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Abstract Preimplantation genetic diagnosis (PGD) has gained
widespread application in clinical medicine and hence the
health of PGD offspring needs to be systematically assessed.
Given the critical role of the stress response in growth and
health, assessments of the development and function of the
stress system might help to clarify the health outcomes of
PGD. In this study, we constructed a PGD-conceived mouse
model and used naturally conceived mice as controls; we used
this model to evaluate the potential effect of PGD procedures
on the stress system of the offspring. Serum and tissues of stress
organs, namely the hypothalamus, locus coeruleus and adrenal
gland, were collected from 5-week-oldmice in the basal state or
after cold stress. The serum levels of stress-related hormones
and the structural and functional indices of the stress organs
were then examined. In the basal state, ultrastructural abnor-
malities and low expression of genes involved in steroid hor-
mone synthesis were found in the adrenals of the PGD mice,
which had low corticosterone and high epinephrine levels
compared with those of control mice. After acute cold stress,
the PGD mice continued to show structural and glucocorticoid
secretion abnormalities resulting in a late response to the envi-
ronmental change. Thus, our study indicates that PGD

manipulations affect adrenal development, result in structural
and functional abnormalities of the adrenals in the offspring and
influence their reactivity and adaptability to cold stress.
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Introduction

Assisted reproductive technologies (ARTs) have been widely
used in the treatment of human infertility. However, some
processes involved in ART-mediated conception are markedly
different from those in spontaneous conception, such as ovarian
hyperstimulation and exposure of the embryo to tissue culture
medium. Both clinical investigations and animal studies have
indicated an increased incidence of developmental abnormali-
ties in ART offspring (Ecker et al. 2004; Maher 2005;
McDonald et al. 2005; Miles et al. 2007; Watkins et al. 2007;
Sakka et al. 2010; Wilson et al. 2011; de Mouzon et al. 2012).
Moreover, non-physiological manipulations used in ARTs are
thought to contribute to these potential risks (Maher 2005;
Watkins et al. 2007).

Preimplantation genetic diagnosis (PGD) has been one of
the main clinical components of ART since 1990 (Handyside
et al. 1990). Compared with other ARTs, the protocol required
for PGD includes not only superovulation and in vitro embryo
culture but also the more invasive biopsy procedure to remove
one or two blastomeres from the embryo. At present, research
on PGD mostly focuses on making technical advancements in
order to improve the accuracy and sensitivity of existing tech-
niques and to develop new applications (Wilton 2002; Wells
and Levy 2003; Hu et al. 2004, 2007). In contrast, relatively
little evaluation of the influence of PGD on offspring develop-
ment has been carried out, although the potential effects of
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in vitro fertilization (IVF) or intracytoplasmic sperm injection
of eggs (ICSI) have attracted more attention. Although some
clinical investigations have shown that blastomere biopsy does
not produce negative effects on neonatal health outcomes
(Hardy et al. 1990; Winston and Hardy 2002; Desmyttere
et al. 2009), it is difficult to convince the public that this
technology will not adversely affect the offspring. Indeed, our
recent study has shown a high risk of defective memory func-
tion in adult mice generated after blastomere biopsy (Yu et al.
2009) and Middelburg et al. (2011) found lower neurologic
optimality scores in 2-year-old children who had undergone
preimplantation genetic screening (PGS). Therefore, the health
outcomes of PGD must be systematically assessed.

All organisms must maintain a complex dynamic equilib-
rium or homeostasis, which is essential for their normal de-
velopment and physiological function. Homeostasis is con-
stantly challenged by internal or external adverse forces,
which are termed as stressors, such as cold stress, heat shock,
nutritional deficiency and tissue necrosis. Stressors trigger a
stress response, which is a complex neuroendocrine response
that maintains homeostasis and ensures the normal develop-
ment and physiology of organisms. The stress response is
mediated by the stress system. The hypothalamic-pituitary-
adrenal (HPA) axis and locus ceruleus-norepinephrine/sym-
pathetic-adrenal medulla (LC/NE) axes constitute the main
effector pathways of the stress system mediating neuroendo-
crine hormone secretion and various physiological adaptive
responses (Chrousos 2009; Kyrou and Tsigos 2009). If ho-
meostasis is re-established by the stress response, the normal
development and physiological function of the organism are
guaranteed. Conversely, development and physiological func-
tion might be impacted.

Given the critical role of the stress response in growth and
health, assessments of the development and function of the
stress system might help to clarify the health outcomes of
PGD. In this study, we constructed a PGD-conceived mouse
model and used naturally conceived mice as controls; we used
this model to evaluate the potential effect of PGD procedures
on the stress system of the offspring. Both the basal activity
and responsiveness of the stress system were assessed. Given
the important roles of the HPA and LC/NE axes in the stress
response, we selected the hypothalamus, locus coeruleus and
adrenal gland as the investigative targets of this study.
Structural and functional assessments of the stress organs
were performed in both the basal state and after cold stress.

Materials and methods

Construction of mouse model

ICR mice were utilized throughout this study. All experiments
requiring the use of animals were approved by the Committee

on the Ethics of Animal Experiments of Nanjng Medical
University.

Mice were either derived from PGD procedures (PGD
group) or were naturally conceived (normal group). Cleavage-
stage biopsy and embryo transfer were performed according to
our previously published procedures (Yu et al. 2009). In brief,
groups of cleavage embryos were transferred into a droplet of
HEPES-buffered CZB (Chatot, Ziomek, and Bavister) medium
containing 5 mg/ml cytochalasin B. One blastomere was re-
moved randomly from each four-cell embryo with an enucle-
ation pipette as described for human blastomere biopsy
(Sermon et al. 2004). After manipulation, embryos were trans-
ferred to CZB culture medium containing glucose and incubat-
ed for up to 2 h at 37.5 °C. Pseudopregnant ICR females were
used as embryo recipients after mating with vasectomized ICR
males. Biopsied three-cell embryos were transferred into the
oviducts of day 0.5 pseudopregnant ICR females.

Exposure to acute cold stress

We maintained each 5-week-old mouse at −20 °C±2 °C in a
cagemeasuring 28 × 17 × 12 cm,with good aeration. Changes in
behavior and time of death were observed and recorded for each
mouse. For evaluating the responsiveness of the stress system to
acute cold stress, serum and tissues of stress organs, namely the
hypothalamus, locus coeruleus and adrenal gland, were collected
from mice after being exposed to −20 °C±2 °C for 30 min.

Serum collection and hormone detection

Blood was extracted from the mice by eye-bleeding and was
centrifuged and the resultant serummaintained at −80 °C until
use. Serum levels of epinephrine, norepinephrine, adrenocor-
ticotrophic hormone (ACTH) and corticosterone were mea-
sured by using commercial radioimmunoassay kits (Sino-UK
Institute of Biological Technology, Beijing, China).

Histological and ultrastructural examination

Brain and adrenal tissues from the PGD and normal mice were
fixed in formaldehyde and embedded in paraffin. The blocks
were then sectioned (thickness: 5 μm), deparaffinized and
stained with hematoxylin and eosin for histological examina-
tion. Image-analysis software was used to measure the thick-
ness of the adrenal cortex in micrometers. For ultrastructural
examination, adrenal tissues were postfixed with 2 % OsO4

and embedded in Araldite. Ultrathin sections were stained
with uranyl acetate and lead citrate.

Immunohistochemical analysis

Brain tissues were sectioned through the paraventricular nu-
cleus (PVN) and embedded in paraffin, after which 5-μm-
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thick coronal sections were cut from the paraffin blocks. The
sections were collected on poly-L-lysine-coated slides and air-
dried. After being blocked, the sections were incubated over-
night at 4 °C in a humidified chamber with polyclonal c-Fos
antibody (diluted 1:100; ad7963, Abcam, USA) in phosphate-
buffered saline (PBS) containing 2% normal goat serum. Next,
the slides were washed and then incubated with the secondary
antibody, a goat anti-rabbit IgG conjugated with horseradish
peroxidase (HRP; diluted 1:100, Beijing Zhongshan
Biotechnology, China) for 1 h at 37 °C in a humidity box.
The slides were then washed, reacted with diaminobenzidine
and examined under an Axioskop2 microscope (Carl Zeiss,
Tornwood, N.Y,. USA). Image-processing software (ImageJ
1.43u, USA) was used to count c-Fos-positive cells.

Double-label immunofluorescence

Brain tissues were frozen and then sectioned through the locus
coeruleus (LC) to obtain 5-μm-thick coronal sections. After
being washed with PBS, the sections were first blocked for
30 min at room temperature with a buffer containing 2 %
normal goat serum in 0.01 M PBS and then incubated over-
night at 4 °C with polyclonal c-Fos antibody (diluted 1:100;
ad7963, Abcam). The sections were then rinsed with PBS and
incubated for 1 h at 37 °C with the secondary antibody, a goat
anti-rabbit IgG conjugated with fluorescein isothiocyanate
(diluted 1:500, Beijing Zhongshan Biotechnology). Next, the
sections were again blocked for 30 min at room temperature
and then incubated overnight at 4 °C in a humidified chamber
with polyclonal tyrosine hydroxylase (TH) antibody (diluted
1:1000; NB100-1613, Novus Biologicals, USA). After being
washed with PBS, the sections were incubated for 1 h at 37 °C
with goat anti-chicken IgG/Alexa Fluor 647 secondary anti-
body (diluted 1:1000; A-21449, Invitrogen, USA). Hoechst

(H6024, Sigma, USA) was used to identify the cell nuclei. The
sections were examined by using a confocal microscope
(Zeiss, LSM710, Göttingen, Germany). ImageJ software was
used to count c-Fos-positive cells and TH-positive cells.

Stored lipids in adrenal gland

To assess the lipid stores in the adrenal gland, we prepared
frozen sections of the adrenal tissues obtained from the mice.
The sections were stained with oil red-O and counterstained
with hematoxylin. Stored lipids were visible as red droplets
and cell nuclei appeared blue. Photomicrographs were taken
under the same exposure and magnification conditions.
ImageJ software was used to count the red droplets.

Real-time quantitative polymerase chain reaction

Total RNAwas extracted from the adrenals with the RNeasy
Plus Micro Kit (Qiagen, cat. no. 74034) according to the
manufacturer’s protocol. A 20-μl cDNA reaction volume
was then prepared by using the PrimeScript RT reagent Kit
(TaKaRa, cat. no. DRR036A). SYBR Premix Ex Taq II kits
(TaKaRa, cat. no. DRR820A) were used for real-time poly-
merase chain reaction (PCR). Reactions were performed
according to the manufacturer’s protocol. Primer sequences
and target fragment sizes are listed in Table 1.

Statistical analysis

Data are expressed as means ± SEM. Statistical significance
was determined by using the unpaired two-tailed Student t -
test, with differences being considered significant at P <0.05.

Table 1 Primer sequences and target fragment size of each gene

Gene name Primer sequences Target fragment sizes (bp)

Steroidogenic acute regulatory protein (StAR) P1: 5′-ACTTCGTGAGCGTGCGCTGTA-3′ 115
P2: 5′-CCGTGTTCAGCTCTGATGACACC-3′

Cytochrome P450 side chain cleavage enzyme (P450scc) P1: 5′-GTGGACCCCAAGGATGCGTCG-3′ 118
P2: 5′-CAGGCGC CATCACCTCTTGGT-3′

3β-Hydroxysteroid dehydrogenase (3-βHSD) P1: 5′-AGCTGCCCCTGATCTTTTCAGCC-3′ 117
P2: 5′-TCCTTTATTCCTGTGCAGCAGCCG-3′

P450c21 (21-OH) P1: 5′-GGCCTCACTCAGAAACTCGGGC-3′ 131
P2: 5′-TGGGGTCGGCCAGCAAAGTC-3′

P450c11 (11-OH) P1: 5′-TCACCATGTGCTGAAATCCTTCCAC-3′ 150
P2:5′-TGGGACACCAAAAGAAAAAGGCTGT-3′

Glis1 P1: 5′-TCACCATGTGCTGAAATCCTTCCAC-3′ 118
P2: 5′-TGGGACACCAAAAGAAAAAGGCTGT-3′

β-Actin P1: 5′-CCGTAAAGACCTCTATGCC-3′ 278
P2: 5′-CTCAG TAACAGTCCGCCTA-3′
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Results

Basal activity of stress system

Optimal basal activity and responsiveness of the stress system
are essential for the growth, development and physiological
function of organisms. Stressors activate LC neurons, which
cause the reaction of the sympathetic-adrenal medulla and there-
by increase epinephrine and norepinephrine secretion from the
adrenal chromaffin cells. Stressors also excite the HPA axis,
activating neurons of the hypothalamic PVN, which stimulate
ACTH secretion from the anterior pituitary and thereby promote
glucocorticoid secretion (mainly corticosterone inmice) from the
adrenal cortex. We, therefore, assessed the levels of the stress-
related hormones epinephrine, norepinephrine, ACTH and cor-
ticosterone and the structural and functional indices of the stress
organs, namely the LC, hypothalamus and adrenal gland, in
order to evaluate the ability of the mice to respond to stress.

Detection of stress-related hormones

Basal levels of serum epinephrine, norepinephrine, corticoste-
rone and ACTH were measured and compared between the
PGD and normal mice. The average epinephrine level was
significantly higher in the PGD mice (70.183±16.557 pg/ml)
than in the normal mice (62.806±8.636 pg/ml, P <0.05).
However, the corticosterone level was significantly lower in
the PGD mice than in the normal mice (277.444±16.462 ng/
ml vs. 294.304±15.122 ng/ml, P <0.01). The levels of serum
norepinephrine and ACTHwere similar between the PGD and
normal mice (Fig. 1a).

Structural and functional assessments of the central stress
organs (LC and hypothalamic PVN)

Morphology Histological examination revealed no discern-
ible changes in the LC and PVN in the PGD and normal mice
(Fig. 2a-d).

Neuronal activity c-Fos, an inducible immediate-early gene,
has become the most widely used functional marker of acti-
vated neurons (Kovacs 1998). TH is the rate-limiting enzyme

for catecholamine synthesis and can be used as a marker of
LC-norepinephrine neurons (Bernuci et al. 2008). In this
study, immunohistochemical staining of c-Fos was used to
indicate the activity of PVN neurons and c-Fos/TH double-
labeled neurons represented active norepinephrine neurons in
the LC. No significant differences were observed in the num-
ber of c-Fos-positive cells in the PVN (Fig. 3a-c) and the

�Fig. 1 Detection of serum hormones and endurance to cold. Levels of
serum epinephrine (n =33), norepinephrine (n =20), corticosterone (n=
33) and adrenocorticotrophic hormone (ACTH; n=20) were compared
between the preimplantation genetic diagnosis (PGD ) and normal
(Normal) mice. a In the basal state, the average epinephrine level was
significantly higher and the corticosterone level was significantly lower in
the PGDmice than in the normalmice. b After being exposed to −20 °C±
2 °C for 30 min, the PGDmice continued to have a lower average level of
serum corticosterone than that in the normal mice. c Average endurance
time to acute cold stress was significantly greater in the PGDmice than in
the normal mice (n =39). *P<0.05, ** P <0.01
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number of c-Fos/TH double-positive neurons in the LC
(Fig. 4a-i) between the PGD and normal groups.

Structural assessment of peripheral stress organ (adrenal
gland)

Hormones secreted by the adrenal gland mediate the response
of the body to stress. The adrenals are composed of two

distinct tissues, the cortex and medulla, which synthesize
glucocorticoids and catecholamines, respectively (Bland
et al. 2003).

Morphological examination of adrenal cortex The adrenal
cortex tissues of both PGD and normal mice showed zona
fasciculata cells and the adrenal cortex thickness did not signif-
icantly differ between the PGD and normal mice (Fig. 5a-b, d-

Fig. 2 Histological examination
of the locus coeruleus (LC) and
paraventricular nucleus (PVN).
Hematoxylin-eosin sections
obtained from preimplantation
genetic diagnosis (PGD) and
normal (Normal) mice (n =6)
revealed no discernible changes
in the LC and PVN in the basal
state (a–d) and after cold stress
(e–h). Bars 100 μm
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e, g). Ultrastructural examination revealed mitochondria,
smooth endoplasmic reticulum, lipid droplets and secretory
vacuoles in the zona fasciculata cells of mice from both groups
(Fig. 6a, b). Numerous mitochondria with densely packed cris-
tae were observed in the normal mice (Fig. 6a). The PGDmice,

however, showed abnormal mitochondria, with an electron-
lucent matrix and blurry, loosely packed cristae (Fig. 6b).

Morphological examination of adrenal medulla Light mi-
croscopy revealed no chromaffin cell abnormalities in the

Fig. 3 Immunohistochemical
staining of c-Fos indicating the
activity of PVN neurons. No
significant differences were
observed in the number of c-Fos-
positive cells in the PVN between
the PGD and normal groups (n =
6) in the basal state (a–c) and after
cold stress (d–f). Bars 50 μm

Fig. 4 c-Fos/tyrosine hydroxylase (TH) double-labeled immunofluores-
cence indicating the active norepinephrine neurons in the LC. The num-
ber of c-Fos/TH double-labeled neurons in the LC did not differ between

the PGD and normal mice (n =6) in the basal state (a–i) or after cold
stress (j–r). Bars 100 μm
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PGD and normal mice (Fig. 5a, c, d, f). By electron micros-
copy, epinephrine- and norepinephrine-secreting chromaffin
cells are identified by their membrane-bound cytoplasmic
inclusion granules. Epinephrine-secreting cells have small
granules that show low electron density and are completely
filled. Norepinephrine-secreting cells have large granules that
show high electron density and irregular contents (El-
Maghraby and Lever 1980). In our study, norepinephrine-
secreting cells were normal in both the PGD and normal mice
(Fig. 6e, f). However, many granules undergoing piecemeal
degranulation (PMD) were found in the epinephrine-secreting
cells of the PGD mice (Fig. 6h). These granules exhibited
various degrees of content loss and the remaining contents
were loosely packed or condensed (Fig. 6h). PMD, a model of
cell secretion characterized by the slow release of granule
materials without granules opening to the cell exterior, is
reported to be another secretory pathway of catecholamines,
in addition to exocytosis, in the chromaffin cells (Crivellato
et al. 2003, 2004). Normal resting granules were seen in the
epinephrine-secreting cells of the normal mice (Fig. 6g).
These results suggested that epinephrine was primarily secret-
ed in the PGD mice, whereas it was primarily stored in the
normal mice.

Functional assessment of adrenal gland

Corticosterone synthesis In the adrenal gland, corticosterone
is produced from cholesterol through the expression of ste-
roidogenic acute regulatory protein (StAR), which is crucial
for the intramitochondrial movement of cholesterol and clas-
sical steroidogenic enzymes, namely, cytochrome P450 side
chain cleavage enzyme (P450scc), 3β-hydroxysteroid dehy-
drogenase (3-HSD), 21-hydroxylase (21-OH) and 11-
hydroxylase (11-OH; Provost 2005). We assessed the lipid
stores in the adrenal cortex by oil red staining.More oil-red-O-
positive signals were found in the adrenal cortex of the PGD
mice than in that of the normal mice, which suggested that
PGD mice have a greater amount of lipids stored in their
adrenal glands (P <0.05; Fig. 7a-c). Furthermore, the expres-
sion levels of StAR, P450scc, 3β-HSD, 21-OH and 11-OH in
the adrenal gland were lower in the PGD mice than in the
normal mice but the difference in expression levels was sig-
nificant for only P450scc (P <0.05; Fig. 8a, b).

Epinephrine synthesis Epinephrine, the final catecholamine
in the catecholamine biosynthetic pathway, is produced by
theN-methylation of the primary amino group on the aliphatic

Fig. 5 Histological examination of the adrenal glands and adrenal
cortical thickness in PGD and normal mice (n =6). No significant
difference in cell histology (a–f , h–m) and cortical thickness (g , n)

was found between the two groups in the basal state (a–g) and after
cold stress (h–n). Bars 50 μm
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chain of norepinephrine. This process is catalyzed by pheny-
lethanolamine N -methyltransferase (PNMT; Kvetnansky
et al. 2009). The abnormal expression of PNMT can lead to
epinephrine synthesis disorder. We found no significant dif-
ferences in the PNMT levels in the adrenal glands between the
PGD and normal mice (Fig. 8e).

Responsiveness of stress system to acute cold stress

Cold endurance test

The average endurance time to acute cold stress was significant-
ly greater in the PGD mice than in the normal mice (P <0.01;
Fig. 1c).

Detection of stress-related hormones

After being exposed to −20 °C±2 °C for 30 min, the PGD
mice continued to have a lower average level of serum corti-
costerone than that in the normal mice (302.953±28.967 ng/
ml vs. 318.024±9.821 ng/ml, P <0.05). However, the serum
levels of epinephrine, norepinephrine and ACTH in the PGD
mice were comparable with those in the normal mice
(Fig. 1b).

Structural and functional assessments of LC and PVN
after acute cold stress

Morphological examination After acute cold stress, no struc-
tural abnormalities were observed in the LC and PVN from
histological analysis in the PGD and normal mice (Fig. 2e-h).

Neuronal activity The number of c-Fos/TH double-labeled
neurons in the LC (Fig. 4j-r) and c-Fos-positive cells in the
PVN (Fig. 3d-f) did not differ between the PGD and normal
mice after acute cold stress.

Structural assessment of adrenal gland after acute cold stress

Morphological examination of adrenal cortex After acute
cold stress, no significant difference in cell histology and
cortical thickness was found between the PGD and normal
mice (Fig. 5h, i, k, l, n) and ultrastructural analysis indicated
that the mitochondrial cristae of the PGD mice remained
blurry and loosely packed when compared with the cristae
of the normal mice (Fig. 6c, d).

Morphological examination of adrenal medulla After cold
stress, no visible differences were found in the histological
appearance of the adrenal medulla between the two groups
(Fig. 5h, j, k, m). However, many granules undergoing PMD
in epinephrine-secreting cells were observed in both the PGD

and normal mice suggesting that these cells were in the
secretory phase in both types of mice (Fig. 6i, j).

Functional assessment of adrenal gland after acute cold stress

After cold stress, the PGD mice continued to show more oil-
red-O-positive signals and lower expression of the genes
involved in corticosterone synthesis compared with those in
the normal mice, although the difference was not statistically
significant (Figs. 7d-f, 8c, d). PNMT expression also did not
significantly differ between the two groups (Fig. 8f).

Discussion

Whether PGD procedures have adverse effects on offspring
remains controversial. Evaluations of PGD risk have produced
conflicting results (Winston and Hardy 2002; Desmyttere et al.
2009; Yu et al. 2009; Middelburg et al. 2011), possibly because
of the interference effect of parental factors. In addition, long-
term follow-up data of PGD offspring have not yet been
gathered because this technique is relatively new. In this study,
we constructed a mouse model to assess the safety of PGD; this
model can account for the influence of parental factors and
enable long-term safety assessments of PGD procedures be-
cause of the short life span of the mice. A preliminary evalua-
tion of the stress system was performed in PGD and control
mice.

PGD procedures impair development of adrenal gland
in resulting mice

Glucocorticoids and catecholamines are key factors in the
stress response. We found that PGD mice had lower cortico-
sterone levels and higher epinephrine levels than normal mice.
However, no structural or functional (neuronal activity) ab-
normalities were observed in the LC and PVN of the PGD
mice. These results suggest that PGD procedures influence the

�Fig. 6 Ultrastructural analysis of the adrenal gland in PGD and normal
mice (n =6). Both in the basal state (a , b) and after cold stress (c , d), the
normal mice showed normal mitochondria with densely packed cristae in
the zona fasciculata (ZF) cells (a , c) but the PGDmice showed abnormal
mitochondria with an electron-lucent matrix and fuzzy, loosely packed
cristae in these cells (b , d ). ×20,000. Ultrastructure of the
norepinephrine-secreting (NE) cells was normal in the PGD and normal
mice, both in the basal state (e , f) and after cold stress (not shown). In the
basal state, the PGD mice showed many abnormal granules with
inhomogeneous electron density and comparatively large vacuoles in
the epinephrine-secreting (E) cells (h), whereas normal mice showed
normal well-distributed granules in these cells (g). After cold stress,
secretory granules with comparatively larger vacuoles in E cells were
observed in both the PGD (j) and normal mice (i). ×20,000. Insets
Regions of cytoplasm at higher magnification
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Fig. 7 Oil red-O staining
indicated stored lipids in the
adrenal cortex of PGD and
normal mice (n=6). PGD mice
showed more oil-red-O-positive
signals compared with the normal
mice in the basal state (a–c) and
after cold stress (d–f) but the
difference was significant only in
the basal state. *P<0.05. Bars
50 μm

Fig. 8 Expression levels of genes involved in corticosterone and epi-
nephrine synthesis were compared between PGD and normal mice (n=
6). Both in the basal state (a , b) and after cold stress (c , d), the expression
levels of steroidogenic acute regulatory protein (StAR; a , c), cytochrome
P450 side chain cleavage enzyme (P450scc ; a , c), 3β-hydroxysteroid
dehydrogenase (3β-HSD; b , d), 21-hydroxylase (P450c21; a , c) and

11-OH (P450c11 ; a , c) in the adrenal gland were lower in the PGD mice
than in the normal mice. However, the difference in expression levels was
significant for only P450scc in the basal state. Phenylethanolamine N-
methyltransferase (Pnmt) expression did not significantly differ between
the two groups, either in the basal state (e) or after cold stress (f ).
*P<0.05
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basal activity of the stress system, without affecting the central
organs of the LC/NE and HPA axes.

Corticosterone and epinephrine are synthesized and secret-
ed by the adrenal cortex and medulla, respectively. Therefore,
the structure and function of the adrenal gland were investi-
gated. We found ultrastructural abnormalities in the adrenal
glands of the PGD mice. In the fasciculata cells of the adrenal
cortex, the mitochondrial matrix was electron-lucent with
blurry, loosely packed cristae. Themitochondria of the adrenal
cortex are extremely important organelles in steroid hormone
synthesis. The conversion of cholesterol to pregnenolone in
the mitochondria of steroidogenic cells is the first and rate-
limiting step in steroidogenesis (Miller 1995). Thus, alter-
ations to the mitochondrial structure directly affect steroid
hormone synthesis. The lower corticosterone levels of the
PGD mice might be related to the abnormal mitochondria in
the fasciculata cells. This speculation has been confirmed by
our results showing that steroidogenic genes, especially
P450scc, are expressed at lower levels in the adrenal glands
of the PGDmice and that PGDmice have larger lipid stores in
the adrenal cortex. As mentioned previously, the first step in
steroidogenesis is the cleavage of the cholesterol side chain to
yield pregnenolone; this reaction is catalyzed by P450scc,
which is located in the mitochondria (Miller 2011). Thus,
the lower expression of P450scc might have decreased corti-
costerone synthesis and resulted in cholesterol accumulation,
as shown by the larger lipid stores in the adrenal cortex.

In the PGD mice, the epinephrine-secreting cells of the
adrenal medulla showed increased granules undergoing
PMD indicating that these cells were in the secretory phase.
We speculated that the greater number of granules showing
the earlier beginning of the secretory phase increased the
serum epinephrine level in the PGD mice. However, epineph-
rine synthesis might not be influenced by PGD because the
PNMT expression levels were similar between the PGD and
normal mice.

The adrenals are complex endocrine organs that regulate
many physiological processes, including the stress response
(Bielohuby et al. 2007). Disorders of adrenal development
generally result in atrophied, poorly functioning glands, a
clinical condition termed adrenal hypoplasia. This condition
can be subdivided into (1) secondary adrenal hypoplasia at-
tributable to defects in ACTH synthesis, processing and re-
lease; (2) ACTH resistance syndromes and (3) primary adre-
nal hypoplasia attributable to defects in the development of
the adrenal gland itself (Ferraz-de-Souza and Achermann
2008). In our study, no obvious ACTH abnormalities were
found in the PGD group. This suggested that the abnormal
development of the adrenals in the PGD mice was not caused
by defects in ACTH synthesis and secretion or by ACTH
resistance but was probably inherent to the adrenal gland
itself. Embryo manipulations used in PGD might be associat-
ed with adrenal dysplasia. Severe atrophy of the adrenal gland

was not found in this study; however, some ultrastructural
changes were detected in the adrenal glands of the PGDmice,
which impacted the adrenal function to a certain extent.
Because the fastest phase of adrenal growth and development
occurs at 3–7 weeks after birth (Bielohuby et al. 2007), the full
extent of these changes might not have been observed in the 5-
week-old PGD mice used in this study and we cannot ignore
the possibility that some obvious pathological changes occur
at a later development phase in the PGD mice.

In conclusion, PGD procedures might affect the develop-
ment of the peripheral stress organ, i.e., the adrenal gland,
which results in disordered basal activity of the stress system
in the offspring.

Adrenal abnormalities disturb response of PGD mice to cold
stress

The adrenal gland is the common downstream organ of the
HPA and LC/NE axes, which are critical for the stress re-
sponse. We investigated whether the impaired adrenal glands
of the PGD mice could produce a sufficiently competent
response when the mice encountered stress.

In the cold endurance test, the PGD mice showed different
endurance times when compared with those of the normal
mice. The abnormality of the PGD mice in the cold environ-
ment might not be related to the LC and PVN, because no
significant differences were found in the morphology and
neuronal activity of these areas between the PGD and normal
mice (Figs. 2, 3, 4). After cold stress, the number of c-Fos-
positive neurons in the LC and PVN increased in both groups
(Figs. 3, 4).

We further analyzed the structure and function of the adre-
nal gland. After acute cold stress, many granules undergoing
PMD were found in the epinephrine-secreting cells of the
adrenal medulla in both groups (Fig. 6i, j) indicating that
epinephrine secretion from these cells was stimulated in order
to help the mice to adapt to the changed environment. This
was confirmed by the results of serum hormone detection. Our
results showed an increased epinephrine level after cold stress
in both the PGD and normal groups. However, the increased
amplitude of epinephrine in PGD group was lower than that in
the normal group; this might be attributable to the higher basal
epinephrine level in PGDmice (Fig. 1a, b). Although the basal
epinephrine levels were different between the PGD and nor-
mal groups (Fig. 1a), the hormone levels after adjustment
were comparable between the two groups (Fig. 1b). The
similar serum epinephrine level after cold stress should cause
a comparative physiological effect in PGD and normal mice.
Thus, we suggest that the different endurance times to the cold
enviroment between the PGD and normal mice might not be
associated with the epinephrine level directly.

However, the higher basal epinephrine level in PGD mice
might have affected the function of some other organs, such as
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the heart and might disturb the physiology of PGD mice
(Ziegler et al. 2012). When PGD mice encounter an acute
cold stress, these disturbed organs might influence their adapt-
ability and endurance to the enviromental change. Further
studies should be performed to elucidate the adverse effect
of PGD more fully.

After acute cold stress, the serum corticosterone level in-
creased in both the PGD and normal mice indicating that an
adaptive response occurred in the fasciculata cells in the
adrenal cortex. However, the corticosterone level in the PGD
mice was lower than that in the normal mice (Fig. 1b).
Ultrastructural analysis demonstrated abnormal mitochondria
in the PGDmice subjected to cold stress (Fig. 6d). In addition,
the genes involved in corticosterone synthesis tended to be
expressed at lower levels in the PGD mice than in the normal
mice, although the differences were not statistically significant
(Fig. 8c, d). These findings might explain why the corticoste-
rone level was lower in the PGDmice than in the normal mice.
The lower corticosterone level might disturb the adaptability
of the PGD mice to cold stress.

Glucocorticoids affect almost every tissue in the body, their
biological effects varying with the dose. Glucocorticoids are
vital for life; they aid in maintaining blood pressure, water
balance and vascular volume, increase vascular sensitivity to
catecholamines and participate in the inflammatory response
(Klein and Peterson 2010). In the PGD mice, developmental
abnormalities of the adrenal glands might have affected corti-
costerone secretion from the adrenals in response to acute cold
stress. The PGD mice exhibited a later response to acute cold
stress, possibly because of the reduced corticosterone
secretion.

In conclusion, we have found that PGD manipulations
affect adrenal development and result in structural and func-
tional abnormalities of the adrenals in the offspring. When
these mice encounter acute cold stress, their reactivity and
adaptability are affected. The PGD mice continue to show
structural and glucocorticoid secretion abnormalities after
cold stress; this results in a late response to the environmental
change. Further studies are necessary to elucidate the potential
mechanisms underlying the adrenal impairment in PGD off-
spring and to evaluate the possibility of serious pathological
changes in later phases of development.
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