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Intracellular membrane networks including the endo-
plasmic reticulum (ER) and the Golgi apparatus expe-
rience dramatic reorganization upon entry into
mitosis. However, the mechanisms driving these rear-
rangements and their importance for cell division are
poorly understood. The GTPase Sarl is a component
of the secretory pathway and a key activator of antero-
grade transport of cargo from the ER to the Golgi.
Here we show that Sarl mutant proteins added to
metaphase-arrested Xenopus laevis egg extracts cause
dramatic effects on membrane organization. Live anal-
ysis of membrane structures in egg extract cytoplasm
revealed a distinct network of sheets and tubules reflec-
tive of the organization of the ER in other systems.
Addition of a constitutively active Sar1 GTPase mutant
(H79G) increased membrane tubulation, while a domi-
nant negative version Sarl (T39N) impaired tubule or-
ganization. Although microtubule pelleting assays
revealed that Sarl associates with microtubules in the
egg extract, and addition of Sarl (H79G) mutant
slightly destabilized spindle poles, bipolar spindle as-
sembly was largely unaffected. Thus, spindles are stable
to dramatic changes in mitotic membrane organization
at metaphase, suggesting that mitotic membrane is not
an upstream regulator of the mitotic spindle apparatus
in Xenopus egg extracts. © 2012 Wiley Periodicals, Inc
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Introduction

Cell division sees dramatic changes in cellular organi-
zation, including dynamic transformation of the cy-
toskeleton and condensation of chromosomes. However,
less understood are changes in membrane organelles such
as the endoplasmic reticulum (ER), a dynamic, continu-
ous membrane network composed of sheet-like cisternae
and interconnected tubules contiguous with the nuclear
envelope. Entry into mitosis is accompanied by a break-
down of the nuclear envelope and dramatic reorganization
of ER structure, characterized by a reduction in mem-
brane sheets and an increase in tubular structures [Puhka
et al., 2007]. Studies of these dramatic changes of mem-
brane have largely focused on the partitioning and inheri-
tance of these organelles at the end of mitosis [Barr, 2002;
Shorter and Warren, 2002]. However, little is known
about the cell cycle regulation of changes in ER dynamics
and the relationship between these changes and other mi-
totic events.

Daughter cells acquire a full complement of chromo-
somes during mitosis due to the activity of a bipolar
microtubule-based apparatus known as the mitotic spin-
dle. Spindle assembly and organization relies on the coor-
dinated activity of microtubule associated proteins
(MAPs), microtubule motors, and hundreds of other regu-
latory proteins [Gadde and Heald, 2004]. Recently, several
studies have indicated the existence of a membranous
spindle matrix, raising the possibility that intracellular
membrane organelles influence microtubule organization
and spindle assembly [Zheng and Tsai, 2006]. The endo-
cytic adapter protein epsin and lamin B intermediate fila-
ments are both associated with membranes and their
inhibition leads to defects in spindle assembly [Liu and
Zheng, 2009; Tsai et al., 2006]. In addition, disruption of
the Golgi-associated protein GRASP65 causes defects in
spindle dynamics [Sutterlin et al., 2005]. It is well docu-
mented that the ER network associates closely with the
mitotic apparatus, however it is unknown if ER mem-
branes are involved in assembly and structural
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organization of the spindle [Chaldakov and Vankov, 1985;
Waterman-Storer et al., 1993; Terasaki, 2000].

To examine the importance of mitotic membrane orga-
nization for spindle assembly, we utilized the small
GTPase Sarl, a component of the ER involved in vesicle
biogenesis and export of cargo from the ER to the Golgi
in the secretory pathway [Lee et al., 2004]. Sarl activity is
known to promote membrane curvature and tubulation
during vesicle formation [Bielli et al., 2005; Lee et al.,
2005; Long et al., 2010]. Addition of Sarl mutants, either
dominant negative or constitutively active versions, to
metaphase-arrested Xenopus egg extracts caused dramatic
effects in membrane organization. However, Sarl mutants
did not impair bipolar spindle assembly and organization,
indicating that, despite the close association of membrane
with the spindle, its morphology does not play an impor-
tant role in mitotic microtubule dynamics and organiza-
tion at metaphase.

Results and Discussion

Sar1 Alters Membrane Organization

ER and Golgi membrane structures display a dramatic
rearrangement upon entry into mitosis, but the mecha-
nisms underlying this transition and the consequences for
spindle assembly are poorly understood. As a tool to alter
mitotic membrane morphology, we utilized mutants of
the small GTPase Sarl. Sarl has been previously shown
to cause curvature and tubulation of membrane structures
in other systems [Aridor et al., 2001; Lee et al., 2005].
Mutation of amino acid 79 from histidine to glycine
(H79G) inhibits its GTP hydrolysis and maintains Sarl
in an activated state, while mutation of amino acid threo-
nine 39 to asparagine (T39N) blocks its nucleotide
exchange and therefore has a dominant negative effect,
restricting Sarl to a GDP inactive state [Stroud et al.,
2003; Altan-Bonnet et al., 2004]. Recombinant Sarl wild-
type and mutant proteins purified from bacteria were
added to Xenopus laevis egg extracts, which can reconsti-
tute cell cycle progression in vitro. Calcium addition to
cytostatic factor (CSF) metaphase-arrested egg extracts
containing sperm nuclei induces transit through interphase
allowing nuclear assembly, DNA and centrosome replica-
tion. Spindle assembly around sperm chromosomes is
then induced by addition of fresh CSF extract, which
returns the reaction to a metaphase arrest [Desai et al.,
1999]. contained Alexa 488-labeled
tubulin that incorporated into microtubules and a rhoda-
mine-labeled lipophilic membrane dye (CM-Dil), which
has been shown to label the ER network in previous stud-
ies in both mammalian cells and X laevis egg extracts
[Anderson and Hetzer, 2007; Liu and Zheng, 2009].
Time-lapse fluorescence microscopy of control reactions
showed flattened sheets connected by tubules surrounding

Extract reactions

the mitotic spindle during its assembly, similar to ER or-
ganization described in other systems [Voeltz et al., 2002;
Shibata et al., 2006; Anderson and Hetzer, 2008] (Figs.
1A and 1B, top panels, Supporting Information Video 1).
During metaphase arrest, sheet structures appeared to di-
minish while an increase in length and number of ER
tubules was observed (Fig. 1B, top panel). To test the
effects of Sarl, recombinant mutant proteins were added
at metaphase. Purified glutathione S-transferase (GST)
was added to extracts at metaphase, and served as a con-
trol. The constitutively active Sarl (H79G) mutant caused
dramatic changes in mitotic membrane organization char-
acterized by abundant and abnormally long membrane
tubules compared to the control (Figs. 1A and 1B, middle
panels, Fig. 2B, Supporting Information Video 2). In con-
trast, addition of the dominant negative Sarl (T39N) mu-
tant caused a loss of both sheet and tubule structures and
an increase in membrane punctate structures (Figs. 1A
and 1B, bottom panels). Interestingly, changes in mem-
brane organization did not appear to disrupt the spindle.

Changes in membrane morphology were quantified by
measuring average tubule lengths and sheet widths in the
different reactions (Fig. 2). Addition of the dominant neg-
ative Sarl (T39N) mutant resulted in a decrease in the av-
erage sheet width compared to the GST control and Sarl
(H79G). In contrast, addition of the constitutively active
Sarl (H79G) caused a considerable increase in tubule
length (Fig. 2B), overall resulting in a dramatic decrease
in the width / length ratio upon H79G addition, reflect-
ing the significant increase in membrane tubulation (Fig.
2C). Thus, under the conditions used, Sarl can dramati-
cally modify membrane organization and ER tubule for-
mation, but neither GTPase obviously disrupts the
spindle.

Altering Membrane Morphology Does Not
Affect Spindle Stability

Although we observed no gross spindle defects upon alter-
ation of membrane structure at metaphase, we wondered
whether spindle size or stability were affected, since mem-
brane-associated factors such as the Golgi-associated pro-
tein GRASPG65 the endocytotic adapter protein Epsin and
nuclear intermediate filament lamin-B have been shown to
regulate spindle dynamics [Liu and Zheng, 2009; Sutterlin
et al., 2005], We examined more closely the effects of
altering membrane organization on spindle size and stabil-
ity. Spindle length and area were quantified in reactions to
which wildtype Sarl, SarlH79G, Sarl1T39N and GST
were added at metaphase and fixed 10 min later (Fig. 3).
Spindle length was not affected, while Sarl (H79G)
caused a relative decrease in spindle area and Sarl
(T39N) caused an increase. However, both averages were
within the standard error of control measurements and p-
values show that these were not statistically significant
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Fig. 1. Sarl mutants alter membrane organization in metaphase Xenopus egg extracts. (A) Metaphase-arrested spindles were gen-
erated in Xenopus egg extracts cycled through interphase in the presence of a rhodamine-labeled lipophilic dye CM-Dil to label mem-
branes and Alexa 488-labeled tubulin to label microtubules. Reactions were treated with 5 M GST (control), 5 UM constitutively
active Sarl (H79G) mutant, or 5 pM dominant-negative Sarl (T39N) mutant, and images captured at 30 s intervals by time-lapse
fluorescence microscopy. Scale Bar, 10 pm. (B) Enlarged images of mitotic membrane organization. Higher magnification images
were created from 1A to demonstrate the interconnected sheet tubule network seen in mitotic Xenopus egg extracts (top row). Time-
lapse images show that there appears to be an increase of tubule length over time. Scale Bar, 5 pm.

changes. In addition, immunofluorescence analysis of fixed Sarl mutants (data not shown). In summary, Sarl-medi-
samples revealed that the spindle pole factor TPX2 [Gruss  ated alteration of membrane organization does not affect
and Vernos, 2004] localized normally in the presence of  spindle stability in Xenopus egg extracts.
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Fig. 2. Constitutively active Sarl mutant decreases membrane
sheet width and increases tubule length. (A) Measurement of
membrane sheet width. 20 different widths of sheets at their wid-
est diameter were taken per experiment and averaged. Addition of
dominant negative Sarl T39N caused a decrease in sheet width.
(B) Measurement of membrane tubule length. 20 different meas-
urements of tubule length were taken per experiment and aver-
aged. Addition of the constitutively active Sarl H79G caused a
dramatic increase in tubule length. (C) Ratio of average width /
length upon addition of Sarl proteins. Addition of Sarl H79G
caused a decrease in width / length ratio of membrane compared
to Sarl T39N which showed a slight increase in the width / length
ratio. Measurements were taken from three separate extract experi-
ments per condition. Error bars represent standard deviation.

Sar1 Binds Microtubules in Egg Extracts But
Does Not Cause Significant Defects in Spindle
Assembly

Since ER membrane associates closely with the mitotic
spindle and Sarl binding to microtubules has been dem-
onstrated in a biochemical screen in budding yeast [Barnes
et al., 1992], we tested whether addition of wild type
Sarl or mutants affected microtubule organization during
spindle assembly. Recombinant proteins were added to
cycled reactions along with CSF extract to induce spindle
assembly, and reactions were fixed at metaphase and
immunostained for the spindle pole marker NuMA.
Phenotypes were categorized as: normal bipolar spindle,
muldpolar spindle, splitting pole spindle, and aberrant

spindle (Fig. 4A). NuMA localization appeared unaffected
in all phenotypic categories except aberrant spindle.
Quantification of the different phenotypes revealed that
addition of wildtype Sarl or the constitutively active Sarl
(H79G) caused a small increase in pole organization
defects characterized by outward bending of polar micro-
tubules and a split pole (Fig. 4B). However, examination
of standard error and p-values suggest that this increase is
not significant. Furthermore, it is important to note that a
large percentage of the spindles formed normally in the
presence of Sarl mutants.

During interphase, activated Sarl associates with the ER
at the sites of cargo export, but its localization and function
during mitosis remain unclear. There has been considerable
difficulty visualizing Sarl by immunofluorescence analysis
and previous studies relied on cells specialized for high lev-
els of protein secretion [Kuge et al., 1994]. Likewise, we
were unable to detect endogenous Sarl using immunofluo-
rescence analysis in X. /aevis egg extracts, most likely due to
very low protein levels. In order to examine Sarl localiza-
tion in spindle assembly reactions in egg extracts, immuno-
fluorescence analysis was performed after addition of
recombinant Sarl (Fig. 5). Control reactions lacking exoge-
nous Sarl were devoid of Sarl staining (Fig. 5, top row).
Sarl wildtype displayed a polar localization with slight
spreading of Sarl along the spindle. Interestingly, the Sarl
constitutively active mutant, H79G, localized to the poles
and more intensely along spindle microtubules, while the
dominant negative Sarl mutant, T39N, showed slightly
reduced polar staining and little staining along spindle
microtubules. This polar localization of Sarl is consistent
with several published studies demonstrating polar localiza-
tion of ER membrane at mitosis [Bobinnec et al., 2003;
Frescas et al., 2006; Audhya et al., 2007].

To further examine the association between Sarl mutants
and mitotic microtubules, we employed a biochemical
microtubule pelleting assay to test whether Sarl binds to
spindle microtubules in metaphase-arrested egg extracts.
CSF spindle assembly reactions in X. laevis egg extracts were
supplemented with Sarlwt, constitutively active Sarl mu-
tant protein (H79G), or Sarl dominant-negative mutant
protein (T39N). A control reaction containing the constitu-
tive active Sarl (H79G) mutant plus the microtubule depo-
lymerizing agent nocodazole was also included. These
reactions were allowed to incubate for 30 min (the time nec-
essary for bipolar spindles to form in CSF extracts) then
subjected to centrifugation and pelleted microtubules were
probed for the presence of Sarl by sodium dodecyl sulfate
polyacrylamide gel electrophoresis and immunoblot analy-
sis. Sarlwt, H79G mutant and T39N mutant all copelleted
with microtubules binding, but Sarl H79G did not pellet
by itself when microtubule polymerization was inhibited
with nocodazole (Fig. 6). Taken together, these data suggest
that Sarl specifically associates with microtubule structures,
but is not involved in mitotic spindle assembly.
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Fig. 3. Sarl mutants do not affect bipolar spindle size and organization. Length (pole to pole) and area of mitotic spindles were
measured on preformed metaphase spindle reactions treated with either 5 pM GST (control), wildtype Sarl, constitutively active
Sarl (H79G) mutant, and dominant-negative Sarl (T39N). NV = ~ 80 spindles for each condition. Bars represent standard error.
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Fig. 4. Sarl mutants do not disrupt assembly of the mitotic spindle. (A) Mitotic spindle assembly reactions were performed in
Xenopus egg extract in the presence of buffer control, 5 pM Sarl wt, 5 UM constitutively active (H79G) mutant, or 5 pM domi-
nant-negative Sarl (T39N) mutant, and allowed to progress to metaphase in the presence of X-rhodamine-labeled tubulin (red) to
label microtubules. Samples were fixed and immunostained for NuMA (green), a spindle pole marker. Hoeschst dye was used for vis-
ualization of DNA (blue). Defects were classified as bipolar, muiltipolar, splitting pole, aberrant spindle. (B) Counts of spindle
defects were performed on fixed samples described above. Buffer control NV = 459 spindles, Sarlwt N = 468 spindles, SarlH79G NV
= 1037, Sar1T39N N = 697 spindles. Bars represent standard error.

Sar1 Addition Does Not Affect the Mitotic been postulated to support the assembly and dynamics of
Localization of the Lamin B Network the spindle and recently several studies have identified
Mitotic spindle assembly is a dynamic process requiring a ~ components that may play a role in this process [Scholey
rapid reorganization of the microtubule network to form et al., 2001; Zheng and Tsai, 20006]. In particular, the in-
the bipolar array. The existence of a scaffold or matrix has  termediate filament protein lamin B, a component of the
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Fig. 5. Sarl localizes at the poles in the mitotic spindle.
Spindle assembly reactions in Xenopus egg extracts were per-
formed in the presence of 5 UM GST (control), Sarl wildtype
(wt), constitutively active Sarl (H79G) mutant, and dominant-
negative Sarl (T39N) mutant. Rhodamine-labeled tubulin (red)
was added to the reactions to visualize the mitotic spindle and
DNA (blue) was visualized using Hoeschst dye. Reactions were
fixed and immunostained for Sarl (green) localization on the
mitotic spindle. Sarl wt and constitutively active Sarl (H79G)
mutant, and to a lesser extent, dominant-negative Sarl (T39N)
localized to spindle poles. Control reactions do not show Sarl
localization, as we were unable to detect endogenous Sarl in
spindle assembly reactions. Scale Bar, 5 pM.

nuclear lamina has been proposed to be a structural com-
ponent of the mitotic spindle matrix [Tsai et al., 2006].
To investigate if altering the membrane organization at
mitosis affects the lamin B network at the spindle, wild-
type Sarl or mutant versions were added to spindle as-
sembly reactions, which were fixed and immunostained
for lamin B3 at metaphase (Fig. 7A). Lamin B3 localiza-
tion in the presence of the wildtype Sarl and the constitu-
tively active Sarl (H79G) mutant, appeared to be slightly
reduced at spindle poles (Fig. 7A) but could be due to the

: H79G + noc

a-Sarf

a-tubulin .‘

Fig. 6. Sarl copellets with microtubules. CSF spindle assem-
bly reactions in Xenopus egg extracts were incubated with 5 uM
Sarlwildtype (wt), constitutive active Sarl (H79G) mutant, and
dominant-negative Sarl (T39N) mutant. Control reaction for
the 5 uM Sarl (H79G) mutant contained 20 UM nocodazole, a
microtubule depolymerizing agent. Reactions were incubated for
30 min then pelleted through a 40% glycerol cushion and the
pellet was probed with o-Sarl antibody by SDS-PAGE and

immunoblot.

decreased density of microtubules. This result was quanti-
fied by measurement of lamin B3 and tubulin fluorescence
intensity (Fig. 7B), which showed that lamin B3 and
tubulin intensity are well correlated. From this, we can
conclude that Sarl is not affecting lamin B3 localization
and suggest that specific organization of membrane struc-
tures is not required for the lamin network to form on
the spindle.

Entry into mitosis sees major changes in cellular archi-
tecture including a dramatic rearrangement of the ER net-
work, however many questions remain in understanding
this reorganization and its role in other mitotic events. In
this study, we examined the role of membrane organiza-
tion on mitotic events by modulating of the activity of
the small GTPase Sarl. Our experiments show that mi-
totic membranes are a combination of sheets and tubules,
and that Sar]1GTP drives tubulation of the membrane net-
work, which is not surprising given that Sarl has been
shown to promote membrane curvature in other in vitro
systems [Bielli et al., 2005; Lee et al., 2005]. Whether
Sarl is normally required for proper mitotic ER morphol-
ogy is unclear. A previous study of Golgi disassembly and
partitioning during mitosis suggested that Sarl is inacti-
vated at the start of mitosis as export from the ER to the
Golgi is inhibited, allowing for the redistribution of Golgi
enzymes to the ER [Altan-Bonnet et al., 2006]. However,
our experiments show that dominant negative Sarl
(T39N), which prevents GTP exchange and inactivates
endogenous Sarl, strongly inhibited tubule formation in
the metaphase egg extract. Immunodepletion of Sarl
would help to address its requirement, but is not yet pos-
sible with the reagents currently available. Nevertheless,
Sarl mutants provide a valuable tool to study the conse-
quences of membrane alteration for mitosis and organelle
inheritance.
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Fig. 7. The intermediate filament, Lamin B3 localizes properly in the presence of Sarl mutants. (A) Mitotic spindle assembly
reactions were performed in the presence of 5 pM GST (control), 5 pM Sarl wildtype (wt), 5 UM constitutively active Sarl (H79G)
mutant, or 5 {M dominant-negative Sarl (T39N) mutant, with each being added individually prior to entry into mitosis and mitotic
spindle formation. Rhodamine-labeled tubulin (red) was added to the reactions to visualize the mitotic spindle and DNA (blue) was
visualized using Hoeschst dye. Reactions were fixed and immunostained for lamin B3 (green) localization on the mitotic spindle.
Lamin B3 localization is unaffected with addition of Sarl wt and Sarl mutant proteins. Scale Bar, 10 pm. (B) Measurement of fluo-
rescence intensity of lamin B3 in the presence of Sarl mutants. Measurement of fluorescence intensity in control reactions show that
lamin B3 levels correlates with tubulin intensity. This correlation does not change in the presence of Sarl wt and Sarl mutants. Yel-
low line represents measurement of intensity.
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Our study indicates that alteration of the ER membrane
network does not play a vital role in mitotic spindle as-
sembly and organization in Xenopus egg extracts. This
finding is intriguing in light of other studies that showing
that Golgi and endocytic membrane associated proteins
are involved in spindle organization [Sutterlin et al.,
2005; Tsai et al., 2006; Liu and Zheng, 2009]. Perhaps
these membrane-associated spindle factors exist in a sepa-
rate intracellular membrane population or their function
does not require a particular membrane topology. This
study establishes an assay to examine spindle assembly and
membrane morphology in the same reaction. In the
future, addition or depletion of other factors, and/or the
use of more specific membrane labels, will better define
the behavior of distinct membrane populations and the
requirements for membrane-associated factors for spindle
assembly and other mitotic events.

Methods and Materials

Expression and Purification of Recombinant
Proteins

Plasmids encoding N-terminal, GST-tagged human
SARIA wild type, H79G and T39N mutants were gifts
from R. Schekman [Fromme et al., 2007]. All proteins
were expressed in E. coli according to standard protocols.
Proteins were purified by glutathione sepharose 4B chro-
matography, and dialyzed into phosphate-buffered saline
containing 150 mM KCI, 1 mM GTP and 3% glycerol.
All proteins were diluted in XB (10 mM Hepes pH 7.7,
1 mM MgCl,, 0.1 mM CaCl,, 100 mM KCI, 100 pM
GTP and 50 mM Sucrose) to a concentration of 100 pM
before addition to egg extracts.

Preparation of Xenopus Egg Extracts and in
Vitro Assays

X laevis egg extracts were prepared, and spindle assembly
reactions with replicated sperm chromosomes preformed
as previously described [Hannak and Heald, 2006]. For
membrane visualization in spindle assembly reactions, the
lipophilic general membrane dye CM-Dil (Invitrogen)
was added to CSF-arrested extracts at a concentration of 1
UM along with sperm nuclei. For visualization of the mi-
totic spindle, X-rhodamine- or alexa 488-labeled porcine
brain tubulin was added to extracts at a final concentra-
tion of 50 pg/ml [Maresca and Heald, 2006]. Slides used
for immunofluorescence analysis were precleaned in 1M
sodium hydroxide (NaOH) for 2+ h, rinsed in water
(3x), and dried overnight prior to usage. Microtubule
pelleting assays were preformed as previously described
[Budde et al., 20006], by diluting spindles with 30% glyc-
erol in BRB80 (80 mM K-Pipes, pH 6.8, 1 mM MgCl,,
and 1 mM EGTA) and centrifuging through a cushion of
40% glycerol/BRB80. Pellets were analyzed by immuno-

blotting with a monoclonal o-tubulin antibody (1:5000;
E7 Developmental Studies Hybridoma Bank) and a poly-
clonal o-Sarl antibody (gift from R. Schekman) using
standard techniques. Control reactions contained 20 uM

Nocodazole (Sigma-Aldrich).

Immunofluorescence and Time-Lapse
Microscopy

Spindle reactions were spun onto coverslips and fixed as pre-
viously described [Maresca and Heald, 2006]. Rabbit poly-
clonal o-Sarl antibody (R. Schekman), Strategic Diagnostics
Inc. (SDI) antibodies against TPX2, and NuMA were diluted
1:1000, and rabbit o-Lamin-B3 was used at 1:500. Images
were collected with a fluorescence microscope (model BX51;
Olympus) with a dry 40x NA 0.75 objective, a cooled
charge-coupled device (CCD) camera (model Orcall; Hama-
matsu), and MetaMorph software (Molecular Devices). Live
movies of spindle reactions were obtained at 30 s intervals in
the presence of an oxygen scavenging mix [Hartman et al,,
1998]. Spindle length and area were quantified using MAT-
LAB. Images were processed using Adobe Photoshop.
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