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Abstract
Nucleated erythrocytes found in the venous blood of pregnant 
women have been seen as the most promising type of cell for 
prenatal diagnosis of fetal abnormalities because of their short 
life span and their scarcity in the venous blood of healthy non
pregnant women. However, this review demonstrates that a 
great proportion of the nucleated erythrocytes found in venous 
blood during pregnancy are of maternal origin and that preg
nancy per se induces nucleated erythrocytes of maternal origin 
to appear in the peripheral blood. More efficient and specific 
enrichment techniques are therefore needed to obtain purified 
nucleated erythrocytes of fetal origin in such quantities that 
reliable prenatal diagnoses can be performed.
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malities, such as trisomies 21 and 18 [10-12], 
sex chromosome aneuploidies 47,XXY and 
47,XYY [13, 14] have been identified in in
terphase cells from maternal blood by fluores
cence in situ hybridization (FISH). The pro
portions of fetal cells in maternal venous 
blood reported in different studies vary great
ly: from 1/27 to 1/100,000,000 [reviewed in 
ref. 3]. More studies will be required to estab
lish whether all pregnant women have fetal 
cells in their venous blood. Fetal cells have

Fetal Cells in Maternal Venous Blood

Investigations in preeclampsia patients, in
terphase cytogenetics using Y body scoring, 
karyotype analyses and more recent molecu
lar technologies all indicate that maternal 
blood contains cells of fetal origin [1-4]. Fetal 
gene sequences amplified from cells in mater
nal blood now include the Y chromosome [5, 
6], hemoglobin LeporeBOSton [7], rhesus D [8] 
and HLA DQa [9]. Fetal chromosome abnor-
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throid lineage, and is present from the eryth- 
roblast stage [28]. The transferrin receptor 
(CD71) is another antigen found on erythroid 
cells. It is expressed from the burst-forming- 
unit erythroid stage and disappears in the late 
reticulocyte stage [29]. Unfortunately, the 
corresponding antibody (anti-CD71) also rec
ognizes other activated cells, such as activated 
lymphocytes [30]. Antibodies against hemo
globin chains are specific indicators of red 
cells, and fetal hemoglobin (HbF, CI2Y2) can be 
used as a marker for fetal cells, even though 
about 1 % of adult hemoglobin is of this type 
[31, 32]. Antibodies to the leukocyte common 
antigen, CD45 can be used for indirect enrich
ment of cells of the erythroid cell lineage. 
CD45 is an antigen found on all other hema
topoietic cells but erythroid cells. Whether 
CD45 also recognizes early erythroid precur
sors is an open question [29, 30],

been detected in maternal blood from the 4th 
week of gestation by amplification of Y chro
mosome DNA sequences [15] and with in situ 
hybridization using Y-chromosome-specific 
probes from the 6th week of gestation [16]. 
The number of fetal cells appears to increase 
with advancing gestation [3, 17]. Fetal cells 
encountered in the maternal circulation in
clude nucleated erythrocytes [17], lympho
cytes [3], granulocytes [16] and trophoblasts 
[18], The number of fetal cells of each cell type 
in the maternal blood is so low that without 
enrichment, their presence is not useful in 
diagnosis [3, 4], Attempts to enrich tropho
blasts have not yet been successful, because 
maternal cells tend to absorb trophoblast anti
gens [19, 20]. Fetal lymphocytes can be de
tected by enriching cells with paternal HLA 
alleles in maternal blood [21-23]. The need to 
study both parents and the long life span of 
lymphocytes are, however, drawbacks to us
ing this method. Nucleated erythrocytes have 
emerged as the most promising target cells for 
use in prenatal diagnosis in maternal blood 
because of their short life span and because 
they are present in the blood of pregnant 
women but are rare in the blood of healthy 
adults [24, 25]. Furthermore, the maturation 
of red blood cells in the fetus starts between 
the 5th and 6th week of gestation and a large 
number remain nucleated in the fetal circula
tion [26]. The main question is: are the nu
cleated erythrocytes in maternal venous blood 
fetal in origin?

The Enrichment of Nucleated 
Erythrocytes

To enrich nucleated erythrocytes in mater
nal blood, methods such as density gradient 
centrifugation, fluorescence-activated cell 
sorting (FACS) [33], Dynal magnetic beads 
[25], or micromagnetic beads (MACS) [34] 
are combined. Both positive and negative se
lection can be employed. Positive selection 
uses antibodies which recognize cells of the 
erythroid lineage (e.g. anti-GPA, anti-CD71 
or anti-HbF), whereas negative selection is 
based on antibodies (e.g. anti-CD45) which 
remove leukocytes. Although enrichment by 
MACS and FACS increases the proportion of 
nucleated erythrocytes, the separation does 
not yield a pure cell fraction [25, 35]. As the 
presence of cells other than nucleated erythro
cytes decreases the specificity and sensitivity 
of molecular cytogenetic methods, analysis 
which targets fetal erythroid cells is needed.

Nucleated Erythrocytes

Nucleated erythrocytes can be identified 
on the basis of morphology, but as the mor
phological classification of erythroblasts is not 
very reliable, monoclonal antibodies should 
be used [27]. Glycophorin A (GPA) is a sialo- 
glycoprotein found only on cells of the ery-
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Culturing nucleated erythrocytes from ma
ternal blood in the presence of erythropoietin 
(Ep) and stem cell factor (SCF) has given very 
promising results in the molecular cytogenetic 
analysis of mitotic cells [36], This indicates 
that it is possible to immunophénotype nu
cleated erythrocytes even during mitosis.

procedures, including hypotonic treatment, 
fixation, cytochemical and immunocyto- 
chemical stainings, in situ hybridization tech
niques, signal detection systems (either fluo
rescent or enzymatic) and scoring of the sig
nals are described in detail in our recent MAC 
manual [41],

Figure 1 shows two X-chromosome-spe- 
cific fluorescence in situ hybridization signals 
in a GPA-positive nucleated erythrocyte de
tected in maternal venous blood. Figure 2 
shows an enzymatically detected Y-specific 
signal in a GPA-positive cell from maternal

The MAC Method for Targeted 
Analysis of Nucleated Erythrocytes

The MAC (morphology antibody chromo
somes) method and related techniques allow 
analysis of the three parameters (morpholo
gy, immunophénotype and cytogenetics) re
quired for cell classification of interphase as 
well as mitotic cells [37-41]. The MAC tech
nique has been restricted until now to cancer 
and mutation research [41]. The following is a 
brief description of MAC as applied to prena
tal diagnosis of fetal cells in maternal blood.

For classification, interphase cells are first 
enriched using any of the available tech
niques, then cytospin preparations are made 
and the cells are left to dry. The cells are fixed 
according to the chosen cytochemical or im- 
munocytochemical technique. The classified 
cells can be studied and photographed before 
in situ hybridization (consecutive system), or 
the process can proceed directly to in situ 
hybridization (simultaneous system). For the 
classification of mitotic cells (e.g. nucleated 
erythrocytes in culture), the cells are treated 
with mild cell-membrane-stabilizing solutions 
to obtain chromosome spreading inside the 
intact cell membrane on the cytocentrifuge 
preparations.

Immunofluorescence, immunoperoxidase 
or alkaline phosphatase anti-alkaline phos
phatase (APAAP) techniques can be used for 
immunophenotyping. Hybridization signals 
can be detected either by immunofluores
cence or immunoenzymatic methods. All the

Fig. 1 . A A GPA-positive nucleated red cell (arrow) 
and to the right GPA-negative cells in venous blood 
from a nonpregnant woman. Procedure: Ficoll-Paque 
density gradient centrifugation; enrichment by immu- 
nomagnetic beads with anti-CD45 monoclonal anti
body; cytospin preparation; APAAP immunostaining 
with anti-GPA monoclonal antibody. B The same cells 
after in situ hybridization with an XY contig probe 
(provided by Integrated Genetics, Framingham, 
Mass., USA). All nucleated cells including the GPA- 
positive nucleated red cell (arrow) have two red X- 
chromosome specific hybridization signals indicating 
their maternal origin. Procedure: APAAP reaction re
moved with acidic fixation; in situ hybridization; de
tection of the XY cocktail probe. The X chromosome 
was detected with the fluorochrome Cy3 (yellowish/ 
orange signal) and the Y chromosome with fluoro
chrome fluorescein isothiocyanate (FITC; green sig
nal). Note that after in situ hybridization, GPA-posi
tive cells fluoresce a brilliant red in a fluorescence 
microscope with a dual-band pass filter, FITC/rho- 
damine. The picture is taken on Ektachrome 400 HC 
film for color slides which makes the focused red sig
nals in the GPA-positive cell look yellowish/orange. 
C A GPA-positive nucleated red cell (arrow) in venous 
blood from a pregnant woman. The two yellowish/ 
orange X signals indicate its maternal origin. Proce
dure: see panels A and B.

Fig. 2. A fetal cell in maternal blood. Shown is a 
GPA-positive nucleated erythrocyte with an enzymati
cally detected signal of the Y-specific probe pY431 
(provided by Dr. K. Smith, Baltimore, Md., USA). For 
methodological steps see figure 1.
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MACS) using an anti-CD45 monoclonal anti
body, and they were detected by APAAP 
using anti-GPA monoclonal antibody and 
Giemsa counterstaining. The genotype of the 
detected cells was studied by FISH using X- 
and Y-specific probes. These results show that 
pregnancy induces nucleated erythrocytes of 
maternal origin to appear per se in the mater
nal venous blood.

Although the two other groups [44, 45] 
who have used direct targeted analysis on 
nucleated erythrocytes enriched from mater
nal venous blood have found nucleated eryth
rocytes of fetal origin, the number of cells has 
still been too low to allow reliable prenatal 
diagnosis using FISH analysis. Our finding 
that a great proportion of nucleated erythro
cytes are of maternal origin is confirmed by 
the recent results of Bianchi et al. [35] and 
Büsch et al. [46] obtained by indirect tech
niques using PCR on fractions of enriched 
nucleated erythrocytes from maternal blood.

blood. Note that the positive cell resembles a 
nucleated erythrocyte in morphology. The 
photographs illustrate the usefulness of the 
MAC method when targeted analysis of in 
situ hybridization is needed. MAC used with 
in situ hybridization on nucleated erythro
cytes can therefore be a powerful tool in the 
prenatal diagnosis of fetal aneuploidies in ma
ternal blood.

Presence of Nucleated Erythrocytes in 
Maternal Blood

Biological variation in the number of 
CD71-positive cells in the blood of pregnant 
women has been demonstrated by Bianchi et 
al. [24] and the number of nucleated erythro
cytes has been shown to increase with increas
ing gestational age [17, 42], On average, 100 
nucleated erythrocytes in 40 ml maternal ve
nous blood have been reported by Gänshirt et 
al. [42], They also showed that previous inva
sive procedures or pregnancies did not cause 
any increase in the number of nucleated 
erythrocytes circulating in the maternal 
blood. In the same study, the number of 
nucleated erythrocytes in the maternal blood 
was shown to be significantly higher in pre
eclamptic than in normal pregnancies. The 
proportions of fetal and maternal nucleated 
erythrocytes in the venous blood of pregnant 
women have yet to be defined.

Our MAC studies on 40 women carrying a 
male fetus (at 6-17 weeks of gestation) 
showed a low frequency of nucleated erythro
cytes in the blood of pregnant women, ranging 
from 1 to 230 per 20-ml sample (50-10,000 
per 1,000 ml) [43] and the majority of these 
cells were of maternal origin. In 6 of the 10 
nulligravid controls, 1 to 3 nucleated erythro
cytes were found per 20 ml venous blood. 
Enrichment of the cells was performed by neg
ative magnetic activated cell sorting (mini-

Can Nucleated Erythrocytes Be Used 
for Noninvasive Prenatal Diagnosis?

As a high proportion of nucleated erythro
cytes in the blood of pregnant women seems 
to be of maternal origin, more efficient and 
specific enrichment techniques will be needed 
to obtain purified nucleated erythrocytes of 
fetal origin in sufficient quantities to allow 
reliable prenatal diagnoses.

It will no doubt be established whether or 
not all pregnant women have fetal nucleated 
erythrocytes in their peripheral blood, and 
consequently, what proportion of women 
could benefit from noninvasive prenatal diag
nosis using maternal venous blood.
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