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that Hmgpi stage-specifically regulates a set of genes that drive
peri-implantation development. It will be valuable to identify
both cofactors that bind HMGPI and recognize specific DNA
sequences, as well as genes that arc regulated by Hmgpi using
ES cells. A better understanding of the Himgpi transcriptional
network will also improve culture methods for healthy blasto-
cylslts and for generating, maintaining and differentiating ES
cells.

MATERIALS AND METHODS

Identification of the mouse Humgpi gene by in silico analysis

Preimplantation-specific genes were identificd based on global
gene expression profiling of oocytes and preimplantation
embryos (3,40) and expressed sequence tag (EST) frequencies
in the Unigene databasc. SMART (19) was uscd for domain
prediction analysis. Orthologous relationships between HMG
family genes were identified from phylogenetic-tree amino
acid sequences determined by a sequence distance method
and the Neighbor Joining (NJ) algorithm (41) using Vector
NTI software (Invitrogen, Carlsbad, CA, USA).

Collection and manipulation of embryes

Six- to 8-weck-old B6D2F1 mice were superovulated by
injecting 5 TU of pregnant-mare serum gonadotropin (PMS;
Calbiochem, La Jolla, CA, USA) followed by 5 TU of
human chorionic gonadotropin (HCG; Calbiochem) 48 h
later. The Institutional Review Board of the National Research
Institte for Child Health and Development, Japan granted
ethics approval for embryo collection from the mice. Unferti-
lized epgs were harvested 18 h after the HCG injection by a
standard published method (42), and the cumulus cells were
removed by incubation in M2 medium (EmbryoMax M-2
Powdcred Mouse Embryo Culture Medium; Millipore,
Billerica, MA, USA) supplemented with 300 wg/ml hyaluroni-
dase (Sigma-Aldrich, St Louis, MO, USA). The eggs were
then thoroughly washed, selected for good morphology and
collected. Fertilized eggs were also harvested from mated
superovulated mice in the same way us unfertilized eggs and
embryos with two pronuclei (PN) were collected to synchro-
nize in vifro embryo development. Fertilized eggs were cul-
tured in synthetic oviductal medium enriched with potassium
(EmbryoMax KSOM Powdered Mouse Embryo Culture
Medium; Millipore) at 37°C in an atmosphere of 95% air/
5% CO;. Cultured blastocysts were transferred into pseudo-
pregnant recipients as describcd previously (42). We trans-
ferred 3.5 dpc blastocysts into the uteri of 2.5 dpc
pseudopregnant ICR female mice. RNA interference exper-
iments were carried out by microinjecting <10 pl (25 ng/pl)
of oligonucleotides (siHmgpi and siControl) into the
cytoplasm of zygotes. The optimal siRNAs were determined
by testing different concenwrations (5, 10, 25 and 50 ng/pl)
of three siRNAs (PE Applied Biosystems, Foster City, CA,
USA), resuspended and diluted with the microinjection
buffer (Millipore). Their target sequences are listed in Sup-
plementary Material, Table S3. More than 10 independent
experiments were performed to study the effect of Himgpi
knockdown on preimplantation development and implantation.

Culture of ES cells and blastecyst outgrowth

A mouse ES cell ling (B6/129ter/sv line) was first cultured for
two passages on gelatin-coated culture dishes in the presence
of leukemia inhibitory factor (LIF) to remove contaminating
feeder cells. Cells were then seeded on gelatin-coated 6-well
plates at a density of 1-2 x 10°/well (1-2 x 10%cm?) and
cultured for 3 days in complete ES mcdium: KnockOut
DMEM (Invitrogen) containing 15% KnockOut Serum Repla-
cement (KSR; Invitrogen), 2000 U/ml ESGRO (mLIF; Chemi-
con, Temecula, CA, USA), 0.1 mm non-essential amino acids,
2mm GlutaMax (Invitrogen), 0.1 mm beta-mercaptoethano
(2-ME; Invitrogen) and penicillin/streptomycin (50 U/50 g/
ml; Invitrogen). Blastocyst outgrowth experiments were
carried out according to a standard procedure (42). In brief,
zona pellucidae of blastocysts at 3.5 dpc were removed
using acidic Tyrode's solution (Sigma). The blastocysts were
cultured individually in the ES medium on gelatinized
chamber slides at 37°C in an atmosphere of 5% CO,. The cul-
tured cells were examined and photographed daily. Alkaline
phosphatase activity was measured using a specific detection
kit (Vector Laboratories, CA, USA) after 6 days in culture.
Four independent experiments were performed.

Immunostaining of oocytes and preimplantation embryos

Samples were fixed in 4% paraformaldehyde (Wako Pure
Chemical, Osaka, Japan) with 0.1% glutaraldchyde (Wako)
in phosphate-buftered saline (PBS) for 10 min at room temp-
erature (RT), and then permeabilized with 0.5% Triton X-100
(Sigma) in PBS for 30 min. Immunocytochcmical staining was
performed by incubating the fixed samples with primary
antibodies for 60 min, followed by secondary antibodics for
60 min. A polyclonal antibody to mouse HMGPI was raised
in rabbits against three synthesized peptides designed accord-
ing to sequence specificity, homology betwcen mouse and
human HMGPI, antigenicity, hydrophilicity and synthetic
suitability [(i} CIQGHHDGAQSSRQDFTD, (ii)}) CMSMSGG
RSSKFGRTEQS, (iii)) ESPRTVSSDMKFQGC; Medical &
Biological Laboratories Co, Nagoya, Japan). The anti-HMPGI
was used at 1:300 dilution, followed by Alexa Fluor 546 goat
anti-rabbit IgG (Molecular Probes, Invitrogen) as the second-
ary antibody. The anti-Histone H2B antibody (Medical &
Biological Laboratories Co, Nagoya, Japan) was used at
1:300 dilution as positive control of nuclear staining, followed
by Alexa Fluor 488 goat anti-mouse IgG (Molecular Probes,
Invitrogen) as the secondary antibody. Blastocysts were
immunostained using a monoclonal anti-Oct4 antibody
(mouse IgG2b isotype, 200 pg/ml; Santa Cruz Biotechnology,
Santa Cmz, CA, USA), rabbit polyclonal anti-Nanog antibody
(ReproCELL, Tokyo, Japan), mouse monoclonal anti-Cdx2
antibody (CELL MARQUE, Rocklin, CA, USA), mouse
monoclonal anti-BrdU antibody (Santa Cruz) and rabbit
monoclonal anti-active caspase 3 (Abcam) antibody, al!
diluted at 1:50-300. The appropriate secondary antibedics
(I1gG) were diluted at 1:300 and supplied by Molecular
Probes/Invitrogen: goat anti-rabbit IgG conjugated with
Alexa Fluor 546 and goat anti-mouse IgG(H 4 L) conjugated
with Alexa Fluor 488. The cellular DNA (nuclei) was stained
with 4',6-diamidino-2-phenylindole (DAPI, Wako; diluted
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1:300). The cells were then washed with PBS and viewed by
laser confocal microscopy (LSM510, Zeiss). For HMGPI
immunostaining, all samples were processed simultaneously.
The laser power was adjusted so that the signal intensity
was below saturation for the developmental stage that dis-
played the highest intensity and all subsequent images were
scanned at that laser power. This allowed us to compare
signal intensities for HMGPI expression at different develop-
mental stages. The other molecules in blastocysts and out-
growth were viewed and imaged as for the HMGPI expression.

Immunocytochemistry of blastocyst outgrowths
and ES cells

Cultured ES cells and blastocyst outgrowths were fixed with
4% paraformaldehyde for 10 min at 4°C, treated with 0.1%
Triton X-100 (Sigma) in PBS for 15 min at RT, and then incu-
bated for 30 min at RT in protein-blocking solution consisting
of PBS supplemented with 5% normal goat serum (Dako,
Glostrup, Denmark). The samples were then incubated over-
night with the primary antibodies to OCT4, HMGPI, BrdU
or active caspase 3 in PBS at 4°C. The cells were then exten-
sively washed in PBS and incubated at RT with Alexa Fluor
488 goat anti-mouse [gGl (anti-OCT4 and anti-BrdU anti-
bodies, diluted 1:300; Molecular Probes) or Alexa Fluor 546
goat anti-rabbit IgG(H + L) (anti-HMGPI and anti-caspase 3
antibodies, diluted 1:300), and nuclei were counterstained
with DAPI for 30 min. To prevent fading, cells were then
mounted in Dako fluorescent mounting medium (Dako).

Incorporation of bromodeoxyuridine (BrdU)

E3.5 blastocysts and blastocyst outgrowths were cultured for
16 h in KSOM and ES medium, respectively, supplemented
with 10 pM BrdU (Sigma). Samples were then fixed in 4%
paraformaldehyde for 20 min, washed in PBS and then
treated with 0.5 M HCl for 30 min.

RNA extraction and real-time quantitative reverse
transcriptase (QRT)-PCR

"Embryos for qRT-PCR analysis were collected at 18h
post-hCG and cultured as described above. They were har-
vested at 0.5, 1.25, 1.75, 2.25, 2.75 and 3.75 dpc to obtain fer-
tilized eggs 2-cell, 4-cell, 8-cell, morula and blastocyst
embryos, respectively. Three subsets of 10 and 50 synchro-
nized and intact embryos were transferred in PBS sup-
plemented with 3 mg/ml polyvinylpyrrolidone (PVP) and
stored in liquid nitrogen. Total RNA from 10 and 50
embryos was extracted using the PicoPure RNA Isolation
Kit (Arcturus, La Jolla, CA, USA). The reverse transcription
reaction, primed with polyA primer, was performed using
Superscript III reverse transcriptase (Invitrogen) following
the manufacturer’s instructions. Total RNA isolated was
reverse transcribed in a 20 pl volume. The resulting cDNA
was quantified by qRT-PCR analysis using the SYBR
Green Realtime PCR Master Mix (Toyobo, Osaka, Japan)
and ABI Prism 7700 Sequence Detection System (PE
Applied Biosystems) as described previously (43). An
amount of cDNA equivalent to 1/2 an embryo was used for
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each real-time PCR reaction with a minimum of three repli-
cates, with no-RT and no-template controls for each gene.
Data were normalized against H2afz by the AACt method
(44). PCR primers for the genes of Hmgpi, H2afz and
Gapdh were listed in Supplementary Material, Table S4. Cal-
culations were automatically performed by ABI software
(Applied BioSystems). For alpha-amanitin studies, fertilized
eggs were first harvested at 18 h post-hCG, instead of eggs
already advanced to the two-pronucleus stage. After 3h of
incubation, eggs that carried both male and female pronuclei
were selected at 21 h post-hCG and randomly assigned to
two experimental groups: with and without addition of
alpha-amanitin to the culture medium. The eggs were further
cultured in KSOM at 37°C in an atmosphere of 5% CO,
until the specified time point (32, 43 and 54 h post-hCG).
Embryos used for alpha-amanitin studies and RNA interfer-
ence experiments were subjected to QRT—PCR as described
for the normal preimplantation embryos.

Immunoblot analysis

Protein samples from embryos were solubilized in Sample
Buffer Solution without 2-ME (Nacalai Tesque, Kyoto,
Japan), resolved by NuPAGE Novex on Tris-acetate mini
gels (Invitrogen), and transferred to Immobilon-P transfer
membrane (Millipore). The membrane was soaked in protein
blocking solution (Blocking One solution, Nacalai) for
30 min at RT before an overnight incubation at 4°C with
primary antibody, also diluted in blocking solution. The mem-
brane was then washed three times with TBST (Tris-buffered
saline with 0.1% Tween-20), incubated with a horseradish
peroxidase-conjugated secondary antibody (0.04 pg/ml)
directed against the primary antibody for 60 min, and
washed three times with TBST. The signal was detected by
enhanced chemiluminescence (SuperSignal West Dura
Extended Duration Substrate, Thermoscientific, Rockford,
IL, USA) following the manufacturer’s recommendations.
The intensity of the band was quantificd using NTH Image J
software. Briefly, the signal was outlined and the mean inten-
sity and background fluorescence were measured. The specific
signal was calculated by dividing the band intensities for
HMGPI by those for actin.

Statistical analysis

Differences between groups were evaluated statistically using
Student’s t-test or ANOVA, with P-values < 0.05 considered
significant. :

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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Acute stress may induce ovulation in women

Juan J Tarin®!, Toshio Hamatani2 and Antonio Cano3

Abstract

large enough to respond to a non-midcycle LH surge.

stressors.

estradiol environment.

\

Background: This study aims to gather information either supporting or rejecting the hypothesis that acute stress may
induce ovulation in women. The formulation of this hypothesis is based on 2 facts: 1) estrogen-primed
postmenopausal or ovariectomized women display an adrenal-progesterone-induced ovulatory-like luteinizing
hormone (LH) surge in response to exogenous adrenocorticotropic hormone (ACTH) administration; and 2) women
display multiple follicular waves during an interovulatory interval, and likely during pregnancy and lactation. Thus,
acute stress may induce ovulation in women displaying appropriate serum levels of estradiol and one or more follicles

Methods: A literature search using the PubMed database was performed to identify articles up to January 2010
focusing mainly on women as well as on rats and rhesus monkeys as animal models of interaction between the
hypothalamic-pituitary-adrenal (HPA) and hypothalamic-pituitary-gonadal (HPG) axes.

Results: Whereas the HPA axis exhibits positive responses in practically all phases of the ovarian cycle, acute-stress-
induced release of LH is found under relatively high plasma levels of estradiol. However, there are studies suggesting
that several types of acute stress may exert different effects on pituitary LH release and the steroid environment may
modulate in a different way (inhibiting or stimulating) the pattern of response of the HPG axis elicited by acute

Conclusion: Women may be induced to ovulate at any point of the menstrual cycle or even during periods of
amenorrhea associated with pregnancy and lactation if exposed to an appropriate acute stressor under a right

™

Background

It is known that the percentage of pregnancies resulting
from single episodes of forced penile-vaginal intercourse
(rape) is significantly higher (8.0% in a sample of 405
women from a national random-digit dialing sample of
households in USA) than the percentage of pregnancies
resulting from single episodes of consensual, unprotected
intercourse (3.1% in a sample of 221 women with no fer-
tility problems planning to become pregnant in USA) [1].
It is worth mentioning that data from the study by
Gottschall and Gottschall [1] were adjusted for the use of
oral contraception and intra-uterine devices (IUDs). Fur-
thermore, Gottschall and Gottschall [1] elegantly ruled
out the possibility that in their study higher rape-preg-
nancy rates may result from (1) women being more likely
to report to medical or law-enforcement authorities rapes

* Comrespondence: tarinjj@uv.es
! Department of Functional Biology and Physical Anthropology, Faculty of

Biological Sciences, University of Valencia, Burjassor, Valencia 46100, Spain
Full list of author information is available at the end of the article

resulting in conception; (2) women sometimes attributing
paternity to rapists when they were fertilized by a consen-
sual partner; and (3) a high number of rape victims com-
ing from the most fecund age cohorts of the population,
i.e. rapists disproportionately would target young women
in their most fecund years. These points were the main
grounds used in previous studies to reject the fact that
per-incident rape-pregnancy risk had been reiteratively
reported to be higher than per-incident consensual preg-
nancy risk.

It is also known that, in fertile women planning to
become pregnant, ovulation and conception may occur
on any day of the menstrual cycle, although the maxi-
mum probability is reached at the middle of the cycle [2].
Furthermore, ovulations and conceptions may arise dur-
ing periods of amenorrhea associated with oral contra-
ceptive use, drug addiction, pregnancy (superfetation; for
review, see Pape et al. [3]) and lactation. In addition, fer-
tilization of > 2 oocytes from the same menstrual cycle by

© 2010 Tarin et al; licensee BioMed Central Ltd, This is an Open Access article distributed under the terms of the Creative Commons
( BioMed Central Atribution License (http/creativecommons.org/licenses/by/2.0), which pesmits unrestricted use, distribution, and reproduction in
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sperm from separate acts of sexual intercourse has been
also reported (superfecundation [4,5}).

All this epidemiological evidence, together with the fact
that copulation can trigger or hasten (facilitate) ovulation
in otherwise spontaneous ovulating species such as the
rat (for reviews, see Gibson et al. [6), Milligan (7], Bakker
and Baum (8] and Nagy et al. [9]), led Zarrow et al. [10]
and Jéchle [11,12] to propose that women may be faculta-
tive coitus-induced ovulators.

This attractive and stimulating hypothesis is supported
by the fact that 68% of women display 2 follicular waves
and the remaining 32% exhibit 3 waves of ovarian follicu-
lar development during an interovulatory interval [13]. It
is likely that women exhibit waves. of follicular develop-
ment during pregnancy and lactation as it occurs in cat-
tle, sheep, goats and mares [14] (for review, see Evans
(15]).

The presence of multiple follicular waves in women
may provide an extra source of oocytes to be ovulated if
an appropriate non-midcycle luteinizing hormone (LH)
surge took place. We should note that follicular waves can
be either ovulatory (the final wave of follicular develop-
ment) or anovulatory (all the preceding waves) [13,16).
Twenty one percent of the anovulatory follicular waves
are major, i.e. those in which one follicle is selected to be
dominant over other follicles of the wave, and the remain-
ing 79% minor, i.e. those in which no selection of a domi-
nant follicle is evidenced. Although, anovulatory follicles
do not develop as large as ovulatory follicles, they grow to
an ostensible preovulatory diameter before undergoing
atresia (maximum diameter of the dominant follicle of an
anovulatory major wave: 12.9 + 0.8 mm, range 10-17 mm;
maximum diameter of the largest follicle of an anovula-
tory minor wave: 8.1 £ 0.1 mm, range 7-9 mm) [17]. The
maximum diameters reached by dominant follicles from
anovulatory major waves (range 10-17 mm) are compati-
ble with potential ovulations if follicles are correctly stim-
ulated. In fact, spontaneous ovulations in normal
menstrual cycles have been reported to occur in follicles
2 15 mm in diameter [16).

Despite the fact that women display multiple waves of
follicular development during an interovulatory interval,
and likely during pregnancy and lactation, the hypothesis
that women may be coitus-induced ovulaters is directly
refuted by studies showing that neither coitus nor orgasm
induces a surge in LH secretion (and thus ovulation) in
women [18-20] and rhesus monkeys [21). Results from
these classical studies have been recently endorsed by
Baerwald et al. [13,16). These authors tracked daily the
follicle diameter and follicle number present in the ova-
ries of 50 healthy women of reproductive age (28.0 ¢ 6.9,
range 19-43 years) displaying clinically normal menstrual
cycles and not taking medications known to interfere
with reproductive function. The ovarian ultrasono-
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graphic examinations only evidenced ovulations in folli-
cles from the last wave of the interovulatory cycle, which
emerges at the early follicular phase. The preceding
waves, emerging at the luteal phase, were anovulatory in
all 50 women entered into the study. This fact contradicts
the assumption that coitus may induce ovulation in
women. We should bear in mind that, in addition to a
periovulatory peak, human beings display no changes at
all or even rises in male- and female-initiated sexual
activity, woman's sexual desire, autosexual activity and
sexual arousability, and interpersonal sexual activities,
including sexual intercourse, during the mid-follicular
and late-luteal phases (for review, see Tarin and Gémez-
Piquer [22]). Thus, it is expected that a non-negligible
number of the 50 women analyzed by Baerwald et al.
(13,16] was presumably engaged in sexual intercourse
during the period of ultrasonographic evaluations {one
interovulatory cycle).

If we consider the laboratory rat as a paradigm of facul-
tative coitus-induced ovulation, it can be noted that there
are notable differences between women and rats in the
neuroendocrine mechanisms controlling the ovarian
cycle. For instance, in contrast to women, both spontane-
ous and induced ovulatory mechanisms are integrated in
the rat. Female rats have no functional corpora lutea and
must receive vulval, vaginal and/or cervical intromissive
stimulation in order for the ovaries to develop fully func-
tional corpora lutea. Mating stimulates the release of pro-
lactin from the anterior pituitary, which is required for
activation of the corpora lutea and progesterone biosyn-
thesis (for review, see Bakker and Baum [8]). Further-
more, although technical difficulties have precluded
determining the ovarian dynamics in rats by transcutane-
ous ultrasound bio-microscopy [23], it is expected that
rats exhibit a single wave of follicular development such
as evidenced in the mouse [23] and the coitus-induced
ovulating species analyzed as of today, including cats, lla-
mas and camels (for review, see Evans [15]).

Interaction of the hypothalamic-pituitary-adrenal (HPA)
and hypothalamic-pituitary-gonadal (HPG) axes
While the woman's reproductive physiology does not fit
the rat paradigm of facultative coitus-induced ovulation,
the HPA and HPG axes interact with each other in a sim-
ilar way in both species. Indeed, in rats and women, there
is a positive coupling between the HPA axis and the HPG
axis at the time of the preovulatory LH surge. In women,
initiation of the LH surge takes place either at 04.00 a.m.
in 20% of the cases or at 08.00 a.m. in the remaining 80%
of the cases. The onset of the LH surge is strongly cou-
led with the time at which the peak (acrophase) of the
cortisol circadian rhythm occurs, ie. maximal cortisol
plasma concentrations take place at 04.00 a.m. when the
LH preovulatory surge initiates at 04.00 a.m. and at 08.00
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a.m. when the LH preovulatory surge starts at 08.00 a.m.
[24). Likewise, in the laboratory rat, both the preovula-
tory LH surge and the maximal plasma values of the cor-
ticosterone circadian rhythm are observed during the
transition from the light to the dark phase (2 h preceding
and 2 h following) on the day of proestrus [25,26).

Moreover, it is well-known that prolonged or chronic
stress in rats and women may block, inhibit or delay the
preovulatory LH surge and therefore disrupt the estrous
or menstrual cycle (for reviews, see Rivier and Rivest [27)
and Kalantaridou et al. [28]). On the contrary, women
and rats exposed to acute stress may respond with an
adrenal-progesterone-induced LH surge (for review, see
Mahesh and Brann (29]).

There is considerable evidence in rats and women
showing an elevation in the levels of serum progesterone
mainly from the adrenal glands prior to the onset of the
LH surge. This increase in progesterone levels serves to
initiate, synchronize, potentiate and limit the preovula-
tory LH surge to a single day (for review, see Mahesh and
Brann [29]). In order for progesterone to exert its facili-
tatory role on gonadotropin secretion, the presence of a
background of high estradiol is essential [30]. This is due
to the fact that estradiol induces the expression of ante-
rior pituitary, hypothalamic and extrahypothalamic pro-
gesterone receptors, which function as transcriptional
regulators that prompt alterations in gene expression
needed for facilitation of neurosecretion of gonadotro-
pin-releasing hormone (GnRH) surges and release of
periovulatory gonadotropin surges (for reviews, see
Mahesh and Brann [29] and Levine et al. [31]).

It is not surprising, therefore, that progesterone and
natural mineralocorticoids, such as deoxycorticosterone,
and synthetic glucocorticoids, such as triamcinolone ace-
tonide, which possess "progestin-like” activity, stimulate
the release of LH and follicle-stimulating hormone (FSH)

_when administered acutely to pregnant mare serum
gonadotropin (PMSG)-primed immature [32] or estro-
gen-primed ovariectomized immature rats [33]. In estro-
gen-treated menopausal women, it has been
demonstrated that progesterone administration is able to
induce a pre-ovulatory-type surge of LH and FSH (for
review, see Mahesh and Brann [29)]. These findings have
led to propose that the improvement in menstrual
rhythm and ovulatory activity following glucocorticoid
therapy in women suffering from polycystic ovarian syn-
drome or other syndromes of androgen excess may be
due to its direct effects on the release of gonadotropins,
in addition to the ability of glucocorticoids to suppress
adrenal overproduction of androgens [32,33).

Moreover, it has been reported that a single injection of
adrenocorticotropic hormone (ACTH) to estrogen-
primed intact and ovariectomized immature rats causes a
significant elevation in serum LH and FSH levels. How-
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ever, this ACTH treatment fails to induce a surge of
gonadotropins in non-estrogen-primed intact immature
rats. It is worth mentioning that of the 2 major adrenal
steroids secreted as result of ACTH administration, i.e.
progesterone and corticosterone, only progesterone is
able to stimulate LH release in estrogen-primed ovariec-
tomized immature rats on the day of its administration
[34]. Likewise, a 3-h intravenous infusion of ACTH to
postmenopausal or ovariectomized women with estrogen
replacement raises the plasma levels of corticosterone
and progesterone 3-4 h after injection, accompanied by a
significant stimulation of LH release 2-3 h after the initial
raise in progesterone [35).

Aim of the study

The aim of this bioessay is to gather information either
supporting or rejecting the hypothesis that acute stress
may induce ovulation in women. The formulation of this
hypothesis is based on 2 facts: 1) estrogen-primed post-
menopausal or ovariectomized women display an adre-
nal-progesterone-induced ovulatory-like LH surge in
response to exogenous ACTH administration; and 2)
women display multiple follicular waves during an intero-
vulatory interval, and likely during pregnancy and lacta-
tion. Thus, acute stress may induce ovulation in women
displaying appropriate serum levels of estradiol and one
or more follicles large enough to respond to a non-midcy-
cle LH surge.

Methods

As the HPA and HPG axes interact with each other in a
similar way in rats and women, a literature search using
the PubMed database [36] was performed to identify all
the articles up to January 2010 dealing with the response
of the HPA and HPG axes to acute stressors in rats and
women. Studies on rhesus monkeys (Macaca mulatta)
and previous reviews were also consulted. The following
key words were used: "acute stress", "gonadotropin secre-
tion", "luteinizing hormone surge”, "hypothalamic-pitu-
itary-adrenal axis", "hypothalamic-pituitary-gonadal
axis", "premature luteinization” and "adrenal progester-
one secretion”,

Changes in serum levels of estradiol during the ovarian
cycle in rats and women

As the serum concentration of estradiol in rats and
women fluctuates during the estrous or menstrual cycle,
it is expected that the LH-release response of the anterior
pituitary to an acute-stress-induced surge of adrenal pro-
gesterone will vary during the estrous or menstrual cycle.
Thus, in order to analyze the studies reviewed in this
bioessay, it is important to recall the pattern of fluctua-
tions in serum levels of estradiol during the ovarian cycle
in both rats and women (female macaque monkeys have a
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pattern of estradiol variation similar to women (37]). In
particular, in Fischer 344 rats, serum levels of estradiol
display one single cycle of increasing and decreasing lev-
els during the 4- or 5-day estrous cycles. Serum concen-
tration of estradiol shows a single peak of = 257 pmol/L
on the morning of proestrus, preceding the zenith of the
LH surge (= 0.076 IU/L) that arises during the transition
from the light to the dark phase. The peak of estradiol is
followed by a nadir of = 55 pmol/L on the night of
proestrus, with this baseline level being kept during
estrus and diestrus-1. Finally, on the morning of diestrus-
2, estradiol levels start to rise, reaching a level of = 165
pmol/L on the night of diestrus-2, and a level of =~ 239
pmol/L on the night of diestrus-3 in 5-day cyclers [26].

On the other hand, in women, serum concentration of
estradiol shows 2 cycles of increasing and decreasing lev-
els. Serum baseline levels of 147-165 pmol/L estradiol
start to increase = 5 or 6 days before the preovulatory
peak of LH in women with 3 or 2 follicular waves, respec-
tively. It reaches a maximum level of ~ 808 pmol/L 1 day
before the preovulatory peak of LH (~ 26 IU/L) in women
with 2 follicular waves, or coinciding with the peak of LH
(= 35 IU/L) in women with 3 follicular waves. After
reaching this maximum, serum levels of estradiol drop to
the baseline level of 147-165 pmol/L on day 3 after ovula-
tion but elevate thereafter to ~ 367 pmol/L for a week in
women with 2 or 3 follicular waves, although women with
3 follicular waves exhibit more fluctuating values. At the
end of the luteal phase, serum concentration of estradiol
drops to the baseline level of 147-165 pmol/L, with this
level being kept steady during the early follicular phase
[13].

HPA axis response to acute stress

Effect of ovarian cycle

Table 1 shows the effect of ovarian cycle on HPA axis
response to acute stress in rats, rhesus monkeys and
women.

Rats

In rats with 5-day estrous cycles, the surgical stress of lap-
arotomy on the morning of proestrus leads to release of
adrenal estradiol and progesterone preceding an early
surge of LH from the pituitary [38]. Moreover, intact 4-
and 5-day cycling rats exhibit increased HPA sensitivity,
releasing higher amounts of ACTH and corticosterone
into the blood stream, immediately after a 20-min
restraint on the morning of proestrus than animals at
either estrus or diestrus (combined diestrus-1, 2 and 3)
[39]. Notwithstanding, Carey et al. [40] found higher
plasma levels of ACTH and corticosterone immediately
after a 20-min restraint in 4-day cycling rats but did not
evidence a significant effect of the estrous cycle on
plasma concentrations of these hormones
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Non-human primates

In cycling female rhesus monkeys, a 30-min intracere-
broventricular administration of interleukin-la, which
simulates an inflammatory/immune-like challenge,
induces a higher increase in plasma levels of cortisol and
progesterone if administered during the mid-follicular
phase compared to the early-follicular phase [41].

Women :

Women with normal cycles undergoing bilateral ovariec-
tomy plus total hysterectomy under general anesthesia
during the mid- to late-follicular phase of the menstrual
cycle respond with a small increase in plasma levels of
progesterone 12 h after surgery preceding a small rise of
LH. Likewise, after the surgical stress of cholecystectomy
for benign conditions of the gallbladder under general
anesthesia during the early- to mid-follicular phase,
women exhibit a small surge-like increase in plasma lev-
els of progesterone 12 h after the operation [42]. These
increases, however, are not observed in women undergo-
ing bilateral ovariectomy plus total hysterectomy during
the early- to mid-luteal phase [42,43].

Other studies show that women in the mid-luteal phase
of the menstrual cycle display enhanced plasma levels of
ACTH in response to a 20-min progressive treadmill
exercise compared to women in the early follicular phase
[44]. Mid-luteal phase women also display reduced sensi-
tivity to glucocorticoid feedback (lower suppression of
plasma cortisol in response to a low dose of synthetic glu-
cocorticoid dexamethasone) and decreased glucocorti-
coid receptor (type 1I) mRNA expression in lymphocytes
compared to women in the early follicular phase [45]. In
addition, the cortisol response to a 90-min submaximal
bicycle [46] or treadmill [47] exercise is higher in the
mid-luteal phase than in the early-follicular {47], mid-fol-
licular [46] and late-follicular phases [47). Likewise, a
lower adrenocortical reactivity (decreased plasma corti-
sol levels) to the psychological stress of self-evaluation
has been evidenced during the ovulatory period (between
12-16 days from the onset of the previous menstruation)
than during the premenstrual phase (between 1-3 days
prior to the onset of the next menstruation) [48]. There
are, however, other studies that either do not find men-
strual cycle-related differences in the HPA axis responsiv-
ity to intense and moderate physical exercise {49-51) or to
the psychological stress of remembering stressful situa-
tions in their lives and self-evaluation [52]. Interestingly,
although Galliven et al. [51] did not find a significant
effect of the menstrual cycle on plasma cortisol levels
after a 20-min progressive submaximal treadmill, the
analysis of the net integrated area under the curve
revealed a marginal (P = 0.056) lower response of cortisol
in the periovulatory (between 10-16 days after the start of
menses) phase compared with the early-mid-follicular
(between 3-9 days after the start of menses) and mid-late-
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Table 1: Effect of ovarian cycle on HPA axis response to acute stress.
Species Stressor Phase of the cycle HPA axis response References
Rats Surgery ' On the moming of proestrus Positive (38)
20-min restraint On the morning of proestrus vs Increased (39]
either estrus or diestrus
Proestrus, estrus and diestrus Il No cycle effect T40)
Rhesus monkeys 30-min Intracerebroventricular Mid-folllcular vs early-follicular Increased [41]
administration of interleukin-1a phase
Women Bilateral ovariectomy plus total Mid- to late-follicular phase Positive [43)
hysterectomy
Early- to mid-luteal phase No response [42,43)
Cholecystectomy Early- to mid-follicular phase Positive {42]
20-min progressive submaximal Mid-luteal phase vs early Increased (44)
treadmill exercise follicular phase
90-min submaximal bicycle Mid-luteal phase vs mid-follicular Increased [46)
exercise phase
90-min submaximal treadmill Mid-luteal phase vs early- and Increased 47
exercise late-follicular phase
60-min progressive submaximal Mid-follicular and luteal phase No cycle effect [49]
treadmill exercise
Progressive maximal treadmill Early-follicular vs mid-luteal No cycle effect [50)
exercise to voluntary exhaustion phase
or 40-min submaximal treadmill
exercise
20-min progressive submaximal Early-mid-follicular, No cycle effect [51]
aerobic treadmill periovulatory and mid-late luteal
phase
Psychological stress of Menstrual and periovulatory No cycle effect [52)
remembering stressful situations (late-follicular, ovulatory and
in their lives and self-evaluation early-uteal phases) phase
Psychological stress of Ovulatory period vs Decreased [48]

self-evaluation

premenstrual phase

luteal (between 18-26 days after the start of menses)
phases.

Concluding remarks

From the studies analyzed in this section, it seems that
the ovarian cycle modulates the HPA axis response to
acute stressors. In rats, it appears that proestrus morning
is the more sensitive period. In rhesus monkeys, the HPA
axis response is higher during the mid-follicular phase
than during the early-follicular phase. And in women, the
period more responsive seems to be during the mid-folli-
cular and mid- and late-luteal phases. The absence of
effect of the menstrual cycle on HPA axis responsivity to
physical stress found in several studies may be explained
by the presence of uncontrolled variables related to the
training status of women and possibly to the training reg-
imen followed in the days previous to the exercise test
(cited by Williams et al. [53)).

Effect of hormone treatment

Table 2 shows the effect of hormone treatment on HPA
axis response to acute stress in rats, rhesus monkeys and
women.

Rats

It is known that immediately after exposure of ovariecto-
mized rats to a 20-min restraint stress the plasma levels
of ACTH are higher in estradiol-treated rats compared to
the oil-treated control and to estradiol plus progesterone-
treated rats., Moreover, during the 20-min period of
restraint, the plasma levels of ACTH and corticosterone
are always higher in the estradiol-treated group than in
the oil-treated control and estradiol plus progesterone-
treated rats [39]. Likewise, during the first 60 min after
exposure to stress from a novel environment, ovariecto-
mized estradiol- and estradiol plus progesterone-treated
rats display an enhanced ACTH response compared to
ovariectomized non-treated control and progesterone-
treated rats. Ovariectomized estradiol plus progesterone-
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Table 2: Effect of hormone treatment on HPA axis response to acute stress.
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Species Stressor Hormone treatment HPA axis response References
Rats 20-min restraint Estradiol vs oil and estradiol Increased [39)
plus progesterone
Exposition to a novel Estradiol and estradiol plus Increased (40)
environment progesterone vs no hormone
y treatment and progesterone
5-sec footshock Estradio! vs no hormone Increased [(54)
treatment .
1-min exposure to ether Estradio! vs no hormone Increased (54}
vapors treatment
Rhesus monkeys 30-min Estradiol at doses resulting In Increased [56)
intracerebroventricular the typlcal high levels of
infusion of interleukin-1a plasma estradiol that
reproduce the late follicular
phase
Estradiol at doses resulting in Increased 571
low levels of plasma estradiol
Estradiol at doses that results Inhibited (57)
in intermediate levels of
plasma estradiol that
reproduce the early-mid
follicular phase
Women Single intravenous injection of Estradiol vs no hormone No treatment effect [35)
endotoxin treatment
Psychological stress (speech Estrogens or estrogens plus No treatment effect [58)
and math tasks) progestogen vs no hormone
treatment
Estradiol vs the same women Decreased [59)
before treatment
Psychological stress (mental Estradio! vs placebo Decreased [60]

arithmetic tasks accompanied
by a repetitive annoying
background noise

treated rats also display a higher corticosterone response
than non-treated control and progesterone-treated rats
during the same period of time [40].

Plasma levels of ACTH and corticosterone during the 2
h after a 5-sec footshock are higher in ovariectomized
estradiol-treated rats than in ovariectomized non-treated
control rats. At 20 min after 1-min exposure to ether
vapors, plasma concentration of corticosterone is also
higher in the group of estradiol-treated rats. Moreover,
the ACTH and corticosterone secretory responses are
less effectively suppressed by RU 28362 (a specific gluco-
corticoid receptor agonist) in estradiol-treated animals
than in non-treated control rats [54]. This finding
endorses other studies showing an inhibitory effect of
estradiol on glucocorticoid receptor-mediated negative
feedback [55].
Non-human primates
Studies in ovariectomized estrogen-replaced rhesus mon-
keys show that ACTH, cortisol and progesterone

responses to a 30-min intracerebroventricular infusion of
interleukin-la are increased compared to the responses

found in ovariectomized estrogen-replaced control mon-

keys infused intracerebroventricularly with a physiologi-

cal saline solution. Experimental females received
estrogen replacement therapy during 5 days at doses that
elevated plasma estradiol concentration to 378 pmol/L
(level that reproduces the typical high estradiol concen-

trations of the late follicular phase) [56]. The cortisol

response to this immune-inflammatory challenge is also

increased in ovariectomized 5-day-estrogen-treated

monkeys with plasma concentrations of estradiol < 73

pmol/L [57]. However, in 5-day-replaced rhesus monkeys

with plasma levels of 114 pmol/L estradiol (concentration

similar to that of the early-mid follicular phase), the corti-
sol response is inhibited [57].

Women

Studies in estrogen-replaced menopausal or ovariecto-

mized women provide intriguing results. Some reports
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evidence no effect of estradiol treatment on (1) the
increases of plasma cortisol and progesterone observed
in response to a single intravenous injection of endotoxin
after 4 weeks of treatment [mean ( £ SEM) plasma estra-
diol levels: 23.5 + 3.3 pmol/L in unreplaced women and
315.7 + 36.7 pmol/L after estradiol replacement] [35]; or
(2) the cortisol response to psychological stressors
(speech and math tasks) after at least 2 years of estrogen
alone (a mixture of 6 estrogenic substances) or estrogen
and progestogen treatment (authors did not specify the
plasma levels of estradiol of replaced and unreplaced
women) [58]. Another study shows no changes in plasma
ACTH concentration or even decreased peak levels of
plasma cortisol and androstenedione in response to psy-
chological stressors (speech and math tasks) after 6 weeks
of treatment with estradiol compared to the increases
evidenced in these women before estradiol replacement
(plasma estradiol levels: < 73.4 pmol/L before estradiol
replacement and 587.4 + 58.7 pmol/L after estradiol
replacement) [59]. In perimenopausal women (within 2
years of their last period and actively experiencing vaso-
motor symptoms of menopause), estradiol supplementa-
tion for 8 weeks results in decreased plasma levels of
ACTH and cortisol after a psychological stress (mental
arithmetic tasks accompanied by a repetitive annoying
background noise to induce difficulty in concentration)
compared to placebo-treated perimenopausal women
(plasma estradiol levels: 115.0 + 19.0 pmol/L in placebo-
treated women and 1118.0 + 111.0 pmol/L in estradiol-
treated women) [60].

As far as we know, there are no studies reporting
increases in HPA axis reactivity to acute stressors in
estrogen-treated perimenopausal, menopausal or ova-
riectomized women. Only one study in young men has
found increased peak ACTH and cortisol responses to a
brief psychosocial stress (free speech and mental arith-
metic in front of an audience) after 24-48 h of estradiol
treatment compared to a placebo group [61).

Concluding remarks

The studies focused on the effects of hormone replace-
ment on HPA axis response suggest that estrogen treat-
ment in ovariectomized females or perimenopausal and
menopausal women may modify the HPA axis response
to acute stressors. In rats, it appears that estradiol treat-
ment increases the responsivity of the HPA axis to differ-
ent acute stressors. In rhesus monkeys, the HPA axis
response to a 30-min intracerebroventricular infusion of
interleukin-la depends on the plasma level of estradiol
after estrogen replacement. In particular, low and high
plasma concentrations increase the response whereas
intermediate concentrations are inhibitory. In contrast,
estrogen replacement in women does not change or even
may decrease the typical response of the HPA axis to
acute stressors. Although it is difficult to compare among
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studies the absolute plasma levels of estradiol exhibited
by women before being exposed to acute stressors
because different measurement methods were used, it is
worth mentioning that, in all the studies analyzed in this
section, independently of the replacement regimen fol-

* lowed, the HPA axis always displayed a positive response

when plasma levels of estradiol were relatively low (< 73.4
pmol/L) or intermediate (115.0-315.7 pmol/L) whereas
the response was decreased when plasma levels of estra-
diol were relatively high (587.4-1118.0 pmol/L). Thus, it
can be hypothesized that the response of the HPA axis to
inflammatory or psychological stressors evidenced in
perimenopausal, menopausal or ovariectomized women
may depend on the range of plasma estradiol concentra-
tion present in women when exposed to these stressors,

Acute-stress-induced LH release

Effect of ovarian cycle

‘Table 3 shows the effect of ovarian cycle on acute-stress-
induced LH release in rats, rhesus monkeys and women.
Rats

Brown-Grant et al. [62] reported that ~ 50% of light-
induced persistent-vaginal-estrus rats, which show ele-
vated levels of estradiol (similar to the levels on the
morning of proestrus in rats maintained under a con-
trolled photoperiod [63]), can ovulate when placed in a
mating cage without a male or when subjected to a more
severe stress such as laparotomy. The laparotomy-associ-
ated stress can also advance the time of LH surge (zenith:
= 0.130 IU/L) in 5-day cycling rats if performed on the
morning of proestrus [38]. On the contrary, in 4-day
cyclers, laparotomy delays pituitary LH discharge and
ovulation if carried out on the morning of diestrus-2 [64].
An inhibition of the primary LH surge and ovulation has
also been found in 4-day cycling rats after intracere-
broventricular injection of interleukin-la or B on the
morning of proestrus [65]. Furthermore, it has been
reported that a rapid blood volume depletion from the
external jugular veins under constant ether anesthesia is
able to increase plasma LH concentrations (from = 0.017
IU/L t0 0.043 1U/L) during the first 10 min after the initial
blood loss in 4-day cycling rats at diestrus (combined
diestrus-1 and 2) [66].

Non-human primates

In cycling rhesus monkeys, Norman et al. [67] found that
a prolonged (6 h) chair restraint resulted in suppression
of LH release, but 1 out of the 9 females tested exhibited a
2-5-fold increase in plasma levels of LH within 30 min of
the initiation of restraint in both the mid-follicular and
mid-luteal phases, as well as an increase in frequency of
LH pulses over that normally evidenced in the mid-luteal
phase. Furthermore, a 30-min intracerebroventricular
administration of interleukin-1a induces a 3-fold increase
in LH by 5 h after interleukin-1a infusion if administered
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Table 3: Effect of ovarian cycle on acute-stress-induced LH release.
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Species Stressor Phase of the cycle LH release References
Rats Placed inamating cage withouta  Persistent-vaginal-estrus Positive (inferred by ovulation) [63)
male or laparotomy (estradiol levels similar to the
levels on the morning of
proestrus)
Laparotomy On the moming of proestrus Advance of the time of the 38]
primary LH surge
On the morning of diestrus-2 Delay of the timeof the primary ~ [64)
LH surge (and ovulation)
Intracerebroventricularinjection  On the morning of proestrus Inhibition of the primary LHsurge  {65)
of interleukin-la or B (and ovulation)
Rapid blood volume depletion At diestrus (combined diestrus-1  Positive (66]
and 2)
Rhesus monkeys  30-min chair restraint Mid-follicular and mid-luteal Positive 671
phases
30-min intracerebroventricular Mid-follicular phase Positive [41)
administration of interleukin-1a
Early follicular phase No release [41]
Women Bilateral avariectomy plus total Mid- to late-follicular phase Positive [43]
hysterectomy
Early- to mid-luteal phase No release [43]
Cholecystectomy Early- to mid-follicular Positive [42]
Progressive submaximaltreadmill  Mid-follicular and mid-luteal No release (69)
exercise to exhaustion phase
90-min submaximal bicycle Mid-follicular and mid-lutea! Decreased plasma levels of LH [46]
exercise phase
60-min progressive submaximal  Mid-follicular phase Positive {49)
treadmill exercise
Mid-follicular phase Positive [53]
Mid-luteal phase No release (70}

during the mid-follicular phase, but there is no LH
response during the early follicular phase [41). We should
mention that 1 out of the 9 mid-follicular monkeys exhib-
ited a sustained surge-like release of LH after interleukin-
la treatment reaching a maximum (= 0.130 IU/L) at 13 h
after treatment [41]. These findings contrast with the
inhibition of the primary LH surge in cycling rats after
intracerebroventricular injection of interleukin-l1a or p
on the morning of proestrus (see above). Discrepancies
between rhesus monkeys and rats may be explained by
the higher capacity of the rat adrenal glands to synthesize
and release progesterone compared to the primate adre-
nal glands [68). Thus, administration of interleukin in rats
may induce the release of adrenal progesterone at con-
centrations that become inhibitory to LH secretion,
whereas in rhesus monkeys the activation of the HPA axis
by interleukin administration may result in the release of
adrenal progesterone at concentrations equivalent to
those observed during the preovulatory midcycle rise
(cited by Xiao and Ferin [68]).

Women

The surgical stress of bilateral ovariectomy plus total hys-
terectomy performed under general anesthesia during
the mid- to late-follicular phase of the menstrual cycle
induces a small increase in plasma levels of LH 36 h after
surgery (from = 6 IU/L to 8 IU/L), preceded by an eleva-
tion of adrenal progesterone [43). Likewise, women
undergoing cholecystectomy under general anesthesia
during the'early- to mid-follicular phase exhibit a small
but significant increase in plasma levels of LH (from = 6
1U/L to 12 IU/L) and FSH (from = 6 IU/L to 9 1U/L) 12 h
after the operation, coinciding with a peak in plasma pro-
gesterone [42]. However, no wave-like changes in plasma
LH levels are observed in women undergoing bilateral
ovariectomy plus total hysterectomy during the early- to
mid-luteal phase [43].

Although some studies report that light, heavy or
exhaustive exercise does not alter [69] or even decreases
[46] plasma levels of LH at the mid-follicular or mid-
luteal phases, other studies evidence small increases in
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plasma levels of LH in response to acute physical exercise.
In fact, 60 min of progressive submaximal treadmill exer-
cise in the mid-follicular phase produces a small surge-
like increase in plasma levels of LH (from = 10 to 14 IU/L)
in 24-h fasted eumenorrheic women [49] as well as a sig-
nificant stimulatory effect on maximal peak amplitude of
LH pulses (from 8.8 to 9.5 IU/L) in sedentary eumenor-
rheic women [53]. In contrast, the same stress applied in
the mid-luteal phase [70] does not affect the LH pulse
characteristics.

Concluding remarks

The studies analyzed in this section show conflicting
results on the effects of ovarian cycle on acute-stress-
induced LH release in rats. Some studies seem to indicate
that the adenohypophysis is much more responsive to
acute stressors on the morning of proestrus than at
diestrus. In contrast, other studies suggest the opposite. It
can be hypothesized that the degree of adrenal-progester-
one response depends on the strength of the stressor
applied. Thus, strong stressors such as intracerebroven-
tricular injection of interleukin-la or B or rapid blood
volume depletion may induce an adrenal-progesterone
response higher than that elicited by more moderate
stressors such as laparotomy. Such an adrenal-progester-
one response would inhibit the release of LH if plasma
levels of estradiol are elevated (proestrus morning) but it
would stimulate the release of LH under low estradiol
backgrounds (e.g. the diestrus stage). Likewise, a moder-
ate rise in adrenal-progesterone concentrations equiva-
lent to that observed during the preovulatory midcycle
rise would be stimulatory if it takes place under high
plasma levels of estradiol (proestrus morning) but it
would be unable to elicit a release of LH under low estra-
diol backgrounds (e.g. the diestrus stage).
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In rhesus monkeys, females at the mid-follicular and
mid-luteal phases, but not at the early-follicular stage,
display appropriate plasma levels of estradiol for acute
stressors to induce a release of LH.

Although there are some conflicting reports in women,
it seems that the mid-follicular phase gathers more favor-
able conditions than the mid-luteal phase for the release
LH by the adenohypophysis in response to acute stres-
sors.

Effect of hormone treatment

Table 4 shows the effect of hormone treatment on acute-
stress-induced LH release in rats, rhesus monkeys and
women.

Rats

* In contrast to ovariectomized non-estrogen-primed rats,

ovariectomized estrogen-primed rats respond with a
small but signilicant LH peak (= 0.017 IU/L) either 1 h
after the onset of a prolonged (11 h) immobilization [71)
or 10 min after a short (15 min) immobilization [71].
Likewise, ovariectomized rats treated with estradiol, pro-
gesterone and thyroxine respond with an LH surge
(zenith: ~ 0.052 IU/L) 10 min after undergoing a rapid
blood volume depletion from the external jugular veins.
This response, however, is not observed in ovariecto-
mized non-treated rats [66]. We should note, however,
that acute stressors such as the transfer of rats to a novel
environment followed by a return to their original quar-
ters 30 min later, or 15-min exposure to a strobe light
have no effects on serum LH in 2-week ovariectomiized
estradiol-primed rats, but significantly enhance LH
release (zenith: = 0.015 IU/L and = 0.020 I1U/L, respec-
tively) in 2-week ovariectomized non-estrogen-primed
rats [72].

Table 4: Effect of hormone treatment on acute-stress-induced LH release.

Species Stressor Hormone treatment LH release References
Rats 1-h or 10-min immobilization Estradiol vs no hormone treatment Positive 71.,72)
Rapid blood volume depletion Estradiol+progesterone+thyroxinevs Positive [66]
no hormone treatment
Transfer to a novel environment No hormone treatment vs estradiol Positive [72)
followed by a return to the original
quarters 30 min later, or 15-min
exposure to strobe light
Rhesus monkeys 30-min intracerebroventricular Estradiol at doses that result in Positive [56)
infusion of interleukin-1a plasma estradiol levels that
reproduce the late follicular phase
Estradiol at doses that result in No effect 571
plasma estradiol levels that ;
reproduce the early-mid follicular
phase
Women Single Intravenous injection of Estradiol vs no hormone treatment Posltive (351

endotoxin
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Non-human primates

In ovariectomized rhesus monkeys after 5 days of estro-
gen replacement therapy at doses simulating the late folli-
cular phase, a 30-min intracerebroventricular infusion of
interleukin-la results in a small but significant increase
in LH release during the first 5 h after treatment (from
0.014 IU/L to 0.019 IU/L) [56). However, the response of
LH is prevented in replaced monkeys with plasma levels
similar to those of the early-mid follicular phase [57].
Women

Estrogen-treated menopausal or ovariectomized women
respond to an inflammatory/immune-like stress, induced
by single intravenous injection of endotoxin, with an ovu-
latory-like LH peak (50 IU/L) 7 h after injection. In con-
trast, non-estrogen treated women do not modify their
basal LH levels after endotoxin injection [35].

‘Concluding remarks

Studies in ovariectomized rats show paradoxical results
as far as the response of the adenohypophysis to different
acute stressors is concerned. Whereas 2 studies [66,71)
found a stimulatory effect of estradiol replacement on
acute-stress-induced LH release, Briski and Sylvester [72]
evidenced that several types of acute stress exerted differ-
ent effects on pituitary LH release and that the steroid
environment modulated in a different way (inhibiting or

stimulating) the pattern of response of the HPG axis
induced by these stressors.

Literature focused on rhesus monkeys shows a stimula-
tory effect of estradiol replacement on acute-stress-
induced LH release at doses that result in plasma estra-
diol levels reproducing the late follicular phase. This
stimulatory effect, however, is not found after estradiol
treatment at doses that result in plasma estradiol levels
simulating the early-mid follicular phase.

Finally, estrogen-treated menopausal or ovariecto-
mized women respond with a clear ovulatory-like LH
peak after a single intravenous injection of endotoxin
[35].

Summary conclusions

The studies reviewed in this bioessay indicate that the
ovarian cycle and, in particular, the female's estradiol
background modulates the response of the HPA and HPG
axes to acute stressors. The pattern of response, however,
differs between the HPA and HPG axes. In fact, although
the highest responses of the HPA axis within the ovarian
cycle are observed when females display relatively high
plasma levels of estradiol (proestrus morning in rats,
mid-follicular phase in rhesus monkeys and mid-follicu-
lar and mid- and late-luteal phases in women), the HPA
axis exhibits positive responses in practically all phases of
the ovarian cycle. In contrast, it seems that there is only
one specific period of time within the ovarian cycle dur-
ing which the HPG axis response is possible. In particu-
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lar, positive responses of the HPG axis are found under
relatively high plasma levels of estradiol on the morning
of proestrus in rats, during the mid-follicular and mid-
luteal phase in rhesus monkeys and during the mid-follic-
ular phase in women. This conclusion is endorsed by the
fact that the HPG axis of estrogen-treated ovariecto-
mized females and perimenopausal or menopausal
women also exhibit a positive response to acute stressors.

Two studies [66,72] in the rat show that several types of
acute stress may exert different effects on pituitary LH
release and that the steroid environment may modulate in
a different way (inhibiting or stimulating) the pattern of
response of the HPG axis induced by acute stressors. In
rhesus monkeys and women, the steroid environment
may also modulate in a different way the pattern of
response of the HPA axis (and therefore the response of
HPG axis including release of LH) elicited by acute stres-
sors. In particular, in estrogen-treated ovariectomized
females and perimenopausal or menopausal women, .
some ranges of plasma estradiol concentration seem to
prevent whereas others allow a response of the HPA axis
to acute stressors.

In women, the pattern of LH release elicited by acute
stressors may vary from small non-ovulatory rises in
plasma concentrations and/or slight changes in pulse
characteristics to the typical ovulatory surge that sponta-
neously takes place at the middle of the menstrual cycle.
As women present waves of follicular development dur-
ing an interovulatory interval (and likely during preg-
nancy and lactation), they may be induced to ovulate at
any point of the menstrual cycle or even during periods
of amenorrhea associated with pregnancy and lactation if
exposed to an appropriate acute stressor under a right
estradiol environment. We should bear in mind that the
maximum diameters (range of 10-17 mm) of the domi-
nant follicles from anovulatory major waves, which
account for 21% of the anovulatory follicular waves, are
compatible with potential ovulations if follicles were cor-
rectly stimulated by an ovulatory-like LH surge. Follicles
large enough (2 15 mm of diameter) to ovulate may be
found in the ovaries of all the regular-cycling women at
the late-mid follicular phase (growing antral follicles from
the ovulatory follicular wave). In addition, they may be
ptesent in the ovaries of women exhibiting (1) a major-
major 2-wave pattern at the mid-luteal phase (10% of the
overall population of regular-cycling women); (2) a
minor-major-major 3-wave pattern at the early-mid-folli-
cular phase (6% of the overall population of regular-
cycling women); and (3) a major-major-major 3-wave
pattern at the late-mid-luteal and early-mid follicular
phases (6% of the overall population of regular-cycling
women) [13]. We should note, however, that ovulation
during the luteal phase or during pregnancy and lactation
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are extremely rare due to the presence of negative feed-
backs that prevent the LH surge.

We should bear in mind that an acute-stress-induced
surge of LH is shortly preceded by an elevation of serum
progesterone from the adrenal glands. This fact suggests
that such an elevation of serum progesterone may
advance the secretory transformation of the endome-
trium resulting in embryo-endometrium asynchrony and
consequently reduced chances of implantation and preg-
nancy if ovulation and fertilization took place. However, a
recent systematic review and meta-analysis (73] has not
detected detrimental effects of elevated levels of proges-
terone on the day of human chorionic gonadotropin
(hCG) administration on the probability of clinical preg-
nancy in women undergoing ovarian stimulation with
GnRH analogues and gonadotropins for in vitro fertiliza-
tion. Although this may not be the case for women
treated with GnRH antagonists (for review, see Venetis et
al. [73]), we should take into account that an elevation of
plasma progesterone on the day of hCG administration
should be sustained in order to impair endometrial
receptivity. This is not the case in estrogen-treated meno-
pausal or ovariectomized women after being exposed to
single intravenous injection of endotoxin [35]. These
women display a wave-like adrenal release of progester-
one. In particular, plasma progesterone concentrations
rise from = 0.2 nmol/L 1-2 h after injection to = 5 nmol/L
4-5 h after injection. Thereafter, plasma levels of proges-
terone drop to reach their baseline levels of = 0.2 nmol/L
7 h after injection.
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Defining Cell Identity by Comprehensive Gene Expression Profiling
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Abstract: The human body is composed of 60 trillion cells, which have their origin in a fertilized egg. During develop-
ment, the potential of a cell or tissuc can be achieved by environmental manipulation. Then, what molecular determinants
underlic or accompany the potential of the cells? To obtain a broader understanding of these problems, it is important to
analyze all transcripts / genes in a wide selection of cell types. The development of microarray technologics, which allow
us to undertake parallel analyscs of many genes, has led to a new era in medical science. In this review, we show that the
global expression data have clearly elucidated discernible major trends of the phenomenon in preimplantation develop-
ment and epithelial-mesenchymal transition, and of the character of marrow stromal cells, which are attracting a greal deal
ofatiention as they represent a valuable source of cells for regencrative medicine. One of the interesting results is obtained
from microarray data of marrow stromal cells: OP9 cells that have been recognized as a type of niche-constituting preadi-
pocyte derived from marrow stroma, are found to be chondroblasts. We also describe what effect each type of expression
data would bring to reproductive and regencrative medicine, as well as offering an excellent model of cell differentiation

in biology.

Keywords: Gene chip array, cell potency, early embryogenesis, transdifferentiation, cellular plasticity, hyaline cartilage forma-

tion, endochondral ossification, bioinformatics.

INTRODUCTION

What type of “human” do you like? — do you judge by
his appearance and/or his character? When the word “hu-
man” is replaced by “cell” in this question, the present situa-
tion surrounding regenerative medicine emerges. With the
derivation of pluripotent embryonic stem (ES) and somatic
stem cells that can differentiate into many different cell
types, excitement has increased for the prospect of replacing
dysfunctional or failing cells and organs. Somatic stem cells
have been identified in hematopoietic [1], hepatic [2], cpi-
dermal [3], gastrointestinal [4], neural [5, 6], muscle [7], and
bone marrow [6-8] tissucs. Many rescarchers have since de-
monstrated the developmental pluripotency of these cells.
What is not yet clear, however, arc the critical molecular
mechanisms that can hamess or manipulate the potential of
cells to foster therapeutic applications targeted to specific
tissues.

Then, what are the appearance and the character of these
cells? This question is: can the diverse morphology of the
cell and/or the differential activities of genes provide the
distinction between totipotent cells, pluripotent cells and
terminally diflerentiated cells? One approach to this question
is through markers that appear on the surfaces of cells by
flow cytometric analysis. Hematopoictic stem cells (HSCs)
are somatic stem cells found in the bone marrow and the
precursor cells that give rise to all the types of both the
myeloid and lymphoid lineages. This includes monocytes
and macrophages, neutrophils, basophils, eosinophils, T
cells, B cells, NK cells, erythrocytes, megakaryocytes, and
dendritic cells. How do researchers find the desired cell
populations and stem cells at a specific hierarchical stage?
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Multipotent HSCs present various clusters of differentiation
markers on their surface: CD34, CD38, CD90, CD133, Lin,
Thyl, and CD45. Understanding the cell lincage of HSCs
will eventually allow the generation of expanded populations
of HSCs ex vivo that can be used therapeutically.

Another powerful approach to these questions is that of
systematic genomic methodologies [9]. One of these meth-
ods, cDNA microarray/chip technology, is providing usclul
information [10-13]. Because of the logical connection be-
tween he function of a gene and its pattern of expression,
the correlation of gene expression patterns with the variation
in the phenotype of the cell can begin the process by which
the function of a gene can be inferred. Similarly, the patierns
of expression of known genes can reveal novel phenotypic
aspecels of the cell and tissues studied [14-16]. In this review
we describe the use of microarray technology to determine
cell identity based on gene expression pattern, with applica-
tions in regenerative medicine, especially preimplantation
embryos, epithelial-mesenchymal transition and the mesen-
chymal stem cells.

THE BIG WAVE IN PREIMPLANTATION EMBRYO
DEVELOPMENT

Preimplantation development encompasses the period
from fertilization to implantation, and is marked by a number
of critical sequential events. Understanding preimplantation
development is important both for basic reproductive biology
and for practical applications, including regenerative medi-
cine and stock breeding. Preimplantation development is
marked by 4 major events: the transition of maternal tran-
scripts 10 zygotic transcripts, compaction, the first lincage
differentiation into inner cell mass (ICM) and trophectoderm
(TE), and implantation. The scarcity of the materials of pre-
implantation embryos, both in size (diameter <100 um) and
in quantity (only a few to tens of oocytes from each ovula-
tion), has hampered molecular analysis of preimplantation

© 2010 Bentham Science Publishers Ltd.
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Fig, (1). Expression Profiling of Preimplantation Embryos.
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A. Principal component analysis based on the expression datn by gene chip array,

A matrix of scatter plots. U, F, 2, 4, 8, M, and B denote unfertilized cgg, fertilized cgg, 2-cell embryo, 4-cell embryo, 8-cell embryo, morula,
and blastocyst, respectively. Each scatter plot shows the comparison of gene expression between embryo stages,

B. Expression changes of individual genes analyzed by the k-means non-hierarchical clustering method. Gene expression patterns can be
assigned to three main groups, Group 1 (Cluster 1, 4, 5 and 8) appears to represent ZGA genes that are first activated from the zygotic ge-
nome. Group 2 (Cluster 7 and 9) represents matemal transcripts with distinctive pattems of degradation during preimplantation development,
Group 3 {Cluster 2 and 3) appears to represent genes that follow a combination of these twe patterns.

(Modified from Hamatoni er al. Dev Cell, 2004, 6, 117 [18]).

embryos. Recent progress in RNA amplification methods
using in vitro transcription and microarray platforms, includ-
ing genes unigue to preimplantation embryos, allows us to
apply global gene expression profiling to the study of preim-
plantation embryos [17]). Hamatani er al. reported, for the
first time, the global gene expression profiles of preimplania-
tion embryos at all stages {18). More than half of 21,939
gene features show statistically significant changes during
preimplantation development. Pair-wise comparison, hierar-
chical clustering analysis, and principal component analysis
(PCA) reveal two major transient waves of de novo tran-
scription as follows: the first wave corresponds to zygotic
genome activation (ZGA); the second -wave, mid-
preimplantation gene activation (MGA), contributes dra-
matic morphological changes during late preimplantation
development (Fig. (1A)). Unsupervised methods such as
principal component analysis {PCA) can transform the origi-
nal features into new features (principal components (PC)),
each PC representing a linear combination of the original
features. PCA reduces input dimensionality by providing a
subset of components that captures most of the information
in the original data. For example, those genes that are highly
correlated with the most informative PCs could be selccted
as classifier inputs, rather than a large dimension of original
varigbles containing redundant features. To trace the expres-

sion changes of individual genes, statistically signilicant
genes are analyzed by the k-means non-hierarchical cluster-
ing method. Gene expression patterns of these clusters can
be assigned to three main groups (Fig. (1B)). The first group
appears to represent ZGA genes that are first activated from
the zygotic genome (Fig. (1B) Clusters 1, 4, 5, and 8). Ac-
cording to Gene Ontology (GO) terms [19] by MAPPFinder
[20, 21), ZGA is suggested not to be promiscuous and to
contribute mainly to the preparation of basic cellular ma-
chinery during the 2-cell and the 4-cell stages. The sccond
group represents maternal transcripts with distinetive pat-
terns of degradation during preimplantation deveclopment
(Fig. (1B) Clusters 7 and 9). The third group appears to rep-
resent genes that follow a combination of these two pattemns
(Fig. (1B) Clusters 2 and 3). Genes whose expression first
significantly increases from the 4-cell to 8-cell stage are
identified as MGA genes, of which there are 4,216. The
functional assignment of these genes by MAPPFinder char-
acterizes the function of the MGA genes by the following
three representative GO terms; “endopeptidase inhibitor,”
“intercellular  junction,” and “DNA  (cytosine-3-)-
methyltransferase.” The implication of these GO terms and
the timing of MGA seems consistent with the proposed role
of MGA in compaction, cavitalion, and the first differentia-
tion of ICM and TE. Expression profiling of embryos treated
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with inhibitors of transcription and translation reveals that
the translation of maternal RNAs is required for the initiation
of ZGA, suggesting a cascade of gene activation from ma-
ternal RNA/protein sets to ZGA gene sets and thence to
MGA gene sets.

Decreasing oocyte competence with maternal aging is a
major concern in human infertility because the rate of late
childbearing is increasing even though reproductive capacity
in women declines dramatically with advancing age. Studies
of molecular mechanisms involved in the decline of cocyte
quality with maternal age could have important implications
for the efficacy and safety of clinical ooplasmic donation to
rejuvenate aging oocytes. Hamatani ef al. and Pan et al. also
reported age-associated alteration of gene expression pat-
terns in mouse oocytes, which has implications for aging
research [22, 23]. Genes related lo oxidative stress (e.g.,
Sodl, Apacd and Txn1), milochondrial function (e.g., Sdha,
Pdhb and CybS5), chromatin structure (e.g., Hdac2, Hmgb3
and Bmil), DNA methylation (e.g., Dnmtl, Dnmt3b, and
Dnmt3L), and genome stability (e.g., Tert, Exol, and Msh3)
are altered with aging. Furthermore, kinetochore components
of the spindle assembly checkpoint (e.g., Bubl, BubRl,
Aurora kinase) and Cdc20, a critical activator of the Ana-
phase Promoting Complex, may contribute to aneuploidy in
aged oocytes [23].

These comprehensive expression profiles of the majority
of genes should give a baseline for analysis of the complex
gene regulatory networks in normal mouse preimplantation
and for comparative analysis for other mammalian species,
including humans.

WHAT’S GOING ON IN AN EPITHELIAL-
MESENCHYMAL TRANSITION (EMT)?

The conversion of an epithelial cell to a mesenchymal
cell is critical to vertebrate embryogenesis und a defining
structural feature of organ development, such as forming
fibroblasts in injured tissues [24, 25], or in initiating melasta-
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ses in epithelial cancer [26-29]+ From a general perspective,
EMT is about disaggregating epithelial units and reshaping
epithelia for movement. Epithelia in transition lose polarity,
tight junctions, adherens junctions, desmosomes and cy-
tokeratin intermediate filaments in order to rearrange their F-
actin stress fibers and -express lamellopodia.and filopodia.
This phenotypic conversion requires the molecular repro-
gramming of epithelia with new biochemical instructions. It
is known (hat commonly used molecular markers for EMT
include increased expression of N-cadherin and vimentin,
nuclear localization of beta-catenin, and increased produc-
tion of the transcription factors such as Snail, Twist, and
SIP1/ZEB2. Much of this conversion, however, has been
studied during experiments that expose new transduction and
signaling pathways in epithelia, and more recently in fibro-
genic tissues. It is not yet clear whether the fibroblast transi-
tion of EMT is an expected middle phase of transdifferential-
ing epithelia, or whether EMT producing fibroblasts is an
arrested form of transdifferentiation.

EMT is easily engaged by a combination of cytokines as-
sociated with proteolytic digestion of basement membranes
upon which epithelia reside. We analyzed PCA and hierar-
chical clustering method of the gene expression pattern of
the renal tubular cells and mammary gland cells. If PCI were
used to identify genes that arc differentially expressed be-
tween phenotypes, then genes that are strongly associated
with PC1 would be selected. If both PC axes arc used, then
genes strongly associated with two groups would be selected.
We then identified the genes which discriminate between the
renal tubular and the mammary gland epithelial cells (PC1),
or EMT-induced and non-induced cells (PC3) (Fig. (2)). Un-
dergoing EMT identifies the genes that discriminate between
the renal tubular and the mammary gland epithelial cells
(PC1), or EMT-induced and non-induccd cells (PC3) (Tablc
1).

The advanced study of the genes identified by PCA
would yield new insight regarding EMT, and achieve a
breakthrough in understanding the molecular mechanisms of

9%
)

Q
_‘NC-NMuMG

HM61 |

O
HM63_NEZ

Epithelial-mesenchymal
transition

CT

Fig. (2). EMT related gencs by gene chip analysis,

PCI1

Principal component analysis based on the gene expression pattern of the renal tubular cells and mammary gland cells.



