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Abstract

A major goal in reproductive biotechnology is the identification of pathways that regulate early embryonic development and the
allocation of cells to the inner cell mass (ICM) and trophectoderm (TE). Retinoids regulate the development and differentiation of
the bovine blastocyst in vitro, although the involvement of the retinoid X receptors (RXRs) remains to be clarified. This paper
compares the effect of a synthetic RXR agonist (LG100268; LG) with that of the retinoic acid receptor (RAR) agonist all-trans
retinoic acid (ATRA) on blastulation. In vitro-produced morulae were treated for 48 h with LG (0.1 pM, 1 pM and 10 uM), ATRA
0.7 M, or no additives. Treatment with ATRA did not increase the rate of development; however, the LG 0.1 uM treatment
increased both the blastocyst development and hatching rate. Cell numbers increased in the ICM with LG 10 uM, while a dose-
dependent reduction was observed in the TE in the presence of LG. Gene expression levels of p53 and p66 did not vary with LG but
increased with ATRA. Both LG and ATRA activated bax, a pro-apoptotic gene and H2A.Z, a cell cycle-related gene. The above
effects suggest the existence of active pS3-dependent and -independent apoptotic pathways for ATRA and LG, respectively, in the
bovine embryo. The expression of p53 and H2A.Z showed a strong, positive correlation (r = 0.93; p < 0.0001) in all experimental
groups; both proteins are linked through the cell cycle. Agonists of RXR could be used to control blastocyst development and
differentiation.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Vitamin A and its active metabolite retinoic acid
(RA) are required for normal embryonic growth and
development. The disruption of retinoid homeostasis by
exogenous all-frans-RA (ATRA), or the deprivation of
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RA, has been associated with abnormalities during
late development, a consequence of the alteration of the
relationship between cellular retinoid levels and the
genetic developmental program [1,2]. In mammalian
embryos, many RA-controlled genes are represented by
a number of transcription factors, signalling molecules
and enzymes, each of which can activate a number of
different development-related pathways [3]. The con-
version of ATRA to 9-cis-RA and others isomers
produces biologically active compounds that enter the
nucleus and bind to specific receptors, i.e., retinoic acid
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receptors (RARs) and retinoic X receptors (RXRs) [4],
each of which have «, 3 and y subtypes. The RARs are
activated by ATRA and 9-cis-RA, whereas the RXRs
are activated only by 9-cis-RA. The non-specific
binding of 9-cis-RA to both retinoid receptors hinders
the study of RXR transactivation. Heterodimerization
between RXR and RAR and other members of the
steroid/thyroid hormone nuclear receptor superfamily
may occur in response to ligand-mediated activation
[4]. Heterodimers bind to specific DNA sequences,
known as RA-responsive elements, which consist of
two direct repeat half-sites with the consensus sequence
AGGTCA. According to the literature, transactivation
often increases the expression of genes that are
normally silent in the absence of their ligands.
Transcripts of all retinoid subtypes of RXR and RAR
(except for RARP) are expressed during the preim-
plantation stages in bovine embryos produced in vitro
[5-7]. Immunostaining techniques have detected
RARa, RARYy-2 and RXRf in blastocysts [5,6] and
RARa and RXR[ in cumulus cells [8].

In cattle, knowledge of the role of retinoids during
early embryonic development in vitro is limited. We
have shown that ROH stored in the bovine morula can
be made functionally active by conversion to RA during
blastocyst formation [9]. Morulae treated for 24 h with
ATRA give rise to blastocysts with increased cell
proliferation in the TE and ICM, a lower necrotic index,
and an unaffected apoptotic index, although the ICM/
TE apoptotic frequency ratio is directly dependent on
retinoid activity [9]. The present work examines
the involvement of the RAR and RXR pathways in
bovine embryonic development via the use of the RAR
agonist ATRA and a synthetic specific RXR agonist
(LG100268; LG, a gift of Ligand Laboratories).
Blastocyst development and differentiation were ana-
lysed, as was the expression of p53, p66 and bax (genes
involved in growth, arrest and apoptosis) and histone
H2A.Z (a histone H2A variant essential to nucleosome
stability during embryonic development) [10].

2. Materials and methods
2.1. In vitro embryo production

Bovine cumulus—oocyte complexes (COCs) were
aspirated from 3 mm to 8 mm follicles collected from
ovaries removed at the slaughterhouse. Those COCs
with a compact cumulus and homogeneous ooplasm
were rinsed three times with HEPES-buffered TCM 199
(Invitrogen, Barcelona, Spain) containing 0.4 mg/mL
bovine serum albumin (BSA) (Sigma, Madrid, Spain),

and twice with maturation medium (TCM199, 10%
foetal calf serum (FCS), 1 pg/mL of porcine FSH
(F2293 Sigma), 5 wg/mL of sheep LH (L5269 Sigma)
and 1 pg/mL of 17B-estradiol (E8875 Sigma)). Groups
of 40-50 oocytes were allowed to mature in vitro in
four-well culture dishes (Nunc; Barcelona, Spain) for
24h at 39 °C and with 5% CO, in humidified air.
Matured oocytes were co-cultured for 18-20 h with
swim-up separated sperm (Day 0) as described by
Hidalgo et al. [11]. The remaining cumulus cells were
detached using a vortex and the zygotes cultured in
droplets of B2 medium (INRA-Menezo, Paris, France)
with Vero cell monolayers at 39 °C, with 5% CO, in
humidified air and under mineral oil, until 139 h after
insemination (Day 6). Day 6 morulae and early
blastocysts (with not more than 8% showing incipient
cavitation) were equally distributed among the experi-
mental groups. All groups were cultured from Day 6 to
Day 8 (at 39 °C with 5% CO, and 90% N, in humidified
air) in four-well dishes (Nunc) containing 400 w1 of
modified synthetic oviduct fluid (mSOF; containing
amino acids, citrate, myo-inositol and 5% FCS),
supplemented with one of the following: LG 0.1 uM,
LG 1 pM, LG 10 uM and ATRA 0.7 uM [9] and no
additives. Both LG and ATRA were dissolved in
dimethylsulphoxide (DMSO). The concentration of the
vehicle in the culture was adjusted to 0.1% in all groups.
Embryonic development was recorded as being at the
early (blastocoele occupying less than half of the
embryonic mass), mid (blastocoele occupying more
than half of the embryonic mass), expanded (blas-
tocoele expansion leaving no free space inside the zona
pellucida, which appears thinner and enlarged in
diameter) or hatched blastocyst stage (zona pellucida
is broken down and the embryo protrudes or is fully
outside of the zona). On Day 8, the diameter of the
expanded embryos was measured, and hatched embryos
were subjected to differential cell counts and gene
expression analysis.

2.2. Differential cell counts

Blastocysts were fixed and stained for differential
cell counting as described by Thouas et al. [12]. All
were incubated in 500 wl of BSA-free TCM 199 HEPES
(Invitrogen) with 1% Triton-X-100 and 100 pg/mL
propidium iodide for 30 s. They were then fixed in
500 pL. of ethanol with 25 pwg/mL of bisbenzimide
(Hoechst 33342) and stored overnight at 4 °C. Fixed and
stained blastocysts were transferred directly into a
glycerol microdrop on a glass microscope slide. Cell
counts were made using digital images obtained with an
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inverted microscope equipped with a UV-excitation
filter at 330-385 nm and a barrier filter at 420 nm. TE
cells were identified by their red fluorescence; the ICM
cells were blue.

2.3. RNA extraction

Pools of four to six hatched blastocysts were stored in
RNA-Later (Ambion, Austin, TX, USA), kept overnight
at 4 °C, and then stored at —80 °C. Isolation of mRNA
was performed using the Dynabeads mRNA Direct KIT
(Dynal, Oslo, Norway) following the manufacturer’s
instructions. Samples were added to 180 wl of Dyna-
beads oligo (dT)25 (Dynal) and allowed to anneal for
10 min. Poly(A) RNA-bead complexes were separated
from the binding buffer and rinsed in buffers A and B
(Dynal) using a magnetic separator. Poly(A) RNA was
finally eluted in 180 wl of 10 mM Tris—HCI.

2.4. Reverse transcription

RNA reverse transcription was performed for each
experimental group from hatched blastocysts using the
first-strand complementary DNA (cDNA) synthesis kit
for RT-PCR, (AMYV; Roche, Barcelona, Spain) with oligo
d(T) and random primers, following the manufacturer’s
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instructions. The tubes were then incubated at 25 °C for
10 min to allow annealing. The RNA was subsequently
reverse-transcribed at 42 °C for 60 min, followed by
5 min incubation at 99 °C to denature the enzyme. The
oligo d(T) and random primer samples were then cooled
at 4 °C and stored at —20 °C until use.

2.5. Gene expression

Expression analysis included the genes p53, p66, bax
and histone H2A.Z. The candidate reference genes
analysed were beta actin (actin), tyrosine 3-monoox-
ygenase/tryptophan 5-monooxygenase activation pro-
tein, zeta polypeptide (YWHAZ), laminin B,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
ubiquitin and hypoxanthine phosphoribosyl-transferase
(HPRT).

Quantitative PCR was performed with an i-Cycler iQ
Real-Time PCR Detection System (Bio-Rad, Hercules,
CA, USA). SYBR Green PCR Supermix (2x) (Bio-
Rad) was used as a double-stranded DNA-specific
fluorescent dye. Assays were performed in triplicate.
The reaction mixture for amplification consisted of 2 .l
of cDNA in a final reaction volume of 20 wl. Table 1
shows the primer details. The RT-PCR protocol
included an initial step of 95 °C (3 min), followed by

Table 1

Details of primers used for quantitative real-time PCR on bovine hatched blastocysts

Gene Primer sequence (concentration, wM) Fragment Annealing Accesion Reference

size (bp) temperature (°C) number

p53 CTCAGTCCTCTGCCATACTA (0.2) 364 56.4 U74486 [37]
GGATCCAGGATAAGGTGAGC (0.2)

po6 GGTTCGGACAAAGGATCACC (0.2) 334 58 BC122688 [37]
GTGAGGTCTGGGGAGAAGC (0.2)

Bax TGAGCGAGTGTCTGAAGC (0.1) 196 60 U92569 Authors’ design
GCCTTGAGCACCAGTTTG (0.1)

H2A.Z AGGACGACTAGCCATGGACGTGTG (0.2) 208 60 NM_174809 [47]
CCACCACCAGCAATTGTAGCCTTG (0.2)

Actin CGGATGTCCACGTCACACTTC (0.2) 299 60 E00829 Authors’ design
GACTACCTCATGAAGATCCTC (0.2)

YWHA ACCAGTCACAGCAAGCATACC (0.2) 268 60 NM_174814 Authors’ design
GTATCCGATGTCCACAATGTCAAG (0.2)

Lamin B ACTGACCTCATCTGGAAGAACC (0.1) 384 60 XM_003777 [22]
CAAAACTTTCAGTGTCAAAAAGG (0.1)

Ubiquitin GGAGCCCAGTGACACCATCG (0.1) 284 60.8 718245 Authors’ design
TGCCTTCCTTATCCTGGATCTTGG (0.1)

HPRT CGAGATGTGATGAAGGAGATGG (0.2) 186 58.2 AF176419 Authors’ design
GCCTGTTGACTGGTCGTTAC (0.2)

GAPDH GTCACCAGGGCTGCTTTTAATTC (0.1) 274 58 U85042 Authors’ design

CCAGCCTTCTCCATGGTAGTGA (0.1)
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45 cycles of 30 s at 95 °C for DNA denaturation, 40 s
for primers annealing (see Table 1 for each gene
temperature) and a primer extension step of 40 s at
72 °C. Fluorescence data were acquired at 72 °C.
Melting-curve analyses to confirm product specificity
were performed immediately after amplification fol-
lowing 1 min denaturation at 95 °C, 1 min annealing at
65 °C and 60 cycles with 0.5 °C increments (10 s each)
beginning at 65 °C, while monitoring fluorescence. The
melting temperature was always >80 °C. Product
identity was confirmed by electrophoresis in 2%
agarose gels in 1x TBE buffer and staining with
ethidium bromide. The standard curve was produced
using cDNA prepared as above and serially diluted. The
amplification efficiency and correlation coefficients
were higher than 80% and 0.98, respectively.

The target gene Ct (cycle threshold) values were
transformed using the comparative delta-delta-Ct (AACt)
method. This transforms Ct values into normalized
relative expression values, according to a reference Ct
value and a normalization factor (NF). The NF was
obtained using the geNorm applet as described by
Vandesompele et al. [13]. Briefly, the gene expression
stability measure (M) for a reference candidate gene was
calculated as the average pairwise variation (V) for that
gene together with five other reference genes. Stepwise
exclusion of the gene with the highest M value ranked the
reference genes according to their expression stability. To
determine how many reference genes should be used,
NFs were calculated by stepwise inclusion of an extra,
less stable reference gene according to Vandesompele
et al. [13]. The final NF corresponded to the geometric
mean of the most stable reference genes.

2.6. Statistical analysis

Development rates were analysed in two steps. First,
the factors significantly influencing data were identified

Table 2

by categorical data modelling (CATMOD) using SAS
Version 8.2 software (1999; SAS/STAT® Institute Inc.,
Cary). CATMOD fits linear models to response
frequency functions. Treatments and replicates were
found to have significant influence on the dependent
variables. Secondly, those factors identified as sig-
nificant were used to produce a linear model using the
general linear models procedure (GLM; SAS software).
Blastocyst cell counts and gene expression analysis
were also performed using the SAS GLM procedure to
fit linear models (the treatments and replicates were
used as fixed effects). The GLM procedure performs
analysis of variance for unbalanced data and was used to
estimate the least square means (LSM) for each fixed
effect with a significant F' value. Duncan’s multiple-
range test was used to compare the raw means
calculated for the main effects. Development data were
transformed to frequency percentages, blastocyst cell
counts and diameters were handled as absolute values,
and gene expression was represented by arbitrary units.
Correlations among the expression levels of the
analysed genes were calculated for the whole dataset
and for each treatment using the Proc CORR routine
(SAS/STAT software).

3. Results
3.1. Blastocyst development

A total of 1513 morulae and early blastocyst (over 15
replicates) — 33.5% of the cultured oocytes — were
selected for the experimental procedure. Table 2 shows
the blastocyst development data and total embryos
within each experimental group. Embryos cultured in
the presence of LG 0.1 wM showed improved blastocyst
development rates on Day 7 and hatching rates on Day
8, and had larger diameters. Differences between the
LG 0.1 M and the controls tended to be significant on

Blastocyst development rates: percentages of Day 6 bovine morulae that developed to blastocyst at the indicated stages after a 48 h culture period in
mSOF containing 0.7 wM RAR agonist all-trans retinoic acid (ATRA), no additives (control group) or 0.1 uM, 1 uM, 10 uM of a RXR agonist

LG100268 (LG)

Treatment N Day 7 blastocysts (%) Day 8 blastocysts (%)

Early Medium Expanded Medium Expanded Hatched Diameter*
ATRA 0.7 pM 298 56.1 £22 355+21 12.1 £ 1.9b 59.1+£2.6 40.7 £25 12.0 £2.2b 181.3 £3.4c
No additives 295 537+2.1 334 +2.0b 165+ 1.8 532+25 393+24 139 +2.1 183.8 £ 3.9bc
LG 0.1 uM 299 58.1+2.1 40.7 £2.0a 19.1 £1.8a 59.3+£25 459+24 19.0£2.1a 1982 £3.7a
LG 1 pM 298 58.6+22 40.1 £2.1a 16.7+£19 60.3 £2.6 435+25 13.3+£22 188.8 £ 3.6
LG 10 pM 323 532+21 34.4 £+ 2.0b 158+ 1.8 578 £2.5 416+24 122 £ 2.1b 189.9 £ 3.5ab

N = Day 6 morulae; data are LSM £ S.E.M. percentages from cultured morulae (15 replicates); different letters (a, b, ¢) in the same column express

significant differences: p < 0.05. (*) wm in expanded blastocysts.
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Fig. 1. Cell counts of Day 8 hatched blastocysts derived from Day 6 morulae after a 48 h culture period in mSOF containing 0.7 uM RAR agonist
all-trans retinoic acid (ATRA), no additives (control group) or 0.1 pM, 1 uM, 10 uM of the RXR agonist LG100268 (LG): (A) number of cells
within the inner cell mass, (B) number of cells within the trophectoderm, (C) percentage of ICM/total cells and (D) total cells. Different letters
express significant differences—x, y (p < 0.02); a, b (p < 0.06); i, ii (p =0.03); *,** (P < 0.10).

Day 8 at the expanded and hatched stage (p < 0.10; not
shown in table). At a concentration of 1 uM, LG only
had an effect on Day 7 medium blastocyst rates; the LG
10 uM treatment had no effect. Blastocyst development
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in ATRA-containing medium did not differ from that
recorded when no additives were present, although
development traits contrary to that seen in embryos
cultured with LG 0.1 uM were observed.
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Fig. 2. Gene expression stability of the candidate reference genes analyzed by the geNorm program. (A) Average expression stability values (M) of
the control genes, showed from least stable (left) to most stable (right). (B) Pairwise variation analysis: determination of the optimal number of

control genes for normalization.
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Fig. 3. Quantitative gene expression (arbitrary units) in Day 8 hatched blastocysts derived from Day 6 morulae after a 48 h culture period in mSOF
containing 0.7 puM RAR agonist all-frans retinoic acid (ATRA) or no additives (control group) or 0.1 pM, 1 uM, 10 uM of a RXR agonist
LG100268 (LG): (A) p53 relative expression, (B) p66 relative expression, (C) Bax relative expression and (D) histone H2A.Z relative expression.
Different letters express significant differences—x, y (p < 0.01); a, b (p < 0.05); i, ii (P < 0.10).

3.2. Differential cell counts

Fig. 1 shows the differential cell counts. The presence
of LG 10 uM increased the number of cells allocated to
the ICM and the ICM/total cells percentage. However,
the number of cells in the TE was reduced by LG in a
dose-dependent manner; the TE proliferative pattern was
reflected in the total number of cells counted.

3.3. Gene expression

Gene expression was analyzed in eight replicates.
The most stable housekeeping gene was selected from a
set of six candidates (see Table 1). Laminin B, ubiquitin
and beta actin were the three more stable genes; HPRT
was found to be the least stable (Fig. 2A). Fig. 2B shows
the pairwise variation (Vn/Vn+1) between two
sequential NFs: NFn and NFn + 1. A large variation
means that the added gene have a significant effect and
should probably be included in the calculation of the
final NF. In this case, the inclusion of a fourth gene had
no significant effect (V,/3 of 0.177 compared to V3,4 of
0.160) on the NF. The higher Vs (0.225) and Vg,
(0.210) values are due to the inclusion of a relatively
unstable gene and are in line with the average
expression stability M. Therefore, the final NF was
calculated based on the geometric mean of the gene
expression values for laminin B, ubiquitin, actin and

YWHAZ (the most stable genes). Fig. 2A shows the
ranking of the six control genes according to their M
values.

As shown in Fig. 3, the expression of both p53 and
p66 genes was dependent on ATRA and independent of
LG. However, the bax gene was stimulated by ATRA
and, in a dose-dependent manner, by LG. The treatment
of embryos with ATRA triggered H2A.Z gene expres-
sion, while the presence of LG had no effect at
concentrations of 0.1 uM and 1 uM; a trend towards
differing from the controls (p < 0.10) was recorded in
the presence of 10 wM LG. The greatest variation in
gene expression was shown by H2A.Z and p53, which
showed a very strong and significant positive correlation
(r=0.93; p < 0.0001). Indeed, H2A.Z and p53 corre-
lated strongly in all experimental groups (values
between 0.76 (p < 0.005) for controls and 0.98
(p < 0.0001) in embryos treated with ATRA). p66
and bax expressions were positively correlated
(R=0.57; p <0.0003) in embryos treated with LG
10 wM. The expression of p53 and bax correlated in the
ATRA and control groups; no such association was
observed with any LG concentration (data not shown).

4. Discussion

The present work shows that LG100268 (48 h
treatment), a RXR specific ligand, affects both the
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blastocyst rate and differentiation in a dose-dependent
manner.

Only the treatment with 0.1 uM LG for 48 h
improved the blastocyst and hatching rates. Culturing
for 48 h with ATRA did not improve the blastocyst
development and hatching rates, nor did it affect the
ICM and TE cell counts. These results contrast with
those reported in our previous work, where a shorter
exposure to ATRA (24 h) increased the hatching rate
and triggered strong cell proliferation in the ICM and
the TE [9]. If overexposure to retinoids can be defined
on the basis of dose or time (or both), 48 h of culture in
the presence of ATRA might be considered excessive
(whereas 24 h is not). We previously reported that
overexposure (48 h) of cattle oocytes to 9-cis-RA prior
to fertilization reduced blastocyst rates, in contrast to
oocytes incubated for 24 h with 9-cis RA either during
meiotic inhibition or in vitro maturation [11,14,15]. The
detrimental effects of high dosage were reported by
Huang et al. [16] in mice embryos exposed for 24 h to
10 uM ATRA. These authors found antiproliferative
and pro-apoptotic effects that mainly targeted the ICM
[17]. Concentrations of ATRA between 0.3 uM and
1 wM are commonly encountered in the literature on
reproductive cells [9,18,19]. Finally, a concentration of
1 uM ATRA during IVM can improve blastocyst
development (Ikeda S, personal communication).

To date, most standardizations against internal
control genes have involved actin, glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) or 18S rRNA
reference genes. However a number of studies have
provided solid evidence that their transcription levels
are not constant throughout development and differ
between experimental conditions [20-22]. Conse-
quently, a previous validation of candidate reference
genes is crucial for an accurate analysis of gene
expression, since the use of a single, conventional gene
for normalization can lead to errors [13,23]. The authors
of this report suggest to pay special attention to
selecting reference genes belonging to different func-
tional classes, which significantly reduces the chance of
co-regulation. In our work, the expression levels of
laminin B, ubiquitin, actin and YWHAZ genes were
found to be the most stable, while HPRT was the least
stable (Fig. 2A).

Together with nucleosomes, histones participate
directly in the regulation of gene expression. Certainly,
they affect the transcription of genes required for
normal progression through the cell cycle. Chromatin-
modifying enzymes mark histone residues and change
nucleosome conformation, allowing the transcriptional
machinery to transcribe or repress genes [24]. This

occurs through the action of a DNA deposition signal
and a specific pattern of histone tail acetylation [25]. In
Drosophila melanogaster, H2A.Z localizes to the
promoter of genes that have been inactivated, but is
subsequently lost from these upon induction [26].
Interestingly, the H2A.Z sequence is conserved across
many species [27]. In the present work, the presence of
ATRA clearly increased the expression of H2A.Z. The
existence of an RXR control of H2A.Z expression needs
to be further researched: the pattern seen in the present
work was unclear. In eukaryotic cells, chromosome
replication requires the synthesis of histones to package
newly replicated DNA into chromatin. The control of
the histone mRNA level accounts for much of the
control of histone protein synthesis [28]. However, it is
still an open question as to how the expression of
individual histone genes is controlled. Interestingly, the
present work showed a strong linkage between H2A.Z
and p53 gene expression in all five experimental groups;
it is therefore independent of experimental conditions.
This might indicate the existence of an important
constitutive mechanism. It is intriguing how H2A.Z
synthesis, which persists throughout the cell cycle at a
steady level [29], should vary depending on p53. In fact,
despite that seen in the mouse, the histone H2A.Z is
regulated in a replication-independent manner and its
expression level is higher than those of the other H2a
genes. A relationship between the maintenance of
genomic integrity and H2A.Z has recently been
suggested [30]. However, to our knowledge there is
no evidence of a relationship between p53 and H2A.Z,
such as we found in the present work. The cell cycle
arrest is a primary effect induced by p53 for DNA repair
upon genotoxic stress. The protein p53 is involved in the
transition from the G1 to the S phase checkpoints, and at
the S phase and G2/M checkpoints [31]. The onset of
p53 transcription occurs before DNA synthesis, and p53
production peaks during the transition from the G1 to S
phase [32]. As H2A.Z production begins to decrease at
the end of the S phase [33] in coincidence with one of
the p53 checkpoints, the expression pattern of both
genes could be related through the cell cycle.

The presence of ATRA for 24 h [9] and 48 h (this
work) increases p53 gene expression in hatched
blastocysts. However, a 24 h exposure does not reduce
the development rate [9], unlike that which occurs with
a 48 h overexposure. A similar reduction in develop-
ment rates, in coincidence with a strong up-regulation
and nuclear accumulation of p53, has been reported in
mouse blastocysts cultured in vitro, but not in their in
vivo counterparts [34]. In addition, bax expression
correlated with p53 expression in ATRA and untreated
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controls, while this association was not observed under
LG stimulation; this is consistent with the detected
responsiveness of p53 to ATRA but not to LG. All the
relevant correlations detected in the present work were
positive, although p53 downstream effects were
different depending on the retinoid receptor affected.
When the RAR pathway was stimulated by ATRA, the
effect of p53 appeared to be linked to the pro-apoptotic
factor bax. This correlation was even observed in non-
stimulated embryos, probably because of their endo-
genous RA activity [9]. This correlation was not seen in
any LG treatment.

The protein p66 has been associated with cellular
oxidative stress [35,36], embryonic arrest [37], pro-
liferation [38], apoptosis [39] and cellular senescence
[36]. In bovine embryos produced in vitro, p66 mRNA
expression gradually decreases from the zygote to the
blastocyst stage [37]. Protein p66 is downstream to p53
in a p53-dependent apoptosis mechanism [40]. In
contrast to embryos that suffer developmental arrest,
morulae and blastocysts with full developmental
capability show low p66 levels [37]. Thereby, the high
p66 expression levels seen in the embryos treated with
ATRA for 48h are consistent with their reduced
diameters and ability to hatch in comparison with those
treated with LG 0.1 pM. In human cell lines with a non-
functional p53 gene (because it is either absent or has
been inactivated), p66 plays a pro-apoptotic role [41].
The present work shows that p66 and bax expression are
highly correlated, although in contrast to bax, p66 is not
responsive to LG. Some cancer cell lines treated with 9-
cis RA, which binds both to RXR and RAR, show G1
arrest, increased bax protein expression, and unaltered
pS3 levels [42]. A possible explanation of the
detrimental effects of retinoid overexposure could be
increased apoptosis, as both 48 h ATRA and 10 pM LG
activated pro-apoptotic bax gene. In our work apoptosis
markers were determined instead of apoptotic rate, and
a direct control for unspecific overall toxic effects of LG
treatments lacks. However, because its highly specific
binding to RXR, LG100268 has been reported to
execute an apoptotic program in rats without undesir-
able toxicity [43]. On the other hand, RXR agonists
binding may lead to heterodimerization with peroxi-
some proliferator-activated receptors (PPARs), affect-
ing glucose and insulin metabolism [44]. These are
effects that could limit the interpretation of our results.
In the case of the RAR pathway (i.e., ATRA), upstream
activation of p53 and p66 would occur, although neither
P53 nor p66 appeared to be associated with the effects of
bax through the RXR pathway in the present study.
However, consistent with the reduction in cell numbers

and the increased expression of bax induced by LG,
inhibition of the cell cycle at G1/S phase and apoptosis
can be induced through RXR in insulin-producing cells
[45]. Thus, apoptosis in the bovine embryo could be
mediated both by RXR and RAR, as in many other
tissues under different circumstances [46].

In pre-attachment bovine embryos, retinoids have
been shown to interact with cell cycle checkpoint
components and to be involved in cell proliferation.
Although further studies are required to throw light on
the links between retinoid pathways, cell proliferation
and cell cycle regulation in mammalian embryos, the
present study provides some interesting results in this
respect. As previously demonstrated in 24 h ATRA
treatments [9], the RXR pathway can also be used to
regulate cell proliferation within the TE and the ICM,
while LG improves blastocyst hatching and increases
embryonic diameters. An apoptosis pathway linked to
RXR, which might be independent of p53, is suggested
by the present work through the increased bax
expression subsequent to LG treatment. In addition,
the present results provide strong evidence of linkage
between the p53 and H2A.Z genes; both proteins may
relate through the cell cycle. Further research is
necessary to explore other options for modifying
embryonic development and differentiation through
the retinoid signalling pathway.
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