconception period. Furthermore, it was difficult
to obtain and process the embryos within a few hours of the abortion.
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Finally, the embryos were rarely intact: hence, they could not be precisely
dated, while the hemopoietic tissues were often contaminated by bacteria.

In an attempt to overcome these limitations, we have analyzed he-
mopoiesis in YS, L, and blood from 41 embryos and eight fetuses, ob-
tained virtually intact by legal curettage abortions at 4.5-8 wk and 9-
10 wk, respectively (24, 25, and Table I). After the abortion, all specimens
were immediately washed, maintained in Iscove's modified Dulbecco's
medium (IMDM) (Gibco, Grand Island, NY) at +4°C, and finally proc-
essed within 3-6 h after the abortion. Hemopoietic organs (YS, L) were
unequivocally recognized and dissected under the microscope in sterile
conditions. Circulating blood was obtained by aspiration from heart and/
or umbilical cord veins, free from any maternal blood contamination.

YS was obtained in 4.5-wk, 5-wk, and rarely 6-wk specimens, pe-
ripheral blood free of maternal contamination only from 5 wk onward.
In the smallest embryos (end of the fourth week, stage 13, crown-rump
length [CRL] 5-6 mm, see Table I) the L is constituted by a mere ru-
diment.

"Normal" bone marrow was obtained from 19-40-yr-old hematology-
oncology patients without apparent marrow involvement, with seemingly
normal hemopoiesis, and was obtained prior to initiation of treatment.

Fully informed consent had been obtained in advance from the
mothers and the adult volunteers.

Cell preparation. A monocellular suspension from YS and L in
IMDM, supplemented with bovine serum albumin (1.5%) (wt/vol)
(Fraction V; Sigma Chemical Co., St. Louis, MO), was obtained by gently
passing cells through progressively smaller needles down to No. 25. In
the final suspension, viable cells (trypan blue staining) were always >95%,
while cellular debris were not present. Progenitor cells were not purified,
in order to avoid their partial loss.

Morphology studies. Cellular suspensions obtained from embryonic
L were cytocentrifuged and stained by the conventional May-Grunwald
Giemsa method. Cytochemical reactions included periodic acid Schiff,
napthtol AS-D chloroacetate esterase (NASDCA), and Graham-Knoll
peroxidase.

Histologic preparations of freshly dissected L were embedded in Epon
Resin 812 (Fisher Scientific Co., Pittsburgh, PA); semithin sections (1.5
,um) were used for both light and transmission electron microscopy (TEM)
according to standard procedures. In the time course studies by light
microscopy, of each section, >500 cells were identified and counted in

Table I.

Developmental Number of
Age CRL stage Analyzed tissues specimens

wk mm

Embryos 5-6 13 Yolk sac, 5
4-5 liver rudiment
5 7-9 14, 15 Yolk sac, 6

liver, blood

%;) 6 10-12 16 Liver, blood 11

7 13-17 17 Liver, blood 8

1) 8 18-30 19-22 Liver, blood 11

X \ Fetuses 30-50 - Liver, blood 5
9

10-12 >50 - Liver, blood 3

both peripheral-marginal and central area (at least five sections were
examined for each specimen).

Cell culture. Each l-ml plate contained the following components
in IMDM (26): methylcellulose (0.8%, final concentration), a-thioglycerol
(10-' M), a selected heat-inactivated fetal calf serum (FCS; batch No.
2919130; Flow Laboratories, Glasgow, Great Britain) (40%), Ep (specific
activity, 1,140 IU/mg of protein, generously provided by National In-
stitutes of Health, Bethesda, MD), and nucleated cells (0.5-3 X 105, in
order to avoid overcrowded cultures). Each point was assayed at least in
duplicate. The plates, incubated in a humidified 5% CO2 in air atmosphere
at 37°C, were removed from the incubator and examined up to three
different times.

The culture conditions allowed optimal growth oferythroid and GM
progenitors from FL, adult marrow, or blood. In particular, semipurified
exogenous Ep was added at plateau levels (2-3 IU/plate). In this regard,
the Ep dose-response curve ofembryonic-fetal erythroid progenitors (re-
sults not shown here) is virtually superimposable to that of BFU-E and
CFU-E from older fetuses (10). EPA and CSFs were present in the selected
FCS batch at levels allowing peak growth of corresponding adult and
fetal progenitors (results not presented here). The culture conditions also
allowed growth of pluripotent progenitors.

Erythroid colonies were recognized in situ on the basis oftheir orange-
red color. This was confirmed by control studies, whereby colonies were
picked up, cytocentrifuged, and stained with May-Grunwald + Giemsa.
Pure GM and mixed colonies were identified in situ (see 4), and the
scoring criteria confirmed by control experiments on cytocentrifuged
cells (not presented here).

Results

Total cell number in hemopoietic organs. In the 5-10-wk period,
the L size undergoes a dramatic increase, associated with an
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Figure 1. Time course of nucleated cells in L from human embryos
(5-8 wk) and fetuses (9-10 wk) (mean±SEM values from 3-6 speci-
mens per point). Corresponding values in YS from 5-wk embryos are
also included. YS and L were dissected under the microscope and re-
suspended in IMDM supplemented with 5% FCS. Monocellular sus-
pensions were obtained by carefully flushing the cells through progres-
sively smaller needles down to No. 25. For further details see experi-
mental procedures.
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exponential rise of the total nucleated cell number from mean
values of 2.3 X 106 to 1.7 X 108 (Fig. 1). Corresponding values
in 5-wk YS are also shown (Fig. 1).

Identification and characterization ofcolonies generated by
embryonic progenitors. In semisolid cultures ofhuman FL, plu-
ripotent (CFU-GEMM), early (BFU-E), or late (CFU-E) ery-
throid and GM (CFR-GM) progenitors generate specific types
ofcolonies (5, 10). In the present studies, methylcellulose cultures
of embryonic YS, L, and blood similarly gave rise to colonies
ofCFU-E, BFR-E, CFU-GM, and CFU-GEMM type. The col-
onies are assumed to be clonal, as demonstrated for correspond-
ing adult aggregates, provided the plates are not overcrowded
(27, 28). This postulate is in line with observations on cell dose-
response regression curves (see below).

The morphology of embryonic CFU-E clusters, as well as
BFU-E, CFU-GM, and CFU-GEMM colonies (not shown), was
equivalent to that of corresponding fetal and adult aggregates.
In regard to their size, CFU-E clusters comprise 20-150 cells,
BFR-E and CFU-GEMM colonies comprise 6-8 X 102 to 4-6
X 103 elements, and CFU-GM aggregates include 1-2 X 102 to
2-3 X 103 cells.

The time-growth curve (not shown here) of embryonic col-
onies is virtually identical to that of corresponding fetal ones:
CFR-E, BFU-E, CFR-GM, and CFR-GEMM derived clones
reach peak values at 4, 10, 9-1 1, and 12 days, respectively. Their
growth is therefore accelerated as compared to that of corre-
sponding adult colonies (10).

Cell dose-response curvesfor embryonic progenitorsfrom YS,
L, and blood. The cell dose-response regression curves ofCFR-
E, BFU-E, and CFU-GM in YS and L from 5-wk embryos are
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shown in Fig. 2 (results on blood progenitors not included). All
curves are linear through the origin, which indicates a lack of
significant cell/cell cooperation in the explored cell concentra-
tions (2.5 X 10' to 4 X 105 cells/plate). Similar results were
obtained at later ontogenic stages (not shown, and 10). This
pattern suggests clonality ofthese colonies, and confirms presence
ofplateau levels ofhemopoietins in the culture medium. There-
fore, in vitro assay ofhemopoietic progenitors apparently allows
reliable evaluation of their kinetics in vivo.

The low number ofCFU-GEMM did not permit us to eval-
uate their cell dose/response curve, thus also rendering uncertain
analysis of their in vivo dynamics.

Time course of the number of hemopoietic progenitors in
4.5-12-wk embryos andfetuses. At the end of the fourth week
(i.e., 4.5-wk embryos) BFU-E are abundant in YS, but almost
undetectable in L cell suspensions. Since hepatic sinusoids are
prominent at this stage, the BFU-E number is presumably very
low in circulating blood. CFU-E are numerous in YS but totally
absent in L, and hence admittedly also in blood. The dynamics
ofCFU-GM are similar to that of BFU-E.

5-wk embryos. BFU-E are present in YS, blood, and L. At
the YS level, their number becomes dramatically lower than at
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Figure 2. Cell dose-response regression curves of hemopoietic progeni-
tors (BFU-E, CFU-E, and CFU-GM) from YS and L of 5-6-wk-old
embryos (mean values from three different specimens: SEM were al-
ways <10% of corresponding mean values). Regression analysis: P
< 0.01 for all curves. See also legend of Fig. I and text.

Figure 3. Time course of the number of hemopoietic progenitors in 5-
1 2-wk embryos and fetuses, and corresponding values for progenitors
in adult marrow, grown in the same culture conditions (mean values
from 4-6 different specimens: SEM were always <10% of correspond-
ing mean values). Day 4 CFU-E from adult marrow have been de-
scribed by Ogawa et al. (8) and recently termed high Ep sensitive cells
(HESC) (42). In 5-wk blood the number of BFU-E and CFU-GM pro-
genitors was equivalent to that observed in YS, while CFU-E could
not be detected. See also legend of Fig. I and text.
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4.5 wk. Conversely, at the L level the BFU-E concentration be-
comes sharply more elevated than at 4.5 wk. Also note that the
BFU-E concentration is distinctly more elevated in L than in
blood: this difference indicates that BFU-E are largely located
in the hepatic parenchyma rather than in sinusoids. Here again,
the kinetics of CFU-GM are similar to those of BFU-E. As for
CFU-E, they are still relatively abundant in YS, as compared
with YS BFU-E. Conversely, they are virtually absent in L and
blood. In this last regard, embryonic CFU-E apparently do not
circulate in blood (results not shown), as also observed in fetal
(29), neonatal (30), and adult life (8). It may be added that dif-
ferentiated erythroid precursors are present in embryonic (23),
fetal, and neonatal blood (31).

Later stages ofdevelopment (Fig. 3). The concentration of
BFU-E in L undergoes a rapid rise, up to plateau values from
8-9 wk onward. Interestingly, the saturation levels are similar
to those observed in adult marrow under the same culture con-

ditions. CFU-E are first detected in L at 6 wk. Their hepatic
concentration shows a dramatic rise at 7 wk, followed by a pla-
teau from 8 wk onward. Once again, saturation values are similar
to those observed for day 4 CFU-E in adult marrow (also see
legend of Fig. 3). CFU-GM dynamics are comparable to those
of BFU-E, except for a possible decline in their relative number
at 8-9 wk.

Cell dynamics in S-10-wk L: a comprehensive analysis. As
previously mentioned, 5-wk L essentially comprises megaloblasts
in sinusoids, as well as blasts, mesenchymal, and hepatocytic
cells in parenchyma (Fig. 4 A). In particular, 5-wk L is histo-
logically characterized by cordonal formations ofepithelial cells
developing into mesenchymal tissue deriving from the septum
transversum: in the contact areas the mesenchyme gives rise to
the primitive system of L sinusoids, while the epithelial cords
rapidly develop around them in an interdigitating pattern (Fig.
4 A). Numerous macrophages are observed at 5-6 wk, partic-

Figure 4. (A) Section of a 5-wk L stained
with toluidine blue (X 600). (B) Section
of a 7-wk L stained as in (A) (X 300).
Symbols: b, blast cell; E, definitive eryth-
roblasts organized in nests; H, hepato-
cyte; M, circulating or adherent Kupffer-
like macrophages; m, megaloblasts.
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ularly within the sinusoidal wall (Fig. 4 A). At 6-8 wk, discrete
nests of definitive erythroblasts appear and then rapidly expand
in parenchyma, while megaloblasts are still observed in sinusoids
(Fig. 4 B).

The time course of L blasts and hemopoietic cells has been
first evaluated in cytocentrifuged smears (Fig. 5 A) (this tech-
nique does not allow recognition of cytocentrifuged and hence
clumped-damaged hepatocytes and mesenchymal elements). It
is thereby apparent that the wave of definitive erythroid differ-
entiation, initiating at the end of the fifth week, is associated
with an inverse decline of blastlike cells. Some blasts may rep-
resent pro-erythroblasts at an early stage of differentiation, and

A

I-

1X0

4 ° \ '
o df n|primitive erythrobtasts
0

z
4 macrophages/
I10
o~~~~~~~~~~~~~~~~~

0.
C.) /~la--ts

L) 5 5 6
/ monocyticA

o granulocytic
a. series

0

4-55 6L 7 6
Age (wk)

I-

4 100
im
0
a
I.-

La 75
I-
z

a
0

251

U
4c

2I
I

0

00

IewrvPrnbLstsI

CLE

Adult

v- Emarrow
445 5 6 7 a 5

Age (wk)

Figure 5. Time course of hemopoietic precursors (A) and definitive
erythroblasts (B) in embryonic-fetal L (percent values from a mini-
mum of three specimens per point). Cellular suspensions, obtained as
described in the legend of Fig. 1, were cytocentrifuged and stained by
the conventional May-Grunwald + Giemsa method.

thus, may be difficult to recognize (see below). As expected, im-
mature erythroblasts peak earlier than mature ones (Fig. 5 B).
In the final steady state condition, the relative ratio ofpro-eryth-
roblasts, immature and mature erythroid cells is similar to cor-
responding values in adult marrow (Fig. 5 B). A discrete number
of differentiated granulo-monocytic cells is clearly observed at
the end of 4 wk and at 5 wk, but becomes negligible at later
stages, due to the overwhelming erythroid proliferation (Fig.
5 A). Identification of granulocytic elements was confirmed by
NASDCA and peroxidase reactions (see Methods, and results
not shown here), as well as electron microscopy (not shown).
Rare megakaryocytes are observed throughout the 5-10-wk pe-
riod (not shown here).

We then attempted to provide a comprehensive analysis of
cell dynamics in 4.5-10-wk developing L. Results on progenitors,
derived from clonogenic assays (see above), were plotted together
with those on hemopoietic precursors and other cell types, ob-
tained by analysis of tissue sections (see Methods).

All values were expressed in terms of the total number of
each type of cell in L: this was calculated on the basis of both
the relative frequency of each element (in L cultures [Fig. 3] or
tissue sections [data not shown]) and the total number of L
nucleated cells (Fig. 1).

The identity of granulo-monocytic precursors cells could
hardly be established in sections. Since the mean relative fre-
quency ofother precursors in the overall hemopoietic population
was virtually identical in both sections and smears, the number
ofGM elements was extrapolated from smear values. Further-
more, the L histology is not homogenous at the end of4 wk and
at 5 wk. In the latter stage the central part is highly vascularized,
while in peripheral portions mesenchymal cells are distinctly
prevalent; the data reported below refer to mean values from
sections through both central and peripheral structures.

Although different L specimens yielded homogenous results,
the calculated mean values are admittedly only indicative. Nev-
ertheless, the marked fluctuations observed for the majority of
cell types render these values of considerable significance, and
clearly identify time-course patterns specific for each cell type.

The impressive wave of definitive erythropoiesis is clearly
depicted in Fig. 6 A. Its timing is obviously in line with that
observed in smears. As expected, the rise ofthe number ofCFU-
E parallels that of erythroblasts. BFU-E kinetics is characterized
by an early 5-6-wk phase of rapid increase without detectable
differentiation, and a secondary 7-10-wk period of slower rise,
associated with massive erythroid differentiation.

The number of intrasinusoidal megaloblasts shows a con-
siderable increase in the 5-6-wk period, presumably as a con-
sequence of their production in YS. Later, the size of their in-
trahepatic pool is virtually at steady state level.

The number of blasts shows a gradual rise, slower than that
of the total nucleated L cells. The physiological significance of
these elements is uncertain. A small part thereof admittedly rep-
resents hemopoietic stem and early progenitor cells. The ultra-
structural features of some blast elements (not shown here) are
virtually identical with those described for purified murine stem
cells (32). Other blasts may constitute early proerythroblasts,
which are difficult to identify by conventional microscopy. In
this regard, electron microscopy observations indicate that some
blast cells are apparently more differentiated than other ones
(not presented here). Those blast cells that are more differentiated
are characterized by more prominent ribosomes and endo-
plasmic reticulum and a lower number of mitochondria, as
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compared with the less differentiated blast cells. In view of the
2x1d - impressive wave of erythropoiesis in embryonic L, we suggest

1c TOTALLN cLEATED that the more differentiated blasts represent at least in part early
5 0 pro-erythroblasts. In this regard, note that in steady state con-

ditions (i.e., at 7-9 wk) the number ofblasts falls neatly between
7 the number of erythroblasts and the number of erythroid pro-10 . IERYTHOLAST~ genitors.

5 / As mentioned above, some L blast cells presumably represent
0-- / pluripotent and early progenitors. Hence, it is of interest that

we observed all the sequential stages of the crossing of the L
endothelial barrier by blast cells (i.e., adherence of blasts to the
intraluminal side ofthe endothelial wall, gradual passage ofthem

tIEnTHRocL^>T through this barrier, and location of blasts on the other side of
UP : /./ the sinusoidal wall and within the epithelial cords) (Fig. 7
5 - // A-D). More important, 5-wk L sections often show preferential

presence ofblast cells around the lumen of developing sinusoids

Kld / / (Fig. 8). In later stages of development, blasts are randomly in-
terspersed within the L parenchyma, without a preferential lo-

I cation around the sinusoids (not shown). In spite of its inherent
limitations, this morphological analysis is compatible with active

10d , CFU-E crossing of the sinusoidal wall by a large number of blast cells,
5 / / prevailingly from blood into L parenchyma (but also vice versa,
| *./ j see Discussion), perhaps via chemotactic mechanisms (33).

The kinetics of other cell types are presented in Fig. 6 B. A
02 / discrete wave of granulo-monocytic differentiation is apparent

5 1 / (see also Fig. 5 A). It initiates at 5 wk, earlier than its erythroid
counterpart. Later, it undergoes a relatively mild increase, which
parallels that of the total L cell number. The amplification of

° __** * * the differentiated granulo-monocytic pool is thus markedly less
4-5 5 6 7 8 9 10AGE IWK) prominent than that of erythroblasts, although the kinetics of

BFU-E and CFU-GM are similar.
At 7-9 wk, the number of macrophages is comparable to

ITOTAL N&EATED1id' II CELLS that of granulo-monocytic elements. At 5-6 wk, however, the
5 . former parameter greatly exceeds the latter. This might suggest

0/,/that, in this ontogenic stage, macrophages may be generated at
710 least in part by mesenchymal cells, and/or CFU-GM undergo
5 0 preferential differentiation in the macrophage pathway.

a Finally, it is not surprising that the kinetics of hepatocytic
and mesenchymal cells parallel those of total nucleated L ele-

s ........ ments..5

..... ....
.

..... ...... Discussion
\ ~~MONOCYTI /

X GRANUOTic W/Ee report the identification and the partial characterization of
SIER IS

/pluripotent, erythroid, and GM progenitors in human embryos,
Z -~* -. *as well as the fluctuations of the number of hemopoietic pro-
0 5 / lC-F_U-GQgenitors and precursors in hemopoietic organs at 4.5-10 wk after

conception.
BFU-E, CFU-E, and CFU-GM have been identified in YS,

5-
(CFU-GM) and precursors (macrophages and granulo-monocytes), as
well as hepatocytes and mesenchymal cells, in embryonic-fetal L.

lo?- The total number of progenitors has been calculated from their
5 frequency values (Fig. 3) and the overall number of nucleated cells in

L (Fig. 1). The total number of morphologically recognizable cells has
been calculated from the corresponding percent values, as evaluated

lo0 on hepatic sections (see Methods), and the total number of nucleated
0

4-5 5 6 7 8 9 10 cells in L (Fig. 1). The identity of granulo-monocytic cells was difficult
to establish in sections, and was thus extrapolated from corresponding

Figure 6. Time course of the number of: (A) erythroid progenitors smears. In this regard, the mean relative frequency of other precursors
(BFU-E, CFU-E) and precursors ("primitive" and "definitive" eryth- in the overall hemopoietic population was virtually identical in both
roblasts) in embryonic-fetal L; (B) granulo-monocytic progenitors sections and smears. For further details see text.
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Figure 7. (A-D) Sequential phases of the crossing of a sinusoidal wall by a blast cell (indicated by the arrow) in 5-wk L (X 1,000). For further
details see text.

L, and circulating blood by standard clonogenic cultures in
semisolid medium. We have also noted mixed colonies generated
by pluripotent progenitors (CFU-GEMM); however, it was dif-

ficult to analyze them because of their relatively low number.
The clonogenic characteristics of the progenitors have been de-
scribed above.
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Figure 8. Prevalent perisinusoidal loca-
tion of blast cells in 5-wk L (X 12,000).
B, blast cell; H, hepatocyte; S, sinusoidal
space.

Results reported here allow us to delineate the dynamics of
hemopoietic cells in 4.5-8-wk embryos and 9-10-wk fetuses.
The primary "megaloblastic" phase and the secondary "macro-
cytic" period have been described in Results, at both precursor
and progenitor levels.

The early "megaloblastic" period deserves further discussion.
In 5-wk L early progenitors are abundant, while CFU-E and
erythroblasts are virtually absent. Do early progenitors derive
from YS via blood, and/or are they generated in L by undiffer-
entiated cells?

Cell migration is a key mechanism underlying embryonic
development (33). In fetal (29), neonatal (30), and adult human
life (8), stem and early progenitor cells cross-circulate between
the hemopoietic sitts and the bloodstream. In 5-wk embryos
pluripotent and early progenitors may circulate between YS,
blood, and L. In this regard, we propose a monoclonal model
for human embryonic hemopoiesis, based on migration of stem
and early progenitor cells from a generation (YS) to a coloni-
zation site (L). This hypothesis is supported by several lines of
circumstantial evidence: first, studies in mice suggest that YS
stem cells colonize the L parenchyma (34-36).

Second, our observations in humans indicate that: (a) in the
fifth week, the YS BFU-E pool undergoes a dramatic depletion,
while BFU-E become readily detectable in the bloodstream and
their number undergoes a striking rise in L parenchyma. De-
pletion of YS BFU-E can hardly be attributed to their massive
differentiation, since the number of YS CFU-E does not show
a rise, but rather, a moderate decline. By implication, these ob-
servations are best interpreted in terms of massive YS - L mi-
gration ofBFU-E (mnigration ofYS CFU-E is seemingly excluded,
since these progenitors are absent in 5-wk blood and L).

(b) As mentioned above, some L blasts presumably represent
pluripotent and early progenitors. Morphological observations
are compatible with active crossing of the sinusoidal wall by a
large number of blast cells, prevailingly from blood into L pa-
renchyma.

(c) Early progenitors in 5-wk YS, L, and blood exhibit iden-
tical features, in terms of clonogenetic characteristics, Hb syn-

thesis program (26), and membrane antigen pattern (not shown
here).

Third, the e - y globin switch is gradually initiated in prim-
itive megaloblasts, but is later completed in definitive macrocytes:
the relative synthesis of e-chains in the last generation of mega-
loblasts is slightly more elevated than in the earliest definitive
erythroblasts (37).

Embryonic hemopoiesis in the avian species is often inter-
preted in terms of a biclonal model (38-39): accordingly, two
independent differentiation events would generate two distinct
erythropoietic lineages, deriving from YS or other intraem-
bryonic tissues, particularly the L. In mammals, the aforemen-
tioned studies provide circumstantial support to a monoclonal
hypothesis: particularly, the findings reported here, correlated
with observations on embryonic hemoglobin switching (37),
suggest a unifying model in human embryos. Accordingly, a
single stem cell pool originates in YS at 3-5 wk and migrates in
the early 5-wk developing L. In 5-6-wk L, stem cells and early
progenitors intensively proliferate, while undergoing little dif-
ferentiation, thus leading to rapid expansion of their pool.
Erythropoiesis in L initiates at 6 wk and is massively enhanced
at 7-8 wk. At 5-6 wk, stem cells proliferating in L gradually
develop their differentiation program, i.e., their erythroid progeny
undergoes parallel switches of morphology (megaloblasts
macrocytes) and globin synthesis (D- a, E -- y).

A further aspect worth discussion is represented by the dy-
namics of erythroid vs. GM cells in 5-8-wk L. The initial 5-wk
period is characterized by a very rapid expansion of both BFU-
E and CFU-GM pool. This is associated with virtual absence of
CFU-E and erythroblasts, in contrast with the presence of a dis-
crete number of differentiated granulo-monocytic elements and
rare megakaryocytes. At 6-7 wk, appearance and rapid prolif-
eration ofCFU-E and erythroblasts are associated with an inverse
relative decline of granulo-monocytic cells. The GM elements
are apparently of hepatic origin. Indeed, it seems unlikely that
they derive from YS, wherein they are virtually absent (23; and
authors' observations). Furthermore, they are not observed in
blood, while granulocytic elements at all stages of maturation
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are present within L parenchyma at a distance from sinusoids
(data not shown).

These observations clearly indicate that stem cells in L un-
dergo a "differentiation switch". At 5 wk their intensive prolif-
eration is associated with discrete GM differentiation. From 6-
7 wk onward they are massively channeled into the erythroblastic
pathway. The switch obviously may be attributed to intrinsic
and/or extrinsic mechanism(s). In the avian model, switching
from primitive to definitive erythropoiesis is possibly mediated
by initiation ofEp release in the hemopoietic microenvironment
(38). In mammals, fetal L cells produce Ep in vitro (40) and in
vivo (20). In 5-wk human L, Ep production has not been ob-
served so far in culture (results not shown here), which is in line
with virtual absence ofCFU-E in vivo (Fig. 3). Hence, it is sug-
gested that in 6-7-wk L, initiation ofEp production may underlie
the above-mentioned switch: studies are currently in progress
in an attempt to verify this hypothesis. On the other hand, the
relatively low GM differentiation in embryonic-fetal L may be
related to the relatively low number ofCSF receptors on CFU-
GM therein, as observed in fetal mice (41).
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