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SUMMARY We investigated the frequencies of abnormalities involving either chromo-

some 1, 16, 18, or 21 in failed-fertilized human oocytes. Although abnormalities involving KEY WORDS
chromosome 16 showed an age-dependent increase, results for the other chromosomes did aneuploidy

not show statistically significant differences among the three age groups, <35 years, 35-39 oocytes

years, and >39 years. The scoring of four chromosomes is likely to underestimate the true polar bodies

rate of aneuploid cells. Therefore, for a pilot study investigating a more-comprehensive fertilization
analysis of oocytes and their corresponding first polar bodies, we developed a novel eight- cytogenetics
probe chromosome enumeration scheme using fluorescence in situ hybridization and spec- fluorescence in situ
tral imaging analysis. (J Histochem Cytochem 53:269-272, 2005) hybridization

CHROMOSOME ABERRATIONS, including aneusomy,
polyploidy, and structural abnormalities, are common
causes of spontaneous abortions and congenital mal-
formations. Numerical aberrations, particularly triso-
mies, are the most common chromosome abnormali-
ties in humans and are known to be detrimental to
early embryonic, fetal, and perinatal development.
Cytogenetic analysis of 1000 spontaneous abortions
showed that about half of these abortuses (463/1000)
carried recognized chromosome abnormalities (Has-
sold et al. 1980), and as many as 4% of clinically rec-
ognized pregnancies carry trisomies, although few af-
fected fetuses survive to term (Hassold and Jacobs
1984). Even higher rates of chromosomal abnormali-
ties have been reported for in vitro fertilization (IVF)-
derived embryos (Munné et al. 1994,1995; Dailey et
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al. 1996), suggesting that many chromosomally ab-
normal embryos are eliminated in utero before or
shortly after implantation. However, little is known
about the effects of chromosomal imbalances on the
earliest steps of human development, i.e., fertilization
and nidation.

Using fluorescence in situ hybridization (FISH), we
investigated the frequency of aneuploidy and chroma-
tid predivision for chromosomes 1, 16, 18, and 21 in
273 failed-fertilized oocytes from 95 patients, strati-
fied by age (<35 years, 35-39 years, and >39 years;
age range 26.1 to 42.2 years). Oocytes were prepared
as previously described (Racowsky et al. 1992).

Our probes were labeled with four different fluoro-
chromes so that they could be identified and scored eas-
ily using the fluorescence microscope (Figures 1A-1D).
The DNA probes for chromosomes 1, 18, and 21 were
labeled by random priming using a BioPrime kit (Invitro-
gen; Gaithersburg, MD) to incorporate digoxigenin-
11-dUTP (Roche Molecular Biochemicals; Indianapolis,
IN), fluorescein-12-dUTP (FITC; Roche Molecular Bio-
chemicals), or Spectrum Orange-dUTP (Vysis; Down-
ers Grove, IL). A cloned 1.77-kb EcoRI fragment of
human satellite III DNA specific for chromosome 1
(pUC1.77) (Fung et al. 2001) was labeled with Spec-
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FISH Analysis of Oocytes and Polar Bodies

trum Orange. The probe specific for satellite Il DNA
of chromosome 16 was prepared from clone pHUR195
(Fung et al. 2001) and labeled with FITC as well as
digoxigenin. The single-copy DNA probe specific for
chromosome 21 was selected from the Genethon/CEPH
yeast artificial chromosome (YAC) library (YAC 141G6)
and labeled with FITC as previously described (Fung
et al. 2001). The DNA probe specific for chromosome
18 (CEP18), labeled with Spectrum Aqua, was ob-
tained from the manufacturer (Vysis).

The results demonstrated an overall high rate of
aneuploidy among failed-fertilized eggs, in agreement
with reports from other laboratories (Martini et al.
1997; Pellestor et al. 2003). However, published re-
ports had suggested a disproportionally high rate of an-
euploid cells with abnormalities related to the number
of copies of chromosome 1 (Martini et al. 1997; Bahge
et al. 1999). In our study, the rate of cells showing
aneusomy involving chromosome 1 was 15.8%, and it
was neither age dependent nor significantly different
from that for chromosomes 16 (22.5%), 18 (16.3%),
and 21 (22.7%) (t-test, p=0.241). Table 1 summarizes
the chromosome-specific rates of aneuploid cells for
each of the three age groups. Only chromosome 16 ex-
hibited a significant age-dependent increase in aneu-
ploidy (12.0%, 30.4%, and 50.0% for <35, 35-39,
and >39 years, respectively; p=0.0009) (Table 1).

Because chromatid predivisions are considered to
be a major mechanism leading to aneuploid oocytes
(Pellestor et al. 2003), they were also recorded in our
study of failed-fertilized eggs. The rate of chromatid
predivisions for chromosome 1 was lower than for
chromosome 18 (11.9% vs 25.4%; p=0.01) but was
not significantly different from that for chromosomes
16 (16.4%) or 21 (19.1%). Moreover, in contrast to
previous reports, we found that the rate of chromatid
predivision involving chromosome 1 did not show any
indication of age dependence. Because the size of our
study cohort is in the broad range of the populations
reported in the above-cited studies, it is unlikely that
the observed discrepancies stem from problems related
to cohort size. Other factors, such as ethnicity or life
style (e.g., diet, caffeine consumption, exercise, smok-
ing, drug use), should be taken into consideration.
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Table 1 Percentage of cells showing abnormal numbers
of chromosomes 1, 16, 18, and 21

Chromosome
Age group 1 16 18 21
<35 years 13.3 12 13.3 16
35-39 years 19.6 30.4 19.6 30.4
>39 years 16.7 50 16.7 27.8

It is also likely that our FISH assay scoring only 4
of the 23 chromosome types found in human oocytes
underestimates the true incidence of aneuploidy. One
approach to determine the number and type of chro-
mosomes in oocytes is based on the delineation of all
chromosomes with chromosome-specific whole chro-
mosome painting (WCP) probes. The chromosome-
specific WCP probes were prepared by combining
probes labeled with one or more of five reporter mole-
cules so that each chromosome-specific WCP probe
had a unique, identifiable spectral signature. The tech-
nology, termed “spectral karyotyping (SKY),” was de-
veloped initially to screen metaphase spreads and is
used primarily in karyotype analysis of constitutional
chromosome abnormalities and in cancer studies. We
have applied the SKY technology in the past to dem-
onstrate specific alterations in human and mouse tu-
mors (Fung et al. 2000). In their elegant study, San-
dalinas et al. (2002) demonstrated the application
of SKY to the analysis of oocytes (Figures 1E-1G).
However, because of overlap between hybridization
domains, this combinatorial labeling and detection
scheme works only with very well spread metaphase
chromosomes. For chromosome enumeration in oo-
cytes and polar bodies, as well as in interphase cell nu-
clei of other origins, the use of chromosome-specific
DNA repeat or single-copy probes appears to be more
accurate.

At present, no commercial test is available that
scores more than five chromosomes in a single hybrid-
ization experiment. Consequently, investigators have
applied repeated hybridization schemes to increase the
number of chromosomes scored (Martini et al. 1997).
We developed a test system based on nine-color FISH
[including the 4’,6-diamidino-2-phenylindole (DAPI)

Figure 1 In situ hybridization results. FISH analysis of human failed-fertilized metaphase Il eggs using specific probes for chromosomes 1

(red signals), 16 (yellow signals), 18 (blue signals), and 21 (green signals). Hybridization of the four-probe set to a spread prepared from a
normal oocyte (A,B) or an abnormal cell containing an extra chromatid derived from chromosome 1 (‘1) in addition to the normal bivalents
(C,D). Chromosomes are indicated by arrows with numbers. DAPI images are shown in A and C; FISH results are displayed in B and D. The
SKY analysis of a freshly spread oocyte involves acquisition of a DAPI image (E), recording a spectral image and displaying it as a false-color
RGB image (F), and generation of a karyotyping table that aligns the DAPI, classification color, and false-color RGB images for each chromo-
some type (G). The eight-probe set was initially tested on metaphase spreads prepared from short-term lymphocyte cultures. The pictures
show the DAPI image of a metaphase spread (H), a superposition of the chromosome 18-specific blue fluorescent signals with red fluores-
cent signal recorded in the red fluorescence channel (I), and a superimposition of the chromosome 21-specific green signals on the infrared
fluorescent signals delineating targets on chromosomes 15, 16, and Y (J). (K,L) Analysis of oocytes and corresponding 1PBs using the eight-
probe set and SIm detection.
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counterstain| and spectral imaging (SIm) analysis (Fig-
ures 1H-1J). We prepared uniquely labeled DNA
probes for simultaneous scoring of chromosomes 13,
15, 16, 18, 21, 22, X, and Y. Next, we optimized cell
pretreatment and FISH conditions to ensure that each
DNA probe reached a hybridization efficiency of at
least 90%, a margin acceptable for most IVF pro-
grams. Probes were tested initially on lymphocytes (Fig-
ures 11 and 1]) before being used in the analysis of oo-
cytes and their corresponding first polar bodies (1PBs)
(Figures 1K and 1L).

We used an SIm-based approach to detect bound
probes after FISH. SIm combines fluorescence spec-
troscopy and digital imaging for the analysis of FISH
signals. A typical system is composed of a fluorescence
microscope equipped with an interferometer and a
charge-coupled device camera plus powerful computer
software to perform rapid Fourier spectroscopy. Such
systems are commercially available from Applied Spec-
tral Imaging (Carlsbad, CA).

Immature, never-inseminated, frozen oocytes were
matured in vitro and fixed. Oocytes and 1PBs were
fixed separately so that they could be analyzed inde-
pendently. The rate of in vitro maturation of the oo-
cytes was low. Less than 50% (42/85) of immature
eggs extruded a 1PB. In total, 85 eggs were needed to
obtain 29 polar bodies and their respective oocytes.
These specimens were analyzed with the eight-probe
set. Of those 29 polar bodies, four did not have a cor-
responding oocyte properly fixed or analyzable. In to-
tal, there were 25 analyzable pairs of 1PBs and oocytes.

The screen dumps in Figures 1K and 1L show the
typical steps during the analysis. Counterclockwise,
shown from the top left, are the pseudo-RGB display
of the spectral image, automated selection of the re-
gion of interest (here a close-up of a chromosome 16—
specific signal), the overlay of regions of interest with
the inverted DAPI image, and the karyotype table. The
small image at lower left shows a comparison of pre-
recorded “pure dye” spectra (black line) with the fluo-
rescence spectrum under the cursor (blue line), which
is used to check the accuracy of the automated signal
classification.

The concordance between the eggs and 1PBs was
found to be 92%, thus proving that the probes, the
slide pretreatment, and the detection protocol were
ready for PGD applications. One example is shown in
Figures 1K and 1L, where the 1PB (Figure 1K) con-
tained two chromosomes 21 (i.e., disomy 21) whereas
the corresponding oocyte carried no chromosome 21

(i.e., nullisomy 21). These results are very reliable, be-
cause the single-copy probe for chromosome 21 was
the only green fluorescent probe in our set.
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