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Summary

Ning et al. describe an innovative method to isolate fresh mammalian spindles at various stages from
oocytes, enabling studies of spindle in vitro. The findings reveal that the spindle migration is regulated
by a pulling force and such migration generates stretching tension in the spindle approximately 680 pN.

Abstract

Spindles are essential for accurate chromosome segregation in all eukaryotic cells. This study presents a
novel approach for isolating fresh mammalian spindles from mouse oocytes, establishing it as a valuable
in vitro model system for a wide range of possible studies. Our method enables the investigation of the
physical properties and migration force of meiotic spindles in oocytes. We found that the spindle length
decreases upon isolation from the oocyte. Combining this observation with direct measurements of
spindle mechanics, we examined the forces governing spindle migration during oocyte asymmetric
division. Our findings suggest that the spindle migration is regulated by a pulling force and a net tensile
force of approximately 680 pN is applied to the spindle in vivo during the migration process. This
method, unveiling insights into spindle dynamics, holds promise as a robust model for future
investigations into spindle formation and chromosome separation. We also found that the same
approach could not isolate spindles from somatic cells, indicative of mammalian oocytes having a unique
spindle organization amenable to isolation.
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Introduction

The spindle serves as an essential structure for chromosome separation and cell division, yet many
guestions remain regarding its components and structure (Dumont and Mitchison, 2009). Many
approaches have been developed to investigate the spindle, with one of the most powerful methods
being the utilization of Xenopus egg extracts (Lohka and Masui, 1983; Verde et al., 1990). This approach
involves extracting cytoplasm from Xenopus eggs, supplemented with a sperm nucleus. Upon activation,
this combination is able to form a spindle structure (Lohka and Maller, 1985; Desai et al., 1998). It has
been used to identify many spindle components and understand spindle formation processes (Heald et
al., 1996; Gibeaux et al., 2018), and can be synergistically employed with other techniques to study
spindle characteristics (Shimamoto and Kapoor, 2012; Fukuyama et al., 2022). However, in vitro egg-
extract spindles may differ from in vivo spindles as the former is assembled in a cell-free system.
Additionally, this method is exclusive to amphibians due to the necessity of collecting numerous oocytes
to obtain sufficient cytoplasm volume, which is much more challenging to obtain from mammalian cells.
New methods applicable to investigate mammalian spindles are needed.

In the realm of spindle research, most studies have been conducted in cells rather than in vitro, which
makes it challenging to accurately understand various spindle properties within the intricate cytoplasmic
environment. Earlier attempts involved isolating spindles from somatic cells after stabilizing
microtubules with taxol (Salmon and Wolniak, 1984). This isolation process requires more physical and
chemical treatments, which may alter spindle components and structure, leading to differences
between the in vitro and in vivo spindles. In this study, we introduce a novel method that integrates
oocyte in vitro culture with micromanipulation to efficiently isolate fresh, intact spindles from
mammalian oocytes in a quick and straightforward manner, avoiding use of microtubule-altering drugs.
We use this approach to provide direct measurement of oocyte spindle mechanics, which leads us to
infer that the spindle is subjected to appreciable stress in vivo. This method also offers the advantage of
obtaining fresh spindles at different substages based on an oocyte culture timeline.

Results
Efficient in situ isolation of meiotic spindles using micromanipulation

By applying micromanipulation techniques onto in vitro cultured mouse oocytes, we successfully
isolated the entire fresh Metaphase | (Ml) spindle from oocytes after 6 hours of culture (Fig. 1 A). The
initial step involved removing the zona pellucida (Fig. S1 A arrow) of the oocyte using acidic Tyrode's
solution, followed by placing the treated oocytes in PBS for recovery (Fig. S1 A). An outstanding area
enclosed by barrel-shaped outline and having dark short thread in the middle could be observed (Fig. 1
B left arrow). Next, we gently microsprayed 0.05% Triton X-100 solution to generate a hole in the oocyte
membrane. The Ml spindle spontaneously flowed out of the oocyte. Even under phase contrast imaging
mode, the microtubule fibers and typical meiotic chromosomes were visible (Fig. 1 B right). This
approach enables spindle manipulation under phase contrast. In addition, the detailed structure of
isolated spindles could be observed from any angle to examine the chromosome and microtubule
organization (Fig. 1 C). To validate the isolated spindle identity, we microsprayed a-tubulin antibody to
stain the microtubules/spindle and used Hoechst to stain the DNA/chromosomes. After staining, many
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parallel microtubules within the spindle with well-aligned chromosomes/DNA in the middle were
observed, confirming the successful isolation of the spindle (Fig. 1 D).

We found that choice of extraction buffer is important to preservation of spindle structure. As an
example, that illustrates this, we also tested PEM (general tubulin buffer) solution which is often used to
stabilize microtubules in vitro(Tran et al., 1997). We found that this type of low-salt PEM solution is
highly toxic to oocytes and alters their morphology within a few seconds (Fig. S2 A). Although
osmotically balanced PEM solution (classical PEM plus about 150 mM univalent salt) does not rapidly
disrupt oocyte morphology, isolated spindles in osmotically balanced PEM disassembles much more
rapidly than spindles extracted to PBS (Fig. S2 B and S3). PBS able to maintain spindle morphology for at
least 30 minutes enables us to conduct further research on its mechanics in vitro and in this regard is
superior to PEM-based buffers.

A in vitro
culture

remove zona break cell
pellucida membrane

) -

Triton X-100

Phase contrast Hoechst a-tubulin

Figure 1. Spindle isolation and confirmation. (A) Cartoon of oocyte spindle isolation (B) Spindle isolation from
oocytes whose zona pellucida was removed. Left panel: An oocyte immersed in PBS after zona pellucida
removal. The spindle outline (circled with yellow) can be observed under the phase contrast microscopy. Scale
bar=10 um. Right panel: A Ml spindle after isolation, showcasing the spindle structure (circled with yellow) and
meiotic chromosomes with chiasmata (circled with white). Scale bar=10 pm. Right panel upper right: An
enlarged image of the meiotic chromosomes with chiasmata. Scale bar=5 um. {C) Ml spindle isolation. Left
panel: spindle comes out of the oocyte after the cell membrane is broken. Middle panel: vertical review of the
spindle (top view). Right panel: horizontal view of the spindle (side view). Scale bar=10 um (D) Spindle
confirmation. Left panel: phase contrast image. Middle panel: Hoechst staining for DNA (Blue). Right panel: a-
tubulin staining for microtubules (Green). Scale bar=10 pm.

Isolation of meiotic spindles at different stages

The timeline of the oocyte in vitro maturation has been well studied and is illustrated in Fig. 2 A. In
addition to Ml oocyte isolation, our method is also applicable for the isolation of metaphase Il (Mll)
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spindles after 14 hours of oocyte culture (Fig. 2 B). The high stability of isolated spindles opens up new
avenues for studying spindles in both meiosis | and meiosis Il. Compared to Ml spindles, Mll spindles did
not easily flow out of Ml cocytes after oocyte-membrane rupture and exhibited a stronger mechanical
attachment to the cell membrane, making their isolation more challenging (Halet and Carroll, 2007).

Our method could be extended to study spindles at other substages of meiosis simply by adjusting the in
vitro culture duration according to the desired substage along the timeline. For example, it is feasible to
isolate prometaphase pre-spindle bundles, anaphase | and telophase | spindles (Fig. 2 C). Spindle-stage
determination can be facilitated by oocyte shapes and characteristics during isolation (Fig. 1 B and 2 D).
Oocytes at the diplotene/germinal vesicle (GV) stage exhibit prominent nucleoli (Fig. 2 D left). At
metaphase | stage, the nucleolus is absent, and the spindle is visible under phase contrast microscopy
(Fig. 1 B). Anaphase | is characterized by a small bud emerging from the oocyte (Fig. 2 D middle). At
metaphase Il stage, a fully separated polar body is evident (Fig. 2 D right).

The rapid and simple isolation method yields fresh spindles without the need for more physical or
chemical treatments (e.g., osmotic stress lysis, centrifugation), preserving their original state as much as
possible. Most importantly, our approach can repetitively produce well-regulated spindles in a stable
manner, as the spindles are formed within live oocytes. In our experiments, we successfully isolated
spindles from 95 out of 106(~90%) metaphase | oocytes using this method. Among these failed
isolations, four resulted from the isolation failure, where the spindle formed (Fig. S1 B left circled with
yellow) but could not be isolated for some unknown reasons. The remaining seven were due to spindle-
formation delay, where the spindles had not fully developed at the time of isolation (Fig. S1 B right).
Overall, this method provides a consistently reliable way to obtain high-quality, fresh spindles from
mouse oocytes. Moreover, it is readily adaptable for cell biology studies, allowing oocytes to be exposed
to different chemicals or drugs during culture, followed by spindle isolation to investigate effects at any
meiotic stage.
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Figure 2. Isolation of spindles at different meiotic stages. (A) Spindle formation process and timeline during
oocyte meiosis (B) Ml spindle isolation. Left panel: Mll spindle after isolation from oocyte. Middle panel: Ml
spindle held by glass pipette. Right panel: Ml spindle tightly connected to the cell membrane. Scale bar=10 pm
(C) Spindle isolation at other stages. At around 3h, the spindle ball with condensed chromosomes can be
isolated. At around 9h, the anaphase spindle, with separated homologous chromosomes moving toward
different poles, can be isolated. At around 10, the telophase spindle, with an hourglass shape and decondensed
chromosomes, can be isolated. Scale bar=10 um (D) Oocyte features can be used to distinguish different
stages. For oocyte at germinal vesicle stage, large nucleoli are visible under phase contrast microscopy. For the
oocyte at anaphase | or telophase | stage, it is still connected with a small bud. For oocyte at Ml stage, the first
polar body is completely extruded from the oocyte. Scale bar=10 um.
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Manipulation of isolated meiotic spindles in vitro

After spindle isolation, meiotic spindles exhibit remarkable stability, allowing them to persist in a PBS
solution for an extended duration. The spindles can be easily manipulated with two micropipettes,
either from the side or ends (Fig. 3 A). Our attempts to manipulate the isolated spindles revealed
intriguing insights (Fig. 3 D). Stretching spindle on the side resulted in the longitudinal disintegration of
the spindle, revealing individual microtubule bundles and confirming the spindle’s composition of inter-
connected microtubules (Brugués and Needleman, 2014) (Fig. 3 B arrow). Stretching spindle on the ends
led to the separation of the two half-spindles, albeit still connected by chromosomes (Fig. 3 C). With
further stretching, the two half-spindles separated from one another, and all chromosomes were
subsequently removed from one half spindle. Notably, both half spindles remained stable and intact,
which means the spindle structure is independent of the connected chromosomes. This observation
aligns with the concept that the spindle can be viewed as two half-spindles connected by chromosomes
(Sawin and Mitchison, 1991; Dumont and Mitchison, 2009).
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Figure 3. Manipulation of isolated meiotic spindles. (A) Spindles can be grabbed at different angle using two
micropipettes. Left panel: spindle is grabbed on the side. Right panel: spindle is grabbed at the ends. Scale bar=10
pum (B) Stretching spindle on the side could split microtubule arrays. Left panel: before stretch. Middle panel: after
stretch. Stretching on side causes spindle disintegration. Some clear microtubules still could be seen {enclosed in
white box). Right panel: A enlarged image of split microtubules (red arrow). Scale bar=10 pum (C) Stretching spindle
on the ends could break it into two half spindles. Left panel: stretching spindle on the ends. Right panel: stretching
to remove all chromosomes from one half spindle. Stretching spindle on the ends could split a whole spindle into
two half spindles with chromosomes still connecting them. Moving two half spindles far away could result in all
chromosomes being removed from one of the two half spindle, while maintaining spindle structure. This indicates
that the spindle structure is independent of chromosomes. Scale bar=10 um (D) A diagram of oocyte spindle
manipulation.

Strong interaction between centrosome and cell cortex hinders spindle isolation in somatic cells
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We attempted to apply this oocyte spindle isolation method to somatic cells (>30), including Hela cells,
mouse embryonic fibroblast (MEF), and newt TVI cells at metaphase stage (Fig. 4 A, B and S4)(Kawamura
et al., 2010). However, after cell-membrane lysis, we did not observe spindles with chromosome

bundles to freely flow out, and spindle isolation proved unsuccessful. This phenomenon suggests that
the model systems of spindle in somatic cells and oocytes are different. We think that the difference of
spindle organization between these two systems may be the cause. The two most likely explanations are:
1) mitotic spindles become unstable after cell lysis, and 2) a strong connection between the spindle and
other cellular components prevents its isolation.

To explore the first possibility, we stained microtubules and observed intact spindle structure in Hela
cells and MEF cells even after membrane lysis, indicating that mitotic spindles are stable after cell lysis
(Fig. 4 A, B and S5). Our focus shifted to the second possibility — strong connections to other cellular
structures hinder spindle isolation.

To test our hypothesis, we utilized U20S cells with GFP-labeled y-tubulin to track the centrosomes. As
previously described (Biggs et al., 2020; Strom et al., 2021), chromosome bundles could be easily
isolated at prometaphase, an early stage without tight connection between centrosomes and cell cortex
(Fig. 4 D, E). Therefore, the prometaphase centrosomes came out of the lysed cell along with the
chromosome bundles rather than staying inside the cell (Fig. 4 E). In contrast, at mitotic metaphase, the
spindles from mitotic metaphase cells stayed inside the cell after its lysis. Attempts to physically drag
chromosome bundles out result in isolated bundles without visible attached spindle structure (Fig. 4 F).
Furthermore, the centrosome remained inside the cell rather than coming out with the chromosome
bundles. These results suggest that chromosome isolation disrupts the connection between
chromosomes and the centrosomes, rather than the connection between centrosomes and cell cortex.
Previous literature aligns with this result: astral microtubules emanating from centrosomes are
anchored to somatic cell cortex via NuMA and dynein (Busson et al., 1998; Rosenblatt et al., 2004;
Carminati et al., 2016; Okumura et al., 2018) and centrosome-cortex connection become progressively
stronger through mitosis (Sharp et al., 2000).

Our micropipette-micromanipulation approach was unable to isolate intact spindle structures from
somatic cells due to the strong interaction between centrosome and cell cortex (Fig. 4H). Attempts to
isolate spindles from somatic cells at the anaphase stage were also unsuccessful, providing further
confirmation of the impact of this interaction (Fig. 4 C, G). In contrast, oocytes with acentrosomal
microtubule-organizing centers (aMTOCs) lack such a strong interaction, enabling spindle isolation
throughout meiosis (Fig. 1 B, 2 B, C and 4 H){(Schuh and Ellenberg, 2007). Lack of centrosome and astral
microtubules in oocytes may explain the ease with which oocyte spindle can freely flow out after cell
lysis.

Surprisingly, after cell lysis and chromosome bundle isolation, centrosomes persisted for an extended
time (Fig. 4 E, F), suggesting that centrosomes may have a stable and solid structure, which is consistent
with previous published result (Schnackenberg et al., 1998).
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Figure 4. Strong interaction between centrosome and cell cortex. (A-C) Cell images before and after cell lysis.
Microtubules are stained in green, and DNA/chromosomes are stained in blue. Metaphase Hela cells (A);
Metaphase MEF cells (B); Anaphase MEF {C). Scale bar =10 um. (D) Prometaphase MEF cells with microtubule
staining in green and DNA/chromosome Hoechst staining in blue. The top row shows the intact MEF cells before
cell lysis; the bottom row demonstrates that prometaphase spindle with chromosomes can be easily isolated. Scale
bar =10 um. (E) Prometaphase centrosomes highlighted with y-tubulin staining are isolated with spindle.
Prometaphase U20S centrosome marked by y-tubulin in green. Left panel: phase contrast. Right panel: y-tubulin.
Scale bar =10 um. (F) Metaphase chromosome isolation without accompanying centrosomes. Metaphase U20S
cells with centrosome (y-tubulin) staining. Left panel: phase contrast. Right panel: y-tubulin. Scale bar =10 um. (G)
Anaphase U20S cells with microtubule staining. Left: phase contrast. Right: y-tubulin. Scale bar =10 um. (H)
Interaction between the centrosome and cortex in different types of cells. In somatic cell, during prometaphase
stage the chromosomes and centrosomes could be easily isolated from the cell because there is no strong
interaction between the centrosome and cell cortex. During mitotic metaphase and anaphase, the centrosome has
already formed a strong interaction with cell cortex, preventing spindle isolation. In contrast, oocyte spindle lacks
centrosome and astral microtubules connected to cell cortex, resulting in no strong interaction between the
spindle and cell membrane, making isolation feasible.

Mechanics of the oocyte spindle

In an effort to investigate the stiffness of oocyte spindles, we attempted to stretch the spindles using
glass micropipettes. Initial attempts revealed instability in the nonspecific-adhesion connection between
the spindles and glass micropipettes, resulting in detachment during stretching. To address this problem,
we used specially treated glass micropipettes that adhered to protein-based objects via amine chemistry
(Fig. 5 A top & Materials and methods). This modification facilitated a robust attachment of the pipettes
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to the spindle, enabling controlled stretching without detachment. As we stretched the spindle, a
noticeable transformation occurred - narrowing and elongation - which indicated that the spindle is
elastic and possesses a deformable gel-like structure (Fig. 5 B, C, D and video 1). The reversible return of
the spindle to its original status upon force retrieval further supports its elastic properties (Fig. 5 E).
However, excessive stretching led to an irreversible change (Fig. 3 C, 5 D). Throughout the stretching
process, where force was only applied onto the ends of the spindle, both chromosomes and
microtubules underwent elongation, underscoring mechanical connection to each other. This
observation is consistent with the fact that chromosome segregation is due to the external force from
microtubule (Nicklas and Koch, 1969).

A comparative analysis of spring constants — representing the force needed per length change, with
units of force per length - revealed no significant difference between Ml and Mlil oocyte spindles (Ml
spindle: 380 + 35 pN/um versus Ml spindle: 450 + 60 pN/um) (Fig. S6). In addition, the length-doubling
force, calculated by multiplying the spring constant by the spindle length to mitigate the influence of
variable spindle length, exhibited no significant difference between the Ml and Mll spindles (Ml spindle:
11000 + 1000 pN versus Ml spindle: 11000 + 1600 pN)(Fig. 5 F). These results suggest a similarity in the
organization and components of Ml and Mll spindles.
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Figure 5. Elasticity measurement of the oocyte spindles. (A) Experiment sketch. Top: pipette preparation.
Middle: spindle isolation. Bottom: spindle stiffness measurement. (B) An example of spindle stretching. Top
panel: Before stretching. Bottom panel: After stretching. The spindle is elastic, allowing it to be stretched and
increasing its length. Scale bar=10 um (C) Spindle length and width change after stretch. During stretching, the
spindle length increases while its width decreases. (D) Excessive spindle stretching. Scale bar=10 pum (E) Force-
Extension plot for oocyte spindle. Spindles display elasticity, and the stretching process is reversible. (F) The
doubling force of Ml and MIl oocytes shows similarity.

Oocyte spindle migration: A pulling force model.

Upon establishing the fundamental elastic properties of the oocyte spindles, we used the micropipette-
micromanipulation method to investigate mechanics relevant to spindle migration during meiotic
metaphase I. Unlike the symmetric division observed in somatic cells and spermatocytes, oocytes
undergo asymmetric division, requiring the spindle to migrate from the cell center to the cortex region.
The debate over whether spindle migration is regulated by pulling (Park and Rose, 2008; Schuh and
Ellenberg, 2008) or pushing forces (Yi et al., 2013; Duan et al., 2020; Li et al., 2008) prompted our
investigation.

Under phase contrast, the spindle, outlined as barrel-shaped with chromosomes in the middle, exhibited
consistent features both in vivo and after isolation (Fig. 6 A). Since the migrating spindle is elastic, the
spindle length changes before and after isolation can inform us if the pulling or pushing forces are
exerted onto the spindle (Fig. 6 A). The results showed that the spindle length was significantly longer
inside cells (before isolation =37.0 £ 0.6 um versus after isolation =33.9 £ 0.7 um, P value <0.0001,
paired test) (Fig. 6 B left), suggesting that spindle migration is governed by a pulling force. Conversely, if
a pushing force regulates migration, the spindle should be compressed, yielding a shorter length in vivo
than after isolation when cellular constraints are released. Consistent with this model, the spindle width
decreased inside cells (before isolation = 16.2 + 0.6 um versus after isolation =20.1 + 0.6 um P value
<0.0001, paired test) (Fig. 6 B right). This length increase and width decrease phenomenon mirrors the
spindle stretching process (Fig. 5 B, C and 6 H left), further supporting the idea that the spindle is
stretched within the oocyte. Microtubule staining validated the results (Fig. 6 C): upon isolation, the
spindle length decreased (before isolation: 35.6 + 0.5 um versus after isolation: 33.9 + 0.5 um, P value
<0.0001, paired test), while the width increased (before isolation: 14.5 + 0.5 um versus after isolation:
17.7 £ 0.5 pum, P value <0.0001, paired test) (Fig. 6 D). By subtracting the spindle length after isolation
from the length before isolation, we obtained an average change in spindle length of 1.7 £ 0.3 um.
Measurement using the minimum bounding rectangle produced similar results (Fig. S7 A and B).

According to the published studies, F-actin (Park and Rose, 2008; Schuh and Ellenberg, 2008) and
mcMTOC located at the opposite site of spindle capture and stretch the spindle (Londofio-Vasquez et al.,
2022b). To investigate this, we assessed changes in spindle length after disrupting F-actin and mcMTOC.
We treated the oocytes with cytochalasin D and tracked morphological changes in vivo. Cytochalasin D is
a cell-permeable compound that inhibits actin polymerization (Casella et al., 1981). Our results showed
that after treating the oocytes with cytochalasin D for 2 minutes, the spindle length decreased,

indicating that F-actin plays a role in spindle stretching (Fig. 6 E). Furthermore, we used laser ablation to
remove mcMTOC from oocytes at the metaphase | stage (Fig. 6 F). After the removal of mcMTOC, we
observed a significant reduction in spindle length which directly suggests that mcMTQOC is involved in
stretching the spindle within the oocyte (Fig. 6 G).
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We conclude that spindle migration during meiosis is governed by pulling forces that create stretching
and tension along the spindle axis (Fig. 6 H). Based on the spindle spring constant and length change
upon isolation, we estimated that the tension in the spindle during its migration from the oocyte center
to the cortex region is 680 = 120 pN (See Materials and methods). Given that spindle migration is a slow
process with a speed of less than 0.1 pm/min (Duan et al., 2020), we assume that the forces at both
ends of the spindle are balanced. Consequently, the active pulling force exerted by F-actin on spindle is
also estimated to be around 680 pN.
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Figure 6. Spindle migration is governed by pulling forces rather than pushing forces. (A) A spindle before and
after isolation under phase contrast. The spindle is visible both in vivo and post-isolation. Length and width
were measured by connecting the midpoint of the ends or sides. Scale bar=10 um (B) Spindle length and width
changes before and after isolation under phase contrast. After isolation, spindle length decreases, and width
increases, which indicates that the spindle is stretched inside the oocyte. (C) Spindle before and after isolation
with microtubule staining. Scale bar=10 um (D) Length and width changes of the immunostained spindle before
and after isolation. Consistent with phase contrast observations, spindle length decreases, and width increases
after isolation. (E) Spindle length decreases after two minutes of Cytochalasin D treatment. (F) Representative
images of mcMTOC ablation experiments. (G) Spindle length decreases following mcMTOC ablation. (H) The
Ml spindle withstands stretching forces inside oocytes, and its migration is driven by pulling forces. Left panel:
after isolation, spindle length decreases while its width increases. Right panel: the oocyte spindle migrates from
the center to the cortex, likely driven by pulling forces mediated by F-actin, while the opposite side is anchored
by the mcMTOC.
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Discussion

Using a novel micromanipulation approach, we were able to isolate fresh intact spindles from
mammalian oocytes at different stages, a process that proved to be uniquely feasible in oocytes but
challenging in somatic cells. Surprisingly, the isolated spindles are stable in PBS, maintaining their
structure for hour-long timescales.

This isolation method could provide a new model for spindle studies, especially for the Ml spindle.
Unlike bulk Xenopus egg extract-based methods, our method yields authentic spindles, maintained their
original characteristics, allows observation under phase contrast, and requires fewer experimental
treatments. Importantly, it allows for the examination of spindles at different substages aligned with the
oocyte maturation timeline, presenting a valuable model for future spindle and chromosome
investigations.

Spindle migration, a complex process influenced by numerous factors, such as microtubules, actin
filaments, and motor proteins, has been debated in two theoretical frameworks: the pulling force theory
and the pushing force theory. The pulling force theory suggests that F-actin is enriched in the cortex
region and that myosin pulling on F-actin initiates spindle migration (Park and Rose, 2008; Schuh and
Ellenberg, 2008). In contrast, the pushing force theory implicates a dynamic cytoplasmic F-actin
meshwork nucleated by FMN2, which exerts the force necessary to relocate the spindle from the center
to the cortex region (Yi et al., 2013; Duan et al., 2020; Li et al., 2008). However, both theories were
solely based on observation, lacking any substantive supporting evidence regarding force or mechanical
measurements.

Our measurement of the spindle stiffness and length increase during migration provides strong evidence
supporting and quantifying the pulling force theory, i.e. that forces applied to the leading side of the
spindle exceed those applied to the trailing side. Specifically, we determined that the oocyte spindle
undergoes stretching forces inside cells, supporting the notion of a combination of F-actin/myosin
network and metaphase cytoplasmic MTOC stretching the spindle (Londofio-Vasquez et al., 2022b; a).
Moreover, our calculated tension of approximately 680 pN within the spindle reinforces this. This force
should be equal to the active pulling force exerted by F-actin if the speed of the spindle migration is
constant. We do caution that we have not directly measured forces in vivo, which would provide a
definitive proof of spindle stretching during migration; this is an objective for future experiments.

Given the potential subdivision of spindle migration into multiple substages (Bezanilla and Wadsworth,
2009; Yi et al., 2013), whether the spindle-stretching force is consistent throughout the entire process
needs further investigation. In addition, it would be very interesting to explore whether spindle
stretching is involved in regulating chromosome alignment and separation. Studying the relationship
between spindle stretching and the force exerted by microtubules on chromosomes, which is crucial for
proper chromosome separation, would be an exciting area for further research.

One concern regarding our extraction experiments is that the spindles may have undergone alterations
in their components after isolation, as PBS differs from the cytoplasmic environment. Isolating the
spindle from the oocyte without losing any components is almost impossible due to the complexity of
the cytoplasmic composition. Such changes in spindle composition could lead to variations in spindle
stiffness upon isolation. However, it is also very difficult to determine what components and how much
are lost. There is currently no method to directly measure the stiffness of the spindle in vivo to test
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whether spindle stiffness remains constant. This would require directly assessing the force between the
spindle and the cortex, which is challenging due to the difficulties of inserting equipment into oocytes
and conducting such measurements. Alternative in vivo methods such as tension-dependent fluorescent
proteins are a possibility for the future but remain difficult to calibrate and to measure anything expect
one opening force. At present our experiment offers unique insights into understanding spindle
mechanics during migration.

In summary, the isolation of fresh mammalian spindles from oocytes proves useful for study of spindle
mechanics, positioning, and migration. This method, when combined with genetic tools (e.g., SiRNA,
degron-based knockdowns, gene knockout or overexpression) and other pathologies like aging, offers
potential to explore the functions of various microtubule-associated proteins (MAPs), shedding light on
their roles in spindle positioning, migration, and orientation. The advantages of meiotic spindle isolation
include the long duration of mammalian meiosis, providing a wider time window for precise substage
studies. Additionally, the large size of oocytes facilitates microinjection for genetic or chemical
manipulation. Overall, this method can provide a useful model for spindle and chromosome study.

Materials and methods
O-Ring culture well preparation

Prior to commencing the spindle experiments, it was imperative to prepare the O-ring culture wells. This
involved rinsing a #1 coverslip with Sparkle (A.J. Funk & Co.) and gently wiping it with a Kimwipe
(Kimberly-Clark). Subsequently, the coverslip was sprayed with ethanol and wiped clean with a Kimwipe,
after which it was placed on a hotplate until thoroughly dry. Silicone O-rings (McMaster-Carr) were then
dipped in molten paraffin wax and carefully positioned on the coverslip to create an O-Ring culture well.
The resulting prepared O-Ring culture well underwent UV sterilization in a sterile hood for 40 minutes.
All spindle experiments were conducted within the sterilized O-Ring culture well.

Mouse oocyte collection and in vitro culture

CD1 mice (Charles River Laboratories) were used for this study. All mice were bred in the Pancoe Hall

animal facility at Northwestern University. Mice were housed in a room under 12h dark and 12h light

cycles. Animals have been fed on an ad libitum basis with free access to food and water. All protocols
were approved by Northwestern University Institutional Animal Care and Use Committee.

Four-week-old female mice were selected for this study. Mice were euthanized by CO2 asphyxiation and
dissected immediately to obtain ovaries. Dissected ovaries were rinsed several times in M2 medium
(Sigma-Aldrich) containing 100 uM IBMX (Sigma-Aldrich). Following this, the ovaries were punctured
using needles to release cumulus-oocyte complexes (COCs). The cumulus cells of the collected COCs
were removed by pipetting several times to denude the GV-stage oocytes. To synchronize the oocytes at
GV stage, the collected oocytes were soaked in M2 medium with 100 uM IBMX throughout the process.
These denuded oocytes were then rinsed in M16 medium (Sigma-Aldrich) and finally transferred into a
small drop of fresh M16 medium with or without chemical treatment. The culture medium drop was
embedded in mineral oil in a culture dish (Fisherbrand). The culture dish was put in a 5% CO2 incubator
at 37B1°C. Oocytes were cultured for different hours to reach different stages.
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Cell culture

Hela cells, MEF cells, and U20S cells were cultured in DMEM complete medium composed of DMEM
(Corning), 1% 100x penicillin/streptomycin (Corning), and 10% FBS (Hyclone). All the cells were cultured
in a 370°C incubator supplied with 5% CO,. Hela cells and MEF cells were passaged every 3-5 days. U20S
cells with GFP-labeled y-tubulin cells were passaged every 7-9 days. All the cells were cultured for no
more than 20 generation passages when they were used for experiments. Prior to the experiment,
somatic cells were sub-cultured into O-Ring culture wells and cultured for 1-3 days under the condition
of 37@°C and 5% CO, to facilitate cell adhesion to the surface of O-Ring culture cell.

The TVI cell line was derived from newts (Marko et al., 1999). TVI cells were cultured in L-15 complete
medium consisted of 50% L-15 medium, 39% sterile purified H,0, 10% FBS, and 1% 100x
penicillin/streptomycin. The TVI cells were maintained at room temperature and underwent passage
every two weeks. Regular weekly maintenance included the replacement of the culture medium.

Spindle Micromanipulation
Micropipette preparation

Thin-wall glass capillaries were used to make micropipettes by mechanical pipette puller machine
(Sutter P-97). Glass capillaries (6-inch length, OD 1.0 mm, with filament (TW100F-6)) were used to make
capture pipettes (program 30: P=500; H=561; pull = 220; vel =200; time = 20). Glass capillaries (6-inch
length, OD 1.0 mm, without filament (WPl TW100-6)) were used to make Triton and reagent spray
pipettes (program 27: P=500; H=564; pull = 110; vel =110; time = 100). The forged pipette tips were
subsequently cut to achieve different opening sizes: approximately 2 um, 4 um, and 50 um for capture
pipettes, Triton pipettes, and spray pipettes, respectively.

Micropipette treatment for spindle attachment

Glass capillaries (6-inch length, OD 1.0 mm, with filament) were treated with PC 2000 Plasma Cleaner
(South Bay Technology) for 10 min to increase surface hydroxyls. Then glass capillaries were soaked in 1%
of APTES (3-Aminopropyl) triethoxysilane) in methanol and rotated on a shaker overnight. Next, the
APTES-coated capillaries were rinsed with methanol to wash out excess APTES. Following washing, the
APTES-coated capillaries were dried in a chemical hood and used to make capture pipettes. The tips of
capture pipettes had been soaked in 1% of glutaraldehyde for 1 h and then in methanol for 10 min to
wash. Finally, the capture pipette tips were soaked in PBS for at least 10 min before utilization in
experiments.

Cell lysis and spindle isolation

Spindle isolation was performed under an inverted microscope (IX-70; Olympus). Before the experiment,
Triton pipettes were loaded with 0.05% Triton X-100 in PBS solution, capture pipettes were filled with
PBS solution, and spray pipettes were filled with certain chemicals or antibodies. Cell lysis of somatic
cells (Hela cells, MEF cells, TVI cells, and U20S cells): the O-Ring culture well was placed on the
microscope stage to search for a suitable cell. Once the target cell was identified, the triton pipette was
moved close to the cell and then used to gently spray 0.05% Triton X-100 onto the cell's surface.

Spindle isolation from oocytes: post-culture oocytes were treated in Acidic Tyrode’s solution for about
30 seconds to remove zona pellucida. Oocytes were then transferred into O-Ring culture well containing
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2ml of PBS for spindle isolation. For the cytochalasin D experiment, cytochalasin D was added to the PBS
and the spindle length was measured under phase contrast before and after 2 min incubation. For
isolation, oocytes and pipettes were positioned to the center of the field under the 10X objective lens. A
higher magnification objective lens (60X with a 1.5x magnification pullout) was then used to obtain a
closer view. Next, 0.05% Triton X-100 was sprayed onto the surface of oocytes treated with Acidic
Tyrode’s solution. The Triton X-100 treatment broke the oocyte membrane, allowing spindle to flow out
of the cells spontaneously. If spindle did not flow out, it can be squeezed out by using a pipette to put
pressure onto the oocyte gently. The capture pipette was used to grab one pole of the spindle and drag
it into an empty spot within the well. Another capture pipette was used to capture the other pole of the
spindle. In this way, the two poles of spindle were grabbed and held by two capture pipettes, making it
ready for stiffness measurement.

Spindle stiffness measurement

After capturing the spindle poles with two capture pipettes, the angle of the pipettes holding the spindle
was adjusted to ensure that the spindle axis was perpendicular to the pipette. The pipette was fixed on
motorized manipulator and controller (MP-285, Sutter Instruments). A LabView (National Instruments)
program was utilized to control the movement of the pipette. The pipette was moved perpendicularly to
metaphase plate at a constant rate of 0.20fum/s with 0.04@um steps for 30s to stretch the spindle. The
actual movement and location change of the two pipettes were tracked and recorded under the
microscope using a CCD camera and frame grabber. Each stretching process was repeated up to 6 times.
Entire measurement for one spindle was done within 1 hour to maintain the spindle’s initial organization.
After the measurement, spring constant of the spindle was obtained by multiplying the spring constant
of the pipette by the ratio of the pipette deflection to the spindle deformation determined from the
initial linear mechanical response (Kspingie=Kpipette™ D). Doubling force was obtained by multiplying spindle
spring constant by spindle length (Faoubie= Lo*Kpipette). Kspinaile Was the spindle spring constant obtained by
calculation, F4ounie Was the doubling force obtained by calculation, D was the ratio of the force-
measurement deflection to spindle stretching, Kgicette Was the pipette spring constant obtained by
pipette calibration, Ly was spindle length obtained by microscope.

Calculation of force for spindle migration

The change in spindle length, Lehange is calculated by measuring the difference in spindle length before
isolation and after isolation. The force driving spindle migration is obtained via multiplying Lenange by the
spindle spring constant, Ksinae. The standard error is chosen by selecting the higher percentage between
Lehange @aNd Kspindle: Therefore, the force is computed by multiplying 1.7 £ 0.3 pum and 400 pN/um
(approximately 380 pN/um). Consequently, the estimated force is 680 + 120 pN.

Micropipette calibration

A suitable calibrated pipette was obtained by a series of stepwise calibratinos off gradually less stiff
pipettes. A relatively stiff master pipette (roughly 1000 pN/micron spring constant) served as the initial
reference and underwent calibration using a nanonewton-sensitivity electronic force transducers
(FemtoTools). A first calibrated pipette with a lower spring constant was calibrated using the master
pipette. A second calibrated pipette with a yet lower spring constant was calibrated using the first
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calibrated pipette. This second calibrated pipette had a spring constant in the 100 pN/micron range and
was suitable for calibrating similar-stiffness experimental force-measuring pipettes.

Microspray of chemicals and antibodies

The spray pipette was loaded with 10 ul of the respective antibodies or chemicals using a pump,
ensuring the careful exclusion of bubbles. Next, the spray pipette was brought close to the spindle under
a 10X non-contact objective lens. The antibody and chemicals in the spray pipette were then sprayed
onto the spindle gently at a constant rate. The whole spray process takes 10 min unless specifically
mentioned. For microtubule staining, 2 pl of anti-o-tubulin-FITC (Sigma-Aldrich) diluted in 48 pl of PBS
buffer were applied. For Hoechst staining, stock solution was made by diluting 1 pl of Hoechst (33342) in
10 ml PBS. Subsequently, 5 pl of stock solution were added to PBS with other chemicals and antibodies
to reach a total of 50 ul spray solution if DNA staining was needed. After spraying, the spindle was
relocated away from the sprayed region to prevent the remnant signal of antibodies. This precaution
was taken to mitigate background noise caused by the unbound antibody around the spindle or
antibodies attached to the culture cell surface.

Live-cell microtubule staining

ViaFluor® 488 Live Cell Microtubules staining Kit (Biotium) was used to stain microtubules in live oocytes
and somatic cells. For oocytes, 0.2 ul of ViaFluor® Live Cell Microtubule Stain and 0.4 ul of Verapamil HCI
were added to 400 pl prewarmed M16 Medium. The post-culture oocytes were treated in the M16
media for 3 min at 37R°C in a 5% CO, incubator. For somatic cells, 1 ul of ViaFluor® Live Cell Microtubule
Stain and 2 pl of Verapamil HCl were added to 10 ml of DMEM complete medium to make a microtubule
staining medium. Staining medium was prewarmed for 30 min at 378°C. Somatic cells were treated with
the microtubule staining medium for 3 min at 372°C in a 5% CO, incubator.

Laser ablation of mcMTOCs

Preparation and oocyte culture: Cep192-eGFP reporter mice(Londofio-Vasquez et al., 2022b) were
generated and maintained in experimental guide accordance with the University of Missouri. All mice
were kept in a photoperiod of 12h light/dark cycle at 21°C, 55% humidity, food and water ad libitum.
Full-grown GV oocytes were isolated from the Cep92-eGFP female ovaries (6-8 weeks old) and incubated
in Chatot, Ziomek, and Bavister (CZB) medium(Chatot et al., 1989) supplemented with SiR-tubulin
(Cytoskeleton #NC0958386) at 37°C with 5% CO?2.

mcMTOCs depletion conducted by two-photon laser ablation: Using a Leica TCP SP8 two-photon
inverted microscope, equipped with a microenvironmental chamber to control the temperature and
C0O2, the mcMTOCs were ablated using an 820nm wavelength laser according to published
papers(Londoiio-Vasquez et al., 2022a)(Londofo-Vasquez et al., 2022b). The mcMTOCs were marked by
small squares and then exposed to a laser beam. The focal plane was moved allowing us to deplete all
mcMTOCs present in the oocyte. Control group was exposed to the same conditions except random
areas in the cytoplasm of similar size to mcMTOCs, adjacent but not overlapping with mcMTOCs, were
ablated. The oocytes were imaged live following laser ablation of mcMTOCs. The length of metaphase |
spindle was measured using NIH image J software (National Institute of Health, Bethesda, MD, USA)

Statistical analysis
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All the analysis was done in GraphPad Prism. Data of means and standard errors were obtained.
Unpaired two-tailed t-test or paired sample t-test were used for analysis according to the sample types.
Comparisons between different group of samples were considered as significant when *P < 0.05, **P <
0.01 and ***P < 0.001.

Data availability

Data for this study is available in the published article itself and its supplementary materials.
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