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Abstract

The ontogenic switch from fetal to adult hemoglobin could result
from discontinuous events, such as replacement of fetal erythroid
progenitor cells by adult ones, or gradual modulation of the he-
moglobin program of a single progenitor cell pool. The former
would result in progenitors at midswitch with skewed fractional
fl-globin synthesis programs, the latter in a Gaussian distribution.
For these studies, we obtained bone marrow from rhesus monkey
fetuses at 141-153 d (midswitch). Mononuclear cells were cul-
tured in methyl cellulose with erythropoietin, and single BFU-
E-derived colonies were removed and incubated with I3Hileucine.
Globin synthesis was examined by gel electrophoresis and fluo-
rography. The j-globin synthesis pattern of single fetal colonies
was skewed, and did not fit a normal distribution. The fetal pat-
tern resembled the pattern of an artificial mixture of fetal and
adult progenitors, suggesting that the fetal progenitor pool could
contain populations with different j8globin programs. This non-
Gaussian distribution in the progenitors of midswitch fetuses is
consistent with a discontinuous model for hemoglobin switching
during ontogeny.

Introduction

The switch from fetal to adult hemoglobin that occcurs during
ontogeny is regulated such that a progressive accumulation of
erythrocytes with increasing content of adult hemoglobin re-
places fetal cells that contain >90% fetal hemoglobin. Whether
the switch is characterized by a series of intermittent steps or
functions is currently unknown (1).

In recent years it has been possible to examine the fetal switch
at the level of erythroid precursors and even progenitors by mea-
surement of hemoglobin synthesis in freshly obtained erythro-
blasts, erythroblasts derived from human fetal or newborn blood,
or simian marrow erythroid progenitors driven to differentiate
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in vitro (2-16). These studies have demonstrated that the forward
switch is in fact programmed at the progenitor level. Before the
onset of the switch, erythroid progenitors produce erythroblasts
that synthesize fetal hemoglobin almost exclusively. Just at the
onset of the switch, when marrow erythroblasts still exhibit very
little adult hemoglobin synthesis, progenitor-derived erythro-
blasts have clearly begun to switch to the adult phenotype. Thus,
the change in the phenotype of the progenitor-derived eryth-
roblast is the harbinger of an event that directs the future phe-
notype of recognizable marrow precursor cells. After this early
point in the switch the phenotype of progenitor-derived (partic-
ularly erythroid burst forming unit) erythroblasts becomes un-
expectedly weighted toward hemoglobin F (Hb F)' production.
At midswitch, erythroblasts derived from progenitors in vitro
synthesize much more Hb F than erythroblasts that populate
the same marrow in vivo. This peculiar hemoglobin phenotype
of progenitor-derived erythroblasts persists through adult simian
life. The same phenomenon is observed in humans as well, but
at a much lower level of Hb F production (17).

Weand others have previously demonstrated that all early
erythroid progenitors in adult humans or simians produce col-
onies of erythroblasts that contain some Hb F (7, 8, 10, 1 1). The
fractional synthesis of Hb F per colony exhibits a normally dis-
tributed (Gaussian) pattern (7, 1 1). Published data regarding the
human ontogenic switch have suggested that the fractional syn-
thesis of Hb F is distributed similarly to that of the adult, but
this conclusion was in fact derived from analysis of small num-
bers of colonies, insufficient to fully discriminte between discrete
vs. continuous models for the switch (1, 6-9).

The purpose of the studies described in this report was to
examine the characteristics of the fetal-to-adult hemoglobin
switch to determine whether the phenotype of erythroid pro-
genitors shifts toward adult hemoglobin synthesis so gradually
that the fraction of Hb F production in individual colonies ex-
hibits Gaussian characteristics, or whether a residual population
of progenitors programmed for high Hb F synthesis coexists
with adult programmed cells, particularly at midswitch when
the two discrete populations might be expected to be detectable.
A gradual or continuous evolution of the Hb F program within
a single clone would retain the Gaussian distribution pattern.
In contrast, a discrete, discontinuous ontogenic switch, due to
clonal replacement or the intermittent effect of environmental
factors, would lead to a skewed and possibly bimodal distribu-
tion.

Previous studies of switching at the progenitor level were
carried out with human cord blood (6-1 1). Although our own

1. Abbreviations used in this paper: Hb A, hemoglobin A; Hb F, he-
moglobin F.
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experiments suggested the presence of progenitors with discrete
hemoglobin programs (10, 1 1), definitive studies were not pos-
sible. In man, the middle of the switch from Hb F to hemoglobin
A (Hb A) occurs at -1 moof postnatal age (4, 5), a time not
readily accessible to study. Wetherefore chose to use a simian
model, in which midswitch occurs at 140-160 d in utero (12).
Our results suggest that a mixture of discrete populations of
erythroid progenitor cells may coexist during the midswitch pe-
riod, because the pattern of fractional Hb F synthesis in single
colonies is non-Gaussian.

Methods

Animals. Rhesus monkeys (Macaca mulatta) were cared for at the New
England Regional Primate Research Center in Southborough, MA, and
all procedures were approved by the scientific advisory committee at the
Center. Bone marrow was obtained from the femurs of fetuses from
timed pregnancies, delivered by cesarean section. The femurs were dis-
sected out sterilely, the ends snipped off, and the marrow flushed out
with a-medium. The four fetuses were of 141, 143, 151, and 153 d
gestation, within the range that we have previously shown to embrace
the midswitch period (12). Adult marrow was obtained by aspiration of
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Figure 1. Globin synthesis in rhesus
fetal BFU-E-derived colonies. The
fetus was 151 d gestation. The two
colonies are from the same culture
plate and were labeled from day 8 to
9. Insets show fluorograms of gel
lanes from [3H]leucine-labeled colo-

O nies. Figures show densitometric
tracings. (A) f, 1%. (B) f, 30%.

the iliac crests of the anesthetized mothers at the time of cesarean section.
These procedures have been described previously (12).

Cell culture. Bone marrow mononuclear cells were isolated by cen-
trifugation on Ficoll-Hypaque and either used directly or slowly cry-
opreserved and later thawed (18). Mononuclear cells from either source
were washed and suspended in a-medium, and then plated in methyl
cellulose at 100,000 cells/ml (final concentration) using methods similar
to those described for human cultures (10). Humanurinary erythropoi-
etin, kindly provided by the Division of Blood Diseases and Resources
of the National Heart, Lung, and Blood Institute, was used at 1-2 U/
ml. Each culture was in a final volume of 0.3 ml, and colony counts
were determined from three culture plates. The peak growth of colonies
was between days 8 and 10. Each study of individual colonies represents
all of the recognizable erythroid colonies in one or more culture plates.

Globin synthesis. Individual colonies were incubated for 16-24 h
with [3H]leucine and harvested in the presence of nonradioactive carrier
fetal and adult erythrocytes that had been previously cryopreserved in
glycerol. Globin chains were separated by electrophoresis on Triton acid
urea polyacrylamide gels, and relative radioactivity determined by fluo-
rography, followed by planimetry of x-rays scanned in a densitometer
(Gilford Instrument Laboratories, Inc., Oberlin, OH). Details of all of
these methods are provided elsewhere (10, 12). Percentage of#f synthesis
was calculated as 100 X #/AYI + 72 + A)
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Figure 2. Histograms of ft-globin synthe-
sis in adult rhesus bone marrow BFU-
E-derived colonies. A and B are from
two separate studies. (A) Labeled day 8
to 9. (B) Labeled day IO to 11.
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Table L Percentage fl-Globin Synthesis in Individual Adult Erythroid Colonies

Tests for normality

Wilk-Shapiro Kolmogorov-Smirnov
Sample n ,Bmean ,Bmedian firange ,tSD statistic P Skew P statistic P

All 15 50.3 53.2 19.7-78.3 18.5 0.96 >0.05 0.23 >0.05 0.06 >0.05
All 21 49.7 47.0 30.2-72.3 12.4 0.94 >0.05 0.44 >0.05 0.12 >0.05

Statistics and graphics. Data were analyzed and graphs plotted with
PROPHET,a timesharing computer resource sponsored by the Division
of Research Resources of the National Institutes of Health. The tests for
normal distribution were Wilk-Shapiro, when n . 50, and D'Agostino's,
when n > 50, as well as the Kolmogorov-Smirnov test of goodness of
fit to a normal distribution (19). Cumulative relative frequency plots
were also examined (20). The level of significance for all statistical tests
was 0.05.

Results

Fetal bone marrow erythroid colony growth, derived from BFU-
E, was maximal on days 8-10 and required <1 U/ml of eryth-
ropoietin. The number of colonies was usually between 50 and
300 per 100,000 plated cells. The appearance of the rhesus col-
onies resembled those seen in human cultures, although they
were somewhat smaller than human colonies, in part due to the
smaller size of rhesus cells. Adult rhesus colonies also achieved
maximal growth on days 8-10, although they were usually
smaller and not as red as the fetal colonies.

Globin synthesis in two representative fetal colonies is shown
in Fig. 1. The colonies shown are from a single culture plate
and indicate the extremes of the range of globin synthetic pat-
terns. The proportion of non-a-synthesis that was (3 was 1%and
30% in these two colonies, and the differences in the level of
radioactivity in the (3-bands are clear.

Individual BFU-E-derived colonies from adult bone marrow
are shown in Fig. 2. The means and medians for ,8-synthesis
were '-50%, and the histograms were consistent with a normal
distribution by all tests. The statistics are shown in Table I. The
ranges of (-synthesis were 19.7-78.3% in one study and 30.2-
72.3% in the other. These are within the range of (-synthesis
seen previously in adult marrows (12). Further analysis of the

patterns of (3-globin synthesis was performed with cumulative
relative frequency distribution plots (Fig. 3). In each of the two
studies the data form a straight line, consistent with normal
distributions.

To determine the pattern of (-synthesis resulting from a
mixture of two clearly discrete populations, the experiment de-
picted in Fig. 4 was performed. Erythroid colonies were grown
simultaneously from the marrow of a 153-d fetus and its mother.
In addition, co-cultures were established with a mixture of equal
numbers of fetal and adult mononuclear cells (100,000 of each
per milliliter). More than 40 colonies were included in each
analysis.

The separate cultures result in patterns of fractional (3-syn-
thesis that have two nonoverlapping distributions (Fig. 4 A).
The co-culture generated a (-synthesis pattern that was not quite
as discrete but appeared to have a similar pattern (Fig. 4 B). In
both circumstances, the mean (-synthesis was 25% (Table II).
In experiments where fetal and adult marrow were cultured sep-
arately but the data were analyzed collectively, the Wilk-Shapiro
and Kolmogorov-Smirnov tests were both consistent with a
pattern that was not distributed normally, as was expected for
two distinct populations. In the co-culture, the Wilk-Shapiro
test also rejected the hypothesis that the data were normally
distributed. There was instead a significant skew. The cumulative
relative frequency distribution plots shown in Fig. 5 demonstrate
the patterns seen when there are two populations (20). The left
sides of the plots show downward curves, with data lying above
the straight line derived by linear regression analysis. The middle
of the curve crosses the straight line and then returns to meet
the line.

The patterns of (-synthesis by individual fetal BFU-E-de-
rived colonies are shown in Figs. 6 and 7, and analyzed in Table
III. All of the fetal (3-histograms were positively skewed and not
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Figure 3. Cumulative relative frequency distri-
butions for the adult fl-globin synthesis data in
Fig. 2. The ordinate is a normal probability
scale. The solid line shows the best fit by linear
regression. The dashed line connects the data
points, shown as midpoints of cumulative in-
tervals.
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Figure 4. Histograms of 1-synthesis in rhesus mar-
row BFU-E-derived colonies. (A) 1534 fetus and
mother, cultured separately and plotted together.
Dots show data from mother's culture. (B) Fetus
and mother co-cultured.

normally distributed. The only exception is the analysis of the
153-d fetal samples by D'Agostino's test, in which P is between
0.05 and 0.1. However, this sample appears bimodal in shape
(Fig. 6 C), and P< 0.05, according to the Kolmogorov-Smirnov
test of goodness of fit. The pattern in Fig. 6 Chas two possible
modes, at 1-2% and 25-26% fl-globin. In all studies, the mean

percentage of (-synthesis exceeds the median, consistent with
the positive skew. For each fetal study, p-synthesis data were

arbitrarily grouped into those with "low" and "high" (-synthesis,
with ranges determined from the histograms. These arbitrary
groupings usually resulted in two separate populations in which
the skew was less evident (Table III). The cumulative relative
frequency plots shown in Fig. 7 resemble those shown in Fig. 5.
They all curve downward on the left, cross the straight line, and
achieve a new slope, compatible with the interpretation of bi-
modality. Therefore, both statistical and graphic analyses of the
,8-synthesis patterns in the four studies of fetal marrow indicate
that they are clearly different from the patterns observed in iden-
tical studies of adult marrow. The fetal studies closely resemble
the patterns that result from two clearly discrete populations
such as those observed when fetal and maternal samples are

mixed (Figs. 4 and 5).

Discussion

The experiments described in this report were designed to com-

pare the distributions of Hb F programs expressed in erythroid
colonies derived from marrow erythroid progenitors at midswitch
with those present in adult life. From such experiments we hoped
to determine whether the fetal-to-adult switch in simians can be

represented as a gradual and smoothly running biological clock,
or whether the transition from fetal-to-adult hemoglobin syn-
thesis is actually discontinuous. In the former model, fractional
fl-globin synthesis in individual progenitor-derived erythroid
colonies would ideally conform to a Gaussian distribution, as it
does in adult marrow cultures. In contrast, an intermittent switch
would result in at least two populations of progenitors, those
that give rise to colonies with distributions of j#- and 'y-globin
synthesis characteristic of early fetuses and those with a distri-
bution of globin synthesis observed in the colonies derived from
adult marrow progenitors. Clearly, the two possible results would
suggest different regulatory models of Hb F-to-Hb A switching
at the progenitor level. A Gaussian distribution at midswitch
would suggest that the switch mechanism operates randomly in

progenitors and gradually moves forward in all of them so that
the kinetics can be described as a series of normal curves with
progressively increasing mean ,-synthesis levels.

In contrast, a discontinuous model, in which discrete pop-

ulations of progenitors with adult and fetal programs are present,
would lead to a skewed, non-Gaussian pattern. This would best
be explained by one of two mechanisms: a clonal replacement
model in which fetal progenitors are progressively replaced by
adult progenitors, or by intermittent activity of a switching factor
that might "switch over" the Hb F-to-Hb Aprogram of a subset
of fetal progenitors to an adult program at intervals during ges-

tation. The experiments presented here cannot distinguish be-
tween these two discontinuous models but suggest that one of
them must be operative. Unlike adult marrow, in which the
propensity to synthesize Hb F in progenitor-derived erythroblasts
can be described as a normal distribution, a skewed pattern is
detected in fetal marrow. This conclusion was strongly supported

Table II. Percentage fl-Globin Synthesis in Individual Fetal and Adult Erythroid Colonies

Tests for normality

Wilk-Shapiro Kolmogorov-Smirnov
Sample n , mean ,B median ,3 range , SD statistic P Skew P statistic P

Fetus and mother cultured separately
All 47 25.2 14.8 1.1-72.3 24.0 0.83 <0.01 0.53 >0.05 0.20 <0.05
13. 20 26 5.5 3.4 1.1-18.2 4.7 0.77 <0.01 1.56 <0.05 0.24 >0.05

> 20 21 49.7 47.0 30.2-72.3 12.4 0.94 >0.05 0.44 >0.05 0.12 >0.05
Fetus and mother co-cultured

All 43 24.8 20.3 1.7-73.7 212 0.88 <0.01 0.78 <0.05 0.17 >0.05
13.20 21 6.9 6.2 1.7-16.3 4.0 0.91 >0.05 1.10 <0.05 0.12 >0.05

3> 20 22 41.9 39.4 20.3-73.7 16.0 0.94 >0.05 0.64 >0.05 0.10 >0.05
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Figure 5. Cumulative relative frequency distri-
butions for the combined fetal and maternal
fl-globin synthesis data in Fig. 4. See Fig. 3 leg-
end for explanation.

by statistical treatment of data derived from analyses of a large
number of colonies in each of several experiments. For this pur-
pose, we examined at least 24 and sometimes more than 50
colonies in each study of four individual rhesus monkey fetuses
at midswitch (141-153 d gestation). A similar number of colonies
was examined in each of two separate studies of adult marrow.

To demonstrate the pattern expected for a mixed population
of fetal progenitors at midswitch, fetal and adult progenitors
were examined in two ways. In the first, the mononuclear cells
from a fetus and its mother were cultured separately, but the
data were pooled for analysis. In the second, the mononuclear
cells were co-cultured, and the results analyzed again. The two
discrete populations (fetal and maternal) produced #-synthesis
histograms with extreme positive skew and two modes. The two
populations had expectedly different distribution widths: narrow

for the fetal and wider for the adult colonies.
As emphasized above, the data derived from these assays of

fetal marrow cannot be readily explained by a model charac-

terized by continuous phenotypic change of a single population.
The data are more consistent with discontinuous clonal replace-
ment or the discontinuous effect of an exogenous switching fac-
tor. A sheep model has been used by other investigators to ex-
amine the possible role of exogenous environmental influences
in globin gene regulation (21-24). Hematopoietic progenitor cells
from adult sheep transplanted into fetuses continued to produce
adult hemoglobin (22), suggesting that the fetal environment is
unable to influence the hemoglobin expression program of adult
progenitor cells. In contrast, transplantation of fetal progenitor
cells into adult sheep has lead to production of adult hemoglobin
by those fetal cells (21, 23, 24), but only if the fetus had already
begun to switch in vivo. These observations were interpreted to
indicate that the fetal progenitor cell can undergo an environ-
mentally regulated change toward an adult hemoglobin phe-
notype. Indeed, in these experiments adult hemoglobin appeared
more rapidly than when the cells remained within the fetal host.
However, an alternative explanation, also consistent with those

20.

15.-

A *1-

10. AT

5

ON III Ff -- I

2. 3. 4. 5. 6.

I I~~~~~~~~..

-8.

6 .

4A.

.2.

3.
7. 0. 5. 10. 15. 20.

a. 10. 20. 30. 35.0. 5. 10.

% BETA X BETA
1S. 20.

4.

2
F

R
E
0

U

E
N
C

y

Figure 6. Histograms of fl-globin synthe-
sis in rhesus fetal marrow BFU-E-de-
rived colonies. (A) 1414 gestation, la-
beled day 8 to 9. (B) 1434 gestation, la-
beled day 8 to 9. (C) 1514 gestation,
labeled day 8 to 9. (D) 1534 gestation,
labeled day IO to 1 1.
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data, is that older fetuses develop a discrete population of adult
progenitors that have a growth advantage in the adult host. The
only reports of human fetal liver transplants (for leukemia in
irradiated children) were with first-trimester fetal material (i.e.,
at preswitch) (25, 26). The results are also consistent with a

clonal rather than environmentally influenced model. The pro-
genitors of early fetuses, in the preswitch period, gave rise to
colonies of erythroblasts solely capable of >95%Hb F synthesis.

In murine studies, fetal liver erythroid progenitors were found
to be very sensitive to low levels of erythropoietin in vivo, whereas
adult progenitors were less erythropoietin sensitive (27). Younger
embryos had more progenitor cells with high erythropoietin

sensitivity than did older embryos, which in turn had more than
those found in adult mice. Similarly, in human studies, fetal
erythroid progenitors were more sensitive to low levels of eryth-
ropoietin than were adult progenitors (2). These observations
provide further support for a discrete model of the ontogenic
switch.

In conclusion, we believe that the data presented here, to-
gether with data previously published by others as well as our-

selves, are consistent with a discrete clonal or intermittent en-

vironmentally driven model for hemoglobin switching during
ontogeny. Though we cannot resolve these options, our present
data are entirely inconsistent with a gradual smoothly functioning

Table III. Percentage f-Globin Synthesis in Individual Fetal Erythroid Colonies

Tests for normality

Wilk-Shapiro Kolmogorov-
or D'Agostino* Smirnov

Sample n P mean 0 median 3 range P SD statistic P Skew P statistic P

141 d
All 52 1.8 1.3 0.6-6.7 1.4 0.24* <0.01 1.83 <0.05 0.22 <0.01
B < 2.5 42 1.2 1.2 0.6-2.3 0.5 0.94 >0.05 0.56 <0.05 0.11 >0.05
# > 2.5 10 4.2 3.8 3.0-6.7 1.2 0.88 >0.05 1.19 <0.05 0.15 >0.05

143 d
All 50 6.0 3.7 1.4-20.1 5.1 0.79 <0.01 1.40 <0.05 0.20 <0.02
As 13 43 4.3 3.3 1.4-11.7 2.7 0.83 <0.01 1.27 <0.05 0.20 >0.05
j3> 13 7 16.5 15.7 13.7-20.1 2.5 0.87 >0.05 NA 0.15 >0.05

151 d
All 59 12.0 7.5 0.0-32.5 11.0 0.27* >0.05 0.63 <0.05 0.19 <0.05
# < 20 41 5.3 3.7 0.0-17.2 4.5 0.87 <0.01 1.07 <0.05 0.15 >0.05
# >20 18 27.2 26.4 21.3-32.5 3.3 0.95 >0.05 -0.14 >0.05 0.13 >0.05

153 d
All 26 5.5 3.4 1.1-18.2 4.7 0.77 <0.01 1.56 <0.05 0.24 >0.05
As 10 22 3.7 3.2 1.1-9.7 2.2 0.86 <0.01 1.46 <0.05 0.21 >0.05
A> 10 4 15.1 15.1 11.9-18.2 2.6 0.98 >0.05 NA 0.09 >0.05

NA, not applicable due to small n. * Where n > 50, D'Agostino's test was used.
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continuous clock model of the switch. Wereach this conclusion
because analysis of large numbers of individual erythroid colonies
at midswitch provides evidence for a skewed, discontinuous dis-
tribution. The patterns of y-synthesis in fetal studies described
in this report and in our published studies of newborn humans
(10, 11) closely resemble the patterns seen in artificial mixtures
of clearly discrete populations of fetal and maternal progenitors.

Further studies must involve purification of fetal and adult
erythroid progenitor cells (28, 29), demonstration of their si-
multaneous presence in the fetus at midswitch and, if possible,
sufficient amplification of these cells to examine their chromatin-
DNArelationships.
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