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Summary

This thesis deals with the role of the central nervous system in two different aspects of 
glucose homeostasis. In chapters 3-5, experiments are described that investigated the 
question how the mammalian biological clock, located in the suprachiasmatic nuclei 
(SCN) of the anterior hypothalamus, keeps itself informed about the metabolic status 
of an organism. Chapters 6-10 involve experiments that were aimed at revealing (part 
of) the hypothalamic brain areas and neurotransmitter systems that are in control of 
glucose production by the liver. The dual interest of this thesis is already visible in the 
Introduction. First we review the history and current knowledge on the role of the 
autonomic liver innervation in the control of glucose and lipid metabolism (Chapter 1) 
and, secondly, we give an overview of the output mechanisms used by the mammalian 
biological clock to control hormonal and metabolic day/night rhythms (Chapter 2). 
 The search for the neuro-anatomical pathways that provide metabolic (feedback) in-
formation to the biological clock is described in Chapters 3-5 of this thesis. In Chapter 
3, we describe in detail the efferent projections of the so-called “window-of-the-brain” 
located in the hypothalamic arcuate nucleus (ARC). This study showed that the ARC 
has direct projections to the SCN, that the projecting neurons mainly express agouti-
related peptide (AGRP), and that these SCN-projecting ARC neurons are sensitive to 
circulating ghrelin. In Chapter 4 we provide further functional evidence for the rel-
evance of this ARC–SCN connection. Normally light exposure during the dark period 
will activate SCN neurons. However, when during the nocturnal light exposure ARC 
neurons are activated by a peripheral injection of ghrelin, i.e., the hormone related 
the preparation for a meal, the light-induced activation of SCN neurons is prevented. 
Combining these physiological experiments with the neuro-anatomical evidence from 
Chapter-3 indicates that AGRP-containing neurons in the ARC are the most likely 
candidates to transmit the information from an increase in circulating ghrelin levels 
to the SCN. Chapter 5 provides the first evidence for an additional pathway for the 
SCN to receive metabolic (feedback) information via the dorsomedial hypothalamus 
(DMH). We report a new hypothalamic neuronal input to the SCN, i.e., by way of 
the neuropeptide FF (NPFF)-containing neurons in the DMH. This NPFF projection 
is believed to play an important role in regulating food anticipatory behavior, i.e., by 
virtue of the inhibitory effect of NPFF on neuronal activity in the SCN, animals may 
be able to wake up in the middle of their sleep and prepare for a meal at this extra-
ordinary time of day.
 Together these data indicate that by means of the ARC and the DMH the biologi-
cal clock is able to receive feedback information about the daily rhythms it induces 
in metabolic hormones such as, insulin, leptin and ghrelin. By way of this feedback 
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information the SCN can adjust its timely output to its target areas and consequently 
balance, amongst others, energy intake and energy expenditure. 
 Chapters 6-10 of the thesis describe our search for the hypothalamic pathways that 
are in control of hepatic glucose production. Clearly these data support the highly 
differentiated organization of the hypothalamus. In Chapters 6 and 7, we studied the 
possible involvement of two transmitters located in the lateral hypothalamus, that have 
recently been shown by others to be involved in the control of energy metabolism, i.e., 
the neuropeptides orexin and melanin-concentration hormone (MCH). Our experi-
ments show that activation of the perifornical orexin system during the sleep period of 
the rats increases hepatic glucose production. Within the perifornical area the MCH 
neurons are intermingled with the orexin neurons. Although we found no evidence 
for the involvement of MCH neurons during the sleep period in the control of either 
hepatic glucose production or glucose uptake (Chapter 6), we did see that MCH-
knockout rats had a lower basal glucose turnover (Chapter 7). Probably this peptide 
uses other mechanisms to exert its influence on glucose homeostasis. In Chapter 8 
we investigated another neuropeptide that is abundantly expressed in the hypothala-
mus, i.e., pituitary adenyl cyclase-activating polypeptide (PACAP). Just as for orexin 
and MCH, also in the case of PACAP, experiments with knock-out mice produced a 
clear metabolic phenotype. Our experiments showed that at least part of this meta-
bolic phenotype can be attributed to the hypothalamic effects of PACAP on glucose 
metabolism, as the intracerebroventricular (i.c.v.) administration of PACAP caused a 
pronounced increase in hepatic glucose production. By combining the i.c.v. adminis-
tration of orexin and PACAP with a liver-specific denervation of either the sympathetic 
or the parasympathetic autonomic input to the liver, we found that orexin and PACAP 
“use” the pre-autonomic neurons in the hypothalamus to modulate hepatic insulin 
sensitivity and glucose production. It is not clear yet under which physiological con-
ditions these neuropeptidergic systems are activated, but we propose that the orexin 
system may be an important target for both the SCN and the ARC to mediate their 
effects on glucose homeostasis, whereas the PACAP innervation to the PVN might 
be activated by stimuli such as hypoglycemia, stress and sex hormones. In Chapter 
9 we describe the site-specific effects within the hypothalamus of the activation of 
glucocorticoid receptor signaling on glucose homeostasis. By way of retrodialysis, the 
glucocorticoid receptor agonist dexamethasone (Dex) was administered into either 
the ARC or the PVN. We found that an activation of glucocorticoid signaling in the 
ARC caused hepatic insulin resistance, whereas administration of the same amount 
of Dex in the PVN had no such effect. 
 Together, these studies provide clear evidence that different hypothalamic nuclei can 
regulate different aspects of glucose metabolism and that hypothalamic neuropepides 
are important for the maintenance of glucose homeostasis. These data also support 



193

the idea that a dis-functioning of these hypothalamic peptide systems can be one of 
the mechanisms behind brain-induced insulin resistance, which appears to be one of 
the major pathophysiological mechanisms in type 2 diabetes. 
 In the Discussion, we draw several conclusions but also raise a number of new ques-
tions. First of all, we conclude that besides the possible direct action of leptin, ghrelin 
and glucose in the SCN, a large part of the metabolic feedback information to SCN 
is derived from ARC and DMH where the information has already been integrated 
with other information. An important remaining question is how metabolic sensing 
information is processed in brain areas outside the hypothalamus. For instance, how 
does metabolic information reach the limbic system and cortex to influence emotion 
and cognition? 
 Comparing the pathways utilized by the SCN and the ARC to control peripheral 
glucose metabolism, we conclude that various neuropeptidergic systems are involved 
in the hypothalamic control of the autonomic output pathways, either sympathetic 
or parasympathetic. This fits with the concept that via the autonomic nervous system 
the brain has an elegant mechanism to balance catabolism and anabolism. However, 
which particular neuropeptidergic signals in these pathways are responsible for the 
control of the sympathetic and parasympathetic branch, or for the control of liver glu-
coneogenesis or glycogenolysis is still an open question. But certainly this knowledge 
will contribute to our understanding of the role played by brain in the development 
of diabetes mellitus. 


