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Abstract

We used multicolour fluorescence in-situ hybridization on air-dried pachytene nuclei to analyse the struc-
tural and functional domains of the sex vesicle (SV) in human, chimpanzee and mouse. The same tech-
nology associated with 3-dimensional analysis was then performed on human and mouse pachytene
nuclei from cytospin preparations and tissue cryosections. The human and the chimpanzee SVs were very
similar, with a consistently small size and a high degree of condensation. The mouse SV was most often
seen to be large and poorly condensed, although it did undergo progressive condensation during
pachynema. These results suggest that the condensation of the sex chromosomes is not a prerequisite
for the formation of the mouse SV, and that a different specific mechanism could be responsible for
its formation. We also found that the X and Y chromosomes are organized into two separate and
non-entangled chromatin domains in the SV of the three species. In each species, telomeres of the X
and Y chromosomes remain clustered in a small area of the SV, even those without a pseudoautosomal
region. The possible mechanisms involved in the organization of the sex chromosomes and in SV formation
are discussed.

Introduction the XY body or sex vesicle (SV). Unlike the

autosomal bivalents, the XY body is characterized
During pachynema in male mammals, the X and Y by a particular chromatin condensation and
chromosomes form a nuclear structure attached to transcriptional inactivation (Solari 1974, 1989).

the nuclear membrane. This structure is known as It has been hypothesized that the differential
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chromatin condensation of sex chromosomes
during meiotic prophase renders the DNA
inaccessible not only to transcriptases but also
to recombinases (McKee & Handel 1993), and
thus serves to prevent deleterious crossing over
between non-homologous regions of the X and
Y chromosomes. Within the sex vesicle, the X
and Y chromosomes are paired by their pseudo-
autosomal regions and the progressive entangle-
ment of their unpaired axes has been described
from spread preparations (Solari 1980, Chandley
et al. 1984). Nevertheless, little is known about
the organization of the X and Y chromosomes
in the SV or the factors that play a role in their
condensation. It has been suggested that SV con-
densation depends on the action of specific factors,
which may include the XIST/Xist transcript
(Richler et al. 1992, Ayoub et al. 1997), some
specific proteins (Parraga & Del Mazo 2000), or
the heterochromatin content of the sex
chromosomes. Using molecular cytogenetics and
conventional microscopy (2D-analysis), we
analysed the structural and functional domains
of the SV in human, chimpanzee and mouse. Con-
focal scanning microscopy was subsequently
performed in conjunction with three-dimensional
(3D) reconstruction of human and mouse SVs.
In the three species studied, the sex chromosomes
differ in terms of morphology, heterochromatin
content and sequence homology, factors possibly
involved in the organization or the condensation
of the SV.

Materials and methods

Testicular material was obtained from human,
chimpanzee and mouse individuals, all having a
normal karyotype.

Human testicular samples and slide preparation

Human testicular material was obtained from two
men who underwent orchidectomy in the manage-
ment of prostate carcinoma. The testes were cut
into small fragments (0.5 cm?®) and treated by three
different protocols.

Protocol 1: Air dried preparations
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Testicular samples were immediately fixed in 3:1
methanol/ acetic acid to obtain air-dried pre-
parations as described by Luciani et al. (1975).
Slides were stored at —80°C.

Protocol 2: Cytospin preparations

In order to obtain meiotic spreads for analysis of
3D structure, other testicular samples were teased
with forceps in HAM-F10 medium to obtain a cell
suspension. After centrifugation, the supernatant
was removed and the pellet resuspended in
HAM-F10 medium containing 10% glycerol. This
suspension was distributed in aliquots and stored
in liquid nitrogen (—196°C) until use. After
thawing, cells were cytocentrifuged on
silane-coated slides (200 rpm for 5 min in a
Cytospin 2 Shandon). Cytocentrifuged pre-
parations were fixed in PBS containing 4%
paraformaldehyde for 10 min and rinsed in PBS
before in situ hybridization.

Protocol 3: Tissue cryosections

Entire testicular fragments were gently frozen in
liquid nitrogen, stored at —196°C and sub-
sequently cryosectioned. Cryosections, 10-12um
thick, were laid on silane-coated slides (Sigma),
fixed in PBS containing 4% paraformaldehyde
for 30 min, rinsed 3 times in PBS, dehydrated
and stored at —196°C prior to use. After thawing
and rehydratation in PBS, sections were
permeabilized with PBS containing 0.5% Triton
X-100 for 35 min, rinsed in PBS and digested with
trypsin, 0.2 mg/ml, in PBS under a coverslip at
37°C for 40 min. Slides were then rinsed in PBS,
fixed in PBS containing 4% paraformaldehyde
for 10 min, rinsed once more in PBS, ethanol
dehydrated and dried prior to processing for
hybridization.

Chimpanzee testicular samples and slide
preparation

A testicular biopsy made under general anaes-
thesia was obtained from a healthy male
chimpanzee (Pan troglodytes) from the CIRM
(Centre International de Recherches Médicales,
Franceville, Gabon), after approval from the
CECUA (Centre d’Etude et de Controle de
I’'Usage des Animaux). Only air-dried pre-
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parations without KClI hypotonic treatment
(protocol 1) were made from the chimpanzee tes-
ticular biopsy.

Mouse testicular samples and slide preparation

Meiotic preparations from two C57BL6 mice and
three WMP mice (gift from J. L. Guénet;
Bonhomme & Guénet, 1989) were obtained by
the same three protocols as those used with human
samples.

Probes and labelling

The different probes used to study the human,
chimpanzee and mouse sex vesicles are
summarized in Table 1. The human YAC clones,
946f5 and 957f8, obtained from the CEPH (Centre
d’Etude du Polymorphisme Humain), were ampli-
fied using Alu-PCR (Lengauer et al. 1992). PCR
products were labelled with biotine 14-dCTP by
random priming (Bioprime DNA labeling system,
Life Technologies) before hybridization. The
mouse PA-2 YAC (kindly provided by E. Heard)
was amplified by PCR of Bl sequences with the
primer 5 GCA CAC GCC TTT AAT CCC
AGC 3 (Rettenberger et al. 1995). The PA-2
PCR products and the P68 probe (kindly provided
by C. Vourc’h) were labelled with biotin 14-dCTP
or digoxigenin 11-dUTP (Dig-High Prime, Roche
Diagnostics) by random priming, before hybrid-
ization on mouse meiotic cells. A synthetic peptide
nucleic acid PNA-(C5TA,); oligonucleotide probe
(Lansdorp et al. 1996) was used for the detection
of the telomeric TTAGGG repeats on human,
chimpanzee and mouse spermatocytes.

Fluorescent in-situ hybridization (FISH)
experiments

Air-dried preparations were thawed, treated and
denatured as previously described (Metzler-
Guillemain et al. 1999). In order to preserve the
3D-structure of nuclei, cytospin preparations
and cryosections were denatured on a plate
between 75°C and 80°C for 5 min. Commercial
DNA probes were hybridized and the signal
detected as recommended by the manufacturers.

All probes were first hybridized on somatic
metaphase chromosomes in order to establish
the hybridization parameters.

Human and mouse YAC probes were used at
300 ng/slide after a competition with 90 ug of human
or mouse Cot-I DNA (Roche Diagnostics and Life
Technologies, respectively). The mouse P68 probe
was used at 20 ng/slide without competition. Detec-
tion was performed as previously described (Pinkel
et al. 1986). Hybridization and detection of the
Cy3 PNA-telomeric probe was performed on air dried
meiotic preparations as described for somatic cells
(Lansdorp et al. 1996). Preparations were
counterstained either with 4,6-diamidino 2-phenyl
indole (DAPI) at 100 ng/ml in Vectashield mounting
media (Vector Laboratories), or with TO-PRO 3
(Molecular Probes) at a 1: 100 dilution in Vectashield
for confocal analysis.

Light-microscopic analysis

Pachytene nuclei were observed using an
Axioplan-2 Zeiss fluorescent microscope. The
images were captured with a CCD camera
(photometrics ‘SenSys’). Information was col-
lected and merged using IPLab Spectrum software
(Vysis). At least 100 SVs from air-dried pre-
parations were analysed for each combination
of probes in each species. Some X and Y paint
probe signals in pachytene nuclei were also
captured from mouse and human cytospin spreads
and testis cryosections, in order to evaluate the size
of the SV in these preparations.

Confocal analysis and 3D-reconstruction

Confocal microscopy followed by 3D analysis was
performed on pachytene nuclei from protocols 2
and 3 of human and mouse. Thirty nuclei from
cytospin preparations (protocol 2) were analysed
in order to determine the 3D structure of the X
and Y chromosomes in the sex vesicle and the
nuclear volume. The 3D parameters of the sex
chromosomes were also determined in thirty nuclei
from testis cryosections (protocol 3), in order to
avoid bias due to tissue disaggregation or
freeze-thawing of the preparations.
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Optical settings

Series of confocal optical sections were obtained
using a Zeiss LSM410 confocal microscope
equipped with three laser sources and three con-
focal detectors. The images of the confocal sec-
tions were collected with a 63x NA 1.3
Planapochromat objective lens. One optical sec-
tion was recorded every 200 nm along the z axis
and the pixel sampling was 100 nm along the x
and y axes.

3D image analysis

The confocal series were visualized and processed
with the Edit3D and Ana3D programmes (Parazza
et al. 1993, 1995). In brief, Edit3D was used to
generate 3D reconstructions of the data sets and
Ana3D was used to extract morphological features
according to the following procedure. For each
channel, the histogram of fluorescence intensities
was stretched in order to fill the full dynamic range
of eight bit images. Then, an adaptive low-pass
filter was applied to each channel in order to
remove photonic noise from the images. The
binary masks of nucleus, X chromosome and Y
chromosome were obtained by applying a fixed
intensity threshold to the data set. A 3D labelling
algorithm was used to filter out small objects cor-
responding to non-specific labelling and extract
the volumes to be measured.

Results

FISH with various probes allowed the specific
chromatin domains of the X and Y chromosomes
to be unequivocally identified in the sex vesicle.

Condensation and organization of the human sex
vesicle

2D analysis

In human male pachytene nuclei, the SV appeared
as a small, rounded, substructure showing a high
degree of condensation in all substages.
Co-hybridization of differently labelled X and Y
paint probes to air-dried preparations of
pachytene nuclei (probe combination la+6a;
Table 1), showed two juxtaposed fluorescent
signals without intermingling or superposition

of the corresponding chromosomal domains
(Figure 1A). This observation was confirmed on
cytospin preparations and tissue cryosections.
The X centromere alphoid probe was co-hybrid-
ized with the probe specific for the Yqll
heterochromatic region (probe combination
3b+ 7) and revealed diametrically opposite signals
in the human SV, suggesting that the X and Y are
organized into two completely separate
chromosomal domains. The XIST probe
hybridized with the X centromere probe showed
two signals located in the same peripheral area
of the SV, diametrically opposite to the Y
heterochromatin domain (probe combination
2+ 3a+ 7+ 8) (Figures 1B and B*). Simultaneous
hybridization of two YAC probes from the X
chromosome, 957f8 (Xp21.3) and 946f5
(Xq26-q27), with the X centromere probe (probe
combination 3b+4+5) showed that both YAC
signals were located in the same central area of
the sex vesicle (Figure 1C). This result indicates
that the two arms of the X chromosome are
brought together in the SV, with the X centromere
located at the folding point of this chromosome.
Hybridization with the PNA-(C5;TA,); probe
showed that all X and Y telomere signals were
clustered in the same peripheral area of the SV
in all pachytene nuclei. Moreover, in 90% of these
nuclei, only two juxtaposed signals were
detectable, suggesting a two-by-two telomeric
association (Figure 1D).

3D analysis

3D reconstruction of pachytene nuclei hybridized
with X and Y paint probes (combination 1b+ 6b)
confirmed the juxtaposition of independent and
well-defined X and Y chromosome domains in
the SV (Figure 2A). The 3D parameters analysed
are reported in Table 2. As expected, the mean
value of the human X chromosome volume
was larger than the mean value of the Y chromo-
some volume in both cytospin preparations and
tissue cryosections. Although the X and Y
chromosome volumes were larger in cytospin pre-
parations than in cryosections, the vX/vY ratios
were similar in both types of preparation. The
volume of pachytene nuclei (vN) was only deter-
mined on cytospin preparations, where nuclei
are fully available. The organization of the X
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and Y chromosome domains in the human SV,
based on both the 2D and 3D-analyses, is
schematically represented in Figure 2B.

Condensation and organization of the chimpanzee
sex vesicle

The chimpanzee SV from air-dried preparations
appeared very similar to that of human, except
for the absence of a strongly DAPI-stained region
corresponding to the human Y chromosome
heterochromatic material. Co-hybridization of
X and Y paint probes (probe combination la + 6a)
gave two distinct fluorescent areas (Figure 3A), as
in human. The chimpanzee SV organization was
shown to be similar to the human one, with both
the following combinations: the XIST and X
centromere probes (combination 2+3a); the
YAC 957f8, YAC 946f5 and the X centromere
probes (combination 3b+4+5). Hybridization
of the PNA-(C5TA,); telomeric sequences gave
the same results as in human, with most often
two signals detected in the SV (Figure 3B).

Condensation and organization of the mouse sex
vesicle

2D analysis
The mouse SV appeared very different from the
human and chimpanzee SVs on air-dried
preparations. At early pachynena, the mouse SV
appeared as a large pear, poorly condensed,
located far from the autosomal bivalents. In late
pachytene nuclei, the mouse SV appeared smaller
and more condensed.

FISH experiments on air-dried preparations
with murine X and Y paint probes (probe combi-
nation 9a+ 10a) confirmed the large size of the

C. Metzler-Guillemain et al.

SV and suggested that it consisted of two separate
chromosomal domains placed one above the other
(Figure 3C). Hybridization of the p68 probe,
known to be adjacent to the X centromere
heterochromatin on metaphase chromosomes
(Disteche et al. 1985), gave a signal located far
from the X centromere in all SVs observed, even
in the more compact ones. This suggested that
the proximal region of the X chromosome is part
of a domain which is maintained in a highly
decondensed state within the SV. Cohybridization
of p68 and YAC PA-2 containing the mouse Xist
gene (probe combination 11+ 12) showed two
signals in the same area of the SV (Figure 3D).
Taking into account the distance between the cor-
responding loci on the X metaphase chromosome
and the undercondensation of the X chromosome
in the SV, this observation suggests that the X
chromosome is formed into at least two loops
in the mouse SV. The PNA-(CsTA,); telomere
probe signals revealed that all four telomeric
ends form a cluster in nearly all the SVs (Figure
3E).

3D analysis

Confocal serial sectioning of pachytene nuclei on
mouse cytospin preparations and testis sections
hybridized with X and Y paint probes
(combination 9b + 10b) confirmed the
preponderance of large SVs and their organization
in two separate domains. Quantitative 3D analysis
revealed that the X chromosome domain occupies
a larger volume than the Y chromosome domain,
both on cytospin preparations and on tissue
cryosections (Table 3, Figure 2D). The SV volume
(vSV=vX +vY) had a mean value of 60.1 um?
in cytospin preparations and 40.4 um?® in cryo-
sections (Table 3). In contrast to the human

Figure 1 (opposite). Organization of the X and Y chromosomes in human pachytene nuclei from air dried pre-
parations counterstained with DAPI. (A) Details of four sex vesicles (SV) showing two separate X and Y chromosome domains
visualized with X (red signal) and Y (green signal) paint probes. (B & B*) Three partial pachytene nuclei showing the relative position
of the X and Y chromosomes in the SV: X centromere (green signal), XIST locus (isolated red signal), Y centromere (red signal close to
the yellow one) and Yql1 heterochromatic region (yellow signal). The yellow Yql11 signal results from hybridization of an equal mix of
biotin-labelled DYZ1 and digoxigenin-labelled DYZ1 probes. (C) Details of two SVs showing the folding of the X chromosome, its
centromere being located at the folding point: X centromere (red signal), YACs 957f8 located at Xp21.3 and 946f5 located at Xq26-q27
(green signals). (D) Four partial pachytene nuclei hybridized with the PNA-(C5TA,); probe which allows the detection of all telomeres
(red signals): in the SVs, only one or two juxtaposed signals are detectable, suggesting that the X and Y telomeres are associated two by

two. Scale bar = 10 um
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Table 2. Mean values (ISD) of the 3D parameters analysed in human pachytene nuclei.

X volume Y volume SV volume Nucleus volume vX/vY vSV/vN

vX (um?) vY (um?) VSV =vX4vY (um?®) vN (um?) (%) (%)
Cytospin preparations  33.26 (£10.2)  12.63 (£5.43) 45.9 (£14.6) 1257.8 (£300.8) 2.63 (£1.13) 3.6 (£1.22)
Cryosections 21.73 (£6.26)  7.08 (£1.05) 28.8 (£6.0) — 3.06 (£1.38) —

situation, the vX/vY ratio in mouse cytospin pre-
parations was much lower than that observed in
mouse cryosections (Table 3). The mean value
of the nucleus volume was only determined on
cytospin preparations, where nuclei are complete
(Table 3).

A schematic representation of the proposed
organization of the X and Y chromosomes in
the mouse SV is shown in Figure 2C.

Discussion

Comparative 2D and 3D analyses of human,
chimpanzee and mouse

Our 2D-studies have demonstrated that human
and chimpanzee SVs are very similar, except that
no prominent heterochromatin domain was
detectable in the chimpanzee SV. This is in agree-
ment with the observation that the chimpanzee
Y chromosome only contains a small hetero-
chromatic region located on its short arm (Schned]
etal. 1975, Schmid & Haaf 1984). Both SVs appear
as small ovoid structures, which are pycnotic and
remain highly condensed throughout pachynema
in all types of preparation. In sharp contrast,
the mouse SV is in the form of a large under-
condensed pear, isolated from the autosomal
bivalents in the majority of pachytene nuclei.
Our comparative 3D-studies confirmed these
differences, with the volume of the mouse SV being

significantly larger than that of the human
(» < 0.01 and p < 0.001 on cytospin preparations
and cryosections, respectively). Moreover, the
mouse SV volume is certainly underestimated as
it does not include the large heterochromatic
X-centromere region, which is not labelled by
the X paint probe. Two points are, nevertheless,
worthy of note. Firstly, the X and Y average vol-
umes are larger on cytospin preparations than
on cryosections, both in human and mouse pachy-
tene nuclei. This may result from a greater flat-
tening of nuclei or some chromatin unwinding,
due to the centrifugation applied to cytospin
material. Secondly, in mouse, the vX/vY ratio
on cytospin preparations is lower than that deter-
mined on cryosections, in contrast to the corre-
sponding ratios in human (Tables 2 and 3). The
undercondensation of the mouse X chromosome,
responsible for its usual faint signal, might be
increased by the cytospin protocol, leading to
an underestimation of the corresponding volume
(vX). Nevertheless, the mouse SV is on average
larger than the human one, either in terms of
absolute value, or its volume relative to the nucleus
volume.

Organization of the X and Y chromosomes in
human, chimpanzee and mouse sex vesicles

Our FISH experiments with different probes on all
types of nuclear preparation demonstrate that the
X and Y chromosomes form two separate domains

Figure 2 (opposite). Three-dimensional reconstruction of human and mouse sex vesicles (SV). (A) Human SV: four selected views
from the same SV showing the spatial arrangement of the X (green signal) and Y (red signal) chromosomes. (B) Schematic represen-
tation of the human SV: the X (blue) and Y (dark) chromosomes are attached to the nuclear membrane (grey) by their telomeres
(red). (C) Schematic representation of the mouse SV: the X (blue) and Y (dark) chromosomes are attached to the nuclear membrane
(grey) by their telomeres (red). (D) Mouse SV: four selected views from the same SV showing the spatial arrangement of the X

(green signal) and Y (red signal) chromosomes. Scale bar = 5um.
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Table 3. Mean values (ISD) of the 3D-parameters analysed in mouse pachytene nuclei.

X volume Y volume SV volume Nucleus volume vX/vY vSV/vN

vX (um?) vY (um?) VSV =vX4vY (um?®) vN (um?) (%) (%)
Cytospin preparations  38.23 (+£14.9)  21.89 (£6.34)  60.1 (£18.9) 941.8 (£334.9) 1.74 (£1.14) 6.3 (£1.18)
Cryosections 28.71 (£7.83)  11.72 (£4.76)  40.4 (£10.5) — 2.44 (£1.61) —

in the SV of human, chimpanzee and mouse. These
results differ from previous reports describing an
entangled packing of the X and Y axes in the
SV (Solari 1980, Chandley et al. 1984), but are
in agreement with the observation that the X
centromere and the Y heterochromatin are situ-
ated at opposite poles of the human SV
(Armstrong et al. 1994). Both the morphology
and the chromatin organization of human and
mouse SVs, deduced from 2D observations on
air-dried preparations, were confirmed by 3D con-
focal analysis on cytospin preparations and tissue
sections. The separate organization of their
respective chromatin domains appears to be a
simple way to prevent accidental recombination
events between differentiated regions of the X
and Y chromosomes. This result supports the
hypothesis that nuclear organization of individual
chromosome domains may be functionally import-
ant (Popp et al. 1990).

Despite the separation of the bulk of the X and Y
chromatin in the SV of all three species, the X and
Y chromosome domains do join their ends, as dem-
onstrated by the clustering of their four telomeres.
In humans, such an organization could be
explained by the necessity for the two pseudo-

autosomal regions (PAR1 and PAR2) to reside
in the same ‘active’ area of the SV. Nevertheless,
only one pseudoautosomal region has been ident-
ified on the sex chromosomes of chimpanzee
(Kvalov et al. 1994, Graves et al. 1998) and mouse
(Burgoyne 1982, Salido et al 1998). Therefore,
the lack of a second pseudoautosomal region on
the X and Y chromosomes does not prevent them
from bending together and joining their four
telomeres. A similar aspecific end-joining of the
sex chromosomes has been observed in the SV
of several species of marsupials, which have no
pseudoautosomal region on their sex chromo-
somes (Sharp 1982, Solari 1989, Graves et al.
1998). In these marsupial species, pairing is
observed either between X and Y telomeres, or
between telomeres from the same chromosome.
These observations suggest that the telomere
clustering observed in all types of SV does not
reflect a particular role of the pseudoautosomal
regions but may be a remnant of the ‘bouquet’
structure formed at zygonema. During zygonema
and pachynema, all telomeres are thought to be
attached to the inner surface of the nuclear envel-
ope (Sherthan et al. 1996). As the pairing of hom-
ologous regions progresses, the telomeres from

Figure 3 (opposite). Oganization of the X and Y chromosomes in chimpanzee (A, B) and mouse (C, D, E) pachytene nuclei from air
dried preparations. (A) Four chimpanzee sex vesicles (SV) showing two separate X (red signal) and Y (green signal) chromosome
domains visualized with paint probes. The discrete yellow signal corresponds to the superposition of green and red signals. (B) Details
of four chimpanzee pachytene nuclei hybridized with the PNA-(C3TA,); probe which allows the detection of all telomeres (red signals):
in the SVs, only one or two juxtaposed signals are detectable, suggesting that the X and Y telomeres are associated two by two. (C)
Four isolated mouse sex vesicles (SV) showing the undercondensation of the X (red signal) and Y (geen signal) chromosomes
and their separation into two distinct domains in the SV. The diffuse yellow signal corresponds to the superposition of the red
and green signals. (D) Panel showing the folding of the X chromosome in four isolated mouse SVs: note that the P68 probe (green
signal) is located far from the X centromeric heterochromatin (bright fluorescence with DAPI staining) and in the same domain
as the PA-2 YAC probe (red signal). (E) Four isolated mouse SVs from pachytene nuclei hybridized with the PNA-(C53TA,); probe.
The four telomeres of the X and Y chromosomes are clustered in the same area of the SVs (telomeres=red signals). Scale bar
= Syum
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autosomal bivalents are dispersed by various
pairing forces throughout the nuclear periphery.
In contrast, in the absence of other pairing forces,
the telomeres of the sexual bivalent may remain
close together. This might be an important process
for the initiation of the SV formation.

Condensation of the X and Y chromosomes in
human, chimpanzee and mouse sex vesicles

The undercondensation of the mouse SV that we
observed in 2D and 3D analyses is in agreement
with previous data (Solari 1969, Richler et al.
1987). It might result from different properties
of the X and Y chromosomes such as their
DNA content, their amount of heterochromatin
or their degree of homology to each other. The
total DNA content of the SV does not seem to
be important in this case, as human and mouse
X and Y chromosomes are very similar, with about
165 Mb for the X and 60 Mb for the Y (Morton
1991, Bishop 1992). The lack of heterochromatin
on the mouse Y chromosome does not seem to
be responsible for the undercondensation of the
mouse SV as no difference was detected between
human and chimpanzee SVs. The sequence hom-
ology between differentiated regions of the X
and Y chromosomes is extremely reduced in
mouse (Mitchell 2000), in contrast to the situation
in human and chimpanzee. This characteristic
of the mouse sex chromosomes could be sufficient
to prevent the occurrence of damaging recom-
bination events and make SV condensation
unnecessary. Therefore, different mechanisms
may be involved in the formation of the
mammalian SV. In human and chimpanzee, the
mechanism initiating SV formation may involve
a precocious and rapid condensation of the sex
chromosomes beginning zygonema, to prevent
accidental recombination events between sex
chromosomes and autosomes, and between X
and Y differentiated regions. In mice, it may only
involve a precocious isolation of the sex chromo-
somes from the autosomal bivalents. This separ-
ation is apparent as a clear space that becomes
visible around the chromatin from the zygotene
stage (Solari 1969).

Whatever its origin, differences in condensation
of the human and mouse SVs suggest that X
and Y chromosome condensation is not a pre-
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requisite for the formation of the SV, which casts
doubt on the role of XIST/Xist in this process.
It is generally assumed that the condensation
and the subsequent inactivation of the chromatin
in the SV result from the same mechanism as
X-chromatin inactivation in female mitotic cells
(Richler et al. 1992, Salido et al. 1992, Armstrong
et al. 1994, Ayoub et al. 1997). However,
XIST/Xist gene expression is detectable from
the spermatogonial stage (McCarrey & Dilworth
1992), which does not correspond to the stage
at which the SV is formed. In addition, the Xist
expression level is lower in adult mouse testes than
in female somatic tissues, and the presence of
transcripts in the testis can only be detected using
PCR or PCR in situ (Salido et al. 1992, Ayoub
et al. 1997). Such an observation is difficult to rec-
oncile with a role for XIST in SV condensation,
especially since X and Y chromosomes are both
inactivated in the SV. Another argument against
a role for the XIST/Xist gene in SV formation
is that Xist knock-out did not result in male
infertility in the mouse (Marahrens et al. 1997).
All these discrepancies suggest that the SV forma-
tion is not a consequence of XIST/Xist expression.
Therefore, the low level of XIST/Xist expression
detected in the SV may only represent a basal
transcription, resulting from the whole genome
demethylation that occurs in the spermatogonia
(Ariel et al. 1995), and similar to the ‘pin point’
transcription detected by FISH in XX and XY
undifferentiated embryonic cells (Lee & Jaenisch
1997).

Differences in condensation of the human and
mouse SVs could be related to different protein
composition. To our knowledge, no human pro-
tein and only a few mouse proteins have been
described as specific to the sex vesicle (Smith &
Benavente 1992, Kralewski et al. 1997, Motzkus
et al. 1999), but little is known about their precise
functions. Two mechanisms might be involved
in the SV condensation. The first, present at
zygonema in human and chimpanzee, would be
necessary to prevent XY exchanges between dis-
persed homologous sequences. This mechanism
would not be required in mouse. The second
mechanism, acting at late pachynema and easily
observable in mouse, would be required to con-
dense any unpaired segment before the first
meiotic division. Indeed, condensation of chromo-
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somes is essential for their accurate segregation
during the cell cycle (Koshland & Strunnikov,
1996). In support of this hypothesis, the mouse
M31P?! protein, nuclear isoform of HP1 (Motzkus
et al. 1999), was shown to localize to the SV only
from mid-pachynema, in agreement with the vari-
ation of the sex chromatin condensation in mouse.

Our comparative analysis of human, chimpan-
zee and mouse pachytene nuclei highlights some
important processes involved in the formation
of the sex vesicle. The precocious condensation
of the sex chromosomes is not required for the
initiation of the mouse SV, as condensation only
takes place at late pachynema. The organization
and condensation of the sex chromosomes into
two separate domains, and the clustering of their
telomeres, might be essential processes in the for-
mation of the SV, since they are features common
to all three species.
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