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Abstract

Glucocorticoid production is gated at the molecular level by the circadian clock in the 

adrenal gland. Stress influences daily rhythms in behavior and physiology, but it remains 

unclear how stress affects the function of the adrenal clock itself. Here, we examine 

the influence of stress on adrenal clock function by tracking PERIOD2::LUCIFERASE 

(PER2::LUC) rhythms in vitro. Relative to non-stressed controls, adrenals from stressed 

mice displayed marked changes in PER2::LUC rhythms. Interestingly, the effect of stress on 

adrenal rhythms varied by sex and the type of stress experienced in vivo. To investigate 

the basis of sex differences in the adrenal response to stress, we next stimulated male 

and female adrenals in vitro with adrenocorticotropic hormone (ACTH). ACTH shifted 

phase and increased amplitude of adrenal PER2::LUC rhythms. Both phase and amplitude 

responses were larger in female adrenals than in male adrenals, an observation 

consistent with previously described sex differences in the physiological response to 

stress. Lastly, we reversed the sex difference in adrenal clock function using stress and 

sex hormone manipulations to test its role in driving adrenal responses to ACTH. We find 

that adrenal responsiveness to ACTH is inversely proportional to the amplitude of adrenal 

PER2::LUC rhythms. This suggests that larger ACTH responses from female adrenals may 

be driven by their lower amplitude molecular rhythms. Collectively, these results indicate 

a reciprocal relationship between stress and the adrenal clock, with stress influencing 

adrenal clock function and the state of the adrenal clock gating the response to stress in 

a sexually dimorphic manner.

Introduction

Glucocorticoids are regulated in a dynamic manner over 
the course of the day, with elevated release at the start of 
the active phase of the circadian cycle. The daily increase 
in circulating glucocorticoids is mediated by rhythmic 
changes in the release of adrenocorticotrophic hormone 
(ACTH) and adrenal sensitivity to ACTH. Daily rhythms 

in both of these factors are driven by the circadian 
timekeeping system (Son et  al. 2011, Nicolaides et  al. 
2017), which is a hierarchical collection of clocks located 
in tissues throughout the brain and body (Mohawk 
et  al. 2012). The molecular mechanism driving cellular 
rhythms in tissues throughout the circadian system 
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involves a 24-h transcriptional–translational negative 
feedback loop (Buhr & Takahashi 2013) where Period (Per)  
and Cryptochrome (Cry) transcription is inhibited each day 
by their protein products. Genetic abrogation of molecular 
clock function eliminates glucocorticoid rhythms (Oster 
et  al. 2006b, Son et  al. 2008), which establishes that 
circadian mechanisms are essential for driving daily 
fluctuations in the activity of the hypothalamic–pituitary–
adrenal axis (HPA).

The circadian system regulates the daily rhythm in 
glucocorticoid release via interactions among multiple 
tissue clocks (Son et al. 2011). At the top of the hierarchy, 
the master clock in the suprachiasmatic nucleus (SCN) 
maintains 24-h entrainment of glucocorticoid rhythms 
and induces light-induced glucocorticoid release by 
regulating endocrine and neural signals transmitted 
to the adrenal (Ishida et  al. 2005, Oster et  al. 2006b). 
In addition to top-down control, the adrenal gland 
itself exhibits intrinsic daily rhythms in glucocorticoid 
release, ACTH sensitivity and metabolic function in 
culture (Ungar & Halberg 1962, Andrews & Folk 1964). 
Intrinsic adrenal rhythms appear to be driven by a local 
molecular clock that gates transcriptional programs to 
regulate glucocorticoid biosynthesis and sensitivity to 
afferent input (Oster et  al. 2006a,b, Son et  al. 2008). 
Previous work has found that the intrinsic function 
of this adrenal clock differs markedly between males 
and females (Kuljis et  al. 2013, Kloehn et  al. 2016), 
which may contribute to sex differences in stress 
reactivity (Bangasser & Valentino 2014, Goel et  al. 
2014). Understanding the precise role of the adrenal 
clock in driving stress responses and sex differences in 
its function remains important due to the pervasive 
influence of glucocorticoids on numerous physiological 
and behavioral processes, including metabolism, 
inflammation and memory function.

In addition to regulating daily glucocorticoid 
release, the circadian system itself can be influenced by 
glucocorticoid signaling (Kronfeld-Schor & Einat 2012, 
Dickmeis et al. 2013). Previous work has established that 
glucocorticoids and stress can alter clock gene rhythms 
in many tissues (Oster et al. 2017) and that several clock 
genes contain glucocorticoid response elements in 
their promoters (Dickmeis et  al. 2013). The reciprocal 
relationship between the circadian and glucocorticoid 
system suggest that stress may alter circadian function. 
Indeed, many patients with stress-related disorders 
display altered sleep and circadian rhythms (Kronfeld-
Schor & Einat 2012, Boland & Ross 2015), with the 
most common consequence being a blunting of daily 

rhythms. Although many studies have assessed the 
effects of stress on daily rhythms, only a few studies 
have examined the effects of stress on the function of 
the adrenal clock itself (Bartlang et  al. 2014, Razzoli 
et al. 2014, Tahara et al. 2015, Engeland et al. 2016). This 
issue warrants further study given the importance of 
the adrenal clock for gating glucocorticoid release and 
coordinating other tissue clocks in the circadian system 
(Balsalobre et  al. 2000, Oishi et  al. 2005, Segall et  al. 
2006, Reddy et al. 2007, Son et al. 2008, Kiessling et al. 
2010, Pezuk et al. 2012). Thus, any effects of stress on 
the adrenal clock could produce pervasive changes in 
circadian timekeeping, homeostasis and susceptibility 
to stress-related disease.

Here, we investigate the influence of stress on the 
intrinsic function of the adrenal clock by tracking 
molecular rhythms using PERIOD2::LUCIFERASE 
(PER2::LUC) mice (Yoo et  al. 2004). Based on previous 
reports of sex differences in adrenal clock function (Kuljis 
et al. 2013, Kloehn et al. 2016), we examined stress-induced 
changes in adrenal clock function in both male and female 
PER2::LUC mice. We find that exposure to stress produces 
marked changes in adrenal PER2::LUC rhythms, with 
the nature of the effect varying by type of stressor and 
sex. Additionally, we find sex differences in the intrinsic 
response of the adrenal clock to ACTH stimulation in vitro, 
which appear to be driven by the sexual diergic state of the 
adrenal clock. Thus, our work establishes that stress alters 
the function of the adrenal clock in a manner that differs 
by sex, which represents a novel bidirectional relationship 
between circadian function and glucocorticoids. These 
findings underscore the importance of considering the 
sexual dimorphic function of the adrenal clock when 
investigating mechanisms underlying sex differences in 
stress reactivity.

Materials and methods

Mice

Male and female homozygous PER2::LUC knockin mice 
(Yoo et al. 2004), backcrossed onto a C57BL/6 background, 
were bred and raised under a 24-h light:darkness cycle 
with 12 h of light and 12 h of darkness per day (LD12:12, 
lights-off: 1800 CST, which is defined as Zeitgeber time 
12 (ZT12)). Throughout life, ambient temperature was 
maintained at 22 ± 2°C, and animals had ad libitum 
access to water and food (Teklad Rodent Diet #8604). All 
procedures were conducted according to the NIH Guide 
for the Care and Use of Animals and were approved by 
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the Institutional Animal Care and Use Committee at 
Marquette University.

PER2::LUC tissue culture

At 10–14 weeks of age, male and female PER2::LUC mice 
were anesthetized with isoflurane and killed by cervical 
dislocation 2–6 h before the time of lights-off (i.e., ZT6-
10). Adrenals were collected during late afternoon to 
minimize resetting effects of tissue culture (Davidson et al. 
2009). Stress-induced changes in hormone levels were not 
assessed because the rising levels of corticosterone that 
occur at this time of day were expected to complicate 
comparisons across groups. However, previous work 
documents that stress procedures used here induce 
corticosterone release (e.g. Kelley et al. 2009, Jeong et al. 
2013, Laukova et al. 2014). Adrenal glands were excised 
and placed in chilled Hank’s Balanced Salt Solution. 
Adipose tissue was removed by hand with a scalpel, and 
adrenals were bisected before culture on a membrane 
with 1.2 mL of air-buffered Dulbecco’s Modified Eagle’s 
Medium (DMEM, Gibco 12100-046) containing 0.1 mM 
beetle luciferin (Gold Biotechnologies). Bioluminescence 
rhythms were measured for 6–7 days with a luminometer 
(Actimetrics Inc., Evanston, IL, USA) inside a light-tight 
incubator set to 36°C. Adrenal samples were weighed after 
7 days of recording.

Restraint stress

To accommodate sex differences in body size, male and 
female PER2::LUC mice were physically restrained using 
clear disposable plastic restrainers (i.e., decapicones). 
Starting 6 h before lights-off (i.e. ZT6), mice were 
restrained for 2 h for either 1 day (acute restraint stress) 
or 7 consecutive days (chronic restraint stress). Previous 
studies have demonstrated that mice do not habituate 
to this protocol of repeated restraint stress (McQuade 
et  al. 2006, Jeong et  al. 2013). During restraint, mice 
were continuously monitored for body temperature, 
respiration and heart rate. Age-matched mice of each sex 
served as non-stressed controls. Control and stressed mice 
were weighed daily. Adrenal glands were cultured either 
immediately following restraint stress, 24 h later or 7 days 
after the last day of restraint stress.

Simulated stress disorder

Mice were exposed to a series of stress manipulations that 
models posttraumatic stress disorder (Wang et al. 2012).  

This model involves exposure to five days of fear 
conditioning and a single day of prolonged stress. 
During fear conditioning, male and female PER2::LUC 
mice were transferred 4 h before lights-off (i.e., 
ZT8) into a conditioning chamber (Med Associates, 
Inc. Modular Test Chamber model ENV-008-FC, 
30.5 cm × 24.1 cm × 21.0 cm) housed within a sound-
attenuating box (Med Associates, Inc. Model ENV-
022MD, 63.5 cm × 41.9 cm × 39.4 cm). After a 1-min 
baseline period, a bright light was illuminated for 10 s 
and co-terminated with a 2 s, 1 mA scrambled foot 
shock provided by an electric shock circuit board (Med 
Associates, Inc. ENV-005-02A Rev. 1.0) and T/T Interface 
Cabinet Shock Generator (SG-6080C). After the shock, 
the mice remained in the chamber for 1 min before being 
returned to their home cage. The fear-conditioning 
procedure was repeated for five consecutive days. On 
the sixth day, mice were exposed to a day of single 
prolonged stress (i.e., 2-h restraint stress, 20-min forced 
swim stress in 24°C water and exposure to ether until 
loss of consciousness). Stressed mice and age-matched 
control mice were weighed daily. Mice were killed for in 
vitro culture of adrenal glands either 24 h or 7 days after 
the day of single prolonged stress.

In vitro drug stimulation

To directly investigate sex differences in the adrenal 
clock response to afferent input, adrenal samples from 
male and female PER2::LUC mice were stimulated in 
vitro with adrenocorticotropic hormone (ACTH, 100 nM 
as in Yoder et al. 2014), dexamethasone (DEX, 10 µM as 
in Pezuk et al. 2012) or acetylcholine (ACh, 10 µM as in 
Boksa and Livett 1984). Adrenal samples were cultured 
for at least 3  days before drug administration at a 
specific phase of the PER2::LUC rhythm. The phase of 
drug administration was calculated relative to the time 
of peak PER2::LUC expression, which is defined here as 
circadian time 12 (CT12). Drugs were administered at 
one of six times spanning the circadian cycle (i.e., CT0, 
CT4, CT8, CT12, CT16, CT20). For drug administration, 
adrenal samples were removed from the luminometer 
and transferred to a biosafety cabinet on a heating 
pad set to 36°C. Adrenal samples were stimulated 
directly with drugs diluted in vehicle (i.e., DMEM or 
DMSO) before dishes were resealed and returned to the 
luminometer. A subset of samples was pulsed with the 
inert vehicle to control for non-specific effects of this 
procedure.
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Testosterone implantation

To increase the amplitude of adrenal PER2::LUC 
rhythms, female mice received testosterone implants 
in vivo, as in study by Kloehn et  al. (2016). Briefly, 
female mice were implanted at 12–14  weeks of age 
with a subcutaneous Silastic capsule (Dow Corning 
Corp, outer diameter 2.16 mm, 15 mm in length) filled 
with 10 mm of testosterone (Sigma, Cat#T-1500) or left 
empty. Capsules were sealed with Silastic adhesive, 
washed in 70% ethanol and primed in sterile saline at 
36°C overnight to prevent a bolus of hormone upon 
implantation. This procedure has been shown to 
effectively elevate testosterone to physiological levels 
for more than four weeks (Demas & Nelson 1998, 
Rilianawati et al. 2000). Capsules were placed between 
the scapulae under isoflurane anesthesia, and the 
incision was closed with wound clips before treatment 
with nitrofurazone. Adrenal glands were collected four 
weeks later for PER2::LUC recording.

Data analyses

PER2::LUC rhythms were analyzed with Lumicycle 
analysis software (Actimetrics Inc.) by fitting a damped 
sine wave to the detrended time series (i.e., 24 h running 

average subtracted from the raw data) starting with the 
time of the first trough in vitro. For each sample, the 
period, damping rate and goodness of fit were recorded 
from the sine wave calculated by Lumicycle (Table  1). 
Also, the time of daily peaks and troughs were recorded 
for each cycle in vitro, from which we calculated phase 
and precision (i.e., the inverse of the s.d. of cycle-to-cycle 
period length). Lastly, the baseline-subtracted time series 
were exported into Excel to calculate the amplitude of the 
PER2::LUC rhythm (difference between peak and trough 
expression) on each cycle in vitro.

To analyze adrenal response to in vitro stimulation, 
the first three cycles were used to project the time of 
drug application. The projected time of drug application 
was determined by adding the required number of 
circadian hours to the time of the 3rd peak in vitro (e.g., 
CT18 = CT12 + 6 * (24/period length)). Drug-induced 
phase shifts were calculated for each sample using the 
difference between the actual and predicted peak time on 
the subsequent cycle in vitro. To calculate the prediction 
error of this analytical method, first we calculated the 
difference between the predicted and actual time for 
the 3rd trough in vitro, which occurred before drug 
administration. The prediction error for this validation 
method was very low (0.29 ± 0.07 h) and did not differ 
by sex (males: 0.36 ± 0.13 h, females: 0.23 ± 0.06 h, 

Table 1 Effects of chronic and acute stress on the adrenal clock.

 Control Stress Recovery

Female Male Female Male Female Male

Chronic restraint stress
 n 14 15 14 16 9 12
 Adrenal weight (mg) 1.7 ± 0.1 1.1 ± 0.1+ 1.6 ± 0.1 1.4 ± 0.1* 1.4 ± 0.1* 1.2 ± 0.1
 Peak time (h) 13.8 ± 0.4 15.2 ± 0.4+ 11.9 ± 0.7* 10.4 ± 0.7*+ 14.1 ± 0.4 14.3 ± 0.9
 Period (h) 23.0 ± 0.2 22.9 ± 0.2 26.0 ± 0.8* 24.2 ± 0.3* 26.8 ± 0.4* 23.1 ± 0.2+
 Precision (1/h) 0.8 ± 0.1 2.1 ± 0.3+ 0.5 ± 0.1* 0.8 ± 0.1*+ 0.4 ± 0.1* 1.0 ± 0.3*
 Damping (days) 1.2 ± 0.1 1.6 ± 0.1+ 1.0 ± 0.1* 0.9 ± 0.1* 1.0 ± 0.1* 1.4 ± 0.1+
Acute restraint stress

 n 8 8 8 8 8 8
 Adrenal weight (mg) 1.5 ± 0.1 1.1 ± 0.1+ 2.1 ± 0.1* 1.6 ± 0.1*+ 1.7 ± 0.2 1.2 ± 0.2+
 Peak time (h) 13.4 ± 0.8 14.9 ± 0.7 14.7 ± 0.9 13.6 ± 0.5* 14.5 ± 0.5 15.7 ± 0.6
 Period (h) 22.8 ± 0.2 22.6 ± 0.1 22.7 ± 0.2 22.7 ± 0.1 22.6 ± 0.3 23.0 ± 0.2
 Precision 0.7 ± 0.1 1.6 ± 0.3+ 0.7 ± 0.1 1.6 ± 0.2+ 0.8 ± 0.2 0.9 ± 0.1
 Damping (days) 1.2 ± 0.1 1.6 ± 0.1+ 1.4 ± 0.1 1.6 ± 0.1 1.3 ± 0.1 1.4 ± 0.1
Chronic stress model

 n 8 8 8 8 8 8
 Adrenal weight (mg) 1.6 ± 0.1 1.2 ± 0.1+ 1.6 ± 0.1 1.2 ± 0.1+ 1.5 ± 0.1 1.1 ± 0.1+
 Peak time (h) 14.8 ± 1.6 15.3 ± 0.8 17.7 ± 0.3 15.7 ± 0.4+ 14.6 ± 0.9 15.4 ± 0.3
 Period (h) 23.0 ± 0.3 22.6 ± 0.1 22.5 ± 0.2 22.5 ± 0.1 23.4 ± 0.4 22.8 ± 0.1
 Precision 0.4 ± 0.1 1.3 ± 0.2+ 1.1 ± 0.2* 2.1 ± 0.3*+ 0.7 ± 0.1* 1.2 ± 0.2+
 Damping (days) 1.3 ± 0.1 2.0 ± 0.1+ 1.4 ± 0.1 1.9 ± 0.1+ 1.5 ± 0.1 1.9 ± 0.1+

Peak time expressed as Zeitgeber time (ZT), lights-off = ZT12.
*Differs from same-sex control, P < 0.05; + differs by sex within group, P < 0.05.
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t(125) = 0.94, P > 0.3). Also, we calculated the prediction 
error using an independent set of unstimulated samples 
by determining the difference between the predicted 
and actual peak time on the 5th cycle in vitro. Again, 
the prediction error was low (0.55 ± 0.45 h) and did not 
differ by sex (males: 0.53 ± 0.88 h, females: 0.57 ± 0.3 h, 
t(14) = 0.05, P > 0.9). Collectively, these results indicate 
that drug-induced phase shifts >0.5 h should be 
detectable, demonstrate the validity of predicting 
circadian phase using these methods and establish 
that this analytical approach can be applied with equal 
confidence to samples from both sexes.

Video records of fear-conditioning trials and forced 
swim exposure were scored off-line. Freezing was used 
as the measure of fear during fear conditioning and was 
defined as the cessation of all movement except that 
required for respiration, as in the study by Dellapolla et al. 
(2017). The behavior of each mouse was scored as freezing 
or not freezing once every 4 s by trained observers blind to 
the sex of the mouse. The inter-rater reliability coefficient 
was 0.94. Freezing was expressed as the percent of time 
spent freezing during each minute of the conditioning 
session, and acquisition of fear conditioning was quantified 
by assessing percent freezing during the first minute of 
the trial each day. During forced swim, we recorded the 
amount of time spent engaging in active escape behaviors 
(mobility) and passive behavior (immobility). Mobility 
was defined as any movements other than those required 
for floating.

Statistical analyses were performed with JMP software 
(SAS Institute, Cary, NC, USA). Body weight, adrenal 
weight, time of peak PER2::LUC expression on the 1st 
cycle in vitro, period length, damping and precision of 
PER2::LUC rhythms were analyzed with a full factorial 
ANOVA (factors: stress, sex, stress * sex). Group differences 
relative to control were assessed using Dunnett’s test. 
Cycle-to-cycle changes in amplitude were analyzed 
with a full factorial repeated-measures ANOVA (factors: 
stress, sex, time, stress * sex, stress * time, sex * time, 
stress * sex * time). Group differences were assessed with a 
repeated-measures ANOVA divided by the stress group or 
sex, followed by full factorial ANOVA and post hoc tests 
using least square means (LSM) contrasts with Bonferroni 
correction (α = 0.01). Sex differences in conditioned fear 
acquisition and forced swim immobility were analyzed 
using a repeated-measures ANOVA and Student’s t test, 
respectively. Data are represented in figures and tables as 
mean ± s.e.m.

Results

Chronic restraint stress suppresses adrenal 
clock function

Male and female PER2::LUC mice were exposed to 2-h 
restraint for 7 consecutive days (Fig. 1A). Chronic restraint 
stress reduced body weight gain in both sexes (P < 0.05), 
consistent with the stressful nature of this procedure 
(McQuade et al. 2006, Jeong et al. 2013). Further, chronic 
restraint stress influenced adrenal weight in a manner 
that differed by sex (Table  1). Specifically, non-stressed 
females had larger adrenal samples than non-stressed 
males (P < 0.05), and chronic restraint stress eliminated 
this sex difference by increasing adrenal weight in males 
(Table  1). These data indicate that chronic restraint 
produced physiological stress.

To test whether chronic restraint stress influenced 
adrenal clock function, adrenals were collected either 
1 day or 7 days after the last exposure to restraint (Fig. 1A). 
Adrenals from non-stressed males displayed larger amplitude 
PER2::LUC than those from non-stressed females (Fig. 1B 
and C, sex * time: P < 0.0001), consistent with previous work 
(Kuljis et  al. 2013, Kloehn et  al. 2016). Chronic restraint 
attenuated PER2::LUC rhythms in both male and female 
adrenals and eliminated the sex difference in rhythm 
amplitude (Fig.  1B and D, sex * time: P > 0.4). The loss of 
the sex difference was largely due to a marked decrease 
in the amplitude of adrenal rhythms in samples from 
stressed males (Fig. 1D, P < 0.01), although female adrenals 
also displayed a modest decrease in amplitude (Fig.  1D, 
P < 0.01). One week without restraint stress was sufficient to 
restore the sex difference in PER2::LUC amplitude (Fig. 1B 
and C, sex * time: P < 0.0001), but recovery male and female 
adrenals continued to display lower amplitude rhythms 
than non-stressed controls (Fig. 1D, P < 0.01). In addition, 
chronic restraint stress in both sexes advanced the time 
of peak PER2::LUC expression on the first cycle in vitro, 
lengthened period, decreased precision and accelerated 
damping over time (Table  1). Overall, effects on phase 
and amplitude were larger in males, but changes in period 
and damping were longer lasting in females because they 
persisted for 7 days. Collectively, these results demonstrate 
that chronic restraint stress influences the intrinsic function 
of the adrenal clock, with differential effects in males and 
females.

Next, we tested whether a single exposure to restraint 
stress would influence adrenal clock function (Fig.  2A). 
Again, a sex difference in adrenal amplitude was evident in 
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non-stressed controls (Fig.  2B and C, sex * time: P < 0.005), 
but this was not eliminated by acute restraint stress (Fig. 2C, 
sex * time: P < 0.01). Unlike chronic stress, acute stress did not 
significantly influence PER2::LUC amplitude when assessed 
separately for either sex (Fig. 2D). Likewise, other rhythmic 
parameters were not altered, with the exception that adrenals 
from stressed males displayed a small phase advance when 
collected immediately after restraint (Table 1). Thus, most 
effects of restraint stress on adrenal clock function require 
multiple days of exposure to this procedure.

Sex difference in adrenal response to a model of 
posttraumatic stress disorder

Finding that chronic restraint stress altered adrenal clock 
function, we next wanted to assess sex differences in the 

adrenal response to a chronic stress procedure developed 
as a mouse model of posttraumatic stress disorder (Wang 
et al. 2012, Daskalakis et al. 2013). This model involves five 
days of fear conditioning (FC) and a single day of prolonged 
stress (SPS, Fig.  3A). During the fear-conditioning phase 
of this procedure, both male and female mice displayed 
an increase in fear behavior over consecutive days, with 
high levels of freezing on the last day of training. No sex 
differences were evident in the pattern of increased fear 
behavior across days of conditioning (Fig.  3B, P > 0.5). 
Further, male and female mice did not differ in the time 
spent immobile during forced swim on the day of SPS 
(Fig.  3C, P > 0.6). Lastly, changes in body weight during 
exposure to FC + SPS stress did not vary by sex (P > 0.3). 
These data indicate that male and female mice displayed 
similar overt responses to the FC + SPS stress procedure.

Figure 1
Chronic restraint stress influences adrenal clock function. (A) Schematic illustrating in vivo chronic restraint stress protocol and adrenal collection for 
PER2::LUC recording. Exposure to restraint stress for 7 days decreased the gain in body weight in both sexes (stress:: F(1,18) 22.8, P < 0.0005; sex: 
F(1,18) = 0.05, P > 0.8; stress * sex: F(1,18) = 0.6, P > 0.5). Adrenals were collected from non-stressed controls (Control) and stressed mice either 1 day 
(Chronic) or 7 days (Recovery) after the last day of restraint. *DSXN: day and time of dissection for indicated group. (B) Representative PER2::LUC time 
series from male and female adrenals from the non-stressed control, chronic stress and recovery groups. (C) Chronic restraint stress eliminated the sex 
difference in the amplitude of adrenal PER2::LUC rhythms (repeated-measures ANOVA, non-stressed controls: sex: F(1,27) = 39.7, P < 0.0001; time: 
F(4,24) = 109.0, P < 0.0001; sex * time: F(4,24) = 12.05, P < 0.0001; chronic: sex: F(1,28) = 2.5, P > 0.1; time: F(4,25) = 25.7, P < 0.0001; sex * time: F(4,25) = 1.0, 
P > 0.4; recovery: sex: F(1,19) = 10.1, P < 0.0001; time: F(4,16) = 41.1, P < 0.0001; sex * time: F(4,16) = 10.3, P < 0.0001). (D) Chronic restraint stress reduced the 
amplitude of PER2::LUC rhythms in males and females (repeated-measures ANOVA, males: stress: F(2,40) = 11.6, P < 0.0001; time: F(4,37) = 67.8, P < 0.0001; 
stress * time: F(8,74) = 4.2, P < 0.0001; females: stress: F(2,34) = 2.9, P = 0.07; time: F(4,31) = 90.8, P < 0.0001; stress * time: F(8,62) = 3.1, P < 0.01). Note that data 
in (D) are re-plotted from (C) to facilitate visualization of effects of chronic stress in each sex. Number of cultures per group = 9–16 (Table 1). *LSM 
contrasts, P < 0.01, color-coded in (D) to represent comparisons between each stress group and non-stressed controls.
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Despite similar overt responses, male and female 
adrenals displayed a marked sex difference in the 
response of the adrenal clock (Fig.  3D and E). Female 
adrenals, but not male adrenals, displayed an increase 
in the amplitude of PER2::LUC rhythms after exposure 
to FC + SPS stress (Fig.  3D and E, females: stress * time: 
P < 0.0005; males: stress * time: P > 0.1). Moreover, 
the increase in rhythm amplitude of female adrenals 
persisted for at least 7 days following FC + SPS (Fig.  3D 
and E). FC + SPS increased the amplitude of PER2::LUC 
rhythms in female adrenals, but the sex difference in 
amplitude was not eliminated by this procedure (Fig. 3F, 
sex * time: P < 0.05). Interestingly, rhythm precision was 
increased by FC + SPS in both sexes, and this effect was 
longer lasting in female adrenals (Table 1). These results 
reveal that FC + SPS increased amplitude and precision 
of adrenal rhythms, with stronger and longer-lasting 
effects in females. These results are opposite from those 

found for chronic restraint stress, which decreased 
the amplitude and precision of molecular rhythms in 
adrenals of both sexes (c.f., Fig. 1D).

Sex differences in adrenal clock 
responsiveness to ACTH

Based on previous research (Kitay 1961a, Yoder et  al. 
2014), we hypothesized that sexually dimorphic 
responses to in vivo stressors may be driven by 
differences in the response of the adrenal clock to 
ACTH stimulation. To test this hypothesis, we directly 
examined in vitro responses of male and female adrenals 
to ACTH application (Fig.  4A). Adrenal samples were 
collected from non-stressed mice and treated with ACTH 
at specific phases of the PER2::LUC rhythm to measure 
drug-induced changes in adrenal clock function. As 
expected, ACTH reset the phase of adrenal PER2::LUC 

Figure 2
A single exposure to 2-h restraint stress does not influence adrenal clock function. (A) Schematic illustrating in vivo acute restraint stress protocol and 
adrenal collection for PER2::LUC recording. Adrenals were collected from non-stressed controls (Control) and stressed mice either immediately after the 
2-h restraint (Acute) or the next day (Recovery). *DSXN: day and time of dissection for indicated group. (B) Representative PER2::LUC time series from 
male and female adrenals from the non-stressed control, acute stress and recovery groups. (C) Acute restraint stress did not eliminate the sex difference 
in adrenal amplitude (repeated-measures ANOVA, non-stressed controls: sex: F(1,14) = 16.6, P < 0.005; time: F(4,11) = 20.89, P < 0.0001; sex * time: 
F(4,11) = 5.18, P < 0.05; acute: sex: F(1,14) = 22.0, P < 0.0005; time: F(4,11) = 29.6, P < 0.0001; sex * time: F(4,11) = 5.76, P < 0.05; recovery: sex: F(1,14) = 3.87, 
P = 0.07; time: F(4,11) = 25.5, P < 0.0001; sex * time: F(4,11) = 5.9, P < 0.01). (D) Acute restraint stress did not reduce the amplitude of PER2::LUC rhythms in 
males or females (repeated-measures ANOVA, males: stress: F(2,21) = 0.8, P > 0.4; time: F(4,18) = 49.7, P < 0.0001; stress * time: F(8,36) = 1.4, P > 0.2; females: 
stress: F(2,21) = 0.9, P > 0.4; time: F(4,18) = 27.8, P < 0.0001; stress * time: F(8,36) = 2.1, P = 0.06). Note that data in (D) are re-plotted from (C) to illustrate the 
lack of effect of acute stress in both sexes. Number of cultures per group = 8. *LSM contrasts, P < 0.01.
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rhythms in males (Fig. 4A and B), with the magnitude 
and direction of phase shifts similar to those found in 
previous work (Yoder et  al. 2014). Relative to vehicle-
treated controls, ACTH shifted the rhythm later when 
applied at CT8, CT12, CT16 and CT20 (i.e., phase delays 
during late subjective day and subjective night), but 
shifted the rhythm earlier when applied at CT0 and CT4 
(i.e., phase advances during early subjective day). In 
addition, ACTH increased the amplitude of PER2::LUC 
rhythms on the cycle following treatment in a manner 
that varied by the time of stimulation (Fig.  4C). The 
magnitude of both the ACTH-induced resetting response 
and the ACTH-induced amplitude potentiation response 
was negatively correlated with the amplitude of the 
PER2::LUC rhythm on the cycle prior to treatment 
(resetting – r = −0.37, P < 0.01; potentiation – r = −0.26, 
P < 0.05). This indicates that larger resetting and 
amplitude responses were elicited from adrenal samples 
with lower PER2::LUC amplitude prior to the pulse. 
Further, phase resetting and amplitude potentiation 

were positively correlated (r = 0.52, P < 0001) because 
phase delays were associated with smaller amplitude 
changes than phase advances (i.e., negative phase shifts 
were associated with small changes in amplitude, while 
positive phase shifts were associated with large changes 
in amplitude).

Consistent with the inverse relationship between 
adrenal PER2::LUC amplitude and ACTH responsiveness, 
there was a striking sex difference in the magnitude of 
both ACTH-induced effects (Fig.  4D). Female adrenals 
displayed larger resetting and amplitude responses than 
male adrenals at every phase tested (sex * time: P < 0.0001). 
As in male adrenals, there was an inverse relationship 
between PER2::LUC amplitude prior to the pulse and the 
magnitude of ACTH-induced resetting and potentiation 
response in female adrenals (resetting – r = −0.49, P < 0.001; 
potentiation – r = −0.41, P < 0.01), and these two responses 
were positively correlated (r = 0.7, P < 0.0001). Importantly, 
there was no sex difference in the response to vehicle 
treatment (Fig.  4B and C, sex * time: P > 0.4), and phase 

Figure 3
Sex differences in the response of the adrenal clock to a chronic stress model due to increased amplitude of PER2::LUC rhythms in female adrenals. (A) 
Schematic illustrating in vivo chronic stress protocol and adrenal collection for PER2::LUC recording. Adrenals were collected from non-stressed controls 
(Control) and stressed mice either 1 day (Stress) or 7 days (Recovery) after single prolonged stress. *DSXN: day and time of dissection for indicated group. 
(B) Male and female mice displayed similar fear behavior over consecutive days of FC training. (C) Male and female mice displayed similar duration of 
immobility during forced swim on the day of SPS. (D) Representative PER2::LUC time series from male and female adrenals collected from non-stressed 
control, stress, and recovery mice. (E) Stress increased PER2::LUC amplitude in female adrenals (repeated-measures ANOVA stress: F(2,21) = 12.4, 
P < 0.0005; time: F(4,18) = 95.5, P < 0.0001; stress * time: F(8,36) = 5.1, P < 0.0005), but did not influence PER2::LUC amplitude in males (repeated-measures 
ANOVA, males: stress: F(2,21) = 1.2, P > 0.3; time: F(4,18) = 69.7, P < 0.0001; stress * time: F(8,36) = 1.6, P > 0.1). (F) Exposure to the stress manipulation did not 
eliminate sex differences in the amplitude of PER2::LUC rhythms in any group (repeated-measures ANOVA, non-stressed controls: sex: F(1,14) = 19.8, 
P < 0.001; time: F(4,11) = 45.5, P < 0.0001; sex * time: F(4,11) = 7.2, P < 0.005; stress: sex: F(1,14) = 28.1, P < 0.0005; time: F(4,11) = 56.1, P < 0.0001; sex * time: 
F(4,11) = 4.8, P < 0.05; recovery: sex: F(1,14) = 10.7, P < 0.01; time: F(4,11) = 38.1, P < 0.0001; sex * time: F(4,11) = 2.8, P = 0.08). Number of cultures per 
group = 8. *LSM contrasts, P < 0.01, color-coded in (E) to represent comparisons between each stress group and non-stressed controls.
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projections for unstimulated controls did not differ by 
sex (Fig. 4B, P > 0.9). These results indicate that the phase 
of female adrenal rhythms is not inherently less stable 
or harder to predict. Further, greater overall responses in 
female adrenals were specific to ACTH, because responses 
to acetylcholine or dexamethasone were not consistently 
larger in female adrenals (Fig.  4D and E). These results 
reveal that there is a large sex difference in the ACTH 
responsiveness of the adrenal clock, which is related 
to the sexually dimorphic state of the molecular clock 
mechanism.

Adrenal clock responsiveness to ACTH is inversely 
proportional to rhythm amplitude

Based on the finding that PER2::LUC amplitude and 
ACTH responsiveness are negatively correlated, we sought 
to test whether rhythm amplitude drives the magnitude 
of ACTH responses. We predicted that if this were the 
case and the sex difference in adrenal amplitude were 
to be reversed, male adrenals would display a greater 
ACTH response than female adrenals (and vice versa). To 
achieve this reversal, we decreased adrenal amplitude in 

Figure 4
Sex differences in the intrinsic response of the adrenal clock to ACTH. (A) Representative PER2::LUC time series from male and female adrenals treated 
with ACTH at CT 0 or CT8. Each ACTH-treated sample is plotted along with a same-sex vehicle-treated control (black trace). Arrowhead indicates time of 
treatment. (B) Phase resetting responses of male and female adrenals treated with ACTH or vehicle. Male and females adrenals differed in their response 
to ACTH treatment (sex: F(1,151) = 4.43, P < 0.05, time: F(5,151) = 405.5, P < 0.0001, sex * time: F(5,151) = 19.2, P < 0.0001), but not vehicle treatment (sex: 
F(1,146) = 1.2, P > 0.2, time: F(5,146) = 18.4, P < 0.0001, sex * time: F(5,146) = 0.9, P > 0.5). Note that the response of unstimulated samples did not differ by 
sex (data plotted at time ‘–’, t(1,14) = −0.05, P > 0.9, see ‘Methods’ section for more information). Number of cultures per group = 8–12/group. (C) 
ACTH-induced amplitude potentiation was larger in female adrenals than male adrenals (sex: F(1,151) = 132.6, P < 0.0001, time: F(5,151) = 21.6, P < 0.0001, 
sex * time: F(5,151) = 9.8, P < 0.0001). (D) ACTH induces a drug-specific pattern of sex differences in resetting that was not observed with acetylcholine 
(ACh), dexamethasone (DEX) or vehicle treatment (ACTH: sex: F(1,18) = 0.1, P > 0.7, time: F(2,18) = 139.2, P < 0.0001, sex * time: F(2,18) = 13.3, P < 0.0005; 
ACh: sex: F(1,23) = 1.5, P > 0.2, time: F(2,23) = 42.0, P < 0.0001, sex * time: F(2,23) = 0.2, P > 0.8; DEX: sex: F(1,22) = 10.2, P < 0.005, time: F(2,22) = 60.0, 
P < 0.0001, sex * time: F(2,22) = 0.3, P > 0.7; vehicle: sex: F(1,19) = 1.4, P > 0.2, time: F(2,19) = 8.5, P < 0.005, sex * time: F(2,19) = 1.02, P > 0.3). (E) Adrenal 
amplitude was increased by ACTH, but not by ACh, DEX or vehicle (ACTH: sex: F(1,18) = 27.7, P < 0.0001, time: F(2,18)= 9.1, P < 0.005, sex * time: 
F(2,18) = 3.2, P = 0.06; ACh: sex: F(1,23) = 0.5, P > 0.4, time: F(2,23) = 2.2, P > 0.1, sex * time: F(2,23) = 0.5, P > 0.8; DEX: sex: F(1,22) = 0.2, P > 0.6, time: 
F(2,22) = 1.2, P > 0.3, sex * time: F(2,22) = 2.4 P > 0.1; vehicle: sex: F(1,19) = 0.03, P > 0.8, time: F(2,19) = 0.4, P > 0.6, sex * time: F(2,19) = 0.3, P > 0.3). *LSM 
contrasts, ACTH-stimulated male vs female, P < 0.01.
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males using 7 days of restraint stress in vivo and increased 
adrenal amplitude in females using testosterone treatment 
in vivo (Kloehn et  al. 2016). As expected, males that 
received 7  days of chronic restraint stress had adrenals 

with lower amplitude PER2::LUC rhythms prior to the 
ACTH pulse (Fig.  5A). Adrenal samples were stimulated 
with ACTH on the 4th cycle in vitro at CT08, which was a 
phase associated with larger responses in female adrenals 
than male adrenals (c.f., Fig.  4B). Consistent with our 
hypothesis, adrenals collected from stressed male mice 
displayed lower PER2::LUC amplitude and larger responses 
to ACTH than adrenals collected from non-stressed male 
mice (Fig. 5B and C). Further, adrenals from females that 
received testosterone pellets displayed larger PER2::LUC 
amplitude prior to the ACTH pulse (Fig. 5A) and smaller 
responses to ACTH relative to surgical controls (Fig. 5B and 
C). As in our previous experiment, there was an inverse 
relationship between the magnitude of ACTH-induced 
responses and PER2::LUC amplitude prior to the pulse 
(resetting – r = −0.43, P < 0.005; potentiation – r = −0.69, 
P < 0.0001). Collectively, these results suggest that the state 
of the adrenal clock gates the response to ACTH, which 
may contribute to sex differences in glucocorticoid release 
and stress reactivity.

Discussion

The present results demonstrate that exposure to stress 
in vivo influences the intrinsic expression of molecular 
rhythms in the adrenal gland in a sexually dimorphic 
manner. We also find a pronounced sex difference in the 
response of the adrenal clock to ACTH in vitro, which 
complements previous work demonstrating that female 
adrenals release more glucocorticoids when stimulated 
with ACTH in vitro (Kitay 1961b). Further, we provide 
evidence that ACTH responsiveness is gated by the 
amplitude of adrenal PER2::LUC rhythms, which reveals 
that there is an inverse relationship between the state of 
the adrenal clock and its response to ACTH stimulation. 
Collectively, these results suggest that there is a reciprocal 
interaction between the adrenal clock and its response 
to stress that is markedly influenced by sex. The sexually 
dimorphic function of the molecular clock in the adrenal 
may contribute to sex differences in stress reactivity given 
its role in gating glucocorticoid release (Son et al. 2011, 
Leliavski et  al. 2014). Thus, long-term consequences 
of stress-induced changes in the adrenal clock warrant 
further study in both sexes.

Although the adrenal clock has been recognized for 
more than 50 years (Ungar & Halberg 1962, Andrews & 
Folk 1964), there have been only a handful of studies 
examining how exposure to stress alters its rhythms 
(Bartlang et al. 2014, Razzoli et al. 2014, Tahara et al. 2015, 
Engeland et al. 2016). We demonstrate here that chronic 

Figure 5
Reversing the sex difference in adrenal clock amplitude inverted the 
dimorphism in ACTH responsiveness. (A) Testosterone (T) administration 
to females in vivo increased the amplitude (AMP) of the PER2::LUC 
rhythm on the third cycle in vitro, whereas 7 days of chronic restraint 
stress in vivo decreased amplitude in male adrenals on the third cycle in 
vitro (sex: F(1,82) = 7.5, P < 0.01; group: F(1,82) = 0.2, P > 0.6; sex * group: 
F(1,82) = 77.2, P < 0.0001). (B) Regardless of sex, adrenals with low 
amplitude displayed higher resetting responses when pulsed with ACTH 
at CT08 on the fourth cycle in vitro (sex: F(1,36) = 0.04, P > 0.8; group: 
F(1,36) = 0.5, P > 0.4; sex * group: F(1,36) = 52.4, P < 0.0001). (C) Adrenals 
with low amplitude displayed higher amplitude responses when pulsed 
with ACTH at CT08 on the fourth cycle in vitro (sex: F(1,36) = 0.6, P > 0.4; 
group: F(1,36) = 0.9, P > 0.3; sex * group: F(1,36) = 19.1, P = 0.0001). Groups 
that do not share letters in common differ significantly, Tukey’s HSD, 
P < 0.05.
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stress influences the intrinsic function of the adrenal clock 
in a sex- and stressor-dependent manner. Chronic restraint 
stress decreases PER2::LUC amplitude in both sexes, 
whereas FC + SPS increases PER2::LUC amplitude only in 
females. Opposite effects of these two stress procedures on 
adrenal clock function are noteworthy because these two 
stress procedures are used to model different stress-related 
disorders (Jankord & Herman 2008, Yamamoto et al. 2009). 
Thus, differential effects of chronic restraint vs FC + SPS 
on adrenal clock function could reflect distinct cellular 
responses at the level of the adrenal and/or higher-order 
tissues. With this in mind, it is interesting that the effect of 
chronic restraint stress observed here is distinct from that 
commonly observed in other tissues of the brain and body 
(Oster et al. 2017). In most tissues examined to date, clock 
gene expression is increased by glucocorticoid signaling 
and/or stress (Oster et  al. 2017), although stressor- and 
tissue-specific effects are not without precedent (Al-Safadi 
et al. 2014). Changes in tissues upstream of the adrenal 
could contribute to the resetting effects of stress observed 
in the adrenal gland here and in previous studies, which 
may be sensitive to the time of day stress is experienced 
(Jiang et al. 2011, Bartlang et al. 2014, Razzoli et al. 2014, 
Tahara et al. 2015, Engeland et al. 2016). Thus, future work 
is needed to test the potential role of higher-order tissues 
in mediating effects of stress on adrenal clock function, 
which should include consideration of the response to 
different stressors at varying times of day. Likewise, it 
will be of interest to assess how stress-induced changes 
in the state of the adrenal clock influence the function of 
other tissues, especially given evidence that the adrenal 
regulates molecular rhythms of other clock tissues in 
the circadian system (Balsalobre et  al. 2000, Oishi et  al. 
2005, Segall et al. 2006, Reddy et al. 2007, Son et al. 2008, 
Kiessling et al. 2010, Pezuk et al. 2012).

The molecular clock gates approximately 10% of 
adrenal transcripts (Oster et  al. 2006a, Son et  al. 2008), 
including steroid acute regulatory protein (StAR) and the 
melanocortin 2 receptor (MC2R). Although mechanistic 
connections between the molecular clock and adrenal 
function are not fully understood, previous work suggests 
that the clock regulates glucocorticoid release under both 
basal and stressed conditions (Son et  al. 2011, Leliavski 
et al. 2014). Further, results from mouse models lacking 
specific components of the molecular clock suggest 
that negative elements suppress glucocorticoid release 
(Dallmann et al. 2006, Chung et al. 2017), while positive 
elements elevate it (Kennaway et al. 2006, Leliavski et al. 
2014). However, other studies using germ-line knockout 
strategies suggest that this model may be too simplistic 

(c.f., Pilorz et al. 2009, Yang et al. 2009). It also remains 
unclear precisely how the local adrenal clock contributes 
to glucocorticoid release. Abrogation of Bmal1 function 
in Mc2r-expressing adrenal cells abolishes circadian 
corticosterone rhythms (Son et  al. 2008). However, a 
recent study using a different strategy to eliminate Bmal1 
in adrenocortical cells found no significant change in 
glucocorticoid release under basal or stressed conditions 
(Dumbell et al. 2016). Thus, the balance of work conducted 
so far indicates that the molecular clock regulates adrenal 
function, but understanding the nature and location of 
stress–circadian interactions requires further study. Our 
work suggests that novel insights into circadian regulation 
of adrenal function may be achieved by including females 
in molecular studies of the adrenal clock.

To our knowledge, this is the first study to examine 
the effects of sex on the response of the adrenal clock to 
stress, even though it is well known that glucocorticoid 
release is modulated by both sex and molecular clock 
function. Across species, sex differences in basal and 
stress-induced glucocorticoid release are well established 
(Goel et al. 2014). Relative to males, female mice display 
glucocorticoid rhythms with elevated release throughout 
the daytime (Feillet et  al. 2016). The intrinsic function 
of the adrenal clock likewise displays a marked sexual 
dimorphism (Kuljis et  al. 2013, Kloehn et  al. 2016), as 
replicated here in our non-stressed controls. Although 
the molecular clock of the adrenal has only been 
extensively studied in males, one study suggests that 
the female adrenal in vivo displays lower Per1 levels 
and higher amplitude rhythms of the repressor Rev-
erbα relative to the male adrenal (Feillet et al. 2016). Sex 
differences in circadian gene expression suggest that the 
clock-controlled function of the adrenal will be sexually 
dimorphic. Indeed, female mice in vivo display higher 
expression of Star and Mc2r in the adrenal (Feillet et al. 
2016), and the latter may contribute to the sex difference 
in ACTH responsiveness that we observe here. Full 
understanding of sex differences in the adrenal clock 
awaits comprehensive mapping of the circadian landscape 
in both sexes (Dickmeis et  al. 2013). In particular, how 
different components of the molecular clock intersect 
with adrenal signaling pathways in males and females 
should be examined further.

Although our understanding of sex differences in the 
adrenal clock remains incomplete, our present results 
indicate that its function can be modulated by stress in 
sexually dimorphic manner. The response of the adrenal 
clock to chronic restraint stress was qualitatively similar 
in both sexes, but differed quantitatively in male and 
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female adrenals. Specifically, male adrenals displayed 
a larger reduction in amplitude after chronic restraint 
stress than female adrenals, but the effect in female 
adrenals was longer lasting. Even more striking was the 
sex-specific response to the FC + SPS procedure, which 
has been developed as a mouse model of posttraumatic 
stress disorder (Wang et al. 2012, Perrine et al. 2016). After 
exposure to FC + SPS, only female adrenals displayed an 
increase in adrenal amplitude, which again was a long-
lasting effect. We find this sexually dimorphic response 
noteworthy given the sex difference in the incidence 
of PTSD (Kessler et al. 1995, Brewin et al. 2000, Breslau 
2002) and the association of PTSD in some patients 
with blunted basal glucocorticoid release and reduced 
sensitivity to ACTH (Heim et  al. 2001, Kanter et  al. 
2001).

With this set of observations in mind, we feel one 
of the most interesting findings of the present work is 
the inverse relationship between adrenal PER2::LUC 
amplitude and the response of the adrenal clock to 
ACTH. Consistent with previous work (Yoder et  al. 
2014), we find that the ACTH response of the adrenal 
clock is phase dependent, with larger magnitude phase 
shifts during subjective night than subjective morning. 
This phasing complements the rhythm in ACTH-
induced glucocorticoid release (Dallman et  al. 1978, 
Kaneko et al. 1981). These two ACTH response rhythms 
persist ex vivo driven by the adrenal clock (Oster et al. 
2006b, Yoder et  al. 2014). Complementing previous 
work demonstrating that female adrenals release more 
glucocorticoids when stimulated with ACTH (Kitay 
1961b), we find that molecular clock responses to 
ACTH are likewise greater in female adrenals. We find it 
interesting that ACTH increased PER2::LUC amplitude 
in vitro, whereas repeated restraint stress decreased 
PER2::LUC amplitude in vivo. This discrepancy in 
results likely reflects a difference in the nature of the 
stimulation. One possibility is that these results reflect a 
difference in the response of the adrenal clock to acute 
vs chronic stress. Consistent with this idea, a single 
episode of restraint stress produced a slight increase 
in PER2::LUC amplitude (Fig.  2D), but this effect was 
not statistically significant. Another possibility is that 
systemic factors modulate the response of the adrenal 
clock in vivo that are absent in vitro.

The results of our final experiment suggest that 
ACTH responsiveness is suppressed by increased 
PER2::LUC amplitude, which likely involves changes in 
the molecular control of MC2R and/or StAR expression 

(Oster et  al. 2006a, Son et  al. 2008). Thus, the lower 
PER2::LUC amplitude displayed by female adrenals 
may contribute to their greater responses to ACTH and 
stress. On the other hand, the opposite relationship 
cannot be excluded presently. Thus, it remains possible 
that high glucocorticoid release in females suppresses 
Per expression in the adrenal (Dickmeis et  al. 2013). 
Potential evidence against this alternative hypothesis 
stems from our findings that stress does not invariably 
decrease PER2::LUC amplitude. Chronic restraint stress 
did decrease amplitude, but acute restraint stress did 
not, even when adrenals were collected immediately 
after the procedure. Further, we find that the effect of 
stress on PER2::LUC amplitude is procedure specific. 
Unlike the decreases observed after chronic restraint 
stress, FC + SPS increased the amplitude and precision 
of adrenal PER2::LUC rhythms. Differential responses 
were elicited even though manipulations used in these 
two stress procedures can increase corticosterone release 
(Kelley et al. 2009, Jeong et al. 2013, Laukova et al. 2014). 
The mechanistic basis of this stressor-specific response 
warrants further research, especially as it pertains to sex 
differences in the response of the adrenal clock and long-
term changes in physiology.

In summary, we demonstrate that stress influences 
molecular rhythms in the adrenal clock in a sexually 
dimorphic manner. We also provide evidence that the 
molecular state of the adrenal clock can regulate its 
sensitivity to ACTH. Stress-induced changes in adrenal 
clock function would be expected to have widespread 
effects on both circadian and non-circadian processes. 
Thus, it will be important to assess the long-term 
consequences of stress-related changes in adrenal 
clock function, especially in females for whom the 
effects appear to be long lasting. Future challenges are 
to identify the mechanisms of stress–clock crosstalk 
and how this machinery is influenced by sex. Further 
work is also required to define the precise roles of the 
different tissue clocks in regulating glucocorticoid 
release, especially given that the adrenal clock is not 
absolutely required under all conditions (Son et  al. 
2008, Dumbell et al. 2016). Lastly, it remains important 
to determine if changes in the function of the adrenal 
clock and/or other tissue clocks directly contribute to 
stress-related pathology. Our work highlights that the 
effect of stress on adrenal clock function depends on 
the stressor used, and thus comparing the effects of 
different stress models may provide insight into these 
important issues.
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