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ABSTRACT. Fetal blood may be useful for the study of 
hematopoietic development in humans. However, the meth- 
ods used to study blood cell colonies in adults may not be 
optimal for the study of colonies derived from fetal blood. 
Using cord blood from six healthy term pregnancies and 
marrow from six healthy adult volunteers, we compared 
the chronology of emergence, morphology, and differentia- 
tion of progenitor cell colonies from the two sources. In 
cultures of adult marrow, erythroid colony-forming unit 
colonies reached maximal concentrations after 8.5 f 0.3 
days of culture (mean f SEM), but erythroid colony- 
forming unit colonies derived from fetal blood reached 
maximal concentrations sooner, after 6.5 f 0.2 days (p < 
0.01). Single-centered-erythroid burst-forming unit colo- 
nies from adult marrow (45 f 5/10' light-density, "acces- 
sory-cellv-depleted cells) reached a peak at 14 days, but 
from cord blood they were significantly greater at 9 days 
(200 f 15/10' cells) than at 14 days. When studying fetal 
blood erythroid colony-forming unit and "mature-erythroid 
burst-forming unit," colonies should be enumerated earlier 
than when studying adult marrow-derived progenitors. 
Otherwise, the concentrations of these progenitors will be 
significantly underestimated. (Pediatr Res 24: 605-608, 
1988) 

Abbreviations 

CFU-E, erythroid colony-forming unit 
BFU-E, erythroid burst-forming unit 
CFU-GM, granulocyte-macrophage colony-forming unit 
CFU-Mix, colony-forming units producing clones of eryth- 

rocytic, granulocytic, and or megakaryocytic cells 

Fetal blood has been used to investigate aspects of develop- 
mental hematopoiesis in humans, and generally, investigators 
have adopted the methods for progenitor cell quantification 
previously developed for the study of adult marrow (1-8). How- 
ever, the cell-cycle characteristics of fetal progenitors suggest that 
the growth of their colonies in vitro might differ in important 
ways from progenitors of adult marrow (7, 8). To assume that 
the approaches for evaluating fetal blood and adult marrow- 
derived progenitors should be identical may lead to errors. There- 
fore, we conducted studies of the chronology of colony devel- 
opment and the morphologic constituents of colonies derived 
from marrow aspirates from healthy adult volunteers and cord 
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blood from healthy term pregnancies. We cultured both light- 
density cells and light-density cells which had been depleted of 
"accessory cells" (9, 10). The plates were examined serially, with 
mapping of all colonies. All nonoverlapping colonies on replicate 
plates were characterized morphologically and then transferred 
to coverslips for cytologic identification. In this way we estab- 
lished the time in culture required for maximal formation of 
each variety of hematopoietic progenitor cell colony, and com- 
pared the accuracy of identifying, in situ, cord blood-derived 
compared with marrow-derived colonies. 

MATERIALS AND METHODS 

Cord blood and bone marrow samples. Blood from the umbil- 
ical vein (10-30 ml) was obtained after the placental delivery of 
six healthy term pregnancies. Marrow aspirations were obtained 
from six healthy adult volunteers. All samples were anticoagu- 
lated with 10-30 U/ml of preservative-free heparin (Panheparin, 
Abbott Laboratories, N. Chicago, IL) and processed immediately. 
The specimens were obtained in accordance with protocols ap- 
proved by the University of Utah Institutional Review Board 
and informed consent was obtained from all volunteers. 

Culture conditions. For CFU-E determinations, light-density 
cells (<1.077 specific gravity, Ficoll-Hypaque, Pharmacia, Pis- 
cataway, NJ) were cultured in concentrations of 9- 14 x 1 O4 cells/ 
ml, in a-minimal essential medium (Flow General Inc., McLean, 
VA) with 1.3% methylcellulose (Sigma Diagnostics, St. Louis, 
MO), 30% fetal calf serum (Sigma), 10% bovine serum albumin 
(Sigma), 0.25 U human recombinant erythropoietin/ml (Amgen, 
Thousand Oaks, CA), and 5 x M P-mercaptoethanol (East- 
man Kodak Co., Rochester, NY). Penicillin and streptomycin 
were also added. Four replicate cultures, each containing 1 ml, 
were incubated in plastic 10 x 35 mm tissue culture dishes 
(Becton Dickinson and Co, Oxnard, CA) at 37" C in a high 
humidity 7% C02 environment. 

For determination of other colony types, cells were cultured 
in the presence of 1.0 U/ml recombinant human erythropoietin 
and, in addition to the constituents listed above, 5% phytohe- 
magglutinin-stimulated placental-conditioned medium. The me- 
dium was produced from freshly delivered placentas of healthy 
term pregnancies using methods similar to those described by 
Burgess et al. (12), but 1 % phytohemagglutinin was added to the 
incubates (1 3). In cultures of cord blood and adult marrow, 5% 
phytohemagglutinin-stimulated, placental-conditioned media re- 
sulted in maximal colony formation. In these cultures, concen- 
trations of 2-5 x lo4 cells/ml were used when adult marrow was 
studied, and 1-2 x lo4 cells/ml were used when cord blood was 
studied. 

To deplete fetal and adult samples of "accessory cells," light- 
density cells not adherent to plastic were incubated for 20 min 
in the presence of anti-human Leu-1 (240 anti-Leu-5b (96 
PI), and anti-Leu M5 (120 ~ 1 )  (Becton-Dickinson). This mixture 



was then suspended in phosphate-buffered saline containing 5% 
fetal calf serum (Sigma) and layered on 100 x 15 mm plastic 
dishes (Becton-Dickinson) which had previously been coated 
with goat anti-mouse IgG (Zymed Laboratories, San Francisco, 
CA) and incubated for 70 min at 4" C (10, 11, 14). 

Scoring of cultures. Beginning on the first day of culture, plates 
were examined serially at 50x magnification, using an inverted 
microscope. Mapping of all clusters containing 8 or more cells 
was accomplished at each examination. To compare our ability 
to determine the cellular make-up of cord blood-derived versus 
adult marrow-derived colonies, we first classified all colonies as 
belonging in one of four morphologic categories, and then lifted 
all nonoverlapping colonies and transferred them to glass cover- 
slips for staining and cell differential counts using oil-immersion 
microscopy at 1 0 0 0 ~  magnification. The four morphologic cat- 
egories used were intended to identify CFU-E, BFU-E, CFU- 
GM, and CFU-Mix. Putative CFU-E colonies were identified in 
situ as those composed of very tightly clustered cells developing 
in plates to which erythropoietin (0.25 U/ml) was the only added 
stimulator. BFU-E colonies were single or multiply centered red 
colonies composed of very tightly clustered cells, developing in 
plates to which erythropoietin (1.0 U/ml) and maximal stimu- 
latory concentrations of conditioned medium had been added. 
Colonies were classified as having been derived from CFU-GM 
if they contained no red elements and the cells were loosely 
grouped, with either dense centers or no focal center. CFU-Mix 
contained tightly clustered red segments plus loosely grouped 
cells. 

Statistical comparisons were made using Student's t test, or, 
where identified, by Fisher's exact test. 

RESULTS 

CFU-E colonies. For each sample, quadruplicate culture plates 
were examined daily for 9-10 days and then every other day 
until day 14. The chronologic appearance of tightly clustered 
groups of 2 16 cells is shown in Figure I .  In cultures of cord 
blood origin, CFU-E colonies reached maximal concentrations 
more rapidly (after 6.5 +: 0.2 days) than did similar appearing 
colonies cultured from adult marrow (after 8.5 + 0.3 days, p < 
0.05). In five of the six cultures from adults maximal colony 
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Fig. 1. Time in culture for maximal appearance of CFU-E colonies. 
The percentage of culture plates achieving maximal concentrations of 
CFU-E colonies on various days of culture is depicted by the bars. The 
shaded bars signify colonies derived from six term cord blood specimens 
and the open bars represent colonies from six bone marrow specimens 
from healthy adults. This variety of colony of cord blood origin achieved 
maximal expression at 6.5 k 0.2 days and of adult marrow origin at 8.5 
+ 0.3 days ( p  < 0.05). 

formation occurred on or after the 8th day, but none of the cord 
blood specimens displayed maximal colony formation beyond 
the 8th day. If colonies from cord blood had been scored on day 
9 (50.7 k 10.2 colonies/105 plated cells) rather than on day 6 
(99.4 + 12.9 colonies/105), a significant underestimate would 
have occurred ( p  = 0.01). 

Depletion of accessory cells did not affect the chronology of 
appearance of CFU-E colonies, but reduced the concentration of 
the only other variety of colony that appeared in these plates: 
colonies composed of loosely arranged cells. Upon Wright's 
staining of cover slip smears, such loose colonies were composed 
exclusively of macrophages. 

Single-centered BFU-E colonies. Figure 2 shows the appear- 
ance of single-centered BFU-E colonies. These colonies reached 
maximal concentrations at 14 days in adult marrow cultures 
(upper panel), but in cultures of cord blood (lower panel), con- 
centrations were greater on the 9th than the 14th ( p  < 0.05) or 
17th day ( p  < 0.01). If these colonies from cord blood had been 
counted on day 14 rather than day 9, a significant underestimate 
( 140 ? 25 colonies/ 1 O5 light-density, accessory-cell-depleted cells, 
versus 200 ? 1 5/105) would have occurred ( p  < 0.05). 

Figure 2 shows only pure normoblast colonies. Upon exami- 
nation of stained cells, not all of the colonies that had been 
tentatively classified in situ as single-centered-BFU-E colonies 
were composed exclusively of normoblasts. Colonies of tightly 
clustered cells that contained fewer than 30-40 cells, not clearly 
displaying a red color, often did not contain normoblasts. This 
was particularly true of colonies examined at 9 days. Specifically, 
in cultures from adult marrow examined at 9 days, only five of 
23 single-centered colonies of tightly clustered cells were com- 
posed exclusively of normoblasts. The majority of such colonies 
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Fig. 2. Single-centered BFU-E colonies. The upper panel depicts col- 
onies grown from six adult marrow samples and the lower panel from 
six cord blood samples. The bar represents the mean value and the 
bracket represents the SEM. The open bars represent colonies grown 
from the light-density cell fraction, and the shaded bars represent colonies 
grown from light-density cells subjected to depletion of accessory-cells. 
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(10 of 23) was composed of immature-appearing macrophages, 
and eight of 23 such colonies contained mixtures of normoblasts 
and immature-appearing macrophages. In 16 single-centered, 
tightly clustered colonies of cord blood origin, examined at 9 
days, six exclusively contained normoblasts, eight contained only 
macrophages, and two contained macrophages plus normoblasts. 
When colonies of this description were examined at 14 days of 
culture, 12 of 14 colonies from cord blood and nine of 11 from 
adult marrow contained only normoblasts. 

Multiple-centered BFU-E, CFU-GM, and CFU-MIX colonies. 
The time of maximal appearance of multiple-centered BFU-E 
colonies (14 days) was similar for adult marrow and cord blood. 
However, the concentration was more than 10-fold higher in 
cord blood ( 160 +. 1 8 colonies/ 1 O5 light-density, accessory-cell- 
depleted cells) than in adult marrow (10 f 2/105, p < 0.01). 
Many colonies identified in situ as multiple-centered B N - E  
contained mixtures of macrophages and normoblasts. For in- 
stance, of 69 putative multiple-centered BFU-E colonies of cord 
blood origin, 50 (72%) contained only normoblasts, but 19 
contained normoblasts and macrophages. Of 28 colonies of adult 
marrow origin identified in situ as multiple-centered BFU-E, 12 
(43%) contained only normoblasts (p < 0.01 versus cord blood, 
Fisher exact). When scored after only 9 days, all colonies of adult 
marrow origin identified in situ as multiple-centered B N - E  
contained mixtures of normoblasts and macrophages. 

Fourteen days of culture also appeared optimal for enumera- 
tion of CN-GM colonies, if derived from adult marrow or from 
cord blood. However, their concentration in cord blood (290 f 
20 colonies on day 14/105 light-density, accessory-cell-depleted 
cells) greatly exceeded the concentration in adult marrow (120 
a 81 lo5 cells, p < 0.0 1). Of 80 putative CFU-GM colonies lifted 
from plates of cord blood origin, 74 (93%) were composed only 
of granulocytes and macrophages, the remaining six colonies 
contained mixtures of nonhemoglobinized normoblasts and 
granulocytes. Of 63 colonies lifted from plates of adult marrow 
origin, 55 (87%) contained only granulocytes and macrophages, 
the remaining eight contained granulocytes, macrophages, and 
normoblasts. 

The maximal appearance of CN-Mix colonies derived from 
adult marrow and cord blood was also at 14 days. However, cord 
blood contained a greater concentration (96 + 2 1 colonies at 14 
days/105 light-density accessory-cell-depleted cells plated) than 
did adult marrow (22 + 13/105, p < 0.01). Of 39 colonies of cord 
blood origin putatively identified in situ as having been derived 
from CFU-Mix, 30 (77%) were confirmed as such. Of the re- 
maining nine colonies, five contained only normoblasts, and 
four contained only granulocytes and macrophages. Of 27 colo- 
nies of adult marrow origin identified in situ as having been 
derived from CFU-Mix, 18 (67%) were confirmed as such. The 
remaining nine colonies contained only granulocytes plus mac- 
rophages. 

DISCUSSION 

Although present in very low concentrations in venous blood 
of adults, CFU-E (2, 4, 6), BFU-E (2, 4, 6), CN-GM (1, 3, 7), 
and multipotent progenitors (5, 8) comprise a substantial pro- 
portion of the light-density cell population in fetal blood. Blood 
from prematurely delivered neonates appears to have even higher 
concentrations (7, 8). Sequential study of the intrauterine devel- 
opment of these progenitors and their response to hematopoietic 
regulators will be possible using intrauterine cordocentesis during 
gestation. If accurately performed, such studies may provide 
insights into developmental hematopoiesis. However, it has not 
been clear if the methods generally used for enumeration of 
hematopoietic progenitors (developed for study of adult marrow), 
are suitable for the study of progenitors from cord blood. From 
the present studies, we conclude that in the present culture 
conditions, CFU-E and single-centered BFU-E of term gestation 

cord-blood origin form colonies in vitro significantly sooner than 
do those of adult marrow origin. These colonies decline in 
number after the peak of their appearance. Therefore, quantifi- 
cation of CFU-E colonies from cord blood on day 8 or 9 rather 
than day 6 or 7, or quantification of single-centered BFU-E 
colonies on day 14 rather than day 9, would significantly under- 
estimate the cord blood's content of those progenitors. 

A possible explanation for the more rapid in vitro maturation 
of CFU-E and mature-BFU-E is a shortened cell-cycle time of 
these cord blood-derived progenitors. Gregory and Eaves (15) 
have suggested that the more rapid appearance of murine CFU- 
E colonies in culture, compared to human CFU-E colonies, is 
due to a shorter cell cycle time of murine red cell precursors (16, 
17). Thymidine suicide rates for human adult marrow-derived 
C N - E  of about 60%, and for mature-BFU-E of 40-50% have 
been observed by Eaves et al. (18). We have reported similar 
values in adult marrow (19), but have observed even higher 
suicide rates, 70-80% for CFTJ-E and 50-60% for mature-BFU- 
E, in cord blood samples (1 9). 

In other portions of the study, we evaluated the accuracy of 
identifying colony differentiation in situ. The most frequent 
source of potential confusion in colony-type identification was 
that, when examined after only 9 days of culture, small single- 
centered normoblast-containing colonies could not be reliably 
distinguished from colonies composed of tightly clustered im- 
mature macrophages, or from colonies composed of mixtures of 
macrophages and normoblasts. This was the case in fetal and 
adult colonies. In addition, we noted, as have others (13, 18), 
that colonies identified in situ as multiple-centered BFU-E often 
contained macrophages plus normoblasts. However, BFU-E col- 
onies from cord blood origin were less likely to contain macro- 
phages than were those of adult marrow origin. 

We conclude that, under the present culture conditions, the 
early erythroid progenitors from fetal blood at term do not 
display the same chronologic pattern of colony formation as do 
those from adult marrow. These studies serve as a reminder that 
the proper methodology for an experimental system must be 
characterized anew when different cell types are studied. For 
instance, as cordocentesis samples obtained very early during 
gestation are cultured, additional investigation will be required 
to define the optimal conditions for growth and enumeration of 
those progenitors. 
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