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differential damage to the oocytes/zygotes and 4-cell embryos. One
of the special features in SOD/!-deficient mice is female infertility
(Ho et al, 1998; Matzuk et al., 1998). In this study, 30 oocytes
per female were recovered from SOD | -deficient mice after superovu-
lation, and 29.5 oocytes were recovered from wild-type, which implies
no difference in the ovulation rate between the two genotypes. We
also observed a number of in vivo-developed 2-cell embryos from
SODI-deficient mice at 36 h after superovulation and in vivo-
developed morula and blastocyst 6 embryos at 84—96 h after super-
ovulation (data not shown). At the least, this evidence could ensure
in vivo-developmental ability of preimplantation embryos in SODI-
deficient female.

In conclusion, we found total 2-cell arrest of embryos from SOD!-
deficient mice oocytes in culture under atmospheric oxygen conditions
and the negation of the arrest by incubation under hypoxic conditions.
Since the mitochondrial function of ATP production via oxidative
phosphorylation was almost normal in the embryos, the mechanism
of cell cycle regulation might be a target of elevated ROS. After the
4-cell stage, however, embryos suffering from oxidative swress
undergo degeneration, most likely by apoptosis. Thus, investigation
of embryos developed from SOD |-deficient oocytes would provide
a useful clue to an understanding of the mechanisms involved in
2-cell arrest and cellular degeneration at the later developmental
stage by intrinsic oxidative stress.
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Abstract. The efficiency of a porcine embryo vitrification method that uses water-soluble films of pullulan, a naturally-
occurring polysaccharide polymer, was compared with two other types of vitrification methods using different devices
and solutions for vitrification and warming. Blastocysts collected in vivo and vitrified by the conventional straw (ST),
Cryotop® (MVC) or pullulan film vitrification (PFV) methods were stored in liquid nitrogen for a certain period of time,
after which the cryoprotective agents were removed by stepwise dilution. Fresh embryos were used as controls for the
non-vitrification group. The vitrified-warmed embryos were incubated in TCM199 with 0.1 mM f-mercaptoethanol
and 20% fetal bovine serum for 24 h at 38.5 C in humidified air with 5% CO; to evaluate their viability. The survival rate
of embryos in the ST group (48.3%) was significantly lower than that of those in the MVC (70.7%), PFV (79.0%) and non-
vitrification (94.4%) groups. The oxygen consumption rate after vitrification was significantly lower than that before
vitrification in the ST group, but was not significantly different in the MVC and PFV groups. Both the oxygen
consumption rates of embryos after warming and the live cell numbers in the ST group were lower than those in the
MVC group, while they did not differ significantly between the PFV and MVC groups. There was a correlation between
the oxygen consumption rate and the number of live cells in vitrified embryos after warming. Our results demonstrated

that in vivo-derived porcine embryos could be vitrified using pullulan films.
Key words: Oxygen consumption rate, Porcine embryo, Pullulan film, Vitrification

(J. Reprod. Dev. 56: 279-284, 2010)

reservation of porcine embryos is important for increasing the
P cffective use of high-quality genetic resources, preventing dis-
ease transmission via animals and allowing low-cost transportation
of pigs. Due to the extremely high sensitivity of porcine embryos
to low temperature, it has been difficult with slow freezing methods
to achieve conception rates and litter sizes equivalent to those
achieved with artificial insemination [1, 2]. However, it has
recently become possible to produce piglets from cryopreserved
embryos by using ultra-rapid vitrification methods, such as the
minimum volume cooling (MVC) [3, 4], open pulled straw [5],
microdroplet [6] and metal mesh vitrification [7] methods.
Pullulan, which is a neutral polysaccharide polymer also known
as a-1,4-; t-1,6-glucan, is made from starch and consists of maltot-
riose units linked in an orderly manner. It has been reported that
murine morulae placed on a pullulan film could be vitrified [8]. In
general, stepwise dilution is required after warming of vitrified
embryos, since vitrification requires a high concentration of cryo-
protective agents (CPAs), which makes it difficult, due to their
toxicity, to warm the embryos in a straw for direct transfer to recip-
ients. As the pullulan film is soluble in warm water, the
vitrification solution can be diluted in a straw, and then the
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embryos can be directly transferred into a recipient using a straw-
attached intrauterine injector.

Several studies on non-surgical embryo transfer in pigs have
been reported [9-13], and we have also been working on the devel-
opment of a non-surgical transfer technique that uses a straw-
attached intrauterine injector [14]. Direct transfer via a straw con-
taining vitrified embryos with high viability may be applied to
piglet production by non-surgical embryo transfer in an ordinary
commercial farm.

Measuring the oxygen consumption rate using a scanning elec-
trochemical microscope may be effective as a non-invasive
evaluation of embryo quality [15]. We have previously reported
that bovine embryos having a high oxygen consumption rate
showed a high conception rate after embryo transfer {16]. In an
attempt at embryo cryopreservation using the slow-freezing
method, the oxygen consumption rate in embryos significantly
decreased after freezing and thawing, indicating that the embryos
were damaged by the cryopreservation procedure [16]. However,
there are no reports available concerning the oxygen consumption
rate before and after cryopreservation with in vivo-derived porcine
embryos.

In the present study, to investigate the potential for application
of the pullulan film vitrification (PFV) method in a non-surgical
transfer technique for porcine embryos, we compared the survival
rate of porcine embryos preserved by the PFV method with those
attained by conventional vitrification methods. We also measured
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A straw containing four liquid layers: (from the cotton-plug side) a dilution solution (PB1 + 1.7 M galactose + 0.5% BSA), a 45% EG vitrification
solution (PB1 + 45% EG + 7% PVP + 0.5% BSA) that prevents reduction in the concentration of the vitrification solution due to mixing with the
diluents of the first layers, a 45% EG vitrification solution containing embryos and a dilution solution. The straw was sealed after being filled with
the last dilution layer.

e 1.3

Stakndess stoel rod @.25 mi siraw 0.5 mi straw Pulludsn film Embryos

A stainless steel rod for vitrification equipped with a pullulan film. A stainless steel rod was attached to a short 0.25-ml straw, and a pullulan film
was attached to the tip of the straw. The 0.25-ml straw and pullulan film were covered with a case made from a 0.5-ml straw. Embryos and
vitrification solution were placed on the pullulan film, and after the embryos were vitrified in liquid nitrogen, the case was slid across to cover the

film.

the oxygen consumption rate of embryos before and after vitrifica-
tion to examine how the rate was influenced by these vitrification
methods.

Materials and Methods

Embryo collection from gilts

All animal-related procedures followed in this study were done
with the approval of the Institutional Animal Experiment Commit-
tee of Kanagawa Prefectural Agriculture Facilities. A total of 39
prepubertal gilts (Landrace and Large White, 5.5-7.3 months old)
were used for collection of embryos, as previously described with
some modifications [13]. Briefly, superovulation was induced by
intramuscular injection of 1500 IU eCG (Peamex, Sankyo, Tokyo,
Japan), followed 72 h later by 500 IU hCG (Puberogen, Sankyo).
The gilts were artificially inseminated twice, in the afternoon one
day after hCG injection and in the morning two days after hCG
injection.

In the morning on Day 6 (Day 0=the day of the first artificial
insemination), the embryos were recovered from the uterine horns
by laparotomy under general anesthesia (4-5% [v/v] halothane) by
flushing with PB1 [17] with 0.5% (w/v) bovine serum albumin
(BSA; Fraction V, Sigma Chemical, St. Louis, MO, USA) or
TALP-Hepes [18]. The recovered embryos were morphologically
evaluated under an inverted microscope (x 100), and only blasto-
cysts were used for the experiments. The blastocysts were
preserved in PZM-5 [10] supplemented with 10% (v/v) fetal bovine
serum (FBS; Gibco, Life Technologies, Grand Island, NY, USA) at
38.5 C in humidified air with 5% CO, until vitrification.

Vitrification and warming of embryos

The embryos were vitrified using the three different methods
and warmed 20-150 days later.

In Method 1, conventional vitrification using a mini-straw (ST)
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was performed using 0.25-ml crystal straws (IMV Technologies,
L’Aigle, France) as described previously [19] with some modifica-
tions. Briefly, the embryos were placed in a drop (80 ul) of
equilibration solution consisting of PB1 medium with 11% (v/v)
ethylene glycol (EG) and 0.5% BSA (11% EG solution) for 5 min
at room temperature (20-25 C). After equilibration in 11% EG
solution, the embryos were transferred to a vitrification solution
consisting of PB1 medium supplemented with 45% EG, 7% (w/v)
polyvinylpyrrolidone (MW 10,000, Sigma) and 0.5% BSA (45%
EG vitrification solution) preloaded into a straw. Within 40 sec of
the initial exposure of the embryos to the 45% EG vitrification
solution, the straw was loaded with the solutions, as shown in Fig.
1, heat sealed and placed on a styrene foam board (5 mm thick)
floating on liquid nitrogen (LN,), and the cotton-plug part of the
straw was dipped into LN for a quick moment to create ice seeds in
the diluent. The straw was then placed on the styrene foam board
again for 3 min. After confirming that the 45% EG vitrification
solution was transparent and that ice crystals had not been formed,
the straw was plunged into LN,.

After storage in LN for a certain period of time, the straw was
warmed in air (25 C) for 5 sec and then in a 40 C water bath for 6
sec. Immediately after warming, the straw was shaken to mix the
solutions inside (i.e., first-step dilution). Two minutes after the
first-step dilution, the content of the straw was expelled into a dish,
and the embryos were subsequently washed by five serial transfer
steps of the warmed embryos in PB1 medium supplemented with
0.5% BSA and 6%, 3%, 1.4%, 0.7% or 0% EG for 2 min each.

In Method 2, the MVC method was conducted using a Cryotop®
and commercial vitrification and warming solutions (VT101 and
VT102, Kitazato BioPharma, Shizuoka, Japan) by the method pre-
viously reported [3, 4]. The embryos were contracted by
dehydration in an equilibration solution (ES of VT101, Kitazato
BioPharma) and kept at room temperature (25 C) for 5 to 10 min
until they regained their volume to some extent. The equilibrated
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embryos were transferred to a vitrification solution (VS of VT101,
Kitazato BioPharma) along with a minimal amount of the equili-
bration solution. The embryos contracted in the solution were
loaded onto the tip of a Cryotop® and directly plunged into LN,.
The length of time from exposure of the embryos to the vitrification
solution until storage in LN, was less than 60 sec.

After storage in LN, the embryos were warmed by immersing
the Cryotop® tip into a warming solution (TS of VT102, Kitazato
BioPharma) at 38.5 C. After one min, the embryos were trans-
ferred to a diluent (DS of VT102, Kitazato BioPharma) at 38.5 C
for 3 min and then washed twice in a washing solution (WS of
VT102, Kitazato BioPharma) for 5 min each time.

In Method 3, the PFV method was conducted using a pullulan
film (1.5 mm wide, 15 mm long and 20 um thick; Hayashibara
Shoji, Okayama, Japan) attached to a stainless steel rod (Fig. 2).
The embryos were kept in D-PBS with 20% FBS for 2 min, equili-
brated for 4 min in D-PBS with 20% FBS supplemented with 7.5%
EG, 7.5% DMSO and 0.3 M sucrose and then transferred to a vitri-
fication solution (EDS30; D-PBS with 15% EG, 15% DMSO, 0.6
M sucrose and 20% FBS). Within 60 sec after transfer to the vitri-
fication solution, the embryos were loaded onto the pullulan film
and plunged into LN;.

After storage in LN, the embryos were warmed by submerging
the film successively into D-PBS supplemented with 20% FBS and
0.6 M sucrose for 2 min, D-PBS supplemented with 20% FBS and
0.3 M sucrose for 2 min and finally D-PBS with 20% FBS for 2
min.

Viability of embryos

Following warming, the embryos were cultured in TCM 199 sup-
plemented with 0.1 mM S-mercaptoethanol and 20% FBS for 24 h
at 38.5 C in humidified air with 5% CO,. The embryos forming a
blastocoel were considered viable. As the non-vitrification control,
embryos just recovered were also cultured for 24 h in the same
medium.

Measurement of the oxygen consumption rate

The oxygen consumption rate using an embryo respirometer
(HV-403, Research Institute for the Functional Peptides, Yama-
gata, Japan), a device developed based on a scanning
electrochemical microscope, was measured for some of the
embryos 30 min before vitrification and after warming by the
method of Abe er al. [15]. Briefly, an embryo was placed into the
solution for the measurement (ERAM-2, Research Institute for the
Functional Peptides) on the flat bottom of a cone-shaped microwell
on the plate (RAP-1, Research Institute for the Functional Pep-
tides). A microelectrode (platinum microelectrode RAE-1,
Research Institute for the Functional Peptides) was moved close to
the embryo, and a voltage of —0.6 V was applied to reduce the oxy-
gen concentration in the solution surrounding the embryo and
measure the current generated as a result. The oxygen concentra-
tion gradients in the solution surrounding the embryo were
measured by scanning the z-axis (i.e., horizontal direction) at a
speed of 31.0 zan/sec. The average of two measurements (anterior
and posterior sides of the embryo) was considered to be the oxygen
consumption rate of the embryo.

Table 1. In vitro development of porcine embryos cryopreserved by
different vitrification methods

Vitrification method No. of embryos

Cultured Survived (%)
ST 89 43 (48.3)"
MVC 82 58 (70.7)°
PFV 81 64 (79.0)°
Non-vitrification 54 51 (94 .4

= Values with different superscripts within each column are signifi-
cantly different (P<0.05).

Classification of viable and dead cells in embryos

The method of Saha and Suzuki [20] was used to compare the
cell viability of the vitrified embryos. After washing with TCM199
containing 20% FBS, the embryos subjected to oxygen consump-
tion rate measurement were warmed to 38.5 C and cultured in a
staining solution for 30 min for double staining of viable and dead
cells. TCM199 supplemented with 10 gg/ml bisbenzimide (Hoe-
chst 33342, Calbiochem, San Diego, CA, USA) and 10 gg/ml
propidium iodide (PI; Sigma) was used as the staining solution.
The stained embryos were washed with TCM 199 containing 20%
FBS, placed on a slide with a small amount of TCM199 with 20%
FBS and covered with a cover glass. The embryos were observed
through a U-MWU filter (excitation wavelength of 365 nm, barrier
filter of 400 nm) under an inverted microscope equipped with a flu-
orescent light source, and embryos with blue nuclei were counted
as viable; those with pink nuclei were counted as dead.

Statistical analysis

The experiment was repeated three or four times for each group.
A chi-square test and Fisher’s exact probability test was used to
compare the viability of embryos. The numbers of cells were sub-
jected to logarithmic transformation before statistical analysis. An
analysis of variance (ANOVA) was performed using the General
Linear Model (GLM) procedure of SPSS (SPSS 11.5J, User’s
Guide, SPSS, Tokyo, Japan) followed by the Scheffe test. Linear
relationships and correlation coefficients between oxygen con-
sumption rate and the number of live cells in vitrified-warmed
embryos were determined by simple regression analysis and Pear-
son correlation coefficient analysis, respectively. A P value of less
than 0.05 was considered statistically significant.

Results

Effect of vitrification procedures on morphological changes in
vitrified embryos after warming

The viabilities of embryos after vitrification and warming by the
different methods are shown in Table 1. The percentage of
embryos that survived in the ST group was significantly lower
(P<0.05) than those in the other two vitrification groups and in the
non-vitrification group. There was no significant difference in the
rates between the MVC and PFV groups. Moreover, the survival
rate in the non-vitrification group was significantly higher (P<0.05)
than those in the other groups.
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Table 2. Oxygen consumption rates of porcine embryos before and after vitrification

Vitrification No. of embryos Oxygen consumption rate (F x 10 /mol s7')
method examined Before vitrification After warming*
ST 10 1.29+0.174 0.82 +0.09*8
MVC 15 1.15+0.08 1.22+0.08°
PFV 11 0.99 £ 0.08 1.02 £ 0.09®
Non-vitrification 10 1.32+0.14 -

Mean + SEM. * Values were measured 30 min after warming. *° Values with different superscripts
within each column are significantly different (P<0.05). *B Values with different superscripts
within each row are significantly different (P<0.05).

Table 3. Cell viability of porcine embryos after vitrification

Vitrification

No. of embryos Mean cell no. in blastocyst Ratio of live

method examined Total Live /total (%)
ST 10 70.0+25 64.4+32° 91.9+2.7°
MVC 13 86.2+43 859 +44° 99.5+0.3b
PFV 9 823435 802+ 4.3 97.0+1.8%
Non-vitrification 10 70337 703 £3.7% 100 £ 0°
Mean + SEM. *P Values with different superscripts within each column are significantly different
(P<0.05).
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Fig. 3. Correlation between the oxygen consumption rates of vitrified-

warmed embryos and number of live cells. There is a significant
positive correlation between the oxygen consumption rate and
the number of live cells (P<0.01 r=0.496). Regression lines are
drawn to show the relationship between the oxygen consumption
rates and numbers of live cells.

Effect of vitrification procedures on the oxygen consumption
rates of embryos

The oxygen consumption rate of the vitrified embryos after
warming was significantly higher in the MVC group (P<0.05) than
in the ST group, but in the PFV group, it did not differ significantly
from the rates in the other groups (Table 2). The oxygen consump-
tion rate after warming was significantly lower (P<0.05) than that
at pre-vitrification in the ST group, while there was no significant

difference between these rates in the MVC and PFV groups.

Effect of vitrification procedures on cell viability in embryos

Cell viability after vitrification by the different methods is
shown in Table 3. The ratio of live to total cell number was signif-
icantly lower (P<0.05) in the ST groups than in the MVC and non-
vitrification groups. There was a positive correlation between the
oxygen consumption rate and the number of live cells (P<0.01,r =
0.496) in all vitrified-warmed embryos (Fig. 3).

Discussion

The present study demonstrated that porcine blastocysts can be
vitrified using a pullulan film and that viability, oxygen consump-
tion rate and cell viability were not different from those of embryos
vitrified by the MVC method using a Cryotop®.

Since vitrification uses CPAs at high concentrations to prevent
intracellular ice crystal formation, their toxicity causes damage to
embryos when the vitrification procedure takes a long time. To
avoid this problem, several vitrification methods, such as the open-
pulled straw [5], microdroplet [6] and metal mesh vitrification [7]
methods, have been reported to achieve high viability by making
porcine embryos very rapidly pass a critical temperature range at
which embryos are injured. The viability of embryos is increased
by these methods, as they have the advantages of minimizing the
required amounts of CPAs by using special devises and lowering
the concentration of CPAs by application of rapid cooling. The
present study compared the viability of embryos in the PFV method
using pullulan film with that in the MVC method, one of the ultra-
rapid vitrification methods, and demonstrated that the viability was
70% or more in the PFV method, which is similar to that in the
MVC method. On the other hand, the survival rate of embryos in
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the ST group was significantly lower than that in the other groups.
The volume of vitrification solution was smaller in the MVC and
PFV groups (0.1 ul) than in the ST group (20 ul). Moreover,
whereas embryos were placed into LN, after exposing them to LN,
vapor in the ST group, they were directly plunged into LN; in the
MVC and PFV groups. Thus, the difference in survival may be due
to a more rapid temperature decrease in the MVC and PFV groups
than in the ST group.

The vitrification procedure for embryo storage does not require a
programmable freezer. However, it requires special devises and
strict control of temperature and time before plunging the embryos
into LN; because high concentrations of CPAs are used. Therefore,
the number of embryos that can be vitrified in one operation has
been limited. Ushijima et ai. [4] reported that the MVC method
allows simultaneous vitrification of 8 to 12 embryos. In pigs, it is
desirable to cryopreserve larger numbers of embryos together
because 15 to 20 embryos should be transferred into a recipient at
one time. In the present study, 5 to 8 embryos could be simulta-
neously vitrified by using a sheet of pullulan film, and the vitrified
embryos on 3 or 4 sheets of the film could be loaded together into a
straw. We suggest that the PFV method to cryopreserve porcine
embryos is a valuable tool for non-surgical embryo transfer in pigs,
since the vitrified embryos can be directly transferred into a recipi-
ent. We have obtained normal calves after transfer of bovine
blastocysts vitrified using pullulan films and warmed by one-step
dilution in straws (our unpublished data). The PFV method
appeared to have no adverse effect on porcine embryos in this
study. If porcine embryos vitrified using pullulan films can be con-
veniently diluted and warmed in a straw while maintaining their
viability, they may be applied to piglet production by non-surgical
embryo transfer under on-farm conditions. Further technical
improvements are required to enable one-step dilution in a straw.

In the present study, PFV was applied as an open method in
which the solution containing embryos directly contacts LN,. Stor-
age of embryos in open containers in LN may represent an
increased potential for microbial contamination during long-term
banking and the risk of disease transmission by embryo transfer
[21]. To avoid contamination of pathogens, embryos collected
from the same donor should be separately vitrified by the PFV
method in its own sterile LN; and stored in its own closed contain-
ers. An in-straw dilution method after PFV may also enable
decrease of the risk of contamination because storage and dilution
of vitrified embryos is performed in a sealed straw.

The oxygen consumption rate of embryos vitrified by the three
different methods was measured in order to assess the quality of
embryos and their potential use in a non-invasive transfer method
[16, 22, 23]. To our knowledge, the present study is the first to
measure the oxygen consumption rate before and after vitrification
of porcine embryos. The oxygen consumption rate after warming
was significantly lower than the pre-vitrification levels in the ST
group, while there was no significant difference between these
rates in the MVC and PFV groups, thus reflecting their respective
viabilities. These results were consistent with the viabilities of the
embryos after vitrification and warming in these groups, supporting
the validity of using the oxygen consumption rate as an index of
embryo quality after vitrification and warming.

Dobrinsky et al. [24] have reported that success of vitrification
depends on the influence of CPAs on morphological and molecular
properties of cellular organelles and membranes. In the present
study, cell damage of embryos was assessed by a double staining
method with Hoechst 33342 and PI, which can distinguish between
blue-stained live cells and pink-stained dead cells by the difference
in permeability for PI, depending on damage of the cell membrane.
The number of live cells in the ST group decreased significantly
compared with the MVC group (P<0.05), and the ratio of live to
total cells was reduced by 5 to 7% in the ST group compared with
the other groups. This result may reflect that the survival rate of
embryos after warming was markedly lower in the ST group
(48.3%) than in the MVC (70.7%), PFV (79.0%) and non-vitrified
groups (94.4%). Moreover, both the oxygen consumption rates of
embryos just after warming and live cell numbers in the MVC
group were higher than those in the ST group. In addition, there
was a correlation between the oxygen consumption rate and the
number of live cells in vitrified embryos after warming. Trimarchi
et al. [22] have demonstrated that maturation of mitochondria cor-
relates with an increase in metabolic activity, as reflected in the
oxygen consumption rate, and that the oxygen consumption rate
reflects the number of cells measured and their mitochondrial activ-
ity. Thus, we assumed that the number of live cells could be
estimated by the oxygen consumption rate.

In the present study, no difference was found in viability and
oxygen consumption rate after warming between the porcine
embryos vitrified by the method using pullulan film and those
obtained by the previously reported MVC method, indicating that
porcine embryos can be vitrified using pullulan film. Non-surgical
direct transfer of ultra-rapidly vitrified porcine embryos without
using a microscope would be a useful transfer method applicable
by individual farmers in the field. Therefore, further studies are
desirable on the method for in-straw dilution of embryos.
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ABSTRACT: Respiration is a useful parameter for evaluating embryo quality as it provides important information
about metabolic activity. A scanning electrochemical microscopy (SECM) measuement system provides a non-
invasive, simple. accurate, and consistent measurement of the respiration activity of single human embryos. In this
study, we describe an accurate method for assessing the quality of individual human embryos. We measured oxygen
consumption rates of human embryos at various cleavage stages. We monitored the temperature of the hot plate
which was installed in the microscope to keep the most suitable state at the time of the measurement. We compared
the blastocyst development of embryos in the measurement group with those of the no-measurement group. The
measured embryos (51.8%) showed the same developmental rale o the blastocyst as the no-measurement group
embryos (57.0%). There were no significant differences in the mean rates of oxygen consumption at each cleavage
stage. Embryos with moderate respiration rates (0.26-0.56 * 10'%/mol-s") showed a high developmental rate
(65.8%) to the blastocyst. The developmental rate of embryos with lower and higher respiration rates (<0.26 » 10"
mol-s ' and >0.56 = 10"/mol-s™") was 39.0%. Thesc results support the suggestion that measwring embryonic
respiration provides safety and valuable mformmmn about embryo quality.
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Abstract

Cellular traction forces were measured by using a microfabricated substrate,
particularly exploring how cytoskeletal structures such as actin filaments
and microtubules contribute to traction forces. Smooth muscle cells isolated
from bovine aortas were cultured and transfected with fluorescence proteins
to visualize cell microstructures and then plated on a micropatterned
elastomer substrate with arrays of micropillars. Cell spreading on the
substrates produced deflection of micropillars which was used for
estimation of cellular traction forces, and was closely associated with
organization of stress fibers of actin filaments. Traction forces varied
considerably among cells, showing the order of several 10 nN. After
disruption of microtubules with nocodazole, traction forces significantly
increased and there was no detectable change in formation of stress fibers.
To inhibit the ROCK pathway, a signaling pathway of myosin light chain
phosphorylation, possibly being induced by disruption of microtubules,
significantly depressed the increase in traction forces after the disruption of
microtubules. This result indicates that microtubules disassembly may
regulate the actomyosin-based contractile system mainly through the ROCK
pathway. The present study suggests that formation of stress fibers are
mainly involved in cellular traction forces and a contribution of
microtubules should include not only a force balance but also rather a
modulator of the actomyosin contractile system in actin stress fibers.

Key words: Traction Forces, Stress Fibers, Microtubules, Actomyosin Force
Generation, Intracellular Stress Balance

1. Introduction

It is well known that cells adhere to their extracellular matrix at focal adhesions,
generating traction forces. Focal adhesions are therefore the primary sites at which
forces are transmitted from/to the extracellular matrix. Cellular traction forces are
believed to play an important role in the interactions between cells and their
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substrates, possibly involving many cellular functions such as migration,
proliferation and cell remodeling 2.

So far, many studies have been performed to estimate cellular traction forces
using microfabrication techniques. Balaban et al. ® have utilized a combined
method of micropatterning of elastomer substrates and fluorescence imaging of
focal adhesions in live cells expressing GFP-tagged vinculin to explore the
molecular mechanism underlying the regulation of cell adhesion. They showed that
local forces have a correlation with orientation, fluorescence intensity and area of
the focal adhesions. They also characterized the dynamics of the force-dependent
modulation of the focal adhesions by blocking actomyosin contractility, indicating a
relaxation of force. Tan et al. ® have measured cellular traction forces for the first
time by using microfabricated arrays of elastomeric, microneedle-like posts. They
controlled the geometry of the posts and showed that cell morphology regulates the
magnitude of traction force.

It is believed that cellular traction forces may be attributable to the
actomyosin-based contractile system and physically coupling integrins to
contractile actin filaments are thus important element to transmit traction forces to
extracellular matrix. Ingber ® has proposed cellular tensegrity model assuming the
whole cell a prestressed tensegrity model. In the model, actin filaments and
intermediate filaments contribute to tensional forces, and these forces are balanced
by microtubules that resist compression and extracellular matrix adhesions.
However, this model is still controversial. Although efforts have been made to
estimate cellular traction forces with implications for mechanical role of
cytoskeletal structures, little is still known of how cytoskeletal structures contribute
to cellular traction forces. Previous reports have studied the effect of microtubule
disruption on an increase in traction forces relating to mechanical role of actin
filament structure “™®, One possible idea to explain this increase may be that
tensional forces generated by actin filaments are balanced by microtubules that
resist compression. An alternative explanation is that disruption of microtubules
may be attributable mainly to activation of the contractile machinery. However,
whether the microtubule contributions involved are given mechanically or
biochemically, and if biochemically what is the pathway are not fully understood.

In this study, we estimate cellular traction forces of smooth muscle cells by
using a microfabricated substrate with arrays of micropillars to further address
fundamental aspects of how cytoskeletal structures contribute to smooth muscle
cell mechanics. In particular, focusing on implication in activation of actomyosin
contractility, inhibition of signaling pathways of myosin light chain
phosphorylation is for the first time combined with cellular traction force
experiments to explore biochemical contribution of microtubules disassembly to
contraction of stress fibers.

2. Materials and Methods

2.1 Cell culture

Smooth muscle cells from bovine thoracic aortas were purchased (Cell
Applications, Inc., CA, USA). The cells were seeded in tissue culture flasks with
Dulbecco’s modified Eagle medium (DMEM, Gibco, MD, USA) supplemented
with 10% heat-inactivated fetal bovine serum (JRH Biosciences, KS, USA),
penicillin and streptomycin (Gibco). Cells were grown in a 37°C humidified
atmosphere of 95% air and 5% CO, gas. Cells were confluent after 4-5 days and
then passaged at a 1:4 split ratio in the flasks using trypsin-EDTA. Cultured cells
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from the 4th to 9th generation were studied. This culture procedure can lead to the
modulation of smooth muscle cells from a contractile to a synthetic phenotype
characteristic.

2.2 Gene transfection and fluorescence observation

Prior to experiments, a plasmid vector encoding GFP (green fluorescent protein)
fused to the amino terminus of actin and fused to the alpha-tubulin (BD
Biosiciences Clontech, CA, USA) and a plasmid encoding pdsFP593 fused to the
amino terminus of FAT domain were used in this study. We call pdsFP593-FAT
(focal adhesion targeting) domain, RFP (red fluorescent protein)-FAT domain. FAT
domain is the 199 amino acid sequence from 854 to 1053 at the C terminus of FAK
(Hildebrand et al. ®). To observe actin structure and focal adhesions simultaneously,
the plasmid vector encoding GFP-actin and RFP-FAT domain were co-transfected
into cells planted on a 35-mm glass-base dish (Asahi Techno Glass, Chiba, Japan)
by liposomal method. To observe microtubule structure, the plasmid vector
encoding GFP-tubulin was transfected. Briefly, 1.0 pg of GFP-actin/2.0 pg of
RFP-FAT domain or 1.0 pg of GFP-tubulin and 10 pl of PLUS reagent (Invitrogen,
CA, USA) were incubated in 100 pl of OPTI-MEM (Invitrogen) for 15 min and
then diluted with a solution of 7 ul of Lipofectamine (Invitrogen) and 100 pl
OPTI-MEM, followed by incubation for 15 min at room temperature. This solution
was diluted again with 0.8 ml of OPTI-MEM and added to cells at 40 - 50%
confluence. After 4 - 5 h incubation at 37°C, the solution was replaced by 2 ml of
DMEM and cells were then grown at 37°C for 24 - 48 h. In certain studies, cells
were incubated with rhodamine-conjugated phalloidin (Molecular Probe, OR,
USA) for actin filaments. Fluorescence images of cells were observed with an
objective lens (PlanApo 60x TIRFM, Olympus, Tokyo, Japan) and captured with a
digital CCD camera (C4742-95ER, Hamamatsu Photonics, Hamamatsu, Japan), under an
inverted confocal laser scanning microscope (IX70, Olympus, Tokyo, Japan).

2.3 Fabrication of substrates with arrays of micropillars

Micropatterned substrates were created by the injection of polydimethylsiloxane
(PDMS, Silpot 184W/C, Dow Corning Toray, Tokyo) into a silicon mold as
described previously ). Fabrication process of arrays of mocropillars is shown in
Fig. 1A. Firstly, a silicon wafer was spin-coated with a photoresist (a), and an i-line
stepper was used to expose the wafer to ultraviolet light through a mask with

(A)

(a) Resist coating (d) Resist removing
(b) Patterning {e) PDMS moiding

N B P

{c) RIE etching if) Peeling oft

BB si vater 27 Photoresist [ PDMS [l Cover glass

Fig. 1 Fabrication process of substrates with arrays of micropillars (A). Scanning
electron microscope image of micropillars. (B). In (B), Bar = 30 pm.
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pre-printed pattern followed by the development (b). The wafer was then etched
using a reactive ion etching process (c). After removing the photoresist (d), the
PDMS was poured over the etched substrates (e), degassed under vacuum, cured at
110°C for 1 h, and peeled off the substrates (f). A scanning electron microscope
image of arrays of micropillars (ca. 3 pm in diameter, ca. 10 um in height, and ca. 8
pum spacing) is shown in Fig. 1B. For experiments, the PDMS substrates were
sterilized with UV light for 24 h and immersed in a 0.05 % gelatin solution to allow
cells to attach to the top of micropillars. Cells were then incubated on the
micropatterned substrates in the same culture medium for 24 h until experiments. It
should be noted that since not only the top of the micropillars but also the side
walls were coated with the gelatin, some cells went deep between the micropillars
and attached to the side walls. Therefore, these cells were excluded from the
analysis.

2.4 Determination of cellular traction forces

Traction force measurements were performed at room temperature. Cell
spreading produced deflection of micropillars, showing subcellular distribution of
tractions forces. Brightfield images of micropillars were captured before and after
removing cells with a treatment of trypsin-EDTA. This treatment allows
micropillars to return to the original position. Deflection of micropillars was thus
measured by comparing these two brightfield images with an image analysis
technique using the public domain NIH Image software version 1.62 (National
Institute of Health, MD, USA). Traction forces F were then determined using the
simple equation, F' = kx, where k and x are the spring constant and the deflection of
the micropillars, respectively. The spring constant was determined using a
cross-calibration technique prior to experiments with a hydraulic micromanipulator
(MMO-203, Narishige, Tokyo, Japan), ranging from 0.01 to 0.02 N/m. The force
resolutions was 2.15 nN.

2.5 Disruption of microtubules

In order to know how microtubules contribute to traction forces, microtubules
were disrupted with a treatment of 10 pg/ml nocodazole over 5 min. Changes in
cytoskeletal structures and traction forces were studied before and after the
disruption of microtubules.

2.6 Inhibition of signaling pathways of myosin light chain phosphorylation

Firstly, cells were treated with Phospho-Myosin-Light-Chain 2 (Thr 18/Ser 19)
antibody (Cell Signaling Technology, MA, USA) to see if phosphorylation of
myosin light chain could be induced after the disruption of microtubules. Then,
blocking experiments of signaling pathways of myosin light chain phosphorylation
were performed. For inhibition of Rho/Rho kinase (ROCK pathway), cells were
treated with 20 uM Y27632 for 15 min prior to microtubules disruption.

2.7 Statistical analysis
Statistical comparisons were made using paired t-test. A value of p < 0.05 was
considered significant in all analyses. Statistical data were shown as mean =+ SD.

3. Results

Prior to traction force experiments, smooth muscle cells were transfected with
GFP-actin and RFP-FAT domain, and then plated on the micropatterned substrates.

| &3
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Typical fluorescence images of GFP-actin together with RFP-FAT domain in a cell
and the superimposed images are shown in Figs. 2A, 2B and 2C, respectively. The
cells spreaded on the substrates and showed clearly organized actin filament
networks (Fig. 2A). Asymmetric distribution of FAT domain formed around
micropillars (Fig. 2B), as pointed out by Chen et al. *?. Stress fibers were anchored
at the top of micropillars showing a close correlation with localization of FAT
fomain (Fig. 2C). Estimated traction forces in the cell were correspondingly shown
in Fig. 2D, showing that cell spreading on the substrates produced deflection of
micropillars. Figure 2E shows a histogram of traction forces with 11.8 nN £ 12.9
nN (n=11).

Figure 3 shows a typical example of fluorescence images of GFP-tubulin,
GFP-actin, and traction forces before and after the treatment with nocodazole.
Filamentous structures of microtubules apparently started to disappear at 5 min
after the treatment, preserving cell global shape, as typically shown in Figs. 3A and
3D (arrows). Even after the disruption of microtubules, actin filament structure
seemed well maintained with no detectable change in the formation (Figs. 3B and
3E). Corresponding force vectors showed an increase in traction forces after the
disruption of microtubules (Figs. 3C and 3F). Particularly, traction forces at the cell
peripheries are likely to increase compared to the cell center. It has been confirmed

250

200
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Frequency (posts)

50

% 10 20 30 40 50 60 70 80

Traction force (nN)

Fig. 2 Typical fluorescence images of GFP-actin (A), RFP-FAT domain (B) and
overlay image of (A) and (B) (C), corresponding traction force vectors estimated by
deflection of micropillars (D), and a histogram of traction forces (n =11) (E). In (D),

arrows show direction and magnitude of traction forces. Bar = 30 pm.
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Microtubules Actin filaments Traction force
(B)

Before disruption

After disruption

Fig. 3 Typical fluorescence images of GFP-tubulin (A, D) and GFP-actin (B, E)
and corresponding traction force vectors (C, F) before and after treatment with
nocodazole. In (F), red, yellow, and blue vectors indicate increased, unchanged, and

decreased traction forces compared to (C). Traction forces significantly increased
from 10.8 = 8.2 nN (C) to 12.5 + 8.3 nN (F). Bar = 20 pm.

Table 1 Change in traction forces before and after treatment with nocodazole (n =
5). 'p<0.01 and *"p < 0.05 by paired t-test.

Microtubule disruption

Cells Before After Number of pillars
#1 200:17.6 270+205 43
#2 175:149 19.8 + 16.5™ 79
#3 3.5+3.1 65+5.9 37
#4  108:8.2 125+8.3 31
#5 1451154 17.0+£15.8 88

that non-treated cells did not show any significant change in traction forces after 1
h. Please note that cells used for GFP-tubulin observation and GFP-actin
observation were different due to technical reasons. Changes in traction forces
before and after the treatment are summarized in Table 1 (n=5). The number of
observed micropillars is also shown in the figure. After the disruption of
microtubules, traction forces significantly increased for all the cells without change
in the direction of traction forces, as typically shown in Figs. 3C and 3F. This
tendency for traction forces and stress fiber formation did not change even after 1 h.
Figure 4 shows typical fluorescence images of rhodamine-phalloidin stained
actin filament structure and phosphorylation of myosin light chain, which was
observed for different cells before and after the disruption of microtubules. Even
after the disruption of microtubules, stress fibers were still developed. Moreover, it
was found that the disruption of microtubules could lead to phosphorylation of
myosin light chain. Blocking experiments of signaling pathways of myosin light

18¢



