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imultaneous analysis of cytoskeletal
atterns and chromosome positioning in
uman fertilization failures

oão Ramalho-Santos, Ph.D.,a Alexandra Amaral,a Raquel Brito,b

ariana Freitas, M.Sc., a and Teresa Almeida Santos, M.D., Ph.D.b

enter for Neuroscience and Cell Biology, University of Coimbra; and University Hospitals of Coimbra,
oimbra, Portugal

bjective: To sequentially and reliably apply both tubulin immunocytochemistry (ICC) and fluorescence in
itu hybridization (FISH) to human fertilization failures, thus providing a tool for a multiple analysis of arrest.

esign: Analysis of human fertilization failures at several stages of arrest.

etting: Academic and clinical institutions.

atient(s): Consenting patients undergoing assisted reproduction technologies.

ntervention(s): Failed fertilizations displaying signs of activation without pronuclear development, or with
he absence of polar body emission or cleavage 48 hours after insemination or microinjection were analyzed.
ertilization failures were fixed and processed for ICC. After data was collected the same samples were then
ubjected to FISH analysis using probes for chromosomes X, Y, and 18.

ain Outcome Measure(s): Simultaneous ICC and FISH data on the same sample.

esult(s): Sequential application of straightforward standard ICC and FISH techniques was not possible, as
he morphologic features had been altered, microtubular patterns were not preserved, and many samples were
endered opaque. Only chromatin at the cell surface or outside the oocyte/zygote, such as metaphase II
pindles or polar body nuclei, could be routinely probed for FISH after ICC. However, an increase in
etergent-induced sample permeabilization as well as the removal of several steps usually performed for FISH
ade it possible to directly compare microtubular patterns and chromosome position, regardless of chromatin

tatus.

onclusion(s): Analysis of specific proteins by immunocytochemistry and of chromosome status/positioning
y FISH can be carried out sequentially in human fertilization failures, irrespective of the stage of arrest.
Fertil Steril� 2004;82:1654–9. ©2004 by American Society for Reproductive Medicine.)
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By definition, analysis of failed human fer-
ilization takes place after the fact, by evaluat-
ng oocytes/zygotes that failed to develop
roperly after IVF or intracytoplasmic sperm
njection (ICSI) or were otherwise deemed un-
uitable for embryo transfer. This leads to sev-
ral limitations, not least of which is the fact
hat appropriate controls (i.e., normally devel-
ping embryos) are rarely, if ever, available for
nalysis. On the other hand, technical con-
traints often imply that a sample that is ana-
yzed using a particular approach is rendered
seless for further procedures, which require
ifferent preparatory steps. This is particularly
mportant for two reasons. First, the intrinsic

reciousness of the material as well as the i
niqueness of any given sample limits the
umber of statistically significant experiments
hat can be done in a given laboratory/clinical
etting, especially one without access to rele-
ant animal models. Second, given that a fail-
re in fertilization probably depends on several
actors (1), a multiparameter analysis, which
ould probe a single oocyte/zygote for several
ossible miscues, could be useful to determine
he causes of failure as well as to aid in the
eparation of causes from consequences.

The use of tubulin immunofluorescence to
nvestigate the status of the metaphase II spin-
le in human oocytes is well established (2).
n the other hand, fluorescence in situ hybrid-
zation (FISH) has also been an important tool
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o analyze chromosome status in human oocytes/fertilization
ailures (3). The importance of proper microtubular assem-
ly patterns during fertilization includes spindle formation
uring meiosis, but also extends to pronuclear apposition
ediated by the sperm aster formed from the male-borne

entrosome and to the subsequent organization of the em-
ryo’s mitotic apparatus (4, 5). Indeed, microtubular patterns
ave been used to pinpoint several stages of arrest in human
ailed fertilizations (2). Such an analysis would be potenti-
ted if information for chromosome status and position were
vailable for the same sample, that is, if following immuno-
ytochemistry (ICC) the same oocyte/zygote could be sub-
itted to FISH without the original structural configuration

eing affected.

The sequential use of ICC and FISH has been described,
otably employing both DNA probes and antibodies against
hromosome-associated proteins (6–9). This analysis has
lso been extended to the evaluation of oocyte status, work
emarkably pioneered in the mouse (10–12). The experimen-
al approaches developed were used to tackle issues related
o abnormal chromosome disjunction during meiosis, and
howed murine metaphase II spindles, with complementary
nformation on chromosome position. Furthermore, observa-
ions in human metaphase II spindles have also been briefly
escribed (5). It should be noted that cytoplasmic interfer-
nce is not usually an issue in these experiments, given that
he cytoplasm has either been removed (chromosome
preads) or that the DNA has a peripheral, cortical, localiza-
ion relative to the oocyte (metaphase II spindles, polar
odies).

Simultaneous evaluation of human oocyte structures and
roteins by immunofluorescence is straightforward, provided
he individual protocols involve similar methodologies (13).
he standard procedure, adapted to individual settings, calls

or formaldehyde/paraformaldehyde or methanol fixation,
ollowed by Triton X-100 permeabilization/wash, and incu-
ation of samples with the appropriate probes. However, as
e describe, the most common protocols for ICC and FISH

re not very similar and can interfere with one another,
endering some samples useless for analysis in the process.

Therefore, we report a simple method that can be em-
loyed to analyze not only metaphase II spindles but also
uman failed fertilizations arrested at several stages of de-
elopment using, in this case, both tubulin ICC for micro-
ubular patterns and FISH for specific chromosome position-
ng. The technique preserves the sample morphology
scertained by ICC, even after the harsher conditions nor-
ally required for probe hybridization during FISH.

MATERIALS AND METHODS
All chemicals were obtained from Sigma Chemical Com-

any (St. Louis, MO) unless stated otherwise. All human
aterial was used in accordance with the appropriate ethics
uidelines provided by the University Hospitals of Coimbra. h

ERTILITY & STERILITY�
iologic Material
The human fertilization failures analyzed were obtained

rom the fertility clinic (University Hospitals of Coimbra)
rom consenting patients undergoing fertility treatments in-
olving both IVF and ICSI, following appropriate institu-
ional review board guidelines. Failed fertilized oocytes were
nalyzed that displayed signs of activation (second polar
ody extrusion) without pronuclear development or had an
bsence of polar body emission or cleavage 48 hours after
nsemination or microinjection. A total of 161 oocytes/failed
uman fertilizations were available for this study.

ubulin Immunocytochemistry and
luorescence in Situ Hybridization
The zona pellucida was removed with a short (1 to 5

inutes) incubation in acid Tyrode’s solution. Oocytes were
xed for 1 hour with 2% (v/v) formaldehyde in Ferticult
edium (FertiPro N.V., Beernem, Belgium) and permeabil-

zed in 5% Triton X-100 (v/v) in phosphate-buffered saline
PBS; pH 7.2) for 1 to 2 hours at room temperature. Non-
pecific antibody reactions were blocked by a 30-minute
ncubation in PBS containing 1 mg/mL of bovine serum
lbumin and 100 mM of glycine.

For labeling, sheep anti-human tubulin polyclonal anti-
ody (Cytoskeleton, Denver, CO) was solubilized in the
locking solution (1:200 dilution) and incubated with the
amples for 1 hour at 37°C. After washing in PBS containing
.1% Triton X-100 (v/v), the oocytes were labeled with
lexa Fluor 488 or Alexa Fluor 568 donkey anti-sheep IgG

Molecular Probes, Eugene, OR) at a 1:200 dilution in block-
ng solution for 40 to 60 minutes at 37°C, then washed again
ith PBS containing 0.1% Triton X-100. To stain the DNA,

ach oocyte was put in a slide with a 10-�L drop of antifade
olution with 0.1 �g/mL of 4,6-diamidino-2-phenylindole-
API (Appligene, Tucson, AZ). The slides were then cov-

red with coverslips and sealed with nail polish. Oocytes
ere examined with a Zeiss Axiophot II microscope

quipped with a triple band pass filter.

After ICC analysis and photography, the coverslips were
hen carefully removed and the oocytes, which stayed at-
ached to the slides, were gently rinsed with 0.1% Triton
-100 in PBS and prepared for FISH. The DNA probes

Vysis, Inc., Downers Grove, IL) used for this study were
entromeric fluorescent probes for chromosomes X, Y, and
8 (CEP X Spectrum Green, CEP Y Spectrum Orange, and
EP 18 Spectrum Orange), applied both individually and in
ombination. Fixation with acetic acid/methanol or an etha-
ol dehydration series were not used.

The FISH procedure was performed according to the
rotocol recommended by the manufacturer for directly la-
eled probes: 10 �L of the probe mixture was applied to
ach slide under a coverslip sealed with rubber cement. The
NA was denatured at 75°C on a hot plate for 5 minutes and

ybridization took place overnight in a humidified chamber
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1

t 42°C. Coverslips were removed, and the slides were
ashed twice: first, in 0.4� SSC solution with 0.3% Igepal

Appligene) at 75°C for 1 minute, then, with 2� SSC/0.1%
gepal solution for 1 minute at room temperature. Slides
ere mounted in antifade medium containing 0.1 �g/mL of
API (Appligene) and analyzed with a Zeiss Axiophot II
icroscope as previously noted.

RESULTS
Initial attempts to first analyze and document tubulin ICC

nd then perform FISH on the same sample using the re-
pective standard methodologies were largely unsuccessful
ue to several factors. Some steps normally required for
ISH (ethanol/acetic acid fixation, ethanol dehydration)
eemed to disrupt the chromatin structure or erase the mi-
rotubular staining patterns detected by ICC (data not
hown). On the other hand, standard permeabilization of
amples in 1% Triton X-100 for 30 minutes following form-
ldehyde fixation, although suitable for ICC, rendered the
amples opaque following the heating steps required for
ISH probe hybridization, probably due to massive cytoplas-
ic protein denaturation (data not shown). As a conse-

uence, only chromatin at the cell surface could be unequiv-
cally labeled with FISH probes, namely, metaphase II
lates and polar bodies as already described (7, 10–12).

We tackled these issues with two methodological
hifts. To avoid oocyte opacity following FISH analysis,
e increased the permeabilization used for ICC. Follow-

ng fixation with formaldehyde, samples were thus per-
eabilized for 1 to 2 hours with 5% Triton X-100 in PBS.
his was particularly effective in removing enough of the
ocyte cytoplasm so that the heating steps necessary for
ISH did not render the cell opaque. On the other hand,
e found that, after ICC data had been collected for a
iven sample, it was no longer necessary to perform
urther fixation steps for FISH analysis with methanol/
cetic acid or proceed through the ethanol dehydration
eries (data not shown).

Figure 1A shows an oocyte that failed to properly activate
ollowing IVF, in which chromosomal misalignments at the
etaphase II spindle are obvious (see also 7, 10–12). The

pindle characteristics and microtubular staining were main-
ained after FISH analysis, as carried out with probes for
hromosomes 18 and X added simultaneously (see Fig. 1A=,
�). Two adjacent FISH spots are visible for both probes,

ndicating the presence of two chromatids. Note that, even if
icrotubules and a FISH probe must be visualized using the

ame emission channel (see Fig. 1A�), differences between
he types of signals (linear or twisted microtubular patterns
s. clear FISH dots) should be enough to provide for ade-
uate interpretation of the data.

This can also be seen in Figure 1B, in which failure of the

ocyte to fertilize was followed by rescue ICSI 20 hours

656 Ramalho-Santos et al. ICC and FISH in human fertilizatio
F I G U R E 1

hromosome positioning can be assessed in human failed
ertilizations without compromising cytoskeletal patterns. (A)
uman failed fertilization with misaligned chromosomes vi-
ualized first by tubulin immunocytochemistry (green) and
hen using FISH for both chromosome 18 (red spots, A=) and

(green spots, A�). (B) An arrested human fertilization was
equentially probed with the antitubulin antibody (green) and
ith FISH probes for X (green) and 18 (red). Three sets of
hromosomes were visible. Insert B= is a detail in which the
icrotubule pattern has been removed for clarity. (C) An

rrested human fertilization was sequentially probed with the
ntitubulin antibody (green) and with FISH probes (C=) for X

green) and 18 (red). Asterisks map the localization of the
ndentation fossae, noting the putative position of the male-
orne centrosome. DNA is in blue. Bars represent 10 �m.
n failures Vol. 82, No. 6, December 2004
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fter conventional insemination. The oocyte was then diag-
osed in the clinic as a 3PN (possible retention of the second
olar body) and made available for analysis. Analysis by
CC–FISH revealed three sets of condensed chromosomes
ith a very loose microtubule network that failed to organize
spindle.

More importantly, the technique could also be applied to

F I G U R E 2

uman failed fertilizations at the onset of first mitosis can
ertilization failures were sequentially probed with the antitub
uman zygote arrested at anaphase of first mitosis stained fo
itotic apparatus. A�: The same zygote following FISH analy

pots), and 18 (small red spots). Note the presence of the spe
f first mitosis, stained for microtubules (red) and DNA (bl
hromosomes X (green spots) and 18 (small red spots). A pro

not shown). Note the presence of the midbody. Bars repres

amalho-Santos. ICG and FISH in human fertilization failures. Fertil Steril 2004.
ronuclear stage embryos. Figure 1C shows a failed human r

ERTILITY & STERILITY�
ertilization following ICSI in which the male pronucleus,
lthough partially decondensed, not only can be identified by
orphologic features, but also has failed to properly orga-

ize a microtubular aster. This disorganized microtubule
attern arising from the would-be centrosome area suggests
hat this was probably the cause for fertilization arrest.
nterestingly, the dual spots for chromosomes X and 18

analyzed by both microtubular staining and FISH. Human
antibody (red) and with FISH probes. (A) View of a fertilized
crotubules (red) and DNA (blue). A=: Detail of A, showing the
sing probes for chromosomes X (green spots), Y (large red

ail. (B) A parthogenetic human oocyte, arrested at telophase
B=: The same cell following FISH analysis with probes for
r chromosome Y was also used, but no signal was detected
0 �m.
be
ulin
r mi
sis u
rm t

ue).
be fo
ent 1
evealed by FISH analysis (see Fig. 1C=) suggest that DNA

1657



s
s
m
n

t
F
y
fi
t

s
fl
d
(
2
s
b

t
o
a
i
a
t
f

a
a
I
a
s
m
F
t
t
s
c
s
t
a
t
a
a
s

h
c
g
s
c
F
t
b
s
c
p
f
a
o
p
k

H
b
a
i
t
(
f
i

R

1

ynthesis had already begun, similar to what has been de-
cribed for other primate species following cytoplasmic re-
oval of sperm structures after ICSI (14) but before pro-

uclear apposition.

We were also able to analyze human fertilization failures
hat failed to progress beyond the first mitotic division.
igure 2 shows two failed fertilizations from the same 33-
ear-old patient with endometriosis undergoing IVF. The
rst embryo analyzed had arrested at anaphase of first mi-

F I G U R E 3

uman failed fertilizations after first cleavage analyzed by
oth microtubular staining and FISH. A human embryo that
rrested at the two-cell stage was sequentially probed with

mmunocytochemistry and with FISH. (A) ICC: Staining using
he antitubulin antibody (red) and the DNA stain DAPI (blue).
B) The same embryo following FISH analysis using probes
or chromosomes X (green spots) and 18 (red spots). DNA is
n blue. Bars represent 10 �m.

amalho-Santos. ICG and FISH in human fertilization failures. Fertil Steril 2004.
osis (see Fig. 2A). With this specimen, we were also able to d

658 Ramalho-Santos et al. ICC and FISH in human fertilizatio
how that more than one FISH probe can be used in the same
uorescence channel, provided the signals are sufficiently
ifferent as is the case with the probes for chromosomes 18
small red dots) and Y (large red dots) used here (see Fig.
A�). Note that chromosome Y does not seem to have
egregated properly, and that the sperm tail is clearly visible,
oth of which confirm that fertilization took place.

The same analysis was carried out in another failed fer-
ilization from the same patient, in which activation was not
bserved. However, the embryo was found to have arrested
t telophase of first mitosis (see Fig. 2B). In this case, the
ndividual signals obtained with probes for chromosomes 18
nd X in each chromatin (the Y chromosome was not de-
ected) suggest that this failed fertilization may have resulted
rom parthenogenetic activation (see Fig. 2B=).

Finally, Figure 3 shows a failed human fertilization that
rrested as a two-cell embryo. Signs of proper oocyte activation
re visible in the network of cortical microtubules revealed by
CC (see Fig. 3A). Unlike sturdier microtubular structures, such
s spindles (see Fig. 1A), the sperm aster (see Fig. 1C), the
perm tail (see Fig. 2A�), or the midbody (see Fig. 2B=), these
ore delicate cortical microtubules were disrupted following
ISH analysis (see Fig. 3B). However, the morphologic fea-

ures of the general embryo (note especially the nucleolar struc-
ure) were maintained, and FISH analysis was carried out
uccessfully; two distinct spots for chromosome 18 and the X
hromosome were clearly visible in both nuclei, and additional
ignals also were detected in the polar body (see Fig. 3B). Note
he slight opacity induced in the arrested zygote after FISH
nalysis, probably due to the aforementioned cytoplasmic pro-
ein denaturation. In similar samples that had only been perme-
bilized with a short incubation in 1% Triton X-100, FISH
nalysis was not possible unless the DNA was close to the cell
urface, as previously described.

DISCUSSION
The parallel use of ICC and FISH analysis in relation to

uman fertility has already been demonstrated, notably in
ytogenetic analysis which also is interested in investi-
ating the localization of specific proteins on chromo-
omes (7–9). These observations are usually done at the
hromosome level with prior removal of cell cytoplasm.
urther work has been carried out on metaphase II plates

o study chromosomal disjunction in the mouse (7, 10 –12)
ut also with some human data (5). We have described a
imple technique that allows the parallel analysis of mi-
rotubular patterns using tubulin ICC and chromosome
ositioning/status using FISH in the same samples of
ailed human fertilizations, which were arrested not only
t the metaphase II stage but at distinct stages of devel-
pment. This approach was used because defects in the
roper organization of microtubular patterns are well
nown for arresting human fertilization at distinct points,

epending on the deficiency observed in each case (2).

n failures Vol. 82, No. 6, December 2004
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he methodology may be useful for example, in deter-
ining which specific chromosomes are missorted or mis-

ligned in oocytes or zygotes from specific patients, in
ssessing whether arrest took place before or after acti-
ation of DNA synthesis in the pronuclei, or in distin-
uishing failed fertilization from failed parthenogenetic
ctivation. More importantly the optimized protocol re-
ains the structural morphology of the sample without
ross distortions and can be used regardless of chromatin
osition in the oocyte; that is, the DNA does not need to
e close to the cell surface.

Simultaneous detection of several types of molecules,
rganelles, or structures in a human oocyte or any other
iving cell is straightforward (13), provided that several
onditions are fulfilled. For example, the appropriate
robes must be available, and they must not overlap in
pecificity or in the emitted signals. The final hurdle is
etermining if the methodology used for different probes/
nalysis is compatible. For example, some probes can
nly be used to label live cells, while others work best
ith fixed material. In this particular case, the most chal-

enging aspect was avoiding cytoplasmic interference,
hich would render the samples opaque after FISH. This

ssue was resolved using increased detergent-mediated
ermeabilization. It is therefore important to note that
pplying this technique to compare the localization of
articular proteins/cellular structures may be limited by
he nature of the protein/structure in question. If it is lost
r altered following extensive permeabilization, for ex-
mple, the results may be inconclusive or may not reflect
he accurate localization/concentration of a given mole-
ule of interest. This is particularly important in the
nalysis of human oocytes or arrested zygotes, given that
ell size and the abundance of concentrated cytoplasm can
nterfere with analysis if they are not adequately pro-
essed. A balance must be struck between the two (or
ore) methodologic approaches that need to be applied,

imultaneously or sequentially. Therefore, the protocol
ust be optimized for each particular analysis, with care
eing taken that a given sample is not irreversibly dis-

ERTILITY & STERILITY�
upted at any stage, thus rendering direct comparisons
etween techniques difficult.
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