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hemoglobin per nucleated erythrocyte (picograms HbF/NRBC, picograms HbA/NRBC) were assayed in 14-d-old colonies
(bursts) derived from peripheral blood erythroid progenitors. In the peripheral blood of 11 normal adults only 2.2±0.5%
(mean±SE) erythrocytes contained HbF whereas pooled bursts from the same subjects revealed a 13-fold increase in the
percentage of FNRBC (29.6±3.9%). In culture both the picograms HbF/NRBC (5.2±0.4) and the picograms HbA/NRBC
(27.7±1.5) are increased ∼20% above the mean in vivo levels in NRBC from normal bone marrow aspirates. Analysis of
each of 58 bursts from one subject demonstrated that FNRBC are present in all bursts and range from 5.0 to 95.0% of the
total NRBC per burst. The percent FNRBC in each burst was neither correlated with picograms HbF/NRBC per burst nor
with picograms HbA/NRBC per burst. Individual subcolonies from one burst in each of two subjects demonstrated
between 3 and 81% FNRBC.

These findings indicate that first, the increase in HbF production in culture is primarily due to increased production of the
number of cells containing HbF, not to increased picograms HbF/NRBC. Second, all 14-d bursts contain some FNRBC.
Third, just as seen in vivo, the picograms HbF/cell and the number […]
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A B S T RA C T Using microscopic immunodiffusion
assays and microdensitometric analysis of pericellular
immunoprecipitate, the percentage of nucleated eryth-
rocytes containing fetal hemoglobin (FNRBC) and
the mean picograms of fetal or adult hemoglobin per
nucleated erythrocyte (picograms HbF/NRBC, pico-
grams HbA/NRBC) were assayed in 14-d-old colonies
(bursts) derived from peripheral blood erythroid
progenitors. In the peripheral blood of 11 normal adults
only 2.2±0.5% (mean± SE) erythrocytes contained
HbF whereas pooled bursts from the same subjects
revealed a 13-fold increase in the percentage of FNRBC
(29.6±3.9%). In culture both the picograms HbF/NRBC
(5.2±0.4) and the picograms HbAINRBC (27.7±1.5)
are increased -20% above the mean in vivo levels in
NRBCfrom normal bone marrow aspirates. Analysis
of each of 58 bursts from one subject demon-
strated that FNRBCare present in all bursts and range
from 5.0 to 95.0% of the total NRBCper burst. The
percent FNRBCin each burst was neither correlated
with picograms HbF/NRBC per burst nor with pico-
grams HbA/NRBC per burst. Individual subcolonies
from one burst in each of two subjects demonstrated
between 3 and 81% FNRBC.

These findings indicate that first, the increase in HbF
production in culture is primarily due to increased
production of the number of cells containing HbF,
not to increased picograms HbF/NRBC. Second, all
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14-d bursts contain some FNRBC. Third, just as seen
in vivo, the picograms HbF/cell and the number of
cells that contain HbF are independently regulated
in culture. Fourth, commitment to produce HbF in
vitro continues after subcolony formation in 14-d-old
bursts. Augmentation of HbF production in culture
therefore closely resembles that seen in acute erythroid
stimulation in vivo.

INTRODUCTION

In normal adults peripheral blood erythropoietic
progenitors, termed "burst-forming units" (BFU-E),1
produce in culture more fetal hemoglobin (HbF) than
erythroid precursors that develop in vivo (1). HbF
production in vivo is increased by three independently
regulated mechanisms; increased production of cells
containing HbF (F cells), increased production of
HbF/F cells, or preferential survival of F cells in
comparison with erythrocytes that contain no HbF
(2, 3). It is unknown to what extent these three different
mechanisms contribute to increased HbF production
in culture. Furthermore, it is unclear whether all
peripheral blood BFU-E have the capacity to make
HbF during differentiation. For example, while iso-
electric focusing of hemoglobin indicates that HbF is
present in all individual BFU-E colonies (bursts) (4),
immunofluorescent staining of intact bursts with anti-
HbF antibody (5) and radioimmunoassays of hemo-

' Abbreviations used in this paper: BFU-E, burst-forming
unit, erythroid; F cell, erythrocyte containing fetal hemo-
globin; FNRBC, nucleated erythrocyte containing fetal
hemoglobin; HbA, adult hemoglobin; HbF, fetal hemoglobin;
NRBC, nucleated erythrocyte.
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lysates from individual bursts (6) indicate that only
between 17 and 80% of bursts contain HbF.

We have recently developed microdensitometric
techniques for the quantitation of HbF or adult hemo-
globin (HbA) in individual erythrocytes, reticulo-
cytes, and nucleated erythrocytes (NRBC) (7). Applica-
tion of the technique to NRBCderived from peripheral
blood bursts should answer the following questions.
Are NRBCcontaining HbF (FNRBC) present in all
bursts? Is increased HbF production in culture due to
increased production of FNRBC, increased amounts of
HbF/FNRBC, or both? Is the production of F cells in
culture regulated independently from the amount of
HbF/cell as noted in vivo (3)? Answers to these ques-
tions should clarify at the cellular level the similarities
and differences between HbF production in vivo and
in culture.

METHODS
Erythropoietic cell culture. Mononuclear cells were iso-

lated from heparinized peripheral blood of normal adult
volunteers using modifications (8) of the Ficoll-Isopaque
technique described by Boyum (9). Cell cultures were per-
formed as previously reported (8) using slight modifications
of the methylcellulose assay developed by Iscove et al. (10).
In all cultures 1.0 IU/ml of Step III preparation of sheep
plasma erythropoietin (Connaught Laboratories, Willowdale,
Ontario, Canada) was used. On culture day 14, cells were
harvested by diluting the culture mixture with isotonic
phosphate-buffered saline, pH 7.4, and then transferred into
a 5-ml plastic centrifuge tube. In studies in which individual
bursts or subcolonies from one burst were analyzed, each
burst or subcolony was lifted separately from the culture
dish using a 10-,ul Eppendorf pipette and placed in micro-
centrifuge tubes containing -250 Al of 0.8% methylcellulose.

Single cell assay. Samples containing pooled bursts, an
individual burst, or an individual subcolony were diluted with
1 ml of phosphate-buffered saline and centrifuged at 8,000 g
for 3 min. The pellet of NRBCwas washed three times
with 1 ml phosphate-buffered saline and centrifuged at
400 g for 30 s. Washed NRBCwere suspended in 20 to 40
1.l of isotonic borate saline, pH 8.3 (2). Aggregates of NRBC
were disrupted by gentle tapping of the side of the tube.
This cell suspension was divided into two equal aliquots.
Each aliquot was added to a mixture containing 25 IAI 2.5%
agarose, 5 gl new methylene blue, and 25 ,ul of antibody to
either human HbF or HbA. The suspension of NRBC in
agarose gel was placed on microscopic slides (2), and following
lysis of the NRBCwith lysolecithin those cells with a HbF-
anti-HbF or HbA-anti-HbA pericellular immunoprecipitate
reaction were enumerated (2, 7).

At least 3 x 106 cells were recovered after wash from pooled
burst samples. In individual burst samples, between 1,000
and 3,000 cells were recovered for each assay. Between
50 and 250 cells were present in individual subcolonies.
In all assays, between 85 and 95% of the NRBCreacted
with anti-HbA (mean, 90.1±3.0%). In pooled burst samples,
the percentage of NRBCreacting with anti-HbA corresponded
exactly to the percentage of washed NRBCstaining with
benzidine, indicating that all NRBCassayed contained HbA
and that 5-15% NRBCmay have lysed before or during
the washing procedure. In view of this, the percentage of
FNRBCwas expressed as the percentage of cells reacting
with anti-HbF divided by the percentage of cells reacting
with anti-HbA.

Using a recently devised microdensitometric method (7),
the picograms of HbF or HbA in individual NRBCwere
quantitated. For each sample at least 100 NRBCcontaining
HbF or HbA were examined and values were expressed as
picograms Hb/NRBC (mean-+-SD).

RESULTS

Pooled bursts. Analysis of pooled bursts from
each of 11 normal subjects demonstrated that the mean
percentage of FNRBC found in culture is 13.5-fold
greater than the mean percentage of F cells produced
in vivo (Table I). This increase in F-cell production
beyond the normal in vivo range, 0.5 to 7.5% (11), is
similar to the previously reported 10- to 18-fold increase
in lysate HbF synthesis in culture (12, 13). There was
no correlation between peripheral blood F-cell levels
and percentage of FNRBC produced in culture
(P = 0.50).2

In a separate study we noted that HbF production
in vivo is essentially complete early in normal erythroid
development, i.e., the picograms of HbF in mature
peripheral blood erythrocytes is not significantly
different from HbF found in nucleated erythroid
precursors in bone marrow aspirates (7). Therefore a
comparison in normal adults between mean cellular
HbF content in NRBC from erythropoietic bursts
and mean HbF levels in peripheral blood erythro-
cytes should determine whether or not the amount of
HbF/NRBC in culture is increased beyond in vivo
NRBClevels. In five subjects (Table I, subjects 1, 2, 3,
4, and 7), the mean picograms HbF/NRBC, 5.3+0.6
pg (mean+SE), was 23% greater than the mean F-cell
levels (P = 0.05). In bone marrow aspirates from five
normal subjects previously studied, HbF/NRBC was
4.3±0.2 pg and HbAINRBCwas 22.0±0.7 pg (7). These
in vivo values are 20% less for HbF (P = 0.04) and 25%
less for HbA (P > 0.01) than the mean picograms HbF/
NRBCand picograms HbA/NRBCvalues found in cul-
ture for all 10 subjects in Table I. Since there is
little difference in the relative increase in the cellular
levels of HbF and HbA, the marked increase in HbF
production in culture is due primarily to the 13-fold
increase in the numbers of cells containing HbF.
Among the 10 subjects studied there was no correla-
tion in culture between percentage of FNRBCand
picograms of HbF/NRBC (P = 0.1).

Individual bursts. In 108 individual bursts from
three subjects and 58 individual bursts from subject
1, FNRBCwere found in every burst. In subject 1 the
mean percentage of FNRBCper burst was 48.7%, a
value that closely parallels the 43.7% FNRBCvalue
derived from pooled bursts from the same culture
(see Fig. 1 and Table I, subject lb). In subject 1 the

2All probability statistics in this paper were performed
using the Mann-Whitney or Spearman's Rank method when
comparing samples with unequal variances, and the Student
t test when comparing samples with equal variances.
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TABLE I
Single-Cell Analysis of Pooled 14-d Bursts from Each of 11 Normal Subjects

Percentage of F cells Picograms Hb/cell

Peripheral Burst Peripheral blood Burst
Burst blood picograms picograms picograms

Subject FNRBC% F cell % HbF/NRBC HbF/F Cell HbA/NRBC

1 a 40.8+6.0* 4.6+0.3 21.8±+1.9
b 43.7+5.0 5.7± 1.2 22.3±3.2
c 52.8±7.0 0.9±0.2 4.8±0.4 4.3± 1.0 23.0±5.0

2 a 49.8±12.1 7.7±2.0 30.4±1.8
b 51.1±6.0 2.5±0.3 4.2±1.2

3 32.9±8.1 1.0±0.2 4.8±0.5 4.3±0.8 24.0±3.0
4 11.9±2.8 2.0±1.7 5.1±1.6 4.6±1.2 29.1±4.0
5 30.1±4.7 1.0±0.5 4.0±0.8 22.3±4.8
6 31.3±4.0 6.3±0.7 5.9±2.7 - 35.1±3.9
7 24.4±3.5 1.4±0.6 4.1±1.0 4.1±0.7 26.4±4.2
8 44.0±2.7 2.0± 1.0 5.4+3.0 34.2±5.0
9 19.4±3.7 3.4±0.5 5.2±2.8 29.4±3.8

10 24.0±4.2 2.1±0.5 4.8±1.5 23.5±4.2
11 12.0±3.5 2.0±1.0

Mean±SE 29.6±3.9 2.2±0.5 5.2±0.4 4.3±0.1 27.7±1.5

* Mean±SD.

percentage of FNRBCper individual burst seems to be
normally distributed between 5 and 95% (Fig. 1). This
observation agrees with the broad normal distribution
of the amount of HbF per burst previously reported
by Kidoguchi et al. (4).

Aliquots from 22 of the 58 individual bursts analyzed
in subject 1 were assayed for mean picograms HbF/
NRBCand picograms HbA/NRBC (inset, Fig. 1). The
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FIGURE 1 Relative frequency of 58 individual bursts from a
normal subject in relation to the percentage of FNRBCper

individual burst. Inset represents mean picograms HbF/NRBC
and mean picograms HbA/NRBC for those bursts whose
percentage of FNRBCare represented by the bars in the
horizontal axis of the figure. Bursts are from subject 1 in
Table I.

average picograms HbF/NRBC in individual bursts
ranged from 4.1 to 7.6 pg (mean±SE for 22 bursts is
5.0±0.2 pg). Just as noted in pooled burst analysis,
there was no correlation between the mean pico-
grams HbF/NRBC and the percentage of FNRBCin
individual bursts (P = 0.73). In addition, no correlation
could be found in individual bursts between mean

picograms HbA/NRBC and either percentage of
FNRBC (P = 0.57) or mean picograms HbF/NRBC
(P = 0.20). It therefore appears that neither the amount
of HbF/NRBCnor the percentage of FNRBCis a func-
tion of how much HbA is produced in individual
bursts.

Subcolonies. Subcolonies from one burst were

examined in two subjects (Table II). If commitment
to the formation of HbF was complete before sub-
colony formation, we would have expected to see

subcolonies with either no FNRBCor 100% FNRBC.
However, all subcolonies contained some FNRBC
and none had 100%. In subject 8 a subcolony with
3.0% FNRBCand a subcolony with 81% FNRBChad
essentially the same number of total cells (see legend,
Table II). This observation excludes the possibility
that the variation in the percentage of FNRBCamong

subcolonies is due to fusion of subcolonies contain-
ing no or 100% FNRBC. This, in turn, suggests that
commitment to HbF production is ongoing throughout
the life span of the burst.

DISCUSSION

In a previous report we noted that acquired eleva-
tion of HbF in vivo was a general phenomenon asso-
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TABLE II
Percent Nucleated Erythrocytes Containing HbF in Individual

Subcolonies from a Single Burst in Each of Two Subjects

Percent Percent
Subject FNRBC/subcolony Subject FNRBC/subcolony

68.0±5.6 3.0±1.4*
69.5± 1.9 20.7± 1.2

5 33.7±8.7 8 22.0±3.7
52.4±4.2 51.8±3.9
29.3±8.3 81.0±3.6*
35.3±0.5 33.0± 1.4
49.3±7.1

* The subcolony with 3.0 and 81.0 percent FNRBCcontained
209 and 190 total NRBC, respectively.

ciated with acute erythropoietic expansion (14). In-
creased F-cell number was uniformly associated with
acute erythroid stimulation while the amount of HbF/
cell did not necessarily change (2, 14). The present
observations suggest that increased HbF production
in culture is primarily due to a 6- to 50-fold increase
in F-cell number while HbF and HbAper NRBCwere
equally increased by -20% over in vivo levels.

All bursts examined contained FNRBCin varying
percentages. This finding agrees with isoelectric focus-
ing of radiolabeled hemoglobin from individual bursts
(4) but is discrepant from previously reported immuno-
logic assays of HbF in single bursts (5, 6). These
immunologic assays either analyzed aggregates of cells
within a burst with fluorescent anti-HbF (5), or per-
formed radioimmunoassays of lysate from individual
bursts (6). It is possible that these techniques are
not sensitive enough to detect <5%FNRBCwith only
4 pg HbF/NRBC or that culture conditions vary sig-
nificantly between laboratories.

Our results also differ somewhat from the finding of
Papayannopoulou et al. (5) that the ability to produce
HbF in culture is inversely related to the degree of
differentiation of the erythroid precursor, i.e., HbF
levels are higher in colonies derived from earlier
erythroid progenitor vs. HbF level in colonies de-
rived from late erythroid precursors (5). We find that
the variation in the percentage of FNRBCbetween
individual bursts from the same culture is similar to the
variation in the percentage of FNRBCbetween sub-
colonies from a single burst. This suggests that commit-
ment to HbF production is ongoing throughout the
14 d of burst formation and is not irrevocably pro-
grammed at a single early state of erythroid de-
velopment.
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