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All living organisms have developed a well-conserved circadian clock system to adjust their 
physiological processes and behavior with the daily environmental changes in light and darkness. 
In mammals, the master clock of this circadian timing system is located in a brain area known as 
the hypothalamus in a paired structure named the suprachiasmatic nucleus (SCN). The SCN 
receives photic information about the environmental light/dark cycle via the retinohypothalamic 
tract (RHT) and the release of glutamate from retinal terminals. It receives non-photic 
information from the environment (e.g., food availability ) via at least two pathways: a 
neuropeptide Y (NPY) containing projection from the intergeniculate leaflet (IGL) and a 
serotonin containing projection from the raphe nuclei. The pacemaker property of the SCN relies 
on a molecular mechanism that is based on interacting positive and negative transcriptional 
translational feedback loops (1,2). The integrity of the molecular clock is essential for the 
functionality of the SCN and for the synchronization of its daily rhythmicity with the light/dark 
changes in the environment (3-7). Besides in the central clock in the SCN, the molecular 
components (i.e., clock genes) of the molecular clock system are also expressed in many other 
brain areas and peripheral tissues (8,9), where they are called “peripheral clocks”. Except bona 
fide clock genes, the molecular clock mechanism also comprises genes involved in the control of 
metabolism (10-12) and the cell cycle (13,14). Global or local changes (knockout/mutation) in 
clock genes may result in organ specific rhythmic output disorders, such as lipogenesis, 
gluconeogenesis, glucocorticoid synthesis and insulin sensitivity, which may contribute to the 
development of disease (15-19).  

For both the central clock and the peripheral clocks, it is essential to keep time accurately and 
synchronize the endogenous timing signals with time in the outside environment. The 
synchronization process of the central clock via the RHT and IGL is fairly well known (as 
indicated above). However, until now the mechanism by which the peripheral clock rhythms are 
synchronized with the environment is still far from clear. In the first part of this general 
discussion we will discuss the different pathways that are involved in synchronizing daily clock 
and metabolic gene rhythms in peripheral tissues with the environment in view of the 
experiments performed in this thesis. 

Several studies (20) have shown that injection of NPY into the SCN during the subjective day 
can phase-advance the daily rhythm of locomotor activity. Moreover, injection of NPY into the 
SCN prevents the phase advances induced by light during the late subjective night (21). 
Therefore, except for light-induced release of glutamate, also the central NPY system may be 
involved in SCN phase-resetting. Besides phase-resetting the SCN, the hypothalamic NPY 
system is also involved in the regulation of energy metabolism in peripheral organs (22-25). 
Until now no studies have investigated the effect of hypothalamic NPY on the peripheral clock 
system. In the second part of this general discussion we discuss our findings on the effects of 
hypothalamic NPY on energy metabolism and the circadian clock system in peripheral organs. 
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Pathways involved in synchronizing daily rhythms in peripheral tissues 

The role of adrenal hormones in daily clock and metabolic gene expression rhythms 

Corticosterone affects target gene expression by binding to glucocorticoid receptors (GR), which 
interact with the glucocorticoid responsive element (GRE) in the target gene to regulate its 
transcription. GREs have been found in the promoter region of Bmal1, Per1, Per2, Cry1, 
Reverbα and Rorα (26-31), which allows glucocorticoids to regulate the expression of these 
clock genes. Even though no GRE was found in Dbp, its expression is also under the (negative) 
control of glucocorticoids (26,32). The plasma corticosterone concentration shows a pronounced 
daily rhythm, which is controlled by the SCN (33). Therefore this adrenal hormone has been 
considered as a hormonal candidate to synchronize peripheral clocks with the daily rhythms in 
the environment. However, the daily rhythm of clock gene expression in peripheral tissues, such 
as liver, lung and kidney, turned out to be intact after adrenalectomy, although changes in 
acrophase and/or amplitude were reported (34-36). In accordance with these data, we showed in 
Chapters 2 and 4 that also the daily rhythms of clock gene expression in liver, eWAT and three 
other types of WAT (mWAT, sWAT and pWAT, data not shown) were still intact after 
adrenalectomy, even though the amplitude of most rhythms was changed. Combining these 
findings, we conclude that adrenal hormones are not indispensable to maintain the daily 
rhythmicity of clock gene expression in the periphery (Fig.1).  

 

 
 
Fig.1. Adrenal hormones are indispensable for the maintenance of some daily metabolic rhythms, but not 
the rhythms of peripheral clock genes. The cross represents the pathway disruption. 
 
Hypercortisolism has been shown (37-40) to be associated with a variety of metabolic diseases, 
including obesity, type 2 diabetes and cardiovascular disease. The mechanism for this association 
is the regulatory effect of cortisol on the expression of key genes involved in metabolic pathways, 
such as gluconeogenesis, lipolysis, glycogen synthesis, glucose uptake and insulin secretion 
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(41,42). In view of its profound effects on metabolism and its pronounced daily rhythm, 
corticosterone is regarded as an important hormonal pathway to synchronize daily rhythms in 
physiology with the daily changes in the environment. Indeed, some studies (34,43-45) showed 
that the daily rhythm of hepatic enzymes such as hydroxymethylglutaryl-coenzyme A reductase 
and cholesterol 7α-hydroxylase was changed after adrenalectomy. Oishi et al (34) showed that 
also the daily rhythm of genes involved in glucose metabolism, polyamine biosynthesis and 
lipogenesis were changed after adrenalectomy. In Chapter 2, we also found that the daily 
rhythmicity of genes involved in adipogenesis, lipolysis and lipogenesis was lost in eWAT and 
three other WATs (data not shown) after adrenalectomy. Figure 2 shows how the daily rhythm of 
the respiratory exchange ratio (RER), as well as carbohydrate and lipid oxidation, is shifted after 
adrenalectomy. The nadir value of RER and carbohydrate oxidation, as well as the acrophase of 
lipid oxidation, shifted from the middle of the light phase to the end of light phase. The 
amplitude of RER and lipid oxidation was increased in ADX animals (116% and 153% of sham 
animals), while the amplitude of carbohydrate oxidation was decreased in ADX animals (75% of 
sham animals). In addition, fat mass was decreased in the adrenalectomized animals, in line with 
the increase in lipid oxidation and lipolysis (Hsl, Chapter 2). Together these results indicate that 
adrenal hormones are necessary to maintain the daily expression rhythm of a number of 
metabolic genes and physiological parameters (Fig.2). Indeed, some of the changes resulting 
from adrenalectomy could be restored with corticosterone replacement (34,44). Takahashi et al. 
(46) have shown that the plasma corticosterone level is increased in C57BL/C mice under 
chronic mild stress, and that the daily rhythms of plasma insulin and hepatic metabolic genes are 
changed in these animals. Reddy et al (26) showed that corticosterone alone is able to 
synchronize expression of 60% of the circadian transcriptome in SCN lesioned animals, 
indicating that the effect of adrenalectomy on metabolic genes and energy metabolism rhythms 
for a large part results from the absence of corticosterone.  

The role of feeding rhythm in daily clock and metabolic gene expression rhythms 

Many studies (47-51) have shown that fasting and refeeding affects the expression level and 
daily rhythm of clock genes, thus indicating that the feeding-fasting cycle is an important cue for 
synchronizing the daily rhythms of clock gene expression. Time-restricted feeding altered the 
acrophase of clock gene rhythms in peripheral tissue (36,52-56), whereas the light/dark cycle 
dominated rhythm in the SCN was not affected (52,53,56). Together, these findings indicate that 
the daily feeding rhythm may be an important pathway to synchronize the peripheral clock gene 
rhythms with the outside world. In Chapters 3 and 4, we showed that the daily rhythms of clock 
gene expression in eWAT and liver are still intact when rats were fed according to a 6-meals-a-
day schedule, even though the amplitude was changed. Also Cailotto et al (57), Kuroda et al (58) 
and Yamajuku et al (59) found that daily clock gene expression rhythms in the liver, kidney and 
submandibular gland were not lost after abolishing the daily feeding rhythm. These results 
indicate that the peripheral clock can still be synchronized to the environmental light/dark cycle 
via other pathways when a feeding/fasting rhythm is absent. Thus, the daily feeding rhythm is a  
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Fig.2. Daily profile of RER, carbohydrate oxidation, lipid oxidation, EE and locomotor activity (A-E) in 
sham-operated (grey line) and ADX (black line) animals under L/D conditions. (F) Fat mass of eWAT, 
pWAT and sWAT in sham-operated (grey bar) and ADX (black bar) animals. (G) Locomotor activity and 
(H) energy expenditure during day, night and 24-hours in sham-operated (grey bar) and ADX (black bar) 
animals. 
 
 

 
 

Fig.3. A daily feeding rhythm is indispensable for the maintenance of some daily metabolic rhythms, but 
not the rhythms of peripheral clock genes. The cross represents the pathway disruption. 
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very important, but not indispensable, pathway to sustain daily clock gene rhythms in the 
periphery (Fig.3). 

Night- and shift-work induces circadian disruption, which may result in overweight, increased 
abdominal fat deposition and development of the metabolic syndrome (60,61). The studies of 
Salgado-Delgado et al (62,63) indicated that eating during the rest phase is one of main 
contributors to the development of metabolic syndrome in shift working rats. Other studies 
(64,65) showed that the feeding-fasting cycle affects a large number of key physiological 
functions in peripheral organs, for example carbohydrate and lipid metabolism. A shift of the 
feeding rhythm also results in changes in the daily secretion rhythm of key metabolic hormones 
(i.e., insulin, ghrelin, leptin and other adipokines) (54,55,62,63,66,67). In Chapter 3, we showed 
that the daily expression rhythm of some metabolic genes involved in lipid metabolism is lost in 
eWAT after abolishing the daily feeding rhythm. In Chapter 5, we found that the daily feeding 
rhythm is important to maintain a daily rhythm of TG secretion, as well as that of a number of 
genes involved in TG secretion. Yamajuku et al (59) showed that the daily rhythm of cholesterol 
metabolism, triglyceride metabolism and fatty acid oxidation was shifted or attenuated after 
disruption of the daily feeding rhythm by introducing a 4 meals-a-day feeding schedule. Based 
on the above findings, we conclude that the daily feeding rhythm is indispensable for 
maintaining daily expression rhythms in a number of metabolic genes and functions, but not for 
maintaining peripheral clock gene rhythms (Fig.3).   

The role of autonomic nervous system in daily clock and metabolic gene expression rhythms 

A number of studies indicated that the sympathetic nervous system can regulate the level and 
daily rhythm of clock gene expression (68-71). Therefore, also the autonomic nervous system 
has been considered as an important pathway for the SCN to synchronize daily rhythms of clock 
gene expression in the periphery. Indeed, Takekida et al. (70) and Logan et al (72) showed that 
the day/night rhythm of clock gene expression in the pineal is lost and in the spleen is changed 
after abolishing sympathetic nerve inputs. The results of some studies (73-75) indicated that 
SCN-dependent neural signals are important to synchronize the daily clock genes rhythm in the 
spleen, heart and muscle, but not in the liver and kidney. However, studies from Cailotto et al. 
(57,76), Vujovic et al. (77), Dyar et al. (78) and Nakao et al. (75) showed that denervation does 
not abolish the daily rhythm of clock gene expression in the liver, submaxillary gland and 
skeletal muscle. In Chapter 4, we showed that also after a total hepatic denervation the daily 
rhythm of clock gene expression was still intact. Together these studies suggest that indeed the 
autonomic nervous system maybe an important synchronizing pathway for some organs, but is 
certainly not indispensable for the SCN to synchronize daily gene expression rhythms in most of 
the peripheral organs, including the liver (Fig.4). 

The autonomic nervous system plays an important role in the regulation of many physiological 
functions in the periphery, such as glucose metabolism, lipid metabolism, insulin secretion and 
thermogenesis. Moreover, disorders of the autonomic nervous system are related to the 
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development of a large number of metabolic diseases (79-82). Thus, the autonomic nervous 
system is considered as an important candidate for SCN outputs that synchronize daily rhythms 
in physiological function to the daily rhythms in the environment. Many studies indeed showed 
that denervation affects the daily rhythm of key physiological functions, including immune 
responsiveness (72,83), glucose metabolism (76,84,85), lipid metabolism (86), gastrointestinal 
function (85,87), melatonin synthesis (88) and plasma insulin level (76,84). In Fig.5, we show 
that the amplitude of the daily rhythm of RER, carbohydrate oxidation and lipid oxidation is 
increased (145%, 121% and 184%, respectively) and sWAT fat mass was decreased after total 
hepatic denervation. Therefore, the autonomic nervous system is a necessary pathway for the 
SCN to synchronize some key daily physiological rhythms, but is not essential for the 
maintenance of peripheral clock gene rhythms (Fig.4). 

The combined effect of hormones, behaviour and nerves on daily gene expression and 
metabolic rhythms 

Our studies and studies by other labs have shown that adrenal hormones, feeding rhythm and the 
autonomic nervous system are all important, but not indispensable, pathways for the SCN to 
synchronize the daily rhythmicity of peripheral clocks. This indicates that the SCN possibly uses 
more than one pathway to synchronize the daily rhythmicity of peripheral clocks. The studies of 
Cailotto et al. (57,89) showed that the simultaneous removal of rhythmic feeding and neural 
inputs did not abolish clock gene rhythms in the liver. The study of Vujovic et al. (77) showed 

 

 
 

Fig.4. Neuronal signals are indispensable for the maintenance of some daily metabolic rhythms, but not 
the rhythms of peripheral clock genes. The cross represents the pathway disruption. 
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Fig.5. Daily profile of RER, carbohydrate oxidation, lipid oxidation, EE and Locomotor activity (A-E) in 
sham-operated (grey line) and total hepatic denervated (HTX; black line) animals housed under L/D 
conditions. (F) The fat mass of eWAT, pWAT and sWAT in sham-operated (grey bar) and HTX (black bar) 
animals. (G) Locomotor activity and (H) energy expenditure during day, night and 24-hours in sham-
operated (grey bar) and ADX (black bar) animals. 

 
that daytime feeding advanced the daily rhythm of Per1 expression in the submaxillary salivary 
gland after lesions of the superior cervical ganglion (SCGx), but did not affect Per1 rhythmicity 
in sham-operated animals. In Chapter 4, we also found that a total denervation of the liver 
combined with adrenalectomy or 6-meals feeding did not abolish the daily rhythm of clock gene 
expression in the liver. Recently, Ikeda et al. (90) studied Per2 rhythms in mice liver, kidney and 
salivary gland after 6-meals feeding combined with adrenalectomy. The combination of 6-meals 
feeding with adrenalectomy removed the Per2 rhythms in liver and kidney, but not in the 
salivary gland. In Chapters 3 and 4, we showed that the daily rhythm of clock gene expression in 
liver and eWAT was lost after simultaneously removing the adrenal hormones and the daily 
feeding rhythm. Together these results indicate that indeed the central clock may use more than 
one output signal to synchronize peripheral clock gene rhythms. However, the required signals 
may differ for different organs. Adrenal hormones or a feeding rhythm is mandatory for clock 
gene rhythms to be maintained in most organs, such as kidney, liver and eWAT (Fig.6C). 
Sympathetic nervous inputs may be important to synchronize the daily rhythm of clock gene 
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expression in some organs mainly located in head and neck, such as submaxillary salivary gland 
and pineal gland (Fig.6). 

 
 
Fig.6. At least a daily rhythm in feeding behavior or adrenal hormones should be present in order to 
maintain the daily rhythmicity of peripheral clock genes. On the other hand, disruption of any of the 
separate pathway has profound effects on the daily rhythmicity of metabolic genes. The cross represents 
the pathway disruption. 

 
As discussed above, adrenal hormones, a daily feeding rhythm and the autonomic nervous 
system are important and necessary to maintain daily physiological function rhythms in the 
periphery. Thus, the simultaneous disruption of two of these pathways will seriously change 
daily physiological rhythms. Indeed, Cailotto et al. (76) showed that the daily rhythm of plasma 
glucose concentrations, hepatic glycogen level and genes involved in glucose metabolism was 
abolished after the simultaneous removal of the feeding rhythm and sympathetic nervous inputs. 
Cailotto et al. (76) also showed that in a total hepatic denervation plus 6-meals-a-day condition, 
the daily rhythm of genes involved in glucose metabolism was changed (shifted or abolished). In 
Chapter 3, we found that almost all metabolic genes lost their daily rhythmicity under 
adrenalectomy plus the 6 meals-a-day feeding conditions. In addition, we found that the daily 
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Fig.5. Daily profile of RER, carbohydrate oxidation, lipid oxidation, EE and Locomotor activity (A-E) in 
sham-operated (grey line) and total hepatic denervated (HTX; black line) animals housed under L/D 
conditions. (F) The fat mass of eWAT, pWAT and sWAT in sham-operated (grey bar) and HTX (black bar) 
animals. (G) Locomotor activity and (H) energy expenditure during day, night and 24-hours in sham-
operated (grey bar) and ADX (black bar) animals. 
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Sympathetic nervous inputs may be important to synchronize the daily rhythm of clock gene 
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expression in some organs mainly located in head and neck, such as submaxillary salivary gland 
and pineal gland (Fig.6). 
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the pathway disruption. 
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rhythm of RER and energy expenditure (EE) is changed after adrenalectomy combined with total 
hepatic denervation (Fig.7). Also WAT mass and EE were decreased in HTX+ADX animals. 
Comparing these results with the findings in ADX (Fig.2) and HTX (Fig.5) animals, we assume 
that the effect of HTX+ADX on RER and WAT mass are mainly due to the ADX effect, whereas 
the effect on EE seems to be due to the combined effect of ADX plus HTX. Together, these 
findings show that the simultaneous disruption of 2 or more pathways results in a more serious 
disruption of physiological functions as compared to disrupting only 1 pathway (Fig.6). 

 

 
Fig.7. Daily profile of RER, EE and locomotor activity (A-C) in sham-operated (grey line) and 
HTX+ADX (black line) animals under L/D conditions. (D) The fat mass of eWAT, pWAT and sWAT in 
sham-operated (grey bar) and HTX+ADX animals (black bar). (E) The locomotor activity and (F) energy 
expenditure in sham-operated (grey bar) and HTX+ADX animals (black bar) during the day, night and 
whole day. 

 
Local clock genes are not sufficient to maintain the daily rhythm of metabolic genes  

A knockout or mutation of a clock gene often is associated with the development of metabolic 
diseases, such as obesity and cardiovascular disease (87-91), indicating the importance of the 
circadian clock system for the maintenance of daily rhythms of metabolism. Also the mutation or 
knockout of peripheral clock genes locally (i.e., tissue or organ specific) resulted in changes in 
lipogenesis, glucose homeostasis and blood pressure (65,91-93). Therefore, also local peripheral 
clocks are important for sustaining the daily rhythm in energy metabolism (Fig.8B). However, 
recently, a number of studies (34,57,67,89,94) showed that daily rhythms of metabolic gene 
expression may be lost after disruption of a hormonal, behavioral, or neuronal pathway, but 
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clock gene rhythms are not. In Chapters 2, 3 and 5, we found that daily clock gene rhythms were 
still intact after treatment (pathway disruption), but the daily rhythms of metabolic genes, energy 
metabolism (Figs.2 and 5) and TG production were changed. Together, these findings indicate 
that many systemic signals are able to change the daily rhythms in metabolism (Fig.8C). The 
study of Kornmann et al (95) showed that rhythmic transcription of most (metabolic) genes also 
depended on a functional hepatocyte clock. Only <10% of the genes still showed a rhythmic 
expression with high amplitude when the hepatocyte clock was dysfunctional, indicating that 
these genes are solely driven by rhythmic systemic signals, such as hormones and body 
temperature. Taking all above findings together, it is clear that both the local clock system as 
well as systemic signals (hormonal/nutritional/neuronal/temperature) need to be “intact” and 
“normal” in order to maintain the daily rhythm of metabolism (Fig.8A).  

 

 
Fig.8. The local clock system as well as various systemic signals need to be intact or normal in order to 
maintain the daily rhythmicity of metabolism. The “II” represents a disruption in the local clock system. 
The “=”represents a disruption in one or more input signals. 

 
Summary  

Together, the results from the current (Chapters 2, 3, 4 and 5) as well as other studies show that 
disruption of a single pathway is not enough to abolish the daily rhythm of the peripheral clock, 
but is sufficient to disrupt the daily rhythm of many metabolic genes. In addition, also when 
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adrenal hormones plus neuronal inputs to the liver (Chapter 4) or neuronal inputs to the liver plus 
rhythmic feeding (Chapter 4) are disrupted simultaneously, the daily rhythm of hepatic clock 
gene expression is still intact. However, when adrenal hormones and rhythmic feeding are 
disrupted simultaneously (Chapters 3 and 4), the daily rhythm of clock genes expression was lost 
in both liver and eWAT. Therefore, at least adrenal hormones or a daily feeding rhythm needs to 
be present in order to maintain a daily rhythm of clock gene expression in the liver, WAT and 
kidney. In this thesis, we only investigated the importance of adrenal hormones, a daily feeding 
rhythm and neuronal inputs for sustaining daily clock gene rhythms in the eWAT or liver. As a 
consequence, we do not know whether other pathways, such as other hormones, locomotor 
activity or temperature, also play an essential role in maintaining the daily rhythms of peripheral 
clocks or not. Moreover, although we found that ADX+6M abolished the daily rhythms of clock 
gene expression in liver and eWAT, the mechanism is still unclear. Obviously, for the adrenal 
hormones GRE’s on clock gene promoters may be involved, but for feeding the critical signal is 
still unknown. 

Effects of central neuropeptide Y (NPY) on energy metabolism and daily rhythms 

Central NPY and obesity  

Obesity is a worldwide health issue in both developing and developed countries. Obesity 
increases the risk for a number of pathologies, including diabetes mellitus type 2, metabolic 
syndrome, hypertension, hyperlipidemia, cardiovascular diseases and some cancers. An 
important characteristic of obesity is excessive fat storage, resulting from a chronic positive 
energy balance (energy intake exceeds energy expenditure). Energy intake is dependent on food 
intake and energy expenditure is dependent on the basal metabolic rate, physical activity and 
thermogenesis. Many central and peripheral factors have been implicated in the regulation of 
energy homeostasis. The hypothalamus is one of the most important brain areas when it concerns 
the control of appetite and energy balance. Nuclei within the hypothalamus crosstalk and 
integrate peripheral signals, such as plasma insulin and leptin levels, calories stored and 
environmental temperature, to regulate food intake and energy expenditure. Within the 
hypothalamus, NPY is one of the most important orexigenic neuropeptides to regulate appetite 
and energy balance. Hypothalamic NPY mRNA levels and protein concentrations were shown to 
be elevated in obese rats (96-99). Studies from Huang et al. (100) and Wang et al. (101) showed 
that rodents resistant to diet-induced obesity show significantly reduced NPY mRNA expression 
in the hypothalamus as compared to obese animals on the same diet. Chronic 
intracerebroventricular (ICV) administration of NPY stimulates food intake and the development 
of overweight, adiposity, and numerous hormonal and metabolic changes also observed in obese 
rats (102-104). Furthermore, NPY knockout attenuates obesity in the ob/ob mice (105). Together, 
these findings clearly indicate that central (hypothalamic) NPY plays a critical role in energy 
metabolism and probably obesity development. 

Central NPY and energy metabolism  
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NPY is a 36-amino acid peptide, which is widely distributed in the central and peripheral 
nervous system. In the central nervous system, NPY is found in many brain areas, including the 
hypothalamus, cerebral cortex and brainstem, but highest concentrations are found in the arcuate 
nucleus of the hypothalamus (ARC). Via the blood-brain barrier NPY neurons in the ARC have 
direct access to and rapidly respond to peripheral signals such as leptin, insulin and PYY. These 
NPY neurons relay their signals to other brain areas, such as the paraventricular (PVN), 
dorsomedial (DMH), ventromedial (VMH) and lateral (LHA) hypothalamus, to modulate energy 
homeostasis (106). NPY is best known for its stimulatory effect on food intake (107-110). 
However, central administration of NPY also increases glucose production (24,25) and TG 
secretion (111,112), whereas it decreases insulin sensitivity in liver (24,25) and muscle (113). In 
addition, it has been shown that increased levels of central NPY decreased sympathetic input to 
the brown adipose tissue (BAT), with reduced expression of uncoupling protein 1 (UCP1) and 
non-shivering thermogenesis (22,23,114-117). Other studies showed that central NPY inhibits 
sympathetic nerve inputs to WAT (115) and stimulates lipid storage (115), lipoprotein lipase 
activity (22) and glucose uptake (113) in WAT. Chao et al. (115) showed that core body 
temperature and EE were increased after knock-down of NPY in the DMH and Zhang et al. (118) 
showed that RER is decreased in NPY knockout animals. In Chapter 6, we found that an ICV 
NPY infusion in the 3rd ventricle (3V) acutely increased gluconeogenesis, TG synthesis and TG 
secretion in liver and lipogenesis in sWAT. At the same time 3V administration of NPY 
decreased non-shivering thermogenesis in BAT and lipolysis in sMuscle. These findings confirm 
the important role of central NPY in the control of energy metabolism. More importantly they 
show that central NPY simultaneously affects metabolic activity in different organs in a way that 
promotes a positive energy balance, i.e., reducing energy expenditure in BAT and muscle and 
increasing energy availability by liver and WAT. 

Central NPY and circadian clock system  

The central clock in the SCN is not only responsible for maintaining daily rhythms in physiology, 
but also for integrating photic and non-photic inputs in such a way that it permits adaptive 
responses to the multiple internal and external entraining cues. In addition to its important role in 
the control of energy metabolism, NPY is also an important neurotransmitter in the circadian 
timing system. NPY from the intergeniculate leaflet (IGL) relays non-photic (119-121) inputs to 
the SCN. Application of NPY into the SCN during the subjective day advances in vivo 
behavioral rhythms (20,119,120) and in vitro SCN rhythms in firing-rate (122-124). During the 
late night, NPY application inhibits phase advances induced by light (125) and melatonin 
production (126). Correspondingly, blocking NPY action by IGL lesioning (127) or intra-SCN 
injection of NPY antibodies (120) blocks behavioral phase-shifts. At the molecular level, NPY 
application induces phase shifts in the daily PER2 rhythm in the SCN (128), reduces SCN Per1 
and Per2 clock gene expression (129) and blocks the light-induced elevation in Per1 and Per2 
expression in the SCN (126,130). Moreover, many studies have shown daily patterns of NPY 
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adrenal hormones plus neuronal inputs to the liver (Chapter 4) or neuronal inputs to the liver plus 
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release and NPY-like immunoreactivity in the SCN (131-134). Based on all the above findings, 
central NPY is also considered as an important neuropeptide in the circadian timing system.  

Central administration of NPY increases sympathetic nervous inputs to the liver (111,112), but 
decreases sympathetic inputs into BAT (23,115,117) and WAT (115). In addition, central NPY 
also influences plasma corticosterone levels (135-137), locomotor activity (138) and body 
temperature (115,117,139). All of these parameters have been shown to affect peripheral clock 
gene expression (26-32,68-71,75,78,140-142). In Chapter 6 we found that the 3V infusion of 
NPY affects all these systemic parameters as well as peripheral clock gene expression. However, 
the changes in clock gene expression differed between tissues. These tissue-specific responses of 
the clock genes could be due to the fact that the response of the autonomic nervous system to 
NPY differs between organs or that tissues have a different sensitivity to one of the other 
parameters that were changed by 3V NPY.  

At present it is also not clear yet, whether these effects of central NPY on peripheral clock gene 
expression are mediated via an NPY effect on the SCN or whether these effects are mediated via 
the metabolic changes induced by NPY. 

Summary  

In Chapter 6, we showed that central administration of NPY simultaneously induces an increase 
in lipogenesis, TG and glucose production, as well as a decrease in thermogenesis and lipolysis. 
Therefore, central NPY promotes a positive energy balance (energy storage > energy 
expenditure). One important hallmark of obesity is excessive fat storage, resulting from a chronic 
positive energy balance. Thus, our results further indicate that central NPY may play a vital role 
in the development of obesity, especially when the above changes are combined with increased 
food intake and sedentary behavior. Several studies (143-145) have shown that the daily rhythm 
of clock gene expression is attenuated in obese animals and humans. In Chapter 6, we showed 
that the expression level of several clock genes was changed in peripheral organs, especially in 
BAT and liver, after 3V administration of NPY. Therefore, increased central levels of NPY 
possibly also contribute to the attenuation of daily clock gene rhythms in obesity. In the future, 
we will investigate whether indeed high levels of central NPY not only affect clock gene 
expression but also attenuate/abolish daily clock gene rhythms in the periphery.  
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