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Abstract. In mouse oocytes, the first meiotic spindle is
formed through the action of multiple microtubule or-
ganizing centers rather than a pair of centrosomes. Al-
though the chromosomes are thought to play a major
role in organizing the meiotic spindle, it remains un-
clear how a stable bipolar spindle is established. We
have studied the formation of the first meiotic spindle
in murine oocytes from mice homozygous for a tar-
geted disruption of the DNA mismatch repair gene,
Mih1. In the absence of the MLH1 protein meiotic re-
combination is dramatically reduced and, as a result,
the vast majority of chromosomes are present as un-
paired univalents at the first meiotic division. The
orientation of these univalent chromosomes at
prometaphase suggests that they are unable to establish
stable bipolar spindle attachments, presumably due to

the inability to differentiate functional kinetochore do-
mains on individual sister chromatids. In the presence
of this aberrant chromosome behavior a stable first
meiotic spindle is not formed, the spindle poles con-
tinue to elongate, and the vast majority of cells never
initiate anaphase. These results suggest that, in female
meiotic systems in which spindle formation is based on
the action of multiple microtubule organizing centers,
the chromosomes not only promote microtubule poly-
merization and organization but their attachment to
opposite spindle poles acts to stabilize the forming spin-
dle poles.
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eloTic cell division requires specialized cell cycle
IVI control mechanisms to ensure the segregation of

homologous chromosomes at the first meiotic
division (MI)™. In organisms that undergo recombination,
the sites of meiotic exchange play a key role in chromo-
some segregation at MI, and mutations that reduce the
level of recombination are invariably associated with in-
creased errors in meiotic chromosome segregation. Chias-
mata, the sites of recombination, facilitate the orientation
of homologues on the spindle at Ml and counterbalance
the forces directing them to opposite poles, thus allow-
ing the homologous pair to align at the spindle equator
at metaphase (for review see Hawley, 1988; Carpenter,
1994). Recently, it has become obvious that, in organisms
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as evolutionarily diverse as Drosophila and humans, subtle
alterations in the placement of recombination events on
the chromosome arm can substantially alter the fidelity of
meiotic chromosome segregation (Koehler et al., 1996).

Although the role of recombination in chromosome seg-
regation is evolutionarily conserved, it is not the only
means of ensuring accuracy in meiotic chromosome segre-
gation. Mechanisms for the segregation of nonexchange
homologues have been described in a variety of species.
These include mechanisms for the segregation of homo-
logues in the complete absence of recombination, mecha-
nisms for the segregation of a single pair of chromosomes
that never recombine, and backup mechanisms for the seg-
regation of homologues in the event of recombination fail-
ure (for review see Wolf, 1993).

In addition to recombination and specialized mecha-
nisms for the segregation of nonexchange bivalents, the fi-
delity of meiotic cell division is ensured by cell cycle con-
trol mechanisms that regulate transition points in the
cycle. These cell cycle surveillance mechanisms function to
detect mistakes and inhibit cell cycle progression under
conditions that would result in grave errors in cell division
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(Murray, 1994; Elledge, 1996; Page and Orr-Weaver,
1997). Of particular interest is the checkpoint mechanism
that operates at the metaphase-anaphase transition. This
checkpoint delays anaphase onset in cells with defective
spindle formation or chromosome alignment, providing an
opportunity to correct errors that would predispose to
meiotic chromosome missegregation. Recent studies of
murine female meiosis suggest that the presence of un-
aligned chromosomes at first meiotic metaphase does not
induce a delay in anaphase onset (Hunt et al., 1995; Le-
Maire-Adkins et al., 1997; Yin et al., 1998; Hunt, P.A., un-
published observations). It has been hypothesized that
the lack of chromosome-mediated metaphase-anaphase
checkpoint control in mammalian females may contribute
to the high error rate in female meiosis (Hunt et al., 1995;
LeMaire-Adkins et al., 1997).

From the standpoint of meiotic chromosome segrega-
tion, the DNA mismatch repair proteins provide a particu-
larly interesting class of mutations because in addition to
their role in the recognition and repair of DNA mis-
matches during somatic cell division, at least some of these
proteins play a role in meiotic recombination (for review
see Chambers et al., 1996; Kolodner, 1996; Modrich and
Lahue, 1996). In the mouse, targeted disruptions of several
mismatch repair genes have been produced, and mice ho-
mozygous for three of these, Pms2, MIh1, and Msh5, dem-
onstrate a meiotic phenotype (Baker et al., 1995; Baker et al.,
1996; Edelmann et al., 1996, 1999; de Vries et al., 1999).

Evidence from studies in yeast suggests that the role of
the MutS homologues Msh4 and Msh5 is meiosis-specific.
That is, neither is involved in the repair of DNA mis-
matches in somatic cells but both play a role in meiotic re-
combination (for review see Modrich and Lahue, 1996).
The recent demonstration that Msh5 knockout mice are
sterile with germ cell loss at early prophase I due to synap-
tic failure (de Vries et al., 1999; Edelmann et al., 1999) sug-
gests that these MutS homologues participate in the early
events of homologue synapsis. In yeast, the MutL homo-
logues Pms1 (mammalian Pms2) and MIh1 are involved in
DNA mismatch repair during both replication and recom-
bination, but MIh1 plays a unique role in promoting mei-
otic recombination and has been proposed to act down-
stream of Msh4 and Msh5 (Hunter and Borts, 1997). This
is consistent with the phenotype of the Mlhl knockout
mouse: in MLH1 null male mice, synapsis of homologous
chromosomes proceeds normally, but with the disappear-
ance of the synaptonemal complex at late pachynema, the
majority of homologues fail to maintain a physical connec-
tion and appear as univalents (Baker et al., 1996). Indeed
it has been reported that lack of the MLH1 protein results
in a 10-fold reduction in recombination (Baker et al.,
1996). Recombination defects in the MLH1 null male
mouse result in meiotic arrest, presumably because the
presence of univalent chromosomes activates the meta-
phase-anaphase checkpoint control mechanism, resulting
in the arrest of the spermatocyte at metaphase I. Thus, no
mature spermatozoa are produced.

MLH1 null females, like null males, are sterile but the
meiotic phenotype is apparently different. Although data
on homologue synapsis are lacking, previous studies sug-
gest that null females ovulate normal numbers of oocytes
in response to exogenous hormones. Ovulated oocytes,
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however, exhibit a number of abnormalities, including fail-
ure to extrude a second polar body, reduced fertilization,
poor rate of cleavage to the 2-cell stage, and failure of de-
velopment beyond the 2-cell stage (Edelmann et al., 1996).
Given the recombination failure phenotype of the null
male, meiotic studies of oocytes from null females should
provide insight to meiotic chromosome segregation and
the control of mammalian female meiosis. Specifically, the
behavior of univalent chromosomes and their impact on
the meiotic process are directly relevant to the hypothesis
that female meiosis lacks chromosome-mediated check-
point control. Additionally, although the importance of
genetic exchange in ensuring chromosome segregation at
MI during mammalian female meiosis has been clearly
demonstrated (Koehler et al., 1996), there are virtually no
data on the existence of a backup mechanism of chromo-
some segregation in mammals.

In this report we summarize the results of meiotic stud-
ies in MLHZ1 null mice to define the recombination defects
associated with loss of the MLH1 protein and to deter-
mine the impact of reduced recombination on the mam-
malian female meiotic process. Our meiotic studies sug-
gest that sterility in MIhl mutant females results from
drastically reduced recombination, leading to gross disrup-
tions in the meiotic process. The orientation of meiotic
chromosomes during M1 spindle formation and the spin-
dle morphology in oocytes from MLH1 null females pro-
vide new insight to the process of meiotic spindle forma-
tion and stabilization during mammalian female meiosis.
In addition, our results provide further support for the hy-
pothesis that although mammalian female meiosis appar-
ently lacks a checkpoint mechanism to detect the presence
of misaligned chromosomes, a functional spindle assembly
checkpoint exists.

Materials and Methods

Generation and Identification of MLH1-deficient Mice

MLH1 null animals were produced from matings of male and female ani-
mals heterozygous for a targeted disruption of the MIh1 gene (Baker et al.,
1995). The Mlh1 genotype of offspring was determined by PCR from ear
punch tissue using conditions and primers as described (Baker et al.,
1995).

Isolation and Analysis of Pachytene Stage Oocytes from
MLHZ1 Null Females and Control Siblings

To analyze homologue synapsis, air-dried preparations of oocyte nuclei
were made from 16-17-d fetal ovaries using the technique described (Pe-
ters et al., 1997). The Mlh1 genotype of individual fetuses was determined
by PCR from tail tissue using conditions and primers as described (Baker
et al., 1995). Immunostaining was performed as described (Moens et al.,
1987) using a goat monoclonal antibody to rat SCP3 (a component of the
lateral elements of the synaptonemal complex) generously supplied by T.
Ashley (Department of Genetics, Yale University School of Medicine,
New Haven, CT), and an FITC-conjugated donkey anti-goat secondary
antibody (Jackson ImmunoResearch Laboratories, Inc.). Immunoreacted
slides were scored on a Zeiss Axioplan fluorescent microscope.

Air-dried Preparations of Diakinesis Stage Oocytes and
Spermatocytes from MLH1 Null Animals and
Sibling Controls

For chiasma counts, air-dried chromosome preparations were made from
diakinesis stage oocytes using the technique described (Tarkowski, 1966).
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Preparations were stained with Giemsa (Harleco) and the number and po-
sition of chiasmata was scored by two independent observers. Air-dried
testis preparations were made according to the method described (Evans
et al., 1964), the preparations were stained with Giemsa (Harleco), and
the configuration of the sex chromosomes was scored by two independent
observers. For MLH1 null males, the total number of chiasmate bivalents
in each cell was also recorded.

Isolation and Culture of Oocytes from MLH1 Null
Females and Control Siblings

To obtain ovulated oocytes for first polar body extrusion experiments, fe-
males were injected with 2.5 IU of pregnant mare serum gonadotropin
(Sigma) followed 42-44 h later by an injection of 5 IU human chorionic
gonodotropin (Sigma). Ovulated oocytes were collected from the oviducts
15 h after the human chorionic gonodotropin injection, freed of adherent
cumulus cells by a brief exposure to hyaluronidase (200 wg/ml; Sigma),
washed, and fixed as described below.

For all studies of MI, prophase arrested oocytes were obtained from
3.5-4-wk-old females. Ovaries were removed and placed in Weymouth’s
MB752/1 medium (GIBCO BRL) supplemented with 10% fetal calf se-
rum and 0.23 mM sodium pyruvate. Antral follicles were punctured with
26 gauge needles to obtain immature oocytes at the germinal vesicle stage.
Germinal vesicle stage oocytes were cultured in microdrops of medium
under oil at 37°C in 5% CO, in air. After 2 h in culture, oocytes were
scored for germinal vesicle breakdown, indicating resumption of MlI, and
any oocytes remaining at the germinal vesicle stage were excluded from
the experiment.

For studies of Ml spindle pole formation, donor females were injected
with 2.5 U pregnant mare serum gonadotropin 42-44 h before oocyte col-
lection.

Fixation and Staining

For analyses of chromosome behavior and meiotic spindle formation dur-
ing MI, oocytes were cultured for a total of 2, 4, 6, 8, 10, 12, or 18 h before
fixation. At the end of the culture period, oocytes were embedded in a fi-
brin clot attached to a microscope and fixed as described previously (Le-
Maire-Adkins et al., 1997). Fixed oocytes were incubated with an anti-
body to B-tubulin (Sigma) and detected with an FITC-conjugated
secondary antibody according to the technique described (Hunt et al.,
1995). Meiotic staging, analysis of chromosome behavior, and spindle
characteristics and length were scored by two independent observers us-
ing a Zeiss Axioplan microscope fitted with a micrometer in one eyepiece.

FISH Analysis of Homologous Chromosome Behavior
During Ml

Following immunofluorescence staining, a subset of the oocytes fixed af-
ter 6 h in culture was hybridized as described previously (Hunt et al.,
1995) with the X-specific probe, DXWas 70 (American Tissue Type Cul-
ture Collection). The X chromosome probe was labeled with digoxigenin
(Boehringer Mannheim Biochemicals) and detected with FITC-conju-
gated anti-digoxigenin (Boehringer Mannheim Biochemicals). Following
hybridization and detection, oocytes were analyzed on a confocal micro-
scope (Bio-Rad Laboratories) to characterize the location of the X chro-
mosome homologues on the M1 spindle.

Results

Homologue Synapsis Occurs Normally but Few
Functional Chiasmata Are Produced in Oocytes from
MLHZ1 Null Females

To determine if the process of homologue synapsis occurs
normally in oocytes from MLH1 null females, we analyzed
air-dried preparations of pachytene stage nuclei from 16—
17-d MLH1 null fetuses and control siblings. Normal
pachytene stage oocytes exhibiting fully synapsed homo-
logues were observed (Fig. 1), and no differences in the
morphology of the complexes in control and MLH1 null
siblings were evident.

Woods et a. Chromosomal Influence on Meiotic Spindle Assembly

Figure 1. Air-dried prepara-
tion of a pachytene stage oo-
cyte from an MLH1 null fe-
male. Immunostaining with
an antibody against the lat-
eral elements of the syn-

aptonemal complex dem-
onstrates  fully  synapsed
homologues.

To determine the consequences of MLH1 deficiency on
recombination, we analyzed air-dried preparations of oo-
cytes at the diakinesis stage. The number and distribution
of chiasmata were virtually identical for wild-type and het-
erozygous control females (Table I). In contrast, we ob-
served an ~10-fold reduction in chiasmata in oocytes from
MLH1 null females (Table I and Fig. 2). The average num-
ber of chiasmata in null females was only 1.9 per oocyte,
with a maximum of 6 observed in a single cell and zero ex-
changes observed in 15% of cells. Moreover, the place-
ment of chiasmata was slightly skewed by comparison with
cells from controls, with a preponderance of terminal ex-
changes and very few interstitial exchanges (Table I).

Recombination Is Virtually Abolished in MLH1
Null Animals

The conclusion that recombination is greatly reduced in
MLH1 null males (Baker et al., 1996) and females is based
solely on cytological evidence. Thus, the possibility that
recombination occurs normally but functional chiasmata
are not produced cannot be excluded. To test this hypoth-
esis, we introduced a structurally abnormal Y chromo-
some that would allow detection of recombination in the
absence of chiasmata. As shown in Fig. 3 a, recombination
between the X and Y chromosomes in males carrying this
structurally rearranged Y chromosome significantly alters
the length of the recombinant X and Y chromatids. Thus,
premature resolution of an exchange event would be cyto-
logically detectable at diakinesis as univalent X and Y
chromosomes with chromatids of different lengths.

In MLHZ1 null males (Fig. 3 b), as in null females (Table
1), the vast majority of chromosomes were present as un-
paired univalents at diakinesis. An average of 2.7 chias-
mata per cell was observed, with a maximum of 8 ex-
changes observed in a single cell and zero exchanges
observed in 14% of cells (data not shown). The X chromo-
some, however, displayed a uniqgue morphology, presum-
ably reflecting its unique chromatin configuration and se-
questration in the sex vesicle (for review see Handel and

Table |. Chiasma Counts from Diakinesis Preparations

Distribution of chiasmata
Total Chiasma

Genotype cells average Interstitial Subterm. Termina

+/+ 43 24.1 9.2 (38%) 4.2 (17%) 10.8 (45%)
+/— 42 25 9.7 (39%) 3.3(13%) 11.9 (48%)
—/— 54 19 0.33(18%) 0.46 (25%) 1.1 (57%)
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Hunt, 1992), which allowed us to unambiguously distin-
guish it from univalent autosomal chromosomes. Only 3
cells with recombinant X and Y chromosomes were ob-
served among the 400 diakinesis cells scored (Fig. 3 b). In
addition, in all 397 cells in which the X and Y chromo-
somes were present as univalents, both X chromatids were
of equal size (Fig. 3 b), indicating failure of recombination
rather than precocious resolution of an exchange event.

The Majority of Oocytes from MLH1 Null Females Fail
to Complete Ml

Previous studies of oocytes from MLH1 null females sug-
gested a variety of aberrations, including failure to extrude
a second polar body and a reduced rate of fertilization and
cleavage (Edelmann et al., 1996). Our initial attempts to
obtain oocytes arrested at the second meiotic division
(MI1) from superovulated females suggested that the first
polar body extrusion rate is also extremely low. Ovulated
oocytes are enclosed in a sticky mass of cumulus cells
which are routinely dispersed by brief exposure of the oo-
cyte/cumulus cell mass to a hyaluronidase solution. In ini-
tial studies, we noted that hyaluronidase treatment in-
duced polar body extrusion in a small proportion of
oocytes from MLH1 null females. Hence, to avoid artifi-
cial induction of polar body extrusion, we studied oocytes
meiotically matured in vitro.

A large cohort of follicles initiates growth in the neona-
tal murine ovary. This cohort develops almost synchro-
nously and by 3-4 wk after birth a large population of oo-
cytes can be obtained from the ovary, most of which are
meiotically competent and will spontaneously resume and
complete MI in vitro (for review see Eppig et al., 1994).
When oocytes from control females were collected and
cultured in this fashion, 65% had completed MI and ex-
truded a first polar body after 15 h in culture; the remain-
ing oocytes were meiotically incompetent and arrested at
metaphase 1. In contrast, after 15 h in culture, only 7% of
the oocytes collected from MLH1 null females had ex-
truded a polar body and, after extended time in culture
(18-20 h), only 18% of the oocytes had completed MI
(Table II). Further, immunostaining with an antibody to
B-tubulin demonstrated a variety of abnormalities in the
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Figure 2. Chiasma counts of oo-
cytes at the diakinesis stage. (a)
Diakinesis preparation from an
XO oocyte illustrating the dif-
ference in morphology between
bivalent and univalent chromo-
somes. The univalent X (ar-
L Y rowhead) can be clearly dis-
tinguished from the paired
bivalents. The small arrows
marking one bivalent show two
chiasmata, one interstitial, and
one terminal exchange. (b) Dia-
kinesis cell from an MLH1 null
female. Two exchange bivalents
are present (arrowheads) and
the remaining chromosomes are
unpaired univalents.

vast majority of oocytes that extruded a polar body, in-
cluding incomplete cytokinesis, lack of chromatin in the
polar body, and abnormalities in MII spindle formation
(data not shown).

In the Absence of Functional Exchanges, Chromosomes
Do Not Congress and the M1 Spindle Is Unstable

To determine why the majority of oocytes failed to ex-
trude a polar body, we analyzed MI in oocytes from
MLH1 null females. Oocytes were collected and cultured
as described for the polar body experiments and fixed af-
ter 2,4, 6, 8, 10, or 12 h in culture to study successive stages
of Ml (Table I11).

After 4 h in culture, oocytes from control females were
at prometaphase of MI and exhibited either a very early
prometaphase configuration, with condensed chromo-
somes surrounded by a mass of microtubules (Fig. 4 a;
classified as apolar in Table I1l), or early spindle forma-
tion with chromosomes congressing to the spindle equator
(Fig. 4 c; classified as bipolar in Table 111). Aberrations in
chromosome orientation were evident at both stages of
prometaphase in oocytes from MLH1 null females: in
early prometaphase cells, the majority of the chromo-
somes were arranged at the periphery of the microtubule
mass, with the chromosome arms radiating outward like
the petals of a flower (Fig. 4 b). The few centrally located
chromosomes in these cells were almost exclusively bi-
valents, suggesting that the aberrant chromosome behav-
ior is limited to univalent chromosomes. In cells with evi-
dence of spindle pole formation, there was no evidence of
orderly chromosome congression (Fig. 4 d).

With increasing time in culture the aberrations in oo-
cytes from MLH1 null females became more pronounced.
In control oocytes, organization of the M1 spindle and the
congression of the chromosomes to the spindle equator
occurred within the first few hours of culture and, by 8 h,
the majority of oocytes had attained a metaphase configu-
ration (Table 111 and Fig. 5 a). In contrast, the gross distur-
bances in chromosome congression evident at the early
stages of bipolar spindle formation in oocytes from MLH1
null females persisted over time, and a normal metaphase
configuration was never observed (Fig. 5 ¢). In addition,
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a. Recombination Between the X and Y* Chromosomes

ii. Recombinant X and Y* chromosomes
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X
Y*
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b. Possible Diakinesis Configurations and Observed Frequency in MLH1 null males and
controls

i. Recombination

|E8]

ii. Recombination
Failure

| m i i

i. Recombinant iii. Premature Separation

of a Recombinant

Null 397 0
males: (1%) (99%)
Controls: 195 90 0

(68%) (32%)

Figure 3. Meiotic chromosome behavior in MLH1 null males
carrying the Y* chromosome. (a) Recombination between the X
and Y* chromosomes. Centromeres are represented as circles,
the pseudoautosomal region is indicated as a shaded segment,
and the approximate location of the testis determining gene, Sry,
is represented by a blackened region at the distal tip of the Y*
chromosome (for further details on the structure, origin, and
meiotic behavior of the Y* chromosome see Eicher et al., 1991,
and Hale et al., 1991). Recombination in the pseudoautosomal
region (i) produces recombinant X and Y* chromosomes (ii) that
are segregated to daughter cells at MI. (b) At diakinesis, the re-
combination history of the XY bivalent is cytologically evident:
recombinant bivalents show end-to-end association of the X and
Y* chromosomes (i), failure of recombination is evident as X and
Y* univalents with chromatids of equal length (ii), and recombi-
nation with premature separation would be evident as X and Y*
univalents with chromatids of unequal length (iii). The frequency
of each diakinesis configuration for MLH1 null males (n = 3) and
sibling control males (n = 3) is shown below the schematic of the
configuration. Controls include both wild-type (+/+) and het-
erozygous carriers of the Mlh1l mutation (+/—). Note that failure
to detect the Premature Separation of a Recombinant category
does not reflect inability to distinguish chromatids of unequal
length, since the difference in chromatid length was obvious in
MI1 cells from +/+ and +/— control males (data not shown).

defects in the organization of the midzone microtubules
were a characteristic feature (e.g., compare Fig. 5 a with ¢
and d).

Anaphase figures were first observed in control oocytes
after 8 h (Fig. 5 b) and, by 12 h, the majority of oocytes
had initiated anaphase or completed the division and ar-
rested at second meiotic metaphase. In oocytes from null
females, however, the congression failure phenotype per-
sisted over time, with the only difference being an increase
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Tablell. Polar Body Extrusion Rate for In Vitro
Matured Oocytes

Donor genotype 15h 18h
+/= (n=23) 66/101 (65%) 67/101 (66%)
—/—= (n=15) 15/203 (7%) 36/203 (18%)

in the frequency of oocytes with gross spindle aberrations,
e.g., grossly unequal poles, collapse of the spindle, and ex-
tremely elongated spindles, some of which were tripolar
(Fig. 5, d, e, and f, respectively).

Oocytes from MLH1 Null Females Exhibit Precocious
Pole Formation and Increased Interpolar Distance

The aberrations evident at early prometaphase and the in-
crease in spindle abnormalities with increasing time in cul-
ture suggest that both the organization and maintenance
of the M1 spindle is aberrant in oocytes from MLH1 null
females. To perform a temporal analysis of spindle pole
formation and spindle elongation, females were injected
with pregnant mare serum gonadotropin 44-48 h before
oocyte collection. Priming with exogenous hormones re-
sults in a more synchronous population of oocytes and also
slightly accelerates progression through MI. Pole-to-pole
measurements were obtained for oocytes from MLH1 null
females and controls collected after 2-12 h in culture. As
shown in Fig. 6, the appearance of organized spindle poles
was not delayed, indeed, it was slightly accelerated in oo-

Tablelll. Meiotic Progression in Oocytes from MLH1 Null
Females and Controls

Prometaphase
Apolar Bipolar Other* Metal AnaMI|
+/— 41 4 — — —
4h (91%) (9%)
—/= 45 26 1 — —
(63%) (36%) (1%)
+/— 7 8 — 9 —
6h (29%) (33%) (38%)
—/— 7 40 7 — —
(13%) (74%) (13%)
+/—= 2 6 — 56 1
8h (3%) (9%) (86%) (2%)
—/— 3 38 4 — —
(7%) (84%) (9%)
+/— — — — 39 26
10h (60%) (40%)
—/= — 27 3 — —
(90%) (10%)
+/— — — — 7 32
12h (18%) (82%)
—/— 3 42 5
(6%) (84%) (10%)
+/= — — — — —
18h
—/- — 7 11 — 3
(33%) (52%) (14%)

* Includes cells with collapsed spindles, spindles with grossly unequal poles, and tri-
polar spindles.

*A proportion of control oocytes arrest at MI; this is areflection of oocyte immaturity
(Eppig et al., 1994).
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Figure 4. Confocal images of prometaphase configurations in oo-
cytes from control (a and ¢) and MLH1 null females (b and d).
(a) An early prometaphase cell showing a typical rosette configu-
ration with condensed bivalents surrounded by a haze of micro-
tubules. (b) An early prometaphase cell showing the aberrant ro-
sette configuration typical of oocytes from MLH1 null females.
The majority of univalent chromosomes are arranged on the pe-
riphery of the microtubule mass and the few centrally located
chromosomes are predominantly bivalent chromosomes. (c) A
late prometaphase cell showing the characteristic loose chromo-
some arrangement seen on the short, round, early bipolar spin-
dle. (d) A late prometaphase cell from an MLH1 null female
showing the characteristic congression failure phenotype.

cytes from null females. Although pole formation was not
observed in any of the 33 oocytes from control oocytes an-
alyzed after 2 h in culture, 3/43 (7%) of oocytes from null
females exhibited organized poles. After 4 h in culture,
pole formation was evident in the majority (19/29) of oo-
cytes from null females and, although poles were evident
in a significant minority (21/76) of oocytes from control fe-
males, the average pole-to-pole distance was significantly
greater in oocytes from null females (t = 2.9; P < 0.01).
Moreover, the average interpolar distance continued to in-
crease over time in culture and remained significantly
greater than the average for controls at all time points
(Fig. 6).

In mammalian cells, several of the proteins that associ-
ate with metaphase chromosomes relocalize to the spindle
midzone at anaphase and remain associated with the inter-
zonal microtubules as the chromosomes move to the poles.
The interzonal microtubules and associated proteins are
thought to be important in positioning of the cleavage fur-
row (for review see Field et al., 1999). Given the aberra-
tions in both chromosome alignment and midzone micro-
tubule organization in oocytes from MLH1 null females, it
remained possible that the extremely elongated spindles
observed after extended time in culture represented an
“abortive” anaphase. To test this hypothesis, we analyzed
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extremely elongated spindles for evidence of the chiasma
resolution that occurs at the onset of anaphase. From a
group of oocytes cultured for 12 h, a subset of 22 oocytes
with the longest spindles (i.e., with a pole-to-pole mea-
surement exceeding 80 wm) was selected. In 9 of the 22 oo-
cytes (41%) chiasmate bivalents were obvious, in an addi-
tional 9 oocytes a group of chromosomes was present at
the spindle equator but it was impossible to distinguish a
chiasmate bivalent, and in 4 oocytes (18%) it was possible
to conclude that no exchange bivalents were present (e.g.,
either the chromosomes were randomly dispersed over the
length of the spindle and all visible or were present as 2
distinct groups at opposite spindle poles). These observa-
tions provide evidence that the elongated spindle pheno-
type does not represent an attempt to initiate anaphase, a
conclusion supported by the results of histone H1 kinase
assays (Kubiak et al., 1992) to determine if spindle pole
elongation was associated with the characteristic decline in
cyclin B levels that accompanies anaphase onset (data not
shown). Interestingly, the proportion of cells with no ex-
change bivalents among the oocytes with extremely elon-
gated spindles (18% of the total) was virtually identical to
the frequency of achiasmate cells scored at diakinesis
(15% of the total). This suggests that the fate of oocytes
with zero chiasmata is no different from that of cells with
one or more exchange bivalents.

Do Univalent Chromosomes Maintain a Spatial
Relationship on the MI Spindle?

Despite the disturbance in congression, the number and
distribution of chromosomes on opposite sides of the bipo-
lar spindle was nearly always equivalent in oocytes from
MLH1 null females (e.g., Figs. 4 d and 5 c¢). The balanced
nature of these MI spindles was particularly striking in oo-
cytes fixed during the early stages of M1 spindle formation
(i.e., oocytes fixed after 4-6 h in culture). To determine if
this was due to the fact that homologous chromosomes
maintained a spatial orientation during the early stages of
spindle formation despite their univalent status, a subset
of oocytes fixed after 6 h in culture was hybridized with an
X chromosome-specific probe. The signals for the 2 X ho-
mologues were in close proximity and located at the spin-
dle equator in 4 of the 44 cells analyzed. This is the ex-
pected configuration for an exchange bivalent. In the
remaining 40 cells, the 2 X chromosomes were present as
univalents with widely separated signals. In these cells the
location of the homologues with respect to each other ap-
peared to be random: the two X chromosome signals were
located on opposite sides of the spindle equator in 17/40
(43%) cells and on the same side of the spindle equator in
23/40 (58%).

Discussion

The Role of the MLH1 Protein in Mammalian Meiosis

In MLH1 null male mice, meiotic recombination is report-
edly reduced 10-100-fold (Baker et al., 1996). Synapsis oc-
curs normally, but homologues separate prematurely due
to the absence of functional chiasmata and the cells arrest
between pachytene and MI (Baker et al., 1996; Edelmann
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Figure 5. Confocal images of individual oocytes from control (a and b) and MLH1 null females (c—f) collected after >8 h in culture and
immunostained with an antibody to tubulin (green) and counterstained with propidium iodide to visualize the chromosomes (red).
Black and white inserts show the immunostaining alone to emphasize spindle morphology. (a) Characteristic metaphase configuration
from a control oocyte showing chromosomes positioned equidistantly between the poles of a barrel-shaped M1 spindle. (b) Characteris-
tic early anaphase configuration from a control oocyte showing two groups of chromosomes moving to opposite spindle poles and early
formation of the typical dark spindle midzone. (c—f) Examples of aberrant metaphase figures in oocytes from MLHZ1 null females. (c)
An anaphase-like configuration with two loose groups of chromosomes at opposite spindle poles. Note poor spindle integrity and lack
of typical anaphase spindle midzone. (d) Chromosomes scattered along the length of a bipolar spindle. Note different sized spindle
poles. () Two groups of chromosomes at collapsed spindle poles. Note that the connection between poles is maintained by two chias-
mate bivalents. (f) Elongated spindle showing evidence of tripolar formation.
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Figure 6. Average interpolar spindle distance in
oocytes from MLH1 null females and controls.

The average pole-to-pole length of bipolar spin-
dles in groups of oocytes from MLHZ1 null (black
bars) and control females (gray bars) analyzed af-
ter 2,4, 6, 8,10, and 12 h in culture. Note that lack
of 2-h control value is due to the fact that none of
33 control oocytes analyzed at this time point
showed evidence of pole formation. The lack of
control values at 12 h is due to the fact that the
vast majority of control oocytes have completed
the division by this time.

et al., 1996). Because a reduction in functional chiasmata
might reflect the premature separation of exchanged bi-
valents rather than a primary defect in recombination, we
created MLH1 null mice carrying a structurally rearranged
Y chromosome that would make it possible to detect re-
combination even if the resultant chiasma could not be
maintained (Fig. 3). The analysis of meiotic cells from
these males provides compelling genetic evidence that
lack of the MLH1 protein reduces the level of recombina-
tion during mammalian meiosis.

Our studies of oocytes from MLH1 null females suggest
that lack of the MLH1 protein has a comparable effect on
oogenesis. As in the null male, we observed no defects in
homologue synapsis in studies of pachytene stage oocytes
from MLH1 null females, and analysis at the diakinesis
stage demonstrated a 10-100-fold reduction in functional
chiasmata. In yeast, the MIh1 protein plays a unique role
in promoting recombination and is involved in both cross-
over and gene conversion pathways (for review see
Hunter and Borts, 1997); MlIh1-deficient yeast show a high
level of postmeiotic segregation, indicating failure to cor-
rect mismatches in DNA heteroduplexes formed during
recombination (Hunter and Borts, 1997). Unlike the situa-
tion in yeast where the mechanism of resolution of recom-
bination intermediates can be inferred from the analysis of
the products of meiosis, failure to complete Ml in the
MLH1 null female mouse precludes this type of analysis.
Nevertheless, our results are consistent with the interpre-
tation that—as is the case in yeast and in the male
mouse—absence of the MLH1 protein disrupts the normal
recombination pathway.

Interestingly, our studies demonstrate that oocytes with
few or no functional exchanges can initiate but not com-
plete MI. The ensuing discussion of this finding is predi-
cated on the assumption that defects in Ml result from the
reduction in recombination levels.

Congression Failure Is a Reflection of the Specialized

Nature of Sister Kinetochores at MI
In the absence of chiasmata, the majority of chromosomes
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were present as univalents at prometaphase of Ml (Fig. 4,
b and d). Although virtually all oocytes from control ani-
mals had reached metaphase after 8 h in culture, a normal
metaphase configuration was never observed in oocytes
from MLH1 null females. Even after an extensive period
of time (as long as 18 h after nuclear envelop breakdown)
the orientation of the majority of univalent chromosomes
on the Ml spindle was random, suggesting that most were
unable to form stable bipolar attachments necessary for
congression to the spindle equator.

Proper segregation at Ml requires that the kinetochores
on homologous chromosomes—not sister chromatids—
attach to opposite spindle poles. Chromosome transfer ex-
periments in grasshopper spermatocytes in the mid-1970s
suggested that the MI segregation pattern is a specialized
property of MI chromosomes (Nicklas, 1977). This conclu-
sion has been supported by subsequent morphological
evaluations of meiotic kinetochores that indicate that sis-
ter kinetochores are not present as physically separate do-
mains until anaphase | (Brinkley et al., 1986; Rufas et al.,
1989).

Studies in rat kangaroo kidney cells have demonstrated
that a chromosome fragment created by laser microsur-
gery that contains a single kinetochore can form stable at-
tachments to opposite spindle poles and congress to the
spindle equator during mitotic cell division (Khodjakov et al.,
1997). In contrast, in our meiotic studies, univalent chro-
mosomes with two kinetochores were only rarely oriented
at the equator in a manner that suggested attachment to
opposite spindle poles. This suggests that the constraint on
sister kinetochores at Ml is strong. It is not, however, ab-
solute. Equational segregation of univalent chromosomes
at MI has been reported in a variety of species, including
mammals (Angell, 1991; Angell et al., 1994; Hunt et al.,
1995). Further, previous studies of a murine univalent X
chromosome have demonstrated that bipolar attachment
and resultant equational segregation at MI occurs during
female meiosis but that it is not the favored mechanism of
segregation (Hunt et al., 1995). The present results extend
these observations and suggest that, even after extended
time, the majority of murine univalent chromosomes are
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incapable of differentiating separate functional sister Ki-
netochore domains before anaphase I.

In yeast mutants with a single-division meiotic pheno-
type, the ability of sister kinetochores to act independently
and direct equational segregation of sister chromatids at
M1 varies for individual centromeres (for review see Sim-
chen and Hugerat, 1993). This suggests that the degree to
which sister kinetochores are physically constrained at Ml
may be at least partially dependent upon centromere and
centromere-associated sequences. In the human, the inap-
propriate segregation of sister chromatids at M1 has been
postulated to be a major mechanism of meiotic nondis-
junction (Angell, 1991; Angell et al., 1994). Further study
of the MLHL1 null mouse to identify chromosomes with a
propensity to differentiate separate kinetochore domains
at Ml may provide a means of understanding the struc-
tural features that facilitate the coordinated behavior of
sister chromatids during MI.

The Chromosomes Organize and Stabilize the
M1 Spindle

The meiotic spindle in oocytes from a variety of evolution-
arily diverse animal species, including mouse (for review
see Messinger and Albertini, 1991), Drosophila (Theur-
kauf and Hawley, 1992), Xenopus (Gard, 1993; Duesbery,
N., personal communication), Ascidians (Sawada and
Schatten, 1988), and Caenorhabditus elegans (Albertson
and Thomson, 1993), forms through the action of multiple
microtubule organizing centers rather than from a pair of
centrosomes. The fact that chromatin promotes microtu-
bule organization and the observation that the presence of
several individual groups of chromosomes can result in the
formation of multiple independent spindles (Maro et al.,
1986) suggest that, in these meiotic systems, chromosomes
play a fundamental role in the early events of spindle orga-
nization. In the present study of meiosis in MLH1 null fe-
male mice, the aberrant situation created by the presence
of multiple univalent chromosomes has made it possible to
discern an additional role of the chromosomes in meiotic
spindle formation. At very early prometaphase, we ob-
served an abnormal rosette configuration, with univalent
chromosomes located at the periphery of the microtubule
mass (Fig. 4 b). The unusual positioning of univalent chro-
mosomes in comparison with bivalents during early pro-
metaphase suggests that, in normal oocytes, bivalent chro-
mosomes must be establishing bipolar attachments as the
antiparallel arrays of microtubules form. Indeed, consis-
tent with this suggestion, the chromosomes on very early
bipolar spindles in oocytes from normal females are fre-
quently nearly aligned at the spindle equator (Fig. 4 c). If
bipolar attachment of most bivalents is, in fact, coincident
with spindle pole formation, then the attachment and con-
gression of the chromosomes is a very different process
during female meiosis than during mitotic cell division.
The simultaneous formation of spindle poles and the es-
tablishment of bipolar attachments may be a characteristic
feature of meiotic systems in which the MI spindle forms
through the action of multiple microtubule organizing cen-
ters. In the Xenopus oocyte, each bivalent appears to form
a mini spindle and the M1 spindle is established from the
coalescence of the individual mini spindles (Duesbery, N.,
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personal communication). In the mouse, detailed studies
of very early stages of meiotic spindle formation have
been possible in an extremely protracted Ml division re-
sulting from the microinjection of Mos into oocytes held in
meiotic arrest with the drug IBMX (Choi et al., 1996). In-
terestingly, immunostaining with a centrosomal antibody
indicates that multiple foci become regionalized to oppo-
site sides of the condensed chromosome mass, as though
one or several bivalents organize individual bipolar spin-
dles that subsequently coalesce into the two discrete poles
of a bipolar spindle. These observations support our con-
clusion that the bipolar attachment of most bivalents oc-
curs concurrently with spindle pole organization.

Our results also suggest that the chromosomes play a
role in the organization and stabilization of the meiotic
spindle. In both meiotic progression studies (Table I11)
and subsequent studies of pole formation and spindle
elongation (Fig. 6) precocious appearance of the spindle
poles was observed in oocytes from MLH1 null females. In
view of the compromised spindle integrity apparent at late
prometaphase (Fig. 5, c-f), the apparent acceleration in
the organization of the M1 spindle is puzzling. It is possible
that under normal conditions the process of bivalent at-
tachment, detachment, and reorientation necessary to
achieve stable bipolar attachments influences the process
of pole formation, slowing the process. However, we think
it more likely that the early appearance of spindle poles in
oocytes from MLH1 null females reflects an inability to
tether the newly forming spindle poles. This is partially
analogous to the situation in mitotic cells where the bipo-
lar attachment of at least one chromosome is necessary to
tether the centrosomes (for review see Waters et al., 1993).
In contrast to mitotic cell division, however, our studies
suggest that a critical mass is required to tether the form-
ing spindle poles during mammalian female meiosis. That
is, both precocious pole formation among cells scored af-
ter several hours in culture and spindle defects (i.e., spin-
dles with unequal poles or elongated, collapsed, and tripo-
lar spindles) among cells scored after extended time in
culture were a feature of cells with zero, one, or several
bivalent chromosomes present at the spindle equator (Fig.
5, d-f). Thus, we propose that the chromosomes not only
play a role in organizing the Ml spindle, but that the for-
mation of stable bipolar attachments is necessary both to
stabilize the interzonal microtubules and to control the
movement of the spindle poles. This implies that tension is
used differently in female meiotic systems that utilize mul-
tiple microtubule organizing centers, and is consistent with
recent studies of the cell cycle checkpoint protein MAD2
in maize, where the meiotic spindle also forms by an in-
side-out mechanism. In contrast to mitotic cells where loss
of MAD?2 staining was correlated with initial microtubule
attachment, loss of MAD?2 staining in meiotic cells ap-
peared to be tension-dependent (Yu et al., 1999).

According to our hypothesis, the extremely long spin-
dles that are characteristic of oocytes from MLH1 null fe-
males are not the result of congression failure per se, but
rather of the failure of the vast majority of univalent chro-
mosomes to form stable bipolar attachments. Several lines
of evidence support this conclusion: first, when normal
meiotic bivalents or replicated mitotic chromosomes are
present, defects in chromosome congression induced by
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the microinjection of kinetochore antibodies (Simerly et al.,
1990) or immunodepletion of the kinetochore-associated
motor protein, CENP-E (Wood et al., 1997), apparently
are not associated with spindle pole elongation; second, in
meiotic studies of human oocytes (Volarcik et al., 1998)
and in oocytes from a mouse mutant (Hunt, P.A., manu-
script in preparation) we have observed defects in meiotic
chromosome congression without corresponding spindle
pole elongation. In all of these situations normal MI
bivalents are present and the ability of these bivalents to
form bipolar attachments is presumably normal. Impor-
tantly, in the mouse mutant, although congression to the
spindle equator was disrupted, anaphase onset occurred
normally (Hunt, P.A., manuscript in preparation).

The suggestion that the tension created by the bipolar
attachment of chromosomes plays an essential role in the
formation of a stable MI spindle appears to be at odds
with several previous observations that suggest that the
chromosomes are passive players in the process. First, sta-
ble bipolar spindles can be assembled around chromatin-
coated beads in Xenopus extracts and, in the absence of ki-
netochores, the beads can align at the spindle equator in a
metaphase-like configuration (Heald et al., 1996). Second,
studies of mechanically bisected MI and MII stage mouse
oocytes suggest that normal-appearing, stable bipolar spin-
dles can form in chromosome-free oocyte fragments (Bru-
net et al., 1998). Finally, in grasshopper spermatocytes, the
removal of the chromosomes from bipolar spindles does
not interfere with the onset of anaphase (Zhang and Nick-
las, 1996). These results clearly demonstrate that microtu-
bule self-assembly of a bipolar spindle is possible and that
anaphase onset can occur in the absence of cues from the
chromosomes. They do not, however, provide any indica-
tion of the complexity that may be imposed on the process
by the presence of chromosomes. For example, in the
grasshopper spermatocyte, although a stable Ml spindle
persists and can initiate anaphase after the removal of the
chromosomes (Zhang and Nicklas, 1996), the presence of
a single chromosome that is not removed but merely
dragged off the spindle and left in the cytoplasm results in
spindle depolymerization (Zhang and Nicklas, 1995).
Thus, in the MLH1 null mouse, the presence of multiple
univalent chromosomes creates an aberrant situation that
provides a means of unraveling the complexity of the nor-
mal process of Ml spindle formation in a centrosome-free
system.

Previous attention has focused on the role of tension in
the alignment of the chromosomes at the spindle equator.
The formation of a bipolar attachment places opposing ki-
netochores of a bivalent (or sister kinetochores at MII or
mitosis) under tension, stabilizing the microtubule connec-
tions to the kinetochores (for review see Moore and Orr-
Weaver, 1998). However, to our knowledge an effect of
tension on pole formation and spindle integrity has not
been described previously. Is the role of the chromosomes
in the stabilization of the M1 spindle unique to mammalian
female meiosis? Tension is used in a very different way in
Drosophila oogenesis: metaphase | is a normal cell cycle
arrest point and the tension resulting from the bipolar at-
tachment of one or more exchange bivalents is necessary
to achieve this arrest (Jang et al., 1995). However, when
tension is lacking, not only is the Ml arrest voided but the
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MI spindle becomes significantly elongated (Hawley, R.S.,
personal communication). Thus, the role of tension in sta-
bilizing the M1 spindle may be a generalized feature of oo-
genesis in many animal species that reflects the manner in
which the spindle is organized.

Several lines of evidence suggest that congression of all
chromosomes to the spindle equator is not a prerequisite
for anaphase onset (Hunt et al., 1995; LeMaire-Adkins et al.,
1997; Yin et al., 1998; Hunt, P.A., unpublished observa-
tions) in murine oocytes, and mammalian female meiosis
has been hypothesized to lack an important cell cycle con-
trol mechanism to detect misaligned chromosomes (Hunt
et al., 1995; LeMaire-Adkins et al., 1997). Our current
studies demonstrate that if the majority of chromosomes
fail to form a bipolar attachment, a stable metaphase spin-
dle cannot be assembled and anaphase onset is prevented.
These observations are consistent with a number of previ-
ous studies which demonstrate that exposure of Ml oo-
cytes to spindle disrupting drugs prevents or significantly
delays anaphase onset (Eichenlaub-Ritter and Boll, 1989;
Pesty et al., 1994; Eichenlaub-Ritter and Betzendahl, 1995;
Can and Albertini, 1997). Taken together, these results
suggest that the cell cycle checkpoint that monitors both
spindle assembly and chromosome alignment in mitotic
cells functions only to detect spindle aberrations during fe-
male meiosis. We believe that this important difference in
cell cycle control reflects differences in spindle assembly:
in mitosis, where specialized structures organize the spin-
dle and the attachment and congression of each chromo-
some occurs independently, stringent mechanisms have
evolved to ensure that all chromosomes have congressed
to the spindle equator before anaphase onset is initiated.
In contrast, in female meiosis where the spindle is formed
from multiple microtubule organizing centers and the bi-
polar attachment of most bivalents appears to be coin-
cident with the formation of the spindle poles, control
mechanisms emphasizing spindle stabilization rather than
chromosome head counting have evolved.

Is There a Backup Mechanism of Chromosome
Segregation in Mammals?

Although mechanisms for the segregation of nonexchange
homologues have been described in a variety of species
(for review see Wolf, 1993), it remains unclear whether
mammalian female meiosis has a backup mechanism to
ensure the segregation of homologues that fail to recom-
bine. Interestingly, despite the lack of chromosome con-
gression, in the majority of oocytes from MLH1 null fe-
males fixed during the early phases of meiotic spindle
formation the chromosomes appeared to be spatially bal-
anced on the spindle (Fig. 5, ¢ and e). Although we made
no attempt to quantify the amount of chromosomal bal-
ancing, hybridization with an X chromosome-specific
probe suggested that the placement of the two X homo-
logues with respect to each other in these cells was ran-
dom. Thus, we believe that the balanced orientation of the
univalent chromosomes in oocytes from MLH1 null fe-
males is a property of the meiotic spindle. In Drosophila,
the crowded spindle model has been proposed to explain
the segregation of chromosomes in the absence of physical
attachments (Hawley et al., 1993). According to this
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model, a given nonexchange chromosome is more likely to
make an attachment to the spindle pole that is not already
occupied by a univalent. The situation is more complex in
the mouse with its 20 pairs of chromosomes than in Dro-
sophila with its 4 pairs. Nevertheless, the behavior of the
chromosomes in MLH1 null females suggests that some
mechanism of balancing the number of chromosomal bod-
ies on the M1 spindle exists, although in MLH1-deficient
females it appears to be unrelated to homology.
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