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Abstract

Our objective was to investigate the effects of in vitro culture (IVC) medium supplemented with amphiregulin (AREG) on the

preimplantation embryonic development of porcine (Genus: Sus domestica, Species: Landrace) embryos derived from in vitro

fertilization (IVF) and parthenogenetic activation (PA). In vitro fertilization and PA embryos at the 1-cell stage were cultured in IVC

medium supplemented with 0, 0.5, 5, or 50 ng/mL AREG for 7 d. Therewere significantly greater total numbers of cells in blastocysts of

IVF and PA embryos cultured with 50 ng/mL AREG compared with that of controls. In vitro fertilization and PA embryos were then

cultured in NCSU-23 medium supplemented with 50 ng/mL AREG on Days 1 through 7, Days 1 through 3 (early stage), or Days 4

through 7 (late stage), or without AREG. There were significantly greater numbers of trophoblast cells in the late-stage and full-term

groups of IVF and PA embryos than in the early-stage and control groups. The presence of AREG protein in IVF-derived blastocysts

was detected using a polyclonal AREG antibody and indirect immunofluorescence. Amphiregulin protein was localized in both the

cytoplasm and nucleus. Using real-time polymerase chain reaction, we detected the expression of AREG mRNA in all developmental

stages of IVF and PA embryos; however, the expression level varied according to stage. Thus, the incubation of porcine IVF and PA

embryos in AREG-supplemented culture medium mainly at the late preimplantation stage increases the numbers of trophoblast cells.
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1. Introduction

Despite the multitude of studies on porcine

reproduction, the cellular and molecular events that

are responsible for the high mortality of embryos during

implantation is not clear [1]. Pigs have a diffuse,

epitheliochorial type of implantation that is accom-

plished by the interdigitation of the trophoblast and the

uterine-surface epithelium, but without penetration of
* Tel.: +82 43 261 3393; fax: +82 43 267 3150.
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the uterine epithelium and endometrial stroma [2].

Reciprocal interaction between the implantation-com-

petent blastocyst and receptive endometrium is required

for successful implantation and the maintenance of

pregnancy. Of the various molecules involved in

implantation, members of the epidermal growth factor

(EGF) family are thought to be important for embryonic

attachment. In human and mouse studies, EGF has been

detected in decidual and trophoblastic cells [3] and

affects implantation in many ways; EGF acts as a major

regulator of implantation by enhancing trophoblast

invasion [4,5], trophoblast differentiation [6,7], and

trophoblast proliferation [8].
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Within the EGF family, the glycoprotein amphir-

egulin (AREG) has been proposed as necessary for

successful embryonic implantation. Amphiregulin has

been detected in the luminal epithelium of the mouse

uterus [9], and AREG expression has been detected in

human ovarian epithelial cells [10]. The AREG gene

maps to within the quantitative trait locus for uterine

capacity [11]. Although its transcription is detected by

the porcine conceptus [12], there are no reports

regarding its detection by preimplantation embryos.

In human and mouse, AREG expression in the uterus,

ovary, and conceptus and the AREG gene location

imply that AREG is a good candidate molecule to aid in

successful embryonic implantation [9–12]. Our objec-

tives were to determine whether the supplementation of

culture medium with AREG affects the development of

porcine in vitro fertilization (IVF) and parthenogenetic

activation (PA) embryos; to determine whether the

effects of AREG are dependent on the embryonic

developmental stage; to determine the expression of

AREG mRNA in porcine IVF and PA embryos; and to

study the AREG distribution in porcine IVF and PA

blastocysts.

2. Materials and methods

2.1. Recovery and culture of oocytes

Ovaries were collected from gilts (Genus: Sus

domestica, Species: Landrace) at a local slaughterhouse

and transported to the laboratory within 2 h of collection.

The ovaries were maintained at 30 to 35 8C in

physiologic saline supplemented with penicillin G

(100 U/mL) and streptomycin sulfate (100 mg/mL).

Cumulus-oocyte complexes (COCs) were aspirated from

follicles 3 to 6 mm in diameter using an 18-gauge needle

attached to a 10-mL disposable syringe. Compact COCs

were selected and cultured in tissue culture medium (M-

199; Invitrogen, Carlsbad, CA, USA) supplemented with

10 ng/mL EGF (Sigma, St. Louis, MO, USA), 5 IU/mL

Pregnant mare serum gonadotropin (PMSG) (Intervet;

Boxmeer, The Netherlands), 5 IU/mL human chorionic

gonadotropin (hCG; Intervet), and 10% porcine follicular

fluid (pFF). The pFF was collected according to Hyun

et al. [13] and stored at –20 8C until use. Each group of 50

COCs was cultured in 500 mL M-199 and incubated at

39 8C in a humidified atmosphere of 5% CO2 in 95% air.

After culture for 22 h, COCs were washed three times and

cultured in PMSG- and hCG-free M-199 medium for

another 22 h. At the end of in vitro maturation (IVM),

COCs were transferred to HEPES-buffered NCSU-23

medium containing 0.5 mg/mL hyaluronidase (Sigma)
for 1 min; the cumulus cells were subsequently removed

by gentle pipetting.

2.2. In vitro fertilization and embryo culture

A straw of frozen boar semen was thawed in a water

bath at 39 8C for 1 min and then washed in 10 mL

phosphate-buffered saline (PBS) by centrifuging twice at

350 � g for 3 min [14]. After washing, the sperm pellet

was resuspended in modified Tris-buffered medium

(mTBM) that was pre-equilibrated for 18 h at 39 8C under

5% CO2 [15]. After 44 h of IVM, denuded oocytes were

washed three times in Tyrode’s Lactate-PVA HEPES

(TLH). After washing, groups of 15 oocytes were

randomly placed into 45-mL droplets of mTBM medium

covered with prewarmed mineral oil (Sigma). After

appropriate dilution, 5 mL sperm suspension was added

to a 45-mL drop of mTBM to give a final sperm

concentration of 2 � 106 sperm/mL. The oocytes were

co-cultured with sperm for 6 h at 39 8C in a humidified

atmosphere of 5% CO2 and 95% air. After 6 h, attached

sperm were completely removed from the surface of

zygotes by gentle pipetting. The putative zygotes were

washed three times with TLH before culturing in 25-mL

microdrops (10 zygotes per drop) of NCSU-23 medium

with 0.4% bovine serum albumin (BSA) [16] covered

with mineral oil preincubated under 5% O2, 5% CO2, and

90% N2 at 39 8C for 168 h. All embryos of control groups

were cultured for 7 d in NCSU-23 medium with 0.4%

BSA. Cleavage and blastocyst formation were evaluated

under a stereomicroscope (Olympus, Tokyo, Japan) at 48

and 168 h after insemination, respectively.

2.3. Oocyte activation

After IVM, denuded oocytes were washed three

times in TLH and rinsed twice in activation medium

(0.3 M mannitol, 0.1 mM Mg2+, and 0.05 mM Ca2+;

Sigma). For activation, oocytes were transferred

between electrodes covered with activation medium

in a chamber connected to an electrical pulsing machine

(LF101; Nepa Gene; Chiba, Japan). Oocytes were

treated with two direct-current (DC) pulses of 170 V for

50 msec. Electrically activated oocytes were immedi-

ately transferred into in vitro culture (IVC) medium

supplemented with 5 mg/mL cytochalasin B (Sigma)

and cultured for 6 h. Embryos were then cultured for

168 h in 25-mL microdrops (10 gametes per drop) of

NCSU-23 [16] covered with mineral oil under 5% O2,

5% CO2, and 90% N2 at 39 8C. Cleavage and blastocyst

formation were evaluated under a stereomicroscope at

48 and 168 h after insemination, respectively.
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2.4. Assessment of the number of cells in

blastocysts

The quality of blastocysts was assessed by

differential staining of the inner cell mass (ICM)

and trophectoderm (TE) cells according to a modified

staining procedure [17]. Briefly, TE cells of blas-

tocysts at 168 h were stained with 100 mg/mL

fluorochrome propidium iodide (Sigma) after treat-

ment with a permeabilizing solution containing 1%

(vol/vol) Triton X-100 ionic detergent (Sigma).

Blastocysts were then incubated in a second solution

containing bisbenzimide (Sigma) and 100% ethanol

(for fixation) at 4 8C. Fixed and stained whole

blastocysts were mounted and assessed for the

number of cells using epifluorescence microscopy

(Leica, Bensheim, Germany).

2.5. Indirect immunofluorescence and laser

scanning confocal microscopy

Blastocysts were fixed in 4% paraformaldehyde

(Sigma) for 15 min and subsequently permeabilized

with 0.2% Triton X-100 in PBS for 2 min [18,19]. Fixed,

permeabilized blastocysts were incubated in normal goat

serum overnight at 4 8C to block nonspecific binding, and

the zona pellucida was removed with 1 M HCL. Zona-

free blastocysts were incubated in anti-AREG IgG

(diluted 1:100 in PBS; Lab Vision Co., Fremont, CA,

USA) at 4 8C overnight. After rinsing with PBS, the zona-

free blastocysts were incubated for 60 min in rhodamine-

conjugated goat anti-rabbit IgG (diluted 1:100 in PBS;

Jackson ImmunoResearch Laboratories, Inc., West

Grove, PA, USA) and rinsed several times with PBS.

Nuclei were stained with bisbenzimide (Sigma) for

15 min. Distribution of bound AREG IgG was visualized

using rhodamine-conjugated goat anti-rabbit IgG.

Finally, the slides were rinsed with PBS to remove

excess fluorescence agents and viewed under laser

scanning confocal microscope (Nikon Instruments, Inc.,

Melville, NY, USA).
Table 1

Sequences of the oligonucleotide primers and probes used in real-time PC

Gene

AREG Forward primer

Reverse primer

Probe

HPRT1 Forward primer

Reverse primer

Probe
2.6. Real-time PCR using TaqMan Probe

Total RNA was prepared from the porcine IVF and

PA embryos using the TRIzol reagent (Invitrogen Life

Technologies, Inc., Carlsbad, CA, USA). The first

strand of complementary DNA (cDNA) was prepared

by subjecting total RNA to reverse transcription using

mMLV reverse transcriptase (Invitrogen) and random

primers (9 mer; Takara Bio, Inc., Otsu, Shiga, Japan)

[20]. Real-time PCR was performed in a 20-mL reaction

volume containing 10 mL TaqMan Universal PCR

Master Mix (Applied Biosystems, Foster City, CA,

USA), 1 mL 20X Assays-on-Demand Gene Expression

Assay Mix (Applied Biosystems), and 2 mL cDNA.

Amplification was carried out using a 7300 Real-Time

PCR System (Applied Biosystems) and the following

cycle parameters: initial denaturation at 50 8C for

2 min; 90 8C for 10 min; 40 cycles of denaturation at

95 8C for 15 sec; and annealing and extension at 60 8C
for 1 min. Expression levels were determined using RQ

software (Applied Biosystems). The oligonucleotide

primers and probes used for AREG and HPRT1 are

given in Table 1. The expression of AREG was

normalized to that of HPRT1.

2.7. Experimental Design

2.7.1. Experiment 1

In vitro fertilization and PA embryos at the 1-cell

stage were cultured in NCSU-23 medium supplemented

with 0, 0.5, 5, or 50 ng/mL AREG (Sigma) for 7 d. The

effects of these concentrations of AREG in IVC

medium on the preimplantation development of IVF

and PA embryos were compared by evaluating

development to the blastocyst stage and the number

of ICM and TE cells per blastocyst.

2.7.2. Experiment 2

In vitro fertilization and PA embryos at Days 1 to 7

(full-term group of IVC), Days 1 to 3 (early-stage group

of IVC), Days 4 to 7 (late-stage group of IVC), or
R.

Sequence

50-CAGGATTACTTTGGTGAACGATGTG-30

50-GCAGAGACAAAAGCAGCAATGG-30

50-TCCACAGCGATTTATC-30

50-GGAGTCCCATTGAAATCACCAGTAA-30

50-AAGATAACATGCAATTAGCTCTACTAAGCA-30

50-CTGGCCACAGAACTAG-30
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without AREG (control group) were cultured in NCSU-

23 medium supplemented with 50 ng/mL AREG. The

rate of blastocyst formation and the number of ICM and

TE per blastocyst were evaluated on Day 7.

2.7.3. Experiment 3

In vitro fertilization and PA embryos (mature oocytes,

2-cell, 4-cell, and 8-cell embryos, morulae, and

blastocysts) were collected at the proper time of

development, and the expression of AREG mRNA was

investigated. The experiments were repeated three times

with 10 embryos at each stage. For the distribution of

AREG protein, 10 IVF blastocysts were collected and

analyzed by indirect immunofluorescence.

2.8. Statistical analysis

At least six replicates were performed for each

experiment. All percentage data were arcsine trans-

formed. All percentage data and data sets were expressed

as the mean� SD. Differences in developmental rates

and numbers of cells in blastocysts among groups were

analyzed by ANOVA followed by a Duncan’s multiple

range test using SPSS version 12.0 for Windows (SPSS,

Inc., Chicago, IL, USA). Differences were considered to

be significant at P < 0.05.

3. Results

3.1. Effects of various concentrations of AREG on

porcine IVF embryonic development

The number of TE cells (73.4� 31.0) and the total

number of cells (82.7� 32.0) in blastocysts cultured

with 50 ng/mL AREG were significantly higher than that

in blastocysts of the respective controls (TE cells,

47.3 � 19.9; total cells, 56.2 � 21.5; Table 2), but there

was no significant difference in the number of ICM cells

cultured in 50 ng/mL AREG (9.3 � 2.0) compared with
Table 2

Effects of amphiregulin on in vitro–fertilized porcine embryo development

Amphiregulin (ng/mL)

in culture medium

Number of

oocytes

Embryo development

Number �2 cells

(mean � SD)*

Number of bla

(mean � SD)y

0 147 100 (68.0 � 5.9) 33 (32.1 � 9.7

0.5 148 93 (62.8 � 7.0) 24 (25.9 � 9.5

5 146 99 (67.8 � 13.0) 26 (26.8 � 4.2

50 145 101 (69.7 � 12.4) 32 (31.7 � 10.

a,bWithin the same column, values with different superscript letters are sig
* Percentage of the number of oocytes cultured.
y Percentage of the number of cleaved oocytes.
that of the control (8.9 � 2.2). There were no significant

differences in the percentage of cleaved embryos in the

0.5 ng/mL (62.8� 7.0), 5 ng/mL (67.8� 13.0), or 50 ng/

mL (69.7� 12.4) AREG treatments compared with that

of the control (68.0 � 5.9). No significant differences in

the rate of blastocyst formation were found in the 0.5 ng/

mL (25.9� 9.5), 5 ng/mL (26.8 � 4.2), or 50 ng/mL

(31.7 � 10.8) AREG treatments compared with that of

the control (32.1 � 9.7).

3.2. Effects of various concentrations of AREG on

porcine PA embryonic development

The number of TE cells (60.3� 25.7) and the total

number of cells (68.3� 27.2) in blastocysts cultured

with 50 ng/mL AREG were significantly higher than

those for the respective controls (TE cells, 42.6 � 19.2;

total cells, 51.3 � 21.1; Table 3), but there was no

significant difference in the number of ICM cells cultured

in 50 ng/mL AREG (8.0 � 2.1) compared with that of the

control (8.6 � 2.3). Moreover, there were no significant

differences in the percentage of cleaved embryos in the

0.5 ng/mL (77.8 � 1.9), 5 ng/mL (81.0� 6.8), or 50 ng/

mL (85.7� 3.5) AREG treatments compared with that of

the control (83.8 � 5.3). There were also no significant

differences in the rate of blastocyst formation in the 0.5

ng/mL (74.8 � 12.2), 5 ng/mL (75.8� 16.2), or 50 ng/

mL (71.0� 16.2) AREG treatments compared with that

of the control (75.8� 18.4).

3.3. Effects of AREG on the developmental stage in

porcine IVF embryos

The numbers of TE cells in blastocysts of the full-term

(72.8 � 33.3) and late-stage (73.1 � 19.3) groups were

significantly higher than that in blastocysts of the control

(54.5 � 12.9) and early-stage (55.5 � 12.5) groups

(Table 4). Similarly, the total numbers of cells in

blastocysts of the full-term (83.0 � 35.2) and late-stage
and number of cells in blastocysts in embryos incubated for 7 d.

Number of

blastocysts

evaluated

Number of cells (mean � SD)

stocysts ICM cells TE cells Total cells

) 18 8.9 � 2.2 47.3 � 19.9a 56.2 � 21.5a

) 20 9.5 � 2.6 51.6 � 26.9a,b 60.5 � 29.0a,b

) 18 9.1 � 1.7 52.1 � 21.0a,b 61.2 � 22.1a,b

8) 18 9.3 � 2.0 73.4 � 31.0b 82.7 � 32.0b

nificantly different.
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Table 4

Preimplantation development and number of cells in blastocysts of in vitro–fertilized porcine embryos cultured with 50 ng/mL amphiregulin

according to the day.

Amphiregulin

treatment

Number of

oocytes

Embryo development Number of

blastocysts

evaluated

Number of cells (mean � SD)

Number �2 cells

(mean � SD)*

Number of blastocysts

(mean � SD)y
ICM cells TE cells Total cells

Control (none) 138 100 (71.9 � 5.5) 36 (34.7 � 8.1) 32 8.6 � 2.0 54.5 � 12.9a 63.1 � 14.1a

Day 0 to Day 7 147 103 (70.1 � 12.4) 32 (32.0 � 10.8) 31 10.3 � 2.5 72.8 � 33.3b 83.0 � 35.2b

Day 0 to Day 3 137 100 (72.7 � 6.6) 36 (38.0 � 9.9) 32 9.1 � 2.1 55.5 � 12.5a 64.6 � 13.2a

Day 4 to Day 7 134 94 (70.2 � 6.6) 38 (40.7 � 10.9) 33 9.7 � 2.3 73.1 � 19.3b 82.8 � 19.8b

a,bWithin the same column, values with different superscript letters are significantly different.
* Percentage of the number of oocytes cultured.
y Percentage of the number of cleaved oocytes.

Table 3

Effects of amphiregulin on parthenogenetic porcine embryo development and number of cells in blastocysts in embryos incubated for 7 d in vitro.

Amphiregulin (ng/mL)

in culture medium

Number of

oocytes

Embryo development Number of

blastocysts

evaluated

Number of cells (mean � SD)

Number �2 cells

(mean � SD)*

Number of blastocysts

(mean � SD)y
ICM cells TE cells Total cells

0 99 83 (83.8 � 5.3) 62 (75.8 � 18.4) 34 8.6 � 2.3 42.6 � 19.2a 51.3 � 21.1a

0.5 99 77 (77.8 � 1.9) 58 (74.8 � 12.2) 40 8.8 � 2.6 50.6 � 26.0a,b 59.3 � 27.9a,b

5 100 81 (81.0 � 6.8) 60 (75.8 � 16.2) 38 8.2 � 2.4 48.7 � 28.3a,b 56.9 � 30.3a,b

50 99 84 (85.7 � 3.5) 58 (71.0 � 16.2) 43 8.0 � 2.1 60.3 � 25.7b 68.3 � 27.2b

a,bWithin the same column, values with different superscript letters are significantly different.
*Percentage of the number of oocytes cultured.
yPercentage of the number of cleaved oocytes.
(82.8 � 19.8) embryos were significantly higher than that

in blastocysts of the control (63.1� 14.1) and early-stage

(64.6 � 13.2) embryos, but the numbers of ICM cells in

full-term (10.3 � 2.5) and late-stage (9.7� 2.3) embryos

were not significantly different than that in the control

(8.6� 2.0) and early-stage (9.1� 2.1) embryos. There

were no significant differences in the percentage of

cleaved embryos in the treatment groups (full-term,

70.1� 12.4; early-stage, 72.7� 6.6; late-stage,

70.2� 6.0) compared with that in the control

(71.9 � 5.5). There were also no significant differences

in the rate of blastocyst formation in the treatment groups
Table 5

Preimplantation development and number of cells in blastocysts of parth

according to the day.

Amphiregulin

treatment

Number of

oocytes

Embryo development

Number �2 cells

(mean � SD)*

Number of blasto

(mean � SD)y

Control (none) 134 115 (85.5 � 6.0) 86 (75.1 � 5.6)

Day 0 to Day 7 130 115 (88.5 � 4.0) 78 (69.2 � 13.6)

Day 0 to Day 3 133 115 (86.5 � 9.8) 80 (69.2 � 9.1)

Day 4 to Day 7 134 112 (83.8 � 2.0) 87 (75.9 � 14.2)

a,bWithin the same column, values with different superscript letters are sig
* Percentage of the number of oocytes cultured.
y Percentage of the number of cleaved oocytes.
(full-term, 32.0� 10.8; early-stage, 38.0� 9.9; late-

stage, 40.7� 10.9) compared with that in the control

(34.7 � 8.1).

3.4. Effects of AREG on the developmental stage in

porcine PA embryos

The numbers of TE cells in blastocysts of the full-term

(61.6� 15.7) and late-stage (65.6� 15.9) embryos were

significantly higher than that in blastocysts of the control

(52.7� 14.2) and early-stage (53.2 � 11.3) embryos

(Table 5). Similarly, the total numbers of cells in
enogenetic porcine embryos cultured with 50 ng/mL amphiregulin

Number of

blastocysts

evaluated

Number of cells (mean � SD)

cysts ICM cells TE cells Total cells

31 9.7 � 2.6 52.7 � 14.2a 62.5 � 15.5a

33 10.9 � 1.8 61.6 � 15.7b 72.5 � 16.0b

33 10.2 � 2.5 53.2 � 11.3a 63.4 � 13.0a

38 9.7 � 2.7 65.6 � 15.9b 75.3 � 17.7b

nificantly different.
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Fig. 1. Indirect immunofluorescence assays using an anti-AREG IgG showing the expression of AREG protein in porcine IVF blastocysts. (a)

Nuclei were labeled by bisbenzimide (blue). (b) Epifluorescence image of blastocyst exposed to the anti-AREG IgG. The rhodamine signal (red) is

localized in the cytoplasm and the nucleus. (c) Merged (a) and (b). The rhodamine signal is localized in the cytoplasm and the nucleus. The scale bar

represents 100 mm.

Fig. 2. Expression level of AREG mRNA in the different stages of

porcine embryonic development derived from (A) IVF and (B)

parthenogenesis. X-axis: Developmental stage (MO, mature oocyte;

2C, 2-cell stage; 4C, 4-cell stage; 8C, 8-cell stage; M, morula stage;

BL, blastocyst). Y-axis: Normalized relative expression. The relative

expression of AREG mRNA in the different stages was analyzed by

real-time PCR. The data represent the mean � SE for all samples. The

expression of AREG mRNA was normalized to HPRT1. (A) aP < 0.05

for MO, 2C, 4C, and BL; bP < 0.05 for MO, 2C, 4C, BL. (B)
aP < 0.05 for MO, 2C, 4C, 8C, M, and BL.
blastocysts of the full-term (72.5 � 16.0) and late-stage

(75.3� 17.7) groups were significantly higher than that

in blastocysts of the control (62.5 � 15.5) and early-stage

(63.4� 13.0) groups, but the numbers of ICM cells in the

full-term (10.9� 1.8) and late-stage (9.7 � 2.7) groups

were not significantly different than that in the control

(9.7 � 2.6) and early-stage (10.2� 2.5) groups. There

were no significant differences in the percentage of

cleaved embryos in the treatment groups (full-term,

88.5 � 4.0; early-stage, 86.5 � 9.8; late-stage,

83.8 � 2.0) compared with that in the control

(85.5� 6.0). There were no significant differences in

the rate of blastocyst formation in the treatment groups

(full-term, 69.2 � 13.6; early-stage, 69.2 � 9.1; late-

stage, 75.9 � 14.2) compared with that in the control

(75.1� 5.6).

3.5. Distribution of AREG protein observed by

indirect immunofluorescence

Porcine blastocysts exposed to the anti-AREG

antibody exhibited both a cytoplasm and nuclear

localization of fluorescence (Fig. 1). Epifluorescence

image of blastocyst exposed to the anti-AREG IgG

(Fig. 1B) corresponded with nuclei labeled by

bisbenzimide (Fig. 1A). Distributions of AREG in

porcine blastocyst were detected in ICM and TE cells.

3.6. Expression of AREG mRNA in porcine IVF and

PA embryos

AREG mRNA was amplified by real-time PCR using

the TaqMan probe. AREG mRNA was detected in

mature oocytes, 2-cell, 4-cell, and 8-cell embryos,
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morulae, and blastocysts derived from IVF and PA. The

amounts of AREG mRNA were compared by calculat-

ing AREG/HPRT1 mRNA expression using real-time

RT-PCR. In IVF embryos, the expression of AREG

mRNA surged significantly at the 8-cell stage, main-

tained a high level through the morula stage, and then

decreased significantly at the blastocyst stage (Fig. 2A).

In PA embryos, although the level of AREG mRNA

from the 8-cell to the blastocyst stage was significantly

lower than that of the 4-cell stage, the AREG mRNA

expression at the 4-cell stage was significantly higher

than that of mature oocytes and the 2-cell stage embryos

(Fig. 2B).

4. Discussion

Porcine embryos are invaluable for the study of

preimplantation embryo development in vitro because

large numbers of oocytes can be obtained from abattoir-

derived ovaries. Despite their popularity, in vitro

developmental systems for porcine embryos are still

relatively inefficient compared with use of embryos in

vivo [21]. Major disadvantages of IVC are the low

numbers of blastocysts, as well as the low total number

of cells in the blastocysts. Thus, our main objective was

to investigate the effect of AREG on the development of

porcine IVF and PA embryos in vitro. Because AREG is

a member of the EGF family, its role can be inferred

from the study of EGF. In bovine embryos, EGF

supplementation of the culture medium increased the

total number of cells in blastocysts [22]. In mice

embryos, EGF induced an embryotrophic effect and

increased blastocele formation [23,24]. Epidermal

growth factor also stimulates the proliferation of

trophoblast cells to increase the number of cells in

blastocysts [25,26]. However, EGF had no effect on the

rate of blastocyst formation and the total number of

cells in blastocysts of the porcine embryo [21], whereas

a previous study showed that EGF supplementation

increased the rate of blastocyst formation [27], the

proliferation of trophoblast cells, and the total number

of cells in blastocysts of porcine embryos [28].

Although the experimental design of our study was

different than those of other EGF studies, our results

demonstrate that AREG at 50 ng/mL significantly

improves the total number of cells in blastocysts of

porcine embryos by increasing the number of tropho-

blast cells.

Because porcine preimplantation embryos are

usually cultured for 7 d in vitro, we attempted to

determine whether AREG has a role in the development

of preimplantation embryos from Day 1 through 7 (full-
term), Day 1 through 3 (early-stage), and Day 4 through

7 (late-stage). Amphiregulin had no effect on the

cleavage and blastocyst formation of porcine IVF and

PA embryos; however, the cleavage rates of controls for

the IVF (68% to 71%) and PA groups (83% to 85%), as

well as the blastocyst formation rates for the IVF (32%

to 34%) and PA control groups (�75%), indicate that

the in vitro system is effective for culturing porcine

embryos. In the late-stage group, porcine IVF and PA

embryos incubated with AREG had significantly greater

total numbers of trophoblast cells, as shown also in mice

[29]. Rossant [30] reported that isolated stem cell lines

from trophoblast cells could provide a novel, controlled

source of cells to drive embryonic stem (ES) cell

differentiation into a broader range of embryonic

progenitors to mimic early interactions and influence

ES cell differentiation [30]. The trophoblast cells have

also provided new insights into the signaling pathways

required for their maintenance in vitro and in vivo [31].

Considering this potential application, we propose that

it could be possible to apply a model for trophoblast

stem cells using AREG.

The expression of AREG mRNA in blastocysts has

been reported in the mouse [29]; however, there have

been no investigations to date to identify the expression

of AREG mRNA in porcine preimplantation embryos.

We report here for the first time that AREG mRNA is

present as a maternal message in mature oocytes and

that it can be detected in 2-cell, 4-cell, and 8-cell

embryos, morulae, and blastocysts derived from IVF

and PA using real-time PCR. Because a switch from

maternal to embryonic transition appeared to occur at

the 4- to 8-cell stage in porcine embryos [32], the

quantity of AREG mRNA transcript differed according

to the developmental stage. In IVF embryos, the

expression of AREG mRNA surged significantly at the

beginning of the third cell cycle (8-cell stage) and

decreased at the blastocyst stage. In contrast with the

IVF embryos, the expression of AREG mRNA in PA

embryos surged at the beginning of the second cell cycle

(4-cell stage) and was maintained until the blastocyst

stage. This difference in the expression pattern of AREG

mRNA suggests that it was influenced by a paternal

message.

We used indirect immunofluorescence to report the

distribution of AREG proteins in porcine blastocysts for

the first time. Amphiregulin protein was localized in both

cytoplasmic and nuclear regions of porcine blastocysts

(Fig. 1). Because EGF, TGF-a, and AREG bind to the

EGF receptor (EGFR) and act as growth stimulators [33–

35], the results from Experiments 1 and 2 indicate that

AREG might play an important role during the late stages



J.H. Lee et al. / Theriogenology 72 (2009) 1023–10311030
(Days 4 through 7) of embryonic development by

operating through EGFR within the embryo. Normal

embryonic development in defined culture medium

suggests that preimplantation embryos produce growth-

promoting factors [26]. This was consistent with the

expression of several growth factors, cytokines, and their

receptors in the embryo and uterus, as well as beneficial

effects of these factors on embryonic development and

function [26,36–38]. Therefore, the late-stage embryo

contained more cells, as well as more growth-factor

receptors, than did earlier stage embryos. NCSU-23

medium supplemented with AREG promoted cell

proliferation and produced healthy blastocysts. Accord-

ing to the embryotrophic effect of AREG (Experiments 1

and 2) and the AREG mRNA expression pattern

(Experiment 3), the decreased level of AREG mRNA

at the late stage in the IVF embryo could be enhanced by

the addition of exogenous AREG. Therefore, it is likely

that porcine preimplantation embryos may produce

AREG and be influenced by AREG in both an autocrine

and paracrine manner.

We investigated the effect of AREG supplementation

on the in vitro development of porcine IVF and PA

embryos. The optimal concentration of AREG was 50

ng/mL, and an effective treatment duration for in vitro

culture was necessary to increase the number of

trophoblast cells in IVF and PA blastocysts without

affecting the rates of cleavage and blastocyst formation.

These results suggest that AREG can be used to

stimulate trophoblast cells to proliferate in preimplan-

tation porcine embryos.

Acknowledgments

This work was supported by a grant (no.

20070301034040) from the BioGreen 21 Program,

Rural Development Administration, Republic of Korea.

References

[1] Cross JC, Werb Z, Fisher SJ. Implantation and the placenta: key

pieces of the development puzzle. Science 1994;26(5190):

1508–18.

[2] Schlafke S, Enders AC. Cellular basis of interaction between

trophoblast and uterus at implantation. Biol Reprod 1975;12:41–

65.

[3] Hofmann GE, Scott Jr RT, Bergh PA, Deligdisch L. Immuno-

histochemical localization of epidermal growth factor in human

endometrium, decidua, and placenta. J Clin Endocrinol Metab

1991;73(4):882–7.

[4] Bass KE, Morrish D, Roth I, Bhardwaj D, Taylor R, Zhou Y,

Fisher SJ. Human cytotrophoblast invasion is up-regulated by

epidermal growth factor: evidence that paracrine factors modify

this process. Dev Biol 1994;164:550–61.
[5] Staun-Ram E, Goldman S, Gabarin D, Shalev E. Expression and

importance of matrix metalloproteinases 2 and 9 (MMP-2 and -

9) in human trophoblast invasion. Reprod Biol Endocrinol

2004;2(1):59–71.

[6] Maruo T, Matsuo H, Otani T, Mochizuki M. Role of epidermal

growth factor (EGF) and its receptor in the development of the

human placenta. Reprod Fertil Dev 1995;7(6):1465–70.

[7] Dakour J, Li H, Chen H, Morrish DW. EGF promotes develop-

ment of a differentiated trophoblast phenotype having cmyc and

junB proto-oncogene activation. Placenta 1999;20(1):119–26.

[8] Li RH, Zhuang LZ. The effect of growth factors on human

normal placental cytotrophoblast cell proliferation. Hum Reprod

1997;12(4):830–4.

[9] Das SK, Chakraborty I, Paria BC, Wang XN, Plowman G, Dey

SK. Amphiregulin is an implantation-specific and progesterone-

regulated gene in the mouse uterus. Mol Endocrinol 1995;9:691–

705.

[10] Johnson GR, Saeki T, Auersperg N, Gordon AW, Shoyab M,

Salomon DS, Stromberg K. Response to and expression of

amphiregulin by ovarian carcinoma and normal ovarian surface

epithelial cells: nuclear localization of endogenous amphiregu-

lin. Biochem Biophys Res Commun 1991;180: 481-488.

[11] Kim JG, Vallet JL, Rohrer GA, Christenson RK. Mapping of the

porcine AREG and EGF genes to SSC8. Anim Genet

2002;33:314–5.

[12] Kennedy TG, Brown KD, Vaughan TJ. Expression of the genes

for the epidermal growth factor receptor and its ligands in

porcine corpora lutea. Endocrinology 1993;132:1857–9.

[13] Hyun SH, Lee GS, Kim DY, Kim HS, Lee SH, Nam DH, et al.

Production of nuclear transfer-derived piglets using porcine fetal

fibroblasts transfected with the enhanced green fluorescent

protein. Biol Reprod 2003;69:1060–8.

[14] Johnson LA, Weitze KF, Fiser P, Maxwell WMC. Storage of boar

semen. Anim Reprod Sci 2000;62:143–72.

[15] Abeydeera LR, Day BN. Fertilization and subsequent develop-

ment in vitro of pig oocytes inseminated in a modified tris-

buffered medium with frozen-thawed ejaculated spermatozoa.

Biol Reprod 1997;57:729–34.

[16] Kim S, Lee GS, Lee SH, Kim HS, Jeong YW, Kim JH, et al.

Embryotrophic effect of insulin-like growth factor (IGF)-I and

its receptor on development of porcine preimplantation embryos

produced by in vitro fertilization and somatic cell nuclear

transfer. Mol Reprod Dev 2005;72:88–97.

[17] Thouas GA, Korfiatis NA, French AJ, Jones GM, Trounson AO.

Simplified technique for differential staining of inner cell mass

and trophectoderm cells of mouse and bovine blastocysts.

Reprod Biomed Online 2001;3:25–9.

[18] Akagi M, Yokozaki H, Kitadai Y, Ito R, Yasui W, Haruma K,

et al. Expression of amphiregulin in human gastric cancer cell

lines. Cancer Suppl 1995;75(6):1460–6.

[19] Johnson GR, Saeki T, Auersperg N, Gordon AW, Shoya M,

Salomon DS, Stromberg K. Response to and expression of

amphiregulin by ovarian carcinoma and normal ovarian surface

epithelial cells: nuclear localization of endogenous amphiregu-

lin. Biochem Biophys Res Commun 1991;180(2):481–8.

[20] Lee GS, Choi KC, Jeung EB. Glucocorticoids differentially

regulate expression of duodenal and renal calbindin-D9k

through glucocorticoid receptor-mediated pathway in mouse

model. Am J Physiol Endocrinol Metab 2006;290(2):E299–307.

[21] Abeydeera LR, Wang WH, Cantley TC, Rieke A, Prather RS,

Day BN. Presence of epidermal growth factor during in vitro

maturation of pig oocytes and embryo culture can modulate



J.H. Lee et al. / Theriogenology 72 (2009) 1023–1031 1031
blastocyst development after in vitro fertilization. Mol Reprod

Dev 1998;51:395–401.

[22] Lee ES, Fukui Y. Effects of various growth factors in a defined

culture medium on in vitro development of bovine embryos

mature and fertilized in vitro. Theriogenology 1995;44:71–83.

[23] Wood SA, Kaye PL. Effects of epidermal growth factor on

preimplantation mouse embryos. J Reprod Fertil 1989;85:575–82.

[24] Paria BC, Das SK, Mead RA, Dey SK. Expression of epidermal

growth factor receptor in the preimplantation uterus and blas-

tocyst of the western spotted skunk. Biol Reprod 1994;51:

205–13.

[25] Nieder GL, Caprio TL. The effect of growth factors and culture

conditions on trophoblast outgrowth from mouse blastocysts.

Biol Reprod 1991;44(Suppl. 1):57 [abstract].

[26] Paria BC, Dey SK. Preimplantation embryo development in

vitro: cooperative interactions among embryos and role of

growth factors. Proc Natl Acad Sci U S A 1990;87:4756–60.

[27] Wei Z, Park KW, Day BN, Prather RS. Effect of epidermal

growth factor on preimplantation development and its receptor

expression in porcine embryos. Mol Reprod Dev 2001;60:457–

62.

[28] Lee GS, Kim HS, Hyun SH, Jeon HY, Nam DH, Jeong YW, et al.

Effect of epidermal growth factor in preimplantation develop-

ment of porcine cloned embryos. Mol Reprod Dev 2005;71(1):

45–51.

[29] Tsark EC, Adamson ED, Withers III GE, Wiley LM. Expression

and function of amphiregulin during murine preimplantation

development. Mol Reprod Dev 1997;47:271–83.
[30] Rossant J. Stem cell and lineage development in the mammalian

blastocyst. Reprod Fertil Dev 2007;19:111–8.

[31] Corson LB, Yamanaka Y, Lai KM, Rossant J. Spatial and

temporal patterns of ERK signaling during mouse embryogen-

esis. Development 2003;130:4527–37.

[32] Maddox-Hyttel P, Dinnyes A, Laurincik J, Rath D, Niemann H,

Rosenkranz C, Wilmut I. Gene expression during pre- and peri-

implantation embryonic development in pigs. Reprod Suppl

2001;58:175–89.

[33] Massague J. Epidermal growth factor-like transforming growth

factor. II. Interaction with epidermal growth factor receptors in

human placenta membranes and A431 cells. J Biol Chem

1983;258:13614–20.

[34] Schreiber AB, Winkler ME, Derynck R. Transforming growth

factor-a is a more potent angiogenic mediator than epidermal

growth factor. Science 1986;232:1250–3.

[35] Shoyab M, Plowman GD, McDonald VL, Bradley JG, Todaro

GJ. Structure and function of human amphiregulin: a member of

the epidermal growth factor family. Science 1989;243:1074–6.

[36] Carson DD, Bagchi I, Dey SK, Enders AC, Fazleabas AT, Lessey

BA, Yoshinaga K. Embryo implantation. Dev Biol 2000;223:

217–37.

[37] Paria BC, Lim H, Das SK, Reese J, Dey SK. Molecular signaling

in uterine receptivity for implantation. Semin Cell Dev Biol

2000;11:1–8.

[38] Stewart CL, Cullinan EB. Preimplantation development of the

mammalian embryo and its regulation by growth factors. Dev

Genet 1997;21:91–101.


	Amphiregulin promotes the proliferation of trophoblast cells �during preimplantation development of porcine embryos
	Introduction
	Materials and methods
	Recovery and culture of oocytes
	In vitro fertilization and embryo culture
	Oocyte activation
	Assessment of the number of cells in blastocysts
	Indirect immunofluorescence and laser scanning confocal microscopy
	Real-time PCR using TaqMan Probe
	Experimental Design
	Experiment 1
	Experiment 2
	Experiment 3

	Statistical analysis

	Results
	Effects of various concentrations of AREG on porcine IVF embryonic development
	Effects of various concentrations of AREG on porcine PA embryonic development
	Effects of AREG on the developmental stage in porcine IVF embryos
	Effects of AREG on the developmental stage in porcine PA embryos
	Distribution of AREG protein observed by indirect immunofluorescence
	Expression of AREG mRNA in porcine IVF and PA embryos

	Discussion
	Acknowledgments
	References


