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 Knockout of the circadian gene, Per2, 
disrupts corticosterone secretion and results 
in depressive‐like behaviors and deficits 
in startle responses
Ashley L. Russell1,2, Lauren Miller3, Hannah Yi3, Rita Keil3, Robert J. Handa4 and T. John Wu1,2,3* 

Abstract 

Background:  The Period Circadian Regulator 2 (Per2) gene is important for the modulation of circadian rhythms that 
influence biological processes. Circadian control of the hypothalamus-pituitary-adrenal (HPA) axis is critical for regula-
tion of hormones involved in the stress response. Dysregulation of the HPA axis is associated with neuropsychiatric 
disorders. Therefore, it is important to understand how disruption of the circadian rhythm alters the HPA axis. One way 
to address this question is to delete a gene involved in regulating a central circadian gene such as Per2 in an animal 
model and to determine how this deletion may affect the HPA axis and behaviors that are altered when the HPA axis 
is dysregulated. To study this, corticosterone (CORT) levels were measured through the transition from light (inactive 
phase) to dark (active phase). Additionally, CORT levels as well as pituitary and adrenal mRNA expression were meas-
ured following a mild restraint stress. Mice were tested for depressive-like behaviors (forced swim test (FST)), acoustic 
startle response (ASR), and pre-pulse inhibition (PPI).

Results:  The present results showed that Per2 knockout impacted CORT levels, mRNA expression, depressive-like 
behaviors, ASR and PPI. Unlike wild-type (WT) mice, Per2 knockout (Per2) mice showed no diurnal rise in CORT levels 
at the onset of the dark cycle. Per2−/− mice had enhanced CORT levels and adrenal melanocortin receptor 2 (Mc2R) 
mRNA expression following restraint. There were no changes in expression of any other pituitary or adrenal gene. In 
the FST, Per2−/− mice spent more time floating (less time struggling) than WT mice, suggesting increased depres-
sive-like behaviors. Per2−/− mice had deficits in ASR and PPI startle responses compared to WT mice.

Conclusions:  In summary, these findings showed that disruption of the circadian system via Per2 gene deletion 
dysregulated the HPA stress axis and is subsequently correlated with increased depressive-like behaviors and deficits 
in startle response.
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Background
The regulation of the hypothalamic-pituitary-adrenal 
(HPA) stress axis has evolved to be critically impor-
tant for an organism’s survival. HPA axis dysregulation 
is associated with neuropsychiatric disorders, such as 
depression, anxiety, schizophrenia and post-traumatic 
stress disorder (PTSD) [1, 2]. An organism maintains 
homeostasis in response to a physical or psychological 
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stressor through controlled regulation of the HPA 
axis. The paraventricular nucleus of the hypothala-
mus (PVN) integrates stress-related neuronal inputs 
to induce secretion of corticotropin-releasing factor 
(CRF) and arginine vasopressin (AVP) into the hypo-
physeal portal vasculature [3]. These neuropeptides 
bind to CRF receptor type 1 (CRFR1) stimulating the 
secretion of adrenocorticotropic hormone (ACTH) 
from anterior pituitary corticotrophs. ACTH, in turn, 
binds to the melanocortin receptor 2 (Mc2R) in the 
adrenal cortex inducing corticosterone (CORT) pro-
duction [3, 4]. Acutely elevated CORT induces an 
inhibitory feedback mechanism to decrease the synthe-
sis and release of CRF and ACTH, effectively shutting 
down further HPA axis activity [5]. Chronic, uncon-
trolled exposure to CORT and the subsequent dysregu-
lation CORT release can have deleterious consequences 
on the brain and behavior leading to a number of dis-
ease states.

HPA axis activity is modulated by a central clock [6]. 
The main controller of the mammalian circadian clock is 
the suprachiasmatic nucleus of the hypothalamus (SCN). 
This clock is regulated by a set of genes (such as Per2) 
within the SCN work in negative transcription-trans-
lation feedback loops to stabilize and coordinate daily 
physiological rhythms including the diurnal CORT cycle 
[7]. Diurnal CORT fluctuations show peak levels prior to 
the active period (morning for humans, dark for rodents), 
declining levels throughout the course of the active 
period, and low levels during the inactive period [8]. This 
daily fluctuation is controlled by signals from the SCN to 
the paraventricular nucleus (PVN). The circadian system 
may also regulate the HPA axis by decreasing the sensi-
tivity of the adrenal cortex to ACTH [6].

For this study, we focused on the role of a circadian 
gene, Per2, on the regulation of the HPA axis by utiliz-
ing a previously characterized Per2 knockout (Per2−/−) 
mouse model [9, 10]. The Per2 gene promoter region 
contains glucocorticoid response elements, which upreg-
ulate Per2 expression, thereby directly linking the circa-
dian pathways to the HPA axis [6, 11, 12]. Thus we wish 
to determine the impact of the Per2 gene on the HPA 
axis. Furthermore, circadian disruption and HPA axis 
dysregulation have been shown to be related to depres-
sion and startle behaviors [20, 27, 28].

In the present study, we tested the hypothesis that dele-
tion of the Per2 gene, an essential regulator of the cir-
cadian clock [9, 10] disrupts the HPA axis and related 
behaviors, such as depression-like and startle/sensori-
motor gating behaviors in mice. Therefore, we showed 
that Per2−/− mice lacked a diurnal rise in CORT and 
had a less sustained restraint-induced CORT response 
suggesting a disruption in the HPA axis. Additionally, 

Per2−/− mice had enhanced depressive-like behaviors 
and altered the startle response.

Materials and methods
Animals
Adult male Per2−/− mice (B6.Cg-Per2tm1Brd Tyrc−Brd/J; 
Stock #003819) and their wild-type (WT) littermates 
(Per2+/+) were purchased from The Jackson Laboratory 
(Bar Harbor, ME). Mice were backcrossed to C57BL/6-
Tyrc−Brd mice to become homozygous for both the Per2t-

mBrd target mutation and the recessive Tyrc−Brd mutation 
(The Jackson Laboratory). Per2+/+ littermates were used 
as WT controls. Animals were acclimated to the Univer-
sity vivarium for at least 10 days with daily handling prior 
to experiments. Animals were housed same sex 3–4 per 
cage. The mice were housed under controlled conditions 
of light (12 h light/12 h dark; lights off at ZT12; sudden 
light/dark transition) and temperature (24–25 ºC). Food 
and water were available ad libitum. All mice in the vivar-
ium were housed in standard mouse shoebox cages and 
observed daily by the University veterinary staff as well 
as by investigative staff. Mice were tested between 2 and 
5 months of age after the onset of puberty as determined 
by testicular descent. The distribution of animals into 
experimental groups was randomized. Separate cohorts 
of mice were used for each time point of time course 
study and for behavioral tests. All experiments were con-
ducted in a separate procedure room (Experiments 1 
and 2) or in the behavior core (Experiment 3). All animal 
procedures and care were conducted in accordance with 
the National Institute of Health Guide for Care and Use 
of Laboratory animals and approved by the Institutional 
Animal Use and Care Committee at the Uniformed Ser-
vices University of the Health Sciences.

Experimental design
Experiment 1 evaluated the effect of Per2−/− on diur-
nal CORT levels. WT control and Per2−/− mice were 
randomly assigned to one of six testing points in which 
CORT levels were measured: ZT1030 (WT n = 11, 
Per2−/− n = 14), ZT1115 (WT n = 6, Per2−/− n = 14), 
ZT12 [(onset of dark period), (WT n = 10, Per2−/− 
n = 15), ZT1230 (WT n = 10, Per2−/− n = 10), ZT13 
(WT n = 9, Per2−/− n = 10) and ZT14 (WT n = 12, 
Per2−/− n = 13) (Fig. 1). These timepoints spanned the 
transition from the inactive (light) to active (dark) period. 
Each animal was tested at one timepoint. At the desig-
nated timepoint, one cage of animals (each in the same 
timepoint) were deeply anesthetized with CO2 over-
inhalation and euthanized by decapitation. CO2 over-
inhalation was induced by a flow rate that displaced 20% 
of the chamber volume per minute by introducing 100% 
CO2. Deep anesthesia is tested with toe pinch—a lack of 
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response indicated deep anesthesia. Animals remained 
in the CO2 chamber for approximately 3–5  min. Trunk 
blood was collected into a 2  ml microcentrifuge tube 
within +/−  5 min of the stated time point. Blood was 
allowed to clot on ice for 15–30 min and serum was har-
vested by centrifugation (2000g for 15 min) and stored at 
− 80 ºC until use.

Experiment 2 evaluated the effect of restraint on 
CORT secretion in WT (n = 7–8 per timepoint) and 
Per2−/− mice (n = 7–11 per timepoint) during the light 
period (ZT7-ZT9; at 3–5 h before lights out). Mice were 
randomly assigned to one of five groups to account for 
each timepoint post restraint. Each cage of animals was 
assigned to one timepoint post restraint and each ani-
mal was only tested once due to testing procedures. Mice 
were not restrained (0 min time point) or restrained for 
20  min using a Plexiglass restrainer (3.81 × 10.16  cm; 
Stoelting Co, Wood Dale, IL) and returned to their 
home cages until euthanized. Each animal was tested 
at only one of the following post-restraint timepoints: 
0  min (no restraint), 20  min (immediately at the end of 
restraint), 40  min, 60  min or 120  min after the start of 
a 20  min restraint (Fig.  2). All mice were restrained in 
their home cages. Similar to Experiment 1, all animals 
were euthanized by CO2 over-inhalation and trunk blood 
was collected, stored on ice for 15–30  min, centrifuged 
to harvest serum, and stored at − 80 ºC until use (see 
above). Adrenals and pituitary were collected and snap 
frozen in 2-methyl butane (− 40 °C) on dry ice and stored 
at − 80 ºC until use.

Experiment 3 evaluated the effect of WT and Per2−/− 
on depressive-like behaviors, acoustic startle response 
(ASR) and pre-pulse inhibition (PPI) startle response. 
A separate cohort of animals was used for behavioral 

testing to avoid any influence of testing on CORT secre-
tion. The completion of each behavioral test, animals 
were given at least one week until tested on the next 
assay. Prior to testing, animals were acclimated in their 
home cages to the testing room for 1 h. Behavioral assays 
were conducted during the inactive period (light period). 
All behaviors were video-recorded and scored blind to 
condition.

CORT quantification
Serum CORT levels were analyzed using an enzyme-
linked immunosorbent assay (ELISA) following the 
manufacturer’s instructions (Corticosterone Kit, Cay-
man Chemicals, Inc, Ann Arbor, MI). The inter-assay and 
intra-assay CV were 10.5% and 3.7%, respectively.

Tissue collection and gene expression
Ribonucleic acid (RNA) was extracted from pituitaries 
(WT n = 6; Per2−/− n = 6) and adrenals (WT n = 8; 
Per2−/− n = 7) using previously established protocols 
[13, 14], Whole pituitaries and adrenals were placed 
in 1  mL Ribozol (Thermo Fisher Scientific, Waltham, 
MA) and homogenized and total RNA was isolated. 
Pelleted RNA was resuspended in nuclease-free water 
and treated with deoxyribonuclease I (Promega Corpo-
ration, Madison, WI). Standard sodium acetate (Sigma-
Aldrich Inc, St. Louis, MO) precipitation and successive 
ethanol washes were performed for RNA purification. 
Pelleted RNA was dried and re-suspended in nuclease-
free water. The concentration and purity of RNA were 
determined by measuring absorbance at 260  nm and 
280  nm and the 260/280 ratio was calculated using 
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Fig. 1  Effect of genotype (WT vs. Per2−/−) on the diurnal CORT 
rhythm. Peak CORT levels were observed in WT mice (solid black line) 
at the transition from lights-on to lights-out (Lights out at 1300 h 
or ZT12). There was no diurnal CORT rise in Per2−/− mice (dotted 
gray line). *p < 0.05 WT vs. respective Per2−/− time point (n = 6–15 
animals per group)

Fig. 2  Effect of genotype (WT vs. Per2−/−) and restraint stress on 
CORT levels. Mice were restrained for 20 min (0–20 min; striped 
bar on x axis). In WT mice (solid black line), CORT peaked at 20 min, 
immediately at the conclusion of restraint and returned to baseline 
by 120 min. Similarly, CORT levels in the Per2−/− mice (dotted gray 
line) were elevated at 20 min (end of restraint stress), but unlike WT 
mice, CORT levels remained elevated throughout the 120 min time 
point. *p < 0.05 WT vs. respective Per2−/− time point. (n = 7–11 
animals per group)
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a spectrophotometer (NanoDrop Lite spectrometer, 
Thermo Fisher Scientific). Within each extraction, ran-
dom samples were run on 1% agarose gels to confirm 
sample integrity before reverse transcription. Total 
RNA was reverse transcribed using the Maxima First 
Strand cDNA Synthesis Kit (Thermo Fisher Scientific). 
In parallel, samples were also processed with no reverse 
transcription to assess for genomic contamination dur-
ing PCR reactions.

Following previously established protocols, expres-
sion of mRNAs was measured using qPCR [13, 15], 
Primer sequences for measured genes are listed in 
Table 1. Two ng of cDNA template was amplified using 
iQ SYBR Green Supermix (BioRad Laboratories, Her-
cules, CA). Each total RNA sample was sequentially 
denatured for 10 sec at 95  °C, annealed for 30 sec at 
60  °C, and extended for 30 sec at 72  °C for 40 cycles 
using the CFX Connect Real-Time System (BioRad). 
Reactions were performed in triplicate and normalized 
to either Beta-Actin (adrenal genes) or GAPDH (pitui-
tary genes). The Delta Delta Ct (2−ΔΔCT) method was 
utilized to determine fold changes between WT and 
Per2−/− samples [16]. Melt curve analysis was per-
formed at the end of each run to confirm single ampli-
con production. 

Open field activity (OFA)
Locomotor activity was measured in WT (n = 16) and 
Per2−/− (n = 9) mice during the inactive period (light 
period, between ZT730 and ZT10) and conducted 
using a 40  cm × 40  cm open field apparatus (Stoelting 
Co). Light intensity was 80 lux in the arena center. Ani-
mals were allowed to roam freely for 60 min. Behavio-
ral measures recorded include total distance traveled, 
time and entries in center/periphery and mean speed 
to determine overall activity. Each testing session was 

performed on up to eight mice from the same experi-
mental group, each in a separate OF arena.

Acoustic startle response and pre‐pulse inhibition (ASR 
and PPI, respectively)
Previous studies have shown correlations between star-
tle reflex and sensorimotor gating and diurnal CORT [27, 
28]. However, it is unknown how a dysregulated HPA 
axis may affect this behavior. To measure startle reflex 
and sensorimotor gating, ASR and PPI were used based 
on previous established protocols [17, 18]. WT (n = 16) 
and Per2−/− (n = 16) mice were individually acclimated 
to the test chamber for 5 minutes before testing began. 
Startle responses were measured using a weight sensi-
tive platform inside of an acoustic startle response test 
system with sound attenuated chambers and speakers 
(Med Associate, Georgia, VT). Startle responses to a 110 
or 120 dB tone were measured for ASR. In the PPI assay, 
110 or 120 dB tones were preceded by either a 64 or 82 
dB pre-pulse tone. Startle response and pre-pulse inhibi-
tion were tested concurrently. The 6 different tone com-
binations (64/110 dB, 64/120 dB, 82/110 dB, 82/120 dB, 
110 dB, and 120 dB) were presented in a random order 
with an average 15 s between tones (range of 5–30 s) for 
a total of 32 trials. The pre-pulse tones were 20 secs long 
and the pulse/startle tones were 40 secs long. Four mice 
from the same cage were individually tested in each test-
ing session of ASR/PPI paradigms.

Porsolt’s forced swim test (FST)
Depression-like behavior was tested using the FST. Here, 
WT and Per2−/− (n = 12/genotype) mice were tested 
between ZT7 and ZT9 (light period). All mice were 
tested in individual chambers. A plastic cylindrical con-
tainer (40  cm height × 27  cm diameter) was filled with 
30 cm of 25 ºC water. Water was changed and cylinders 
were thoroughly washed with 70% ethanol between ani-
mals. Light intensity in the chamber was 80 lux. Animals 

Table 1  Relative gene expression in the adrenal (Mc2R and Hsd1) and pituitary (Crfr1) in WT and Per2−/− mice measured 
at lights on (1300 h)

There were no differences in gene expression between WT and Per2−/− tissues (p > 0.05; n = 5–8 animals per genotype). Primer information is also provided

Gene Accession # Primer sequence WT Per2−/−

Adrenal

 MCR2 NM_0010839 (F) 5’-ACA​CCA​ATG​ACA​CCG​CAA​GA-3’
(R) 5’-ACA​GAC​TGC​CCA​ACA​TGT​CA-3’

1.0 ± 0.2 1.3 ± 0.4

 HSD1 NM_008288.2 (F) 5’-AGC​CGC​ACT​TAT​CTG​AAG​CC-3’
(R) 5’-TTC​CCT​GGA​GCA​TTT​CTG​GTC-3’

1.0 ± 0.3 0.7 ± 0.3

Pituitary

 CRFR1 NM_007762 (F) 5’-CAA​AGT​GCA​CTA​CCA​CAT​TGC​CGT​-3’
(R) 5’-TGA​AAG​CCG​AGA​TGA​GGT​TCC​AGT​-3’

1.0 ± 0.2 0.7 ± 0.3
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were placed in the water for six min, allowed to acclimate 
to the assay prior to testing, and behaviors were analyzed 
during the last five min of testing. After completion of 
the test animals were dried with a clean towel and placed 
on a drying pad until dry. Behaviors analyzed included: 
time spent struggling and time spent immobile. Strug-
gling was defined as rapid movement of the forelimbs 
that breaks the surface of the water and/or attempting to 
climb against the wall of the container. Immobility was 
defined as absence of any movement except for slight 
movements necessary for the animal to keep its head 
above water [19].

Statistical analysis
CORT and mRNA expression data were analyzed by two-
way analysis of variance (ANOVA) with genotype and 
time as main factors followed by Sidak’s posthoc compari-
sons where appropriate using SPSS and GraphPad sta-
tistical softwares. Behavioral measures (OFA, FST, ASR 
and PPI) were analyzed by unpaired Student’s t-test. Sig-
nificance was accepted at p < 0.05. All values are reported 
as mean +/− SEM. Significant outliers were determined 
by the Grubb’s test with an alpha = 0.05. Any animal 
that was identified as an outlier in any experiment was 
removed from the study.

Results
Per2−/− mice lack a diurnal rise in CORT at the onset 
of the active period
The influence of Per2 on the diurnal rise in CORT was 
tested during the transition from inactive (light period) 
to active (dark period) periods in WT and Per2−/− mice 
(Fig. 1). A two-way ANOVA revealed a main effect of time 
of day [F(2.892, 55.52) = 11.81, p < 0.05, n = 6–15 animals 
per group], a main effect of genotype [F(1, 25) = 41.21, 
p < 0.05] and a significant interaction between time of 
day × genotype [F(5, 96) = 21.06, p < 0.05]. As expected, 
WT CORT levels peaked at the onset of the active period 
(ZT12) and decreased to basal levels by ZT13. Basal lev-
els are defined by the ZT1030 time point. In contrast, 
Per2−/− mice did not have diurnal fluctuation in CORT 
levels in that CORT levels remained the same throughout 
all time points.

PER2−/− mice have enhanced CORT levels after restraint
We next tested if the HPA axis reactivity is also altered. 
WT and Per2−/− mice were exposed to a 20  min 
restraint. CORT was measured in samples collected at 
the onset of restraint and every 20 min up to 120 min 
after the end of restraint (Fig.  2). A two-way ANOVA 
revealed a main effect of time post-restraint [F(2.656, 
34.53) = 20.09, p < 0.05, n = 7–11 animals per group], a 
main effect of genotype [F(1,17) = 21.94, p < 0.05], and 

a significant interaction between time post-restraint 
x genotype [F(4, 52) = 7.779, p < 0.05]. As expected, 
CORT was significantly elevated at 20 and 40  min fol-
lowing the onset of restraint and returned to baseline by 
120 min. Peak CORT levels were observed at 20 min post 
restraint onset. Per2−/− mice also had elevated CORT in 
response to restraint, but the overall temporal profile dif-
fered compared to WT. In Per2−/− mice, CORT peaked 
at 60 min following onset and remained high throughout 
the recovery period (up to 120 min post restraint onset). 
CORT levels did not return to baseline (0  min) levels 
during the testing period.

Per2−/− mice gene expression in the adrenal and pituitary
To determine if the observed disruptions in CORT lev-
els in Per2−/− mice were due to alterations in the HPA 
axis, genes relevant to the HPA axis located in the adre-
nal (Mc2R and HSD1) and pituitary (CRFR1) were ana-
lyzed. There was no effect of genotype on pituitary Crfr1, 
adrenal Hsd1 or Mc2R gene expression (Table 1). Expres-
sion of these genes relevant to HPA axis reactivity in WT 
and Per2−/− mice was also measured in response to a 
20 min restraint. There were also no effects of genotype 
or restraint on adrenal Hsd1 (Fig. 3). Interestingly, there 
was a main effect of time post-restraint onset [F(1.566, 
14.88) = 5.530, p < 0.05, n = 5–8 animals per group] and 
a significant interaction between time post-restraint and 
genotype [F(4, 38) = 3.971, p < 0.05] for adrenal Mc2R 
gene expression. There was a trending, but not signifi-
cant, [F(1, 13) = 3.689, p = 0.0770] main effect of geno-
type on Mc2R expression (Fig.  3). In WT mice, Mc2R 
mRNA levels did not change as a result of restraint. How-
ever, in Per2−/− mice, Mc2R mRNA expression peaked 
at 20  min after the onset of restraint and returned to 
baseline for subsequent time points. Additionally, there 

Fig. 3  Effect of genotype on Mc2R and Hsd1 gene expression in 
the adrenal. Mice were restrained for 20 min (0–20 min; striped bar). 
There was no effect of genotype on Hsd1 expression in the adrenal. 
However, Mc2R expression increased in the adrenal immediately 
following restraint in Per2−/− mice, but not in WT mice. *p < 0.05 WT 
vs. respective Per2−/− time point. (n = 5–8 animals per group)
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was no difference in CRFR1 levels after restraint between 
WT and Per2−/− mice (Table 2). 

Per2−/− mice have normal gross locomotor activity
To study the effect of Per2−/− on locomotor activi-
ties, behaviors in an open field arena were measured 
(Fig. 4a–d). Unpaired t tests revealed no effect of geno-
type on distance traveled [t(22) = 1.681, p > 0.05, n = 9–16 
animals per group], mean speed [t(22) = 1.675, p > 0.05], 
mobile time [t(22) = 1.913, p > 0.05], or mobile episodes 
[t(22) = 2.054, p > 0.05]. This suggests that any difference 
in subsequent behavioral measures is not due to changes 
in overall activity levels nor ability to move.

Per2−/− mice have decreased anxiety‑like behaviors
To examine the effect of Per2−/− on anxiety-like behav-
iors we tested mice in the OFA during the light period 
and measured time spent in the center and periphery 
of the arena (Fig. 4e, f ). Unpaired t tests revealed a sig-
nificant effect of genotype on time spent in the center 
[t(22) = 2.153, p > 0.05, n = 9–16 animals per genotype] 
and periphery [t(22) = 2.687, p < 0.05]. Overall, Per2−/− 
mice spent more time in the center of the arena and less 
time in the periphery compared to WT mice suggesting 
less anxiety-like behaviors.

Per2−/− mice have increased depressive‑like behaviors
Variations in the Per2 genes are connected to depression 
vulnerability in humans [20]. Therefore, we wanted to 
determine if knockout of Per2 mimics this is in mice by 
testing for depressive-like behaviors using the FST dur-
ing the light period (Fig.  5). An unpaired t test showed 
a significant change in mobile time [t(22) = 2.401, 
p < 0.05, n = 12 animals per group] and immobile time 
[t(22) = 2.401, p < 0.05]. Per2−/− mice spent less time 
mobile (swimming/struggling) and more time immobile 
(floating) compared to WT mice, indicative of increased 
depressive-like behaviors.

Per2−/− mice have an altered startle response
To measure startle and sensorimotor gating in Per2−/− 
mice, the ASR and PPI assays were used (Figs.  6 and 7, 
respectively). An unpaired t test revealed a significant 
effect of startle response to the 110 dB tone [t(30) = 2.63, 
p < 0.05, n = 16 mice per group] and a trending, but 
not significant, effect at the 120 dB tone [t(30) = 2.038, 
p = 0.0505]. Per2−/− mice startled less in response to a 
tone compared to WT controls, as measured by the peak 
startle response (Fig.  6). In the PPI assay, an unpaired t 
test revealed a significant effect at 64/120 dB pre-pulse 
pairing [t(30) = 2.072, p < 0.05, n = 16 mice per group], 
and a trending, but non-significant effect, at 64/110 pre-
pulse pairing [t(30) = 1.943, p = 0.0614]. There was no 
effect at the 82/110 dB pre-pulse pairing [t(30) = 0.4313, 
p = 0.6694] and the 82/120 dB pre-pulse pairing 
[t(30) = 0.731, p = 0.4707]. Per2−/− mice had decreased 
PPI-induced peak startle response compared to WT con-
trols in cases where the pre-pulse tone was more distinct 
(further dB) from the second tone (Fig. 7). Overall, these 
data show deficits in startle response in Per2−/− mice.

Discussion
Dysregulation of the HPA axis by disrupting circa-
dian rhythmicity is implicated in the pathophysiology 
of psychiatric disorders [21]. However, the interactions 
between the circadian clock and HPA axis circuitry 
are not well understood. We address the relationship 
between circadian clock regulation and the HPA axis 
using the mouse with a Per2 gene deletion. In the present 
study, deletion of Per2 alters the HPA axis and impairs 
related behavioral function. These experiments revealed 
that the Per2 gene is involved in the diurnal rise of CORT 
and in the recovery of CORT levels to baseline after a 
mild psychogenic stressor.

Communication between the circadian system and 
the HPA axis has been previously established. The SCN 
is connected to the HPA axis through its projections to 
CRF/AVP-containing neurons of the PVN as well as 
through its modulation of the sensitivity of the adrenal 
cortex to ACTH [6]. SCN lesions abolish the diurnal 
rhythm of ACTH and CORT [7, 22, 23]. Our findings 
complement previous work using Per2−/− mice which 
show an attenuated diurnal CORT rise during the transi-
tion from the inactive (light) to the active (dark) period 
[12]. However, our studies do not address the question of 
HPA axis rhythmicity. A thorough examination of CORT 
levels throughout the course of a day, including the tran-
sition from dark (active) to light (inactive) periods is 
needed to understand how the circadian clock may affect 
HPA axis rhythmicity. Additionally, these studies cannot 
identify the site of disruption since Per2 was knocked 

Table 2  Effect of  genotype (WT v Per2−/−) on  the  CRFR1 
mRNA expression in  the  pituitary following  a  20  min 
restraint

Measurements were taken before restraint (0 min), immediately following 
restraint (20 min) and 40, 60, and 120 min from the onset of restraint. There were 
no differences between Per2−/− and WT mice in CRFR1 mRNA expression levels 
(n = 5–7)

WT Per2−/−

0 min 1.1 ± 0.2 0.6 ± 0.2

20 min 1.2 ± 0.3 1.2 ± 0.2

40 min 1.2 ± 0.4 1.0 ± 0.4

60 min 1.1 ± 0.2 1.2 ± 0.3

120 min 1.0 ± 0.2 1.1 ± 0.3
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out globally and not in region-specific manner. Whether 
these changes are the result of loss of Per2 in neurons of 
the SCN, other brain sites or via a peripheral feedback 
remains to be determined.

Disruption in HPA axis regulation can be observed 
in multiple ways. First, the expected circadian rise in 
CORT observed at the onset of the active period (ZT12 
in our current study) typically seen in WT mice is not 

present in Per2−/− mice. It is unlikely that this lack 
of diurnal CORT rise is due to a total shutdown of the 
HPA axis since we found enhanced increase in CORT 
following restraint. Thus, our studies are consistent 
with the hypothesis that the circadian clock plays a 
critical role in directing and ensuring the diurnal rise 
of CORT. When disrupted by the knockout of the Per2 
gene, the diurnal CORT rise is attenuated. Interestingly, 

Fig. 4  Effect of genotype (WT vs. Per2−/−) on open field activity. There was no effect of genotype on any measures taken during the open field 
activity. WT and Per2−/− a traveled the same distance, b traveled at the same speed, c spent the same time mobile (moving around the arena), and 
d had the same number of mobile episodes. Per2−/− mice spent e more time in the center and f less time in the periphery compared to WT mice. 
*p < 0.05 WT vs. Per2−/− mice. (n = 9–16 animals per group)
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although there is a disrupted circadian rise, there is a 
prolonged increase in serum CORT levels in response 
to a transient mild restraint. Indeed, others have 
reported a connection between the circadian system 
and the HPA axis where various studies have shown 
elevated glucocorticoid levels, a shortened circadian 
cycle and disrupted diurnal CORT [6, 12, 24, 25]. 
This may suggest that with the disruption of circadian 
CORT rise, the HPA axis is hyperreactive resulting in 
a heightened and prolonged response to mild restraint. 
We show that the elevation in restraint-induced CORT 
secretion of Per2−/− mice is coupled to increased 
adrenal Mc2R mRNA expression, but not pituitary 
Crfr1 mRNA levels. Thus, these data reveal that altera-
tions at the level of the adrenal cortex, but not the pitu-
itary, may underlie the enhanced secretory response to 
restraint in Per2−/− mice. There are many possibilities 
as to why a potential disruption in circadian rhythm 
may enhance CORT secretion. First, the enhanced 
secretory response may be due to changes in secretion 
of ACTH or proopiomelanocortin posttranslational 
processes at the level of the pituitary. Alternatively, the 
prolonged response to restraint may be due to altera-
tions in the negative feedback control of CORT or even 
changes in the sympathetic projections from the hypo-
thalamus via the splanchnic nerve which innervates the 
adrenal glands. Additionally, further studies are needed 
to determine potential rhythmicity of genes relevant to 
HPA axis regulation (such as Mc2R and HSD1) given 
that the adrenal is regulated by the circadian system 
[26]. Thus, it would be interesting to investigate adrenal 
and pituitary gene expression changes at multiple times 
in Per2−/− mice to more clearly understand underly-
ing correlates of the observed alterations in glucocorti-
coid secretion. It would also be important to determine 
the potential role of sympathetic input to the adrenals.

Fig. 5  Effect of genotype on behaviors in the Forced Swim Test measured during the inactive period. Per2−/− mice a spent less time mobile 
(struggling/swimming) and b more time immobile (floating) compared to WT mice. *p < 0.05 WT vs. Per2−/− mice. (n = 12 per group)

Fig. 6  Effect of genotype on acoustic startle response. Per2−/− 
animals have decreased acoustic startle response when compared to 
the WT controls to both the 120 dB and the 110 dB tones. *p < 0.05. 
(n = 16 animals per genotype)

Fig. 7  Effect of genotype on startle response after a pre-pulse tone. 
Per2−/− animals had decreased startle response compared to WT 
mice, but only when the initial pre-pulse is more distinct from the 
second tone (64/120 and 64/110 dB). There was no effect when the 
two tones were more similar (i.e. 82/120 and 82/110). *p < 0.05 WT 
compared to the Per2−/− counterpart. (n = 16 animals per group)



Page 9 of 11Russell et al. BMC Neurosci            (2021) 22:5 	

In addition to altered CORT secretion, we also show 
that disruption to the circadian clock via Per2 knock-
out resulted in deficits in startle response and increased 
depressive-like behaviors. In the ASR assay, Per2−/− 
mice had decreased startle response to a tone com-
pared to WT mice. Additionally, in the PPI test, startle 
response in Per2−/− mice was disrupted when the dif-
ference between the pre-pulse and the startle tone was 
the greatest (i.e. 64/120dB group). Previous work has 
suggested a link between CORT and startle response 
[27]. For example, startle responses in rats peak during 
the active period and decrease throughout the inactive 
period when rodents have lower levels of endogenous 
CORT [28]. Therefore, the lack of diurnal CORT rise we 
observed in our study may explain why we observed a 
diminished startle response in Per2−/− mice during the 
inactive period. In addition to sensorimotor gating meas-
urements, ASR/PPI behaviors are also linked to depres-
sive-like phenotypes in that depressed patients show 
a decreased startle activity [29, 30]. The 5-HT1β knock-
out mice which exhibit depressive-like phenotype has 
altered diurnal CORT rhythm [31], similar to what we 
found in Per2−/− mice. Therefore, the decreased startle 
responses we observed may be correlated to depressive-
like behaviors. A further examination of startle responses 
during the active period is needed.

We also evaluated animals for depressive-like behav-
iors using the well-established FST [19]. In the FST, 
Per2−/− mice spend more time immobile (floating) 
and less time mobile (swimming/struggling) compared 
to WT controls. Previous work links dysregulation of 
both the circadian cycle and stress axis with depressive 
behaviors. Disrupted rhythms of the Per2 gene, as well as 
other circadian genes, are correlated with major depres-
sive disorder [32]. Our findings are consistent with these 
studies. Our finding of an enhanced HPA axis reactivity 
and increased depressive-like behavior is consistent with 
other studies [33–35]. Our study combines and expands 
on previous work to suggest that the vulnerability of 
developing depressive-like behaviors is related with dys-
regulation of the HPA axis. Further studies are needed 
to determine the underlying neurocircuitry involved in 
these behavioral changes.

Intriguingly, we did not observe increased anxiety-like 
behaviors in Per2−/− mice. In our study, Per2−/− mice 
spent more time in the center and less time in the periph-
ery of the OFA compared to WT mice. In contrast, others 
have reported increased anxiety-like behaviors in Per2 
knockdown mice [36]. This discrepancy in findings may 
be a result of several factors. First, we utilized the OFA 
to determine anxiety-like behaviors while others have 
used elevated plus maze and light/dark box assays [36], 
potentially revealing anxiety-like traits that the OFA does 

not detect. Additionally, all of our behavioral assays were 
conducted during the second part of the light period 
(ZT730-ZT10). During this period, we also observed no 
differences in diurnal CORT secretion between WT and 
Per2−/− mice. This may account for why we unexpect-
edly observed less anxiety-like behaviors in Per2−/− 
mice. Others reported an abbreviated circadian period 
and altered locomotor rhythmicity in Per2−/− mice [9, 
37]. Therefore, it is likely that behavioral testing during 
the dark period may render different behavioral results. 
Preliminary data in our lab (n = 3 WT, n = 10 Per2−/−) 
suggest that this may the case (data not shown). When 
tested in the OFA during the dark period (ZT16-ZT19), 
Per2−/− mice spent less time in the center (WT = 206.17 
s versus Per2−/− = 591 s) and more time in the periph-
ery (WT = 1425.1 sec versus Per2−/− = 1102.37 sec). 
Future studies are needed to fully assess anxiety-like 
behaviors during this alternate activity period and also 
expand measurements of CORT secretion, gene expres-
sion and depressive-like behaviors.

Conclusions
Our studies showed that Per2−/− mice have a dysregu-
lated HPA axis. The Per2−/− animals lack a diurnal 
CORT rise at the light-dark (inactive to active period) 
transition and have a prolonged, enhanced stressor-
induced CORT levels. The Per2−/− mice exhibit depres-
sive-like behaviors and deficits in startle responses and 
sensorimotor gating, all behaviors that are related to 
HPA axis dysregulation. That the Per2 gene is conserved 
through phylogeny suggests its importance in regulating 
stress and stress-related behaviors in human and other 
species. Future studies are needed to determine how 
the circadian system may regulate the rhythmicity of the 
HPA axis.
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