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Abstract 

The master clock in the hypothalamic suprachiasmatic nucleus (SCN) is assumed to distribute 
rhythmic information to the periphery via neural, humoral and/or behavioral connections. Until 
now, feeding, corticosterone and neural inputs are considered important signals for 
synchronizing daily rhythms in the liver. In this study, we investigated the necessity of neural 
inputs as well as of the feeding and adrenal hormone rhythms for maintaining daily hepatic clock 
gene rhythms. Clock genes kept their daily rhythm when only one of these three signals was 
disrupted, or when we disrupted hepatic neuronal inputs together with the adrenal hormone 
rhythm or with the daily feeding rhythm. However, all clock genes studied lost their daily 
expression rhythm after simultaneous disruption of the feeding and adrenal hormone rhythm. 
These data indicate that either a daily rhythm of feeding or adrenal hormones should be present 
to synchronize clock gene rhythms in the liver with the SCN. 
 
Keyword:  Circadian, feeding, adrenalectomy, denervation, clock genes, liver 
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Introduction 

The daily cycle of light and darkness is an important signal for mammals to synchronize their 
behavioral and physiological rhythms with the environment they are living in. Therefore, 
mammals have developed a circadian timing system that enables them to adjust their activity to 
the environmental L/D cycle. In mammals this circadian timing system consists of two main 
components: 1) the central master clock, located in the suprachiasmatic nucleus of the 
hypothalamus (SCN) and 2) peripheral clocks, which are found in most organs and tissues (1,2). 
Within individual cells the circadian clock system is driven by two interlocking, regulatory 
feedback loops. This core loop consists of 7 main clock genes. Clock and Bmal1 (brain and 
muscle aryl hydrocarbon receptor nuclear translocator (ARNT)–like) form the positive limb, and 
Per1/2/3 (period1/2/3) and Cry1/2 (cryptochrome 1/2) form the negative limb. The other, 
accessory loop, consists of Bmal1, Rev-erb and Ror (retinoic acid–related orphan receptor). The 
interaction between the core loop and the accessory loop results in gene expression rhythms with 
a period of about 24 hours (i.e., circadian) (3-6). The SCN uses environmental light information 
to adjust its circadian rhythm to the exact 24-hour period of the environment. Many studies have 
shown that also the peripheral clocks show daily rhythms, but the coherency of these rhythms 
seems to depend strongly on the SCN as some studies showed that peripheral tissues lost their 
daily rhythmicity after an SCN lesion (1,2,7,8). However, more recent studies (9-12) showed that 
the peripheral clock genes may maintain their daily rhythmicity, although with a different 
amplitude, after an SCN lesion. These findings indicate that the rhythms of peripheral clocks 
apparently can also be synchronized with the environmental day/night changes through extra-
SCN pathways. Nevertheless, the accepted view is that this synchronization occurs via hormonal 
rhythms, neural connections and/or behavioural rhythms, such as feeding and body temperature 
(13,14).  

For the liver, Terazono et al (15) showed that electrical stimulation of the sympathetic nerves as 
well as injections of (nor)adrenalin and 6-hydroxydopamine (6-OHDA) modulated the daily 
rhythm of hepatic Per1 and Per2 expression, indicating that sympathetic nervous activity is 
involved in maintaining daily Per1 and Per2 gene expression rhythms in the liver. Balsalobre et 
al (16) showed that the daily rhythm of albumin D-box binding protein (Dbp) expression was 
delayed for 3~4 hours after injecting the glucocorticoid agonist dexamethasone, indicating that 
also the adrenal hormone corticosterone is involved in modulating daily clock gene expression 
rhythms in the liver. Finally, several studies (17-19) have shown that also restricted feeding can 
reset the daily rhythm of clock gene expression in the liver, indicating the daily feeding rhythm 
as another important signal for entraining clock gene rhythms in the liver. 

In order to get a further understanding of the relative importance of these different SCN outputs 
in the synchronization of daily clock gene rhythms in the liver, we investigated the separate 
effects of 6-meals-a-day feeding (this feeding schedule effectively removes the day/night rhythm 
in food intake (20)), total hepatic denervation, and adrenalectomy, as well as the combined 
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effects of each of the three possible combinations of two of these outputs, on daily gene 
expression rhythms in the liver. Our results show that the daily rhythm of clock genes was only 
lost in the animals subjected to the combination of 6-meals-a-day feeding and adrenalectomy. In 
all other experimental conditions tested, the animals still kept daily clock gene expression rhythmicity. 

Materials and Methods 

Animals 

All experiments were performed with adult male Wistar rats (Charles River, Germany). Animals 
were kept in the animal facility with a 12h light/12h dark cycle (lights on at 7:00) under constant 
conditions of temperature (21±2ºC) and humidity (60±5%). Water was available ad libitum (AL) 
during the whole experiment. All experiments were approved by the animal care committee of 
the Royal Netherlands Academy of Arts and Science. 

Six-meals-a-day feeding regimen 

Food pellets were available in metal food hoppers, which were attached in front of the perspex 
cages. Rats could gnaw off pieces of food through vertical stainless steel bars situated in front of 
the food hopper. Access to food could be prevented by a sliding door situated in front of the food 
hopper. Door opening and closing were activated by an electrical motor and controlled by a 
clock. Rats were entrained to a feeding schedule consisting of six meals spread equally over the 
light/ dark cycle (20). Food was available every 4 hours for 12 and 11 minutes during day-time 
and night-time meals, respectively. The hopper could be taken off from the cage for weighing so 
that the amount of food consumed during the day and night could be measured daily. When 
animals consumed the same amount of food during day and night, adaptation to the feeding 
schedule was considered completed.  

Surgical procedures 

General procedure 

Rats were anesthetized with 0.08 ml/100g body weight (BW) i.m. Hypnorm (Janssen 
Pharmaceutica, Beerse, Belgium) and 0.04 ml/100g BW s.c. Dormicum (Roche, Almere, the 
Netherlands). During surgery, the abdominal cavity was bathed regular with saline to keep the 
viscera wet. Post-operative care was provided by subcutaneous injection of the painkiller 
Buprecare after the operation. 

Total hepatic denervation  

Hepatic sympathectomy and parasympathectomy was performed as previously described (21). 
For hepatic For hepatic sympathectomy, a laparotomy was performed in the midline. The liver 
lobes were gently pushed up, and ligaments around the liver lobes were severed to free the bile 
duct and portal vein complex, which were isolated from each other. At the level of the hepatic 
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portal vein, the hepatic artery divides into the hepatic artery proper and the gastroduodenal artery. 
This cleavage occurs on the ventral surface of the portal vein. At this point, the arteries were 
separated via blunt dissection from the portal vein. Nerve bundles running along the hepatic 
artery proper were removed using microsurgical instruments under an operating microscope 
(25×magnification). Any connective tissue attachments between the hepatic artery and portal 
vein were also broken, eliminating any possible nerve crossings. This sympathetic denervation 
involves an impairment of both efferent and afferent nerves. For hepatic parasympathectomy, the 
fascia containing the hepatic branch of the vagus nerve were stretched by gently moving the 
stomach and the esophagus. With the aid of a binocular-operating microscope, the neural tissue 
was transected between the ventral vagus trunk and liver. Also, small branches running in the 
fascia between the stomach and the liver were transected.  

Adrenalectomy 

Adrenalectomy was performed as previously described. In short, in the left and right side a skin 
incision 2-3 cm long was made just caudal to the rib. A small cut was made through the muscle 
layer after skin incision. Cotton swabs were inserted through the incision into the peritoneal 
cavity and used to move the organs and tissue to locate the adrenal gland. Once the gland was 
located, two forceps were inserted into the peritoneal cavity and used to grasp the peri-adrenal fat 
and exteriorized. The vessels at the base of the adrenal gland were clamped with both forceps. 
The forceps were then used to tear away the gland and its surrounding tissue. The tissue stump 
was then returned into the abdomen. 

Total hepatic denervation plus Adrenalectomy 

The procedure of total hepatic denervation and adrenalectomy was the same as described above. 
The animals were subjected to these two surgeries at the same time. 

Experimental set-up 

Experiment 1: Effects of a six-meals-day feeding schedule on clock gene expression in the 
liver 

Animals (n=64) were housed in separate cages, 32 animals were entrained to a six-meal feeding 
schedule (6M group). Rats needed ~10 days to adapt to the six-meal feeding schedule. For the 
other 32 single-housed rats, food was available ad libitum (AL group). Three weeks after 
adaptation, animals were sacrificed at 4 time points (ZT2, ZT8, ZT14 and ZT20; ZT0 being the 
time of lights on). 

Experiment 2: Effects of adrenalectomy and hepatic denervation on clock gene expression in 
the liver 

Animals (n=60) were divided into three groups: the first group was adrenalectomized (ADX 
group) (n=20), the second group received a total hepatic denervation (HTx group) (n=20) and the 
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third group was ADX/HTx-sham-operated (n=20). Separate bottles with water and saline 
solution (0.9%NaCl) were provided ad libitum to the rats after surgery. After four post-operative 
weeks, animals were sacrificed every six hours along the L/D cycle (ZT2, ZT8, ZT14 and ZT20). 

Experiment 3: Effects of total hepatic denervation combined with adrenalectomy on clock 
gene expression in the liver  

Rats were divided into two groups: one that received a total hepatic denervation plus 
adrenalectomy (HTx+ADX group) (n=40) and the other one that was HTx-Sham+ADX-Sham-
operated (n=25). Separate bottles with water and saline solution (0.9% NaCl) were provided ad 
libitum to the rats after surgery. Four weeks after surgery, animals were sacrificed every 6 hours 
along the L/D cycle at ZT2, ZT8, ZT14 and ZT20.  

Experiment 4: Effects of total hepatic denervation combined with 6-meals-a-day feeding on 
hepatic clock gene expression rhythms 

Rats (n=84) were housed in separate cages, 42 animals were entrained to a 6-meals-a-day 
feeding schedule, similar to the 6M group described above. For another 42 rats, food was 
available AL. After 10 days adaptation, rats on the 6-meals-a-day feeding schedule received a 
total hepatic denervation surgery (HTx+6M group). At the same time the 42 AL fed rats also 
received the HTx surgery (HTx+AL group). After two post-surgery weeks, animals were 
sacrificed every 4 hours along the L/D cycle at ZT2, ZT6, ZT10, ZT14, ZT18 and ZT22. 

Experiment 5: Effects of adrenalectomy combined with 6-meals-a-day feeding on hepatic 
clock gene expression rhythms 

Animals (n=56) were housed in separate cages, 32 animals were entrained to a 6-meals-a-day 
feeding schedule, similar to the 6M group described above. For another 24 rats, food was 
available AL. After 10 days the 32 rats on the 6-meals-a-day feeding schedule received an 
adrenalectomy (ADX) surgery (6M+ADX group). At the same day the 24 AL fed rats received a 
sham adrenalectomy surgery (AL+ADX-Sham-operated group). Separate bottles with water and 
saline solution (0.9%NaCl) were provided ad libitum to the 6M+ADX rats after surgery. Four 
weeks after surgery, rats were sacrificed every 6 hours along the L/D cycle at ZT2, ZT8, ZT14 
and ZT20. 

End of the experiments 

Animals were sacrificed by decapitation. Trunk blood and pieces of liver were collected and 
stored at -80 ºC until analysis. 

Plasma measurements 

Plasma corticosterone concentrations were measured in duplicate by a radioimmunoassay kit 
(ICN biomedical, Costa Mesa, CA). Plasma corticosterone concentrations in ADX rats above 5 
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ng/ml (the detection limit of the assay) were considered to represent an incomplete 
adrenalectomy.   

RNA extraction and cDNA synthesis 

Liver was homogenized by T10 basic UL TRA-TURRAX® homogenizer (IKA, Germay) with 
TRIzol (QIAGEN) and total RNA was isolated with Trizol protocol. RNA was purified by 
NucleoSpin® RNAII Kit (Macherey-Nagel) and included a DNase step according to the 
manufacturer’s instructions. 

RNA was reverse transcribed using Transcriptor First cDNA Synthesis Kit (Roche) with oligo-
dT primers (30min at 55 ºC, 5min at 85 ºC). Additional reverse transcriptase minus (-RT) 
controls were run to check genomic DNA contamination. 

Real-Time PCR (RT-PCR) 

Gene expression was measured by quantitative RT-PCR using the following reaction system: 2 
μl cDNA was incubated in a final volume of 10 μl reaction containing 1×SensiFAST SYBR NO-
ROX Mix and 25 ng of each primer (forward and reverse). Quantitative RT-PCR (qRT-PCR) 
was performed in Lightcycler®480 (Roche), the information of primers for each gene is 
represented in Table 1. The relative amount of each gene in the liver was normalized against the 
geometric mean of two housekeeping genes (for the 6M and 6M+ADX experiments, TATA box 
binding protein (Tbp) and Glyceraldehyde 3-phosphate dehydrogenase (Gapdh); for the ADX 
and HTx experiments, ribosomal protein, large, P0, (Rplp0) and 18S ribosomal RNA (18S rRNA) 
and for the HTx+ADX experiments, Tbp and histone H1 (H1)). 

 

Table 1 Information on gene primers 

Gene Forward Primer Reverse Primer 
Bmal1 CCGATGACGAACTGAAACACCT TGCAGTGTCCGAGGAAGATAGC 
Per1 CGCACTTCGGGAGCTCAAACTTC GTCCATGGCACAGGGCTCACC 
Per2 CACCCTGAAAAGAAAGTGCGA CAACGCCAAGGAGCTCAAGT 
Cry1 AAGTCATCGTGCGCATTTCA TCATCATGGTCGTCGGACAGA 
Cry2 TGGATAAGCACT TGGAACGGAA TGTACAAGTCCCACAGGCGGTA 
Dbp CCTTTGAACCTGATCCGGCT TGCCTTCTTCATGATTGGCTG 

Rev-erbα ACAGCTGACACCACCCAGATC CATGGGCATAGGTGAAGATTTCT 
Gapdh TGAACGGGAAGCTCACTGG TCCACCACCCTG TTG CTGTA 

Tbp TTCGTGCCAGAAATGCTGAA TGCACACCATTTTCCCAGAAC 
H1 GAACGCCGACTCCCAGATC CCCCTTTGGTTTGCTTGAGA 

Rplp0 GTGCTGGACATCACAGAGCA AGACAAAGCCAGGACCCTTT 
18S rRNA CTCTTCCACAGGAGGCCTACACG TGGCCAGAACCTGGCTATACTTCC 
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Statistical analysis 

Statistical analysis was performed using SPSS version 19.0. First a two way ANOVA was 
performed to detect the effects of Time (4 levels: ZT2, ZT8, ZT14 and ZT20), Treatment (control 
vs treatment groups) or Interaction. Post-hoc analysis was performed using one-way ANOVAs 
to analyze the effect of Time in the single treatment groups. Independent t-tests were used to 
analyze the significance of the Treatment effect on certain time points. P values were considered 
statistically significant at p<0.05. In addition, data were analyzed using the Circwave 1.4 
software to test the daily rhythmicity of gene expression. P values reported are the result of the 
F-test, and the 24h rhythm was confirmed if p<0.05.  

Results  

Experiment 1: Effects of six-meal feeding schedule on clock gene expression in the liver 

One way ANOVA showed a significant effect of Time for all clock genes studied in both AL and 
6M animals (Figs. 1 & 2 and Table S1). The 24h mean mRNA expression levels of Bmal1 and 
Cry1 were decreased in 6M as compared to AL rats. Interaction (Time × Treatment) showed a 
significant effect on Per2, Cry1 and Rev-erbα expression. For Per2, a significant increase at ZT8 
and a significant decrease at ZT14 were apparent in the 6M animals. For Cry1, the expression 
levels significantly decreased at ZT2, ZT14 and ZT20 in 6M rats. For Rev-erbα, the expression 
levels were decreased at ZT8 and increased at ZT20 for rats under the 6-meal feeding schedule.  

Circwave analysis showed very similar results, i.e., the expression pattern of all 6 clock genes 
presented a significant daily rhythm in AL animals, and these clock genes were still rhythmic in 
6M rats. However, for all clock genes, the amplitude of the daily expression rhythm was 
decreased >10% under 6M conditions (Table S6).  

Experiment 2: Effects of adrenalectomy and total hepatic denervation on clock gene 
expression in the liver 

1. Effects of adrenalectomy on clock gene expression in the liver 

Two out of the 20 ADX animals died shortly after surgery. Plasma corticosterone was ≥5 ng/ml 
in 1 ADX animal, therefore this animal was excluded from further analysis. The daily expression 
level of all 6 clock genes studied showed a significant effect of Time in livers of Sham-operated 
and ADX animals (Figs. 1 & 2 and Table S2). The 24h mean mRNA expression levels of Per1 
and Cry1 were decreased in ADX rats. Per1 and Rev-erbα showed a significant Interaction effect. 
For Per1, the expression levels were significant decreased at ZT14 and ZT20 in ADX rats. For 
Rev-erbα, a significantly increased expression level at ZT2 and a significantly decreased 
expression level at ZT14 were observed in the ADX animals. 
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Likewise, Circwave analysis indicated that the expression of all 6 clock genes studied showed a 
significant daily rhythm in Sham-operated and ADX animals. In ADX animals, the amplitude of 
the daily expression rhythm was decreased profoundly (~75%) for Per1 (Table S6).  

 

 

Fig.1. The expression pattern of Bmal1, Per1 and Per2 in the liver of animals that were on a 6-meals-a-
day feeding schedule (6M), adrenalectomized (ADX),  total hepatic denervated (HTx), total hepatic 
denervated with adrenalectomy (HTx+ADX) or on a 6-meals-a-day feeding schedule combined with 
adrenalectomy (6M+ADX). mRNA values were normalized to housekeeping genes. Tbp and Gapdh were 
used as housekeeping genes for 6M and 6M+ADX; Rplp0 and 18SrRNA were used as housekeeping 
genes for ADX and HTx; and Tbp and H1 were used as housekeeping genes for HTx+ADX. * p<0.05; ** 
p<0.01; *** p<0.001. Open circles – data points of control group (AL, ADX-Sham-operated, HTx-Sham-
operated, HTx+ADX-Sham-operated or AL+ADX-Sham-operated).  Solid line – Circwave calculated 
curve for control group. Solid circles – data points of experimental group (6M, ADX, HTx, HTx+ADX or 
6M+ADX). Dashed line – Circwave calculated curve for experimental group. For ANOVA analysis see 
Tables S1 – S5. For Circwave V1.4 analysis see Tables S6. 
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Likewise, Circwave analysis indicated that the expression of all 6 clock genes studied showed a 
significant daily rhythm in Sham-operated and ADX animals. In ADX animals, the amplitude of 
the daily expression rhythm was decreased profoundly (~75%) for Per1 (Table S6).  
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day feeding schedule (6M), adrenalectomized (ADX),  total hepatic denervated (HTx), total hepatic 
denervated with adrenalectomy (HTx+ADX) or on a 6-meals-a-day feeding schedule combined with 
adrenalectomy (6M+ADX). mRNA values were normalized to housekeeping genes. Tbp and Gapdh were 
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Time showed significant effects for all clock genes studied in both Sham-operated and HTx 
animals (Figs. 1 & 2 and Table S3). The 24h mean mRNA expression level of Per1 was 
increased in HTx as compared to Sham-operated rats.  

Analysis according to the Circwave method produced very similar results, i.e., the expression of 
all 6 clock genes studied showed a significant daily rhythm in Sham-operated and HTx animals. 
In HTx animals, the amplitude of the daily expression rhythm was increased ~45% for Per2. 
(Table S6).  

Experiment 3: Effects of total hepatic denervation combined with adrenalectomy on clock 
gene expression in the liver 

One of 40 HTx+ADX animals died shortly after surgery. Plasma corticosterone concentration 
was ≥5 ng/ml in 1 HTx+ADX, therefore this animal was excluded from further analysis. Time 
showed a significant effect for all clock genes studied in both HTx-Sham+ADX-Sham-operated 
and HTx+ADX animals (Figs. 1 & 2 and Table S4). The average expression level of Per1, Per2 
and Cry1 was decreased in HTx+ADX animals, especially Per1 showed a profound drop. A 
significant Interaction effect was detected for four genes studied: Per1, Per2, Cry1 and Rev-erbα. 
Indeed, the expression levels of Per1 and Cry1 displayed lower values in the HTx+ADX than in 
the Sham-operated animals at ZT2 and ZT20. For Per2, the expression level was decreased at 
ZT20 in HTx+ADX animals resulting in a significant Interaction effect. Rev-erbα showed higher 
expression levels at ZT2 and ZT20 in HTx+ADX animals. 

Circwave analysis indicated that the expression pattern of all clock genes studied showed a 
significant daily rhythm in the HTx+ADX and HTx-Sham+ADX-Sham-operated group. The 
amplitude of the daily gene expression rhythm of Per1 was decreased by >80%, whereas for 
Per2 and Cry1, it was decreased ~30% (Table S6).  

Experiment 4: Effects of total hepatic denervation combined with 6-meals-a-day feeding on 
hepatic clock gene expression rhythms 

All 5 clock genes studied in that experiment (Per1, Per2, Per3, Cry1 & Dbp) showed significant 
rhythms in both the HTx+AL and HTx+6M animals (Fig.S1). Only Per1 showed a reduction in 
amplitude in the HTx+6M animals, whereas the amplitude of the Per2 rhythm was slightly 
increased in this group. 

Experiment 5: Effects of adrenalectomy combined with 6-meals-a-day feeding on clock gene 
expression rhythms in the liver 

In 7 ADX+6M rats the plasma corticosterone concentration was ≥5 ng/ml, these animals were 
excluded from further analysis resulting in ZT2 (n=5), ZT8 (n=7), ZT14 (n=5) and ZT20 (n=7) 
remaining animals in the different groups. As expected a significant Time effect was found in the 
AL+ADX-Sham-operated rats for all clock genes studied. However, this significant effect had 
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disappeared in all 6 clock genes in the liver of 6M+ADX animals (Figs. 1 & 2 and Table S5). 
The 24h mean mRNA expression levels of Per1 and Cry1 were decreased in 6M+ADX as 
compared to AL+ADX-Sham-operated rats. All clock genes showed a significant Interaction 
effect.  

Analysis according to the Circwave method produced very similar results, i.e., the expression 
pattern of all 6 clock genes studied presented a significant daily rhythm in AL+ADX-Sham- 

 

 

Fig.2. The expression pattern of Cry1, Dbp and Rev-erbα in the liver of animals that were on a 6-meals-a-
day feeding schedule (6M), adrenalectomized (ADX),  total hepatic denervated (HTx), total hepatic 
denervated with adrenalectomy (HTx+ADX) or on a 6-meals-a-day feeding schedule combined with 
adrenalectomy (6M+ADX). mRNA values were normalized to housekeeping genes. Tbp and Gapdh were 
used as housekeeping genes for 6M and 6M+ADX; Rplp0 and 18SrRNA were used as housekeeping 
genes for ADX and HTx; and Tbp and H1 were used as housekeeping genes for HTx+ADX. * p<0.05; ** 
p<0.01; *** p<0.001. Open circles – data points control group (AL, ADX-Sham-operated, HTx-Sham-
operated, HTx+ADX-Sham-operated or AL+ADX-Sham-operated). Solid line – Circwave calculated 
curve for control group. Solid circles – data points of experimental group (6M, ADX, HTx, HTx+ADX or 
6M+ADX). Dashed line – Circwave calculated curve for experimental group. For ANOVA analysis see 
Tables S1 – S5. For Circwave V1.4 analysis see Tables S6. 
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Time showed significant effects for all clock genes studied in both Sham-operated and HTx 
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disappeared in all 6 clock genes in the liver of 6M+ADX animals (Figs. 1 & 2 and Table S5). 
The 24h mean mRNA expression levels of Per1 and Cry1 were decreased in 6M+ADX as 
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operated animals and all these clock genes had lost their daily expression rhythms in 6M+ADX 
rats. Therefore, 6M feeding combined with adrenalectomy resulted in the abolishment of all 
clock gene rhythms (100%) in the liver (Table S6). 

Discussion 

The daily feeding rhythm, adrenal glucocorticoids and the autonomic nervous system are 
considered as important output pathways to synchronize daily rhythms in the periphery. Indeed, 
in the present study, we found that clock genes in the liver lost their daily rhythmicity after 
simultaneous disruption of the adrenal hormone and feeding rhythms. However, we also found 
that clock genes in the liver still showed a significant daily rhythm in their expression when only 
one of these signals (adrenal hormones, feeding rhythm or neuronal connection) was removed, or 
when we disrupted hepatic neuronal inputs together with the adrenal hormone rhythms or 
together with the daily feeding rhythm. These data thus demonstrate that although peripheral 
clock genes in the liver can maintain their daily rhythmicity without an intact autonomic hepatic 
input, either a clear daily rhythm in feeding activity or adrenal hormones needs to be present in 
order for the SCN to be able to synchronize the daily rhythm of clock gene expression in the 
liver with the environmental light/dark cycles. 

Several studies (15-17,22) have shown that feeding rhythms, corticosterone and autonomic 
nervous system are important signals for the synchronization of peripheral rhythmicity, 
especially for the liver. In the present study we showed that the daily rhythm of clock gene 
expression in the liver is still intact under 6-meals-a-day feeding conditions, after adrenalectomy, 
after total hepatic denervation or after total hepatic denervation with adrenalectomy or 6-meals-
a-day feeding schedule. These results are similar to previous findings in liver (23-26), 
epididymal white adipose tissue (eWAT) (27,28), kidney (25,26), salivary gland (25) and lung 
(25). Together these findings demonstrate that feeding rhythm, adrenal hormones (in particular 
corticosterone) and neuronal inputs are not indispensable for synchronized daily clock gene 
rhythms. 

Both ADX and 6M decreased the amplitude of Per1, although ADX much more profoundly then 
6M. HTx slightly increased the Per1 amplitude. Therefore, the complete loss of the Per1 rhythm 
in the 6M+ADX animals is the result of a combined effect of 6M and ADX. On the other hand, 
in the HTx+6M and HTx+ADX animals the separate effects of respectively 6M and ADX were 
not sufficient to remove completely the Per1 rhythm, probably also due to the counteractive 
effect of HTx. The strong reduction in the amplitude of the Per1 rhythm in ADX animals is 
completely in line with the well-known stimulatory effect of glucocorticoids on Per1 expression 
via the glucocorticoid responsive element (GRE) in the promoter of Per1(29). It is well known 
that Visfatin/NAMPT (30-35) can affect the daily Per2, Clock and Bmal1 rhythms. Recently we 
showed that 6M and 6M+ADX abolished the daily rhythm of Visfatin/Nampt expression in 
eWAT (28). Thus 6M may reduce the Per1 amplitude via the Visfatin/NAMPT effect on clock 
genes. 

   111 
 

We found that the daily rhythm of clock gene expression was lost after simultaneous disruption 
of the adrenal hormone and feeding rhythms, a result very much similar to what Ikeda et al (36) 
found in mouse liver and kidney and what Su et al found in white adipose tissue (28). In their 
mice study Ikeda et al (36) showed that 6M+ADX treatment affected clock gene rhythms in the 
periphery without affecting the SCN clock. In the same study it was shown that the 6M+ADX 
treatment did not abolish the daily rhythm of locomotor activity. Based on these results, we 
assume that also our results are not due to changes in the SCN clock.  

What causes the complete arhythmicity of the hepatic clock genes under the 6M+ADX condition? 
Why is the 6M+ADX combination so successful in obliterating peripheral clock gene rhythms, 
but not the combination of HTx+6M or HTx+ADX? Both ADX and 6M alone reduce the 
amplitude of Per1, therefore the daily rhythm of Per1 is most strongly affected under the 
6M+ADX condition. The loss of Per1 rhythmicity probably also contributes to the loss of 
rhythmicity in other clock genes. Moreover, although 6M did not obliterate any of the clock gene 
rhythms, it did decrease considerably the amplitude of all clock gene rhythms. Especially the 
amplitude of the Bmal1 rhythm was affected. Therefore, the effectiveness of the 6M and ADX 
combination possibly is explained by the convergent inhibitory effects of 6M and ADX on Per1 
rhythmicity and the overall reduction of clock gene amplitudes by 6M. In other words, the clock 
is halted by the simultaneous inhibitory effects of ADX and 6M on the opposite arms of the 
molecular clock i.e., respectively, the Per1 and Bmal1 rhythmicity.  

Based on the current and previous studies (23,36-38), we propose that the central clock uses 
more than one output signal to synchronize peripheral clock gene rhythms, and each organ may 
need different (combinations of) signals in order to maintain its rhythmicity. In the kidney, 
eWAT and liver at least rhythmic feeding or adrenal hormones need to be present in order for 
clock gene rhythms to be maintained (28,36). On the other hand, in the salivary gland 
sympathetic input is more important for the maintenance of clock gene rhythms than feeding 
rhythms and adrenal hormones (36,38). The importance of autonomic nervous inputs for clock 
gene rhythms in the kidney and eWAT is not known yet. 

In summary, we show that daily clock gene rhythms in the liver are maintained after disrupting 
the daily rhythm in feeding behavior, adrenal hormones or autonomic nervous activity, even 
though each treatment significantly reduced the amplitude of some clock gene rhythms. Similar 
results after the removal of a single rhythmic SCN output were previously published by others 
(23,26,27). Together these results clearly show that the feeding rhythm and adrenal hormones are 
important output pathways to synchronize daily clock gene expression in the liver with the 
environment, but that they are not indispensable. In this study, we also show that the daily 
rhythm of hepatic clock genes expression is maintained in HTx+ADX and HTx+6M animals, 
thus neuronal inputs are of less importance for maintenance of liver clock gene rhythms. 
However, in 6M+ADX animals all clock genes lose their daily expression rhythm. These data 
thus show that clock gene rhythms cannot be synchronized with the environmental light/dark 
changes anymore when both the rhythmic feeding behavior and adrenal hormone pathway are 
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operated animals and all these clock genes had lost their daily expression rhythms in 6M+ADX 
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However, in 6M+ADX animals all clock genes lose their daily expression rhythm. These data 
thus show that clock gene rhythms cannot be synchronized with the environmental light/dark 
changes anymore when both the rhythmic feeding behavior and adrenal hormone pathway are 
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disrupted. Therefore, we conclude that: 1) feeding behavior and adrenal hormones inputs are 
important pathways for the SCN to synchronize the daily rhythm of clock gene expression, but 
not indispensable, and 2) that at least a daily rhythm in feeding behavior or adrenal hormones 
should be present in order for the SCN or extra-SCN pathways (9-11) to be able to synchronize 
daily clock gene expression rhythms in the liver with environment. 
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Supplemental data 

 
Table S1 ANOVA analyze effects of the six-meal-a-day feeding schedule on clock gene 

expression in liver 

Gene One-way ANOVA (Time) Two-way ANOVA 
Ad libitum 6M schedule Time Treatment Interaction 

Bmal1 <0.001 <0.001 <0.001 0.008 0.057 
Per1 <0.001 0.004 <0.001 0.763 0.178 
Per2 <0.001 0.001 <0.001 0.072 0.021 
Cry1 <0.001 <0.001 <0.001 <0.001 0.001 
Dbp <0.001 <0.001 <0.001 0.141 0.105 

Rev-erbα <0.001 <0.001 <0.001 0.123 0.001 
 

Table S2 Effects of adrenalectomy on clock gene expression in liver 

Gene 
One-way ANOVA (Time) Two-way ANOVA 

ADX-Sham-
operated ADX Time Treatment Interaction 

Bmal1 <0.001 <0.001 <0.001 0.919 0.218 
Per1 <0.001 0.018 <0.001 <0.001 <0.001 
Per2 <0.001 <0.001 <0.001 0.439 0.876 
Cry1 <0.001 <0.001 <0.001 0.019 0.217 
Dbp <0.001 0.001 <0.001 0.758 0.395 

Rev-erbα 0.001 <0.001 <0.001 0.582 0.007 
 

Table S3 Effects of total hepatic denervation on clock gene expression in liver 

Gene 
One-way ANOVA (Time) Two-way ANOVA 

HTx-Sham-
operated HTx Time Treatment Interaction 

Bmal1 <0.001 <0.001 <0.001 0.770 0.845 
Per1 <0.001 <0.001 <0.001 0.045 0.760 
Per2 <0.001 <0.001 <0.001 0.080 0.102 
Cry1 <0.001 <0.001 <0.001 0.820 0.437 
Dbp <0.001 0.001 <0.001 0.726 0.990 

Rev-erbα 0.001 <0.001 <0.001 0.807 0.409 
 

 

 

 



   116 
 

 (37)  Cailotto C, Van HC, van d, V, van der Plasse G, Habold C, Kalsbeek A, Pevet P, Buijs RM. Daily 
rhythms in metabolic liver enzymes and plasma glucose require a balance in the autonomic 
output to the liver. Endocrinology 2008;149:1914-1925.  

 (38)  Vujovic N, Davidson AJ, Menaker M. Sympathetic input modulates, but does not determine, 
phase of peripheral circadian oscillators. Am J Physiol Regul Integr Comp Physiol 2008;295:R355-
R360.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   117 
 

Supplemental data 

 
Table S1 ANOVA analyze effects of the six-meal-a-day feeding schedule on clock gene 

expression in liver 

Gene One-way ANOVA (Time) Two-way ANOVA 
Ad libitum 6M schedule Time Treatment Interaction 

Bmal1 <0.001 <0.001 <0.001 0.008 0.057 
Per1 <0.001 0.004 <0.001 0.763 0.178 
Per2 <0.001 0.001 <0.001 0.072 0.021 
Cry1 <0.001 <0.001 <0.001 <0.001 0.001 
Dbp <0.001 <0.001 <0.001 0.141 0.105 

Rev-erbα <0.001 <0.001 <0.001 0.123 0.001 
 

Table S2 Effects of adrenalectomy on clock gene expression in liver 

Gene 
One-way ANOVA (Time) Two-way ANOVA 

ADX-Sham-
operated ADX Time Treatment Interaction 

Bmal1 <0.001 <0.001 <0.001 0.919 0.218 
Per1 <0.001 0.018 <0.001 <0.001 <0.001 
Per2 <0.001 <0.001 <0.001 0.439 0.876 
Cry1 <0.001 <0.001 <0.001 0.019 0.217 
Dbp <0.001 0.001 <0.001 0.758 0.395 

Rev-erbα 0.001 <0.001 <0.001 0.582 0.007 
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Gene 
One-way ANOVA (Time) Two-way ANOVA 

HTx-Sham-
operated HTx Time Treatment Interaction 
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Table S4 Effects of total hepatic denervation combined with adrenalectomy on clock gene 
expression in liver 

Gene 
One-way ANOVA (Time) Two-way ANOVA 

HTx+ADX-
Sham-operated HTx+ADX Time Treatment Interaction 

Bmal1 <0.001 <0.001 <0.001 0.864 0.358 
Per1 <0.001 0.008 <0.001 <0.001 <0.001 
Per2 <0.001 <0.001 <0.001 0.002 0.045 
Cry1 <0.001 <0.001 <0.001 <0.001 0.001 
Dbp <0.001 <0.001 <0.001 0.062 0.067 

Rev-erbα <0.001 <0.001 <0.001 0.420 0.040 
 

Table S5 Effects of a six-meal feeding combined with adrenalectomy on clock gene expression 
in liver 

Gene 
One-way ANOVA (Time) Two-way ANOVA 

AL+ADX-
Sham-operated 6M+ADX Time Treatment Interaction 

Bmal1 <0.001 0.556 <0.001 0.231 <0.001 
Per1 <0.001 0.321 <0.001 <0.001 <0.001 
Per2 <0.001 0.130 <0.001 0.544 <0.001 
Cry1 <0.001 0.435 <0.001 <0.001 <0.001 
Dbp <0.001 0.778 <0.001 0.256 <0.001 

Rev-erbα <0.001 0.106 <0.001 0.673 <0.001 
 

Table S6 Circwave V1.4 analysis of the amplitude of clock gene expression in liver 

Gene 

6M exp ADX exp HTx exp HTx +ADX exp 6M+ADX exp 

% of AL 
group 

% of ADX-
Sham-operated 

group 

% of HTx -
Sham-operated 

group 

% of 
HTx+ADX-

Sham-operated 
group 

% of AL+ADX-
Sham-operated 

group 

Bmal1 63 116 95 106 0 
Per1 59 25 110 11 0 
Per2 50 98 146 73 0 
Cry1 54 92 113 63 0 
Dbp 70 96 90 129 0 

Rev-erbα 62 96 100 101 0 
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Fig.S1. The expression pattern of clock genes in the liver of total hepatic denervated animals (HTx) on an 
ad libitum feeding schedule (AL) or on a 6-meals-a-day feeding schedule (6M). Data are expressed as the 
mean ± SEM. mRNA values were normalized to two housekeeping genes (Tbp and ubiquitin conjugate 
enzyme (Ubi)). * p<0.05; Open circles – AL+HTx; Solid circles – 6M+HTx. 
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Table S4 Effects of total hepatic denervation combined with adrenalectomy on clock gene 
expression in liver 

Gene 
One-way ANOVA (Time) Two-way ANOVA 

HTx+ADX-
Sham-operated HTx+ADX Time Treatment Interaction 

Bmal1 <0.001 <0.001 <0.001 0.864 0.358 
Per1 <0.001 0.008 <0.001 <0.001 <0.001 
Per2 <0.001 <0.001 <0.001 0.002 0.045 
Cry1 <0.001 <0.001 <0.001 <0.001 0.001 
Dbp <0.001 <0.001 <0.001 0.062 0.067 

Rev-erbα <0.001 <0.001 <0.001 0.420 0.040 
 

Table S5 Effects of a six-meal feeding combined with adrenalectomy on clock gene expression 
in liver 

Gene 
One-way ANOVA (Time) Two-way ANOVA 

AL+ADX-
Sham-operated 6M+ADX Time Treatment Interaction 

Bmal1 <0.001 0.556 <0.001 0.231 <0.001 
Per1 <0.001 0.321 <0.001 <0.001 <0.001 
Per2 <0.001 0.130 <0.001 0.544 <0.001 
Cry1 <0.001 0.435 <0.001 <0.001 <0.001 
Dbp <0.001 0.778 <0.001 0.256 <0.001 

Rev-erbα <0.001 0.106 <0.001 0.673 <0.001 
 

Table S6 Circwave V1.4 analysis of the amplitude of clock gene expression in liver 

Gene 

6M exp ADX exp HTx exp HTx +ADX exp 6M+ADX exp 

% of AL 
group 

% of ADX-
Sham-operated 

group 

% of HTx -
Sham-operated 

group 

% of 
HTx+ADX-

Sham-operated 
group 

% of AL+ADX-
Sham-operated 

group 

Bmal1 63 116 95 106 0 
Per1 59 25 110 11 0 
Per2 50 98 146 73 0 
Cry1 54 92 113 63 0 
Dbp 70 96 90 129 0 

Rev-erbα 62 96 100 101 0 
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Fig.S1. The expression pattern of clock genes in the liver of total hepatic denervated animals (HTx) on an 
ad libitum feeding schedule (AL) or on a 6-meals-a-day feeding schedule (6M). Data are expressed as the 
mean ± SEM. mRNA values were normalized to two housekeeping genes (Tbp and ubiquitin conjugate 
enzyme (Ubi)). * p<0.05; Open circles – AL+HTx; Solid circles – 6M+HTx. 
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