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Abstract OBJECTIVES: The circadian system regulates expression of wide range of transcriptional 
factors. Among them egr1 was shown to be under circadian control executed via E-box. 
However, tissue specificity of E-box mediated control was not investigated until now. 
DESIGN: We focused on the efficiency of circadian regulation of egr1 at both sides of blood-
brain barrier, particularly in the brain and in peripheral organ. 
SETTING: Expression of egr1 was investigated during 24h LD cycle in four brain regions 
including suprachiasmatic nucleus (SCN), dorsomedial hypothalamus (DMH), arcuate 
nucleus (ARC) and prefrontal cortex (PFC). Expression in the brain was compared to 
expression in the heart and liver. Characteristics of daily rhythm of egr1 expression were 
correlated to expression of core clock gene per2. 
RESULTS: Expression of egr1 showed a rhythmic pattern in 5 out of 6 investigated tissues. 
Peak of egr1 rhythmic expression in the PFC was phase delayed compared to peak of per2 
rhythm in this tissue. On the other hand, rhythm in egr1 expression was phase advanced 
in the SCN, DMH, liver and the heart in comparison to per2 expression. Expression of egr1 
was arrhythmic in the ARC in spite of rhythmic per2 expression. 
MAIN FINDINGS: Our data clearly demonstrate that even with functional E-box in gene 
promoter, final acrophase of egr1 expression can show strong tissue dependent changes in 
rhythm parameters within the brain. 
CONCLUSIONS: We suppose that other regulation regions than E-box can contribute to final 
tissue specific pattern of egr1 rhythmic expression.

Abbreviations: 
AMPA - α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; AP1 - activator protein 1; ARC - arcuate nucleus; CRE – cAMP regulatory 
element; egr1 - early growth response protein 1; DMH - dorsomedial nucleus; NAB1, NAB2 - NGFI-A binding proteins 1 and 2; NMDA 
- N-methyl-D-aspartate; SCN - suprachiasmatic nucleus; PFC - prefrontal cortex; SP1 - transcription factor Sp1; SRE - serum response 
element
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Introduction
Early growth response 1 transcriptional factor (Egr1 
known also as NGFI-A, Zif/268, Tis8 or Krox24) 
belongs to the immediate early gene family (Beckmann 
& Wilce 1997). The typical feature of egr family is a 
highly conserved DNA-binding domain that is struc-
tured of three zinc-finger motifs. EGR via its DNA 
binding domain recognizes a nine-base-pair CG rich 
segment of DNA – EGR response element (Donovan 
et al 1999). EGR1 is promptly and transiently induced 
in response to growth factors, cytokines, hypoxia, cell 
stress and other factors (Meyer et al 2002) and influ-
ences activity of dozens genes (Svaren et al 2000; Arora 
et al 2008). Regulation of egr1 transcription is medi-
ated via several known promoter sequences, includ-
ing several SREs, at least one CRE (cAMP regulatory 
element), several SP1 consensus sequences, AP1-like 
element, hepatocyte nuclear factor 4 (HNF4) binding 
sites (Herdegen & Leah 1998; Zhang et al 2011; Meyer 
et al 2002) and some others (Veyrac et al 2014). Regu-
lation of egr1 transcription also involves a negative 
transcriptional feedback loop as the protein product 
of egr1 represses its own transcription through bind-
ing to the EGR response element (Cao et al 1993). The 
biological activity of egr1 is blocked by two co-factors 
NGFI-A binding proteins 1 and 2 (NAB1, NAB2) that 
bind to the inhibitory domain within the Egr1 (Veyrac 
et al 2014). Lately, E-box was identified in egr1 pro-
moter (Tao et al 2015). This finding implicates direct 
connection between egr1 expression and the circadian 
system.

The circadian system regulates endogenous rhythms 
in physiology and behavior with 24h period. Functional 
organization of the circadian system involves central 
(master) and peripheral oscillators. In mammals, the 
master oscillator is localized in the suprachiasmatic 
nucleus (SCN) located in the anterior hypothalamus 
and synchronizes autonomous peripheral oscillators 
distributed in the body. It is assumed that molecular 
basis of the circadian rhythms generation is transcrip-
tion-translation negative feedback loop. The core of the 
loop is created by period (per1, per2, per3) and crypto-
chrome (cry1, cry2) genes (so-called clock genes) that 
can inhibit their own transcription. per and cry expres-
sion is induced by heterodimer of two basic helix-
loop-helix transcription factors CLOCK and BMAL1 
via regulatory element E-box (Albrecht 2012). Protein 
products of per and cry genes accumulate in the cyto-
plasm and translocate to the nucleus, where they repress 
their own transcription by interacting with heterodimer 
CLOCK-BMAL1. To complete this feedback loop takes 
approximately 24h (Reppert & Weaver 2002). Expres-
sion of the majority of core clock genes exhibits robust 
circadian rhythms in the SCN and in the most of the 
peripheral tissues with the well preserved phase shift 
between master and peripheral oscillators (Yamamoto 
et al 2004; Ko &Takahashi 2006).

Transcriptional factors involved in the basic loop 
regulate via E-box hundreds of clock-controlled genes 
(ccg) showing a tissue specific rhythmic pattern in 
expression (Panda et al 2002). Tissue specificity of 
rhythmically expressed ccg is very likely associated with 
their function in the particular tissue (Storch et al 2002).

egr1 is ubiquitously expressed in mammalian tissues 
(Yu et al 2014; Ardlie et al 2015). In the brain egr1 tran-
scription is the most frequently investigated in context 
of neural development, cell differentiation, passive and 
active learning and memory and somatosensory stimu-
lation (Beckmann & Wilce 1997; Herdegen & Leah 
1998). egr1 as well as other immediate early genes can 
be induced by photic stimuli (Rusak et al 1990; Ebling 
et al 1991). EGR1 mediated regulatory pathway has 
been also implicated in lithium dependent activation 
of per2 transcription through binding to its promoter. 
This is supported also by the fact, that induction of per2 
by lithium was attenuated in egr1–/– mice (Kim et al 
2013). egr1 activates also per1 transcription in mouse 
hepatocytes by binding to the proximal region of per1 
promoter and modulates the expression of other clock 
genes, including bma1, per2 or Reverbα (Tao et al 2015).

The aim of our study is to elucidate how tightly 
E-box that competes with influences of many other 
regulatory regions in the egr1 promoter regulates its 
expression at both sides of blood-brain barrier, par-
ticularly in the brain and in peripheral organs. This 
approach has been selected since internal milieu in the 
brain and other tissues differs strongly in respect to egr1 
regulatory factors.

Material & Methods
Male Wistar rats (n=36) were obtained from VELAZ 
Praha (Czech Republic) at the age of 10–11 weeks. Ani-
mals were housed in a temperature controlled rooms 
(21±2 °C) under the LD cycle 12:12 in cages occupied 
by 4 animals to allow social interactions. Food and 
water were available ad libitum. Samples of liver, heart, 
blood and whole brains were taken during whole 24 h 
cycle after 4 weeks of this treatment. Sampling during 
the dark phase of LD cycle occurred in dark red light 
with low intensity. Prefrontal cortex (PFC), liver and 
heart tissues were immediately after dissection frozen 
in liquid nitrogen and stored under –80 °C until total 
RNA isolation. Brains were frozen on dry ice and tis-
sues were stored under −80 °C until further process-
ing. Selected brain areas (SCN, dorsomedial nucleus 
– DMH and arcuate nucleus – ARC) were dissected 
bilaterally by the micropunch technique according to 
the punching guide atlas (Palkovits & Brownstein 1998) 
as described previously (Monosikova et al 2007, Heri-
chova et al 2013). Briefly, brains were cut into 300 μm 
thick serial coronal sections in a cryostat (Reichert-
Jung, Leica, Germany) at –10 °C. The SCN, ARC and 
DMH were isolated under the dissection microscope 
by special metal punching needles with diameter of 
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400 μm and punches from individual rats were stored 
at –80 °C until the RNA isolation.

The experimental protocols were approved by the 
Ethical Committee for the Care and Use of Laboratory 
Animals at Comenius University Bratislava and the 
State Veterinary Authority. Experiments were carried 
out in accordance with the European Communities 
Council Directive of 24 November 1986 (86/609/EEC).

Total RNA from tissues was isolated using Tri 
reagentR (MRC, USA). RNA from the brain punches was 
isolated using 0.5 μl coprecipitant GlycoBlue (Ambion, 
USA) according to the manufacturer’s instructions. 
The first-strand cDNA synthesis was carried out with 
the use of the ImProm-IITM Reverse Transcription 
System (Promega, USA). The quantification of cDNA 
was performed by real time PCR using the QuantiTect 
SYBR Green PCR kit (Qiagen, Germany) and Step-One 
System (Applied Biosystems, USA). The primer pairs 
used for the amplification of per2 and rplp1 and real 
time PCR conditions were as described previously (Her-
ichova et al 2013). The other primer pairs used for the 
amplification were: egr1 (Databaze ID: NM_012551.2) 
sense 5’-AACAACCCTACGAGCACCTG-3’, antisense 
5’-GGGTAGTTTGGCTGGGATAA-3’. Real time PCR 
conditions for egr1 measurement were: hot start 95 °C 
for 15 min followed by 40 cycles of 94 °C for 15 s, 55 °C 
for 30 s and 72 °C for 30 s. The specificity and identity 
of the PCR products were validated by melting curve 
analysis. Gene expression was normalized to rplp1 
expression. The fluorescence dye ROX served as an 
internal reference for normalization of SYBR Green I 
fluorescent signal.

Statistics
Statistical analysis was performed by cosinor analysis. 
Data were fitted into a cosinor curve with 24h period 
and when experimental data significantly matched the 
cosinor curve, its parameters were calculated with 95% 
confidence limits: mesor (the time series mean), ampli-
tude (one half of the peak-trough difference expressed 
herein relative to the mesor), and acrophase (peak time 
referenced to the time of lights on in the animal facil-
ity). Time is expressed in relative units – Zeitgeber time 
(ZT), when ZT0 is defined as beginning of the light 
phase of day. 

Results
The best calculated fits (cosinor) of per2 and egr1 
expression in the brain tissues (A, C) and peripheral 
tissues (B, D) are shown at Figure 1. Daily rhythm in 
per2 expression was significant in the central oscilla-
tor and all other brain tissues as well as in peripheral 
tissues (cosinor, p<0.05). Acrophase of per2 expression 
in the SCN peaked at the end of the light part of LD 
cycle while peak of per2 expression in the DMH, ARC, 
PFC, heart and liver was observed at the beginning of 
the dark part of the LD cycle. 

Acrophases of rhythmic egr1 expression showed 
much wider range than it was observed in per2 rhyth-
mic expression. We observed a significant daily rhythm 
in egr1 expression in the SCN, DMH, PFC, liver and the 
heart (cosinor, p<0.05), however, egr1 expression was 
not rhythmic in the ARC (cosinor). Expression of egr1 
in the SCN, DMH and the heart peaked approximately 
in the middle of the L phase of the LD cycle. Maximum 
of egr1 expression was observed at the transition from 
L to D phase of LD cycle in the liver. Only PFC exerted 
maximum of egr1 rhythmic expression in the dark 
phase of LD cycle.

Differences in phase angles between per2 and egr1 
rhythmic expression (Figure 2) corresponds well with 
differences in egr1 acrophases. Calculation of phase 
angle between per2 and egr1 expression in the PFC 
indicates a delayed peak of egr1 expression in compari-
son with per2 rhythm. Rhythmic expression of egr1 was 
phase advanced in relation to per2 rhythmic expression 
in the SCN, liver, DMH and the heart.

Discussion
It is generally accepted that prominent part of regula-
tory influence of the circadian system on transcriptome 
is mediated via regulatory region called E-box (Albre-
cht 2012). It is also well known that robust rhythmic 
clock controlled gene expression shows a strong tissue 
specificity (Panda et al 2002). Here we report that acro-
phase of rhythmic expression of particular gene also 
exerts tissue specificity.

Expression of the transcriptional factor egr1 and 
clock gene per2 was investigated in the SCN, DMH, 
ARC, PFC, heart and liver of rats synchronized to LD 
cycle 12:12. Expression of core clock gene per2 showed 
an expected rhythmic pattern in all investigated tis-
sues (Yamamoto et al 2004, Monosikova et al 2007, 
Herichova et al 2013) with well preserved phase angle 
between master and peripheral oscillators. Unlikely 
per2, egr1 showed wide range of acrophases with tissue 
specific phase angles between rhythmic per2 and egr1 
expression. 

Daily rhythm in egr1 expression was previously 
described in the SCN (Guido et al 1999) and liver (Tao 
et al 2015) of rat. egr1 expression was higher during the 
day than during the night in the SCN (Guido et al 1999) 
and peak of rhythmic egr1 expression was observed in 
the second half of the light phase of 24h cycle in the 
liver (Tao et al 2015). These findings are in accordance 
with our recent observations. Acrophase of daily pat-
tern in egr1 expression was not described in the ARC, 
DMH a heart according to our knowledge till now.

Egr1 is transcriptional factor with ubiquitous basal 
expression in mammals (Yu et al 2014; Ardlie et al 
2015). Basal egr1 expression is regulated via several 
regulatory domains (Knapska & Kaczmarek 2004) 
including E-box (Tao et al 2015). Functional E-box in 
egr1 promoter was proved in the liver of mice (Tao et 
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Fig. 1. The best calculated fits of per2 (A, B) and egr1 (C, D) expression in the SCN (suprachiasmatic nuclei), DMH (dorsomedial hypothalamic 
nuclei), ARC (nucleus arcuatus), PFC (prefrontal cortex), heart and liver of rats synchronized to LD cycle 12:12. Dark bars at the top and 
bottom of the graphs express dark part of 12:12 LD cycle. Broken and full lines connecting chards A–C and B–D, respectively, indicates 
phase angle between per2 and egr1 24h expression. Type of line (broken vs. full) implicates difference in orientation of phase angle. Time 
is expressed in relative time units – Zeitgeber time, where ZT0 correspond to the beginning of the L phase. 

Fig. 2. Phase angle between per2 and egr1 expression in the SCN 
(suprachiasmatic nuclei), DMH (dorsomedial hypothalamic 
nuclei), ARC (nucleus arcuatus), PFC (prefrontal cortex), heart 
and liver of rats synchronized to LD cycle 12:12. Gray columns 
shows phase angle calculated from two significant cosinor 
curves, while white column bordered by broken line indicates 
hypothetical phase angle in the ARC where expression of per2 
was significant but expression of egr1 was not.

al 2015) that implicates similar mechanism of circadian 
regulation of egr1 transcription in other tissues as well. 
However, our findings do not support this hypothesis. 
We suppose that influence of E-box is modified by 
other factors to general final pattern of tissue specific 
rhythmic egr1 expression.

egr1 rhythm in expression showed a delayed peak in 
the PFC and advanced peak in the SCN, liver, DMH 
and the heart in relation to maximum of per2 expres-
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sion. Presence of blood-brain barrier does not seem 
to be a critical factor for determination of phase angle 
between per2 and egr1 expression on the basis of our 
results since SCN, DMH and liver showed similar phase 
angles between per2 and egr1 daily rhythms. 

A reason why egr1 expression shows a delay in rela-
tion to maximum of per2 expression only in the PFC is 
unclear. We can only hypothesize that unique acrophase 
phase of rhythmic expression of egr1 in PFC is related 
to role of this brain structure in cognitive and execu-
tive processes that are extensively studied in mammals 
including human (Ferguson & Gao 2015). Prefrontal 
cortex firing was experimentally associated with estab-
lishment of balance between fear extinction and preser-
vation (Fitzgerald et al 2014). PFC in rodents has been 
shown to be related to optimal scheduling of complex 
sequences of behavior related to executive functioning 
that includes attentional selection, resistance to inter-
ference, monitoring, behavioral inhibition, task switch-
ing, planning and decision making (Dalley et al 2004). 
All these processes are prone to be activated much 
more frequently during the active part of 24h cycle that 
is a dark period in rat. 

egr1 expression in the brain is induced by NMDA 
and AMPA receptors and L-type voltage-sensitive cal-
cium channels that implicates that expression of egr1 is 
triggered by synaptic activity induced by some stimu-
lus (Veyrac et al 2014). This is generally confirmed by 
many experimental studies demonstrating induction of 
egr1 expression in response to wide range of physiologi-
cal and stress stimuli (Duclot & Kabbaj 2017). In this 
respect, egr1 expression in the brain has been linked to 
maintenance of long term potentiation (LTP) (Jones et 
al 2001), memory consolidation and learning (Knapska 
& Kaczmarek 2004).

egr1 expression in PFC was investigated predomi-
nantly with contextual fear conditioning accompanied 
by increase in egr1 expression (Schreiber et al 2014). In 
animals exposed to foot-shock a preexposure facilita-
tion effect paradigm proved that egr1 expression in the 
prefrontal cortex correlates with development of con-
textual fear (Asok et al 2013). It was shown that medial 
PFC is involved in recent and remote memory recall 
in fear conditioning in rats and that is accompanied by 
induction in egr1 expression (Blum et al 2006). Depres-
sion of synaptic transmission and failure of induction 
egr1 in mPFC is associated with improved recovery of 
conditioned fear in mice (Herry & Mons 2004). egr1 
expression is involved in the formation of episodic-like 
memory in context to object recognition with or with-
out same position in the open field (Barbosa et al 2013). 
Underlying the role of PFC and egr1 in learning, it was 
shown that egr1 expression increases in medial PFC in 
animals exposed to novel objects (Yochiy et al 2012). 

To conclude, recent knowledge is not sufficient to 
explain how specific acrophases of egr1 expression are 
generated in the body with one master oscillator. This 
phenomenon implicitly requires cumulative effect of 

several regulatory factors. egr1 has been previously 
shown to regulate gene expression in a tissue specific 
manner (Duclot & Kabbaj 2017) and we suppose that 
existence of rhythm in egr1 expression with tissue 
specific acrophases can, to some extend, support this 
observation. Surprisingly, acrophase of egr1 rhyth-
mic expression in the PFC differs strongly compared 
to other studied brain tissues and peripheral tissues. 
We speculate that high expression of egr1 in the PFC 
during the dark period can reflect endogenous capacity 
of PFC to achieve threshold value in egr1 expression to 
induce cell response to stimulus that is more likely to 
occur during the dark part of LD cycle in rat. However, 
this idea needs to be further investigated. 
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