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Editorial

A criagdo da Revista da Faculdade das Ciéncias da Saude da Universidade Fernando
Pessoa, com os objectivos de promover e facilitar a comunicacao de informagao cientifica,
educacional e profissional, constitui um importante marco no desenvolvimento da nossa
Faculdade.

Uma vez que esta revista passa a ser o 6rgao oficial da Faculdade das Ciéncias da Satde,
¢ logico que ela seja considerada como o meio ideal de comunicacdo entre as diversas areas
de conhecimento que co-habitam no espaco da Faculdade.

A evolucao vertiginosa dos conhecimentos em todas as areas da satde requer frequen-
temente a validagdo clinica dos novos desenvolvimentos e das suas aplicacdes praticas.
Lamentavelmente, muitos dos estudos que se debrugam sobre estas questdes tém dificulda-
des de publicacdo atempada em revistas cientificas de renome. Por estes motivos, a criagao
deste “forum” de ambito universitario para a publicacao de estudos cientificos representa,
em nossa opinido, um contributo inestimavel para o progresso das areas da saude, parti-
cularmente na divulgacdo e na transposi¢ao dos conhecimentos da area basica para a area
clinica.

A opcao editorial desta revista ¢ clara: publicaremos artigos cientificos originais, ba-
sicos e clinicos, seleccionados na base da sua qualidade e face a opinido de um painel de
revisores especialistas nas matérias em causa. Serdo também publicados artigos de revisao
sobre assuntos ou matérias cuja importancia seja relevante ou para os quais os ultimos avan-
¢os do conhecimento implicaram modificagdes de conceitos e/ou de atitudes (também eles
sujeitos a revisdo por especialistas). De salientar que os artigos de revisdo, na maioria das
vezes, serdo solicitados pela Direccao da revista — aconselhada pelos grupos coordenadores
das licenciaturas, dos nticleos de investigacao ou de areas do conhecimento - a especialistas
de mérito reconhecido.

Em todos os nimeros da revista existira espago para publicagdes cientificas provenien-
tes dos trabalhos da comunidade discente. Esta ¢, em nossa opinido, uma excelente forma
de incentivo a investigacao cientifica por parte dos alunos e a consciencializacdo da neces-
sidade, e importancia, da sua comunicagdo atempada.

Finalmente, a médio prazo, consideraremos também a publicacdo de simpdsios espe-
ciais dedicados a temas especificos.

Como se sabe, 0 pré-requisito para a aceitagdo de uma revista no index Medicus and
Current Contents ¢ a publicag@o de artigos de qualidade e de elevado valor cientifico, sujei-
tos a revisao prévia. Nesse sentido convidamos todos os membros da comunidade univer-
sitaria a submeterem os seus trabalhos originais para publicacdo na Revista da FCS-UFP.
Nesta fase de arranque do projecto agradecemos também todas as ideias e sugestdes que
permitam melhorar a qualidade da revista cuja publicacao hoje se inicia.

No ano 2004, ano de arranque deste projecto, publicaremos dois nimeros. Nos anos
subsequentes, a nossa meta ¢ a publicagdo trimestral, em suporte fisico e com a correspon-
dente versao “on-line”.

Esperamos sinceramente que esta nova publicacdo nas areas da saude represente um
acréscimo valioso, em portugués, a livraria cientifica da saide e que constitua, para além de
um desafio intelectual a toda a comunidade académica, uma fonte de informagao actualiza-
da, credivel e de leitura estimulante e agradavel.
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= ABSTRACT

Drosophila abnormal spindle (asp) mutants exhibit a mitotic metaphase
checkpoint arrest with abnormal spindle poles, which reflects a requirement
for Asp for the integrity of microtubule organising centres. In male meiosis,
the absence of a strong spindle integrity checkpoint enables asp mutant cells
to proceed through telophase. However, the central spindle region is not cor-
rectly organised and cells frequently fail to complete cytokinesis. We specu-
late that Asp is associated with the minus ends of microtubules that have been
released from the spindle poles to form the central spindle.

= RESUMO

A proteina Asp (Abnormal Spindle) é requerida para a integridade dos po-
los do fuso mitdtico da Drosophila melanogaster. Neste organismo, a mei-
ose ndo possui um controle da integridade do fuso meiotico, e, como tal,
prossegue para além da metafase, mesmo que os fusos meidticos ndo sejam
normais. Assim, na meiose de machos mutantes mutantes no gene asp, € pos-
sivel observar que a regido central do fuso meiotico em telofase ndo é normal
sugerindo que a proteina desempenha um papel essencial na organizagdo dos
terminais negativos dos microtubulos durante a divisdo celular.

= INTRODUCTION

In metazoans, cytokinesis is accomplished by the contractilering, a transient
structure containing actin and myosin filaments that is anchored to the equa-
torial cortex. Interactions between filaments lead to the contraction of the
ring, which constricts the dividing cell in the middle until cleavage is com-
pleted. A large body of data suggests that in animal cells the site of cytoki-
nesis is determined by the position of the spindle. However, it is still unclear
which part of the spindle provides the signals for cytokinesis. Experiments
to manipulate the position of the spindle in invertebrate eggs suggested that
the asters are the source of such signals (Rappaport, 1961). However, other
work indicates that the stimulus is provided by the central spindle. For ex-
ample, when a barrier is placed between the central spindle and the cortex,
cytokinesis is blocked (Cao and Wang, 1996).

The central spindle is evident as a dense body of microtubules that forms in
the region between the two late anaphase-telophase nuclei. The mechanism
and dynamics of its formation are still poorly understood. The establishment
of the central spindle in Drosophila appears, in part, to depend on at least



two kinesin-like proteins: Klp3A (Williams et al., 1995) and Pavarotti (Pav-
KLP)(Adams et al., 1998). The counterparts of Pav-KLP in other organisms,
the zen-4 gene product of C. elegans (Raich et al., 1998; Severson et al.,
2000) or the vertebrate Mklp1 (Vernos et al., 1995), have also been shown to
be required for cytokinesis. In addition to the contribution made by the spin-
dle, several proteins, known as chromosomal passengers, dissociate from
the chromosomes at the metaphase-anaphase transition and are deposited at
the cell equator. The inner centromere protein (INCENP) and the associated
Aurora B kinase, for example, transfer to the central spindle and the cell
cortex and are necessary for completion of cytokinesis (Adams et al., 2000;
Adams et al., 2001; Kaitna et al., 2000; Giet and Glover, 2001). The Polo-
like kinases are also required for central spindle formation, and Drosophila
Polo-kinase and Pav-KLP are mutually dependent for their localisation in
the central spindle mid-zone (Adams et al., 1988; Carmena et al., 1998).
The analysis of the cytological phenotypes displayed by mutants with dis-
rupted meiotic cytokinesis in Drosophila males has provided insight into an
intimate relationship between the formation of the central spindle and the
contractile ring (Giansanti etal., 1998). Mutations identified as disrupting
the central spindle are found in genes that encode a variety of actin-, micro-
tubule- or septin-associated proteins (reviewed by Field et al., 1999; Gatti et
al., 2000; Glotzer, 1997; Goldberg et al., 1998).

Mutations in abnormal spindle (asp) have not previously been thought to af-
fect cytokinesis. Male meiotic spindles in asp mutants are bipolar, with par-
ticularly long and wavy microtubules (Ripollet al., 1985; Casal et al., 1990).
Mitotic cells accumulate at metaphase and show spindles with disorganized
broad poles at which y-tubulin has an abnormal distribution (Avides and
Glover, 1999). asp encodes a 220 kDa microtubule-associated protein found
at the spindle poles and centrosomes from prophase to early telophase. The
protein has consensus phosphorylation sites for CDK 1 and MAP kinases, an
actinin-type actin-binding domain and multiple calmodulin-IQ-binding mo-
tifs (Saunders et al., 1997). Asp and Y-tubulin are present in partially purified
centrosomes and are both required for the organization of microtubules into
asters (Avides and Glover, 1999). This activity is dependent on the phospho-
rylation of Asp by the kinase Polo (Avides etal., 2001).

Here, we now show that asp function is also required for cytokinesis in male
meiosis and that the protein becomes localised at late anaphase in a manner
consistent with a function in organising the spindle mid-zone. We have also
examined the distribution of Asp protein in female meiosis. These divisions
are unusual because the first meiotic spindle is acentriolar and appears not to
contain any centrosomal proteins, such as ¥-tubulin and CP190 (Riparbelli and
Callaini, 1996; Tavosanis et al., 1997). The female meiotic spindle microtu-
bules are initially nucleated from chromatin and require the minus-end motor
Ncd to focusthe poles of the spindle for meiosis I (Endow and Komma, 1996).
At telophase of meiosis I, a central pole body is formed. Microtubules in the
central part of the spindle dissociate and reorganise with reverse polarity such
that their minus ends are associated with this central pole body. This results
in the tandemly linked second meiotic spindles (Endow and Komma, 1997;



Endow and Komma, 1998; Riparbelli and Callaini, 1996). Asp is a component
of this central spindle pole body. We suggest that Asp has a dual role not only
organising microtubule-nucleating centres at the poles at the onset of M-phase
but also participating in organising the central spindle region at telophase.

MATERIALS AND METHODS
STOCKS

Drosophila mutant stocks used in this work were asp®/TM6B, asp'/TM6B
and Df(3RH) "'/TM6B (Gelbart et al., 1999; White-Cooperet al., 1996).

REAGENTS

A mouse monoclonal anti-B-tubulin antibody (Boehringer, Mannheim UK)
was used at a 1:200 dilution; a rabbit polyclonal anti-Asp serum Rb3133
(Saunders et al., 1997) at 1:50 dilution; a rabbit anti-Pav-KLP polyclonal
Rb3301 (Adams et al., 1998)at 1:100; a rabbit anti-y-tubulin polyclonal Rbes1
at 1:100; a mouse monoclonal anti-Peanut 4C9H4 at 1:4; a rabbit HsCen 1p
polyclonal antibody (Paoletti et al., 1996) at 1:400 dilution; a rabbit poly-
clonal anti-centrosomin antibody (Li and Kaufman, 1996) at 1:400 dilution.
Goat anti-mouse or anti-rabbit secondary antibodies coupled to fluorescein
or rhodamine (Cappel, West Chester, PA) were used at 1:600 dilution. DNA
was stained with propidium iodide (Sigma, St. Louis, MO), Hoechst 33258
(Sigma)or TOTO-3 (Molecular Probes, Europe, BV). The actin cytoskeleton
was stained with Rhodamin-phalloidin (Molecular Probes). Bovine serum
albumin (BSA) and Ribonuclease A (RNAse) were obtained from Sigma.

INDIRECT IMMUNOFLUORESCENCE AND CONFOCAL IMAGES

Immunostaining was performed either by the methanol/acetone fixation
method described by Gonzalez and Glover (Gonzalez and Glover, 1993) or
by the ethanol/formaldehyde fixation method as described by Hime et al.
(Hime et al., 1996). Briefly, testes from pupae or newly eclosed adults were
dissected in phosphate-buffered saline (PBS) and placed in a small drop of
5% glycerol in PBS on a glass slide. Testes were squashed under small cover
glasses and frozen on a copper bar precooled in liquid nitrogen.

To localise microtubules, Asp, Pav-KLP, y-tubulin, Centrosomin, Peanut
and centrin, the frozen samples were fixed in methanol at -20°C, washed for
15 minutes in PBS and incubated for 1 hour in PBS containing 0.1% BSA
(PBS-BSA) to block non-specific staining. For double labelling experiments
the samples were incubated overnight at4°C with the specific antisera against
Asp, Pav-KLP, ¥-tubulin, Centrosomin, Peanut or centrin antigens and then
with anti-B-tubulin antibody for 4-5 hours at room temperature. After washing
in PBS-BSA the samples were incubated for 1 hour at room temperature with
the appropriate secondary antibodies.

For simultaneous localisation of actin and tubulin, the frozen testes were im-
mersed for 7 minutes in cold ethanol and 10 minutes in 4% paraformaldehyde.
After washing in 0.2% Triton in PBS, the samples were incubated with the anti-
B-tubulin antibody for 1 hour at room temperature. Samples were then washed



in PBS-BSA and incubated for 1 hour in the appropriate secondary antibody to
which rhodamine-labeled phalloidin was added. In all cases DNA was stained
with TOTO-3, Hoechst or propidium iodide. The samples were rinsed in PBS
and mounted in 90% glycerol containing 2.5% n-propyl-gallate.

Metaphase I oocytes and oocytes at subsequent meiotic stages were obtained
either by dissection of the ovaries or by collection from 5-7 day old females.
Eggs were dechorionated in a 50% bleach solution for 2-3 minutes, rinsed in
distilled water, dried on filter paper and transferred to a cold 1:1 mixture of
heptane and methanol to remove the vitelline envelope. Eggs were then fixed
for 10 minutes in cold methanol, washed in PBS and incubated for 1 hour in
PBS containing 0.1% BSA. The eggs were incubated in the rabbit polyclonal
anti-Asp serum Rb3133 overnight at 4°C and then with an anti-B-tubulin
antibody for4-5 hours at room temperature. After washing in PBS-BSA the
eggs were incubated for one hour with the appropriate secondary antibodies.
For simultaneous DNA staining, the eggs were incubated in propidium io-
dide or TOTO-3 1odide. Eggs were mounted in small drops of 90% glycerol
containing 2.5% n-propyl-gallate.

Confocal images were obtained using a Leica TCS4D confocal microscope
equipped with a Krypton/Argon laser (Leica Microsystems, Eidelberg).
Images were collected using low laser emission to attenuate photobleaching
and 8 frame-averaged scans made per image to improve the signal/noise ratio.
Images collected at several focal planes were superimposed and merged into a
single file and imported into Adobe Photoshop to adjust the size and contrast.

RESULTS

ASP IS FOUND AT THE SPINDLE POLES AND MIDZONE DURING
MITOSIS AND MEIOSIS IN DROSOPHILA TESTIS

The role of Asp in nucleating microtubules at centrosomes is consistent with
its localisation at the spindle poles during progression throughout mitosis
in the embryonic and larval stages of Drosophila development. However, a
functional rationale ofthe observation that Asp localises to the spindle mid-
zone at late telophase in embryos has never been offered (Saunders et al.,
1997). We decided to study this aspect of Asp localisation in male meiosis as
the larger meiocytes allow greater resolution of subcellular localisation. The
progenitors of spermatocytes are small cells that undergo four rounds of mi-
tosis within cysts before undertaking a prolonged period of cell growth. Asp
isassociated with the spindle poles during these mitotic stages (Fig. 1A;only
metaphases are shown) and relocates to the mid-zone at late telophase, where
it appears to form a ring-like structure (Fig 1B, arrow). The protein shows a
similar localisation pattern during the two meiotic divisions and is localised at
the spindle poles from prophase (Fig 1C) through metaphase (Fig 1D) to early
anaphase (not shown). A diffuse faint punctuate staining is also shown by the
anti-Asp antibody in the central part of the spindle as early as metaphase (ar-
rowheads in FiglD). By telophase, this central accumulation becomes con-
centrated at the ends of microtubules that form the mid-zone of the spindle
(Fig 1E,F; arrowheads). Thus, at this point there are two prominent regions



of Asp localisation: at the spindle poles (already duplicated in anticipation of
meiosis I, Fig 1E) to one side of the telophase nucleus and at the opposite
side of the nucleus where it appears to be on the ends of bundles of microtu-
bules on the borders of the central or mid-zone region of the spindle.

Localisation of Asp
protein in mitosis and meiosis
during spermatogenesis. The
merged image (left hand panels)
shows DNA (blue), microtubules
(green) and Asp (red). The chan-
nel showing Asp protein alone is
shown in the central panels and
microtubules alone in the right
hand panels. (A) A four-cell cyst
at metaphase and (B) an eight-
cell cysts during late telophase;
note the Asp ring between daugh-
ter nuclei (arrow). Progression
through the first meiotic divi-
sion: (C) Prometaphase meiotic
spindles with Asp at the poles.
(D) Metaphase meiotic cells
with Asp staining strongly at the
spindle poles and weakly in the
midpoint of the spindles (ar-
rowheads). (E) Telophase cells of
meiosis I in which the Asp at the
spindle poles falls into two clus-
ters around the centrioles that are
beginning to separate. In addi-
tion, these cells show prominent
Asp staining along the putative
minus ends of the central spindle
microtubules, which are shown
at higher magnification in (F) (ar-
rowhead). The arrow in (E) and
(F) point to a very central band
of Asp staining that can also be
seen in the central spindle. Scale
baris 10 pm.

WHEREAS MEIOTIC SPINDLE POLES APPEAR WELL FOCUSED IN ASP
MUTANT MEIOSIS, CENTRAL SPINDLE DEFECTS LEAD TO A FAILURE
OF CYTOKINESIS

As mutations in asp are associated with disruptions in the compact nature of
the MTOC: in third instar larval neuroblasts, resulting in broad spindle poles,
we studied pole integrity during male meiosis in two asp mutant alleles. We
examined asp’/asp™, asp™/asp® and asp™/Df(3R)H~' (White-Cooper et al.,
1996) males by immunostaining with antibodies that revealed tubulin and the
centrosomal proteins Centrin, y-tubulin and Centrosomin. The asp® allele is
a weak hypomorph that permits homozygotes to survive to adulthood. Such
flies show rough eyes and wing defects characteristic of cell division cycle
mutants, and both sexes show reduced fertility. It has previously been placed in
an allelic series on the basis of the phenotypes seen in the sterile hemizygotes
(White-Cooper et al., 1996). Here we observed comparable phenotypes in
malemeiosis in each of the allelic combinations studied. Our observations con-
firmed the meiotic spindle defects that have previously been reported for asp,



principally, the long, wavy microtubules thatare particularly evident at meta-
phase. Examination of the spindle poles by immunostaining against Centrin
(Figs 2A; 3AB), *-tubulin (Figs 2B; 3C) and Centrosomin (Fig. 3D) revealed
that they were well organised in discrete structures but were often irregularly
positioned. Moreover, in contrast to the wild-type, the antibody against Centrin
failed to recognise pericentiolar material and only stained the centrioles.

&)
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Cysts of asp® spermatocytes. The cells are stained to reveal DNA (blue), microtubules (green) and either
Centrin (red; A) or y-tubulin (red; B). The equivalent monochrome images for the centrosomal antigens and
microtubules are shown in the respective central and right hand panels. Although the meiotic spindles look
abnormal, their poles appear to be organised in discrete structures. Note the wide range of meiotic stages
throughout the same cyst.

centrin y-tubulin cnn



asp™ meiocytes show well defined spindle poles and a range of central spindle defects. (A,B) Centrin (red
in merged image and monochrome in central panels) is seen in a typical V-shaped pattern corresponding to
adjacent centrioles at the spindle poles (A). The telophase tetrapolar cell in (B) shows no organisation of a
central spindle. It has failed to undergo cytokinesis in meiosis I and appears set to fail the second meiotic
division. (C) A cyst stained to reveal y-tubulin (red in merged image, and monochrome in central panel).
This illustrates the variation in the extent of formation of central spindle structures with this mutant allele.
Central spindle structures are missing in several cells of the cyst. In this panel, three cells with central spin-
dle structures are shown — in one it is poorly formed (small arrow), in another it is displaced (mid-sized ar-
row) and in the third it is comparable to wild type (large arrow). In all cases the merged image shows DNA
in blue and microtubules in green. The corresponding monochrome images of microtubules are also shown
in the bottom panels. (D) A cyst stained to reveal centrosomin (red in the merged image, and monochrome
in the central panel). The arrowhead points to a cell lacking central spindle structure.

Whereas all cells in wild-type cysts are generally at similar stages of meiotic
progression, we found that meiocytes in asp cysts were at a range of stages
(Fig. 2). Indeed we consistently observed a greater proportion of cells in all
stages of the first meiotic division in asp mutants and a reduction of the pro-
portion in the second division in comparison to wild type. This observation
is consistent with the abnormal spindles leading to a checkpoint response,
which in male meiosis is seen as a delay rather than an arrest in the progres-
sion through prophase and metaphase (Savoian et al., 2000; Rebollo and
Gonzalez, 2000). It may also reflect difficulties in exit from the first meiotic
division cycle. In any event, excluding the unlikely possibility that the phe-
notype is a direct consequence of earlier defects, the ability of these cells to
progress beyond metaphase reveals mutant defects later in the meiotic cycle
that suggest additional functions of the Asp protein other than at the spindle
poles. We found that in contrast to the well organised poles, the central re-
gions of the spindles of the late meiotic spindles were not correctly organised
at anaphase and telophase in asp testes (compare the asp cells indicated with
an arrowhead in Fig. 3D with wild-typecells in Fig. 1E,F). Depending upon
the allelic combination, we found that mid-zone microtubules were poorly
organised in 20-40% of cells within the cyst and absent in 5-15% of cells.
The absence of the mid-zone correlates with a failure of cytokinesis, which
in turn leads to tetranucleate cells at the end of meiosis II (e.g. the cell shown
in Fig. 3B). We were able to quantify the extent of cytokinetic failure by
counting the numbers of multinucleate spermatids (Table 3). We found that
in each allelic combination studied, up to approximately half of the cells
complete cytokinesis in both meiotic divisions, but about 35% fail one and
up to 10% fail both divisions. The leakiness of this mutant phenotype prob-
ably reflects the hypomorphic nature of the alleles under study.

To further correlate the central spindle defects described above with abnor-
mal cytokinesis, we studied the distribution of three proteins that associate
with the contractile furrow: Actin, Pav-Klp and Peanut (Fig. 4). In wild-type
cells (inserts to Fig. 4), all three proteins are found in a ring-like structure at
the central region of the spindle. A spectrum of localisation patterns of these
proteins was seen in the asp mutant cells, which reflects the extent to which
the central spindle had formed again, probably reflecting the leaky nature
of the hypomorphic mutant combinations studied. We found the localisa-
tion of Actinto be most dramatically disrupted and scattered throughout the
central part of the cell in fibrous aggregates (Fig. 4A). Nevertheless, some
cells managed to produce a ring-like structure able to constrict the telophase
cell (e.g. cell in bottom left of Fig. 4A). Similarly when stained to reveal
Pavarotti, some meiotic cells had normal contractile rings (Fig. 4B, large



arrow), whereas in others in the same filed Pav-KLP was more diffuse (Fig.
4B, small arrow). The presence of Pav-KLP in ring canals (Fig. 4B, arrow-
heads) indicated that cytokinesis had occurred correctly within the pre-mei-
otic rounds of mitosis. Staining to reveal the septin Peanut also showed that
some cells are able to construct an apparently normal contractile ring (Fig.
4C, arrow) in association with an organised central spindle region (see the
microtubule staining of the same cell, monochrome image). In other cells
at a similar stage, however, both the distribution of Peanut and the central
spindle microtubules were disorganised (Fig. 4C, arrowhead).

actin pavarotti

Mislocalisation of mid-zone antigens in telophase cells of asp?* mutants. Localisation of actin (A), Pav-

KLP (B) and Peanut (C) are shown in red in the merged image and in monochrome in the central panels.
The DNA is blue and the microtubules are green. The corresponding images of microtubules are also shown
in monochrome in the bottom panels. In each panel the inset shows the localisation of the corresponding
proteins at an equivalent stage of wild-type meiosis. (A) Actin is not organised into a contractile ring as
in the wild type but is dispersed in the central part of the cell. One exceptional cell in which the actin is
sufficiently well organised to cause constriction of the cell is seen in the very bottom left of this field. Pav-
KLP is present in ring-like structures in some cells (large arrow), but in the majority, it has a more diffuse
distribution in the central part of the cell (the small arrow indicates one such example). It does stain distinct
ring canals (arrowheads), indicating that cytokinesis has occurred in earlier division cycles. (C) In contrast
to the wild-type telophase cell, Peanut does not accumulate in a contracted ring-like structure but remains
in a wide band around the circumference of the mutant telophase cell. In some cells (arrow), the central
spindle is better organised than others (arrowhead).

ASP ASSOCIATES WITH THE SPINDLE POLES AND THE CENTRAL MI-
CROTUBULE ORGANISING CENTRE IN FEMALE MEIOSIS

In Drosophila female meiosis, an unusual microtubule organising structure
known as the central spindle pole body is formed between the daughter nu-



clei at the end of the first division. Female meiosis occurs without cytokine-
sis, and the shared pole of the second meiotic spindles is formed at the end
of meiosis I in a position at which cytokinesis would be expected to occur in
any other cell type. We therefore wished to determine the localisation of Asp
with respect to the spindle poles at this unusual central microtubule organis-
ing center (MTOC). In female meiosis, the spindle is organised primarily by
the condensed chromosomes and becomes focused at the poles by the con-
certed action of minus-end-directed motor proteins such as Ncd (Endow and
Komma, 1996+). Although these poles appear to lack y-tubulin, by the crite-
rion of immunostaining we found Asp protein at the poles at metaphase (Fig.
5A) and anaphase (Fig. 5B). At late anaphase or early telophase of meiosis I,
we saw Asp as a well defined ring in the array of centrally nucleated micro-
tubules (Fig. 5C). Prior to meiosis I, the region previously occupied by the
plus ends of microtubules in contact with chromosomes has to become the
site of microtubule minus ends at the shared central pole of the second mei-
otic spindle. At anaphase II, we found that Asp also became concentrated at
the innermost spindle poles (Fig. 5D), and the ring-like staining at the central
MTOC became more dispersed as meiosis I proceeded.
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Localisation of Asp protein (red) during meiosis in wild-type females. In all panels, microtubules are coun-
ter-stained green and DNA is blue. (A) Metaphase of meiosis I. Asp is present at the spindle poles. (B) Early
telophase of meiosis 1. (C) Late telophase of meiosis I. Note the accumulation of Asp in a ring-like structure
in the central spindle around the central pole body. (D) Anaphase of meiosis II. Asp remains in the more dif-
fuse structure connecting the two spindles and is in well defined regions at the spindle poles. (E) Asp at the
centre of the sperm aster. (F) Asp at the poles of the gonomeric spindle of the first mitosis of the zygote.

THE SPERM ASTER FAILS TO GROW AND PRONUCLEAR FUSION DOES
NOT TAKE PLACE IN ASP MUTANT EMBRYOS

We then examined meiotic progression and behaviour of the pronucleiin eggs
derived from asp mothers. We were only able to do this in oocytes derived
from mothers homozygous for asp? and transheterozygous for asp®/asp’.



Meosis I progressed normally in such eggs, as can be seen by the spindle at
early telophase (Fig. 6A, arrowhead), and the aster of microtubules that forms
around the basal body, which was contributed by the incoming sperm, had
begun to form (Fig. 6A, arrow). The second meiotic division also appeared
to proceed normally (Fig. 6B, arrowhead). However, the sperm aster did not
increase in dimension (Fig. 6B, arrow;). This should be contrasted with the
sperm aster in wild-type eggs, where centrosomal proteins such as ¥-tubulin
and CP190 are recruited from the egg cytoplasm around the spindle basal
body and the microtubules grow to reach the cortex of the egg cytoplasm.
Immunostaining of wild-type eggs revealed that Asp was also recruited to
this MTOC (Fig. 5SE), which eventually contributes to both poles of the gono-
meric spindles (Fig. 5F). In the asp mutant cytoplasm, the microtubules of the
sperm aster never extended to the egg cortex. The sperm aster duplicated in
the mutant eggs as it does in wild type, but it was frequently found to detach
from the spindle that formed around the haploid male pronucleus (Fig. 6C,
arrow). We found that these centrosome-associated asters continued to dupli-
cate (Fig. 6D, arrowheads) as do the haploid male-derived nuclei that can un-
dergo multiple rounds of haploid mitosis (Fig. 6D, small arrows). However,
the haploid products of female meiosis frequently appeared to condense to
form typical polar body-like structures (Fig. 6D, large arrow).

Female meiosis in asp®’.
DNA is stained red and
microtubules are green. (A)
This field shows the telophase
spindle of meiosis I (arrow-
head) and the male pronu-
cleus with associated sperm
aster (arrow). (B) Telophase
of meiosis I (arrowhead).
Unlike wild type, the sperm
aster remains diminutive (ar-
row). (C) Dissociation of du-
plicated centrosomes from the
male pronucleus (arrow). (D)
This field shows polar bodies
with condensed chromosomes
(large arrow), and three hap-
loid anastral mitotic spindles
carrying DNA derived from
the male pronucleus (arrows).
There are also four independ-
ent asters of microtubules
(arrowheads) derived from
the sperm aster that has dis-
sociated from the spindle.

DiscussioN

ASP MUTATIONS HIGHLIGHT DIFFERENCES IN CENTROSOME ORGANI-
SATION IN MITOSIS AND MEIOSIS

The Abnormal Spindle protein forms a hemi-spherical cup-like structure
overlying the spindle-facing side of centrosomes in larval cells. We show
here that on the male meiotic spindle it extends much further along the tips
of the minus end microtubules at the spindle poles. Moreover, unlike asp



mutant neuroblasts where Y-tubulin is present in poorly organized bodies
at broad spindle poles, in asp male meiotic spindles ¥-tubulin has a similar
distribution to wild-type and is present at well focused poles. Indeed, the
only substantive difference in the localisation of centrosomal antigens that
we were able to detect in male meiotic spindles was with centrin, which was
more tightly restricted to the putative centrioles than in wild-type cells. While
these observed differences between mitotic and meiotic centrosomes could
reflect the leaky nature of the alleles studied or a more stringent requirement
for Aspin one cell type rather than the other, they could also indicate differ-
ences in the organisation of centrosomes in mitosis and male meiosis. These
could be related to the need to produce individual centrioles through the re-
ductive divisions of the latter process that will eventually transform into the
basal bodies in spermatids.

The spindle poles in female meiosis differ further from those of either mito-
sis or male meiosis. These spindles are initially nucleated by chromosomes,
and the spindle poles are focused by the action of microtubule-associated
motor proteins, particularly the ncd-encoded kinesin-like protein (Endow
and Komma, 1996; Endow and Komma, 1997). Although the poles of the
female meiotic spindle are not stained by antibodies that recognize Y-tubu-
lin, progression through female meiosis shows some dependence upon this
protein (Tavosanis et al., 1997; Wilson et al., 1997). In contrast to the low
abundance of T-tubulin, we find Asp to be abundant at the acentriolar poles
of the female meiotic spindle. Nevertheless, meiosis appears able to proceed,
at least for the mutant asp alleles we have selected for study. These are all
hypomorphic and give leaky phenotypes that generally allow the premeiotic
mitoses to proceed in both sexes and so permit the progression of both the
primary spermatocytes and the oocyte to meiosis.

Microtubules are also nucleated in the fertilised egg by a centrosome that
develops around the basal body of the sperm following its recruitment of
centrosomal proteins such as CP190 and ¥-tubulin (Callaini and Riparbelli,
1996; Riparbelli and Callaini, 1996). This sperm aster normally comprises
short microtubules until metaphase Il of female meiosis, at which time the
microtubules begin to grow and make contact with the cortex of the egg. We
have found that growth of the sperm aster does not take place in asp mu-
tants. A similar phenotype is seen in eggs derived from polo mutant mothers
(Riparbelli et al., 2000). It is possible that the dramatic effects of both polo
and asp mutants on growth of the sperm aster may reflect the ability of Polo
kinase to phosphorylate and activate the microtubule organising properties
of Asp (Avides et al., 2001). In both asp- and polo-derived eggs, as a con-
sequence of the failure of the sperm aster to grow, the female pronucleus
cannot migrate to meet its male counterpart, leading to the failure of the first
gonomeric division of the zygote. In both types of mutant cytoplasm, the
centrioles associated with the sperm aster can dissociate from the male pro-
nucleus and undergo autonomous replication cycles in the syncytium. The
male pronuclei can also undergo several rounds of haploid mitoses in both
mutants. One noteworthy difference between asp- and polo-derived eggs is



that in asp, the female pronuclei remain arrested as the polar body conglom-
erate whereas in polo eggs they can escape from this arrest and also undergo
several rounds of haploid mitosis (Riparbelli et al., 2000).

AN MTOC AT CYTOKINESIS?

In late anaphase-telophase of male meiosis, Asp localises to the spindle mid-
zone, but unlike other centrosomal antigens such as Pavarotti-KLP and Polo
kinase that become associated with the central region of the spindle mid-zone,
the majority of Asp decorates the very terminal regions of mid-zone micro-
tubules. At this stage the microtubules are positioned between the telophase
nuclei and the centre of the spindle. The terminal regions are likely to be the
minus ends of microtubules that have been released from the centrosomes,
which at this stage nucleate independent asters of microtubules. This associa-
tion of Asp with the spindle mid zone appears to be required for the assembly
of the correct structure of the late central spindle and in turn for cytokinesis.
The central spindle plays an essential role during cytokinesis and there is a
cooperative interaction between this structure and the actinmyosin contractile
ring: whenever one of the structures is disrupted the other fails to assemble
and function (Gatti et al., 2000). In keeping with this, we have found that
many cells within asp mutant cysts have abnormal central spindles lacking the
characteristic interdigitating microtubules. Moreover, molecules that partici-
pate in forming parts of the contractilering, Pavarotti-KLP, the septin Peanut,
Polo kinase and Actin, do not localise properly in asp mutant spermatocytes.

While our manuscript was in preparation, Wakefield et al. (Wakefield et al.,
2001) have also analysed the role of the Asp protein at the spindle poles
and in cytokinesis. We see no conflicts between their conclusion that Asp
plays a role in microtubule bundling at the spindle poles and an earlier report
that Asp contributes to the integrity of mitotic MTOCs (Avides and Glover,
1999). However, Asp may not be sufficient to bundle microtubules, as when
centrosomal antigens are dispersed following the disruption of the ¥-tubu-
lin ring complex, spindle poles can be severely splayed even though Asp is
present at their minus ends (Barbosa et al., 2000). Our present results con-
firm and extend the findings of Wakefield et al. (2001) that Asp is required
to organise microtubules at the central region of the late mitotic spindle to
enable cytokinesis (Wakefield et al., 2001). We speculate that the minus ends
of these microtubules have dissociated from the spindle poles and now rely
on the Asp protein for their stability in order to form a mid-zone structure for
the central spindle. Moreover, the idea that the central spindle results from
de novo nucleation of microtubules by transient organising centres located in
the region between the two daughter nucleiis substantiated by a requirement
for Y-tubulin in the equatorial region at the time of central spindle formation
(Julian et al., 1993; Shu et al., 1995).



ASP LOCALISATION IN FEMALE MEIOSIS — A UNIFYING MODEL?

Female meiosis differs from male meiosis and mitosis in Drosophila notonly
in that the spindle poles lack centrioles but also in thatthe first division is not
followed by cytokinesis. Instead the central spindle has been postulated to
undergo reorganisation to reverse the polarity of microtubules around an un-
usual central spindle pole body and so form two tandemly oriented spindles
for meiosis II. A model for how this occurs has been presented by Endow
and Komma (Endow and Komma, 1998) and is modified in Fig. 7B. This
central spindle pole body recruits centrosomal antigens, including CP190
and Y-tubulin. It is also striking that it additionally recruits molecules that
are known to function in cytokinesis. These include Pav-KLP (Riparbelli et
al., 2000+) and Asp (this paper).

Model of Asp function during mitosis/
meiosis in males (A) and meiosis in fe-
males (B). Asp is depicted in orange and - ' = ) == @ =@ [ 13
is localised at the minus ends of micro-
tubules (green). DNA is shown in blue.
(A) Asp is associated with the free mi-
crotubule minus ends at the metaphase 3 N
spindle poles (left). At early telophase } ' = < <4
(centre), the central part of the spindle is
reorganised, and a subpopulation of Asp
molecules participate in nucleating cen-
tral spindle microtubules. Following the completion of cytokinesis, Asp protein remains associated with the
mid-body (somatic mitoses) or the ring canals (mitosis and meiosis in spermatogenesis). (B) Asp is at the
acentriolar poles of the female meiotic spindles at metaphase I. The structure of the central MTOC starts to
form at early telophase I by a reversal of the polarity of the central spindle microtubules. Asp is recruited to
the central region at this time and is shown participating in the nucleation of the minus ends of these central
spindle microtubules.

We note that this specialised central pole body of female meiosis in
Drosophila has several features in common with the central spindle of con-
ventional divisions, and we speculate that Asp may be one of several centro-
somal/central-spindle-associated proteins that play common roles in setting
up these structures. In late anaphase, during both the conventional divisions
and female meiosis I, a subpopulation of microtubules have to become de-
tached from the initial poles. In effect the two half spindles of female meio-
sis | separate but remain focused at their original poles. The parallel step in
male meiosis or in a conventional mitosis is seen by the ability of the original
centrosomes to continue to nucleate asters of microtubules. In contrast, mi-
crotubules in the central part of the female meiosis I spindle must be reor-
ganised such that their polarity is reversed to form the linked central poles of
the tandemly arranged meiosis II spindles. The Asp-containing central pole
body that develops in this region appears first as a ring like structure that
nucleates a broad mid-zone region of microtubules that only later becomes
independently focused as the meiosis II spindles migrate apart. In mitosis or
male meiosis, Asp appearsto be at the ends of the reorganised microtubules
that form the central spindle. As telophase develops, this mid-zone becomes
compacted as it coordinates the formation of the contractile ring. Indeed in
male meiosis, it will ultimately be incorporated into the ring canal.

Microtubule-nucleating centres that reorganise the late central region of
the spindle may be a highly conserved feature of cell division. In fission



yeast, a transient MTOC nucleates a post-anaphase array of microtubules
in the central part of the cell before the initiation of septation (Hagan and
Hyams, 1988). This is probably the fission yeast counterpart of the central
spindle region, as its formation is promoted by overexpression of the fission
yeast homologue of Polo kinase encoded by plo/, and it drives septation at
inappropriate stages of cell cycle progression (M.G.R., G.C., D.M.G. and
M.d.C.A., unpublished).

Progression through M-phase appears to require the coordination of the activ-
ities of several MTOCs. The chromosomes themselves can provide nucleat-
ing centres for the plus ends of microtubules, and centrosomes, if present, can
contribute a minus-end organising activity. Our results suggest, however, that
components of such a minus-end organising activity may not be restricted to
the poles but may later in M-phase be regrouped to participate in organising
the spindle mid-zone in order to successfully execute cytokinesis.
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