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Abstract

The size and shape of the chromo-
somes, as well as the chromosomal domains
that compose them, are determinants in the
distribution and interaction between the
bivalents within the nucleus of spermato-
cytes in prophase I of meiosis. Thus the
nuclear architecture characteristic of the
karyotype of a species can be modified by
chromosomal changes such as Robertsonian
(RB) chromosomes. In this study we
analysed the meiotic prophase nuclear
organization of the heterozygous spermato-
cytes from Mus musculus domesticus
2n=26, and the synaptic configuration of the
hexavalent formed by the dependent Rb
chromosomes Rbs 6.16, 16.10, 10.15, 15.17
and the telocentric chromosomes 6 and 17.
Spreads of 88 pachytene spermatocytes
from two males were studied and in all of
them five metacentric bivalents, four telo-
centric bivalents, one hexavalent and the
XY bivalent were observed. About 48% of
the hexavalents formed a chain or a ring of
synapsed chromosomes, the latter closed by
synapsis between the short arms of telocen-
tric chromosomes 6 and 17. About 52% of
hexavalents formed an open chain of 10
synapsed chromosomal arms belonging to 6
chromosomes. In about half of the unsy-
napsed hexavalents one of the telocentric
chromosome short arms appears associated
with the X chromosome single axis, which
was otherwise normally paired with the Y
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chromosome. The cluster of pericentromer-
ic heterochromatin mostly determines the
hexavalent’s nuclear configuration, drag-
ging the centromeric regions and all the
chromosomes towards the nuclear envelope
similar to an association of five telocentric
bivalents. These reiterated encounters
between these chromosomes restrict the
interactions with other chromosomal
domains and might favour eventual
rearrangements within the metacentric,
telocentric or hexavalent chromosome sub-
sets. The unsynapsed short arms of telocen-
tric chromosomes frequently bound to the
single axis of the X chromosome could fur-
ther complicate the already complex segre-
gation of hexavalent chromosomes.

Introduction

Robertsonian (Rb) translocations are
frequently present in natural populations of
the house mouse Mus musculus
domesticus.' Rb translocations involve dou-
ble-strand DNA breaks at the centromere in
two telocentric (acrocentric) chromosomes,
followed by repair (fusion) ligating the
respective long arms, creating a metacentric
Rb chromosome.?? Thus the emergence of
Rb metacentric chromosomes leads to the
reduction of the diploid number of the stan-
dard karyotype of 40 telocentric chromo-
somes of the domestic mouse. This natural
process has produced more than 40 different
chromosomal races, ranging from 2n=40 to
2n=22.* Another mechanism of metacentric
formation involves whole arm reciprocal
translocation (WART).> A WART is an
exchange of chromosome arms between
two metacentrics or between a metacentric
and a telocentric chromosome. This process
generates a new metacentric with a different
arm combination.*

In the emergence of new Rb chromo-
somes or in the encounter of two different
homozygous populations, Rb heterozygotes
are produced. According to the homology
between Rb chromosomes present in het-
erozygotes, two behaviours can be observed
in the chromosomal synapse of prophase I
of meiosis; in single or multiple heterozy-
gotes, Rb metacentric chromosomes and the
respective homologous telocentric chromo-
somes form trivalents, while in heterozy-
gous complexes, homologous chromosome
arms of different Rb metacentric chromo-
somes produce rings or chains of several
synapsed chromosomes.**

The cytogenetic analysis of M. m.
domesticus from all the seven islands that
form the Aeolian Archipelago shows the
four Rb races with a large number of shared
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metacentric chromosomes: 2n = 36/37 on
Panarea, 2n = 34 on Alicudi, 2n = 26 on
Lipari and Stromboli, and a different 2n =
26 race on Vulcano. The standard karyotype
was found on Salina and Filicudi.>!?
Chromosome differences between mice
from Vulcano and Lipari can produce, in
laboratory breeding conditions, hybrid mice
that show a multivalent chain of six chro-
mosomes composed of four metacentric and
two telocentric chromosomes in their mei-
otic diakineses.*!?

We have shown that the Rb chromo-
somes change the nuclear architecture of
house mouse spermatocytes in meiotic
prophase. This not only means that the
chromosome domains of the derived Rb
chromosome have a different location in the
nuclear space of the spermatocyte, but also
that the probability of interaction between
chromosome domains of non-homologous
chromosomes changes.!! The meiotic
nuclear organization of the heterozygotes of
crosses between Lipari and Vulcano mice
are of enormous interest. The heterozygotes
share the same diploid chromosome number
as homozygous individuals, four pairs of
telocentric chromosomes and seven pairs of
Rb chromosomes; however, four Rb meta-
centric chromosomes present monobrachial
homology, which in the meiotic synapse is
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known to generate a chain of synapsed ImmunoResearch, West Grove, PA, USA). mounted in  Vectashield  (Vector
chromosomes.*!? Slides were counterstained with 1 pg/mL  Laboratories, Burlingame, CA, USA).

In this study we analyse the meiotic DAPI  (4,6-diamidino-2-phenylindole). Observations were made using a Nikon
prophase nuclear organization of the het- Finally, slides were rinsed in PBS and (Tokyo, Japan) Optiphot or Olympus BX61
erozygous spermatocytes of Mus m. domes-
ticus 2n=26 and the synaptic configuration
of the hexavalent formed by the dependent
Rb chromosomes Rbs 6.16, 16.10, 10.15,
15.17 and the telocentric chromosomes 6
and 17. We describe the meiotic organiza-
tion of the hexavalents and discuss the pos-
sible segregation consequences of synapsed
chromosomes in closed or non-closed chain
configuration.

Materials and Methods

b
1 1
L=, =
We analysed spermatocytes from two / \ 22 22 22 2:| |8
three month-old males of Mus m. domesti- | | | | | | | | | l || | | | | | | | I |: L
cus 2n = 26. Heterozygous mice were gen- |
erated by mating strain 2n = 26 mice from
Lipari and Vulcano Islands (Figure 1a). For
collection of the original samples see
Solano et al.®
The Rb chromosomes present in
hybrids were the following: Rb (1.2, 3.9,
4.13,5.14, 8.12, 6.16, 16.10, 10.15, 15.17)
(Figure 1a). Mice were maintained at 22°C
with a light/dark cycle of 12/12 hours and
fed ad libitum. Procedures involving the use
of the mice were reviewed and approved by
the Ethics Committee of the Faculty of
Medicine, Universidad de Chile, and by the
Ethics Committee of the Universidad
Autéonoma de Madrid.

Spermatocyte nuclear spreads

Spermatocyte spreads were obtained
following the procedure described by Peters
et al."3 Briefly, a testicular cell suspension
in 100 mM sucrose was spread onto a slide
dipped in 1% paraformaldehyde in distilled
water containing 0.15% Triton X-100 then
left to dry for two hours in a moist chamber.
The slides were subsequently washed with
0.08% Photoflo (Kodak, Rochester, NY,
USA), air-dried, and rehydrated in PBS.

Immunochemical identification of
chromosome pairings

The slides were incubated for 1 h at
37°C in a moist chamber with the primary

i | ) Figure 1. Mitotic and meiotic chromosomes of the hybrid male 2n=26 resulting from the
antibodies rabbit anti-SYCP3  1:100  cross between Vulcano and Lipari mice. a) Mitotic karyotype: five pairs of metacentric Rb
(ab15093; Abcam, Cambridge, UK) and chromosomes, four pairs of telocentric chromosomes, the sex chromosomes X and Y, and
mouse anti-CENPA  1:200 (ab13939; the remaining 6 chromosomes, 6, 6.16, 16.10, 10.15, 15.17 and 17, that present mono-
Abcam). Then the slides were incubated for brachial homology. b) Meiotic chromosomes: five metacentric bivalents, one hexavalent,
: ) four telocentric bivalents and the sex bivalent. ¢c) Nuclear spread of a pachytene sperma-
1 h at room temperature with the secondary tocyte: five metacentric bivalents (M), four telocentric bivalents (T), one hexavalent (H)
antibodies: FITC-conjugated goat anti-rab-  and a complete synapsed XY bivalent (XY); the synaptonemal complexes were labelled
bit and Texas Red-conjugated goat anti- with FITC anti-SYCP3 antibodies (green), the centromeres with Texas Red anti CENP-A
mouse 1gG (1:200) (Jackson antibodies (red) and the nuclear DNA was stained with DAPI (blue); scale bar: 2 pm.
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microscope equipped with epifluorescence
optics, and the images were photographed
with a DS camera control unit DS-L1 Nikon
or captured with an Olympus DP70 digital
camera. All images were processed using
Adobe Photoshop CS5.1 software or the
public domain software ImageJ (National
Institutes of Health, United States;
http://rsb.info.nih.gov/ij).

Results

Germ cells in different stages of differ-
entiation were observed in all the nuclear
micro spreads examined. A relative propor-
tion of 2:3 spermatids was estimated with
respect to the number of spermatocytes I.
Five metacentric bivalents, four telocentric
bivalents, a hexavalent and the XY bivalent
were observed in all spermatocytes in
pachytene treated with immunocytochem-
istry to identify the synaptonemal complex
and the position of the centromeres (Figure
1 b,c). No spermatocytes were seen with
unsynapsed chromosomes or with absence
of hexavalents.

In 43 of the 88 spermatocytes examined
(49%) the hexavalent was found forming a
closed chain (ring) of synapsed chromo-
somes (Figure lc and 2a). In these cases, the
short arms of telocentric chromosomes 6
and 17 are joined by synapses with the pres-
ence of the SCP1 protein (not shown).

In open-chain hexavalents the short
arms of chromosomes 6 and 17 were not
bound to each other (Figure 2 b,c). In 22 of
44 of the open hexavalents examined
(50%), one of these asynaptic axes was
bound to the single axis of the X chromo-
some, which was otherwise normally paired
with the Y chromosome (Figure 2c¢).

When a ring of 6 synapsed chromo-
somes configures a closed hexavalent, at the
meiotic prophase nucleus all the synaptone-
mal complexes describe arcs in which the
proximal telomeres and centromeres con-
verge and are immersed in a central block of
pericentromeric heterochromatin from the 6
chromosomes. The block of heterochro-
matin is broadly attached to the nuclear
envelope similar to an association of five
telocentric bivalents of Mus. The distal
telomeres are attached circularly to the
nuclear envelope at the surrounding perime-
ter of this heterochromatin cluster (Figure
3a). Alternatively, a linear chain of six
synapsed chromosomes configures the open
hexavalent, whose free extremes corre-
spond to the short arms of chromosomes 6
and 17. Each synapsed chromosome
describes an arc whose proximal telomeres
and centromeres form part of an elongated
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block of pericentromeric heterochromatin
and the distal telomeres are attached to the
neighbouring surface of the nuclear enve-
lope. Half of them appeared bound to the
non-paired axis of the X chromosome
(Figure 3b).

Discussion

Mouse heterozygotes derived from wild
populations have shown that the presence of
one or three trivalents at meiosis may have
little effect on fertility,'*'® whereas many
trivalents or longer chains or rings may
reduce fertility to the point of sterility.!>!¢
Chromosome differences between mice
from Vulcano and Lipari produce hybrid
mice that carry a chain of six chromosomes
composed of four metacentrics and two
telocentric chromosomes. Preliminary
analysis of fertility by Solano and Castiglia
showed that fertility in hybrids is reduced
compared to homozygotes.’

In our observations, the Lipari-Vulcano
heterozygote males have a complete germ
cell line, although with a lower proportion
of spermatids than expected considering the

number of spermatocytes I. Apparently, the
spermatocytes develop normally throughout
the meiotic prophase, at least in terms of
synapsis, both the pairs of homologous
chromosomes that form bivalents and those
involved in the hexavalent. In fact, the
nuclear configuration of hexavalents close-
ly resembles that of the associated telocen-
tric bivalents through their pericentromeric
heterochromatin in pachytene spermato-
cytes of 2n = 40 individuals.!” The associa-
tions of bivalents observed in those
pachytene spermatocytes would originate
very early within prophase I. Indeed, a
block of pericentromeric heterochromatin
would be formed associating all the chro-
mosomes by their proximal ends during the
formation of the bouquet in leptotene.'s!?
Then, with the progress of prophase and the
increase in the nuclear volume, the initial
large cluster of heterochromatin that associ-
ated all the bivalents is disaggregated into
smaller fragments. As a result of this phe-
nomenon, groups of different numbers of
associated bivalents would remain scattered
on the surface of the nuclear envelope.!’
Following this line of thought, the initial
cluster of heterochromatin of the early

[European Journal of Histochemistry 2018; 62:2894]

Figure 2. Nuclear spreads of pachytene sper-
mngcytes. In the three nuclgi cht lengtﬁ of
the synaptonemal complexes (green) and the
centromere position within them (red)
reveals five metacentric bivalents, four telo-
centric bivalents, one hexavalent and the XY
bivalent . a) Hexavalent in a closed
chain of six synapsed chromosomes (arrow);
the XY bivalent is not bound to the hexava-
lent. b) Hexavalent in an open elongated
chain of six synapsed chromosomes (arrow);
the XY bivalent is not bound to the hexava-
lent. ¢) Hexavalent in an open elongated
chain of six synapsed chromosomes (arrow);
the XY bivalent is bound to the hexavalent
through the single and thickened end of the
X chromosome. The s%rna tonemal complex-
es were labelled with ITE anti-SYCP3 anti-
bodies (green), and the centromeres with
Texas Red anti CENP-A antibodies (red).
Scale bars: 2 pm.
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prophase may contribute to the hexavalent
formation, and its preservation in pachytene
is not a disturbing element because in the
meiotic nuclear organization of Mus it is
common that several bivalents remain asso-
ciated through their pericentromeric hete-
rochromatin. In fact, we did not observe
pachytene spermatocytes with extended
lack of synapse or with appreciable nuclear
alterations. We also did not observe sperma-
tocytes in which the Meiotic Silence
Unsynapsed Chromosomes (MSUC), which
is accomplished by a complex series of epi-
genetic modifications in the chromatin, had
been extensively triggered.?-?!

Thus, the observed reduction in the
expected number of spermatids is possibly
due to difficulties in the segregation of the
chromosomes involved in the hexavalent
that should be manifested in the meiotic
divisions.?? Also, the asynaptic axes of the
short arms of chromosomes 6 and 17, and
particularly their ectopic association with
the X chromosome, would further compli-
cate the already predictably difficult segre-
gation of the chromosomes committed in
the hexavalent. In order to produce bal-
anced gametes, the hexavalent can only seg-
regate as the chromosomes present in the
gametes of individuals from Lipari or
Vulcano Islands. Any other combination or
a new Rb fusion between chromosomes 6
and 17 would necessarily lead to unbal-
anced gametes and consequently to trisomic
or monosomic descendents. This evidence
indicates that a mechanism of reproductive
isolation has been generated between mice
from the Lipari and Vulcano islands.

The hexavalent not only implies the
synapses of six chromosomes but also the
restriction of the possible interactions
between the remaining chromosomes. We
showed that in the house mouse with an all-
acrocentric karyotype the chromosome
interactions are very broad and with practi-
cally the same probability between the 19
autosomal bivalents.”> However, chromo-
some interactions would be strongly
restricted in the meiosis of the Lipari-
Vulcano heterozygotes. Six chromosomes
would be obligatory together in the hexava-
lent and only the 5 metacentric bivalents
among themselves and the 4 telocentric
bivalents among themselves would be
available for associations. This nuclear
organization would favour the occurrence
of chromosome changes within each of
these three chromosomal subsets: WARTS
among the five metacentric bivalents or
among the hexavalent chromosomes and Rb
fusions between the four telocentric biva-
lents.!24

The hexavalent is a complex structural
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organization strongly settled over the
nuclear envelope through telomeres and
pericentromeric heterochromatin coming
from six synapsed chromosomes, and this
to a large extent determines the nuclear
organization and possible interactions
between the other chromosomes. The
unsynaptic axes of the heterologous
regions bound to the sex chromosomes
may be additional perturbing factors to the
progression of meiosis mostly by altering
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chromosome segregation. The effects
exerted by the chromosome changes pres-
ent in Robertsonian heterozygotes may be
better understood knowing the configura-
tion that these chromosomal rearrange-
ments may adopt in the first meiotic
prophase nuclei; both chromosome
malsegregation and the associated germ
cell losses become more intelligible thanks
to the cytochemical descriptive analysis of
chromosome pairing.

[European Journal of Histochemistry 2018; 62:2894]

Figure 3. Synaptic configuration of the hexavalent in the meiotic prophase nucleus. a)
Closed chain of six synapsed chromosomes: 6 (blue), 6.16 (blue-red), 16.10 (red-purple),
10.15 (purple-green, 15.17 (green-yellow) and 17 (yellow); the telocentric chromosomes
6 and 17 are bound to each other through their short arms; the sex bivalent is not bound
to the hexavalent; all synapsed chromosomes describe arcs whose proximal telomeres and
centromeres are immersed in a central block of pericentromeric heterochromatin coming
from the six chromosomes (dotted area), which in turn is broadly attached to the nuclear
envelope; the distal telomeres are attached to the nuclear envelope circularly at the sur-
rounding perimeter of this heterochromatin cluster. b) Open chain of six synapsed chro-
mosomes: 6 (blue), 6.16 (blue-red), 16.10 (red-purple), 10.15 (purple and green, 15.17
(green-yellow) and 17 (yellow); the short arms of the telocentric chromosomes 6 and 17
are not bound to each other and one of them is bound to the single axis of the X chro-
mosome; each synapsed chromosome describes an arc whose proximal telomeres and cen-
tromeres are forming part of an elongated block of pericentromeric heterochromatin and
the distal telomeres are attached in the neighboring surface of the nuclear envelope.
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