
Hormones and Behavior 163 (2024) 105562

Available online 28 May 2024
0018-506X/© 2024 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Pre-natal exposure to glucocorticoids causes changes in developmental 
circadian clock gene expression and post-natal behaviour in the 
Japanese quail 

Jessica Harvey-Carroll a,b,*, Tyler J. Stevenson c, Luc F. Bussière b, Karen A. Spencer a 

a School of Psychology and Neuroscience, University of St Andrews, Scotland 
b Department of Biological and Environmental Sciences & Gothenburg Global Biodiversity Centre, University of Gothenburg, Sweden 
c Institute of Biodiversity, Animal Health & Comparative Medicine, University of Glasgow, United Kingdom of Great Britain and Northern Ireland   

A R T I C L E  I N F O   

Keywords: 
Stress 
Circadian 
Development 
Glucocorticoids 
Clock system 
Diel behaviour 
Rhythms 

A B S T R A C T   

The embryonic environment is critical in shaping developmental trajectories and consequently post-natal phe-
notypes. Exposure to elevated stress hormones during this developmental stage is known to alter a variety of 
post-natal phenotypic traits, and it has been suggested that pre-natal stress can have long term effects on the 
circadian rhythm of glucocorticoid hormone production. Despite the importance of the circadian system, the 
potential impact of developmental glucocorticoid exposure on circadian clock genes, has not yet been fully 
explored. Here, we showed that pre-natal exposure to corticosterone (CORT, a key glucocorticoid) resulted in a 
significant upregulation of two key hypothalamic circadian clock genes during the embryonic period in the 
Japanese quail (Coturnix japonica). Altered expression was still present 10 days into post-natal life for both genes, 
but then disappeared by post-natal day 28. At post-natal day 28, however, diel rhythms of eating and resting 
were influenced by exposure to pre-natal CORT. Males exposed to pre-natal CORT featured an earlier acrophase, 
alongside spending a higher proportion of time feeding. Females exposed to pre-natal CORT featured a less 
pronounced shift in acrophase and spent less time eating. Both males and females exposed to pre-natal CORT 
spent less time inactive during the day. Pre-natal CORT males appeared to feature a delay in peak activity levels. 
Our novel data suggest that these circadian clock genes and aspects of diurnal behaviours are highly susceptible 
to glucocorticoid disruption during embryonic development, and these effects are persistent across develop-
mental stages, at least into early post-natal life.   

1. Introduction 

Embryonic development is a dynamic process that can give rise to 
multiple post-natal phenotypes. The environment within which the 
embryo develops, combined with gene interactions are the major drivers 
of these phenotypic responses (Kapoor et al., 2006; Maccari and Morley- 
Fletcher, 2007). One major neuroendocrine axis that links an individual 
to the environment, even during development, is the Hypothalamic- 
Pituitary-Adrenal (HPA) or stress axis (Matthews and McGowan, 
2019). The importance of this system is highlighted in the ability of the 
organism to respond to environmental challenges appropriately, max-
imising survival. The HPA axis produces glucocorticoids (GC's), such as 
corticosterone (CORT), acting on a range of target tissues and physio-
logical systems, resulting in a co-ordinated stress response (Cockrem, 

2007; Romero and Gormally, 2019; Wingfield, 1994). Exposure to 
elevated GC's during pre-natal development has been shown to have 
pleiotropic effects on subsequent phenotypes, with individuals often 
showing persistent effects across life stages in a range of physiological 
and behavioural traits (Henriksen et al., 2011; McGowan and Matthews, 
2018; Spencer, 2017; Spencer et al., 2009). One system that has been 
less explored in terms of the effects of developmental stress is the 
mechanism underlying the circadian rhythm. 

Circadian rhythms are critical for survival, regulating the coordina-
tion of behaviours in response to environmental cues (Hastings et al., 
2018). The circadian system serves to ensure internal continuous 
rhythms are phased at appropriate times for the environment (Cassone, 
2014; Spoelstra et al., 2016). This is best exemplified by the changes 
observed in reproductive organ functioning and size as photoperiods 
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vary across seasons (Follett and Sharp, 1969; Nakao et al., 2008). 
The circadian system consists of connected clocks present in nearly 

all tissues throughout the body. Central clocks, such as that found in the 
suprachiasmatic nucleus, are capable of entraining periphery clocks 
which are organised hierarchy and are capable of cross-modulation 
(Carneiro and Araujo, 2012; Stokkan et al., 2001; Zhang et al., 2021). 
Entrainment of peripheral clocks results in synchronous internal 
rhythms (such as metabolic rate, DNA transcription) being expressed 
concurrently to the environmental rhythms (Reppert and Weaver, 
2002). This ability to synchronize rhythms is mediated by a feedback 
network of genes, which cycles over the course of approximately 24 h. 
The core mechanism of the molecular clock can be divided into activa-
tors and repressors which form transcriptional and translational feed-
back loops resulting in a cyclic expression of genes and encoded proteins 
(Partch et al., 2014). Activators dimerise following translation in the 
cytoplasm and re-enter the nucleus as proteins. The dimers then initiate 
transcription of repressors. Translated repressors then re-enter the nu-
cleus and inhibit their own transcription through interference with 
activator dimers. Numerous other gene networks interact and mediate 
the core network. The core gene network interacts with auxiliary loops 
to then control gene expression of downstream targets (Cassone, 2014; 
Cox and Takahashi, 2019; Takahashi, 2016). Amongst the main genes 
controlling the central circadian network are Bmal (Brain and Muscle 
Arnt-like proteins) and Per (Period) family genes. These exist in multiple 
paralogs, with the most prominent being Bmal1 and Per2. Bmal1 acts as 
an activator, stimulating the expression of Per2 proteins. Per2 acts as a 
repressor, in turn promoting Rev-erbs to repress Bmal1, and resulting in 
a 24-h cyclic expression of the genes. This rhythmic onset can be 
entrained by a variety of stimuli such as light and food (Duong et al., 
2011; Shi et al., 2010). 

There is significant evidence for direct interaction between this gene 
system and the stress axis (Astiz and Oster, 2018; Yun et al., 2020). From 
a systems level it is known that GC's play an important role in entraining 
the circadian system. GC's themselves feature circadian fluctuations in 
expression, and are generally highest immediately prior to awakening, 
and then gradually decrease until the next period of awakening (Oster 
et al., 2016; Pruessner et al., 1997). Furthermore, chronic and sub-acute 
post-natal physical and social stress have been demonstrated to cause a 
phase advance in PER2 adrenal and pituitary clock rhythms of adult 
mice, alongside tissue specific peripheral circadian clock shifts. Despite 
the profound effect on clock gene expression, no overt differences in 
overall activity levels were found (Razzoli et al., 2014; Tahara et al., 
2015; Yamamoto et al., 2005). 

Evidence of clock-HPA interactions at a molecular level is rapidly 
increasing. GC directly interact with circadian clock genes. Core circa-
dian clock genes, primarily PER paralogs, feature a GC response element 
(GRE) in the promotor region, facilitating direct GR induced expression 
of circadian genes (Cheon et al., 2013; So et al., 2009; Yamamoto et al., 
2005). Additionally through binding to circadian clock dimers, GR's 
have been found capable of altering downstream circadian gene 
expression, for example, GR's can suppress transcription of Rev-erbα 
through binding to BMAL-CLOCK complexes. The GR-BMAL-CLOCK 
complexes bind to E-Boxes in the promotor of the Rev-erbα gene, 
reducing expression. This has been proposed as a mechanism of GC 
phase-resetting of the clock (Murayama et al., 2019). In addition to 
circadian clock genes being modulated by the HPA system, the HPA axis 
can, in turn, be modulated via interactions with circadian clock genes. 
The repressors CRY1/2 are capable of preventing GC dependent acti-
vation of GR, indicating a general role of CRY1/2 in inhibition of steroid 
hormone synthesis (Lamia et al., 2011). Furthermore an activator, 
CLOCK, has been demonstrated to suppress binding of GR to DNA 
recognition sequences, reducing GC-responsive gene expression (Char-
mandari et al., 2011; Nader et al., 2009). The use of GC's for both the 
circadian and HPA system are thought to be beneficial for functional 
coordination of the two systems (Spencer et al., 2018). 

Whilst most work has been carried out in adult animals exploring 

these interactions, there is also evidence for an important role for the 
HPA axis in mammalian circadian clock development. For example in 
rodents, following chronic maternal restraint stress male offspring dis-
played a phase advance of their active period (Morley-Fletcher et al., 
2019). In addition to diurnal activity patterns, exposure to pre-natal 
stress in rodents caused an advanced onset of the circadian CORT 
rhythm in post-natal life (Koehl et al., 1997, 1999). More recently, 
further rodent work on pre-natal stress has shown that the expression of 
several circadian clock genes may also be altered into post-natal life 
(Morley-Fletcher et al., 2019). As with in utero development, embryos in 
ovo can be exposed to increased levels of CORT following chronic stress 
of the mother (Henriksen et al., 2011). Transgenerational effects of 
CORT on the circadian system have been found in Japanese quail. 
Exposure to pre-natal CORT has been found sufficient to alter the 
development of offspring circadian genes (Harvey-Carroll et al., 2023). 
Taken together with the mammalian studies, these results suggest that 
the circadian clock system is highly susceptible to stress disruption 
during pre-natal development, and that stress could program persistent 
changes in how that system functions. However, we still have no data 
which links pre-natal GC exposure to circadian gene expression during 
the latter half of embryonic development and early post-natal life to 
ecologically relevant behaviour in an oviparous species. 

In this study we investigated the effects of exposure to physiologi-
cally relevant levels of CORT, a key hormone involved in stress, on the 
embryonic development, and post-natal expression of circadian clock 
genes using a well-established comparative model of circadian neuro-
biology, the Japanese quail (Coturnix japonica) (Underwood and Siopes, 
1984). We also investigated changes to early post-natal diurnal rhythms 
following pre-natal CORT exposure. 

2. Methods 

All procedures and housing of animals complied with the local ethics 
committee at the University of St. Andrews and in accordance with the 
Animals (Scientific Procedures) Act 1986 ASPA regulations under PIL 
IE1CF3B75 held by JLH and PPL 70/8159 and PAF9F705D held by KAS. 
For Experiment 2, ethical approval from School of Psychology & 
Neuroscience Ethics Committee was obtained (SEC approval code 185). 

2.1. Pre-natal clock gene expression timepoints 

163 fertile Japanese quail eggs (supplier Moonridge farm, Exeter, 
UK) were incubated in batches (Supplementary Table 1) (Ova-Easy 
190A, Brinsea Products Ltd., UK) in complete darkness (with material 
covering the glass incubator front to prevent external light interference) 
whilst on a rotating platform at 37.4 ◦C with 60 % humidity. Fertility 
was confirmed at day 5 of incubation via an egg candling torch. Hens 
with elevated plasma corticosterone (CORT) levels deposit increased 
levels of CORT in eggs during formation (Henriksen et al., 2011). Fertile 
eggs were injected at day 5 at the apex under sterile conditions with 10 
μl of 850 ng/ml CORT prepared in sterile peanut oil (Sigma Aldrich, 
Poole, UK). Metabolism of maternally deposited CORT has been 
demonstrated to occur at approximately day 6 of development (Vassallo 
et al., 2014). The total dose administered was 8.5 ng, as per a previous 
study. This concentration increases egg yolk concentration to within 1.8 
SD of a physiologically relevant dose (Zimmer et al., 2013). Control eggs 
were injected with 10 l sterile peanut oil. Needle punctures were sealed 
(Germolene New Skin, UK), eggs were labelled with their treatment, and 
returned to the incubator within 30 min of being removed. Hypothala-
mus tissue was collected from incubating eggs at three prenatal devel-
opmental stages at three different times (Supplementary Table 2); 
embryonic day (e) 11 (CORT n = 36, control n = 28), e14 (CORT n = 28, 
control n = 27), e17 (CORT n = 27, control n = 25). Embryos were kept 
in the dark until immediately prior to decapitation. Hatching would 
have occurred at day 18. 
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2.2. Post-natal clock gene expression timepoints 

For post-natal day 10 timepoints, 33 different Japanese quail eggs 
were incubated as above. At day 5 of incubation fertility was checked 
and eggs were injected with identical treatments to Experiment 1 
(control n = 19, CORT n = 14). 4 days Prior to hatching, the eggs from 
the two treatments were placed in separate labelled hatchers and egg 
turning was ceased (Janoel24 incubator, 80 % humidity). Hatched 
chicks remained in the hatcher until feathers were dry, a period of 
approximately 24 h. Chicks (control n = 19, CORT n = 14) were then 
moved into treatment specific pens (floor area 1m2) with ad libitum food 
(minced Turkey crumb, BOCM, UK), water and an electric contact 
brooder (Comfort chicks and hatchers, UK). Chicks were kept on a 12:12 
light cycle at all times. Chicks were sacrificed via intraperitoneal in-
jection of Pentobarbital at post-natal day 10 at either Zeitgeber time 
(ZT) 1 (1 h after lights on, CORT n = 6, Control n = 10) or ZT10 (2 h 
before lights off, CORT = 8, control n = 9). The hypothalamus was 
visually identified and dissected from the main brain and then flash 
frozen immediately on dry ice and stored at -80 ◦C until further analysis. 

For Post-natal day 28, 43 different fertile Japanese quail eggs were 
incubated in an identical manner. Eggs were injected at day 5 as above 
(control n = 16, CORT n = 27). Prior to hatching, eggs were split across 4 
rooms with staggered 12:12 light cycles. The hatchers were covered to 
ensure no light exposure. Light cycles in each room were staggered by 1 
h to allow dissection for all timepoints to occur within one hour. 
Hatched chicks (ZT1 control n = 7, CORT n = 14, ZT10 control n = 9, 
CORT n = 13) remained in the hatcher until feathers were dry, a period 
of approximately 24 h. Chicks were moved across to treatment specific 
pens (floor area 1 m2) in batches, to ensure CORT and control chicks 
spent equal amounts of time in the hatcher. Chicks were provided with 
ad libitum food (minced Turkey crumb, BOCM, UK), water and an 
electric contact brooder (Comfort chicks and hatchers, UK). Chicks were 
kept on a 12:12 light cycle at all times. At three days old, chicks were 
moved into larger pens. The pens were designed to allow video 
recording of all individuals so chicks were kept in a smaller area under 
licence (W 50 cm x L 123 cm H 48 cm). Chicks were provided with ad 
libitum food (chick crumb, Dodson & Horrell Ltd., UK) and water. For 
AM rooms chicks were kept at a density of 3 (n = 2) and 4 (n = 11 pens) 
individuals. The different densities were due to unequal sample sizes. 
For PM rooms chicks were divided evenly between pens, with 4 chicks in 
each. One electric contact brooders were provided for each pen, 
alongside ad libitum food and water. At post-natal day 28, chicks were 
sacrificed at ZT1 and ZT10 as above and the hypothalamus was imme-
diately removed and flash frozen. 

2.3. RNA extraction and qPCR 

Hypothalamic RNA was extracted via Absolutely RNA miniprep kit 
(Agilent, UK) as per manufacturer's instructions. RNA concentrations for 
all samples were analysed on a QuBit 2.0 fluorometer using RNA HS 
Assay Kit (Thermofisher, UK). A subset of 57 samples were analysed for 

integrity using a 2100 BioAnalyzer system, RNA 6000 nanokit (Agilent, 
UK). The Average RIN value was 7.8. 79 % of samples had a RIN of 7 or 
above. The lowest RIN was 1, and the highest RIN was 10. 

25 ng of cDNA was then synthesised (Nanoscript2 reverse tran-
scription kits, primer design, UK). qPCR analysis was then performed 
using the synthesised cDNA. Specific primers were designed and vali-
dated (PrimerDesign .ltd, UK), amplifying single products only for 
Bmal1- the major positive regulator of the clock system and Per2 
(Table 1). 

2.4. Behavioural recordings 

To record behaviour of individual quail, infrared reflective tape (IFM 
electronic Reflective Tape, RS components, UK) was cut into individual 
shapes and applied to the chicks' back feathers using nail polish. 
Browning Spec Ops Advantage camera traps (NatureSpy, UK) were 
mounted directly above pens. Camera attachment was checked, and 
batteries were changed once per day. The quail were recorded for 2 
consecutive days, from post-natal day 22 to post-natal day 24. 5 min of 
video footage were watched every 30 min for 48 consecutive hours 
(CORT n = 15, Control n = 15). The amount of time (in seconds) spent 
performing predetermined behaviours (Supplementary Table 3) was 
recorded for each quail. It was presumed if there was no video at a 
specific timepoint the quail were inactive (or all under the hen) and 
failed to trigger the camera trap. The absence of a video within the bin 
was classed as ‘inactive’. Time spent inactive and under the hen were 
combined for analysis. 

On three occasions during the 48 h the room lights turned off once 
the camera had been triggered and was filming. The infrared lights 
cannot become active after the camera trap has been triggered and 
filming has already begun. Because of this, on the three occasions the 
infrared lights were not active during recording, quail could not be seen. 
The seconds which IR lights were inactive were excluded from analysis. 
The camera attachments for one control cage (n = 4) slipped 42 h into 
recording. A section of the cage was obscured so this data (6 h) was 
excluded as the trigger setting on the camera was not a reliable indicator 
of activity. An hour was excluded for husbandry disturbances. Each 
disturbance in the rooms lasted between 20 and 30 mins. 30 min was left 
for the quail to resume normal behaviour. The final datasets after 
excluding husbandry checks and camera checks were 41, 38, 41 and 
41.5 h for rooms 1–4 respectively. 

2.5. Data analysis 

All statistical analyses were conducted in R (v. 4.3.1) (R Core Team, 
2023). Data and script is available at https://github.com/jharv3y/Pre 
-natal-exposure-to-glucocorticoids. 

2.6. QPCR analysis 

Two individual linear models were conducted to assess the stability 

Table 1 
Validated primer sequences used for qPCR analysis.  

Gene Function Forward Primer Reverse Primer Amplicon melting 
temperature (Tm) 

Product 
length 

Distance from 3′ 
end of sequence 

Bmal1 Major positive regulator 
of the clock system 

GTACGTTTCTCGACATGCAATAGA AGGTGTCCTATATCATCTTGATGGAA 71.9 ◦C  138  1433 

Per2 Major positive negative 
of the clock system 

CTGGCAAACCTGAAAGTGTTGTA CTCCACTTGGACCATCTTCTATCA 72.1 ◦C  123  2545 

β-Actin Housekeeping CAGCAAGCAGGAGTATGATGAA AAGGGTGTGGGTGTTGGTAA 73.4 ◦C  87  181 

β-Actin was used as the endogenous reference gene due to being previously identified as the most appropriate endogenous gene via GeNorm (Zimmer and Spencer, 
2014). All qPCR runs were conducted in duplicate, with a 20 μl total reaction volume as per manufactures instructions (Precision plus Mastermix, PrimerDesign). All 
standard curve efficiencies were above 96 %, and r2 

> 0.9. ΔCT was calculated as ΔCT = 2− (x Gene of interest− x housekeeping).  
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of β-Actin for the pre-natal and post-natal samples respectively. For pre- 
natal hypothalamic samples, β-actin was found to be significantly 
affected by age F(1,142)=15.71, p < 0.001. A significant three way 
interaction driven by age was also identified (F(4,142) = 5.28, p < 0.001). 
For post-natal hypothalamic samples, β-actin expression was found to be 
significantly affected by post-natal age (F(1, 63) = 186.769, P < 0.001). A 
significant three way interaction between condition, time and age 
driven by age was also identified (F(1,63) = 9.858, p = 0.003). Due to 
β-Actin being unstably expressed across age, separate age specific 
models were conducted for analysis. For both datasets, gene expression 
data was log-transformed to fulfil the assumptions of a linear model. 

To compare relative gene expression of pre-natal samples, regression 
models (ANOVA) were run for gene expression for each embryonic age. 
Batch was also included to control for batch effects (Gene~condi-
tion+time + batch + time * condition). The models were designed to 
test for main effects of independent variables (time and condition) on 
the dependant variable (gene expression). Interaction effects between 
independent variables were also included. If significant effects were 
found, Tukey multiple comparisons of means with a 95 % confidence 
was run as a post hoc test. 

For post-natal samples, regression models were again run for gene 
expression for each age. Batch was also included to control for batch 
effects (Gene~condition+ZT + batch + ZT * condition). Sex included 
within the model for this age (Gene~condition+ZT + batch + sex + ZT 
* condition * sex). The models were designed to test for main effects of 
independent variables (time, condition and sex) on the dependant var-
iable (gene expression). Interactions between independent variables 
were also included. If significant effects were found, Tukey multiple 
comparisons of means with a 95 % confidence was run as a post hoc test. 

For both pre-natal and post-natal models effect sizes were calculated 
using the R package “lsr” (Navarro, 2015). Effect sizes are reported as 
eta-squared (η2). 

2.7. Diurnal behaviour analysis 

To investigate diurnal patterns of behaviour, generalized additive 
mixed effects (GAMM) models were conducted using the R package 
“mgcv”(Wood, 2011). GAMM's are ideal for modelling circadian pat-
terns in behaviour as they allow relationships in complex non-linear 
data to be assessed by fitting flexible non-linear smooth functions 
(Pedersen et al., 2019; Zuur et al., 2009). Behaviour was categorised as 
feeding (foraging, eating, drinking) and resting (stationary, under hen, 
camera trap not triggered). We fitted cyclic cubic regression splines to 
ensure that intercepts at 0 and 24 h aligned, in keeping with the circular 
nature of the data, and adjusted the knots in the spline to avoid over- or 
underfitting. GAMM's were built using the binomial distribution with 
logit link and conducted for time spent ‘feeding’ and ‘resting’ behaviour 
(as opposed to all other categories) respectively. To assess if pre-natal 
CORT treatment altered the diurnal behaviour rhythm, time spent per-
forming behaviour (in seconds) changed across 24 h was modelled as a 
function of treatment, sex and an interaction between treatment and sex. 
Individual and housing group were added as random effects. Five 
models were run for each behaviour to systematically investigate which 
variables should be modelled. The most parsimonious model was then 
selected using AIC values (Supplementary Table 4.) 

3. Results 

3.1. Characterizing the effects of corticosterone exposure on 
hypothalamic circadian clock genes expression throughout embryonic 
development 

3.1.1. Embryonic day 11 
In the earliest embryonic stage studied, E11, a significant interaction 

of time and treatment was identified for both Bmal1 (F(2,50) = 3.27, P =
0.046, η2 = 0.068) and Per2 (F(2,50) = 4.8, P = 0.012, η2 = 0.155). Post 

hoc analysis revealed increasing expression of Bmal1 between sampling 
timepoints for CORT exposed embryos only (9 am-2 PM P = 0.0037, 9 
am-5 PM P < 0.0001). Post hoc analysis for Per2 expression showed a 
significant increase in expression levels from 9 AM to 5 PM (P = 0.024) 
for CORT exposed embryos only (Fig. 1). Bmal1 expression was found to 
be altered between timepoints (F(2,50) = 19.6, P < 0.0001, η2 = 0.002). 
Post hoc analysis revealed a significant increase of Bmal1 expression 
from 9 AM to 2 PM (P = 0.0004) and an overall increase between 9 AM 
and 5 PM (P < 0.0001). No main effect of time on hypothalamic Per2 
expression was identified at this stage (F(2,50) = 1.27, P = 0.29, η2 =
0.003) (Fig. 2). No main effect of treatment was found for hypothalamic 
expression of either circadian clock genes (Bmal1: F(1,50) = 0.44, P =
0.51, η2 = 0.051; Per2: F(1,50) = 0.002, P = 0.97, η2 = 0.056, Fig. 3). 

3.1.2. Embryonic day 14 
At E14 Per2 featured a significant interaction between time and 

condition (F(2,48) = 6.5,P = 0.0032, η2 = 0.193, Fig. 1). Post hoc analysis 
revealed a significant increase of Per2 expression in control embryos 
only, between timepoints (9 am-2 PM P = 0.017; 9 am-5 PM P = 0.0029 
(Fig. 3)). No significant interactions were identified for Bmal1 (F(2,48) =

1.83,P = 0.17, η2 = 0.051). No significant effects of time (Fig. 2) or 
condition (Fig. 3) were identified for either hypothalamic circadian 
clock gene (Time, Bmal1: F(2,48) = 2.77, P = 0.073, η2 = 0.061; Per2: 
F(2,48) = 2.89, P = 0.065, η2 = 0.273; Condition, Bmal1: F(1,48) = 0.036, 
P = 0.85, η2 = 0.035; Per2: F(1,48) = 0.003, P = 0.96, η2 = 0.130). 

3.1.3. Embryonic day 17 
A significant interaction between condition and time was identified 

for both hypothalamic circadian genes (Bmal1: F(2,43) = 30.85, P <
0.0001, η2 = 0.437; Per2: F(2,42) = 6.59, P = 0.0032, η2 = 0.122, Fig. 1). 
Bmal1 expression was found to be highest at 5 PM in CORT exposed 
embryos only (9 am-5 pm: P < 0.0001, 2 pm-5 PM: P < 0.0001). A 
significant increase at 5 PM in CORT embryos was also identified 
compared to controls (P < 0.0001). Per2 expression in CORT embryos 
was significantly increased from 9 AM to 2 PM (P = 0.0034) and 
increased 9 AM to 5 PM (P < 0.0001). Again, a significant increase was 
found at 5 PM for CORT embryos compared to controls (P = 0.002). 

A significant effect of time was identified for both hypothalamic 
circadian clock genes at E17 (Bmal1: F(2,43) = 12.28, P < 0.0001, η2 =
0.023; Per2: F(2,42) = 13.93,P < 0.0001, η2 = 0.014. Fig. 2). Bmal1 
expression was found to be significantly increased at 5 PM compared to 
9 AM (P < 0.0001) and 2 PM (P = 0.0044). Per2 expression was 
significantly increased at 5 PM compared to 9 AM only (P < 0.0001). 
Condition significantly affected expression of both circadian clock genes 
(Bmal1: F(1,43) = 10.49, P = 0.0023, η2 = 0.016; Per2: F(1,42) = 11.2, P =
0.0012, η2 = 0.001. Fig. 3). Expression of both Bmal1 and Per2 were 
significantly increased in CORT exposed embryos than controls. 

3.2. Characterizing the effects of pre-natal corticosterone on post-natal 
circadian clock gene expression 

3.2.1. Post-natal day 10 
At post-natal day 10 a significant effect of time was identified for 

expression of both circadian clock genes (Bmal1: F(1,29) = 12.63, P =
0.0013, η2 = 0.160; Per2: F(1,29) = 26.98, P < 0.0001, η2 = 0.276. 
Fig. 2). Bmal1 expression was significantly increased at ZT10 compared 
to ZT1 whilst Per2 expression was significantly decreased at ZT10. 
Treatment was also found to effect expression of both circadian clock 
genes. A significantly reduced expression of both genes was identified 
(Bmal1: F(1,29) = 7.705, P = 0.0095, η2 = 0.082; Per2: F(1,29) = 5.84, P =
0.022, η2 = 0.070. Fig. 3). No significant interactions were identified 
between time and condition for either gene (Bmal1: F(1,29) = 0.02, P =
0.89, η2 = 0.0004; Per2: F(1,29) = 0.34, P = 0.56, η2 = 0.006, Fig. 1). 

3.2.2. Post-natal day 28 
At post-natal day 28 a significant increase of Bmal1 expression was 
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identified at ZT10 (F(1,30) = 39.16, P < 0.0001, η2 = 0.223. Fig. 2). Per2 
expression was not found to alter between timepoints (F(1,30) = 3.15, P 
= 0.086, η2 = 0.016). Sex did not affect hypothalamic clock gene levels 
(Bmal1: F(1,30) = 0.81, P = 0.38, η2 = 0.018; Per2:F(1,30) = 0.38,P = 0.54, 
η2 = 0.003). No effect of treatment was found for either gene (Bmal1: 
F(1,30) = 1.63, P = 0.21, η2 = 0.001; Per2: F(1,30) = 2.23,P = 0.15, η2 =
0.0003, Fig. 3). Additionally, no significant interactions were identified 
(Fig. 1, Table 2). 

3.3. Characterizing the effects of pre-natal corticosterone exposure on 
post-natal behaviour 

3.3.1. Eating rhythmicity 
Our generalized additive models produced divergent circadian pat-

terns for different subsets, and these patterns did not depend heavily on 
our choice of spline fitting method or the number of knots used. In the 

text below we present summaries and visualizations for models fit using 
REML and having 8 knots (eating) and 10 knots (resting) because those 
models were not unduly affected by low numbers of atypical observa-
tions during poorly sampled periods. 

Eating rhythmicity appeared to feature an alteration following 
exposure to pre-natal CORT between sexes (Fig. 4A). Significant smooth 
terms were identified for treatment and sex interactions (Table 3). Males 
exposed to pre-natal stress spent more time eating than controls. The 
acrophase of eating rhythmicity appeared to be left shifted, featuring an 
early onset. A second peak in eating is also seen, corresponding to 
approximately the same ZT as the control acrophase. Female quail dis-
played less pronounced differences in eating rhythmicity, however the 
amplitude for eating was markedly lower. 

Fig. 1. Treatment and time off day interactions across embryonic development and early post-natal life for Bmal1 and Per2 expression at sampling timepoints. Data is 
log transformed. Boxplots depict median relative expression levels and the 25th and 75th percentiles. Whiskers are 1.5× the interquartile range, data points outside 
this range are marked as outliers (circles). Raw Delta CT values are shown. ***indicate significant difference (P < 0.001), ** indicate significant differences (P <
0.01) and * indicates significant differences (P < 0.05). 

Bmal: Per2:

Sample 

sizes;

Pre-natal 

Control Pre-natal CORT Pre-natal Control Pre-natal CORT

Embryonic day 11

9am N=12 N=12 N=12 N=12

2pm N=8 N=8 N=8 N=8

5pm N=8 N=8 N=8 N=8

Embryonic day 14

9am N=8 N=8 N=8 N=8

2pm N=11 N=12 N=11 N=12

5pm N=8 N=8 N=8 N=8

Embryonic day 17

9am N=9 N=11 N=9 N=10

2pm N=8 N=8 N=8 N=8

5pm N=8 N=6 N=8 N=6

Post-natal day 10

ZT1 N=10 N=6 N=10 N=6

ZT10 N=9 N=8 N=9 N=8

Post-natal day 28

ZT1 N=8 N=9 N=8 N=9

ZT10 N=9 N=12 N=9 N=12
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3.4. Resting rhythmicity 

A significant interaction between treatment and time was again 
identified for quail of both sexes exposed to pre-natal CORT (Table 4, 
Fig. 4b). Males exposed to pre-natal CORT spent considerably less time 
resting in the light phase, when compared to controls, and featured a 
pronounced right shift (delay) in the resting acrophase during the light 
phase. Again, the difference was less apparent between females, how-
ever females exposed to pre-natal CORT spent less time resting than 
controls. This was particularly apparent during the early hours of the 
light phase. 

4. Discussion 

This paper presents the first characterization of the development of 
two main hypothalamic circadian clock genes following exposure to pre- 

natal CORT at physiologically relevant levels. We present evidence 
showing exposure to pre-natal GC's is sufficient to alter circadian clock 
gene expression throughout pre-natal and early post-natal development. 
The changes in circadian clock gene expression induced by pre-natal 
CORT did not however persist to day 27 of post-natal life. Despite 
this, diurnal rhythmicity in feeding and resting behaviour appeared to 
be affected for both male and female Japanese quail exposed to pre-natal 
CORT at this time. This is the first evidence that pre-natal CORT expo-
sure alters eating rhythmicity and intensity in later post-natal life prior 
to sexual maturity. The absence of alterations to hypothalamic circadian 
clock gene expression at post-natal day 28 following pre-natal CORT 
exposure suggests wider circadian networks may be responsible for 
driving modifications in diurnal behaviour. 

Fig. 2. Time of day effects across embryonic development and early post-natal life for Bmal1 and Per2 expression. Data is log transformed. Boxplots depict median 
relative expression levels and the 25th and 75th percentiles. Whiskers are 1.5× the interquartile range, data points outside this range are marked as outliers (circles). 
Raw Delta CT values are shown. ***indicate significant difference (P < 0.001), ** indicate significant differences (P < 0.01) and * indicates significant differences (P 
< 0.05). 

Bmal: Per2:

Sample 

sizes;

Embryonic day 11

9am N=24 N=24

2pm N=16 N=16

5pm N=16 N=16

Embryonic day 14

9am N=24 N=24

2pm N=16 N=16

5pm N=16 N=16

Embryonic day 17

9am N=20 N=19

2pm N=16 N=16

5pm N=14 N=14

Post-natal day 10

ZT1 N=16 N=16

ZT10 N=17 N=17

Post-natal day 28

ZT1 N=17 N=17

ZT10 N=21 N=21
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Fig. 3. Treatment effects across embryonic development and early post-natal life for Bmal1 and Per2 expression. Data is log transformed. Boxplots depict median 
relative expression levels and the 25th and 75th percentiles. Whiskers are 1.5× the interquartile range, data points outside this range are marked as outliers (circles). 
Raw Delta CT values are shown. ***indicate significant difference (P < 0.001), ** indicate significant differences (P < 0.01) and * indicates significant differences (P 
< 0.05). 

1026

1027

1028

1029

1030

1031

1032

1033

1034

1035

1036

1037

1038

1039

1040

1041

1042

Sample sizes;

Embryonic day 11

Control N=28 N=28

Pre-natal CORT N=28 N=28

Embryonic day 14

Control N=27 N=27

Pre-natal CORT N=28 N=28

Embryonic day 17

Control N=25 N=25

Pre-natal CORT N=25 N=24

Post-natal day 10

Control N=19 N=19

Pre-natal CORT N=14 N=14

Post-natal day 28

Control N=17 N=17

Pre-natal CORT N=21 N=21

Bmal: Per2:
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4.1. Development of the clock system 

We present novel data on hypothalamic circadian clock ontogeny 
within quail chick development. At E11, the earliest developmental 
stage investigated, Bmal1 expression was found to significantly increase 
from 9 AM to 5 pm. Per2 expression however, was found to be constant 

between timepoints. The increase of Bmal1 corroborates with post-natal 
studies which have demonstrated Bmal1 to feature peak expression in 
the relative evening (Helfer et al., 2006). No significant effect of time on 
circadian gene expression was found at E14. The day before hatching, 
Bmal1 expression was again found to significantly increase between 
timepoints. Interestingly Per2 was found to significantly increase across 
the sampling intervals, mirroring Bmal1 expression. The altered 
expression between timepoints reflects the dynamic nature of circadian 
gene expression, however more sampling timepoints are required to 
explore cycling. In the mature vertebrate circadian system Per2 de-
creases across the day as Bmal1 increases (Cassone, 2014; Takahashi, 
2016). Immature circadian clock system genes do not oscillate in an anti- 
phase pattern during early development (Honma, 2020; Nagy et al., 
2009; Vallone et al., 2007). In chicken (Gallus gallus) embryonic day 18 
and 19, activators (Bmal and Clock) and repressors (Per and Cry) have 
been found to cycle independently in pineal glands (Herichová et al., 
2008; Nagy et al., 2009). However, the developmental time that cycling 
of circadian clock genes begins appears to be later in peripheral tissues 

Table 2 
Interactions for hypothalamic clock gene expression at post-natal day 28.  

Interaction Result 

Time and condition Bmal1:F(1,30) = 1.17, P = 0.29, η2 = 0.046;Per2: F(1,30) =

0.932, P = 0.34, η2 = 0.002 
Time and sex Bmal1:F(1,30) = 0.88, P = 0.36, η2 = 0.031; Per2: F(1,30) =

0.215, P = 0.65, η2 = 0.007 
Condition and sex Bmal1:F(1,30) = 0.93, P = 0.34, η2 = 0.0006; Per2: F(1,30) =

0.27, P = 0.61, η2 = 0.0009 
Time, condition 

and sex 
Bmal1:F(1,30) = 1.71, P = 0.20, η2 = 0.022;Per2: F(1,30) = 0.08, 
P = 0.78, η2 = 0.0021  

Fig. 4. The best fitting GAMM's for rhythmicity in time spent eating (A) and resting (B) across a 24 h period. Between ZT12 to ZT24 was the dark phase (represented 
by dark grey). Model is plotted without random effects. A. Male and female quails exposed to pre-natal CORT displayed different changes to rhythmicity of eating 
behaviours. B. Male and female quails exposed to pre-natal CORT displayed different changes to rhythmicity of eating behaviours. 
Sample sizes: 

Males Females

Pre-natal CORT N=8 N=7

Pre-natal Control N=11 N=4
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(liver and heart) compared to the pineal gland (Zeman et al., 2009). 
When kept in light/dark conditions chicken embryos have been 
demonstrated to have cyclic expression of Per2 starting at embryonic 
day 16 in the SCN, and 18 in the pineal gland. Amplitude and rhyth-
micity of Per2 expression increases until the end of embryonic devel-
opment (Okabayashi et al., 2003). By embryonic day 19 clear Per2 
rhythmicity is found in the pineal gland (Herichová et al., 2008). If 
chicken eggs are kept in complete darkness no rhythmic Per2 expression 
has been identified during embryonic development (Okabayashi et al., 
2003). It appears however if eggs are taken from LD and changed to DD 
Per2 rhythms continue but with a reduced amplitude (Herichová et al., 
2008). Taken together these studies indicate the reliance of light to 
initiate rhythmic Per2 transcription within embryonic development. In 
this paper, eggs were incubated in complete darkness to control for 
unpredictable light exposure, as no paradigm currently exists for incu-
bating Japanese quail eggs in an ecologically relevant manner. Our re-
sults, demonstrated that expression of Per2 within embryonic 
hypothalamus at day 17 changes between sampling timepoints, despite 
being kept in constant darkness. This may suggest that that endogenous 
cycling of hypothalamic Per2 is present, regardless of light exposure 
prior to hatching and despite the immature feedback loop between ac-
tivators and repressors. 

We identified seemingly normal anti-phase expression of both clock 
genes at post-natal day 10 (Abraham et al., 2009; Honma, 2018; Reppert 
and Weaver, 2002). In chicken, cycling of the core pineal circadian 
genes have been identified at post-natal day 4, and post-natal day 14 in 
the hypothalamus (Herichová et al., 2008; Jiang et al., 2017). Further-
more, the rate at which different rhythms mature varies. Despite having 
a functioning melatonin rhythm by the end of embryonic life the CORT 
rhythm is not fully developed in chicken until 17 weeks post hatching 
(Webb and Mashaly, 1985; Zeman and Herichová, 2011). At post-natal 
day 28 we found altered expression between timepoints in only Bmal1. 
This lack of alteration to Per2 expression between timepoints may 

indicate that the hypothalamic circadian system is still developing 
during the first month of post-natal life. Alternatively this may be an 
artifact of the limited time samples. Furthermore, no sex differences 
were identified in circadian gene expression at post-natal day 28. This 
may be due to sexual immaturity as Japanese quail do not approach 
maturity until 35–45 days post-hatching (Narinc et al., 2013). To our 
knowledge this is the first paper to investigate hypothalamic circadian 
gene expression at these developmental ages in birds. Our results suggest 
that the hypothalamic circadian system is still developing in early post- 
natal life, and a fully functional auto-inhibitory feedback loop is not 
present until at least early post-natal life in a precocial organism. The 
immaturity of the system during early post-natal life may serve as an 
adaptive trait, allowing the circadian system to synchronize with the 
external environment over a longer timeframe. 

4.2. The effects of pre-natal CORT on circadian clock gene expression 

Interactions were identified between time and pre-natal CORT 
exposure. Both condition and time affected Bmal1 embryonic expression 
at E11 and E17, with CORT exposure increasing Bmal1 across time of 
day. Control embryos did not feature time of day effects. Condition and 
time of day significantly affected Per2 expression at each embryonic age 
investigated. Similarly to Bmal1 expression, CORT exposure increased 
Per2 expression across time of day for both E11 and E17. Our findings, 
when considered in conjunction with evidence from mammals of GR 
induced expression of clock genes (Cheon et al., 2013; So et al., 2009; 
Yamamoto et al., 2005) and the ability of GC to phase-reset the circadian 
clock (Murayama et al., 2019) suggests that the CORT may be able to 
promote increases in circadian gene expression during development 
across time of day. This may serve as a level of preparedness for the 
offspring, potentially increasing development speed of the system in 
preparation for a challenging post-natal life. The ability of GC to 
seemingly promote upregulation of Bmal1 and Per2 expression also 
demonstrates that factors other than light are capable of altering em-
bryonic circadian clock gene expression, highlighting a new mechanism 
of maternal effects and transgenerational developmental control. 

Pre-natal CORT exposure appears to affect clock gene expression 
immediately before hatching (E17) and early post-natal life (day 10). 
CORT exposure elicited an overall increase of expression of circadian 
clock genes at E17. Contrastingly CORT exposure caused a significant 
decrease of clock gene expression at post-natal day 10. Again, this may 
be related to aiding integration of a matching or unmatching environ-
ment signalled by the mother (Monaghan, 2007), acting as a circadian 
critical period. No effects of pre-natal CORT were identified at post-natal 
day 28. As pre-natal CORT effects are only seen immediately prior to 
hatching and in early postnatal life, it may indicate that the circadian 
system is ‘prepared’ for a stressful early life environment (Harvey-Car-
roll et al., 2023). If the environment is not stressful the system may 
revert back to an ‘unstressed’ state, as seen at post-natal day 28. 

Maternally deposited CORT is known to be metabolised by devel-
oping embryos. Embryos are exposed to the highest levels of maternal 
CORT during early development. Metabolism begins to appear at day 6 
of development and by day 15, 80 % of CORT is metabolised. If con-
centrations of CORT within the yolk are elevated (recapitulating 
maternal stress), the embryo is exposed to the highest levels before day 9 
of development, after which CORT levels are equivalent due to meta-
bolism, regardless of initial dose (Vassallo et al., 2014, 2019). The 
ontogeny of endogenous GC production in Japanese quail has yet to be 
described, however in chicken (Gallus domesticus) production begins at 
approximately day 8 of development (Jenkins and Porter, 2004). This 
has led to the proposition that exposure to maternal CORT prior to day 9 
may contribute towards the initial HPA setting (and in turn endogenous 
CORT production) in developing Japanese quail (Vassallo et al., 2019). 
Given this information, it is unlikely that the treatment effects seen in 
day 11 are remnants of injected CORT and are instead the result of 
altered biology from increased CORT levels within development. 

Table 3 
Results of the best-fitting GAMM for time spent eating.  

Approximate significance of smooth terms: 

Interactions eDF Ref 
DF 

Chi 
squared 

p-Value Significance 

Zeitgeber time * 
Female Control  

5.98  6.00  3451  <0.0001 *** 

Zeitgeber time * 
Female CORT  

5.98  6.00  2932  <0.0001 *** 

Zeitgeber time * Male 
Control  

5.98  6.00  2753  <0.0001 *** 

Zeitgeber time * Male 
CORT  

5.97  6.00  6255  <0.0001 *** 

cage  4.20  7.00  3885  0.24  
individual  21.58  29.00  1423  0.23   

Table 4 
Results of the best-fitting GAMM for time spent resting. *** indicate significant 
difference (P < 0.001), ** indicate significant differences (P < 0.01) and * in-
dicates significant differences (P < 0.05).  

Interactions eDF Ref 
DF 

Chi 
squared 

p-Value Significance 

Zeitgeber time * 
Female Control  

7.88  8.00  14,327.00  <0.0001 *** 

Zeitgeber time * 
Female CORT  

7.95  8.00  35,147.00  <0.0001 *** 

Zeitgeber time * 
Male Control  

7.96  8.00  20,014.00  <0.0001 *** 

Zeitgeber time * 
Male CORT  

7.95  8.00  24,743.00  <0.0001 *** 

Cage  5.02  7.00  9068.00  0.0014 * 
Individual  23.31  29.00  2158.00  0.0411 *  

J. Harvey-Carroll et al.                                                                                                                                                                                                                        



Hormones and Behavior 163 (2024) 105562

12

This paper identified an overall decrease of both circadian clock 
genes during early post-natal life following pre-natal CORT exposure. 
This agrees with findings from post-natal stress studies, suggesting that 
GC are the main mode of action to elicit circadian changes. Chronic post- 
natal stress in rodents can reduce Per2 expression within the SCN in 
addition to both the adrenal and pituitary (Jiang et al., 2011; Logan 
et al., 2015; Razzoli et al., 2014). A decrease in Bmal1 gene amplitude 
has also been found in male mice (Logan et al., 2015). A more recent 
study investigating pre-natal stress in mice found Per2 and Bmal1 
expression to be decreased in adults at ZT22 compared to ZT10 (Yun 
et al., 2020). 

4.3. Effects of pre-natal CORT exposure on early post-natal diurnal 
rhythms 

Despite differences in circadian clock gene expression not persisting 
to post-natal day 28, we identified that a single exposure to pre-natal 
CORT was sufficient to alter the diurnal rhythm of both eating and 
resting. This suggests that the hypothalamic circadian core clock 
network alone is not responsible for observed alterations to behaviours, 
and that it is likely a complex interaction between peripheral and central 
clocks, alongside a wider hormonal control (Kulkarni et al., 2023; Qian 
et al., 2019). 

For eating rhythmicity, the acrophase in males appeared earlier, with 
a higher amplitude than controls. Female quail exposed to pre-natal 
CORT displayed a decreased acrophase amplitude in eating, however 
this was less apparent than the differences seen in males. The increased 
time spent eating corroborates rodent studies which have found mice 
exposed to pre-natal stress were found to have a greater caloric intake 
than controls. Male mice were also found to have a reduced caloric ef-
ficiency than female counterparts (Pankevich et al., 2009). Additionally 
down-regulation of genes involved in metabolism led to the suggestion 
of impaired glucose metabolism in mice exposed to pre-natal stress 
(Morley-Fletcher et al., 2019). Offspring from rats exposed to chronic 
phase shifts of photoperiods have been shown to have metabolic alter-
ations (such as increased adiposity, hyperleptinaemia and hyper-
insulinaemia) demonstrating the wide ranging potential of a pre-natal 
(circadian) stressor to alter offspring health (Varcoe et al., 2011). 

The increased feeding found in this paper may be a result of altered 
metabolism from altered levels of glucocorticoids in pre-natal CORT 
animals (la Fleur, 2006; McGowan and Matthews, 2018; Perez-Leighton 
et al., 2023). Furthermore, it may be possible that the increased eating 
seen in individuals exposed to pre-natal stress is due compensatory 
growth triggered by maternal stress (Metcalfe and Monaghan, 2001). 
Male Japanese quail exposed to pre-natal CORT have been found to have 
a reduced growth rate between post-natal days two and six (Hayward 
et al., 2006). An initial period of retarded growth prior to accelerated 
growth (possibly reflected by the increased eating in male quails seen in 
this study) is common within compensatory growth (Metcalfe and 
Monaghan, 2001). 

Increased activity levels are a generally accepted trait in male in-
dividuals exposed to pre-natal stress (Kiryanova et al., 2017; Son et al., 
2007). Some discrepancies exist, depending on the type of pre-natal 
stress received, for example male rats exposed to pre-natal hypoxia (a 
model of early-life stress) were less active than controls (Joseph et al., 
2002). Historically only male rodents have been used for such studies. 
However more recently, sex differences have been investigated, with a 
study demonstrating pre-natally stressed females being more inactive 
than controls (Morley-Fletcher et al., 2019). We found exposure to pre- 
natal glucocorticoids was sufficient to recapitulate these findings in 
Japanese quail- with animals exposed to pre-natal CORT spending less 
time resting. The exposure to pre-natal CORT had the most pronounced 
effect in male rhythmicity. Males exposed to pre-natal CORT consis-
tently spent less time resting during the light phase than controls and 
appear to feature a phase delay in the light phase acrophase, when 
compared to controls. This corroborates findings in pre-natally stressed 

mice conducted by Morley-Fletcher et al. (2019). Males exposed to pre- 
natal stress were identified to be more active than controls during the 
respective active phase. A phase advance in activity was also detected, 
however in this paper we identify a slight phase delay in male activity. 
We also found females exposed to pre-natal CORT spent less time resting 
than controls. This is the opposite to findings by Morley-Fletcher et al. 
(2019), in which female mice exposed to pre-natal stress were less active 
compared to controls (Morley-Fletcher et al., 2019). The differences 
seen between results may be due to the different ecological niche's 
occupied by the study organisms used. 

For both behaviours, we identified a more pronounced alteration 
following pre-natal CORT exposure in male quail, however no sex dif-
ferences were identified in hypothalamic circadian clock genes. This 
may be due to the male bias in the animals used. Alternatively, the 
marked differences found in males exposed to pre-natal CORT indicate 
males may be capable of more behavioural flexibility than females. This 
may be due to less constrained energy budget (Marn et al., 2022). The 
behavioural flexibility seen in males may act as an adaptive advantage, 
as males are in direct intraspecific competition for mating. Females 
however, are predominantly in indirect competition (Hagelin, 2002), 
therefore it may be more advantageous for males than females to feature 
behavioural flexibility. 

There is little research on the effects of pre-natal stress and post-natal 
endogenous hormone rhythmicity. To our knowledge, it is only the 
endogenous post-natal CORT rhythm that has been investigated 
following pre-natal stress in rodents. It may be possible that behavioural 
alterations identified in this study are a consequence of an altered post- 
natal CORT rhythm. Investigation of rodents exposed to pre-natal stress 
have demonstrated strong evidence of a phase advance in the post-natal 
CORT rhythm of both male and female offspring (Koehl et al., 1997, 
1999). To our knowledge no studies have investigated the effects of pre- 
natal stress on the post-natal CORT rhythm in other species, therefore 
further conclusions cannot be drawn. One study in Japanese quail found 
no sex differences in baseline plasma CORT levels following exposure to 
pre-natal CORT, however little inferences can be made about alterations 
to the endogenous rhythmicity (Hayward et al., 2006). 

To examine the full extent of pre-natal CORT exposure to circadian 
behaviour, rather than diurnal rhythmicity, future experiments should 
investigate the ‘free-running’ eating and resting rhythmicity under DD 
conditions. Furthermore, additional sampling timepoints, alongside in-
clusion of the pineal and retina should be considered to assess in depth 
the impact of pre-natal CORT on circadian gene rhythmicity. In this 
paper, the anatomical specificity within the hypothalamus has been 
compromised for quantification with qPCR. Future studies should use in- 
situ methodology to investigate the heterogeneity of altered circadian 
clock gene expression following pre-natal CORT within the hypothala-
mus. Additionally the effects of pre-natal CORT on post-natal hormones 
should be investigated to further the understanding of transgenerational 
stress-physiology interactions. 

Overall we present data demonstrating exposure to pre-natal CORT 
alone is sufficient to alter the ontogeny of circadian clock genes, which 
persists into early pre-natal life. The differences are then lost by post- 
natal day 28, however alterations in rhythmicity in diurnal behaviours 
persists. 
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