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Fig. 1. Oxygen consumption rates (A) and diameter (B) of porcine embryos
for each developmental stage. *“Columns with different superscripts are
significantly different (P < 0.05).

inverted fluorescent microscope through an ultraviolet fil-
ter to count the nuclei of the ICM and TE which were
stained blue and pink, respectively.

2.5. Embryo transfer

Large White, Landrace, Yorkshire, and Berkshire sows
(30.0 + 3.0 [mean + standard error of the mean] months of
age) were used for recipients of non-surgical embryo
transfer, which was performed according to the method
previously described by Yoshioka et al. {24]. The recipients
were treated with eCG (Peamex 1000 IU im) in the morning
of the next day of weaning and hCG (Puberogen 500 IU im)
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Fig. 2. Relationship between the oxygen consumption rate and the cell
number in embryos collected on Day 6. Significant correlations were shown
between the oxygen consumption rate and the number of inner cell mass
(ICM) cells, trophectoderm (TE) cells, and total number of cells (Number of
ICM cells: P < 0.05, r = 0.429; TE cells: P < 0.0001, r = 0.783; and total
number of cells: P < 0.0001, r = 0.769).

at 72 hours after eCG treatment. The embryos were trans-
ferred 5 days after hCG treatment. Porcine intrauterine
transfer catheters (Takumi; Fujihira Industry Co., Tokyo,
Japan) were used to transfer the embryos. The inner tube
filled with porcine blastocyst medium (PBM; IFP) [25] was
inserted through the outer sheath into the uterine horn as
deep as possible. A 0.25-mL straw filled with PBM contained
13 to 21 embryos was attached to the outside end of the
tube. The cotton plug part of the straw was removed using a
straw cutter, and a syringe was attached to the cut end, from
which 1 mL of PBM was squeezed to inject the content of the
straw into the uterine horn. Pregnancy was diagnosed by
ultrasonography at 35 days after embryo transfer. All preg-
nant recipients were allowed to carry their litters to term,
and the farrowing rates and litter sizes were recorded.

2.6. Experimental design

2.6.1. Experiment 1: relationships between the oxygen
consumption rate, the developmental stage, and the number
of cells in in vivo-derived porcine embryos

The oxygen consumption rates of embryos at the com-
pacted morula stage on Day 5 (n = 29) and at the early

Correlation between the oxygen consumption rate and the cell number in Day-6 blastocysts (n = 26).

Diameter Oxygen Number of Number Total cell Respiratory
of embryo consumption ICM celis of TE cells number activity per 100 cells
rate
Diameter of embryo 1
Oxygen consumption rate 0.809*** 1
Number of ICM cells 0.506** 0.429* 1
Number of TE cells 0918 0.783*** 0577 1
Total cell number 0.902%* 0.769*** 0.697*+* 0.988*** 1
Respiratory activity per 100 cells ~0.532"* -0.371 ~0.631** -0.681""* —0.718%= 1

*P < 0.05, **P < 0.01, and ***P < 0.0001.
Abbreviations: ICM, inner cell mass; TE, trophectoderm.

— 330 —



N. Sakagami et al. / Theriogenology 83 (2015) 14-20 17

® Just after collection (n=20)

35 O After 24h culture (n=16)
] *

2 3.0 T -
55 25 ] T
S o !
EE 20 |
$2 15
5 X
oS 10 -
&
~ -

0.5

0.0

Respiratory activity
per 100 cells

Oxygen consumption rate

Fig. 3. Oxygen consumption rate and respiratory activity of embryos
sampled on Day 6 just after collection and after 24 hours of culture.
*Significantly different from Day-6 blastocysts (P < 0.05).

blastocyst (n = 8), blastocyst (n = 27), and the expanded
blastocyst (n = 39) stages on Day 6 were measured and
compared with the results of their morphologic evaluation.
A total of 26 Day-6 embryos at the blastocyst stage were
subjected to measure both of the oxygen consumption rate
and cell numbers, from which the respiratory activity per
100 cells was calculated as the cellular respiratory activity of
cells.

2.6.2. Experiment 2: oxygen consumption rate and cell
numbers in in vivo-derived porcine embryos before and after
in vitro culture

Day-6 embryos at the blastocyst stage (n = 36) were
divided into two groups. Briefly, 20 blastocysts were eval-
uated for oxygen consumption rate, and then their cell
numbers were counted immediately. The rest of the blas-
tocysts (n = 16) were measured for oxygen consumption
rate and then cultured in a PBM in a Reproplate (IFP)
individually, for 24 hours under 5% CO3, 5% O3, and 90% N
at 38.5 °C. The number of cells in these blastocysts was also
measured after culture.

2.6.3. Experiment 3: oxygen consumption rate of the in vivo-
derived porcine embryos and their subsequent developmental
potential

The Day-5 compacted morulae (n = 33) and the Day-6
blastocysts (n = 38) after measurement of the oxygen
consumption rate were cultured in PBM in a Reproplate
individually for 48 hours (Day-5 compacted morulae) or
24 hours (Day-6 blastocysts). After culture, the hatching
from the zona pellucida was investigated.

Table 2
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Fig. 4. Comparison of the cell number in embryos sampled on Day 6 just
after collection and after 24 hours of culture. *Significantly different from
freshly collected Day-6 blastocysts (P < 0.05). ICM, inner cell mass; TE,
trophectoderm.

2.64. Experiment 4: oxygen consumption of the in vivo-
derived porcine embryo and conception rate

The compacted morulae and early blastocysts collected on
Day 5 were measured for oxygen consumption rate and then
transferred to recipients non-surgically to investigate the
conception performance. Embryos were divided into two
groups according to their oxygen consumption rates: average
oxygen consumption of less than 0.58 x 10™/mol s~ (the
lower oxygen consumption group) and more than
0.59 x 10™/mol s~ (the higher oxygen consumption group).

2.7. Statistical analysis

Data were statistically processed using a computer
program for statistical processing SPSS (SPSS 16.0]. User's
Guide; SPSS, Tokyo, Japan). ANOVA was performed fol-
lowed by the Tukey HSD test. Linear relationships and
correlation coefficients between the oxygen consumption
rate and the cell numbers of embryos were determined by
simple regression analysis and Pearson product-moment
correlation coefficient analysis, respectively. The Fisher
exact probability test was used to compare the conception
rates, and a P value of less than 0.05 was considered sta-
tistically significant.

Embryos that hatched and those which did not hatch
from the zona pellucida after culture were compared for
their mean oxygen consumption rates at the time of
collection as the explanatory variable, determining the
difference from the mean for each embryo and calculating
the discriminant function using the linear discriminant

Correlation between the oxygen consumption rate and the cell number in Day-6 blastocysts after 24 hours of culture (n = 16).

Oxygen Number Number of TE cells Total cell number Respiratory
consumption rate of ICM cells activity per 100 cells
Oxygen consumption rate 1
Number of ICM cells 0.232 1
Number of TE cells -0.506" -0.536" 1
Total cell number —0.440 0.050 0.817** 1
Respiratory activity per 100 cells 0.974*** 0.220 —0.638" —-0.605* 1

*P < 0.05, **P < 0.01, and ***P < 0.001.
Abbreviations: ICM, inner cell mass; TE, trophectoderm.
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Table 3

Oxygen consumption rates of Day-5 and -6 porcine embryos at collection and hatching from the zona pellucida after culture.’

Embryo collection Hatching from the Number of Oxygen consumption
zona pellucida after culture embryos examined rate (F = 10"/mol s71)
Day 5 Not hatched 17 0.50 + 0.04
Hatched 16 0.60 + 0.04
Total 33 0.55 + 0.03
Day 6 Not hatched 16 0.77 + 0.05°
Hatched 22 1.05 + 0.09°
Total 38 0.93 + 0.06

2bvalues in the same column with different superscripts are significantly different (P < 0.05).
¢ Day-5 and -6 embryos were checked for hatching after 48 and 24 hours, respectively, of culture in porcine blastocyst medium.

function. The probability of discrimination was then
calculated from the determined discriminant function
using the cross table of the discrimination probability.

3. Results
3.1. Experiment 1

The average oxygen consumption rate (F x 10'*/mol s 1)
of the Day-5 embryos was 0.58 + 0.03 for the compacted
morula stage. Oxygen consumption rates of Day-6 embryos
were 0.56 + 0.13, 0.87 + 0.6, and 1.13 + 0.07 for the early
blastocyst, blastocyst, and expanded blastocyst stages,
respectively, and the value at the expanded blastocyst stage
was significantly higher than that at the early blastocyst
stage (Fig. 1A). On Day 6, the diameter of the embryos
significantly increased with the progress of developmental
stages (Fig. 1B).

Significant correlations were detected between the ox-
ygen consumption rate of individual embryos and their
diameter and cell numbers (in terms of ICM, TE, and total
cells as well; Table 1). The oxygen consumption rate
showed highly positive correlations with the total and
TE cell numbers (Table 1 and Fig. 2).

3.2. Experiment 2

The oxygen consumption (2.58 + 0.32) and respiration
activity per 100 cells (2.23 + 0.33) of embryos cultured for
24 hours from Day 6 were significantly higher than those of
Day-6 blastocysts (0.85 + 0.04 and 0.93 + 0.05, respec-
tively; Fig. 3). The total number of cells and the number of
ICM and TE cells of Day-6 embryos after culture were also
significantly greater than those of embryos before the
culture (Fig. 4). The oxygen consumption rate of embryos
(cultured from Day 6 for 24 hours) did not show significant
correlation with the total cell numbers and the numbers of

Table 4

ICM cells of the embryos after 24 hours culture, but there
was a significant correlation between the oxygen con-
sumption rate and the respiratory activity after the culture
(Table 2).

3.3. Experiment 3

The oxygen consumption rates of the porcine embryos
collected on Day 5 or 6 and the culture outcome are shown
in Table 3. In Day-5 embryos, the oxygen consumption rate
before culture was tendentiously higher in those embryos
that hatched after 48 hours of culture compared with those
that did not hatch (P = 0.08). In Day-6 blastocysts, the
oxygen consumption rates of those that hatched after
24 hours culture were higher than those of that did not
hatch (P < 0.05). The discrimination probabilities of the
Day-5 and -6 embryos, which were calculated using the
values as the standards and the cross table of the
discrimination probability, were 63.6% and 68.4%, respec-
tively (Table 4).

3.4. Experiment 4

The embryos were transferred into each of 11 sows, of
which three became pregnant (Table 5). Pregnancy was not
obtained in any of the recipients in which embryos with
low oxygen consumption rates were transferred. However,
three of the seven recipients into which embryos with high
oxygen consumption rates were transferred became preg-
nant. The three pregnant sows delivered 6.3 piglets on
average (6, 3, and 11), and the mean gestation period was
116.3 + 0.9 days.

4. Discussion

The present study clearly demonstrates that porcine
embryos that could hatch after the subsequent culture

Number of the Day-5 and -6 embryos resulted in false or true of whether hatched from the zona pellucida for each oxygen consumption class and the

discrimination probabilities.

Embryo collection Prediction (number of embryos)

(number of embryos)

Number of embryos (%) Discrimination probability (%)

False True
Day 5 (33) Not hatching (19) 7 (43.8) 12 (70.6) 63.6
Hatched (14) 5(29.4) 9 (56.3)
Day 6 (38) Not hatching (20) 8(36.4) 12 (75.0) 68.4
Hatched (18) 4 (25.0) 14 (63.6)
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Table 5
Conception rate of the embryos of each oxygen consumption class.

19

Number of sows Mean oxygen Number of Number of Number of Percentage of
(number of consumption rate pregnant farrowed piglets piglets born/embryo
embryos (F x 10"/mol s~y sows (%) sows (%) delivered (3:9) transferred (%)
transferred)
High oxygen 7(118) 0.89 = 0.03? 3(42.9) 3(42.9) 209 (12:8%) 16.9
consumption
Low oxygen 4 (58) 0.52 + 0.02° 0 (0) 0(0) 0 0
consumption
Total 11(176) 0.77 + 0.03 3(27.3) 3(27.3) 209 (12:8%) 11.4

2byalues in the same column with different superscripts are significantly different (P < 0.05).

€ Mean =+ standard error of the mean.
4 Two piglets were stillborn.

showed higher oxygen consumption rates at the time of
collection than those embryos that did not hatch. Oxygen
consumption rate of the embryos at the blastocyst stage
correlated with the number of cells. Moreover, piglets could
be obtained by non-surgical transfer of embryos with high
oxygen consumption rates.

These results corroborate with previous reports in
bovine embryos, describing the correlation between their
oxygen consumption rate and their viability [9-14] and
conception rate {10,12,13]. Shiku et al. [9] examined the
oxygen consumption of morula-stage bovine embryos and
their subsequent hatching from the zona pellucida and re-
ported that the hatching rate was higher in embryos
showing oxygen consumption rates of at least 0.5 compared
with those showing consumption rates lower than 0.5.

Our results revealing that Day-5 or -6 porcine embryos
with high oxygen consumption rates are likely to show a
high viability thereafter in vitro suggest that also in pigs, the
oxygen consumption rate in freshly collected embryos may
be a potent predictor for embryo viability.

The determining oxygen consumption values were
calculated using the linear discriminant function and the
oxygen consumption before the culture as the explana-
tory variable. The discrimination value for the hatched or
not hatched in Day-5 and Day-6 embryos was 0.56 and
0.91, showing a discrimination probability of 63.6% and
68.4%, respectively. It suggests that both on Days 5 (at
the compacted morula stage) and 6 (at the blastocyst
stage), embryos could be discriminated for hatching
ability by the measurement of their oxygen consumption
rate. However, the oxygen consumption rate of Day-6
embryos at the expanded blastocyst stage was signifi-
cantly higher than those at the early blastocyst stage,
indicating that the oxygen consumption rate of porcine
embryos on Day 6 increased greatly with the progress of
development. In fact, there is a large variation in the
developmental stage of embryos collected on Day 6,
which should be considered when comparing oxygen
consumption rates to assess embryo quality. Thus, the
discrimination for the hatching ability by the measure-
ment of oxygen consumption rate is may be appropriate
5 days after artificial insemination for the selection of
transferable porcine embryos with high quality.

When we transferred Day-5 embryos (compacted
morulae and early blastocysts) after the measurement of the
oxygen consumption rate, 42.9% (3 of 7) of the recipients, to
which embryos with high oxygen consumption rates were

transferred, became pregnant and farrowed healthy piglets.
In contrast, no pregnancy was obtained in the group to
which the embryos with low oxygen consumption rates
were transferred (0/4). Thus, embryos with high oxygen
consumption rate may have superior conception ability
compared with those with low oxygen consumption rate.
Our overall result of pregnancy after non-surgical embryo
transfer (27.3%) is similar to that of previous report (25%
farrowing rate) on the transfer of in vitro—produced porcine
embryos using the same deep intrauterine catheter instru-
ment {25].

The oxygen consumption rate of blastocyst stage em-
bryos on Day 6 showed a positive correlation with both the
total cell numbers and the numbers of TE cells. Particularly, -
the embryos of higher oxygen consumption rate were
found to have larger numbers of TE cells, suggesting the
possibility of estimating the cell number from the oxygen
consumption rate. In accordance with our results, Sugimura
et al. [16] mentioned that anomalous low oxygen con-
sumption rate in porcine SCNT blastocysts could be a sign of
limited hatchability, which may be responsible for the low
TE cell number and high apoptosis incidence. They also
suggested that low oxygen consumption of Day-5 porcine
SCNT blastocysts in the number of low TE cell may involve
the high incidence of apoptosis in Day-7 blastocysts [16].
Furthermore, it has been reported that nitric oxide, which
induces oxidative stress and apoptosis, and diamide-
induced apoptosis may limit oxygen consumption at the
blastocyst stage in the mouse embryo {26,27]. These find-
ings suggest that the viability of TE cells may predomi-
nantly determine the oxygen consumption rate and greatly
affect the porcine embryo quality.

The actual size of the embryo may also affect its oxygen
consumption rate. It has been reported that in vitro-pro-
duced bovine blastocysts of larger diameter have higher
oxygen consumption rate compared with smaller embryos
[12]. Also, the positive correlation between the cell
numbers in Day-7 bovine blastocyst and the length of their
derivative conceptuses after transfer on Day 14 have been
reported [28]. In pigs, asynchrony of TE elongation from Day
11 to 12 of pregnancy is evident in porcine concepti, and
rapid progression through this phase has been associated
with conceptus competency [29]. In the present study, the
significant correlation was also observed between the ox-
ygen consumption rate and the diameter of porcine em-
bryo, suggesting that the diameter of the embryos was
related to the quality of embryos.
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Although, there was no significant correlation between
the oxygen consumption rate and the respiratory activity in
freshly collected Day-6 blastocysts, there was a significant
correlation between the oxygen consumption rate and the
respiratory activity of embryos after culture for 24 hours.
These findings suggest that the oxygen consumption in
freshly collected Day-6 embryos was more closely related
to the actual number of cells rather than cellular respiratory
activity which was correlated to oxygen consumption after
additional culture.

In conclusion, the oxygen consumption rate of the in vivo—
derived porcine embryos was significantly increased with the
progress of development from the morula to the expanded
blastocyst stage, and the embryos that hatched after addi-
tional culture showed higher rates of oxygen consumption
than those that did not hatch. A significant correlation was
observed in the Day-6 embryos between the oxygen con-
sumption rate and the number of cells. After embryo transfer,
successful pregnancies were only achieved with embryos
showing high oxygen consumption rate, which, in turn, could
develop to normal piglets. Therefore, the oxygen consump-
tion by an embryo is likely to be related to its subsequent
survival and conception, suggesting the possibility for the
objective evaluation of the developmental capacity of an
embryo based on its oxygen consumption rate.
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MEOCBTEMEZBRIETEAYA 7 uBBE 70 —T7 L LTHVAZ LT, MilaoME
HEE (PR *BRE - FREBNCHET e’ TEs (B1).
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DB, OFIIAERE, ORF>YaXgy b, @/— b3V (BREERESY 7 FERR) ICLUHERL
hTwa,

R EAYA VOB F X VBASYA VOBRT, SBBIEE2~5umIt Iy F o IMI&AhER
EBEIPH S XX v ET Y- (CHFIEI TS,

CEREFHEISL- b - MERCBMH$ETEOCTS 7O b 8 I T3,

A UOT D VESICEHEL Y VR

A VOEBIRREERESFEICEETS T, ROBEEBETRATETS.

HEEOLE, SRSOMMERL L TH SN TE R SECM & ZIII ORISR
AT 570 ORFHMARET o TEL. ZOMKR, SECM & N— ZTEHIFL B
Ml COBBRHENEZFREAICNETE 5 [ZHIMFRNERE] ORRBITRIIL
7219 ZOMRRE Y A7 sk, BIVEBAME, <A 2 v EBROBME —EICRIFT
ARFyYaAisy b, BEHRRITMOZOOERMRTY 7 FEA L2/ — Mo
YEa— gL MR EN TS (B 2a). BINBBEHSOAT -V LI, v(rD
TWHED 3 KEETH WL T2 XYZ AT — VDB EINRTE D, EWHBOREEH
DI I FIGEAED TR ZWERF v ¥ -2 RE 7V — MRETE 2.

E—ROBFEHBEANE

[ZREIREERE | 2V BEEE (PR MR, B8RE<A 7 o8
(H2b), ZHBMAEAESLV—F (B20) BIUEROWMENEZHVE, HEREH-L
oA zuy o VRICER (B) #EAL, v 707 2 VOESHOICHESE S
(R2d). BBESBITTEER -0.6V vs. Ag/AgCl LB ZRFELL-OL, <4708
W BEERE 20~30 um/s, EBEEEE 150~300 um O &4 CEBF L% SE HF AN
EETS (F2e). B%, | HOBRAETIE A 270EEZ 3EELEL-OBICE
EILERERR 16017 2 AL T Y 7 12 AV TROBRNEE L ERT 5.

INETR (ZHIRFRAEEE] 2HVT, 7Y, 749, T AOE—ROFRE
MBI L TWA, FEALOEYR T, SHIEME CREBEZERERERLZL, &
EED OB TEFICIREEENT S (B3). MREEOFHEZ RIS
Bl RIEEDOENLEI P ary FY TORELOBREEFEMEICL VARG
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BATIE

B3 o ENZREOREBREICETEFERAEL

P T N R R O R R R R AL AR RS vrsressrevany

%ae}l_ﬁﬁi)‘bﬁlﬁﬁ@ﬁﬁkﬁ‘w”{ﬂ?%&b‘*i&bﬂ"é‘% BITIE T itht@%?ﬁh SR &
hiw, a~e DEFEBTHEESE (P<0.05) #H5.

K4 7 EASEROBEREICES TSI by MU 7ORMBEZL

N BB REA IO N PN s P A AT PRSI 9AP VAT INesosvecenoatvirsvat iednisrsriAsuasndonv anoanny R T T L R L T T N R R R PR TR

a: SR, b: RERE, c: P8R M:IbIRUT

%,W&ﬁﬁ@ﬁwgﬂﬁ%i@mﬁkh8®iFﬂ‘ B 7IEERBIATH Y, WP
BEAFRMICENT 5 REKD S RERIZATT ¥ R 7OEERIEE (U RT
OILER) BEHLNDE (K4) 9. C@iiﬁ,@%ﬁ@%mtib:yFU7®%m
BRAIUREZRF—VTRIAZ DD, [ZHIVFRIWEREN] 33 bay MY 7ICL
AR A ERHETRELTVWAZ Edb2 5. HE BB 2 [ZhIBEm e
WE | OFAEERIETA7-012, 2 bay FYT7TOMIERERE, I M3 ¥ FU T
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g1 VVEORRREFIREORME

iz F<1.0 0/6 (0)
i EF>08 16/25 (64.0)
BIERETR F<08 0/6 (0)
F>08 17728 (60.7)
SRREE F<05 1/12 (8.3)

i, TANVE— (ATP) BEBIUMNEEESE (VY Mo — L4 cBR{LEE .
Cox) BETFEBROMTZE, 3 b2y ¥ 7HREMEERICHEET 2 EYENRT 2 R4
MR L Twa.

R HEEAEIC X B Tl

MREH TR L TARMIEE YT 57012, BOME & RO BEAE SR
FRTER, INE TS L DARBEVHRPE LN TS, 7Y TERIFEEEOE W
ZERIE, MRHZHICENOEREZTH L ORTHA BT EER~E LT
518 Fix, HERICHEESEOSVRERE, ML L 0EERENBIFTHS
EVIHERPBOLRTVS Y, X510, WRMEROER EEF OB LIEOWRRE
ML ZEEOBBRENHER, BHTORRRESEEMEND E (FBIRT1.0x10%/
mol - s7!, HEAEIEIE T 0.8%x10"/mol - s™!, BERTO0.5%10"/mol-s™") DEE
BHELLEE, 0%MBOTOIEETEIRYT 24, REFEDTONREORKIZIZE A
EZBLR 1) W, ZoFERIE I by FY TR (BEEE) PREMoF
TR D e 51, [ZBIREEEE ] YEANZERESERcH LW
BEEEZRLTYWS,

[ZRBPIERAEEE] 24BERSTCRET A 20121, WFIRNE OIEE BB
LUOREROBIENRATRTH A, BRALFNTFRHESEROZEEERET 2400
2, [ZRATFRNEEE | 2B IFREZHE L B2 BREL, EELLEEOE
FEHTZEBBESERBRICIVEN LTS, IAITTOMETIE, BRAZEL:-ED
BREICL-oTHELNLETIS, BEORBHEET L UNTHEREEL JURBERE
DX, FHEEEB L UTHOEF RIS (HERINLTYR Y, SO L H I [ZFBINRE
BEEE ] L AMHRRIEEE, B LTERE - Ze2iMllrETH Y, RERKT
EORBRIBINCENTH A LEL TS,
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