THE SUPRACHIASMATIC NUCLEUS ORGANIZES DAILY PHYSIOLOGY



This co-supervised research work was carried out at the
Netherlands Institute for Neuroscience in Amsterdam
and at the Laboratory Neurobiologie des Rythmes,
UMR CNRS-ULP 7518, IFR 37 in Strasbourg.

This project has been financially supported by

Van den Houten Fund from the NIBR

Dutch-French program Van Gogh (vGP 95-372)

Huygens Programme (2003-2004) from NUFFIC organisation
Hersenstichting Nederland (10r02(2).20, 2002-2003)

European Doctoral College of Strasbourg
Publication of this thesis was financially supported by
Netherlands Institute for Neuroscience

University of Amsterdam

Research Diabetes Fund

—_—

—/ 4
N ) Diabetes Fonds
\

Cover: Fl(4)20s57m30M
Book design: Henk Stoffels, Amsterdam

Print: Gildeprint Bv, Enschede



THE SUPRACHIASMATIC NUCLEUS
ORGANIZES DAILY PHYSIOLOGY

An analysis of the role of the autonomic

nervous system and peripheral clock genes

ACADEMISCH PROEFSCHRIFT
ter verkrijging van de graad van doctor
aan de Universiteit van Amsterdam
op gezag van de Rector Magnificus
prof. mr. P.E van der Heijden
ten overstaan van een door het college
voor promoties ingestelde commissie,
in het openbaar te verdedigen
in de Aula der Universiteit
op vrijdag 3 november 2006, te 12:00 uur

door

Cathy Nadine Mathilde Cailotto

geboren te Metz (Frankrijk)



PROMOTIECOMMISSIE

Promotores: Prof. dr. R.M. Buijs

Prof. dr. P. Pévet

Co-promotor: Dr. A. Kalsbeek

Overige leden: Prof. dr. H.P. Sauerwein
Prof. dr. G.E.E. Boeckxstaens
Prof. dr. J.A. Romijn
Prof. dr. C. Escobar

Prof. dr. G. Mensah-Nyagan

Faculteit der Geneeskunde



=

ulpé

UNIVERSITE [l LOUIS PASTEUR
STRASBOURG

Theése présentée pour obtenir le grade de
Docteur de I'Université Louis Pasteur
Strasbourg I

Discipline : Science du Vivant

par Cathy Cailotto

Les noyaux suprachiasmatiques organisent la physiologie journaliere

Réle du systéme nerveux autonome et des génes horloges périphériques

Directeur de Thése :

Codirecteur de These :

Rapporteur Interne:

Rapporteur Externe:

Rapporteur Externe:

Examinateur:

Soutenue publiquement le 3 Novembre 2006
Membres du Jury

M P. Pévet, Prof Dr,
ULB Strasbourg (France)

M R.M. Buijs, Prof Dr,
UvA, Amsterdam (Pays Bas)

M G. Mensah-Nyagan, Prof Dr,
ULB Strasbourg (France)

Mme C. Escobar, Prof Dr,

Universidad Nacional, México (Mexique)

M J.A. Romijn, Prof Dr,
Universiteit Leiden, (Pays Bas)

M A. Kalsbeek, Dr,
NIN, Amsterdam (Pays Bas)



A mes parents

Anubis, by Eric Cailotto



CHAPTER 1

CHAPTER 2

CHAPTER 3

CHAPTER 4

CHAPTER 5

CHAPTER 6

Contents

General Introduction
The suprachiasmatic nucleus controls the daily variation of
plasma glucose via the autonomic output to the liver:

are the clock genes involved?

Daily rhythms in metabolic liver enzymes and plasma glucose
require a balance in the autonomic output to the liver

PVN stimulation affects clock gene and glucose-metabolizing
enzyme expression in the liver: Does the SCN use the
autonomic nervous system to drive liver metabolism

in a circadian manner?

Light affects the functionality of organs via the autonomic
nervous system

General discussion

A discussion on the role of peripheral clock genes and the
suprachiasmatic nucleus in the rhythmic functions of organs
References

Summary

Résumé

Samenvatting

Publications

Acknowledgements - Dankwoord - Remerciements

Curriculum Vitae

27

47

69

85

109

121

137

140

144

147

149



Pour un esprit scientifique, toute connaissance est une réponse a une question.
Sil n'y a pas eu de question, il ne peut y avoir connaissance scientifique.

Rien ne va de soi. Rien n’est donné. Tout est construit.

Extrait de La Formation Scientifique, Gaston Bachelard. Paris, Vrin, 7¢ ed., 1970, p.14.



General Introduction

HOMEOSTASIS AND ANTICIPATION TO CHANGES

CIRCADIAN CLOCK IN MAMMALS

1.

The Suprachiasmatic nucleus: the biological clock or master clock
Localization and properties

The clockwork

. Organisation of the suprachiasmatic nucleus

. SCN output and its transmission of light information

Light: Short-term effects
Light:Long-term effects

DAILY RHYTHM IN PLASMA GLUCOSE CONCENTRATIONS

. Glucose rhythm is driven independently of feeding activity
. Daily rhythms in glucose tolerance and insulin sensitivity

. Hormonal versus neuronal control of the daily glucose rhythm

Hormonal stimulation of hepatic glucose production

Neuronal stimulation of hepatic glucose production

. Peripheral clock genes: a tool to affect glucose metabolism?

Synchronization of the liver oscillator

Circadian gene regulation of enzymes involved in glucose metabolism

SCOPE OF THE THESIS



CHAPTER 1

HOMEOSTASIS AND ANTICIPATION TO CHANGES

Homeostasis

The study of internal processes and functions that ensure and maintain the life of the
organism was called ‘physiology’ for the first time by Jean Francois Fernel in 1554.
Darwin (1809-1882) demonstrated the considerable influence of the environment
on the living organism. The living creature is subjected to various external fluctua-
tions (i.e., food availability, temperature, predation, etc.) and the organism therefore
has to adapt to its environment in order, not only to survive, but to maintain its own
species. At the same time, Claude Bernard (1813-1877) proposed another notion, i.e.
the interior milieu, which is formed by an organic fluid surrounding the organs of the
individual. Bernard suggested that maintaining the stability of the internal fluid (blood
and other body fluids) is essential for the life of higher organisms, as multiple and/
or chronic disturbances of this interior milieu would lead to pathology. Afterwards,
Walter B. Cannon (1871-1945) defined the notion of “fixité du milieu intérieur” more
precisely with the term Homeostasis (Homeo = same; stasis = steadyness). Homeostasis
is the maintenance of equilibrium in the internal system by means of an automatic
mechanism that counteracts influences tending towards disequilibrium. This con-
stant set point of the internal fluid can be disrupted under stressful situations or by
“emotional” stimulation. Later, the concept of Homeostasis was refined by Donald
C. Jackson (1987): “Homeostasis is not a single optimal control condition but rather
a variety or continuum that varies with the animal’s circumstances. Set points or
regulated values are not fixed, but may change depending on ambient conditions or
because of changing physiological conditions or demands”

Currently we consider the daily or seasonal changes in the environment as important
variables that will influence the homeostatic settings of the organism in order to allow
it to anticipate these environmental changes. Especially the structures and mechanisms
involved in the anticipation of these daily changes are the subject of this thesis.

Anticipation

Being able to anticipate daily or seasonal changes in the environment will decrease the
moments in which homeostasis can be disturbed, and so anticipation will decrease
the risk of disease or pathology. Migration was the first periodic/anticipatory behav-
iour that was studied extensively. A review written by Angus M. Woodbury in 1941
indicated that “migration may be considered as periodic passing of animals from one
place to another in which this transition is timed to fit with some periodic rhythm
or cycle of the environment”. Herewith the notion of biological rhythm came up as
periodic changes in physiology and behaviour among species in order to accommo-
date environmental changes. To adapt to the periodic environmental changes, timed
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GENERAL INTRODUCTION

reproduction is another strategy adopted by the species in order to increase their
offspring’s chance to survive, i.e. delivery occurs at the period when the environment
is conducive to the development of the young, by the availability of food and moder-
ate temperatures .

In the shorter term, also physiological anticipation to daily changes can be observed.
For instance, the “dawn-phenomenon” as observed in humans, whose physiology an-
ticipates the glucose demands for the upcoming activity period, i.e. increased glucose
output and insulin sensitivity in the early morning °.

This rhythmic or periodic/anticipatory property, even on a yearly basis, relies on the
capacity of the organism to generate an internal “notion of time” given by a biological
clock. In this respect it is interesting that it was recently shown that even butterflies
rely on biological clock mechanisms for their orientation for migration

CIRCADIAN CLOCK IN MAMMALS

1. The suprachiasmatic nucleus: the biological clock or master clock
Localization and properties

By performing lesion studies, Richter (1967) was the first to indicate that the medial
part of the hypothalamus is involved in the rhythmicity of locomotor activity. Bilateral
lesions or ablation of the suprachiasmatic nucleus (SCN) later showed that the integrity
of these nuclei is essential for the rhythmicity of drinking and food intake behaviour,
locomotor activity, and the sleep-wakefulness cycle but also for hormonal rhythms,
such as corticosterone and melatonin ¢*°. Electrical recording showed that the SCN
is an endogenous pacemaker, because SCN neurons display circadian pattern in their
neuronal firing with high activity during the subjective daytime even when isolated
in vivo ' or maintained as a tissue culture in vitro '> 3. Another approach, using “C
labelled deoxyglucose, corroborated that the clock is an endogenous oscillator by dem-
onstrating a rhythmic pattern in glucose metabolism in the SCN which also persists in
constant darkness *#*. The final evidence that the SCN is “the master oscillator” came
from studies in which SCN transplants were able to restore circadian behaviour in SCN
lesioned animals who would take on the period of the donor graft **. The locomotor
rhythm was transmitted even after the SCN was encapsulated, indicating that the clock
is able to drive locomotor rhythmicity by means of a diffusible signal ***7. However,
SCN grafts did not generate neuroendocrine rhythms, indicating that both neuronal
and humoral communications are required to spread the complete clock signal *.

The clockwork
Although autonomous oscillation in isolated single SCN cells has been shown *3, the
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CHAPTER 1

intrinsic mechanism which underlies the oscillation in the firing rate of SCN neurons
is still not fully understood. Approaches using combined gene targeting and locomotor
activity in mice have provided the main knowledge on the mammalian clockwork, i.e.
a molecular mechanism underlying the oscillatory properties of the SCN cell.

A first gene, called Clock, was found as an essential component for maintaining
the rhythmicity in wheel-running activity in mice without light cues **»>°. However,
recent findings demonstrate that Clock-deficient mice still display a robust circadian
pattern of their locomotor activity, which leads to reconsider the role of the clock in
the functionality of the SCN clockwork **. Three period genes (Per1, 2 and 3) were
reported in mice also as elements of the clock machinery. Besides the overlapping
of their mRNA rhythmic profiles, the authors proposed an interaction between the
PERIOD proteins as a part of the machinery process responsible for the rhythmic
pattern of their transcript levels. Another clock member family, Cryptochrome 1 and
2 (Cry1 and 2) was also found to be essential for maintaining the rhythmic locomotor
activity in constant darkness **. Later on, PER and CRY were proposed to interact with
each other to form a heterodimer, which in turn will inhibit their own transcription,
i.e. the negative limb of the clock feedback loop . All the evidence accumulated from
mice studies lead to a hypothetical clock mechanism based on interacting positive and
negative transcriptional-/translational-feedback loops in which Bmal1 and Clock are
part of the positive limb, and Cry1/2 and Per1/2/3 are part of the negative limb (Fig-
ure 1) >, This hypothetical clockwork scheme, which represents the backbone of the
molecular circadian clock, is constantly updated by the discovery of new proteins that
play a role in the adjustment of the circadian timing system. Of these proteins, Casein
Kinase I epsilon is a protein which phosphorylates PER protein and may affect its
stability, cellular location and even its interaction with other proteins ***. REV-ERBa
and RORa , two orphan nuclear receptors play an important role in the transcription
of the clock gene Bmali, by repressing or activating its activity, respectively >*3'. In
2002, Honma and coworkers described another clock-gene family, Dec1 and Dec2,
as negative components of the core loop 3> 3. Despite the fact that the integrity of the
clockwork is required to generate circadian rhythms, the question “how this molecular
mechanism regulates the electrical activity of SCN neurons and rhythmic biological
processes like endocrine or behavioural rhythms” remains open.

Molecular studies have provided a model for the mechanism by which the clockwork
is able to control/influence in a circadian manner the transcription of genes through
the activation of E-box enhancer (CCG sequence) by CLOCK-BMAL1 heterodimer
(two clock components of the positive feedback loop). For instance, the rhythmic
transcription of the arginine vasopressin gene (AVP), a neurotransmitter used by the
SCN to spread its timing signal, contains an E-box in its promoter region and is thus
directly controlled and generated by the clockwork 3+.
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Figure 1 Molecular mechanism of the clockwork. This hypothetical model is based on in-
teracting positive and negative transcriptional/translational feedback loops. The positive
feedback loop is mediated by the proteins BMAL1 (expressed in a rhythmic manner with
high levels during the dark period) and CLOCK (which exhibits constant levels along the
L/D cycle). These two proteins heterodimize and activate the transcription of three Period
genes (Per1/2 and 3), two Cryptochrome genes (Cry1 and 2) and the Rev-erba gene. PER and
CRY proteins then form heterodimers, which are phosphorylated by casein kinase in the
cytoplasm, and enter back into the nucleus to repress their own transcription by acting on
the BMAL1:CLOCK complex. This step represents the negative feedback loop. The primary
loop is modulated by the secondary loop via the REV-Er a, which drives the circadian profile
of Bmal1 gene expression.

2. Organization of the suprachiasmatic nucleus

At present the SCN can be divided into two main parts depending on its projections,
input or transmitter content: - The ventrolateral part of the SCN encloses neurons
which contain vasoactive intestinal polypeptide (VIP), peptide histidine isoleucine
(PHI), and gastrin releasing peptide (GRP). These peptides display a rhythmic mRNA
expression driven by the L/D cycle *. This part of the SCN receives the terminal arbori-
zation of the direct visual afferents from the retinohypothalamic tract (glutamate) and
indirect via the intergeniculate leaflet (IGL) of the thalamus, containing neuropeptide
Y (NPY) and GABA %338 Moreover, it was recently proposed that also in the blood
stream circulating information may come to the SCN via a projection from the arcuate
nucleus, which may also contain NPY *. - The dorsomedial part of the SCN encloses
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neurons containing arginine vasopressin (AVP) and somatostatin (SS) neurons *.
Not much is known about the input of the dorsal part. The most detailed knowledge
is about the input to the ventral part of the SCN +.

In view of its input, the ventral SCN is proposed to be involved in the processes of
light/dark entrainment and to convey this information to the dorsomedial part of the
SCN in order to spread the new “adjusted timing signal” +»+. This interaction of light-
receiving versus not-light-receiving organization of the clock was confirmed by light
pulse studies. Light, perceived by the retina, is transmitted to the SCN by a release of
glutamate from the retinal terminals #45, which in turn increases the neuronal activity
of the SCN-VIP cells via NMDA and non-NMDA receptors **+. The fact that light
induces Fos expression in the ventral SCN in a different pattern, depending on the
circadian time *°°, indicates that the SCN also gates the light information. This could
reflect the mechanisms by which light may induce either phase advance or phase delay
in the activity of the SCN. This is supposed to be due to the moment in the clock cycle
at which light information affects its movement. In addition, it is also known that light
has a different effect on the output of the SCN, depending on the time of the night (or
day) it reaches the SCN 5*52. Whether this takes place via a different phase of clock
gene expression in the ventral SCN and/or by the differences in the output of the ven-
tral SCN to the dorsal SCN is not clear at present. At a cellular level, transcription of
immediate-early genes (IEG) such as c-fos, egr, jun-b will occur as well as Per1 gene
expression >34, Recently, a relationship between Per1 mRNA induction and neuronal
spike activity was demonstrated in the VIP neurons of the retino recipient division of
the SCN 5.

However, as was to be expected, light exposure does not affect clock-gene expression
only in the retino recipient part of the SCN but also in other regions, depending on
the time during which the light pulse is applied *¢, i.e. a light pulse in the early night
triggers an increase of Per1/2 in the ventral part of the SCN and Per2 in the dorsal
part, whereas light exposure late at night induces Per1t mRNA in both SCN subdivi-
sions. This regional distribution of light-activated cells indicates that the SCN does
not respond in a homogenous manner to light but rather shows a differential cellular
activation depending on the time of the light exposure 5. Considering that many VIP
and GRP containing cells are activated and show Fos, and that VIP-containing pro-
jections from the SCN reach many brain areas, such as the paraventricular nucleus
of the thalamus (PVT), PVN, MPO or DMH 5%, VIP cells will also convey the light
information to areas outside the SCN. The photic input may then influence other brain
target areas involved in endocrine/metabolism control via a direct route (VIP efferent)
and/or indirect pathways via the VP-containing projections. Recently, studies that
focussed on the SCN control of melatonin synthesis also provided information about
the organization of the SCN. Indeed, the SCN generates the nocturnal peak of mela-
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tonin by using two distinct signals: a rhythmic inhibitory signal driven by GABAergic
cells and a continuous stimulatory signal that is probably provided by glutamatergic
cells ® 3. In addition, the SCN, activated by light, uses (also at night) GABA as an
inhibitory transmitter to transmit this light information to the PVN. Both the dorsal
and ventral subdivisions of the SCN are proposed to contain neurons responsible for
the offset and onset of the melatonin release ®. Since GABA is present in about 30%
of the VP and VIP neurons the light signal to the pre-autonomic sympathetic PVN
neurons that inhibit melatonin secretion could be mediated by GABA, co-localized
in a small population of VIP neurons.

These studies reveal the SCN as a heterogeneous nucleus in which sets of neurons
are differentially activated, depending on the input “stimulus” We think that the SCN
forms a unit in which a high density of internal connections takes care of an SCN
output that is highly integrated with the light dark cycle and the physiology of the
body *.

3. SCN output and its transmission of light information

The SCN conveys its circadian signal by diverse projections to hypothalamic areas ¢+ .

Three main hypothalamic neuron populations have been identified as the major SCN

projection targets:

- endocrine neurons, which contain, for instance, gonadotropin-releasing hormone
(GnRH), corticotrophin-releasing hormone (CRH) or thyrotropin-releasing hor-
mone (TRH). Through these neuro-endocrine neurons, the SCN controls neuroen-
docrine functions such as the estrous cycle * .

- autonomic neurons, located in the PVN, connect the hypothalamus with sympa-
thetic and parasympathetic motor nuclei 72 Using this pathway, the SCN drives
peripheral tissues and organ functionality, such as the pineal gland for a rhythmic
production and release of melatonin ®*, or the adrenal, pancreas, liver or fat to
control metabolism 47376,

- intermediate neurons, located in MNP, DMH, sPVN, integrate, among other
things, the circadian information before it is transmitted to endocrine or autonomic
neurons 7778,

Light: Short-term effects

As mentioned above, a light pulse not only triggers neuronal firing of SCN cells but
also a cellular signalling cascade, resulting in IEG/clock gene transcription. The im-
mediate impact of a light pulse on SCN output, known to affect the autonomic nervous
system activity and then the peripheral organs’ ®, has not been extensively studied,
except light-induced inhibition of melatonin synthesis. As mentioned previously, the
circadian clock generates synthesis and secretion of melatonin at night. The SCN is
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connected to the pineal gland via multisynaptic pathways, i.e. the SCN-PVN-inter-
mediolateral cell column of the spinal cord (IML) - the superior cervical ganglion
(SCQG) - the pineal gland. In rodents, synthesis and release of melatonin is triggered
by the noradrenalin release/sympathetic activation that occur at night. GABA release
from SCN terminals during the day silences PVN pre-sympathetic neurons, whereas
at night glutamate activates PVN pre-autonomic neurons, resulting in melatonin
synthesis. At night, light stimulates SCN neurons, which release GABA in the PVN,
resulting in an immediate suppression of melatonin production ¢>*. In addition to
melatonin, light exposure also affects corticosterone secretion during the subjective
night period using the multisynaptic pathways; i.e. the SCN is connected to the ad-
renal cortex by the sympathetic branch of the autonomic nervous system. The light
exposure induces an immediate (after 5 min) decrease in corticosterone levels, which,
in contrast to melatonin, occurs only when light is applied in the first part of the night
5!, Similarly, it was recently found that longer light exposure results in an increase of
corticosterone after 1 hour ®. In the same way, light at night reduces the heart rate
only when a functional SCN is present. Light activates the heart rate in diurnal species
such as man, indicating that light, just like melatonin, is used by the SCN to signal the
time of the day. This proposal is further strengthened by the observation that animals
become immediately (i.e. within 5 minutes) inactive after they have been exposed
to light, even if that exposure occurs during their normal activity period 5> All this
is evidence that light induces immediate changes in the output of the SCN, which is
transmitted by hormones and the ANS to the body, immediately affecting physiology
and behaviour.

Light: Long-term effects

Apart from the fact that light induces an acute increase in SCN electrical neuronal
activity and transmitter release from its terminals and IEG and Per expressions in
the cell body, light activation can also induce a clock phase-delay or a clock-phase
advance when the light pulse is applied early or late at night, respectively *3. Although
there are indications that phase shifts take place immediately *, their behavioural ef-
fects can only be observed after some time, because the light-induced clock resetting
will modify the circadian output, leading to a phase-shift in the locomotor activity,
for instance %. The blockade of light-induced Per1 up-regulation abolishes the phase
shift in locomotor activity, suggesting that the Per1 mRNA increase is part of the clock
resetting process * #. Since Per1 mRNA upregulation is followed by an increase in
protein levels, the Per1 mRNA increase might create a dysbalance of the clock pro-
teins within the SCN neuron and thereby affect the phase of the clock *. If the phase
change exceeds the capacity of the immediate phase shift then the adjustment to the
new “timing” is not immediate: there is a “transient period” in which behavioural and
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physiological rhythms will adapt to the new phase. In case of phase delay, in which the
normal cycle is temporarily lengthened, the clock timing can extend in line with its
natural/endogenous period (period of about 27 hours) and can thus easily catch up
with the new L/D cycle. In addition to the daily synchronization of the clock by light,
recently a role of the clockwork in the integration of the photoperiodic changes was
proposed for the anticipation of the physiology and metabolism to a new season *.

As part of the generation of the daily rhythm in behaviour and physiology, the
biological clock also orchestrates and synchronizes metabolic processes within the
body according to the sleep/wake or rest/activity period, i.e., to promote a more ef-
fective metabolism by synchronizing the functional activity of organs to the time of
the day.

Since the temporal distribution of food intake is clearly driven by the circadian clock,
it has been assumed that the daily rhythms in circulating concentrations of meta-
bolic hormones and substrates (e.g., insulin, glucagon, leptin, glucose and free fatty
acids) are induced by the feeding pattern and not via a direct SCN control. However,
recently we have provided evidence that the SCN affects hepatic glucose production
and glucose uptake by the ANS via the PVN 7% These and other studies lead us to
propose that the SCN also plays a role in anticipating major changes in physiological
conditions, i.e. anticipate the glucose demands for the upcoming activity period by
means of an increase of corticosterone, a higher glucose tolerance, an increased insulin
sensitivity and a higher hepatic glucose production.

Therefore, in the second part of the introduction, we will focus on glucose me-
tabolism and we will give an overview of the mechanisms which may act on glucose
metabolism in order to anticipate the glucose demands according to the time of the
day.

DAILY RHYTHM IN PLASMA GLUCOSE CONCENTRATIONS

A daily variation of plasma glucose levels has been reported in humans and rodents
59092 The 24h-rhythm in plasma glucose level is characterized by a peak which oc-
curs just before the onset of the activity period, i.e. early morning for humans and
late day for the rodent. Plasma glucose concentrations are the result of glucose intake
(i.e. food absorption from the gut), hepatic glucose production (i.e., gluconeogenesis,
glycogenolysis) and glucose tolerance (i.e, glucose uptake by peripheral tissues). In
addition, an increase of glucose tolerance is induced by an increase of insulin secretion
by the pancreatic B cells (i.e., high insulin response) and/or a higher availability/sen-
sitivity in insulin receptor (i.e, insulin sensitivity) and/or a larger amount of glucose
transporters.
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1. Glucose rhythm is driven independently of feeding activity

Plasma concentrations in glucose and insulin display a daily rhythm in humans and ro-
dents 9397, Since insulin secretion is mainly triggered by an increase of blood glucose
due to food absorption, the glucose and insulin rhythms are thought to be indirectly
driven by the SCN, via its control over feeding activity. To investigate the direct impact
of the SCN on plasma glucose and insulin, fasting and a regular feeding regimen have
been used to prevent the influence of feeding behaviour. Under fasting conditions (2-3
days), only plasma glucose levels showed a persistent rhythm o> 9> %, suggesting that
the rhythmic pattern of plasma glucose is not a consequence of the rhythmic feeding
activity. However, starvation as a strategy to remove the rhythmic food signal might
not provide the best approach, since obviously the starvation period has to be limited
and also because after 2-3 days of starvation the digestive enzyme activity of the small
intestine still maintains its rhythm % %. Therefore, a new strategy in which meals are
equally distributed along the L/D cycle (6-meal schedule) was settled in order to dis-
rupt completely the rhythmic feeding signal without affecting the daily locomotor ac-
tivity. Under this scheduled regimen, plasma glucose levels still display a pronounced
24h-rhythm as found in fasting or ad libitum fed animals. Furthermore, SCN-lesions
combined with each feeding condition abolished the daily rhythm in plasma glucose
concentrations. Together, these studies indicate that SCN controls the plasma glucose
levels, independent of the rhythm in food intake 2. Interestingly, plasma insulin and
glucagon concentrations increase equally after every meal in a 6-meal schedule, in-
dicating that pancreatic hormones do not require a rhythm to generate the glucose
rhythm 9>'°°. However, the SCN does influence the feeding-induced insulin response,
depending on the time of the day **. This will be discussed in the next paragraph.

2. Daily rhythms in glucose tolerance and insulin sensitivity

A daily variation in glucose tolerance was demonstrated in humans by administra-
tion of an oral or intravenous glucose bolus, i.e., low glucose uptake at the end of the
afternoon versus high uptake in the early morning 9> °>*¢. These diurnal changes in
glucose uptake were demonstrated also in animal models by using a similar glucose
tolerance test * . These observations lead to the following question: “How to ex-
plain the variations in glucose tolerance?”. Theoretically, changes in glucose tolerance
could result from a variation in insulin secretion by B-pancreatic cells in response to
glucose or by a variation in the sensitivity of the tissue to insulin and/or changes in
non-insulin dependent glucose uptake. Human data indicated fluctuations in insulin
sensitivity as well as the pancreatic { cells’ sensitivity to glucose %031+ 1°¢. However,
these data were based on a comparison of morning versus evening. Studies performed
on a 24h-profile indicated that the diurnal variations in glucose uptake cannot result
from a change in insulin response to glucose, but are more likely to be due to a change
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in insulin sensitivity % ***. Moreover, SCN-lesion experiments revealed that insulin
sensitivity cannot be the only mechanism underlying the diurnal fluctuation in glucose
tolerance *. Therefore it was proposed that an insulin-independent mechanism of
glucose uptake may contribute to the generation of the 24h-rhythm in glucose toler-
ance. In line with this hypothesis, a recent study performed with cultured primary rat
muscle and fat cells showed a circadian rhythm of glucose uptake in muscle and fat
by an insulin-independent mechanism . However, no studies have confirmed the
rhythmic peripheral glucose uptake in vivo yet.

In view of the generation of the daily plasma glucose rhythm, it is clear that the daily
rhythm in glucose tolerance is not responsible for the generation of the peak before
the onset of the activity period, i.e. the plasma glucose increase occurs at the time
of the highest glucose uptake. Therefore the increase of plasma glucose concentra-
tion can only be explained by an increase of glucose output (i.e., probably by hepatic
glucose production) in order to compensate for the increase in glucose uptake. These
observations in rats are in line with the dawn-phenomenon observed in humans, i.e.
increased glucose output together with increased glucose utilization °.

Since endogenous glucose is mainly produced by the liver (i.e., gluconeogenesis and
glycogenolysis) '*, we propose that the SCN controls and sends its timing signal to the
liver in order to generate the daily 24h rhythm in glucose, i.e., to increase hepatic glu-
cose production at the end of the day, by using hormonal and/or neuronal stimulation.

3. Hormonal versus neuronal control of the daily glucose rhythm
Hormonal stimulation of hepatic glucose production
Glucagon is a hormone secreted by the a—pancreatic cells in response to low glucose
concentrations in the blood or to hypoglycaemia ****°. It activates hepatic gluconeo-
genesis by increasing the gene transcription of the phosphoenolpyruvate carboxykinase
(Pepck) "'* and stimulates the breakdown of glycogen stored in the liver by activating
the enzymes that depolymerize glycogen and release glucose 2.
The connection between the SCN and the pancreas via the ANS ¢ as well as a daily
variation in plasma glucagon levels in ad libitum fed animals **>*** indicate glucagon
as a potential circadian signal for driving the 24h-rhythm in glucose. However, there
are two main reasons why it is unlikely that the daily pattern of plasma glucagon
concentrations is responsible for the daily glucose rhythm. Firstly, the peak in plasma
glucagon level does not coincide with the peak in plasma glucose level, i.e. the rise in
glucose occurs three hours earlier in ad libitum fed animals. Secondly, a scheduled
feeding regimen abolishes the glucagon rhythm without affecting the daily variation
in plasma glucose levels **°.

Insulin, which has an effect that is the opposite of that glucagon on the liver, also
cannot explain the daily variation in plasma glucose (see the previous paragraph).
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EPINEPHRINE/GROWTH HORMONE/CORTICOSTERONE

Hepatic glucose production can be stimulated by catecholamines **+**5, growth hor-
mone "*"7 and corticosterone **'**. However, the ultradian rhythm in growth hor-
mone >>*** and the temporal fluctuations of noradrenaline/adrenalin *** cannot explain
the generation of the 24-h glucose rhythm. Corticosterone is still seen as a candidate
for driving the daily changes in plasma glucose, probably because the corticosterone
peak levels in the blood coincide so well with the peak levels in glucose, even though
blocking the corticosterone synthesis did not affect the morning rise in plasma glucose
in human »»'>4, Furthermore, in rats, despite large increases in plasma corticosterone
levels, no increase in plasma glucose concentration levels was observed 7.
FAT-DERIVED HORMONES/SUBSTANCES

Besides glucose, free fatty acids (FFA) are also an important fuel used by many tissues.
FFA can be produced by adipose tissue (i.e., lipolysis which breaks down triglycerides
(TG) in glycerol and FFA) and by the liver. Following food absorption, the increase of
plasma glucose levels triggers insulin secretion, which in turn inhibits the production
by the liver of FFA and hepatic gluconeogenesis, and increases glucose uptake **5. With
high levels of FFA (due to fasting or physical exercise), fatty acids inhibit the effect of
insulin, causing an increase of HGP '*°. The tight interaction between FFA and glucose
(the glucose fatty acid cycle) is based on competition **”: fatty acids inhibit glucose
oxidation and cause a switch to gluconeogenesis and glycogenolysis in hepatocyte ¢
128129 Therefore, it makes sense to investigate a possible role of lipid metabolites/hor-
mones in the generation of the 24h-rhythm in plasma glucose levels.

Interestingly, rhythms have been reported in plasma FFA concentrations > ', in
fatty acid synthesis in fat and liver **» *** and in enzyme activities involved in lipid
metabolism 3%, suggesting a role of lipid metabolism in the generation of the 24h-
rhythm in glucose.

White adipose tissue is no longer considered as just a passive organ (i.e., storage of
fat) but more and more as an important endocrine organ that participates in body
homeostasis by secreting “adipokines” or fat-derived hormones *3%.

Leptin is expressed mainly in adipocytes and secreted in the blood under the control
of the SCN. We recently demonstrated a rhythm in leptin secretion, which is depend-
ent on the SCN and which is affected by the autonomic output of the hypothalamus
139, Leptin effects on body weight regulation and metabolism are mediated through
hypothalamic centers, which control feeding activity, body temperature and energy
expenditure '*. Leptin may also play an important role in the modulation of metabolic
flux and insulin action '#"'#2. Among other things, the central action of leptin can pro-
mote hepatic glucose production via gluconeogenesis and glycogenolysis *4. However,
we have to keep in mind that in these studies mostly leptin is used, in pharmacological
doses. In addition, initially it was proposed that leptin would be responsible for the
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inhibition of food intake, since it is secreted into the blood at levels proportional to the
amount of fat. Moreover, the injection of leptin into obese animals that are unable to
produce leptin results in an inhibition of food intake, and hence a reduction in weight.
Two important but often neglected arguments argue against this: the normal 24 hour
peak in leptin occurs at beginning of the dark phase in animals as well as humans and
in rat this coincides with the onset of food intake. In addition, in normal overfed obese
animals and people high leptin levels can be found without any inhibitory effects on
food intake. To “explain” this phenomenon the term “leptin insensitivity” has been
introduced. Currently it is assumed that low levels of leptin have a more important
signalling function than high levels, e.g. its function is more associated with starvation.
This in fact has lead to the proposition that leptin is a signalling molecule of fasting
conditions rather than the molecule of surplus.

Adiponectin, like leptin, is secreted by adipose tissue and exerts some of its weight
reduction effects via the brain. However, in contrast to leptin, adiponectin inhibits
endogenous glucose production *#. Both leptin and adiponectin display a day/night
rhythm in humans and rodents in opposite phases, i.e, decline of plasma adiponectin
during the day reaching a nadir in early morning and a rise in leptin levels before
awakening 3% 474, Despite a quite similar daily rhythm between adiponectin and
glucose no clear evidence indicates a role of this fat-derived hormone in the genera-
tion of the glucose rhythm.

Neuronal stimulation of hepatic glucose production

The liver is highly innervated by both branches of the autonomic nervous system, i.e.,
parasympathetic and sympathetic. The hypothalamus can be seen as the ‘head’ gan-
glion of the autonomic nervous system and the role of the hypothalamus in glucose
metabolism was discovered by electrical or chemical stimulation in different hypotha-
lamic areas. Activation of the ventromedial hypothalamus produces hyperglycemia by
increasing glycogenolysis and gluconeogenesis by the sympathetic efferents directly to
the liver and/or via a release of stimulatory hormones such as glucagon '#5*. Contrary
to this, stimulation of the lateral hypothalamus produces hypoglycemia by activa-
tion of glycogen synthesis and inhibition of gluconeogenesis due to parasympathetic
activation of the liver *s>'s3. Furthermore, using intracranial injection of 2-deoxy-D-
glucose (2D@G), an essential role of the SCN in glucose metabolism was demonstrated:
the hyperglycemic response triggered by 2DG showed a time dependency and in
SCN-lesioned animals the increase in plasma glucose levels was completely abolished
798 Later, retrograde tracing studies using a pseudorabies virus (PRV) as a trans-
sypnatic tracer demonstrated connections between the circadian clock and the liver
via the autonomic nervous system >4, suggesting that the SCN can control glucose
metabolism via the liver in a circadian manner in order to generate the 24h rhythm
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in plasma glucose levels. Therefore we proposed that the SCN sends its timing signal
to the pre-autonomic neuron, localized in the PVN, to activate in a differential man-
ner the two autonomic routes and thereby control the hepatic glucose metabolism
155, In line with this hypothesis, the blockade of the GABA inhibitory SCN input to
the PVN by infusion of a GABA-antagonist during the day results in an increase of
plasma glucose levels. Interestingly, this hyperglycemia is completely abolished after
a sympathetic denervation of the liver, suggesting that the SCN can elicit an increase
of plasma glucose levels (i.e., probably by an increase of hepatic glucose production)
by activation of the sympathetic innervation of the liver 7.

Therefore we propose that the SCN generates the daily rhythm in plasma glucose
by controlling, in a rhythmic manner, the liver enzymes involved in glucose metabo-
lism.

4. Peripheral clock genes: a tool to affect glucose metabolism?

Clock genes, the essential components of the neuronal SCN clockwork, have been
reported to be present in peripheral tissues from isolated cells (e.g. epithelials cells,
osteoblast, blood mononuclear cells) to organ levels such as the pineal gland, adrenal,
thymus, heart, lung, liver, pancreas, skeletal muscle, kidney, fat tissues and spleen 5.
The existence of peripheral oscillators has lead to a reconsideration of the organiza-
tion of the circadian timing system: the SCN master clock orchestrates the circadian
oscillations within the organs to drive tissue-specific outputs synchronized with the
L/D cycle 566267,

Synchronization of the liver oscillator

Feeding activity is proposed to represent the dominant Zeitgeber for synchronizing
rhythmic clock gene expression in peripheral tissues such as liver . In fact, restricted
feeding can restore and synchronize rhythmicity of peripheral organs and even a be-
havioural rhythm in SCN-lesioned animals ***73. Furthermore, uncoupling the L/D
signal and food availability leads to a separation of the phase of the central clock and
the peripheral oscillator, reinforcing the idea that feeding activity is a more powerful
Zeitgeber than the circadian clock **. Thus, when light information and food avail-
ability are decoupled, the peripheral oscillators are more flexible than the SCN and are
reset by a complex of signalling cues related to pre- and postprandial mechanisms 7+
177, Since the liver is the main organ involved in glucose metabolism (release or storage
of glucose), it is not surprising that all nutrients/substances or humoral signals that can
be linked to pre- and postprandial processes (such as metabolized nutrients, hormonal
release) are able to reset the liver oscillators. However, some evidence indicates that
also the central clock can reset the liver oscillator, by controlling humoral signals 7.
Among them, corticosterone represents a potential resetting-signal for the liver clock,
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since its 24h rhythm is driven by the SCN *7, whereas also the sympathetic branch
of the autonomic nervous system provides a direct pathway to transmit SCN-timing
signal **. Despite the important role of the “metabolic signal” provided by food intake,
the light/dark signal conveyed by the circadian clock still remains an important signal
for the synchronization to the liver ***. For that reason, we propose that under “normal
feeding conditions” (i.e., ad libitum), the central clock entrains peripheral oscillators
to generate circadian tissue-specific outputs in order to drive, in a precise manner, the
daily physiology according to the sleep/wake cycle > 8 827184,

Circadian gene regulation of enzymes involved in glucose metabolism

The liver plays an important role in glucose metabolism through a delicate balance
between glucose uptake (i.e., storage by glycogenesis) and glucose release (i.e., glycog-
enolysis and gluconeogenesis). Hepatic glucose release/uptake is controlled by Glu-
cose-6-phosphatase (G6Pase) and glucokinase, respectively '%. Hypoglycemic signals
trigger an up regulation of phosphoenolpyruvate carboxykinase (Pepck) and glycogen
phosphorylase to increase glucose output via gluconeogenesis and glycogenolysis,
respectively. At the same time, inhibition of pyruvate kinase and glycogen synthase
will occur to decrease glycolysis and glycogen synthesis, indicating a tight link in the
regulation of mechanisms involved in glucose storage/use and hepatic glucose produc-
tion '** (Figure 2). Interestingly, it is indicated that hepatic glucose metabolism displays
a daily fluctuation by means of a rhythmic gene expression in glucokinase, glycogen
synthase and Pepck %%, Furthermore, recent studies demonstrated a direct control
of the liver clock gene on glucose-metabolizing genes, reinforcing the idea that the
liver oscillator might play a role in liver metabolism '**79*. The present thesis therefore
investigates whether the liver oscillator drives the metabolizing-glucose enzyme in a
circadian manner, rendering a more effective glucose metabolism by synchronizing
the functional activity of organs with the time of day, both through neuroendocrine
mechanisms and the autonomic nervous system (ANS).

SCOPE OF THE THESIS

The control of glucose homeostasis is based on a multifaceted mechanism, i.e. all tis-
sues, pancreatic hormones, fat-derived hormones, the autonomic nervous system, and
the liver, play a role in glucose uptake and production. In the present thesis we focus
on the role of the autonomic nervous system (ANS) and the liver in glucose home-
ostasis. One of the strategies to maintain glucose homeostasis is the anticipation of
foreseen changes in the environment. One of the clearest examples is the anticipation
to seasonal changes. Here, the SCN-pineal axis plays an essential part in preparing
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Figure 2 Key enzymes involved in hepatic glucose metabolism.

the animal for the upcoming changes in food supply, resulting in profound changes
in reproduction and metabolism. A number of species are less subject to seasonal
changes but in all mammals the SCN has a special role in the anticipation to daily
changes such as the approach of the active period of the organism, human or animal.
This anticipatory role of the SCN is characteristic for its involvement in the organiza-
tion of the physiology of the animal and its influence on metabolism, by means of a
rise in glucose, corticosterone and body temperature just before awakening. Since
the appropriate organization of metabolism (in particular the regulation of glucose
homeostasis) is vital importance for an organism, we examined in the present thesis
the role of the SCN and its control in the ANS input to the liver for the rhythm in
plasma glucose levels. The thesis can be divided in two parts:

First part

Recently it was shown that the activation of the sympathetic input to the liver can
trigger an increase in plasma glucose concentrations, suggesting a role of this auto-
nomic route in the daily peak in plasma glucose levels. Therefore, in the first part of
the thesis, we investigated whether the sympathetic innervation of the liver is involved
in the genesis of the 24h-rhythm in plasma glucose levels. In addition, in view of the
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importance of clock genes for the rhythmic electrical activity in the SCN, we inves-
tigated whether clock genes and the glucose-metabolizing enzyme, which are both
rhythmically expressed in the liver, are responsible for the genesis of the 24h-rhythm
in plasma glucose concentrations (Chapter 2/3). Having observed the lack of contribu-
tion of the clock genes to the rhythm of liver enzymes ( i.e. sympathetic denervation
did affect the rhythmicity of liver enzymes but not that of the clock gene), we decided
to examine the contribution of the ANS and food intake to the rhythmicity of liver
enzymes and blood glucose levels (Chapter 3).

Second part

We aimed to investigate how the SCN controls autonomic inputs to the liver in order
to reset the liver clock gene and thereby modifies or adjusts the glucose metabolism
according to the time of the day. Recently, we have shown that the inhibitory transmit-
ter GABA mediates the light-induced inhibition of the rise in plasma glucose levels via
the sympathetic preautonomic neurons in the PVN. This observation led us to identify
whether the activation of the sympathetic input affects the clock gene expression in the
liver and the enzymes involved in glucose metabolism. Since GABA-antagonist infu-
sion in the PVN results in activation of all preautonomic neurons, i.e. increases in glu-
cagon and corticosterone, we were able to identify a selective effect of the sympathetic
input on the liver clock-gene and enzyme transcripts (Chapter 4). Therefore we aimed
at using a more specific approach to affect the autonomic output of the PVN. Since
light immediately affects the output of the SCN, and in addition resets the time of the
SCN, both processes may in turn modify the physiology and metabolism according to
the new time of the day. We therefore decided to investigate the role of the ANS in the
transmission of the light signal to the liver. By using complete autonomic denervation
of the liver we could dissect autonomic from hormonal input and examined how the
autonomic input influences the liver clock genes and glucose-metabolizing enzymes
in order to immediately respond to an environmental change (Chapter 5).
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Abstract

In order to drive tissue-specific rhythmic outputs, the master clock, located in the
suprachiasmatic nucleus (SCN), is thought to reset peripheral oscillators via either
chemical/hormonal cues or neural connections. Recently, the daily rhythm of plasma
glucose (characterized by a peak before the onset of the activity period) has been
shown to be directly driven by the SCN, independently of the SCN control of rhyth-
mic feeding behavior. Indeed, the daily variation of glucose was not impaired unless
the scheduled feeding regimen (6-meal schedule) was associated with an SCN lesion.
Here we show that the rhythmicity of both clock gene mRNA expression in the liver
and plasma glucose is not abolished under such a regular feeding schedule. Since onset
of the activity period and hyperglycemia are correlated to an increased sympathetic
tonus, we investigated whether this autonomic branch is involved in the SCN control
of plasma glucose rhythm and liver rhythmicity. Interestingly, hepatic sympathec-
tomy combined with a 6-meal feeding schedule results in a disruption of the plasma
glucose rhythmicity without affecting the daily variation of clock gene mRNA expres-
sion in the liver. Taking all these data together, we concluded that i) the SCN needs
the sympathetic pathway to the liver to generate the 24h-rhythm in plasma glucose
concentrations, ii) rhythmic clock gene expression in the liver is not dependent on
the sympathetic liver innervation and iii) clock gene rhythmicity in liver cells is not
sufficient for sustaining a circadian rhythm in plasma glucose concentrations.

Introduction

In mammals, the suprachiasmatic nucleus (SCN) synchronizes behavioral and physio-
logical rhythms to the day/night cycle via its efferent projections 7'9>'*, SCN neurons
exhibit a circadian oscillation of electrical activity driven by a molecular mechanism
based on interacting positive and negative transcriptional-/translational-feedback
loops. At least seven clock genes play a crucial role in the clockwork: Bmali, Clock,
part of the positive limb, and Cry1/2, Per1/2/3, part of the negative limb 2594195,
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Clock genes have been demonstrated throughout the entire body *¢* ¢, The dis-
covery of these peripheral oscillators has led to a reconsideration of the organiza-
tion of the circadian system. Many studies (e.g. SCN lesions, culture explants) have
provided evidence that the peripheral oscillators need the master clock to maintain
their rhythmicity 97-'%%. However, other reports showed that peripheral organs possess
a self-sustained oscillator >, suggesting that the SCN controls the tissue-specific
outputs by synchronizing the peripheral oscillators *. Nevertheless, it remains unclear
how the SCN synchronizes peripheral oscillators. Moreover, the question whether
the peripheral circadian clockwork drives rhythmic output of gene expression within
tissues, resulting in organ specific function, has not yet been answered.

It is known that the SCN conveys its “timing” signal to the periphery via different
routes: neural connections (autonomic branches), hormonal cues (e.g. corticoster-
one, melatonin, growth hormone) and rhythmic behaviour ¢>*7%. For the liver, studies
revealed that chemical cues (e.g. glucocorticoids, adrenaline) or sympathetic nerve
stimulation can either elicit a phase shift or trigger rhythmic gene expression 7% %,
Also, restricted feeding appears to have a powerful effect on resetting clock gene ex-
pression in the liver *¢%'73, Interestingly, glucose metabolism, too, appears to be affected
by hormonal cues, autonomic activity and feeding behaviour .

In search of a functional role for clock gene expression in the liver, this evidence
triggered our interest in the regulation of liver clock genes in relation to glucose me-
tabolism. Starting from the hypothesis that hepatic glucose production and the liver
clockwork are associated, we explored how the SCN synchronizes liver metabolism
and rhythmic clock gene expression. Since food intake affects clock gene expression 73
and plasma glucose rhythm is not disturbed by scheduled feeding > we first monitored
the daily expression of liver clock genes under this scheduled feeding regimen. Sub-
sequently we investigated the role of the sympathetic liver innervation in the control
of the plasma glucose rhythm and clock gene rhythms, since this autonomic branch is
known to increase plasma glucose concentration (most likely via an increase of hepatic
glucose production) and clock gene expression in the liver 7% 8202,

Materials & Methods

Animals

Adult male Wistar rats (Wu, Harlan, Zeist, The Netherlands) were kept in a 12 h light/
12 h dark cycle (L/D; lights on at 7:00, considered as Zeitgeber time (ZT) o) under
constant conditions of temperature (20 + 2°C) and humidity (60 + 2%) with water ad
libitum. All experiments were conducted with the approval of the Animal Care Com-
mittee of the Royal Netherlands Academy of Arts and Sciences.
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Six- meal regimen

Rats were entrained to a regular feeding schedule consisting of six meals spread equally
over the L/D cycle. Food pellets (Global Rodent Breeding, purified pellet, Harlan Tek-
lad) were available every 4 hours (ZT2, 6, 10, 14, 18 and 22). The access to food was
11 and 9 minutes for the day-time and night-time meals, respectively. The rats were
given three weeks to adapt to the feeding schedule. The amount of food consumed
during the day- and night-time meal was measured regularly. During the third week
of adaptation, the mean size of a day-meal was 3.44 + 0.05g and for a night-meal 3.27+
0.16g (n = 32 animals). For more details on the six-meal schedule, see '3

Surgical procedure

GENERAL PROCEDURE

Surgery was performed in rats of 300-350g. Rats were anesthetized using a mixture of
Hypnorm (Janssen, o.05ml/100g BW, i.m.) and Dormicum (Roche Nederland, 0.04ml/
100g BW, s.c.). During surgery, the abdominal cavity was bathed regularly with sa-
line to prevent drying of the viscera. The wound was closed with atraumic sutures
(5-0 Perma-Hand Said Ethicon). After the surgery, the animals were placed in an
incubator until awakening (temperature 30°C); saline was injected subcutaneously
to prevent dehydration. Post-operative care was provided by subcutaneous injection
of the painkiller Temgesic (Schering-Plough (Utrecht importer), 0.01ml/100g BW),
after the operation and on the following day. Animals were allowed to recover for two
weeks and subjected to either a six-meal schedule or allowed ad libitum food access,
according to their experimental group.

HEPATIC SYMPATHECTOMY

A laparotomy was performed in the midline. The liver lobes were gently pushed up
and the ligaments around the liver lobes severed to free the bile duct and the portal
vein complex. The bile duct was isolated from the portal vein complex. At the level of
the hepatic portal vein, the hepatic artery, a branch of the celiac artery, divides into
the hepatic artery proper and the gastro-duodenal 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. The nerve bundles running along the hepatic artery
proper were visualized using a myelin-specific dye (Toluidin Blue) and were removed
using micro-surgical instruments under an operating microscope (25x magnification).
Any connective tissue attachments between the hepatic artery and the portal vein were
also broken, eliminating any possible nerve crossings. The sympathetic denervation
involves an impairment of both efferent and afferent nerves. However, this procedure
does not impair the vagal input to the liver, as shown previously 7.

JUGULAR VEIN CATHETER

During the same surgical procedure (see above), an intra-atrial silicone cannula was
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implanted through the jugular vein according to the method of Steffens ** for all the
groups whose glucose, insulin and corticosterone were measured.

Experimental Set-up

EFFECT OF SIX-MEAL SCHEDULE ON LIVER CLOCK-GENE EXPRESSION

It has been shown previously that our scheduled feeding does not impair the daily
rhythm of plasma glucose concentrations ®. In the first part of our study we checked
whether, under the same feeding conditions, the clock gene expression profile in the
liver was affected or not. Therefore, groups of rats either had ad libitum access to food
or were entrained to the six-meal regimen. After the required period of synchroniza-
tion, the animals were sacrificed at ZT 0.5, 6.5, 12.5, 18.5 (n = 5 per point).

EFFECT OF HEPATIC SYMPATHECTOMY (HSX) ON PLASMA GLUCOSE RHYTHM UNDER
SCHEDULED FEEDING CONDITIONS

After three weeks of entrainment to the scheduled feeding regimen, the animals were
divided into two groups: sham-operated (n = 8) or HSx (n = 17). All animals were fit-
ted with a jugular vein catheter in order to be able to follow plasma profiles of glucose,
insulin and corticosterone. One week after surgery, animals of both groups consumed
the same amount of food as prior to the surgery (+ 3g per meal). After two weeks of
recovery, o.2ml of blood was collected once every hour during 12 consecutive hours,
on two different occasions within a period of two weeks. The two runs started at ZT6.5
and ZT18.5. After blood sampling the completeness of sympathetic liver denervation
was checked using transneuronal virus tracing (the Bartha strain of the Pseudorabies
virus). Pseudorabies virus was injected into the left lobe of the liver under anesthesia
(described in the general procedure of the surgery), containing 5 x 10°¢ plaque-form-
ing units. The rats were allowed to survive 5 days, to give the virus maximal time for
infection. In sham-operated rats the first neurons become visible in the CNS after 2
days of survival time in the sympathetic preganglionic neurons, located in the inter-
mediolateral column (IML) of the spinal cord. No infection after 5 days survival time
should then confirm the quality of the sympathetic denervation. The virus was visual-
ized by means of immunocytochemistry, as previously described *>*.

EFFECT OF HEPATIC SYMPATHETIC DENERVATION ON LIVER CLOCK GENE EXPRES-
SION UNDER SCHEDULED FEEDING CONDITIONS

Rats were divided into three groups: two groups, one non-operated (n = 6 per time
point) and one sham-operated (n = 4 per time point), had free access to food; the third
group consisted of hepatic sympathectomized rats subjected to the six-meal regimen
(n = 5 per time point). One week after surgery, animals subjected to the six-meal feed-
ing schedule consumed the same amount of food at each meal as before the surgery
(+ 3g per meal). After two post-operative weeks, groups of animals were sacrificed
every four hours along the L/D-cycle (ZT2, 6, 10, 14, 18 and ZT22). The completeness
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of the hepatic sympathectomy was verified by measuring the noradrenaline content
of the liver by HPLC analysis, as the virus treatment is not compatible with RNA
extraction.

High Performance Liquid Chromatography-Electrochemical Measurements

For verification of the completeness of sympathectomy, sections of liver were taken af-
ter experimental procedures and processed using High Performance Liquid Chroma-
tography (HPLC) with electrochemical detection for noradrenaline (NA) content.

Tissue samples were weighed and homogenized in ice-cold 0.1M perchloric acid
(2ml/100mg) and centrifuged (14000 rpm) for 15 minutes at 4°C. The aliquots were
then transferred to clean Eppendorf ™ tubes and centrifuged again. Samples of 2ol
supernatant were subsequently transferred to the HPLC for analysis (Waters 600E
pump and Waters 717plus autosampler, Waters Chromatography b.v., Netherlands;
Decade VT-03 electrochemical detector, Antec Leiden, Netherlands and Shimadzu
Class-vp ™ software v.5.03 Shimadzu Duisburg, Germany).

The mobile phase consisted of 0.06mol/l Sodium Acetate, 9mmol/l Citric acid,
o0.37mmol/l Heptasulfonic acid and 12.5% methanol. The flow rate was kept constant
at 0.3ml/min. Separation of NA from other endogenous compounds was achieved with
a Supelcosil column (LC-18-DB 25cm x 4.6mm x 5 ptm), with a 2 cm guard-column of
the same material (Supelco Superguard ™, Supelco USA), column temperature was kept
constant at 28°C. Quantification was achieved by means of electrochemical detection
(+0.65V) and NA content was measured against a calibration curve of an external NA
standard. The detection limit (i.e. signal to noise ratio = 2) was 1 pg of NA injected on
the column.

Activity measurements

Locomotor activity recordings were carried out using an analog Piezo-electric stabil-
imeter, the signals of which were transmitted to a PC-based analog computer inter-
face (CED 1404 Cambridge Electronic Design LTD). The rat cages were placed on a
baseplate which in turn was placed on 4 parallel-connected Piero-electronic sensors
(Murata, 27mm round disks). The voltage output of the sensors is proportional to rela-
tive changes in pressure, i.e. activity of the rat. The activity signals were transmitted
directly to the analog inputs of the interface and, with the help of relevant software,
transformed into absolute values, i.e. activity bouts. They were added up over a period
of 5 minutes and stored into text files for later analysis.

Plasma measurements

Plasma glucose concentrations were determined in triplicate using a Glucose/GOD-
Perid method (Boehringer Mannheim, GmGH. Germany). Plasma immunoreactive
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insulin concentrations were determined in duplicate with a radio immuno-assay kit
(Linco Research, St. Charles, MO). The lower limit of the assay was 0.2ng/ml and the
coefficient of variation of the immunoassay was less than 8 %.

Plasma corticosterone concentrations were determined in duplicate with a radio-
immuno-assay kit (ICN Biomedicals, Costa Mesa, CA). From the samples, 1opl was
taken and diluted in 4 ml of assay buffer. The lower limit of the assay was 1ng/ml and
the coefficient of variation of the immunoassay was less than 4 %.

Rat liver RNA extraction and cDNA synthesis

Total RNA was extracted from each liver collected at the different ZT time points by
RNeasy mini Kit (Qiagen, Courtaboeuf, France) and included DNase step, according
to the manufacturer’s instructions.

CDNA SYNTHESIS

2ug of each total RNA was reverse-transcribed in a final reaction volume of 2opl. First,
total RNA and a random hexamer (125ng/pg of RNA, Hexanucleotide Mix, Roche,
Life Technology Nederland) were incubated for 10 min at 70°C. Then, 5X first strand
buffer, 0.1M DTT and dNTPs (1omM) were added and the samples were incubated for
2 min at 42°C. Finally, 1pl of Superscript II RNase H™ Reverse transcriptase (SSIIRT,
In Vitrogen, Life Technology Nederland) was added and the reaction was incubated
for one hour at 42°C. In parallel, as a control (to detect any unspecific amplification
for each sample), 2 pg total RNA underwent the same procedure, except that 1ul of
SSIIRT was replaced by 1l of water (No Reverse-Transcriptase or No RT). Each
single-stranded cDNA and its respective No RT was then used as a template for the
Real-Time PCR.

Real-Time PCR (RT-PCR)

Five clock genes [Period (Per) 1/2/3, Cryptochrome (Cry) 1 and D site of albumin
promoter-binding (Dbp, a clock-controlled gene)] and two reference genes [(ubiquitin
conjugate enzyme (Ubcze) and TATA box binding protein (Thp)] mRNA levels were
analyzed by RT-PCR.

SET-UP OF THE TECHNIQUE

Gene-specific primers were designed using Primer Express Software (Applied Biosys-
tems, Foster City, CA, USA). Primer data are given in Table 1.

One pl of each cDNA was incubated in a final volume of 20ul RT-PCR reaction
containing 1X SYBR-green master mix (Applied Biosystems) and 6 pmol (reverse
+ forward) of each primer. Quantitative PCR was performed in an Applied Biosys-
tems (Model ABI5700 Prism Sequence Detection System). Cycling conditions were:
2 min at 50°C, 10 min at 95°C, followed by 40 cycles of 15 s at 95°C; 1 min at 60°C.
The data were acquired and processed automatically by Sequence Detection Software
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Table1 Genenomenclature, GenBankaccession code, primer sequences and primer efficiency

Gene GenBank Forward Primer Reverse Primer Efficiency
Cry1 NM 198750 AAGTCATCGTGCGCATTTCA  TCATCATGGTCGTCGGACAGA 1.98

Per1 XM 340822 TCTGGTTCGGGATCCACGAA  GAAGAGTCGATGCTGCCAAAG 1.84

Per2  NM 031678 CACCCTGAAAAGAAAGTGCGA CAACGCCAAGGAGCTCAAGT 2.2

Per; NM 023978 ATAGAACGGACGCCAGAGTGT CGCTCCATGCTGTGAAGTTT 2.1

Dbp NMoi12543 CCTTTGAACCTGATCCGGCT  TGCCTTCATGATTGGCTG 1.96

pr XM 217785 TTCGTGCCAGAAATGCTGAA TGCACACCATTTTCCCAGAAC 1.89

Ubi  U13176 CTCCAACAGGACCTGCTGAAC CTGAAGAGAATCCACAAGGAATTGA 2.04

(Applied Biosystems Inc). Preliminary experiments were performed to establish the
amplification efficiency (E) for each of the primer pairs (to allow direct comparison
of the expression levels of the different clock genes throughout the L/D cycle) and
the optimal dilution of the cDNA to obtain a cycle threshold (Ct) between 15 and 30
cycles, as recommended by the manufacturer. For all primer pairs the amplification
efficiency (E) was determined on the basis of a cDNA dilution series. The Ct values
obtained from the dilutions are expressed as the logarithm of the dilution factor: Ct =
log(dilution factor). The slope of the best-fit line allowed us to determine the efficiency
E according to the following equation: E = 10°/°P®) (Table 1). Primer specificity was
confirmed by dissociation (melting) curve analysis and agarose gel electrophoresis.
To correct the cDNA load for the different samples, the target gene had to be normal-
ized by a reference gene. Reference genes are selected by their constant expression
throughout the L/D-cycle. The selection of the two reference genes used in our studies,
Ubc2e ubiquitin conjugate enzyme and TATA box binding protein, was confirmed by
the GeNorm v3.3 program (http://allserv.ugent.be/~jvdesomp/genorm/).
DETECTION OF CLOCK GENE EXPRESSIONS BY THE RT-PCR

The levels of mRNA of five clock genes (Per1/2/3, Cry1 and Dbp) in each sample col-
lected throughout the L/D-cycle were quantified. The amount of each transcript was
first normalized independently, with the average calculated from the transcript levels
along the L/D. The value obtained was then divided by the average of the normalized
values of the two reference genes. Control PCRs were performed using PCR reaction
mix, including primers without cDNA (non-template control) or with 1pl of the No
RT reaction in the reaction mixture.

Euthanasia

For the clock gene expression measurements, animals were sacrificed by decapita-
tion. To minimize RNase activity within the tissue, pieces were collected and directly
frozen into nitrogen and kept at —80°C until analysis. In these animals, the complete-
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ness of the denervation was determined by analyzing the noradrenaline (NA) content
in the liver by HPLC. PRV-injected rats were sacrificed 5 days after injection. They
were deeply anesthetized with an intraperitoneal injection of sodium pentobarbital
(Nembutal, Ceva Sante Animal B.V, Maassluis, Nederland) and perfused through the
left ventricle of the heart with a saline solution followed by a solution of 4% parafor-
maldehyde and 0.05% glutaraldehyde in phosphate-buffered saline (0.1 M Phosphate-
buffered saline, pH 7.2).

Statistical analysis

GLUCOSE, CORTICOSTERONE AND INSULIN PROFILES

The plasma concentrations of glucose, corticosterone and insulin are expressed as
mean + SEM. Statistical analysis was conducted using a repeated-measures analysis of
variance (ANOVA) to test for an effect of time. If ANOVA detected a significant effect
of time, a cosinor analysis was performed, using the fundamental period (24h) for the
individual sets of data points. Curve fitting was performed using constrained nonlinear
regression analysis (with the SPSS Advanced statistic 11.0). Parameters for which the
significant level of the fitted curve was less than 0.05 were used for further calculation
of parameter means and examination of modulation of the rhythm throughout the L/D
cycle 4. The fitted function is defined by its mesor (rhythm-adjusted mean), amplitude
(50% of the difference between the maximum and the minimum), and acrophase (time
of the maximum). ANOVA and the Student’s t-test were used to detect significant dif-
ferences between sham-operated and HSx rats. For the ANOVA, (paired) t-tests and
the cosinor analysis, p<o.05 was considered to be a significant difference. In all cases,
statistics and cosine analysis were done on absolute values.

RT-PCR DATA ANALYSIS

Data from all experiments are presented as mean + S.E.M. To demonstrate a statisti-
cally significant difference among the different ZT time-points, the P-value of One-way
ANOVA was calculated on the basis of the normalized data (SPSS package V12.0).
When the ANOVA analysis indicated such a difference, post hoc t-tests (paired) were
performed with a significance set at 0.05. To evaluate an effect of groups (control /
experimental groups), MANOVA was performed with a significance set at 0.05. The
student t-test (un-paired) was applied to estimate a significant difference between two
groups at specific ZT points.

Results

Effect of six-meal schedule on clock-gene expression in the liver

Under ad libitum conditions, the clock gene mRNA expression showed a rhythmic
pattern (p< 0.001) in accordance with data previously described in mouse and rat **®
170205207 T the six-meal schedule too, all clock genes showed a clear daily expression
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rhythm (p<0.001). The transcript levels of the five clock genes in both groups showed a
variation along the L/D cycle with higher nocturnal values: a peak at ZT12.5 for Per1/3
and Dbp mRNA and a peak at ZT18.5 for Cry1/Per2 mRNA (Figure1, Table 2).
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Figure 1 Circadian variation in Per1, Per2, Per3, Cry1 and Dbp mRNA levels in the liver.
Animals were housed in 12h light/12h dark cycle with lights on at 07:00 under ad libitum
condition or under 6-meal schedule, and were sacrificed (n = 5) at the indicated times of
the daily cycle. The peak of mRNA expression for each clock-gene was compared with that
of other time points; *P >0.05 for ad libitum group, “P < 0.05 for 6-meal schedule group. A
bracket with asterisks indicates a time point in which the two experimental groups (ad libitum
versus 6-meal schedule) differ significantly from each other.(*P < 0.05).
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Table 2 Statistical analysis of the diurnal variations of clock gene mRNA expression in intact
rats under ad libitum and scheduled feeding regimen.

Two-way ANOVA

Single Time (T) Group (G) Interaction (Gx T)

Per1 Ad libitum <0.001 <0.001 0.606 0.752
6 meals schedule <0.001

Per2 Ad libitum <0.001 <0.001 0.353 <0.001
6 meals schedule <0.001

Per3 Ad libitum <0.001 <0.001 0.288 0.544
6 meals schedule <0.001

Cry1 Ad libitum <0.001 < 0.001 0.866 0.534
6 meals schedule <0.001

Dbp Ad libitum <0.001 <0.001 0.440 <0.001
6 meals schedule <0.001

One-way ANOVA shows the significant daily variations of the clock-gene mRNA expressions in both
treatment groups. Two-way ANOVA shows the significance of the difference between ad libitum
and 6-meal schedule group.

No significant effects of group were detected, but a significant interaction effect was
detected for two clock genes studied: Per2 and Dbp. Indeed, the levels of Per2 and Dbp
transcripts displayed higher values in the scheduled regimen than in the ad libitum
condition at ZT6.5 and ZT12.5, and ZT6.5 respectively (p<o0.05).

Nonetheless, these data strongly suggest that the feeding schedule regimen, based
on six meals delivered every four hours along the 24h L/D-cycle, does not disturb the
24h-rhythm of the five clock gene transcripts. Interestingly, under the same scheduled
feeding conditions, it has been shown that the liver output (glucose rhythm) is not
disrupted either *=.

Effect of hepatic sympathectomy (HSx) on plasma glucose rhythm under
scheduled feeding conditions

VERIFICATION OF THE LIVER DENERVATION WITH PRV STAINING

Seven out of seventeen rats provided with jugular vein catheters were correctly den-
ervated according to the virus patterns. No labeling was detected in the thoracal IML
after 5-6 days. The data of the 10 HSx rats that did show labeling in the IML in the tho-
racic part of the spinal cord were not included in the final analysis of the HSx group.
LOCOMOTOR ACTIVITY AND GROWTH

Locomotor activity patterns measured in HSx rats (n = 4) were not significantly differ-
ent from their activity before surgery (Figure 2). Initially some HSx rats had a delay in
retaining their normal growth rate after the operation, but after a recovery period of
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Figure 2 Locomotor activity levels (values are percentages of 24h-mean) across the light/dark
cycle (A) in rats before surgery and (B) in the same rats after HSx under 6-meal schedule
(n = 4). The dark bars indicate the dark period. The vertical dotted lines represent the 9- or
11-minutes periods when food was available.

10 days they had returned to their pre-operative body weight and consumed similar
amounts of food as compared to the intact rats.
PLASMA GLUCOSE CONCENTRATIONS
During the experiment the catheter of one sham-operated animal got blocked and
blood sampling was thus performed on seven sham-operated animals. The 24h pro-
files of plasma glucose concentrations (Figure 3) measured in the sham-operated rats
showed a significant variation along the light/dark cycle (p<o.001) as also described
previously *>'°°. The highest and lowest concentrations were, respectively, + 7.5mmol/l
and *+ 5.6mmol/l at ZT12.5 and ZT1.5, respectively. The data points of five sham-oper-
ated rats could be made to fit the single cosinor analysis, indicating that the plasma
glucose concentrations displayed a 24h-rhythm, with a peak occurring at ZT 11.7 £
0.8 (Goodness of fit (R*) = 0.29 + 0.10).

Plasma glucose concentrations of the seven well-denervated animals (HSx) also
displayed a significant variation along the L/D cycle (Figure 3) (p = 0.003). The highest
and lowest concentrations were, respectively, + 7.smmol/l and + 6.1.mmol/l at ZT6.5
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Figure 3 Plasma glucose, plasma insulin and plasma corticosterone concentrations across
the light/dark cycle under scheduled feeding conditions in HSx (n=7) and sham-operated
rats (n=7). The gray areas indicate the mean + S.E.M plasma glucose/insulin/corticosterone
concentrations in sham-operated animals. The black bars indicate the dark period. The verti-
cal dotted lines represent the 9- or 11-minutes periods of food availability.

and ZT19.5. However, significant effects of group and group*time (Table 3) were de-
tected by repeated-measures ANOVA, showing that the plasma glucose concentration
in HSx differed significantly from the sham-operated group. In fact, the data from five
out of the seven HSx animals could not be made to fit a cosinor analysis. The data
points of the two HSx rat that did fit a cosinor analysis, however, presented glucose
peaks at very different time points (ZT5 and ZT9). Accordingly, HSx rats did not show

38



HEPATIC SYMPATHECTOMY

Table 3 Statistical analysis of the diurnal variations of plasma glucose, plasma insulin and
plasma corticosterone levels in sham-operated and HSx animals.

Two-way ANOVA

Single Group (G) Time (T) Interaction (GxT)

Glucose Sham-operated < o0.001 =0.020 < 0.001 =0.006
HSx =0.003

Insulin Sham-operated < o.001 =0.078 <0.001 <0.001
HSx < 0.001

Corticosterone ~ Sham-operated < o0.001 =0.015 <0.001 =0.527
HSx <0.001

One-way ANOVA shows the significant daily variations of the plasma glucose, plasma insulin and
plasma corticosterone concentrations in both groups. Two-way ANOVA shows the significance of
the difference between sham-operated and HSx animals.

a 24h-mean rhythm in their plasma glucose levels as found for the sham-operated rats
(Figure 3). Furthermore, the 24h-mean plasma glucose concentrations of HSx rats was
slightly, but significantly, higher than the one of the sham-operated rats (6.92 + 0.07
mmol/l vs 6.52 + 0.13 mmol/l).

PLASMA INSULIN CONCENTRATIONS

The basal insulin concentrations in sham-operated animals (Figure 3) showed a clear
variation over the light/dark cycle (p<o.001), with clear increments at every meal, as
also described previously *> ***. However, only two out of the seven sham-operated
animals presented a significant fit with a cosinor analysis with a peak at ZT7.2 + 1.44
and an R? of 0.24 + 0.07. Plasma insulin concentrations in HSx rats also displayed
significant fluctuations over the L/D-cycle, but these were not clearly connected to
the meals. No effect of group (Table 3) was detected, but repeated-measure ANOVA
analysis did show a group*time effect, indicating that the 24h pattern of insulin in
the HSx group differed significantly from that of the control group. In fact, in HSx
rats more insulin profiles could be made to fit a cosinor (four out of seven), indicat-
ing a 24h-rhythm in plasma insulin concentrations, with peak concentrations at the
beginning of the light period (ZT 0.93 + 1.08) and an R* of 0.35 + 0.05. Furthermore,
the 24h-mean plasma insulin concentrations of HSx rats were higher than those of
sham-operated rats (3.7 £ 0.4 mmol/l vs 2.6 + 0.3 mmol/l).

PLASMA CORTICOSTERONE CONCENTRATIONS

The 24h profiles of plasma corticosterone concentrations (Figure 3) measured in the
sham-operated rats showed a significant variation along the light/dark cycle (p<o0.001),
as previously described 9. No effect of group*time was detected by repeated-meas-
ure ANOVA (Table 3), indicating that the HSx rats displayed a similar 24h-rhythm
in plasma corticosterone concentrations. Clearly, the data from both sham-operated
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and HSx rats could be made to fit the cosinor analysis, indicating a rhythmic pattern
with a peak occurring at the beginning of the dark period (ZT 12.34 £ 0.35) and an
R? of 0.44 + 0.15. However, the significant group effect revealed that (Table 3) the
absolute 24h mean of plasma corticosterone concentrations was somewhat lower in
HSx rats compared to sham-operated ones (34.49 £ 3.4 ng/ml and 59.19% 7.5 ng/ml,
respectively).

Effect of hepatic sympathetic denervation (HSx) on liver clock gene expression
under scheduled feeding conditions

No significant differences in rhythmicity in clock gene expression were found between
non-operated and sham-operated rats (p>0.05), showing that the surgery per se did
not affect the mRNA expression of the genes studied. Therefore, these two groups were
combined into one control group.

The average NA concentration in the liver, measured in intact rats (n = 24), was
22.2 * 1.7 ng/g of liver. In the HSx groups, two animals did not recover after surgery.
The average of the NA concentration in the liver measured in the remaining twenty-
eight HSx rats was 6.0 + 2.2 ng/ g of liver (i.e., ~ 30% of control levels). Thirteen out
of these twenty-eight HSx rats displayed no detectable NA content and four HSx rats
had <3.5 ng/g of liver (i.e., <15% of control levels). These four rats were included in
the complete HSx group to increase the number of animals per time point and to al-
low statistical analysis. One-way ANOVA was performed on the data obtained from

Table 4 Statistical analysis of the daily expression of the clock gene mRNA in control and
HSx groups.

Two-way ANOVA

Single Time (T) Group (G) Interaction (G x T)

Per1 Control <0.001 <0.001 =0.399 =0.707
Complete HSx <0.001

Per2 Control <0.001 < 0.001 =0.768 = 0.002
Complete HSx =0.003

Per3 Control <0.001 <0.001 =0.569 =0.031
Complete HSx < 0.001

Cry1 Control <0.001 <0.001 =0.925 <0.001
Complete HSx =0.016

Dbp Control <0.001 < 0.001 =0.125 <0.001
Complete HSx =0.003

One-way ANOVA shows the significant daily variations of the clock gene mRNA expression for
each group. Two-way ANOVA shows the significance of the difference between control and HSx
groups.
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these seventeen HSx animals to estimate the impact of the sympathectomy on the
rhythmicity of clock gene transcript levels (Table 4). All clock gene mRNA expression
patterns in HSx rats show a rhythmic pattern over the L/D-cycle. Two-way ANOVA
detected no significant effect of group for any of the clock genes, indicating that the
feeding regimen plus the hepatic denervation did not impair the rhythmic pattern of
the clock gene transcript levels (Figure 4). However, a significant effect of group*time
(except for Per1) was detected, showing that hepatic sympathectomy plus feeding regi-
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Figure 4: Daily rhythm in Per1, Per2, Per3, Cry1 and Dbp mRNA levels in the liver in HSx
(n = 3, except at ZT14 n = 2) and control (n = 10) groups. The black bars indicate the dark
period. In both groups, mRNA transcript levels displayed a rhythmic variation across the
L/D-cycle (ANOVA, p<0.05). *, p<o.05 compared to the control group.
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men does induce changes in the 24h profile of the clock gene mRNA expression. A 4h
phase-advance of the Per2 peak was observed in HSx rats on the six-meal schedule,
compared with the control group. This phase-advance of Per2 mRNA appeared not
to be dependent on the hepatic denervation, since a phase-advance was also observed
in the first experiment in intact rats placed under a scheduled regimen compared to
ad libitum.

A similar shift seems to occur for the Cry1 mRNA levels in HSx rats compared with
the control group. This effect seems to be induced by the hepatic sympathectomy,
since a similar phase-shift was not detected in the first experiment. For Dbp and
Per3, mRNA expression in HSx rats showed a peak with lower amplitude, suggest-
ing that hepatic sympathectomy leads to a decline of the clock gene oscillation in the
liver. In fact, Per2, Cry1 and Dbp displayed a slight increase of their p values in HSx
group (0.003, 0.016, and 0.003 for Per2, Cry1 and Dbp, respectively), also indicative
of a weaker oscillation in sympathectomized liver. In summary, clock gene transcript
levels appear to be affected by the combined effects of scheduled feeding and hepatic
denervation: a decrease of the peak amplitude (Per3, Dbp) and a phase-advance of
the peak (Cry1, Per2). However, in both conditions the rhythmicity of the clock gene
mRNA expression still remains. We also performed statistical analysis on a set of
animals with an NA content below 50% (n = 23). This did not change the results of
the statistical analysis.

Discussion

While the viral retrograde tracing technique showed that the SCN is connected to
the liver via the sympathetic branch of the autonomic nervous system >+, the present
study provides clear evidence that the contribution of the hepatic sympathetic branch
is essential for the generation of the 24h-rhythm of plasma glucose. Activation of this
sympathetic pathway causes an increase of plasma glucose concentrations 7%, most
probably via increased hepatic glucose production . This multisynaptic SCN-liver
connection thus provided us with the tool to investigate whether liver clock genes
are involved in driving the rhythmic plasma glucose concentrations. Hereto we first
submitted animals to a regular feeding schedule of six meals per day, to remove the
(rhythmic) nocturnal feeding signal. With this non-circadian feeding pattern we dem-
onstrated not only that the daily glucose rhythm was maintained in the blood, but also
that the rhythmic pattern of clock gene expression was maintained in the liver, which
showed that the daily feeding rhythm per se is not responsible for the rhythmicity in
liver genes and plasma glucose. We then showed that disruption of the sympathetic
input to the liver abolishes the rhythmicity of plasma glucose concentrations. How-
ever, in spite of the loss of this rhythmic liver output, the rhythmic expression of the
clock-gene mRNA in the liver was not eliminated.
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Neuronal and hormonal regulation of the glucose rhythm

Until now, many studies have shown a stimulatory effect of the sympathetic nerve on
hepatic glucose production. In vitro, a stimulation of the sympathetic nerve in perfused
liver induces a release of glucose **®. Furthermore, stimulation of the SCN or PVN
results in hyperglycemia, which is prevented by sympathetic blockers or denervation
7209 Surprisingly, in our experiment, hepatic sympathectomy resulted in slightly
elevated glucose concentrations along the light/dark cycle. This result, seemingly con-
tradictory to previous studies, may be explained by the fact that we investigated the
effect of disrupted sympathetic innervation on the plasma glucose concentrations
only two weeks after the denervation and along a complete 24h L/D cycle, instead of
during an acute stimulation experiment. An explanation for the elevated 24h glucose
levels could be that the hepatic denervation of the sympathetic branch also includes
sensory afferents. The disturbed feedback signal from the liver to the brain might
then result in a plasma glucose concentration close to the daily peak level (mmol/l).
Indeed, glucose production is not only controlled by endocrine and neural factors
but also by regulatory processes taking place within the liver itself. This so called
auto-regulation process enables the control of hepatic glucose output, independent of
changes in glucoregulatory hormones, and is mainly regulated by prevailing glucose
concentrations **°.

HSx rats displayed a 24h-pattern in plasma insulin concentrations, with a peak at the
beginning of the light period, whereas the daily rhythm in plasma glucose levels was
eliminated, confirming that insulin alone is not sufficient to build the 24h-rhythm of
glucose in the intact animal. Furthermore, the intact 24h-profile of corticosterone in
HSx rats, which is similar to the profile of sham-operated rats, clearly shows that this
hormone is too not sufficient for sustaining the daily variation of the plasma glucose
levels, as also demonstrated previously 73.

All these observations together suggest that it is the removal of sympathetic input
to the liver that is responsible for disrupting the daily variation of plasma glucose
concentrations. This outcome of our experiments is in agreement with the study of
Kalsbeek et al. (2004), which showed that the removal of the inhibitory input from
the SCN to the PVN, by local infusions of TTX or a GABA antagonist, triggers an
increase of plasma glucose concentration (most likely via an increase of hepatic glucose
production **), which is prevented by a specific sympathetic denervation of the liver.
In both studies we measured the plasma glucose concentration, which is not a direct
measure of hepatic glucose production but the resultant of changes in hepatic glucose
production, glucose influx from the intestines, and glucose uptake in tissues. For a
definitive confirmation of our hypothesis, the SCN-PVN control on hepatic glucose
production has to be investigated further by means of euglycemic clamp studies.
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Neural and hormonal synchronization of the liver oscillator

Restricted feeding experiments have shown that the liver oscillator can be driven
independently of the SCN in vivo 7, In this condition, uncoupling the L/D signal
from the feeding activity leads to a shift of clock-gene transcription, in such a way that
the liver transcript rhythms were out of phase with the master clock and locomotor
activity. Interestingly, in our study we show that a regular feeding schedule does not
disturb the rhythmic pattern of clock gene mRNA expression in the liver. However, our
results are not contradictory to what has been shown previously. In our experimental
model, the meals are distributed equally along the L/D cycle, which then leads to an
a-rhythmic signal and thus to a removal of this part of the SCN output as putatively
responsible for driving the liver oscillator. On the contrary, in the restricted feeding
model the temporal food availability provides a strong and rhythmic signal, making
food intake the most important Zeitgeber.

Plasma insulin and glucagon concentrations display a peak at each meal-time 90>,
Previously, it has been suggested that insulin may act as a humoral signal on the liver
oscillator 222, In our six-meal feeding schedule insulin and glucagon do not provide
a timing signal to the liver to reset or extinguish its clockwork, since the a-rhythmic
secretion does not disrupt the rhythmic pattern of the clock gene transcript in the liver.

Terazono et al. (2003) showed that daily injections of noradrenaline (NA) in SCN-
lesioned animals generate Per mRNA oscillations in the liver, suggesting an adrenergic
regulation of the clock gene oscillation in peripheral tissues. In our study, the disrup-
tion of the sympathetic input to the liver does not eliminate the diurnal pattern of the
clock-gene transcripts, indicating that sympathetic innervation is not necessary for
maintaining the rhythmic clock gene expression within the liver. This discrepancy is
not surprising at all. In fact, chronic injection of NA at fixed times during 6 days in an
SCN-lesioned rat provides the liver (and the rest of the body) with a rhythmic signal,
such as restricted feeding, which turns NA into the predominant Zeitgeber for the
peripheral oscillator. In our model, HSx rats still display rhythmic locomotor activity
(in phase with the L/D cycle) and a 24h-rhythm in plasma corticosterone - two compo-
nents suggested to play a role in the transmission of SCN signals to the peripheral clock
16817918 Thus, even after disruption of the sympathetic innervation and removal of the
rhythmic feeding signal, the SCN is still able to provide its timing signal to the liver
oscillator, via hormonal, neuronal (parasympathetic branch), behavioral or other cues.

In our experiment we observed that, despite a combined absence of rhythmic feed-
ing and sympathetic innervation, the clock gene rhythm is still maintained, although
sometimes with a weakened oscillation. Clearly the present results show that removal
of the sympathetic input together with a scheduled feeding regimen, leads to a dis-
rupted plasma glucose rhythm, but is not enough to eliminate the daily rhythmicity
of clock genes within a tissue. Consequently, the remainder of the endocrine, behav-
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ioral and neuronal outputs of the SCN may compensate for this loss. However, the
maintained oscillation in the liver observed in HSx two weeks after surgery, could
also be explained by the fact that the liver contains a self-sustained oscillator > >,
In conclusion, as suggested before, under normal physiological conditions the liver
may integrate endocrine (e.g. corticosterone), neuronal (sympathetic and parasym-
pathetic branch) and behavioral (locomotor activity; body temperature) outputs from
the SCN in order to maintain or synchronize clock gene rhythm 7%, Furthermore, we
demonstrated that the loss of the 24h-rhythm in plasma glucose levels induced by
hepatic sympathectomy is not correlated to an impairment of the clockwork of the
liver oscillator. Although the sympathetic denervation did not directly affect the liver
clockwork per se, it could still interfere with the downstream rhythmic signalization
leading then to an a-rhythmic activity of enzymes involved in glucose metabolism.
This would imply that clock gene rhythmicity is not directly connected to the rhythmic
activity of those enzymes. Indeed, it has recently been shown that the parasympathetic
input to the liver may act on the hepatic mRNA expression of enzymes involved in
glucose metabolism **. Our results also fit in nicely with recent reports indicating an
important role for the vagal input to the liver in the control of the central nervous
system over hepatic glucose production. The hepatic branch of the vagus nerve was
shown to be essential for transmitting the inhibitory effect of hypothalamic insulin and
free fatty acids on the hepatic glucose production *'+*5. Together these data indicate
an important role for the autonomic nervous innervation of the liver as a mediator
of the hypothalamic control on the hepatic glucose production and plasma glucose
concentrations.

In summary, these data provide evidence that the SCN needs the sympathetic branch
to generate a 24h-rhythm in plasma glucose concentrations, independently of hormo-
nal changes (e.g. insulin, corticosterone). In addition, this autonomic branch is not
necessary to sustain and/or reset the liver oscillator. In contrast to studies performed
on cell division in liver regeneration >*° we did not find any correlation between rhyth-
mic output (e.g. glucose) and rhythmicity of clock gene transcript levels. Further
studies investigating the activity of the liver enzymes involved in gluconeogenesis
and glycolysis are required to elucidate the exact mechanism responsible for the loss
of rhythmicity of glucose concentrations in denervated animals.
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Abstract

Daily variations in plasma glucose concentrations are controlled by the biological
clock, located in the suprachiasmatic nucleus (SCN). Our previous studies indicated
an important role of the sympathetic innervation of the liver, but not of local clock
genes, in the generation of the daily glucose rhythm. Here we show that autonomic
innervation of the liver, but not SCN-driven food intake, contributes to the circadian
regulation of hepatic glucose metabolism and plasma glucose levels. However, even
a-rhythmic feeding combined with a complete denervation of the autonomic input
to the liver did not abolish the 24h-profile in plasma glucose completely, nor did it
abolish all rhythms in liver enzymes. These results show that the SCN uses multiple
mechanisms to control rhythmic hepatic glucose output. Interestingly, contrary to
complete denervation, selective sympathetic or parasympathetic denervation of the
liver does disturb both glucose and liver enzyme rhythmicity, demonstrating that an
unbalanced autonomic output to the liver has a deleterious effect on the maintenance
of rhythmic liver metabolism.

Introduction

One of the main features of homeostasis is the capacity to predict upcoming changes
in the environment allowing the organism to anticipate and adapt to those changes.
As such the organism anticipates changes in the season and light/dark cycle, result-
ing in increases in food intake and fat storage just before winter, while anticipation to
the daily activity period results in an increase in blood glucose levels just before the
activity begins *°*.

Since glucose is the essential fuel for the brain, glucose metabolism must be tightly
regulated in order to maintain plasma glucose levels within narrow limits, and the
brain is thus intimately involved in organizing blood glucose levels, not only within
an optimal physiological range but also according to the time of the day, in which the
biological clock or the suprachiasmatic nucleus (SCN) plays a major role ®7*. In fact,
the daily variation in plasma glucose concentrations, characterized by a peak before
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the onset of the activity period, is driven by the SCN, independent of the daily rhythm
in feeding activity *>. A physiologically quite meaningful fact is that the highest plasma
glucose concentrations and glucose tolerance coincide just before awakening, indicat-
ing that an increase of glucose output by hepatic glucose production is required to
compensate for the high glucose uptake 7>%. The sympathetic input to the liver plays
an essential role in the daily rise in plasma glucose 7> 7. In accordance with these
observations is that, within the liver, key enzymes involved in glucose metabolism
display an oscillatory pattern in their gene expression along the L/D cycle, confirm-
ing the potential role of the SCN in the circadian pattern of hepatic gene expression
160218219 Since we observed blood glucose a-rhythmicity but no disturbance in liver
clock gene rhythms after sympathetic liver denervation *7, we decided to investi-
gate, under the same experimental conditions (i.e., regular feeding combined with
sympathetic denervation of the liver), to what extent the abolishment of the glucose
rhythm could be attributed to a loss of circadian expression in metabolic enzymes,
involved in hepatic glucose metabolism (e.g., Phosphoenolpyruvate carboxykinase
(PEPCK), Glucose-6-Phosphatase (G-6-Pase), Glucokinase (GK)). The outcome of
this study indeed demonstrated a disturbed metabolic enzyme expression after hepatic
sympathectomy, suggesting a-rhythmic glucose output. Since the two branches (sym-
pathetic and parasympathetic) of the ANS can influence hepatic glucose metabolism
by controlling the hepatic glucose production 7> 53 °, we decided to investigate the
separate effects of the ANS and rhythmic food intake on the circadian expression of
the metabolic gene expression by performing a complete (or sham) denervation of
the liver in animals subjected to rhythmic or a-rhythmic feeding conditions, i.e., ad
libitum or 6-meal schedule, respectively.

Materials & Methods

Animals

Adult male Wistar rats (Wu, Harlan, Zeist, The Netherlands) were kept in a 12 h
light/12 h dark cycle (L/D; lights on at 7:00 Zeitgeber time (ZT) o) under constant
conditions of temperature (20 + 2°C) and humidity (60 + 2%) with water and food ad
libitum (Global Rodent Breeding, purified pellet, Harlan Teklad). All experiments were
conducted with the approval of the Animal Care Committee of the Royal Netherlands
Academy of Arts and Sciences.

Surgical procedure

Surgery was performed on rats weighing 300-350g. A mixture of Hypnorm (Janssen,
0.05ml/100g BW, i.m.) and Dormicum (Roche Nederland, 0.04ml/ 100g BW, s.c.) was
used to anesthetize the animals. After closing the wound with atraumic sutures (5-0
Perma-Hand Said Ethicon), the animals were injected subcutaneously with saline to

48



HEPATIC GLUCOSE METABOLISM

prevent dehydration. Post-operative care was provided by subcutaneous injection of
o.01ml/100g BW of pain killer (Temgesic, Schering-Plough (Utrecht importer)) after
the operation and on the following day.

HEPATIC PARASYMPATHECTOMY

The fascia containing the hepatic branch was stretched by gently moving the stomach
and the oesophagus. With a myelin-specific dye (Toluidin Blue) the hepatic branch
was revealed as it separated from the left vagal trunk. The stained neural tissue was
transected between the ventral vagus trunk and the liver. Also, small blue-stained
branches running in the fascia between the stomach and the liver were transected.
The denervation procedure was performed as previously described 7% 2.

HEPATIC SYMPATHECTOMY

The liver lobes were gently pushed up in order to be able to access the bile duct and the
portal vein complex. At the level of the hepatic portal vein the hepatic artery divides
into the hepatic artery proper and the gastroduodenal artery. At the point where the
hepatic artery divided into the hepatic artery proper and the gastroduodena artery, the
arteries were separated from the portal vein via blunt dissection. The nerve bundles
running along the hepatic artery proper were visualized using a myelin-specific dye
(Toluidin Blue) and then transected 7>2"7. At the end of the experiment, the complete-
ness of the sympathetic denervation was checked by HPLC measurement of hepatic
noradrenalin (NA) content; animals with a non-complete denervation were systemati-
cally removed from the data analysis.

JUGULAR VEIN CATHETER

During the same surgical procedure (see above), an intra-atrial silicone cannula was
implanted through the jugular vein according to the method of Steffens ** for all the
groups whose glucose, insulin and corticosterone had been measured.

Experimental Set-up

EXPERIMENT 1 — EFFECT OF A SYMPATHETIC LIVER DENERVATION ON METABOLIC
GENE EXPRESSION

It has been shown previously that scheduled feeding combined with hepatic sym-
pathectomy impairs the daily rhythm of plasma glucose concentrations *7. In the
first part of this study we checked whether, under the same experimental conditions,
the loss of the glucose rhythm could be correlated with an abnormal daily expression
profile of metabolic enzymes in the liver. To this end, we analyzed the daily profile of
metabolic enzyme expression (G-6-Pase, GK, Pyruvate kinase (PY), Glucose trans-
porter 2 (GLUT2), PEPCK) and the glycogen content in the liver along the Light/Dark
cycle in a group of sham-operated animals placed under ad-libitum conditions (n= 5
per time point) and a group of HSx rats (n = 3 per point except ZT14 = 2) subjected
to a 6-meal schedule.
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EXPERIMENT 2 - COMPLETE HEPATIC DENERVATION IN ANIMALS UNDER AD LIBITUM
CONDITIONS

Effect on the daily profile of plasma glucose/corticosterone and insulin concentrations
Rats were divided into two groups: sham-operated (n = 10) or a complete denervated
(CD) group (n=14). Two weeks after surgery, o.2ml of blood was collected, for the meas-
urement of plasma glucose, insulin and corticosterone concentrations, once every hour
for 12 consecutive hours on two different occasions within a period of two weeks. The
two runs started at ZT6.5 and ZT18.5. Blood samples were kept in — 80°C until analysis.
Effect on metabolic enzyme expressions/ Glycogen content Rats were divided into two
groups: sham-operated (n = 30) and one CD group (n = 42). After two post-operative
weeks, groups of animals were sacrificed every four hours along the L/D-cycle (ZT2,
6, 10, 14, 18 and ZT22).

EXPERIMENT 3 - COMPLETE HEPATIC DENERVATION IN ANIMALS SUBJECTED TO A
SCHEDULED FEEDING REGIMEN

For this experiment, rats were entrained to the scheduled feeding regimen for three
weeks and they were considered to be adapted to the feeding schedule when they ate
* 3g at every meal. This regular feeding was maintained until the end of the experi-
ments. For more details on the scheduled feeding regimen, see 7.

Effect on the daily profile of plasma glucose/corticosterone and insulin concentra-
tions Rats were divided into two groups: sham-operated (n = 8) or CD (n = 12). Two
weeks after surgery, o.2ml of blood was collected once every hour (for measurement
of plasma glucose, insulin and corticosterone concentrations) during 12 consecutive
hours on two different occasions within a period of two weeks. Blood samples were
kept in -80°C until analysis.

Effect on metabolic enzyme expression/ Glycogen content The CD group contained
30 rats, i.e., 5 animals per time point. After two post-operative weeks, animals were
sacrificed every four hours along the L/D-cycle (ZT2, 6, 10, 14, 18 and ZT22).

End of the experiments
Animals were sacrificed by decapitation. Liver pieces were collected and directly frozen
into nitrogen and kept at -80°C until analysis.

High Performance Liquid Chromatography-Electrochemical Measurements

Since the sympathetic denervation we performed earlier, in contrast to the parasym-
pathetic one (i.e., section of the nerve stalk), had not been a 100% of success *7,
we checked the completeness of the sympathectomy. Pieces of liver were taken after
experimental procedures and processed using High Performance Liquid Chromatog-
raphy (HPLC) with electrochemical detection for noradrenaline (NA) content. Tissue
samples were homogenized in ice-cold 0.1M perchloric acid (2ml/100mg) and centri-
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fuged twice (14000 rpm) for 15 minutes at 4°C. Samples of 2opl supernatant were sub-
sequently transferred to the HPLC for analysis (Waters 600E pump and Waters 717plus
autosampler, Waters Chromatography b.v., Netherlands; Decade VT-03 electrochemi-
cal detector, Antec Leiden, Netherlands and Shimadzu Class-vp ™ software v.5.03
Shimadzu Duisburg, Germany). The mobile phase consisted of 0.06mol/l Natrium
Acetate, gmmol/I Citric acid, 0.37mmol/l Heptasulfonic acid and 12.5% methanol. The
flow rate was kept constant at 0.3ml/min. Separation of NA from other endogenous
compounds was achieved with a Supelcosil column (LC-18-DB 25¢m x 4,6mm X 5
pm), with a 2 cm guard-column of the same material (Supelco Superguard ™, Supelco
USA). Column temperature was kept constant at 28°C. Quantification was achieved by
means of electrochemical detection (+0.65V) and NA content was measured against
a calibration curve of an external NA standard. The detection limit (ratio signal to
noise = 2) was 1 pg of NA injected on column. Sympathetic denervation is considered
to be complete when the NA content is below 10% of that of intact-liver animals >~

Measurement of the hepatic glycogen content

Frozen liver tissue was crushed on dry ice and then the liver powder was homogenized
into 0.1 M potassium hydroxide (KOH) at pH= 13. Homogenization tubes were placed
in a water bath (80°C) for 30 min, and then placed on ice and left to reach room tem-
perature. Formic Acid was added to the homogenized solution to adjust the pH to
4, and then centrifuged for 1 min at 14 ooorpm. The aliquots were collected in new
Eppendorf™ tubes. For each sample, 100ul was incubated with 10ul of Amylo-a-1.4-
a1,6-glucosidase (from stock solution diluted ¥, cat. 102857, Roche; Nederlands) at
40°C for 2 hours **32*5. By way of control, i.e. “free” glucose levels in the liver, 100ul of
the sample was incubated without the amyloglucosidase for 2 hours. As a standard,
replicate rabbit liver standard (Sigma, G-8876, Nederlands) was used and treated in
exactly the same way as the samples. Glucose concentrations were determined in the
supernatant, using the Glucose/GOD-Perid method (Boehringer Mannheim, GmGH.
Germany). The glycogen content in the liver tissue was calculated by (glucose concen-
tration measured in the sample - the control one) and converted to glycogen pg/mg
of tissue by using the replicate rabbit liver standard.

Plasma measurements

Plasma glucose concentrations were determined in triplicate using the Glucose/GOD-
Perid method (Boehringer Mannheim, GmGH. Germany). Plasma immunoreactive
insulin concentrations were determined in duplicate with a radio immuno-assay kit
(Linco Research, St. Charles, MO). The lower limit of the assay was 0.2ng/ml and the
coefficient of variation of the immunoassay was less than 8 %. Plasma corticosterone
concentrations were determined in duplicate with a radio-immuno-assay kit (ICN
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Biomedicals, Costa Mesa, CA). From the samples, 10l was taken and diluted in 4 ml
of assay buffer. The lower limit of the assay was 1ng/ml and the coefficient of variation
of the immunoassay was less than 4 %.

Rat liver RNA extraction and cDNA synthesis

Total RNA was extracted from each liver collected at the different ZT time points by
RNeasy mini Kit (Qiagen, Courtaboeuf, France) and included DNase step according
to the manufacturer’s instructions. For the cDNA synthesis, 2ug of total RNA was
reverse-transcribed with Superscript II RNase H™ Reverse transcriptase (SSIIRT, In
vitrogen, Life Technology Nederland) according to the manufacturer’ instructions. As
a control, 2 ug total RNA followed the same procedure, except that 1l of SSIIRT was
replaced by 1pl of water (No Reverse-Transcriptase or No RT). Each single stranded
cDNA and their respective No RT were then used as a template for the Real-Time PCR.

Real-Time PCR (RT-PCR)

Gene-specific primers were designed using Primer Express Software (Applied Biosys-
tems, Foster City, CA, USA). Primer data are given in Table 1. mRNA expression of
enzyme involved in glucose metabolism [Glucose 6 phosphatase (G6Pase), Glucoki-
nase (GK), Glucose transporter 2 (GLUT2), Phosphoenolpyruvate Carboxykinase
(PEPCK)] and two reference genes [(ubiquitin conjugate enzyme (Ubcze) and TATA
box binding protein (Tbp)] were analyzed by RT-PCR .

One pl of each cDNA was incubated in a final volume of 20ul RT-PCR reaction
containing 1X SYBR-green master mix (Applied Biosystems) and 6 pmol (reverse +
forward) of each primer. Quantitative PCR was performed in an Applied Biosystems
(Model ABI7300 Prism Sequence Detection System). The amount of each transcript
was first normalized independently, with the average calculated from the transcript
levels along the L/D as previously described 7.

Table 1: Gene nomenclature, GenBank accession code, primer sequences and primer ef-
ficiency.

Gene GenBank  Forward primer Reverse primer Efficiency

G6Pase NM 013098 CCCATCTGGTTCCACATTCAA GGCGCTGTCCAAAAAGAATC 1.95
GK NM 012565 TCCTCCTCAATTGGACCAAGG TGCCACCACATCCATCTCAA 1.98
GLUT2 NM 012879 GAAGGATCAAAGCCATGTTGG CCTGATACGCTTCTTCCAGCA 1.98
pY NM 012624 GAGAGTTTTGCAACCTCCCCA CCTTCACAATTTCCACCTCCG 1.95
PEPCK NM 198780 TGCCCTCTCCCCTTAAAAAAG CGCTTCCGAAGGAGATGATCT  2.02
Tbp XM 217785 TTCGTGCCAGAAATGCTGAA  TGCACACCATTTTCCCAGAAC 1.91
Ubi U 13176 CTCCAACAGGACCTGCTGAAC CTGAAGAGAATCCACAAGGAATTGA 1.8

52



HEPATIC GLUCOSE METABOLISM

Statistical analysis

GLUCOSE, CORTICOSTERONE AND INSULIN PROFILES

The plasma concentrations of glucose, corticosterone and insulin are expressed as
mean + SEM. Statistical analysis was conducted using a repeated-measures analysis of
variance (ANOVA) to test for an effect of time. If ANOVA detected a significant effect
of time, a cosinor analysis was performed, using the fundamental period (24h) for the
individual sets of data points. Curve fitting was performed using constrained nonlinear
regression analysis (with the SPSS Advanced statistic 11.0), and parameters whose
significant level of the fitted curve was less than 0.05 were used for further calculation
of parameter means and for examination of the modulation of the rhythm throughout
the L/D cycle **. The fitted function is defined by its mesor (rhythm-adjusted mean),
amplitude (50% of the difference between the maximum and the minimum), and ac-
rophase (time of the maximum). ANOVA and the Student’s t-test were used to detect
significant differences between sham-operated and HSx or CD rats. For the ANOVA,
(paired) t-tests and the cosinor analysis, p<0.05 was considered to be a significant dif-
ference. In all cases, statistics and cosine analysis were done on absolute values.
RT-PCR AND GLYCOGEN DATA ANALYSIS

Data from all experiments are presented as mean + S.E.M. To demonstrate a sta-
tistically significant difference among the different ZT time-points, the P-value of
One-way ANOVA was calculated on the basis of the normalized data (SPSS package
V12.0). When the ANOVA analysis indicated such a difference, post hoc (paired) were
performed with a significance set at 0.05. To evaluate an effect of groups (control /
experimental groups), a two-way ANOVA was performed with a significance set at
0.05. The student t-test (un-paired) was applied to estimate a significant difference
between two groups at a specific ZT point.

Results

The daily mRNA profile of liver metabolic enzymes and glycogen content

Under ad libitum conditions, only the daily profiles of Glucokinase, PEPCK mRNA
expression and glycogen content (Figure 1) follow a rhythmic pattern along the L/D
cycle (p< 0.05) in accordance with data previously described 6621 229.226.227_ Glucoki-
nase, the enzyme involved in glucose uptake by transforming glucose to glucose 6
phosphate in the liver, displayed a higher mRNA level during the night period, when
the rats consume most of their food. PEPCK, the key enzyme for gluconeogenesis,
shows an elevated expression at the end of the day (ZT10), when the hepatic glycogen
content is low. Despite the fact that G6Pase gene expression did not show a significant
effect of time (p = 0.19), we did observe a clear difference between the day and night
mRNA levels as previously described ***. The diurnal gene expression of G6Pase also
fits with the daily profile of its enzymatic activity > . Since G6Pase is involved in
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Figure 1 Daily profile in G6Pase, GK, GLUT2, PY and PEPCK mRNA levels and glycogen con-
tent in the liver of sham-operated rats (data are represented as the mean + S.E.M). Animals
were housed in 12h light/12h dark cycle with lights on at 07:00 under ad libitum conditions
and were sacrificed (n = 5 for ZT10/18 and 22; n = 4 for ZT2/6 and 14) at the indicated
times of the daily cycle (Zeitgeber Time (ZT)). The peak of mRNA expression for each liver
enzyme was compared to that of other time points and was considered significantly different
(*) for p< 0.05. The black bars indicate the dark period.

glucose output and GK in glucose uptake, it makes sense to observe the daily profile of
their gene expression in an opposite phase '%. No daily pattern in gene expression was
observed for pyruvate kinase (PY), an enzyme of the glycolytic pathway, or for GLUT2
which is involved in the release of glucose into the bloodstream (Table S1).
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Figure 2 Daily profile in metabolic enzyme mRNA levels and glycogen content (data are rep-
resented as the mean * S.E.M) in the liver of HSx animals subjected to a 6-meal schedule (n =
3 except for ZT14 n = 2). The peak of mRNA expression for each liver enzyme was compared
to that of other time points and was considered significantly different (*) for p< o.05.

Effect of sympathetic liver denervation on metabolic gene expression

The rhythmic profiles of all examined liver enzymes and liver glycogen content is af-
fected in HSx rats subjected to scheduled feeding (Figure 2). Despite an increase in
mRNA level for all enzymes at ZT14, only PY displayed a significant effect of time
(p = 0.02). Plasma glucose levels after the removal of the sympathetic input to the
liver do not show a daily rhythmic pattern (Figure S1). In addition to a disturbed
rhythm in the expression of hepatic enzymes, the glycogen rhythm is also abolished
and exhibits a low level. These disturbed daily patterns in liver enzyme expression
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and hepatic glycogen content after HSx suggest an impairment of the circadian glu-
cose metabolism within the liver, resulting in a loss of the rhythm in plasma glucose
concentrations *'7.

Complete hepatic denervation in ad libitum fed animals

In our previous study we showed that denervation of the sympathetic branch of the
ANS resulted in a loss of the 24h-rhythm in plasma glucose levels. Moreover, we also
observed that after denervation of the parasympathetic branch (HPx) of the liver the
glucose rhythm in the blood is abolished (Figure S2), indicating an essential role of
the ANS input to the liver in order to generate the glucose rhythm.

To examine the relation between circadian profile of the liver enzymes and rhythmic
plasma glucose concentrations, we aimed to discriminate which liver enzymes are driv-
en by the ANS and which by the feeding activity. Therefore we studied the influence of
the autonomic input separate from that of food intake, and examined the 24h-profile of
metabolic liver enzyme expression and glycogen content in completely denervated ani-
mals, combined with rhythmic and a-rhythmic food intake (i.e. ad libitum and regular
feeding, respectively). As a first step, we investigated the effect of a complete dener-
vation per se on liver metabolic components in relation with plasma glucose levels.
EFFECT ON THE DAILY PROFILE OF PLASMA GLUCOSE/CORTICOSTERONE AND IN-
SULIN CONCENTRATIONS
Plasma glucose concentrations The 24h profile of plasma glucose concentrations (Fig-
ure 3A) measured under ad libitum conditions in the sham-operated rats showed a
significant variation along the light/dark cycle (p<0.001) as also described previously *>
1 with a peak occurring at ZT 11.3 + 1.21 (Goodness of fit (R*) =0.37 £ 0.12). Plasma
glucose concentrations of the 9 CD animals also displayed a significant variation along
the L/D cycle (Figure 3A) (p<o.001), showing that the denervation did not affect the
rhythmic profile of the plasma glucose levels. In fact, the data from the 9 CD animals
could fit a cosinor analysis, indicating a day/night change in the plasma glucose levels.
Significant effects of group*time were detected by repeated-measures ANOVA, show-
ing that the daily pattern in plasma glucose concentrations in CD differed from the
sham-operated group. Indeed, CD animals exhibit significantly higher plasma glucose
concentrations during the daytime compared to those in sham-operated rats (p = 0.02).
However, the 24h-mean plasma glucose concentrations of CD rats did not significantly
differ from those of sham-operated rats (6.36 + 0.13 mmol/l vs 6.90 £ 0.19 mmol/l).
Plasma corticosterone concentrations The 24h profiles of plasma corticosterone con-
centrations (Figure 3B) measured in the sham-operated rats showed a significant
variation along the light/dark cycle (p<o0.001), as previously described 9>*°°. One-way
ANOVA with repeated measurement also indicates a significant variation in plasma
corticosterone levels along the L/D cycle in CD rats (p<o.001). The data from both
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Figure 3 Plasma glucose, plasma insulin and plasma corticosterone concentrations across
the light/dark cycle in CD (e; n = 8) and sham-operated rats (o; n = 9) under ad libitum
conditions. The data are represented as the mean + S.E.M. The black bars indicate the dark
period.

sham-operated and CD rats could be fitted with the cosinor analysis: a peak was de-
tected at ZT 12.12 + 1 (R*0of 0.56 + 0.14) and ZT 12.19 + 0.5 (R* of 0.53 + 0.15) for
sham and CD rats respectively, indicating that the CD rats displayed a similar 24h-
rhythm in plasma corticosterone concentrations. The 24h-mean plasma corticosterone
concentrations in CD rats showed lower mean levels as compared to those of sham-
operated rats (50.23 £ 5.22 mmol/l vs 62.32 + 5.68 mmol/l).

Plasma insulin concentrations In spite of the higher daytime glucose values the basal
insulin concentrations in sham-operated and CD animals (Figure 3C) did not show a
variation over the light/dark cycle (p=0.07 and p=o0.21, respectively). Two way ANOVA
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Figure 4 Daily profile in glucose-metabolizing enzyme and hepatic glycogen content in CD
(o3 n =5 for ZT2/6, n = 4 for ZT= 10, n = 3 for ZT14/22 and n = 6 for ZT18) and sham-
operated animals (o; see figure 1) fed ad libitum. The data are represented as the mean *
S.E.M. The black bars indicate the dark period. In both groups, some mRNA transcript levels
displayed a rhythmic variation across the L/D-cycle (ANOVA, p<o0.05). ¥, p<0.05 compared
to the control group. For statistics see Table S1.

did not disclose an effect of group and group*time, indicating that the denervation per
se does not affect the insulin pattern over the L/D cycle. Furthermore, the 24h-mean
plasma insulin concentrations in CD rats did not significantly differ from those of
sham-operated rats (2.74 + 0.25 mmol/l vs 2.81 + 0.31 mmol/I).

EEFECT ON METABOLIC ENZYME EXPRESSION/ GLYCOGEN CONTENT

Two-way ANOVA did not disclose a significant effect of group for any of the studied
enzymes and glycogen content, showing that the complete denervation per se in CD

58



HEPATIC GLUCOSE METABOLISM

animals fed ad libitum does not affect the daily profile in the metabolic components
in the liver (Figure 4). In contrast with our expectations, GK gene expression exhibits
a rhythmic pattern with high expression at night and G6Pase mRNA displays a daily
profile with an opposite phase just as in the sham operated animals after complete
liver denervation. Moreover, the circadian profile in GK mRNA expression in CD
animals exhibited a somewhat higher amplitude during the day time as compared to
the sham-operated animals (group*time eftect). Glycogen content in CD rats remained
rhythmic (p<o.001), but a significant effect of Group and group*time was detected,
showing that denervation does modify the 24h profile of the hepatic glycogen i.e.,
lower levels at the beginning of the light period (Table S1). Remarkably, only PEPCK
mRNA expression did not show a rhythmic pattern in the CD group (p = 0.9), in
contrast to the sham-operated one (p = 0.02), indicating that the ANS controls the
rhythmic gene expression of PEPCK. The absence of a group or group*time effect may
be explained by the intermediate levels (average between the high/lowest values) of
PEPCK mRNA through the L/D.

The upregulation of G6Pase gene expression during the daytime (a fasting period)
might be explained by a increase of hepatic glucose production (i.e., glycogenolysis
and gluconeogenesis) in order to release glucose in the bloodstream, whereas at night
its expression is inhibited by the food intake ***. Glucokinase, an enzyme involved in
hepatic glucose uptake, exhibits a diurnal variation in its mRNA expression in an op-
posite phase to the G6Pase, i.e., upregulation of gene expression when glucose supply
is increased by food intake during the night period 2. Consequently we hypothesized
that the sustained-oscillatory mRNA expression in GK, G6Pase and glycogen in CD
animals is driven by the rhythmic feeding activity, and we decided therefore to study
blood glucose levels and liver metabolic enzyme expression after CD, independent of
food intake.

Complete hepatic denervation in animals subjected to scheduled feeding regimen
CD animals were entrained to a-rhythmic feeding, i.e., 6 meals per 24 hours, a schedule
to remove the SCN driven day/night rhythm in food intake.

EFFECT ON THE DAILY PROFILE OF PLASMA GLUCOSE/CORTICOSTERONE AND IN-
SULIN CONCENTRATIONS

Plasma glucose concentrations The 24h profiles of plasma glucose concentrations
(Figure 5A) measured in the sham-operated rats subjected to the 6-meal schedule
showed a significant variation along the light/dark cycle (p<o.001) as also described
previously *>**. The data points of 5 out of the 6 sham-operated rats could be fitted to
a single cosinor analysis, indicating that the plasma glucose concentrations displayed
a 24h-rhythm, with a peak occurring at ZT 9.8 £ 0.62 (Goodness of fit (R*) = 0.34 £
0.14). Plasma glucose concentrations of the 7 CD animals also displayed a significant
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Figure 5 Plasma glucose, plasma insulin and plasma corticosterone concentrations across
the light/dark cycle in CD (e; n=7) and sham-operated rats (o; n=5) subjected to a scheduled
feeding regimen. The data are represented as the mean + S.E.M. The black bars indicate the
dark period. The vertical dot lines represent the times of food availability (10 min).

variation along the L/D cycle (Figure 5A) (p<o.001) with a peak occurring at ZT=
10.61% 0.97 (Goodness of fit (R*) = 0.35 + 0.13). No significant effects of group and
group*time were detected, showing that the plasma glucose concentrations in CD did
not differ from those of the sham-operated group.

Plasma corticosterone concentrations The 24h profiles of plasma corticosterone con-
centrations (Figure 5B) measured in the sham-operated rats showed a significant vari-
ation along the light/dark cycle (p<o.001) as previously described o> '*° with a peak at
ZT12.68 £ 0.71 (R*=0.48 £ 0.16). No effect of Group was detected by repeated-measure
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Figure 6 Daily profile in glucose-metabolizing enzyme and hepatic glycogen content in CD
rats subjected to a scheduled feeding regimen (e; n = 5 for ZT'10/18 and 22, n = 4 for ZT14,
n = 3 for ZT2 and n = 6 for ZT6) and under ad libitum conditions (o; see figure 4). The data
are represented as the mean + S.E.M. The black bars indicate the dark period. In both groups,
some mRNA transcript levels displayed a rhythmic variation across the L/D-cycle (ANOVA,
P<0.05). *, p<o.05 compared to the control group. For statistics see Table S2.

ANOVA, indicating that the complete denervation did not affect the daily pattern in
plasma corticosterone concentrations in CD rats. The rhythm showed a peak at the
beginning of the dark period (ZT 11.44 * 0.41) and an R* of 0.34 + 0.11.

An effect of groupe*time indicated a slight shift in the daily rise in plasma corti-
costerone levels in CD groups. Furthermore, the 24h-mean plasma corticosterone
concentrations in CD rats were not significantly different from those of sham-operated
rats (36.73 = 4.97 mmol/l vs 40.67 + 18.19 mmol/l).
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Plasma insulin concentrations The basal insulin concentrations in sham-operated and
CD animals (Figure 5C) showed a variation over the light/dark cycle (p< 0.01), with a
clear increase at each meal time. Two way ANOVA did not disclose an effect of group
and group*time, indicating that the denervation does not affect the insulin pattern over
the L/D cycle. Moreover, the 24h-mean plasma insulin concentrations in CD rats is
similar to those of sham-operated rats (2.35 + 0.19 mmol/l vs 2.91 + 0.25 mmol/l).
EEFECT ON METABOLIC ENZYME EXPRESSION/ GLYCOGEN CONTENT
To investigate the influence of food intake without interference of the ANS the 24h-
profile of liver metabolic components were measured in CD animals subjected to a
scheduled feeding regimen and compared to those obtained in CD animals fed ad
libitum (Figure 6). The daily pattern in G6Pase mRNA expression is maintained in both
feeding conditions, but the peak values occur at different times of the day, i.e. at ZT6
and ZT22 for ad libitum and regular feeding animals groups respectively (Figure 6).
In the same way, we observed a phase-advance in the daily mRNA expression of GK
in the CD animals with a-rhythmic feeding compared to the ad libitum fed animals
(group*time effect, p<o.001). Besides GLUT2 and PY transcript levels, PEPCK gene
expression did not show a significant effect of time, confirming that the ANS is es-
sential for the circadian gene transcription of PEPCK (Table S2). Interestingly, the
diurnal variation in glycogen content is not affected by denervation and a-rhythmic
food intake, indicating that another rhythmic signal might be responsible for the
glycogen breakdown/storage rhythm. However, the weaker oscillation observed in
the regular feeding group (p = 0.028 and p<o0.001 in 6 meals and ad libitum groups,
respectively) does indicate that food intake contributes to the daily fluctuation of the
hepatic glycogen content.

In summary, a daily rhythm in food intake does not seem an important contributor
to the rhythmic expression of metabolic liver enzymes, although it does seem to be
able to entrain the GK/G6ase rhythms.

Conclusion

Even when direct brain-liver connections are completely absent, the day-night rhythm
in plasma glucose levels is still maintained, indicating that the ANS input to the liver
is not absolutely essential for the genesis of a daily rhythm in plasma glucose levels.
The small changes in the daily profile in plasma glucose levels observed in denervated
animals fed ad libitum do suggest a contribution of the ANS in the adjustment of the
peak at the appropriate time of the day. Combining the complete hepatic denerva-
tion with regular feeding, we observed that rhythmic food intake is not essential to
drive the daily glucose rhythm either. Together these results indicate the existence of
yet other pathway(s) by which the SCN conveys its timing signal to drive the glucose
rhythm, for instance via the oscillatory variation of plasma corticosterone levels. How-
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ever, in spite of the presence of a clear corticosterone peak, HSx animals subjected to
regular feeding lost their rhythmic plasma glucose concentration and hepatic enzyme
rhythms. These results indicate that, contrary to the complete absence of ANS input,
a dysbalance of the ANS input (provided by the denervation of one branch of the
system) may lead to an abnormal glucose metabolism, resulting in a loss of rhythmic
plasma glucose levels.

Autonomic regulation of blood glucose rhythm

In contrast to our hypothesis, here we demonstrate that, also without autonomic in-
nervation of the liver, a daily variation in plasma glucose levels can be maintained. In-
deed, complete liver denervated animals display a clear 24h-rhythm in plasma glucose
concentrations regardless of their daily feeding pattern (i.e., thythmic or a-rhythmic
food intake). However, we did observe a loss in plasma glucose rhythm in HSx or
HPx animals, demonstrating that removal of one branch of the ANS input to the liver
triggers abnormal glucose metabolism. Interestingly, a sympathovagal imbalance has
been proposed and was recently reported as an important mechanism underlying
metabolic diseases such as obesity, type II diabetes and metabolic syndrome 33735,
These studies report that sympathetic over-activity is associated with insulin resist-
ance and increased hepatic glucose production, whereas hyperinsulinemia and fat
storage are linked to high parasympathetic tone. Therefore, based on the discovery
of the anatomical framework underlying this phenomenon 7>7%2%, we propose that a
dysbalance of the autonomic system, induced by either a hepatic denervation of the
sympathetic or parasympathetic branch, leads to an abnormal outflow to the periph-
eral organs. Interestingly, here we show that indeed an autonomic unbalance induced
by HSx affects the liver metabolism; the daily expression in the enzymes GK, G6Pase,
PEPCK and the glycogen content are completely disrupted in contrast to complete
denervated animals.

In HSx animals, the daily pattern in mRNA expression of GK and G6Pase does not
show an opposite phase, suggesting an abnormal hepatic glucose metabolism, which
has also been reported in diabetes and obesity 3723, In view of the hypothesis that it
is especially the dysbalance of autonomic outflow to the liver that leads to a disturbed
liver metabolism, it is logical to observe a sustained 24h-rhythm in plasma glucose
levels in completely denervated animals. Our results obtained after complete hepatic
denervation are in agreement with studies performed after liver transplantation in
which no abnormal liver metabolism has been reported, confirming that the ANS is
not essential for hepatic glucose metabolism *+>24'. All these observations together
lead us to propose that it is not the absence, but rather the dysbalance of the ANS that
induces an abnormal glucose metabolism in the liver, which in turn results in a loss
of the daily plasma glucose rhythm.
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SCN uses multiple mechanisms to control liver metabolism in a circadian
manner

Whereas HSx induced an abnormal profile in mRNA expression of liver enzymes it did
not abolish the oscillatory pattern of the clock gene expressions, the main components
of the liver oscillator **7. Therefore, we propose that the circadian expression of the
glucose metabolizing enzymes and the rhythmic glycogen content are underlying the
24h-rhythm in plasma glucose levels and that the clock gene expression in the liver
is not sufficient to sustain (or is unrelated to) the rhythmic expression of metabolic
enzymes.

The loss of the daily profile in PEPCK gene expression observed in CD animals
fed ad libitum indicates that the ANS participates in the circadian regulation of liver
metabolism by generating a rhythmic PEPCK gene transcription. The oscillatory pat-
tern of G6Pase and GK mRNA expression and hepatic glycogen content are in phase
with the daily profile of the food intake, but are disturbed by the feeding-schedule,
suggesting that these liver enzymes respond to the daily changes in food intake "=
Consequently, the oscillatory profile of these 3 metabolic parameters (i.e., G6Pase, GK
and glycogen) appears to be sufficient to generate the rhythmicity of plasma glucose
concentrations. However, surprisingly, also combining a complete denervation of the
liver with a scheduled feeding regimen did not abolish the 24h-rhythm in plasma
glucose levels. In agreement with what we proposed for food intake and G6Pase/GK
mRNA levels, CD animals subjected to a 6-meal schedule showed disturbed patterns
of G6Pase/ GK mRNA expression. However, their change in expression did not disturb
the daily variation in plasma glucose levels, indicating that the rhythm in G6Pase and
GK gene expression is not essential for the glucose rhythm either.

Interestingly, the hepatic glycogen content still exhibits a circadian profile in CD
animals subjected to regular feeding, showing that the enzymes involved in the stor-
age/breakdown of glycogen are controlled in a circadian manner, independent of
GK, G6Pase and PEPCK. In addition, since glycogen depletion and the daily rise in
plasma glucose levels occur at the same time of the day;, it is tempting to suggest that
the daily variation in hepatic glycogen is the primary cause of the glucose rhythm. The
daily rhythm in liver glycogen content is driven by a balance between the activities
of glycogen-phosphorylase and glycogen-synthase >#. So the next question is which
rhythmic signal the SCN provides to generate this daily rhythm in hepatic glycogen
content. The daily rhythm in plasma corticosterone, which has been shown to be a
powerful circadian signal for the liver **, appears to be a potential factor, since its
daily rhythm is not affected by either regular feeding or ANS denervation, and its daily
peak coincides with the rise in plasma glucose concentrations. However, the observed
absence of a glucose rhythm in the presence of a corticosterone rhythm in HSx or
HPx animals seems to contradict this conclusion (Figure S3). Clearly in the present
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paper, we have not measured the activity of the liver enzymes and how this activity
may compensate for the lack of rhythm in mRNA expression of the same enzymes.
In spite of the fact that we are aware of the regulation in enzyme activities % >4, the
result of CD and single denervation still indicate that the loss of mRNA rhythmicity
coincides with a loss of the glucose rhythm, suggesting that enzyme activity will not
influence the conclusion of the present study.

In summary, the biological clock uses multiple pathways in order to drive liver me-
tabolism in a circadian manner, independently of local clock genes, autonomic liver
innervation and food intake. This shows the extreme capacity of the liver (and SCN)
to employ and use other signals to drive its metabolic enzymes in a rhythmic fashion.
The most striking observation in this respect is that a dysbalanced autonomic input to
the liver is more harmful for a rhythmic glucose metabolism than its complete absence,
and is even able to block the strong synchronizing signal of the daily peak in plasma
corticosterone.
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Supplemental data

Glucose (mmol/l)
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Figure S1 Plasma glucose concentrations across the light/dark cycle under scheduled feeding
conditions in HSx (n = 7) and sham-operated rats (n = 7) from our prior study *7. The gray
areas indicate the mean + S.E.M plasma glucose concentrations in sham-operated animals.

The black bar indicates the dark period. The vertical dot lines represent the times of food
availability (10 min).
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Figure S2 Plasma glucose concentrations across the light/dark cycle under scheduled feed-
ing conditions in HPx and intact rats (extracted from the thesis of La Fleur, 2001). The gray
areas indicate the mean + S.E.M plasma glucose concentrations in sham-operated animals.

The black bar indicates the dark period. The vertical dot lines represent the times of food
availability (10 min).
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Figure S3 A. Plasma corticosterone concentrations across the light/dark cycle under sched-
uled feeding conditions in HSx and sham-operated rats from our previous study *7. B. Plasma
corticosterone concentrations across the light/dark cycle under scheduled feeding conditions
in HPx and intact rats (extracted from the thesis of La Fleur, 2001). The gray areas indicate the
mean + S.E.M plasma glucose concentrations in sham-operated animals. The black bars indi-
cate the dark period. The vertical dot lines represent the times of food availability (10 min).
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Table S1 Statistical analysis of the daily variations of hepatic enzyme mRNA expression and
glycogen content in sham/completely denervated rats under ad libitum.

Two-way ANOVA

Single Time (T) Group (G)  Interaction (GxT)

Go6Pase Sham =0.19 =0.013 =0.085 =0.768
CD =0.12

GK Sham =0.01 <0.001 =0.022 =0.577
CDh <0.001

GLUT2 Sham =0.72 =0.72 =0.289 =0.606
CD =0.46

PY Sham =0.29 =0.1 =0.09 =0.69
CD =0.32

PEPCK Sham =0.02 =0.073 =0.494 =0.347
CD =0.9

Glycogen  Sham < 0.001 <0.001 =0.004 =0.002
CD <0.001

One-way ANOVA shows the significant diurnal variations of the enzyme mRNA expressions in both
experimental groups. Two-way ANOVA discloses the significance of the difference between sham
and completely denervated group.

Table S2 Statistical analysis of the daily variations of hepatic enzyme mRNA expression and
glycogen content in completely denervated rats under ad libitum and 6-meal schedule.

Two-way ANOVA

Single Time (T) Group (G)  Interaction (GxT)

G6Pase Ad libitum =0.12 =0.02 =0.36 =0.21
6 meals =0.038

GK Ad libitum <0.001 =0.07 =0.48 <0.001
6 meals =0.115

GLUT2 Ad libitum =0.46 =0.629 =0.277 =0.226
6 meals =0.322

PY Ad libitum =0.32 =0.894 =0.141 =0.038
6 meals =0.197

PEPCK Ad libitum =0.9 =0.31 =0.232 =0.542
6 meals =0.226

Glycogen  Ad libitum <0.001 < 0.001 =0.34 =0.11
6 meals =0.028

One-way ANOVA shows the significant diurnal variations of the enzyme mRNA expressions in
both experimental groups. Two-way ANOVA discloses the significance of the difference between
ad libitum and 6-meal schedule group.
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PVN stimulation affects clock gene and glucose-metabolizing enzyme expres-
sion in the liver: Does the SCN use the autonomic nervous system to drive
liver metabolism in a circadian manner?

C. Cailotto, C. van Heijningen, J. van der Vliet, A. Kalsbeek, P. Pévet and R.M. Buijs

Submitted

Abstract

Daily plasma glucose concentrations display a peak just before the onset of the noc-
turnal activity period. Previously we demonstrated that the suprachiasmatic nucleus
(SCN) controls this daily fluctuation in plasma glucose concentrations, independent of
its influence on feeding activity. Recently, we showed that hyperglycaemia, triggered by
an infusion of GABAergic antagonist at the level of the paraventricular nucleus (PVN)
of the hypothalamus, is abolished after hepatic sympathectomy (HSx), suggesting that
the SCN needs the sympathetic input to the liver to generate the daily rise in plasma
glucose concentrations. Besides clock genes, many sugar-metabolizing enzymes in
the liver also exhibit a daily rhythm in their gene expression, indicating a circadian
transcriptional regulation of metabolic components in the liver. These data suggested
that, via its control of the ANS, the SCN could influence the clock gene rhythm in
the liver and thereby affect metabolic enzymes in order to generate a daily rhythm in
glucose output. Indeed, PVN stimulation by administration of a GABA-antagonist
during the light period induced an increase of both the metabolic enzyme and clock
gene mRNA expression within the liver, simultaneous with a rise in plasma glucose
concentrations. Surprisingly, HSx rats, with only Ringer infusion, showed an increase
of some enzymes and clock gene transcripts as well, indicating that the denervation
per se affects liver metabolism and its clock gene expression. Together, these results
indicate the potency of the sympathetic innervation of the liver to participate in the
synchronization of the daily rhythms in metabolism.

Introduction

The control of glucose homeostasis is based on a multifaceted mechanism of differ-
ent tissues, pancreatic hormones, fat-derived hormones, autonomic nervous system
and the liver, which all play a major role in regulating glucose metabolism. Besides
the tight regulation to keep blood glucose levels within narrow limits, anticipation
of increased glucose needs before the onset of the activity period represents another
strategy to maintain/control the glucose homeostasis *°>9> 2!, The biological clock,
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located in the suprachiasmatic nucleus (SCN), controls the daily rise in plasma glucose
concentrations independent of feeding activity °>. Nevertheless, it is not clear exactly
how the circadian clock controls and generates the 24h-rhythm in blood glucose levels.
Retrograde tracing studies using a pseudorabies virus (PRV), demonstrated connec-
tions between the circadian clock and the liver via the autonomic nervous system '+,
suggesting that the SCN controls the daily glucose metabolism via the liver. In line with
this hypothesis, blockade of the inhibitory GABA-ergic SCN input to the PVN during
daytime, by infusion of a GABA-antagonist, results in an increase of plasma glucose
levels. Furthermore, this hyperglycemia is completely abolished after a sympathetic
denervation of the liver, indicating that the SCN might elicit the daily rise of plasma
glucose levels (possibly by an increase of hepatic glucose production) by activation
of the sympathetic innervation of the liver 7. The existence of oscillating clock genes
in the liver and the presence of a circadian pattern in the expression of key enzymes
involved in glucose metabolism (e.g., Phosphoenolpyruvate carboxykinase (PEPCK),
Glucose-6-Phosphatase (G6Pase)) suggest that the SCN uses the liver oscillator in
order to adapt the hepatic glucose output according to the time of the day **> 2% 2
4. To determine the importance of clock-gene functionality to generate a rhyth-
mic hepatic glucose-output, we decided to investigate whether SCN-activation of the
sympathetic input to the liver affects liver clock gene expression. Resetting the liver
oscillator might, in turn, modify liver glucose output by modifying the expression of
enzymes involved in hepatic glucose production. Therefore, we reproduced the rise
in plasma glucose concentrations by infusion of GABA antagonist at the level of the
PVN and we quantified, in the liver of these animals, the mRNA expression of clock
genes and enzymes involved in glucose metabolism. Subsequently, we repeated these
experiments in HSx animals to investigate the involvement of the autonomic nervous
system in these changes.

Materials & Methods

Animals

Adult male Wistar rats (Wu, Harlan, Horst, The Netherlands) were kept in individual
cages in a 12 h light/ 12 h dark cycle (L/D; lights on at 7:00, considered as Zeitgeber
time (ZT) o) under constant conditions of temperature (20 + 2°C) and humidity (60
+ 2%). Food and water were available ad libitum, except during the experimental
session, when only water was available. All experiments were conducted with the
approval of the Animal Care Committee of the Royal Netherlands Academy of Arts
and Sciences.

Surgical procedure
Surgery was performed in rats of 300-350g. Rats were anesthetized using a mixture
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of Hypnorm (Janssen, o.o5ml/100g BW, i.m.) and Dormicum (Roche Nederland,
0.04 ml/100g BW, s.c.). During surgery, the abdominal cavity was bathed regularly
with saline to prevent drying of the viscera. The wound was closed with atraumic
sutures (5-o Perma-Hand Said Ethicon). After surgery, the animals were placed in an
incubator until awakening (temperature 30°C); saline was injected subcutaneously to
prevent dehydration. Post-operative care was provided by subcutaneous injection of
the painkiller Temgesic (Schering-Plough (Utrecht importer), 0.01ml/100g BW), after
the operation and on the following day. A recovery period of at least days 10 days was
given to the animals to reach their pre-operative body weight and allow the complete
reinstatement of circadian rhythms .

HEPATIC SYMPATHECTOMY (HSX)

A laparotomy was performed in the midline. In order to access the bile duct and the
portal vein, the liver lobes were gently pushed up and the ligaments around the liver
lobes were carefully detached. The bile duct was isolated from the portal vein com-
plex. At the level of the hepatic portal vein, the hepatic artery splits into the hepatic
artery proper and the gastro-duodenal artery. At this point, the arteries were separated
from the portal vein. The nerve bundles running along the hepatic artery proper
were visualized using a myelin-specific dye (Toluidin Blue) and were removed using
micro-surgical instruments under an operating microscope (25x magnification). Any
connective tissue attachments between the hepatic artery and the portal vein were
also broken, eliminating any possible nerve crossings. The sympathetic denervation
involves an impairment of both efferent and afferent nerves. However, this procedure
does not impair the vagal input to the liver, as shown previously 7>27.

JUGULAR VEIN CATHETER/INTRACEREBRAL MICRODIALYSIS PROBE

During the surgical procedure (sham or HSx), also an intra-atrial silicone cannula
was implanted through the jugular vein according to the methods of Steffens >3, to
perform blood sampling. To administrate drugs or Ringer at the level of the PVN, bi-
lateral microdialysis probes were stereotaxically implanted directly lateral to the PVN
(coordinates with flat skull: 1.8 mm caudal to Bregma, 2.0 mm lateral to the midline,
7.9 mm below the brain surface). The loop of the U-shaped probe was placed in the
rostrocaudal direction along the PVN. At the end, dental cement was used to fix the
probe and the atrial outlet to two stainless steel screws inserted in the skull 7>, To
familiarize the animals with the experimental procedure, the animals were handled
during the period of recovery and sham blood was sampled (i.e., blood was withdrawn
and immediately returned) regularly.

Microdialysis probes

Microdialysis probes were constructed according to the method described previously
7246 Thin platinum wire (9, 0.05 mm) was inserted into a piece of microdialysis tubing
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(molecular weight cutoff, 6000 kDa) and bent; each end was then inserted into one
of two pieces of 25 gauge hypodermic tubing that had been soldered together. The U-
shaped tip of the dialysis probes was 1.5 mm long, 0.7 mm wide and 0.2 mm thick.

Experimental protocol

GENERAL PROCEDURE

At least 48h before the experiment, animals were connected to blood sampling and
microdialysis lines, which were attached to a metal collar and kept out of reach to the
rats by a counterbalanced beam. The input port of the dialysis probe was connected to
a remote syringe via a fluid swivel (375/22; Instech Laboratories, Plymouth Meeting,
PA) interconnected with polyethylene tubing. Depending on the experimental group,
the syringe contained Ringer’s solution with or without drug (Bicuculline (BIC), a
GABA, antagonist; 100uM). The two hours of BIC infusion (or Ringer solution for the
control groups) at ZT 4 was preceded by two hours of Ringer’s perfusion (with a flow
rate of 3pul/min). For more details of the procedure see 73. Blood samples were taken
smin before and then 5, 30, 60 and 120 min after the onset of the drug infusion.
EFFECT OF THE GABA ANTAGONIST ADMINISTRATION IN THE PVN ON THE EXPRES-
SION OF LIVER ENZYME MRNA IN INTACT RATS

With this first experiment, we aimed to identify for which enzymes (i.e., key enzymes
of the main pathways involved in hepatic glucose production) the mRNA expression
was affected by the BIC infusion at the level of the PVN. Therefore two groups of rats
were investigated: (1) as experimental group, intact animals were infused with a BIC
solution, n = 17, (2) as control group, intact animals were infused with a Ringer’s solu-
tion, n = 10. Animals were sacrificed at the end of the 2-h of drug infusion.

EEFECT OF GABA ANTAGONIST INFUSION IN THE PVN ON THE EXPRESSION OF LIVER
ENZYME MRNA IN HSX RATS

As we had already demonstrated that a sympathetic denervation of the liver abolishes
the rise in plasma glucose levels induced by BIC in an earlier study, our aim this time
was to identify the metabolic enzymes that are affected specifically by liver denerva-
tion, which in turn leads to a loss of the rise in plasma glucose levels. For this purpose
two additional groups of animals were investigated: (3) as an experimental group, HSx
animals were infused with BIC, n = 16 and (4) as a control group, HSx animals were
infused with Ringer’s solution, n = 13. Animals were sacrificed 120 minutes after the
onset of the 2h drug administration.

High Performance Liquid Chromatography-Electrochemical Measurements

For verification of the completeness of sympathectomy, parts of the liver were proc-
essed using High Performance Liquid Chromatography (HPLC) with electrochemical
detection for noradrenaline (NA) content. Briefly, tissue samples were weighed and
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homogenized in ice-cold 0.1M perchloric acid (2ml/100mg) and centrifuged twice
(14000 rpm) for 15 minutes at 4°C. Samples of 20yl supernatant were subsequently
transferred to the HPLC for analysis (Waters 600E pump and Waters 717plus au-
tosampler, Waters Chromatography b.v., Netherlands; Decade VT-03 electrochemi-
cal detector, Antec Leiden, Netherlands and Shimadzu Class-vp ™ software v.5.03
Shimadzu Duisburg, Germany). The mobile phase consisted of 0.06mol/l Natrium
Acetate, gmmol/I Citric acid, 0.37mmol/l Heptasulfonic acid and 12.5% methanol. The
flow rate was kept constant at 0.3ml/min. Separation of NA from other endogenous
compounds was achieved with a Supelcosil column (LC-18-DB 25cm X 4,6mm X 5
(m), with a 2 cm guard-column of the same material (Supelco Superguard ™, Supelco
USA). Column temperature was kept constant at 28°C. Quantification was achieved by
means of electrochemical detection (+0.65V) and NA content was measured against a
calibration curve of an external NA standard. The detection limit (ratio signal to noise
=2) was 1 pg of NA injected on column.

Rat liver RNA extraction and cDNA synthesis

Total RNA was extracted from each liver collected by RNeasy mini Kit (Qiagen, Court-
aboeuf, France), including DNase step, according to the manufacturer’s instructions.
For the cDNA synthesis, 2pug of total RNA was reverse-transcribed (125ng of random
hexamer/pg of RNA, Hexanucleotide Mix, Roche, Life Technology Nederland) and
1omM of dNTPs) with Superscript Il RNase H™ Reverse transcriptase (SSIIRT, In Vit-
rogen, Life Technology Nederland) according to the manufacturer’s instructions. As a
control (No reverse-transcriptase (NoRT)), for the detection of unspecific amplifica-
tion, 2 pg total RNA of each samples followed the same procedure, except that 1ul of
the enzyme was replaced by water. Each single stranded cDNA and their respective
No RT were then used as a template for the Real-Time PCR.

Real-Time PCR (RT-PCR)
Gene-specific primers were designed using Primer Express Software (Applied Biosys-
tems, Foster City, CA, USA). Primer data are given in Table 1. mRNA expression of
enzymes involved in glucose metabolism [Glucose 6 phosphatase (G-6-P), Glucoki-
nase (GK), Glucose transporter 2 (GLUT2), Phosphoenolpyruvate Carboxykinase
(PEPCK)], clock gene [Period 1/2/3 (Per1/2/3), Cryptochrome 1 (Cry1) and D site of
albumin promoter-binding (Dbp; a clock-controlled gene)] and two reference genes
[(ubiquitin conjugate enzyme (Ubcze) and TATA box binding protein (Tbp)] were
analyzed by RT-PCR.

One pl of each cDNA was incubated in a final volume of 20ul RT-PCR reaction
containing 1 X SYBR-green master mix (Applied Biosystems) and 6 pmol (reverse
+ forward) of each primer. Control PCRs were performed using PCR reaction mix,
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Table 1 Gene nomenclature, GenBank accession code, primer sequences and primer ef-

ficiency.

Gene  GenBank  Forward primer Reverse primer Efficiency
G6Pase NM 013098 CCCATCTGGTTCCACATTCAA GGCGCTGTCCAAAAAGAATC 1.95
GK NM 012565 TCCTCCTCAATTGGACCAAGG TGCCACCACATCCATCTCAA 1.98
GLUT2 NM 012879 GAAGGATCAAAGCCATGTTGG CCTGATACGCTTCTTCCAGCA 1.98
pY NM 012624 GAGAGTTTTGCAACCTCCCCA CCTTCACAATTTCCACCTCCG 1.95
PEPCK NM 198780 TGCCCTCTCCCCTTAAAAAAG CGCTTCCGAAGGAGATGATCT 2.02
Cry1 NM 198750 AAGTCATCGTGCGCATTTCA TCATCATGGTCGTCGGACAGA 1.87
Per1 XM 340822 TCTGGTTCGGGATCCACGAA GAAGAGTCGATGCTGCCAAAG 1.8
Per2 NM 031678 CACCCTGAAAAGAAAGTGCGA CAACGCCAAGGAGCTCAAGT 1.89
Per3 NM 023978 ATAGAACGGACGCCAGAGTGT CGCTCCATGCTGTGAAGTTT 2.2
Dbp NM 012543 CCTTTGAACCTGATCCGGCT TGCCTTCATGATTGGCTG 2.2
Ubi U 13176 CTCCAACAGGACCTGCTGAAC CTGAAGAGAATCCACAAGGAATTGA 1.8
pr XM 217785 TTCGTGCCAGAAATGCTGAA TGCACACCATTTTCCCAGAAC 1.91

including primers without cDNA (non-template control) or with 1pl of the No RT
reaction in the reaction mixture. Quantitative PCR was performed in an Applied Bio-
systems (Model ABI7300 Prism Sequence Detection System). Cycling conditions were:
2 min at 50°C, 10 min at 95°C, followed by 40 cycles of: 15 s at 95°C; 1 min at 60°C.
The data were acquired and processed automatically by Sequence Detection Software
(Applied Biosystems Inc). Primer specificity was confirmed by dissociation (melting)
curve analysis and agarose gel electrophoresis. To correct the cDNA load between the
different samples, the target gene had to be normalized by a reference gene. Reference
genes are selected by their constant expression throughout the different experimental
conditions.

Plasma measurements

During the experiment, blood samples were placed in crushed ice in tubes contain-
ing 10yl solution of 2.5% EDTA plus 10% benzymidine hydrochloride, before being
centrifuged at 4°C. Plasma glucose concentrations were determined in triplicate using
a Glucose/GOD-Perid method (Boehringer Mannheim, GmGH, Germany). Plasma
corticosterone concentrations were determined in duplicate with a radio-immuno-
assay kit (ICN Biomedicals, Costa Mesa, CA). From the samples, 1oul was taken and
diluted in 4 ml of assay buffer. The lower limit of the assay was 1ng/ml and the coet-
ficient of variation of the immunoassay was less than 4 %.
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Statistical analysis

GLUCOSE, CORTICOSTERONE RESPONSES

The responses of plasma glucose and corticosterone during the drug infusion were
evaluated by using two physiological parameters: (1) their increase during the 2-h
perfusion was compared to their value measured at t = 0, and (2) the area under the
curve (AUC) was calculated to estimate the overall changes during the 120 min infu-
sion period. To demonstrate statistically significant hormone responses during PVN
administration of drugs (Ringer or BIC) one-way ANOVA with repeated measure-
ments (i.e., 5 blood samples) was used, and to estimate an effect of drug administration
(Ringer vs BIC) or liver denervation (Sham vs HSx) we used multivariate ANOVA
(MANOVA) with repeated measures (i.e. sampling, 5 intra-animal levels; groups, 2
inter-animal levels). If a significant difference between two groups was detected, the
student’s t-test (un-paired) was applied to establish at which “time” the significant
“group” difference had occurred.

From our previous study 7> we knew that BIC infusion in intact animals with a cor-
rect probe placement triggered an increase of plasma glucose and corticosterone with
an AUC>100 and >10 000, respectively. Therefore, in the present study only animals
with glucose and corticosterone AUC >100 and >10 000 respectively were considered
to have a correct probe placement. Since in correct denervated HSx animals the glu-
cose response is abolished 73, here only the corticosterone criterium was applied. The
statistical analysis was done on absolute values.

For the data analysis on metabolic enzymes and clock gene expression, animals
were selected according to the physiological parameters mentioned above. For the
HSx group, animals were additionally selected according to their NA content (i.e. NA
content in the liver should be below 15% of the total NA content measured in intact
rat liver). To demonstrate a statistically significant difference between the two groups
(Ringer vs BIC), the P-value of unpaired student’s ¢-test was calculated on the basis of
the normalized data (SPSS package V12.0).

Results
PVN infusions in intact and HSx rats: Hormonal responses
In 11 out of 17 intact rats, the 2-h BIC infusion at the level of the PVN significantly
affected plasma glucose and corticosterone concentrations according to the criteria
described above. Glucose and corticosterone responses differed significantly from
those found during Ringer’s administrations (n = 10), according to ANOVA with
repeated measurements (Figure 1; Table 2 and 3).

Concerning HSx rats, 13 out of 16 rats for the BIC group showed a significant
increase in plasma corticosterone levels. Seven out of these 13 exhibited a low NA
content in the liver and despite a high corticosterone levels they displayed an attenu-
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Figure 1 Changes in plasma glucose and corticosterone concentrations during the 2hr ad-
ministration of Bicuculline and Ringer’s solution in the PVN in intact and HSx rats (circles
and squares represent intact and HSx animals, respectively; open and closed symbols repre-
sent Ringer or BIC infusion, respectively). For further details see Tables 2 and 3.

ated rise in plasma glucose (AUC < 100) as previously described 73. Moreover, 5 out
of the 13 rats of the Ringer group were discarded according to the NA criteria and
one animal due to a blockage of the jugular vein catheter, thus leaving 7 animals for
the Ringer group. A significant effect of group and group*sampling (p = 0.018 and
0.014, respectively) was detected between intact and HSx groups, indicating a different
glucose response to BIC infusion depending on the liver innervation, as previously
described 73 (Figure 1).

In fact, the HSx rats exhibited only a mild glucose response to GABA-antagonist
administration in the PVN as compared to the strong hyperglycaemia observed in
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Table 2 Statistical analysis of the plasma glucose response pattern during PVN administra-
tion of Ringer or BIC in intact/HSx rats.

Two-way ANOVA

Sampling Sampling(S) Group (G) Interaction (G x S)

Intact Ringer (n=10) =0.71 <0.001 <0.001 <0.001
BIC (n=11) <0.001

HSx Ringer (n=7) =0.066 <0.001 <0.001 <0.001
BIC (n=7) <0.001

Ringer Intact =0.71 =0.052 =0.22 =0.426
HSx =0.066

BIC Intact <0.001 <0.001 =0.018 =0.014
HSx <0.001

One-way ANOVA with repeated measures (i.e., 5 sampling points) shows the significant variation of
the plasma glucose levels during drug administration. MANOVA with repeated measures discloses
the significance of the difference between Ringer/BIC group and liver intact/HSx group.

Table 3 Statistical analysis of the plasma corticosterone response pattern during PVN ad-
ministration of Ringer or BIC in intact/HSx rats.

Two-way ANOVA

Sampling Sampling(S) Group (G) Interaction (G x S)

Intact Ringer =0.66 < 0.001 <0.001 < 0.001
BIC <0.001

HSx Ringer =0.90 <0.001 <0.001 <0.001
BIC <0.001

Ringer Intact =0.66 =0.877 =0.563 =0.763
HSx =0.90

BIC Intact <0.001 < 0.001 =0.15 =0.18
HSx <0.001

One-way ANOVA with repeated measures (i.e., 5 sampling points) shows the significant variation
of the plasma glucose levels during drug administration. MANOVA discloses the significance of the

difference between Ringer/BIC group and sham/HSx group.

intactrats (p =0.01),i.e. AUC 117 * 14 and 344 + 62, respectively. In contrast, hepatic
denervation did not affect the plasma corticosterone responses, and no significant
differences between HSx and Intact groups were detected in the basal concentrations
of plasma glucose or corticosterone measured at t = o (Table 4).
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Table 4: Basal concentrations in plasma glucose and corticosterone at the start of PVN infu-
sions.

Bicuculline Ringer
Glucose Intact 6.34+0.17 (n=11) 6.22 +0.22 (n = 10)
HSx 6.08 +0.24 (n=7) 6.46 +0.16 (n=7)
p 0.380 0.425
Corticosterone Intact 62.36 +20.73 (n =11) 39.40 £ 9.69 (n = 10)
HSx 60.38 +22.81 (n=7) 65.7+17.6(n=7)
p 0.560 0.848

Absolute values of plasma glucose and corticosterone concentrations at the start (t = o) of the infu-
sion experiment. The p-value indicates the results of the unpaired Student’s t-test.

PVN infusions in intact and HSx rats: effect on glucose enzyme expression
Infusion of a GABA antagonist in the PVN triggered a significant upregulation of all
liver enzyme mRNA expressions, except GLUT2 (Figure 2), indicating that the BIC
infusion does affect hepatic glucose metabolism. The infusion of BIC at the level of
the PVN activates many neurons, which in turn may result in changes in both auto-
nomic activity and hormonal levels such as corticosterone 7*. These autonomic and
hormonal changes affect liver metabolism towards a higher glucose output, so it is
not surprising to observe an increase in the mRNA levels of glucose-metabolizing
enzymes involved in gluconeogenesis correlated with an increase in plasma glucose
concentrations. No significant difference was detected between BIC vs Ringer groups
in HSx animals as far as the enzyme levels were concerned, showing that BIC infu-
sion does no longer affect liver enzyme expression after removal of the sympathetic
input. Moreover, in HSx vs liver-intact groups with Ringer infusion, we observed that
the hepatic denervation per se significantly increases the transcript levels of Pepck
and PY, the key enzymes involved in the regulation of the gluconeogenic pathway
(Table 5). Together these results indicate that the activation of the PVN stimulates
the expression of most liver enzymes studied, and this activation is not observed after
HSx. Moreover, removal of the sympathetic input to the liver also increases the basal
expression of these enzymes.

PVN infusions in intact and HSx rats: effect on clock gene mRNA

BIC infusion at the level of the PVN in intact rats triggered an increase in most of the
clock gene transcript levels (Figure 3), except Per3 and the clock-output gene Dbp.
The effect of BIC on Per1/2 and Cry1 expression was not observed in HSx animals
(Table 6). However, statistical analysis revealed a significant difference between Ringer
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Figure 2 mRNA expression of the liver enzymes after a 2 h infusion of Bicuculline and
Ringer’s solution in the PVN. * indicates p values < 0.05 for BIC vs Ringer; A indicates p
values < 0.05 for Intact vs HSx. For further details see Table 5.

infused HSx vs liver-intact rats with increased mRNA levels of all clock genes studied,
except Dbp. Per3 mRNA levels displayed a significant decrease of mRNA levels in HSx
rats upon BIC stimulation. No difference in Dbp gene expression, a clock-controlled
gene, was detected in any group, indicating that the clock output was not disturbed.
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Table 5 Statistical analysis of liver enzyme mRNA expressions after 2hr of BIC/Ringer ad-
ministration in the PVN.

Unpaired Student’s t-test

G6Pase  Glucokinase  GLUT2 PY PEPCK
Intact Ringer =0.01 =0.002 =0.211 =0.004 =0.001
BIC
HSx Ringer =0.97 =0.18 =0.39 =0.22 =0.78
BIC
Ringer Intact =0.24 =0.33 =0.29 =0.023 = 0.006
HSx
BIC Intact =0.343 =0.086 =0.465 =0.505 =0.772
HSx

Relative mRNA expression of liver enzymes on completion (t = 120) of the experiments; liver intact
group with Ringer (n = 10) or BIC (n = 11) infusion and denervated liver group with Ringer (n = 7)
or BIC (n = 7) infusion. The p-value indicates the results of the unpaired Student’s ¢-test.

Table 6 Statistical analysis of the liver clock gene mRNA expressions after 2hr of BIC/Ringer
administration in the PVN.

Unpaired Student’s ¢-test

Per1 Per2 Per3 Cry1 Dbp

Intact Ringer =0.011 =0.005 =0.172 =0.021 =0.893
BIC

HSx Ringer =0.38 =0.14 =0.01 =0.211 =0.315
BIC

Ringer Intact =0.015 =0.019 =0.001 <0.001 =0.111
HSx

BIC Intact =0.37 =0.438 =0.84 =0.375 =0.676
HSx

Relative mRNA expression of liver clock genes on completion (t = 120) of the experiments; liver
intact group with Ringer (n = 10) or BIC (n = 11) infusion and denervated liver group with Ringer
(n =7) or BIC (n = 7) infusion. The p-value indicates the results of the unpaired Student’s t-test.

Conclusion

The present study provides additional evidence that a GABA-ergic inhibitory mecha-
nism is active on the sympathetic pre-autonomic neurons located in the PVN, in order
to control liver metabolism. In view of the demonstrated GABA-inhibitory input from
the SCN to the PVN it is possible that this inhibition will vary with the time of the day.
Activation of the autonomic neurons by blocking the GABA-ergic input triggers an
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Figure 3 mRNA expression of the liver clock genes after a 2 h infusion of Bicuculline and
Ringer’s solution in the PVN. * indicates p values < 0.05 for BIC vs Ringer; A indicates p
values < 0.05 for Intact vs HSx. For further details see Table 6.

upregulation of the gluconeogenic enzyme expression in the liver, which may induce
an increase of HGP and then a rise in plasma glucose levels. The BIC-induced upregu-
lation of the liver enzymes and the pronounced hyperglycaemia are abolished after
selective sympathetic denervation of the liver, indicating that the increase in plasma
glucose concentrations might be due to an increased HGP. Interestingly, we also ob-
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served an effect of the hepatic denervation per se, i.e., high mRNA levels in metabolic
enzymes but no rise in plasma glucose levels or plasma corticosterone levels in animals
perfused with Ringer. These data show that a chronic removal of the autonomic input
can also affect basal liver glucose metabolism. With regard to a possible time-adjust-
ment of the liver oscillator by the SCN, removal of the SCN-inhibitory input at the
level of the PVN does indeed affect liver clock gene mRNA expression, showing that
the liver clock genes do respond to an acute change of the SCN-PVN output.

Activation of the autonomic neurones by BIC infusion at the level of the PVN
triggers an increase of plasma gluco-regulatory hormone concentrations, known to
affect the HGP, i.e., corticosterone, glucagon and catecholamines 7> *** 247, Despite
the change in these hormonal levels, the BIC-induced rise in plasma glucose levels is
strongly diminished after a selective sympathetic denervation of the liver, confirming
that the sympathetic innervation of the liver is essential for the BIC-hyperglycemic
response, as previously described 7. The mild rise in plasma glucose levels observed
in HSx animals infused with BIC could be explained by the stimulatory effect of corti-
costerone, glucagon or adrenaline on the hepatic glucose output, which indicates that
these hormones participate in, but are not sufficient to generate, the complete glucose
response upon BIC infusion in the PVN.

An upregulation of G6Pase/GK and PY enzymes involved in glucose release/uptake
and the glycolytic pathways, respectively '*, is observed in liver-intact animals after
2-h BIC infusion in the PVN, indicating that removal of the GABA inhibitory input
activates liver metabolism by means of an increase of glucose cycling and glycolysis.
The high levels of PEPCK mRNA, the key enzyme of gluconeogenesis, suggest that
the hyperglycemic effect of BIC can be attributed to an increased HGP, as previously
proposed **. It is surprising to observe a stimulatory effect on both glycolysis and
gluconeogenesis since their regulation is proposed to be reciprocal 524, However, in
our experiment the analysis of gene expression is performed after 2-h of BIC-induced
hyperglycaemia, a “long period of high plasma glucose levels” that might trigger the
activation of PY transcription *#. Moreover, hepatic autoregulatory processes might
also take place during this prolonged period of hyperglycemia in order to decrease
the plasma glucose levels 2. In addition to the activation of the autonomic branches
connected to the liver, the activation of the autonomic neurones at the level of the
PVN induces, the release of hormones which are also known to activate gluconeo-
genic pathways by inducing gene expression or enzyme activity *°% 5325, Therefore, a
selective denervation of the sympathetic input to the liver was performed to identify
the set of enzymes which responds specifically to sympathetic nerve stimulation. In-
terestingly, the hepatic denervation per se induces an upregulation of most enzymes
implicated in the gluconeogenic pathways, i.e. PECK involved in the regulation of
the gluconeogenesis and PY involved in the glycolysis pathway. GK and Gé6Pase, in-
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volved in the uptake/release of glucose and in the replenishment of glycogen 252,
also showed increased mRNA levels, but this did not reach significance. The increase
of the enzyme mRNA levels observed in HSx control animals (i.e. Ringer infusion
in the PVN) is not correlated with an increase in plasma glucose levels, which sug-
gests that the sympathetic input to the liver is also involved in the control of basal
hepatic glucose output. However, additional experiments, using a hyperinsulinemic
euglycemic clamp, have to be performed in order to be able to confirm or reject this
hypothesis. No significant changes of gene expression were observed in the HSx groups
after 2h of BIC administration in the PVN, reinforcing the idea that the sympathetic
input to the liver is necessary to generate a rise in plasma glucose levels by means of
hepatic glucose release. Surprisingly, removal of the sympathetic input to the liver also
caused an upregulation in enzyme expression, just like the BIC-induced activation of
the sympathetic input, suggesting that the chronic dysbalance of the ANS provides a
strong stimulatory signal to the liver comparable to the BIC infusion. A study in which
a parasympathetic denervation of the liver was reported to cause a disturbance in liver
glucose metabolism as well as glycogen storage **5 also indicates that removing one
branch of the autonomic input to the liver may generate an abnormal hepatic glucose
metabolism. In a previous study we demonstrated that sympathetic denervation per se
disturbs the daily rhythm of the metabolic enzymes in the liver, which in turn resulted
in a loss of the plasma glucose rhythm (chapter 2). Consequently, this study confirms
our hypothesis that a balanced autonomic input to the liver is required to sustain
the rhythmicity in hepatic enzyme expression. In the present study, we intentionally
measured the expression of the liver enzymes in order to identify the set of metabolic
enzymes involved in the daily rhythmicity of HGP. We are, of course, aware of the
complex regulation of the liver enzyme activity (i.e., at the pre and posttranscriptional
levels) *3*253255, and in future experiments we therefore aim to investigate further the
activity levels of the enzymes in order to be able to identify more precisely the distur-
bance of the glucose metabolism that occurs after the sympathetic denervation.

As it was previously reported that sympathetic stimulation caused an increased
of Per1 mRNA levels **, the other question we raised in this study was whether the
SCN can use the sympathetic input to reset the liver oscillator in order to control
its glucose output according to the time of the day. The removal of the SCN-inhibi-
tory input to the PVN does induce an increase of Per1/2 and Cry1 expression in the
liver-intact animals. Since the liver oscillator has been shown to respond to multiple
signals 175179, the upregulation of Per2 and Cry1might be induced by the BIC-induced
hormonal changes or the activation of both autonomic inputs to the liver. Remarkably,
as observed for liver enzymes, hepatic denervation alone induces an upregulation of
clock genes, indicating that hepatic denervation provides a signal which is perceived
by the liver oscillator. This observation is quite surprising, since our previous work
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did not yield any major effects of the denervation on the rhythmic profile of the liver
clock genes >7. However, a closer look at the expression level of the clock genes at
ZT6 of both intact-liver and HSx animals, from our previous study shows an increas-
ing effect of the hepatic denervation per se as well. Taking all this together, it appears
that the hepatic denervation per se does affect the basal expression of the clock gene
without affecting their 24h-rhythmic profiles over the L/D cycle. Interestingly, in HSx
animals, BIC infusion induces a significant decrease of Per3 mRNA levels (a similar
trend towards a decrease is also observed in other clock gene expressions), suggest-
ing an inhibitory effect of the parasympathetic branch on clock gene expression. At
present we are not aware of any other published data showing a possible connection
between the parasympathetic branch of the ANS and clock gene expression. On the
other hand, it has been reported that light (via the SCN) does have opposing effects
on the two branches of the ANS .

Recently, Ishida and collaborators demonstrated a role for the sympathetic inner-
vation of the adrenal in light-induced corticosterone secretion and also observed
an effect on clock gene expression, suggesting a role of the adrenal oscillator *. The
correlative results of this study are still insufficient to conclude that the peripheral
clock plays a part in rhythmic organ metabolism, and further studies are still needed
to elucidate this. However, a light stimulus, in contrast to BIC, might provide us with
a better tool to further investigate our question how the ANS is able to affect clock
gene and enzyme expression in the liver. On the other hand, according to Schibler &
Brown **4, light only has an indirect effect on the liver, via corticosterone secretion by
the adrenal.

In summary, the removal of the GABAergic-input at the level of the PVN induced
an increase of gluconeogenic enzymes expression that is probably responsible for the
rise in plasma glucose concentrations. Selective sympathetic denervation of the liver
induces an abnormal hepatic glucose metabolism, which might explain the absence
of BIC-induced hyperglycaemia in HSx animals. Therefore, the integrity of the ANS
seems to be required to generate a rhythmic hepatic glucose output and is thereby
essential for the genesis of the 24h-rhythm in plasma glucose concentrations. On the
other hand, with our studies we have not found an essential role of the liver oscillator
in the genesis of a rhythmic hepatic glucose output.
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Abstract

The suprachiasmatic nucleus (SCN) regulates the daily rhythms in physiology and
behavior via hormonal and autonomic pathways. Light, conveyed via the retinohy-
pothalamic tract, is the main synchronizer of SCN activity. Early studies demonstrated
that light can affect the output of the SCN, and hence the hormonal output or the
functionality of peripheral organs. The same light stimulus also induces changes in
clock gene expression in the adrenal, suggesting that the peripheral clocks play a role
in the organ-specific output. In the present study, we show that a light pulse not only
affects clock gene expression but also the expression of functional genes in different
organs. Furthermore, changes in the expression of functional genes, observed after
light exposure, are correlated with a change in the physiological organ-output for
some organs, for instance the adrenal. However, we did not find a correlation between
changes in the expression of clock genes and functional genes in response to light,
suggesting that peripheral clocks do not participate in the physiological response of an
organ to light exposure. Because light induces an immediate change in the release of
hormones, such as melatonin and corticosterone, these two hormones were proposed
to be necessary to spread the light message to the rest of the body. Interestingly, in our
study we demonstrate that the response of the liver to light exposure is mediated by the
autonomic nervous system, independent of hormonal changes, indicating additional
pathways by which the light is able to influence peripheral organs via the SCN.

Introduction
During evolution, time keeping mechanisms such as the molecular biological clock
have evolved in all cells of the body. However, in mammals the autonomous biological
clock is located in the brain, in the hypothalamic suprachiasmatic nucleus (SCN) 7
258, SCN neurons display spontaneous circadian rhythms of electrical activity, in vivo
as well as in vitro '»>5*2%_ The SCN transmits its daily signal to all tissues of the body
via hormones and the autonomic nervous system > 9> ¢ and in this way prepares
all body tissues for either activity or sleep.

The neuronal activity of the SCN in night-active rodents coincides with the loco-
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motor inactive (light) phase, while SCN neuronal inactivity coincides with locomotor
activity. Until now light has been considered the most important factor to influence
the neuronal activity of SCN neurons, via the ventral, light input-receiving, part of the
SCN. This light input not only inhibits melatonin secretion, but also affects corticoster-
one secretion, and inhibits locomotor activity and heart rate 55>2¢. The light-induced
inhibition of locomotor activity can only be observed in SCN-intact animals, suggest-
ing that the (light-induced) electrical activity of SCN neurons is directly responsible
for the inhibition of locomotor activity, also during the subjective light phase. Since
the SCN affects both the pineal and the adrenal via sympathetic innervation, and the
result is not only a change in hormone secretion, but also in clock gene expression 5,
it has been suggested that these two hormones transmit the SCN signal to peripheral
tissues in order to control organ function **+2¢52¢, Especially the influence of the SCN
on peripheral clock genes is thought to be transmitted by its influence on corticoster-
one secretion ®> %4, However, autonomic connections between the SCN and almost
every organ of the body have been demonstrated 5» 5+ 155261263268 "and this neuronal
route therefore provides an alternative possibility for the SCN to transmit, not only
its circadian message, but also light information to the peripheral oscillators, thereby
adjusting the organ-output according to the light changes in the environment.

In the present study, we aimed at examining this hypothesis by investigating two
main questions: 1) Are the light-induced changes in clock gene expression implicated
in the functional changes of an organ? and 2) Is the autonomic nervous system (ANS)
necessary for the light-induced changes in clock gene expression and functional out-
put of the peripheral organs? In order to explore whether the peripheral clock genes
are involved in the light-response of the peripheral tissues, clock gene expression and
functional genes of different organs (i.e., adrenal, liver, pineal, heart and muscle tissue)
were analyzed after light exposure at CT14 and CT20. As a physiological response to
light, the plasma corticosterone levels were also measured. To examine whether light
information is conveyed via the autonomic nervous system, we focused on the expres-
sion of clock genes and functional genes in the liver of intact and liver-denervated
animals before and after a light pulse.

Materials and Methods

Animals

Male Wistar rats (Harlan Nederland, Horst, The Netherlands) were housed at a room
temperature of 21 + 1 °C with a 12-h light/12-h dark (L/D) cycle (lights on at 07:00 aM,
Zeitgeber Time (ZT) o). Room lights had an intensity of = 200 lux, while under dark
conditions the dim red light was <1 lux. Animals were housed four to six per cage and
transferred to individual cages (25x25x35cm) after surgery or 1 week prior to the light
exposure experiment. Food and water were available ad libitum. All of the following
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experiments were conducted under the approval of the Animal Care Committee of
the Royal Netherlands Academy of Arts and Sciences.

To investigate the effect of light exposure via the SCN on physiological output (e.g.,
corticosterone secretion), on peripheral clock genes and on tissue-specific genes in
animals with or without ANS liver innervation, the animals were subjected to light
exposure at subjective night. The rats were transferred to constant dark the day be-
fore the experiment. In all experiments, the control group followed the same surgical
procedure, but received no light exposure.

Surgical procedure

Surgery was performed in rats of 300-350g. During all surgical procedures animals
were anesthetized using a mixture of Hypnorm (Duphar, The Netherlands; 0.o5ml/
100ogm body weight, i.m.) and Dormicum (Roche, The Netherlands; 0.04ml/100gm
body weight, s.c.). The wound was closed with traumatic sutures (5-o Perma-Hand
Said Ethicon), and postoperative care was provided with a subcutaneous injection of
o0.o1ml/100g BW of pain killer (Temgesic; Schering-Plough (Utrecht importer). The
animals were allowed a recovery period of at least days 10 days so that they could reach
their pre-operative body weight and regain their circadian rhythms.

COMPLETE DENERVATION OF LIVER

By using microsurgical techniques and a myelin-specific dye (Toluidin Blue), a com-
plete hepatic denervation (i.e., sympathectomy and parasympathectomy) was per-
formed, after a laparotomy had been performed in the midline. Hepatic sympathec-
tomy (HSx) was performed as previously described 7*'7. Briefly: the ligaments around
the liver lobes were severed to free the bile duct and the portal vein complex. The nerve
bundles were identified at the level of the hepatic artery proper and removed using
microsurgical instruments. Hepatic parasympathectomy (HPx) was performed as
previously described 722", Briefly, the hepatic branch was revealed where it separated
from the left vagal trunk, subsequently the fascia containing the branch was stretched
and then sectioned with a pair of scissors.

JUGULAR VEIN CATHETER

A jugular vein catheter was implanted to investigate the hormonal response of the
adrenal cortex to light exposure (i.e., corticosterone secretion). During the surgical
procedure, an intra-atrial silicone cannula was implanted through the jugular vein
according to the method of Steffens *** to allow stress-free remote blood sampling.
SCN-LESIONS

Bilateral lesions of the SCN were performed as described previously ¢ when the
animals weighed 175-200g. A total of 40 animals were operated upon to ensure a
sufficient number of effectively lesioned animals. After a recovery period of 2 weeks
the effectiveness of the SCN lesions was checked by measuring the daily water intake
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for a 3-week period. Intact animals normally consume only 0-5% of their total daily
water intake during the middle eight hours of the light period, i.e. between ZT2-ZT1o0.
SCN lesions were considered successful when an animal drank >30% of its daily water
intake during this 8-h period.

Experimental Set up

EXPERIMENT 1: EFFECT OF LIGHT EXPOSURE ON PERIPHERAL PHYSIOLOGY (COR-
TICOSTERONE SECRETION)

In the first experiment, liver-intact animals were exposed to light at early subjective
night (CT14) for 30 min. Hourly blood samples were taken from CT9 until CT17.
Additional blood samples were taken 15, 30, and 45 min after the start of the light
exposure at CT14. One week later the experiment was repeated in the same group of
animals, but this time no light exposure was performed at CT14.

A second group of animals was exposed to 30 min of light at different times of
the L/D-cycle, i.e. CT2, CT10, CT14, or CT20. Animals were in constant darkness
for at least 1 complete subjective dark period preceding the light exposure. During
each light exposure only 2 blood samples were taken, i.e. the first one just before the
start of the 30 min light exposure and the second one at the end. The different light
exposure experiments were separated by at least one week. In addition to the intact
animals, this experiment also included a group of SCN-lesioned (SCN-X) animals.
The final histological analysis revealed 12 animals with complete lesions of the SCN.
The SCN-lesioned animals only participated in the CT14 light exposure.
EXPERIMENT 2: EFFECT OF LIGHT EXPOSURE ON GENE EXPRESSION IN PERIPHERAL
ORGANS
In order to investigate the effect of light on the various organs, intact animals were
exposed to a 60-min light pulse at either CT14 or CT20. A control group of animals
was not exposed to light.

To investigate whether the autonomic nervous system participates in the light-in-
duced liver response, animals with a complete liver denervation (CD) were exposed
to the 60-min light pulse at CT'14. Control animals, either liver-denervated or sham-
operated, received no light.

Euthanasia

Animals were sacrificed immediately at the end of the light exposure (at CT15 or
CT21). Pineal, adrenal, liver, heart and skeletal muscle (triceps brachii) were removed
and frozen directly into liquid nitrogen and transferred to -80°C until analysis.

High Performance Liquid Chromatography-Electrochemical Measurements
From our previous studies we knew that, in contrast to the parasympathetic dener-
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vation, it was difficult to get a 100% success rate for the sympathetic denervation *¥7.
Therefore, we checked the completeness of the sympathectomy by measuring the NA
content in the liver. After the experimental procedures pieces of the liver were proc-
essed using High Performance Liquid Chromatography (HPLC) with electrochemi-
cal detection for noradrenaline (NA) content. Tissue samples were homogenized in
ice-cold 0.1M perchloric acid (2ml/100mg) and centrifuged twice (14000 rpm) for
15 minutes at 4°C. Samples of 2opl supernatant were subsequently transferred to the
HPLC for analysis (Waters 600E pump and Waters 717plus autosampler, Waters Chro-
matography b.v,, Netherlands; Decade VT-03 electrochemical detector, Antec Leiden,
Netherlands and Shimadzu Class-vp ™ software v.5.03 Shimadzu Duisburg, Germa-
ny). The mobile phase consisted of 0.06mol/l Natrium Acetate, gmmol/l Citric acid,
o0.37mmol/l Heptasulfonic acid and 12.5% methanol. The flow rate was kept constant
at 0.3ml/min. Separation of NA from other endogenous compounds was achieved with
a Supelcosil column (LC-18-DB 25cm x 4,6mm x 5 um), with a 2 cm guard-column
of the same material (Supelco Superguard ™, Supelco USA). Column temperature
was kept constant at 28°C. Quantification was achieved by means of electrochemical
detection (+0.65V) and NA content was measured against a calibration curve of an
external NA standard. The detection limit (ratio signal to noise = 2) was 1 pg of NA
injected in the column. Sympathetic denervation was considered to be complete when
the NA content dropped below 10% of that of intact-liver animals **>.

RNA extraction and cDNA synthesis

Total RNA was extracted and purified by RNeasy mini kit (Qiagen, Courtaboeutf,
France) including a DNase step, according to the manufacturer’s recommendations.
The quality of RNA was examined by Agilent 2100 Bioanalyzer equipped with Nano
chips (Agilent Technologies, Palo Alto, CA, USA) and concentrations were determined
by Nanodrop spectrophotometer (NanoDrop Technologies, USA). 2pg of total RNA
(liver, adrenal and heart) or o.5ug of total RNA (pineal) was reverse-transcribed in
a final reaction volume of 2opl. First, total RNA and random hexamer (125ng/pg of
RNA, Hexanucleotide Mix, Roche, Life Technology Nederland) were incubated for 10
min at 70°C. Then, 5X first strand buffer, 0.1M DTT and dNTPs (1omM) were added
and the samples were preincubated for 2 min at 42°C. Finally, 1ul of Superscript RNase
H- Reverse transcriptase (SSIIRT, In Vitrogen, Life Technology Nederland) was added
and the reaction was incubated for one hour at 42°C. For the control sample (no RT),
the 1ul of enzyme was replaced by 1ul of water.

Real-time PCR (RT-PCR)

Clock genes, which are the main oscillator components (Period 1/2/3 (Per1/2/3), Cryp-
tochrome 1/2 (Cry1/2) and D-albumin-binding protein (Dbp)), were analyzed by
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Table 1 Primer sequences for RT-PCR

Gene GenBank Sequence
Histone 1 X70685 5’ GAACGCCGACTCCCAGATC3’
5’ CCCCTTTGGTTTGCTTGAGAS’
HPRT AF009656 5’ ATGGGAGGCCATCACATTGT3’
5’ ATGTAATCCAGCAGGTCAGCAAS3’
GAPDH NM_o17008 5’ TGCCAAGTATGATGACATCAAGAAG3’
5’AGCCCAGGATGCCCTTTAGTS3’
Ubi NM_o025356 5’CTCCAACAGGACCTGCTGAACS’
5’ CTGAAGAGAATCCACAAGGAATTGAS’
Tbp XM 217785 5’ TTCGTGCCAGAAATGCTGAAS3’
5’ TGCACACCATTTTCCCAGAACS’
EF1a NM_o012660 5’ AGATGGACTCCACGGAACCAS’
5’GTAGGCGCTGACCTCCTTGACS’
Per1 AB092976 5’TCTGGTTCGGGATCCCACGAA 3’
5’ GAAGAGTCGATGCTGCCAAAGS’
Per2 NM_o031678 5’CACCCTGAAAAGAAAGTGCGA3’
5’CCACGCCAAGGAGCTCAAGTS3’
Per3 NM_o023978 5’ ATAGAACGGACGCCAGAGTGT3’
5’CGCTCCATGCTGTGAAGTTTS3’
Cry1 NM_ooy7771 5’ AAGTCATCGTGCGCATTTCAS3’
5’ TCATCATGGTCGTCGGACAGAS3’
Cry2 NM_133405 5’ TGGATAAGCACTTGGAACGGAA3’
5’ TGTACAAGTCCCACAGGCGGTAS3’
Dbp NM_o12543 5°CCTTTGAACCTGATCCGGCT3’
5’TGCCTTCTTCATGATTGGCTG3’
NAT NM_012818 5’ TGAGCGCGAAGCCTTTATCTC3’
5’ TGATGAAGGCCACAAGACACC3’
G6Pase NM_013098 5’CCCATCTGGTTCCACATTCAAS®
5’GGCGCTGTCCAAAAAGAATCS3’
GLUT: NM_012879 5’GAAGGATCAAAGCCATGTTGGS
5°CCTGATACGCTTCTTCCAGCAS’
GK NM_o012565 5’ TCCTCCTCAATTGGACCAAGG3’
5’ TGCCACCACATCCATCTCAAS’
pYy NM_o012624 5’GAGAGTTTTGCAACCTCCCCA3’
5°CCTTCACAATTTCCACCTCCG3’
PEPCK NM_198780 5°TGCCCTCTCCCCTTAAAAAAGS®
5’CGCTTCCGAAGGAGATGATCTS3’
MC2-R AFs547168 5’CCTTCTGCCCAAATAACCCTTS3”’

5’CATGCCATTGACCTGGAAGAS’
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RT-PCR. In addition, some tissue-specific gene-relating physiology (arylalkylamine-
N-acetyltransferase (NAT) in the pineal, melanocortin receptor-2(MC2-R) in the ad-
renal and glucose-metabolizing enzymes in the liver [Glucose 6 phosphates (G-6-P),
Glucokinase (GK), Glucose transporter 2 (GLUTz2), Phosphoenolpyruvate Carboxyki-
nase (PEPCK)]) was also analyzed. RT-PCR was carried out on an Applied Biosystems
(Model ABI7300 Prism Sequence Detection System). 1 pl of each cDNA was incubated
in a final volume of 20p] RT-PCR reaction containing 1oyl of 2 X SYBR-Green master
mix, 1.5 pl of each primer at 3pmol pl-1 and 6pl of RNase-free water. Quantitative PCR
was performed under the following general PCR conditions: 2 min at 50°C, 10 min
at 95°C, followed by 40 cycles of 15 s at 95°C; 1 min at 60°C. The data were acquired
and processed automatically by Sequence Detection Software (Applied Biosystems
Inc). Gene-specific primers were designed using Primer Express Software (Applied
Biosystems, Foster City, CA, USA). The Primer data are given in Table 1. The selection
of the two reference genes for each kind of organ or tissue used were confirmed by the
GeNorm v3.3 program (http://allserv.ugent.be/~jvdesomp/genorm/).

Histone1 (H1) and hypoxanthine-guanine phosphoribosyl transferase (HPRT) were
chosen as reference genes for pineal; glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and ubiquitin (Ubi) for adrenal, HPRT and Ubi for heart, TATA box bind-
ing protein (Tbp) and Ubi for liver, and H1 and elongation factor alpha (EFa) for
muscle. Primer specificity was confirmed by dissociation (melting) curve analysis and
5% polyacrylamide gel electrophoresis with 25bp ladder.

Plasma corticosterone measurements

Plasma corticosterone concentrations were determined in duplicate with a radio-im-
muno-assay kit (ICN Biomedicals, Costa Mesa, CA). From the samples, 10ul was taken
and diluted in 4 ml of assay buffer. The lower limit of the assay was 1 ng/ml and the
coefficient of variation of the immunoassay was less than 4 %.

Statistical analysis

All data are presented as mean + SEM. Multivariate analysis of variance (MANOVA)
with repeated measurement design was used to determine the effect of light on plasma
corticosterone concentration. When MANOVA detected a significant effect, this was
followed by a student’s-Newman-Keuls (post hoc) procedure to assess the specific time
of the difference. RT-PCR data were analyzed by a mixed one-way ANOVA (Group
(2 levels), i.e., CT15 versus CT21, or Intact versus Denervated; Treatment (2 levels),
i.e., light versus no-light). If significant effects were detected, it was followed by a
post-hoc LSD test. The differences were considered significant when p values were
lower than o.05.
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Results

Effects of light exposure on organ output (plasma corticosterone concentration)
When considering the plasma corticosterone curves from CT9 — CT17 (Figure 1A),
either with or without light-exposure, no significant differences were observed (n = 9;
effect of CT-times, p<o.oo01; Light, p = 0.958, Interaction, p = 0.261). However, when
the 3 additional time points during the light exposure were included in this analysis
(n = 9 + 3) the effect of light was clearly present in the interaction effect (CT-times,
p<o.oo01; Light, p = 0.232; Interaction, p = 0.002). These results indicate that light
exposure had an immediate, short-lasting effect on the release of corticosterone. The
post-hoc analysis revealed that 15 and 30 min after the start of the light exposure
plasma corticosterone levels were significantly higher in the light-exposed animals.
The second experiment showed that the effect of light on corticosterone release was
both time- and SCN-dependent (Figure 1B). First, ANOVA showed that the basal
(t = o) corticosterone levels in the SCN-intact animals showed the expected diurnal
variation (p<o.001), i.e. with the levels at CT10 being significantly higher than those
at the other 3 time points, and those at CT14 significantly higher than those at CT2
(data not shown). Basal plasma corticosterone levels in SCN-lesioned animals were
intermediate and differed significantly from those in the intact animals at CT2 and
CT20. ANOVA also showed a clear time-dependence of the corticosterone response
to light exposure, except in the SCN-X animals (Figure 1B). Irrespective of whether
SCN-X animals were included or not, the response of intact animals at CT14 differed
from all other responses (both p<o.001).

Effects of light exposure on the gene expression in different organs
The purpose of this experiment was to characterize the time dependency of the light-
induced changes in the expression of peripheral clocks in different organs. Four groups
of rats were either exposed to light at CT14 or CT20 or kept in darkness. Animals were
sacrificed at CT15 (n = 8 for controls and n = g for light exposed) and CT21 (n = 6 for
both groups). The control group at CT15 consisted of intact animals (n = 4) and ani-
mals that had been sham-operated (n = 4), since there were no significant differences
between intact and sham-operated animals (p > 0.05). In all organs studied, the basal
expression of most of the clock genes showed a clear time-dependency (Table 2 and
Figure 2 A, B). In fact, only 4 out of the 30 combinations did not show a significant
effect of circadian time. The circadian changes observed in our study confirmed those
of previous studies 5% 161 168 170,197, 207,217,

We observed a change in the expression of the functional genes in the liver and
the pineal at CT13 and CT15 (except for PEPCK, which displays a low expression
during the dark period; Table 2 and Figure 2 C), similar to '*® %244, Interestingly, the
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Figure 1 A. Plasma corticosterone concentrations (mean * S.E.M) from CT9-CT17 in ani-
mals with (o) or without (e) light exposure at CT14. One-way ANOVA revealed an effect
of time (p<o.001) in both conditions (light/without light). The two-way ANOVA light*time
interaction effect indicates that the light exposure, applied at CT14, induces a change in the
plasma corticosterone concentrations (* P <0.05 compared to the control group). B. Effect of
a 30-min light exposure, at t =o at different Circadian Times, (CT2, CT10, CT14 and CT20)
on plasma corticosterone values in intact rats. The right side of the panel shows the effect of
light, applied at CT14, on plasma corticosterone values in SCN-lesioned animals.
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CHAPTER 5

expression of the MC2 receptor in the adrenal also displays a clear time-dependent
change, suggesting a time-dependent change in the sensitivity of the adrenal to ACTH
according to the time of the day, as already proposed in previous study °*.

RESPONSE OF THE PINEAL AND THE ADRENAL TO LIGHT EXPOSURE

As shown in Figure 2 A, B, light exposure induced significant changes in the mRNA
expression of clock genes in the adrenal and pineal ® ', In the pineal, Per1 expres-
sion decreased during both CT14 and CT2o0 light exposure. Per2 and Per3 expression
only decreased during the CT20 exposure, whereas Dbp expression was increased
during the CT14 exposure. In addition to these changes in clock gene expression,
the expression of NAT, a functional gene involved in melatonin production, shows a
pronounced decrease after light exposure at CT20, a time point at which basal NAT
is high (Figure 2C).

Although the adrenal, like the pineal, is innervated by the sympathetic branch of
the autonomic nervous system, the clock gene expression in this organ displayed a
completely different pattern after light exposure. In the adrenal, statistical analysis
only indicated a significant increase of Cry2 expression at CT20. On the other hand,
the expression of MC2-R, i.e. the ACTH receptor, increased significantly at CT14 but
not at CT20 (Figure 2C), matching the corticosterone changes 5*%2.

RESPONSE OF THE LIVER, HEART AND MUSCLE TO THE LIGHT EXPOSURE

In the liver, light exposure caused a significant increase of Per1 and Per2 expression
at CT14. The significant Time * Light interaction (Table 2) indicates that the Per1
and Per2 responses to light differ according to the time of the night, reinforcing the
idea that the light pulse induces a time-dependent effect on these 2 clock genes. No
significant changes of clock genes were observed after light exposure applied at CT20
(Figure 2 A, B).

Interestingly, light exposure also induced a change in the expression level of several
gluco-regulatory enzymes (Figure 2C). PEPCK expression was increased both at CT14
and CT20, whereas Glut2 expression was increased at CT14. Glucokinase expression
decreased at CT2o0.

In the heart, several clock genes responded to the light exposure. Light applied
at CT14 triggered an upregulation of Per3 and Dbp, whereas light applied at CT20
induced a decrease in Per1, Per2 and Cry2 mRNA levels.

In the muscle, changes in clock gene expression were observed only when light was
applied at CT20, when both Cry1 and Cry2 showed an upregulation (Figure 2).
In summary, light exposure affects the expression of clock genes in a differential man-
ner, depending on the organ and on the time of the light exposure. In addition, func-
tional genes in all tissues also showed time-dependent effects of light exposure.
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Figure 2 Effects of light exposure at night on mRNA level of Per1/2/3(A); Cry1/2 and Dbp
(B); and enzymes/receptor (C) in different organs (pineal, adrenal, liver, heart and muscle).
Dark bars represent the non-exposed control group (n = 8 at CT'14 and n = 6 at CT20) and
white bars represent the light-exposed group (n = 9 at CT14 and n = 6 at CT20). Each value
is the mean + S.E.M (¥ P<o.05, ** P<0.01, *** P<0.005, compared to the non-exposed con-
trol group; A P<o.05, M P<o0.01, A P<0.0035, compared to the non-exposed control group
at CT1s).
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Effects of light exposure on clock gene expression in animals with a complete
liver denervation

To investigate the role of the autonomic nervous system in signalling SCN activity to
the liver, we repeated the light exposure experiment at CT'14 in a group of CD animals.
Ten out of 11 CD rats had a complete denervation. Six out of these 10 CD rats were
then subjected to CT14 light exposure and the 4 others had been incorporated in the
non-light exposure group.

A complete denervation of the ANS input to the liver had no overall effects on the
basal expression levels of clock genes and functional genes. Only in 3 out of 30 com-
binations did ANOVA indicate a significant effect of denervation, i.e, pineal Dbp, Per2
in the heart and MCz2 in the adrenal. However, none of these 3 remained significant
in the post-hoc analysis. Therefore, liver denervation per se does not seem to affect
the basal expression of the gene studied. On the other hand, in the liver, light-induced
changes in mRNA levels of clock genes and functional genes were clearly affected by
the removal of the ANS input (Table 3 and Figure 3).

In the liver, hepatic denervation not only prevented the effect of light on clock gene

expression (i.e., upregulation of Per1 and Per 2) but also the light changes in PEPCK
and GLUT2 mRNA expression. These data suggest that the ANS plays an important
role in transmitting light information to the various peripheral tissues.
In the pineal, the CD did not impair the decrease of Per1 expression and the upregula-
tion of Dbp expression after a light exposure at CT14. Interestingly, the effect of light
on Dbp upregulation was pronounced in the CD animals. In a similar manner, the
inhibitory effect of light on NAT expression appeared to be stronger in CD animals
as compared to intact animals (Figure 3 and Table 3).

In the adrenal, the light-induced upregulation of the MC2 receptor was absent in
CD animals.

Discussion

The present study demonstrates that nocturnal exposure of an animal to light induces
rapid changes in clock gene expression in all five tissues examined. Previous observa-
tions have shown that light-induced changes in the activity of the pineal, heart and
adrenal all depend on the presence of an intact SCN s5»5» 82178260271 "The present study
provides evidence that the observed changes in the liver are induced via the ANS and
probably do not depend on changes in the secretion of corticosterone or melatonin.
Moreover, the present data show that: 1) light has a differential effect on the clock genes
in different organs, and 2) clock gene changes do not correlate with the changes in
functional genes. Taking these observations together, it appears that the “peripheral
clock” does not play a decisive role in the light-response of an organ. Furthermore, 3)
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Figure 3 Effects of light exposure at CT14 on the expression of Per1/2/3(A); Cry1/2 and Dbp
(B); and enzymes/receptor (C) of different organs in liver-intact (Intact) and liver-denervated
(CD) animals. Dark bars represent the non light-exposed animals (Intact, n = 8 and CD, n
= 4) and white bars represent the light-exposed animals (Intact, n = 9 and CD, n = 6). Note
that the effect of light on Per1, GLUT2 and PEPCK is absent in denervated rats. Each value
is the mean + S.E.M (* P<o0.05, ** P<0.01, *** P<0.005, compared to the non-exposed control
group; A P<o.05, AM P<o0.01, AMA P<0.005, compared to the non-exposed intact group).

101



CHAPTER 5

3B
Rel. mRNA expr. Cry 1 Cry 2 Dbp
0.04 010 5r AAA
ek
0.03 | 0.08 | T 4t
f— sk
© 0.06 3t
o | T
c oo02r
o 0.04 | 2+
0.01r 0.02 | 1+
0.00 0.00 0
20 012 0.15
0.10 - 012k
150 ’
= 0.08
s — 009
o 10f 0.06
s
° 0.06 |-
< 0.04 |
05
002 | 0.03 F
0.0 0.00 0.00
0.6 012 0.25
T
ost [ T 010 F — l
- : 7] 0.20
0.4 0.08 L
s —T 0.15
> o03f 0.06
- 0.10 F
02t 0.04 |
0.1 0.02 + 0.05 |
0.0 0.00 0.00
20 5 301
—T
R =L 25 T
15}
20t
< 3r
I L L
% 1.0 , 1.5
1.0+
05
r 05}
0.0 0 0.0
Intact CD Intact CD Intact CD

after a complete denervation of the liver, the light-induced changes in this organ are
prevented, indicating that the autonomic innervation of the liver is essential for the
transmission of the SCN-light information and in this way adjusts the liver metabolism
according to the light changes in the environment.
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Role of the ANS in light signalling to the adrenal

The first structure that was recognized to be influenced by light via the SCN and the
ANS is the pineal gland. The circadian rhythm of melatonin secretion, the rate limit-
ing enzyme NAT, and the clock genes in the pineal have all been shown to be under
the control of the SCN via the sympathetic innervation of the pineal *2. The Japanese
researchers Niijima and Nagai were the first to show the possibility of widespread
anatomical connections between the SCN and the peripheral organs >*. They dem-
onstrated that sympathetic nerve activity to the adrenal, liver and pancreas increased
after light stimulation, an effect which was dependent on the presence of an intact
SCN, suggesting that the SCN might use the ANS to spread its circadian information
to the rest of the body. With regard to the adrenal we previously substantiated this
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observation by demonstrating the presence of a multisynaptic pathway between the
SCN and the adrenal. The functionality of this connection was demonstrated by the
observation of a rapid decrease in corticosterone only after light exposure at CT14.
In addition, this decrease was dependent on the presence of the SCN, but occurred
without concomitant changes in the release of adrenocorticotropic hormone (ACTH)
or the adrenal hormones adrenalin and noradrenalin 5*. Recently this observation
was confirmed by Ishida and co-workers, who showed that the increase of plasma
corticosterone levels observed after a more prolonged light exposure did not involve
the release of ACTH either *>. ACTH acts on adrenocortical cells and promotes ster-
oidogenesis by specific binding to the ACTH (MCz2-R) receptor *73. This receptor is
a G protein coupled receptor (GPCR) that signals to elevate intracellular cyclic AMP
(cAMP) levels via adenylate cyclase, similar to NAT *# *5. Immunohistochemical
staining has shown the presence of MC2-R in the plasma membrane and cytoplasm
of the parenchymal cells of the adrenocortical zona fasciculate *’°. Moreover, molecu-
lar analysis has indicated that MC2 mRNA is predominantly expressed in the zona
fasciculate 7279, In the present study we demonstrated that MC-2 mRNA levels were
significantly increased after light exposure at CT'14, but not at CT20. This observation
fits in well with the fact that plasma corticosterone levels were increased at CT'14, but
not at CT2o0 (Figure 1), without any noticeable changes in ACTH release.

Earlier studies of Engeland and coworkers *** have shown that the circadian rise in
corticosterone can, at least partly, be ascribed to an increased sensitivity of the adre-
nal to ACTH. The circadian rise of corticosterone release could only be observed in
animals with an intact splanchnic nerve, which also led these authors to propose that
the SCN uses the splanchnic nerve to control the sensitivity of the adrenal to ACTH
422600 Qur present observation of a simultaneous change in MC2-R and corticosterone
suggests that this might indeed be the mechanism by which the SCN affects the daily
change in sensitivity of the adrenal to ACTH.

Role of the ANS in SCN-light signalling to peripheral organs

Since light induces changes in adrenal and pineal functionality, resulting in the se-
cretion of corticosterone and a decrease in melatonin production, these two hor-
mones were proposed to be responsible for the light-induced physiological changes
throughout body and brain % 7> 2%, In the present study, we also observed changes
in peripheral clock gene expression in some organs that might be correlated with
the light-induced changes in the hormone levels. For instance, in the heart, the up-
regulation of Dbp and the down-regulation of Per1, Per2 and Cry2 at CT20 might
be correlated with the inhibition of melatonin secretion (i.e. decrease of NAT levels).
The upregulation of Per3 expression in the heart at CT14 can probably be explained
by the increase in corticosterone secretion. These results indicate that the heart may
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respond to more than just hormonal cues, depending on the time at which the light is
applied. Despite the correlative observation between clock gene and hormonal changes
we could draw according to the light-effect on hormonal levels, there is some clear
evidence indicating that melatonin and corticosterone are responsible for the light-
induced changes in these peripheral organs. Interestingly, in our study we observed
that the liver clock genes and functional genes present differential responses which
cannot be correlated only with the changes in plasma melatonin or with the changes
in corticosterone. In fact, the upregulation of Per1, Per 2 and GLUT2 at CT14 might
be correlated to corticosterone secretion, but the changes in Per3 Cry 1 and 2 and of
PEPCK can only rely on a different signal. These results suggest that the ANS might
participate in the light-induced changes in the liver metabolism as already described
for the pineal and the adrenal. Indeed, we have shown that the effect of light at CT14,
on Per1 and Per2, but also on the liver enzyme expression GLUT2 and PEPCK, was
completely abolished after complete denervation of the liver, indicating that in the liver
the light effect is not only mediated by the hormonal cues but via the ANS.
However, the light-induced increase in adrenal MC2-R did not occur in CD animals,
which might indicate a change in the light-response of the adrenal (i.e., corticoster-
one secretion). Therefore, we will need to investigate whether the absence of an MCa2
increase in the adrenal in these animals also means that corticosterone is not elevated
by light in liver-denervated animals. However, this possibility seems unlikely since no
change in the pineal-response to light was observed in the CD animals either.

Role of the ANS in the SCN-light signalling to the liver

As mentioned above, we clearly showed that light affects liver metabolism through
the autonomic input and not via light-induced corticosterone secretion. The liver has
amajor role in energy metabolism, a process which also shows a prominent circadian
regulation and requires intense autonomic interaction with the brain. The lack of
light-effect on the MC2-R expression in CD animals might also indicate that interfer-
ing with the autonomic innervation of the liver disturbs the feedback from the liver
to the brain, which in turn may result in a disturbed autonomic output. In fact, it has
recently been observed that a dysfunction of the liver function (i.e., lipid metabolism)
influences peripheral organs, such as adipose tissue, via the vagal afferent nerve .
Previously we have shown that the SCN controls plasma glucose concentrations via
the sympathetic innervation to the liver 73. Our present observation that light can also
affect the expression level of certain gluco-regulatory enzymes in the liver illustrates
the sensitivity of our peripheral organs, and in this case the liver, for autonomic input
and hence for the output of the SCN. In addition, this is further evidence that impor-
tant changes in liver functionality can be induced by the SCN and are affected via the
ANS.
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Peripheral clock genes: the same molecular mechanism as within the SCN?

The molecular mechanism of the SCN clock function is proposed to be composed of
several rhythmically expressed genes, consisting of interacting positive and negative
transcription/translation feedback loops with an approximate period of 24 hours >
284 Besides the SCN, sets of clock genes are also rhythmically expressed in peripheral
tissues, suggesting a possible universal role of clock genes to mediate the temporal
control over physiological circadian events in peripheral organs. In this respect it is
interesting to note that the relative amounts of the clock genes show enormous differ-
ences among the different tissues studied. For example, at CT15 the relative expression
of Per3 in pineal, adrenal, liver, heart and muscle varies from 0.015 - 0.800, i.e., more
than so0-fold.

Light affects clock gene expression in a differential manner, depending on the organ:
i.e, light decreases Per1 expression in the pineal, whereas Per1 expression is increased
in the liver after light exposure at CT14. Surprisingly, although the pineal and the adre-
nal are both sympathetically innervated also in these tissues, the clock gene response to
light shows a completely different pattern, i.e., a decrease in pineal Per1 and increased
Dbp expression at CT'14, but no change in the adrenal. Alternatively, a decrease occurs
at CT21 in Per1 and Per2 in the pineal, but again, there is no change in the adrenal.
In our opinion these observations indicate that the functional relationship between
clock genes differs, depending on the organ. Furthermore, the fact that light affects
clock gene expression in a differential manner, depending on the time of day and on
the organ, supports the notion that the clock gene mechanism and its function in
the peripheral organs is not universal, and is far from being understood completely.
Consequently, this suggests that also the interaction between the clock genes in the
different organs is unlike the mechanism in the SCN and may change from organ to
organ. The fact that Ishida and coworkers ®, using a similar light stimulus in mice,
found a strong increase in Per2 in the adrenal and not in the liver, while in the present
study we observed no changes in Per2 but did find changes in Cry 2, both in liver and
adrenal, only emphasizes the variability of the responses of clock genes in the organs.
Clearly this is an observation not yet encountered in the SCN, where the responses,
also from species to species, are remarkable similar.

Furthermore, the mechanism via which corticosterone affects the transcription of
Per in the liver is not known. However, it seems logical that the mechanism of corticos-
terone binding and its coupling to the clock genes will be the same in all tissues. After
alight exposure at CT'14, which induced a secretion of corticosterone, we observed no
changes of Per1 expression in the heart and in the muscle, whereas in the liver Per1 gene
was up-regulated. These data indicate that the action of corticosterone on clock gene
transcription is not so widespread as is sometimes suggested, and other types of signals
might be involved in the light-induced physiological responses, according to the organ.

106



LIGHT EXPOSURE

The function of clock genes in the periphery has been a topic of much research, but
to date only limited evidence for their function is available. Clock genes are involved
in cell division %%, circadian locomotor rhythms %, heme metabolism ** 2%, bone
metabolism *7 and energy homeostasis *°. In the present study we have shown that
light induces functional changes in liver and adrenal but that these changes have no
correlation with the changes in the clock genes. In the pineal, in agreement with other
studies, light-induced functional changes were found as well (NAT expression); it is
not clear whether these changes bear any relation with the changes in clock genes.
In addition, although some clock genes and NAT in the pineal may share the same
regulatory pathway, i.e. the multisynaptic pathway between SCN and pineal *5* 7,
no causal relation has been shown between them in this study nor in previous ones
22 Also, the delayed and different responses of clock genes in peripheral organs after
light exposure suggest that some peripheral functions can be controlled by the SCN
without the direct involvement of the peripheral clock genes (at least in as far as can
be seen from the mRNA level). In recent years, several studies demonstrated that,

168 chemicals 7>

besides light information, also other cues, such as restricted feeding
77, and temperature > may act as entraining signals for clock genes. We speculate
that whereas the central clock genes in the SCN have a clear function in controlling
the rhythmic activity of SCN neurons, peripheral clock genes probably lost this main
function once the central autonomous clock had evolved. Consequently, unlike the
clock genes in the SCN, clock genes in the periphery may respond to many more fac-
tors than just light, but these have retained only a very tissue-specific (and probably
very limited) functional significance.

In conclusion, the present results emphasize that light-induced changes in SCN
activity and output not only result in immediate changes in the pineal and adrenal, but
also affect the physiology of the heart and liver. Moreover, the SCN may use multiple
pathways to transmit these light-induced changes to the rest of the body, but direct
signalling via the ANS plays an essential role, which enables the SCN to target its
message to specific organs.
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A discussion on the role of peripheral clock genes and the suprachiasmatic
nucleus in the rhythmic functions of organs

Biological clock mechanisms play an essential role in adapting and synchronizing
an organisms’ physiology and behaviour with the environmental light/dark changes
25167258 But, maybe even more importantly, clock mechanisms allow the organism
to anticipate these changes °>**. Because of the everlasting influence of sunrise and
sunset, these clock mechanisms have developed in all organisms, including the most
primitive unicellular ones. In mammals, this biological or circadian clock is located
in the suprachiasmatic nucleus (SCN), which is situated just above the optic chiasm,
and receives direct light information via the retinohypothalamic tract. The pacemak-
er property of the SCN relies on a molecular mechanism that is based on interact-
ing positive and negative transcriptional translational feedback loops >+ >3, The
integrity of the molecular clockwork is essential for the functionality of the SCN to
generate daily rhythms in physiology and behaviour and to adapt these functions to
the environmental changes 5 29+ 25_In the early nineties it was discovered that in
drosophila, but also in vertebrates such as zebrafish, clock mechanisms were present
in all tissues 9% 296299 A few years ago the components of the molecular clockwork
(called clock-genes) were found, also in mammals, not to be restricted to the SCN,
but located throughout the entire body, in agreement with the evolutionary origin
of the clock mechanism. In more complex organisms the vital clock functions have
moved to the central nervous system. Thus the mammalian circadian timing system
is now considered as a hierarchical organization in which the SCN is the master clock,
which entrains and synchronizes the peripheral oscillators *°. Besides the presence of
clock genes in peripheral tissues, oscillatory patterns of genes involved in metabolic,
apoptotic or mitotic functions have been observed in peripheral organs as well * 6%
228,300,301 - guggesting that the peripheral clock may not just be an evolutionary relic,
but may also contribute to organ-specific rhythmic output 430230,

Since then many studies have been performed to elucidate how the SCN coordinates
the peripheral oscillators and, especially, whether in mammals these peripheral clock
genes drive rhythmic gene expression within the peripheral tissues, resulting in an
organ specific function. Until now, a clear role of the peripheral clock genes has been
reported, in mammals, only at the cellular level, i.e., the control of cell division 5 *57
26304305 of natural killer cell functions *°¢, of adipogenesis 37, and the circadian control
of the gene expression of some key enzymes involved in metabolism, such as steroid 15
a-hyproxylase (Cyp2a4) 3°%. However, as, to date, no clear evidence has been presented
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in mammals for a role of the clock genes in the regulation of the metabolic function
of a whole organ, i.e. circadian control of rhythmic output (Chapter 2). Moreover, the
question how the SCN sends its timing signal to the periphery in order to influence the
metabolic activity of an organ according to the time of day is still not completely clear.
In the first part of this general discussion we will focus on the role of the clock genes in
organ-specific output and in the second part we will discuss the role of the autonomic
nervous system (ANS) in the transmission of the SCN signal to the periphery.

Role of the peripheral clock to execute SCN signaling

Peripheral clock genes: a left-over of evolution?

As mentioned above, studies performed in mammals reported a direct link between
clock genes and peripheral cell function, i.e., the control of Cyclin Cdc2, a key regu-
lator of mitosis >** 2%, indicates the circadian control of cell division (e.g. osteoblast
growth '7). A similar function of clock genes is also reported in Neurospora and
Zebrafish ** 3*°, indicating an ancestral function maintained throughout evolution.
Interestingly, it is only in invertebrates or lower vertebrates that peripheral oscillators
exhibit a role in physiological functions such as, eclosion or the olfactory system 3'*-
314, suggesting a difference between lower and higher organisms in the “use” of the
peripheral clock genes. This discrepancy between species has been extensively studied
and discussed in terms of the analysis of the molecular mechanism of the clockwork
196315 but it might also be that the role of clock genes within mammalian peripheral
tissues is not as essential for physiological functions as for Drosophila or Zebrafish
275278 Indeed, both of these species have peripheral oscillators that are directly sensi-
tive to, and entrained by, light > >:¢37, In mammals, the retina is the only structure
containing clock cells that receive direct light input. Within the SCN only a limited
number of neurons receive light information from the retina, which is then spread by
the SCN to the rest of the body in order to synchronize physiology and behaviour to
the L/D cycle. When the SCN is lacking, the peripheral oscillators exhibit an external
and internal asynchrony, reinforcing the idea that, in the course of evolution, the
organization of the circadian timing system moved from the periphery to the central
nervous system (the SCN) and that clock mechanisms in our peripheral organs are not
directly sensitive to light. Possibly this is one of the reasons why until now no essential
rhythmic functions for clock genes at the organ level have been demonstrated and why
the functions that have been found are limited to the cellular level, e.g. associated with
cell division and cell growth.

Striking observations on peripheral clocks in mammals
In view of the proposal that peripheral clocks may regulate organ function ¢ 8 9%

318, it is quite surprising to observe a strong difference in the basal levels of circadian
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clock gene expression between different organs. Per1 mRNA levels, for instance, are
much higher in the heart than in the liver (see Chapter 5). Other studies have reported
similar differences between the kidney and testis '*>332°, and also between different
brain areas ***. But, more surprisingly, although Per1 is expressed at a higher level in
the heart than in the liver, Per2 expression is identical in both organs, indicating a
differential expression of relative clock gene levels among organs as well. Taking all
this together, the question arises what molecular mechanism underlies the clockwork
in each tissue, as well as the question of the functional significance of the clock genes
for rhythmic functions of the organ.

In view of the complex circadian timing system, which adapts several physiological
parameters to the environmental changes, the question is why some tissues, such as
testis or thymus, do not display a rhythmic expression of clock genes '*> . As it was
demonstrated that cell proliferation is controlled by clock genes, it is remarkable that
especially these two organs which fulfil a comparable role in cell function (sperma-
togenesis or T cell production, respectively), do not exhibit a clock gene rhythmicity
(i.e. mechanism) similar to the epithelial cells or the bone marrow 5322,

Moreover, in our experiment, in which we applied light at two CT points (CT14
and CT20) and investigated not only how the SCN could signal its message to the
periphery but also the role of clock genes in the physiological output of peripheral
organs, we observed a discrepancy between clock gene responses and organ-output.
For instance, in the pineal, the light response of Dbp (clock-controlled output gene)
differs for CT14 and CT20, whereas at both time points the AA-NAT (aryl akylamine
N acetyltransferase, i.e., the enzyme involved in melatonin production) expression is
decreased. In the liver, too, light induces an increase of PEPCK expression at both time
points, whereas Per1 expression is up-regulated only at CT14. These observations led
us to reconsider the idea that clock genes are involved in the circadian physiological
response of an organ, and to consider the possibility that the clock genes may have a
much more limited function.

Liver oscillator: Role in rhythmic glucose metabolism?

In view of the role of clock genes in rhythmic-organ output, we investigated whether
the liver clock genes play a role in the genesis of the rhythmic glucose output of the
liver. Indeed, we found that the daily plasma glucose rhythm is affected by the same
type of signalling as the liver clock genes, i.e., food intake, hormonal cues, such as cor-
ticosterone, and autonomic nervous system (Chapter 2/3) 7%9>6%171180.18: Tn our set of
experiments, however, we demonstrated that food intake is not the main Zeitgeber for
the liver oscillator (Chapter 2), nor for the glucose rhythm 2. On the other hand, in HSx
animals in which the glucose rhythm is abolished, the rhythmic pattern in liver clock
genes was not affected (Chapter 2), which was the first indication that liver clock genes
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might not be essential for the hepatic glucose metabolism. As a second indication, we
observed in these HSx animals an abnormal daily profile of enzymes involved in glu-
cose metabolism (e.g., G6Pase, GK, PEPCK). Some even displayed a complete absence
of daily rhythms, whereas the clock gene expression remained unchanged (Chapter
2/3). Moreover, in our experiments, in which we aimed to identify the influence of the
ANS and food intake on liver enzymes, we found that the SCN uses different pathways
to control the circadian profile of the liver enzymes, i.e. the PEPCK rhythm is regulated
via the ANS, GK and G6Pase are influenced via feeding activity, and the glycogen
rhythm seems to be controlled via hormonal signals (likely by corticosterone) (Chap-
ter 3). Most interestingly, in spite of the change in liver enzymes rhythmicity, the daily
expression of the liver clock genes remained unchanged in all experimental conditions,
reinforcing the idea that the liver clock gene are not involved in the oscillatory pattern
of the liver enzyme (Figure 1 and 2). All these data strongly suggest that the liver clock
genes are not involved in controlling the circadian profiles of the liver enzymes stud-
ied and, consequently, are not involved in the rhythmicity of hepatic glucose output.

Interestingly studies performed in Clock KO mice reported that these mice show a

tendency towards obesity and metabolic syndrome, suggesting an important role of
the circadian clock gene, or at least the clock, in the energy balance 3** 3. However,
in such a KO model the circadian system of the entire organism is disrupted.
This total disruption also leads to abnormal food intake and locomotor activity pat-
terns, making it difficult to identify whether the metabolic disturbance is a direct or
indirect consequence of the disturbed peripheral clocks. In addition, the value of this
study is much debated because other groups, using another background for the clock
mutation, did not observe obesity as a consequence of this disturbance (personal
communication of Ruud Buijs).

Recently, an elegant study investigated the role of clock genes in the heart by per-
forming a organ-specific disturbance of the clockwork (i.e., over-expression of Clock,
a component of the positive feedback loop) in this organ 3*. Using this molecular tool,
the authors succeeded in demonstrating a role of the clock genes in the cellular lipid
metabolism (i.e., cardiomyocytes). This recent finding might explain how an impair-
ment of the clock mechanism within a tissue may lead to organ pathology, such as a
fatty heart, or even cancer 3> 3. Therefore, disturbance of specific clock genes in a
specific organ might prove a better approach to investigate the role of clock genes in
tissue functionality. But, despite this cellular function of the peripheral clocks, there
is as yet no clear evidence of their role in the entire-organ output.

A common signalling pathway
In the present thesis we used a light pulse at night to investigate how the SCN perceives

such an environmental change and how it transmits this information to the peripheral
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organs so that they can adapt the necessary physiological parameters. Previously light-
induced physiological effects had been shown in the pineal (inhibition of NAT and
then melatonin secretion #-'5>327329) in the adrenal (firstly corticosterone secretion is
inhibited, then stimulated 5%2), and in the heart (heart rate is decreased ). In a similar
way, recently Ishida and coworkers reported a positive correlation between clock-gene
expression and hormonal responses, i.e., corticosterone secretion, suggesting a poten-
tial role of clock genes in the timely re-adjustment of peripheral organs. However, it is
unknown which cellular signalling pathway connects the clock genes to the metabolic
enzymes involved in the hormonal response. In line with this it is not clear why the
light-induced clock gene responses differ whereas the physiological response remains
the same (e.g. pineal) (Chapter 5). This does not seem to be in line with an essential
role of the clock genes in such a physiological function. Moreover, components of the
clockwork may be affected by proteins involved in cellular signalling pathways, such
as Ras/mitogen-activated protein kinase (MAPK), calcium/calmodulin-dependant
kinase (CaMK)II 3%, but also by components essential for the cellular metabolism,
such as nicotinamide adenine dinucleotide (NAD) **. This suggests that the peripheral
oscillator responds to similar signals as other cellular components involved in cell
function. The correlative data obtained from clock genes and physiological responses
indicate that they are induced by the same signalling pathways, but obviously this
does not mean that clock genes generate the physiological response. In line with this
idea, a recent study reported the existence of multiple promoters on peripheral clock
genes (in contrast to those in the SCN), indicating the capacity of these components
of the oscillator to respond to multiple signals 2.

In summary, there is ample evidence that the pacemaker located in the SCN dif-
fers from the one(s) in peripheral tissues, both in terms of molecular mechanism as
well as with respect to their responsiveness to the environment. Although it has been
widely accepted that the functionality of the SCN clockwork is required to generate a
rhythmic output, the evidence for for a role of the peripheral clock genes in the genesis
of an organ-specific output appears to be much less obvious. Therefore, we would like
to propose that in mammals peripheral oscillators do not play an essential role at the
organ-level, but rather at the cellular level (i.e. associated with cell division and cell
growth).

Role of the Autonomic Nervous System in signalling the SCN message to
the periphery

The SCN uses multiple pathways to send its timing signal to the peripheral organs:
neural routes (the two branches of the ANS) and hormonal routes (e.g., melatonin
and corticosterone) °>7*. For instance, the rhythmic activity of the pineal (involved in
the secretion of the melatonin) is regulated by the sympathetic innervation, but the
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Figure 1 A. Daily profile of the clock gene mRNA expression along the L/D in sham-op-
erated (o) and CD (e) animals fed ad libitum (same group of animals as presented in B).
B. Daily profile of the liver enzyme mRNA expression along the L/D cycle in sham-operated/
CD animals fed ad libitum (Chapter 3).

rhythmicity of the adrenal (which generates the 24h-rhythm in corticosterone, but also
a surge of corticosterone in case of stress) is regulated by its sympathetic input as well
as by the pituitary hormone ACTH. The heart receives inputs of both ANS branches
but also responds to adrenaline and thyroid hormones, whereas the liver (which is
responsible for the glucose/lipid metabolism, but has many more functions as well e.g.
detoxification) is innervated by both autonomic nerves and responds to a multitude
of hormones/nutrients present in the blood (e.g., insulin, glucagon, corticosterone,
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melatonin, free fatty acids). Interestingly, it seems that there are a great number of
mechanisms that the SCN might use to impose its timing signal to an organ, the exact
mechanism depending on the physiological function of the organ. Recent studies have
shown that different neurons in the SCN have a different functionality and can drive
either sympathetic or parasympathetic outputs, but in addition, different neurons can
also target different organs 757%55. At present we assume that this differentiation within
the SCN is the anatomical basis for the different patterns in hormone secretion *5s.
Our studies on the 24-h rhythm in plasma glucose levels have revealed that the SCN
indeed uses multiple mechanisms to control the hepatic glucose output in a circadian
manner, i.e., ANS, food intake and hormonal cues (likely corticosterone), which all
have a specific action on liver physiology and metabolic enzymes (Chapter 3).
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Figure 2 A. Daily profile of liver clock gene mRNA expression along the L/D cycle in CD
animals fed ad libitum (o) or subjected to 6 meals schedule (@) (same group of animals as
presented in B). B. Daily profiles of the liver enzyme mRNA expression along the L/D cycle
in CD animals fed ad libitum or subjected to scheduled feeding regimen (Chapter 3).

Dysfunction of the ANS

In the present thesis, we demonstrated that a dysbalance of the autonomic input to
the liver (induced by the removal of one autonomic branch), induces an impairment
of liver function and impairs glucose metabolism (Chapters 2, 3 and 4). We show that
this autonomic dysbalance, created by removing the sympathetic innervation of the
liver, directly affects enzymes involved in hepatic glucose production. Interestingly,
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one of the symptoms of diabetes type II is an impairment of the HPG control 3> 333,
suggesting that a dysfunction of the ANS might be the mechanism responsible for
liver disturbance in this metabolic disease. In line with our hypothesis, many studies
have reported a dysfunction of the ANS in metabolic diseases, such as diabetes type
I1, metabolic syndrome and obesity 23323¢334335, Since glucose and lipid metabolism are
tightly regulated by the liver **7, it is not surprising that a dysbalance of the autonomic
input to the liver might also disrupt hepatic lipid metabolism, which is another symp-
tom associated with metabolic diseases, such as obesity and the metabolic syndrome.
Retrograde tracing studies have shown that at the level of the brain stem (in the DMV),
and even in the hypothalamus in the PVN and SCN, the liver and intra-abdominal fat
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share the same (pre)autonomic neurons 7%, which suggests a neuronal link between
glucose uptake in the liver and in intra-abdominal adipose tissue. Recently, Uno and
co-workers provided additional physiological evidence that feedback information
from the liver may affect adipose tissue via the ANS, indicating another way of cross-
talk between these two organs >%. Taken all together, it might be interesting to use this
“hemi-denervation model” to investigate further whether an unbalanced autonomic
outflow to the liver, as well as the disruption of hepatic glucose metabolism, might
affect the function of peripheral organs.

Role of the SCN in autonomic dysbalance

As mentioned previously, the SCN plays an important role in the coordination of
physiological and behavioural parameters according to the L/D or sleep/wake cycle.
The SCN uses two main routes to communicate with the periphery: hormonal routes
and neuronal routes (i.e., the two branches of the ANS). Retrograde tracing studies
revealed separate populations of parasympathetic/sympathetic (pre)autonomic neu-
rons, not only at the level of the PVN but also within the SCN *55, suggesting that the
SCN is able to control, differentially, the two branches of the ANS. In line with this
hypothesis, the antagonistic roles of the autonomic input to the liver (i.e., sympathetic
activity stimulates glucose output whereas parasympathetic activity promotes glucose
uptake for glycogen storage *5>2°%) have been shown to be controlled by the SCN in a
different manner according to the time of the day 732256, Therefore, we propose that
the SCN coordinates the organ functionality according to the active/resting period by
an appropriate balance of the ANS input to the peripheral tissues according to the body
compartment 7 5> 3¢, Interestingly, our group also demonstrated a communication
between the SCN and the arcuate nucleus (ARC), the hypothalamic area that sense
metabolic signals released into the circulation by the peripheral organs. Moreover
vice versa, food-related signals detected by the ARC are also able to modulate the
activity of the SCN *. All these observations taken together provide a picture of our
clock continuously in need of being informed about the energy status of the body.
Consequently it leads us to propose that in case of a “desynchronization” between
external and internal signals (such as is the case in a nocturnal lifestyle which involves
staying up late, night-eating behaviour, and skipping breakfast) this desynchroniza-
tion will induce a disturbance of SCN activity **. This disturbed SCN activity will
result in a disturbed SCN output which will eventually disturb the balance of the
ANS *3, Besides the contradictory signals of the L/D cycle vs feeding pattern, the
autonomic outflow might also be disturbed as a result of an abnormal feedback from
the periphery to the brain. For instance, in case of obesity 3% in which the metabolic
balance is disturbed, a high caloric intake is combined with a low energy expenditure.
Consequently, future research must be aimed at studying the relationship between the
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structures that sense the condition of the periphery, such as arcuate and NTS, and
the structures that are essential for generating the balance in the autonomic output
of the brain, such as the SCN and PVN. In addition, human post-mortem research is
essential to indicate which changes are present, in which structures, in order to get an
understanding of the driving forces behind the development of diabetes type 2 and
the metabolic syndrome.
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Summary

Because glucose is the essential fuel for the brain, glucose metabolism is tightly regu-
lated in order to maintain plasma glucose levels within narrow limits. One of the strate-
gies used by the organism to maintain glucose homeostasis is to adapt - or even predict
- the glucose needs according to the time of the day. For instance, the anticipation to
the daily activity period results in an increase in blood glucose levels just before the
activity begins. The biological clock, located in the suprachiasmatic nucleus (SCN), is
of vital importance for this temporal organization of the energy metabolism (of which
glucose metabolism is one aspect). Indeed, previous studies have shown that the daily
variations in plasma glucose concentrations and in glucose tolerance are driven by the
SCN. Interestingly, the daily increase in plasma glucose levels coincides with a high
glucose tolerance, indicating that just before awakening an increase of glucose output
by the liver is required to compensate for the high glucose uptake. Furthermore, a re-
cent study showed that the sympathetic input to the liver is essential for triggering an
increase in plasma glucose levels (probably by an increase in hepatic glucose produc-
tion), suggesting that the SCN, via the autonomic nervous system (ANS), influences
liver metabolism in a circadian manner. In the current thesis, we therefore aimed at
investigating the role of the ANS in the SCN-control of hepatic glucose metabolism
according to the time of the day.

The rise in plasma glucose concentrations and the increased glucose uptake by periph-
eral tissues take place at the same time of the day: just before the onset of the activity
period. The liver is the main organ for glucose production, therefore it has been sug-
gested that the daily rise in plasma glucose levels might be attributed to an increase
of hepatic glucose production. Although hormones such as glucagon, corticosterone,
and growth hormone are known to stimulate hepatic glucose production, for various
reasons they appear not to be involved in the control of the daily rhythm in plasma
glucose concentrations. Recently it was shown that activation of the sympathetic input
to the liver can trigger an increase in plasma glucose concentrations, which suggests a
role of the autonomic route in the daily peak in plasma glucose levels. Here, we showed
that, indeed, the sympathetic input to the liver is essential for driving the daily rhythm
in plasma glucose levels, reinforcing our hypothesis that the SCN generates the daily
rise in plasma glucose levels via a circadian control of hepatic glucose metabolism
(Chapter 2). In line with this hypothesis, we also showed that the daily pattern in the
gene expression of the enzymes involved in hepatic glucose metabolism (i.e., glucose-
6-phosphatase, PEPCK, glucokinase, pyruvate kinase) was disturbed after the removal
of the sympathetic innervation of the liver (Chapter 3).
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Surprisingly, after a complete denervation of the ANS input to the liver in animals
fed ad libitum (i.e., thythmic feeding behavior), the plasma glucose levels maintained
their daily rhythm, indicating that the ANS connection to the liver is not essential for
the generation of the glucose rhythm (Chapter 3). Even more surprising, despite an
a-rhythmic food intake (i.e., animals subjected to a 6-meal-schedule), liver-dener-
vated animals still exhibit a 24h-rhythm in plasma glucose levels, indicating that the
SCN uses another pathway to generate the daily rhythm in plasma glucose levels, for
instance by the corticosterone rhythm (Chapter 3). In line with these data, we showed
that the oscillatory patterns of the liver enzymes are also differentially controlled
by the ANS (for the PEPCK), as well as by food intake (G6Pase and Glucokinase)
and hormonal cues (for glycogen content). Taking all these observations together, we
concluded that the SCN relies on more than one pathway to drive the hepatic glucose
metabolism (i.e., liver enzymes) in order to generate a 24h-rhythm in plasma glucose
levels. However, in case of a dysbalance of the autonomic output to the liver (created
by just removing one autonomic branch of the liver), the liver metabolism is disturbed,
which in turns results in an abolishment of the glucose rhythm.

A few years ago, it was demonstrated that clock genes (the molecular components of
the clockwork) are not just located in the SCN, but throughout the entire organism.
This discovery then led to the proposal of a new circadian timing system: the master
clock in the SCN synchronizes, rather than drives, the peripheral clocks in order to
generate a tissue-specific rhythmic output. In view of the circadian control of liver
metabolism, we raised the hypothesis that the liver clock genes might play a role in
the circadian expression of the liver enzymes and thereby drive a rhythmic glucose
output (Chapters 2/6). However, our experimental approach did not yield a direct
link between the oscillatory patterns of the clock genes and the liver enzymes, leading
us to propose that the liver oscillator is not involved in the rhythmic hepatic glucose
output.

Recent studies have shown that the inhibitory transmitter GABA mediates the light-
induced inhibition of plasma melatonin levels via the sympathetic pre-autonomic
neurons in the PVN. These observations led us to investigate further the role of the
ANS and clock genes in the adjustment of the liver metabolism related to changes in
environmental light conditions. Our first approach was to infuse a GABA-antagonist
(known to block the inhibitory effect of light-induced GABA release on the pre-au-
tonomic neurons in the PVN) in the PVN during the daytime. This experimental
approach triggered an increase in plasma glucose levels, most likely by an increase
of hepatic glucose production mediated via the sympathetic innervation of the liver
(Chapter 4). Unfortunately, infusion of the GABA-antagonist in the PVN resulted in
activation of all preautonomic neurons, i.e. increases in glucagon and corticosterone.
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Therefore, despite hepatic sympathetic denervation, we were unable to identify a selec-
tive effect of the sympathetic input on the liver clock-genes and enzyme transcripts
(Chapter 4). As a second approach, we decided to affect the autonomic output of the
PVN in a more specific manner, by using a light pulse. We showed that a light pulse
applied at night triggered a different physiological response according to the time at
which light was applied: for instance, light exposure at CT14 stimulated corticosterone
secretion, whereas light applied at CT20 did not (Chapter 5). However, the light-in-
duced effect on the clock genes and functional genes did not indicate a role of the clock
genes in the “physiological response” of the organs (Chapter 5), again suggesting that
the peripheral clock genes might not have a role in the physiological response of the
organs (Chapter 6). Finally, and more interestingly, we showed that also the light-in-
duced changes in liver metabolism are mediated by the ANS (as shown previously for
the pineal and the adrenal metabolism), and not by light-induced hormonal changes
such as melatonin or corticosterone (Chapter 5).

In conclusion, the current thesis shows that the SCN influences hepatic glucose me-
tabolism by using multiple mechanisms (e.g., ANS, food intake, hormonal cues). Fur-
thermore, a balanced autonomic input to the liver is required to maintain a rhythmic
pattern of liver enzymes and thereby the 24h-rhythm in plasma glucose levels. When
the light conditions change, the SCN is able to influence the peripheral metabolism
immediately, by using the autonomic innervation of the organs, such as the pineal and
the adrenal, but also the liver.
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Résumé

Le glucose est le nutriment utilisé comme source énergétique par tous les tissues. Bien
que les apports du glucose puissent varier au cours du temps (par I'alimentation),
la glycémie (concentration du glucose dans le sang) reste toujours comprise entre
4.5-6.5 mmol/l. Le maintien de cette concentration en glucose a I'intérieur de limites
strictes en dépit des contraintes extérieures est important pour le bon fonctionnement
de 'organisme. Le processus mis en jeu pour conserver cette valeur plus ou moins
constante est appelé homéostasie. La régulation précise de la glycémie dépend d’un
équilibre entre la production/consommation (ou stockage) de glucose. En cas d’hyper-
glycémie, le glucose pénetre dans les organes tels que les reins, les muscles et surtout
le foie pour étre stocké sous forme de glycogéne (glycogenése). En cas d’hypoglycé-
mie, le glucose est principalement libéré dans le sang par le foie (glycogénolyse et/ou
gluconéogeneése). L'équilibre entre la production et I'utilisation de glucose dépend de
plusieurs tissues et est sous le contrdle d’hormones pancréatiques (insuline et le glu-
cagon) et du systeme nerveux autonome. En plus des mécanismes qui répondent de
maniere immédiate aux changements abrupts de glycémie, I'efficacité du maintien de
I’homéostasie repose également sur la capacité de I'organisme a anticiper les variations
extérieures. Ce phénomene d’anticipation, appelé « dawn phenomenon », a été décrit
chezI’homme (1984) et les rongeurs (1967), chez qui il a été montré que la concentra-
tion en glucose dans le plasma augmente juste avant le début de la période active (tot
le matin pour '’homme, en fin de journée pour les rongeurs a activité nocturne). Ce
phénomeéne d’anticipation repose sur une structure, les noyaux suprachiasmatiques
NSC, localisée dans 'hypothalamus qui est communément appelé 'horloge biologique
ou circadienne. Dans ce concept les NSC organisent les parametres physiologiques et
métaboliques en fonction du cycle jour/nuit telle qu'une augmentation de la glycémie,
de la concentration de corticostérone dans le sang et de la température corporelle
juste avant le réveil. Cette organisation temporelle du métabolisme et des fonctions
physiologiques est un facteur essentiel pour le maintien de la vie des organismes.
Jusqu’a maintenant peu d’attention a été portée sur le role du systeme nerveux auto-
nome (SNA) dans la régulation de 'homéostasie du glucose et surtout son role dans le
phénomeéne d’anticipation des besoins en glucose juste avant la période active. Dans
notre travail, nous nous sommes principalement attaché a répondre a la question de
savoir comment I'horloge circadienne controle/régule ’homéostasie du glucose, avec
un intérét particulier sur le role du systéme nerveux autonome. Notre hypotheése était
que le message journalier délivré par 'horloge est intégré par les oscillateurs, localisés
dans les organes périphériques (foie), afin de synchroniser la fonctionnalité de chaque
organe avec le cycle jour/nuit (homéostasie du glucose).
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Les variations journalieres des concentrations de glucose dans le plasma présentent
un rythme circadien caractérisé par un pic juste avant le début de la période d’activité
(i.e., lanuit pour les rongeurs). Pendant longtemps, il a été admis que le profil rythmi-
que de la glycémie était une conséquence de la rythmicité de la prise alimentaire. Ce-
pendant, lorsque les rats sont entrainés a un régime alimentaire arythmique (i.e., accés
ala nourriture tous les 4 heures), le rythme de glycémie reste inchangé ce qui indique
un réle non pas de la prise alimentaire mais de I'horloge. Celle-ci serait responsable
de la rythmicité de la concentration de glucose dans le plasma. La question était donc
de savoir comment ’horloge géneére les variations journaliéres de la glycémie. Comme
il a été démontré que cette augmentation du glucose dans le sang coincide également
a un moment de la journée ot la tolérance au glucose par les organes périphérique
est élevée, cette hyperglycémie ne pouvaient étre expliquée que par une production
de glucose au méme moment par le foie (principale source de glucose). Pour générer
cette hyperglycémie journaliére, juste avant la période active, les NSC peuvent agir
sur le métabolisme du foie par deux principales voies : la voie hormonale (avec des
hormones hyperglycémiante tel que le glucagon ou la corticostérone) et la voie ner-
veuse (les deux branches du SNA). Pour des raisons diverses, il est improbable que
la voie hormonale soit responsable de cette hyperglycemie journaliere. Récemment
nous avons démontré que 'activation du nerf sympathique induit une hyperglycémie
(Chapitre 4), Cest pour ces raisons que nous avons alors proposé que les NSC via le
nerf sympathique participent a la genese du profil rythmique des concentrations de
glucose dans le sang, en induisant une augmentation de la glycémie juste avant la
nuit. De plus, nous avons travaillé sur 'hypothese que ces variations de la glycémie
résultaient d’un controle de I'horloge sur la fonctionnalité du foie, via les génes hor-
loges localisées dans les cellules de cet organe (i.e., les génes horloges généreraient la
rythmicité des enzymes impliquées dans le métabolisme du glucose).

Nous avons effectivement démontré qu’une lésion sélective du nerf sympathique
au niveau du foie abolit le rythme du glucose dans le sang, confirmant que le systeme
nerveux autonome (ici specifiquement le nerf sympathique) est essentiel pour générer
les variations journaliéres de la glycémie. De plus, cette déinnervation sélective du
foie affecte également I'expression rythmique des enzymes hépatiques, contrairement
a I'expression des génes horloges. Ces résultats nous permettent de conclure que les
NSC, via les SNA, controle le métabolisme du glucose dans le foie pour générer le
rythme du glucose. Cependant I'oscillateur dans le foie ne semble pas directement
impliqué dans la genése du profil circadien de la glycémie (Chapitre 2).

Dt a I'absence de relation entre la rythmicité des genes horloges et des enzymes
impliquées dans le métabolisme du glucose (voir également Chapitre 6), nous nous
sommes alors focalisés sur I'étude du rdle du SNA et de la prise alimentaire dans
le maintien de I'expression rythmique des enzymes hépatiques. Nous avons étudié
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Iexpression des enzymes et la concentration du glucose dans le plasma sur 24h apres
une dénervation compléte du foie (nerf sympathique et parasympathique) chez des
animaux placés en condition ad libitum ou en régime alimentaire arythmique. Avec
ces deux approches, nous avons pu identifier les génes dont la transcription rythmi-
que est régulé par le systeme nerveux autonome (Pepck) de ceux régulés par la prise
alimentaire (G6Pase et Glucokinase). En absence de connexion hypothalamus-foie
(via le SNA) la rythmicité de la glycémie est maintenue chez les animaux placés en
condition ad libitum, indiquant que la prise alimentaire participe également a la genese
de la rythmicité du glucose. En absence de signal rythmique fournit soit par le SNA
soit par une prise alimentaire, il est apparu que le rythme de 24h dans les concentra-
tions plasmatiques de glucose était toujours présent. Cela indique qu’ un autre signal
rythmique contribue au rythme du glucose (la corticostérone ?) (Chapitre 3).
Durant le jour (ou jour subjectif en conditions constantes), les NSC envoient un
message inhibiteur (par la sécrétion du neurotransmetteur GABA) aux noyaux para-
ventriculaires de I'’hypothalamus (PVN) qui provoque I'inactivation des neurones pré-
autonomiques du systeme sympathique et parasympathique. Récemment, dans notre
groupe de recherche il a été démontré que le blocage de ce message inhibiteur, par une
infusion d’un antagoniste (bicuculline) de GABA au niveau des PVN, provoque I'ac-
tivation des neurones pré-autonomiques et induit une augmentation de la glycémie.
Bien que I'infusion de bicuculline induit une activation de tous les neurones dans les
PVN et par conséquent une augmentation de corticostérone et de glucagon dans le
sang (hormones hyperglycémiantes), cette augmentation de glucose dans le sang est
complétement absente aprés une Iésion du nerf sympathique spécifique au foie. Nous
avons alors proposé que cette stimulation du nerf sympathique affecte I'expression des
genes horloges dans le foie ce qui, en retour, va activer la production/libération de glu-
cose (par le foie) aboutissant alors a une hyperglycémie. Pour valider cette hypothese,
nous avons analysé dans le foie, I'expression des principaux génes horloges (Per1/2/3,
Cry1/2 et DBP) ainsi que I'expression des enzymes impliquées dans le métabolisme du
glucose tels que Glucose-6-phosphatase (enzyme qui permet la libération du glucose
dans le sang), Glucokinase (enzyme permettant au glucose en excés dans le sang de
pénetrer dans le foie pour ensuite étre stocké sous forme de glycogene), Pepck (enzyme
clé dans la production de glucose par Gluconéogenese). Cette stimulation massive des
neurones localisés dans les PVN nous a permis de ne définir que partiellement I'effet
spécifique du nerf sympathique du foie sur I'expression des genes horloges comme sur
les enzymes impliquées dans I'hyperglycémie (Chapitre 4). Nous avons alors changé
notre approche expérimentale, en examinant I'activation, par un signal lumineux
pendant la nuit, de la voie multisynaptique NSC-PVN-SNA-foie sur le métabolisme
du glucose (Chapitre 5). Nous avons pu ainsi observer que I'application d’un signal
lumineux d’une heure en début de nuit et/ou en fin de nuit induisent un effet immé-
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diat sur I'expression génique de certains génes horloges dans different organes étudiés
mais également sur certaines enzymes impliquées dans le métabolisme, tel que Pepck
et G6Pase pour le foie, NAT pour la glande pinéal. Cependant aucun lien direct n’a
pu étre démontré entre I'expression des génes horloges et des génes functionnelles en
réponse a application d’'un créneau lumineux. Lapplication d'un créneau lumineux
en début de nuit (CT 14), nous a permis dans un premier temps de démontrer que
cette information lumineuse agit directement sur la physiologie des organes comme
la glande pinéal (i.e., stopper la production de la mélatonine), la glande surrénale
(induire la sécrétion de corticostérone) et aussi le foie. De plus, nous avons pu de-
montre, pour la premiere fois, que cette information lumineuse, percue par les NSC,
est directement transmise au foie via le SNA et non pas de maniére indirect par une
diminution de la mélatonine et/ou une sécrétion de corticostérone.

Pour conclure, 'horloge circadienne peut ajuster/modifier rapidement le métabo-
lisme du foie via le SNA et ce, par rapport aux changements du cycle jour/nuit. Ce
mécanisme de « resynchronisation » ne semble pas mettre en jeu I'oscillateur du foie.
Sur 24 heures, la genése du rythme circadien des concentrations plasmatiques de glu-
cose repose sur plusieurs mécanismes, le SNA, la rythmicité de la prise alimentaire et
du profile journalier de la concentration de corticostérone dans le plasma. Cependant,
un déséquilibre dans le systéeme nerveux autonome (induit par exemple par une dé-
nervation d’'une seule branche du SNA) cause une anormalité dans le fonctionnement
hépatique ce qui résulte une perte de la rythmicité du glucose.
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Samenvatting

Glucose is van essentieel belang als brandstof voor de hersenen en glucose metabolisme
is derhalve strict gereguleerd, zodat de plasma glucosespiegels binnen nauwe grenzen
blijven. Een van de strategieén die het organisme gebruikt om glucose homeostase in
stand te houden is het aanpassen - en zelfs het voorspellen - van de glucosebehoefte
naar gelang het uur van de dag. Zo resulteert de anticipatie op de activiteitsperiode bij-
voorbeeld in een stijging van de glucosespiegels in het bloed reeds voordat de activiteit
begint. De biologische klok, die zich bevindt in de hypothalame suprachiasmatische
nucleus (SCN), is van essentieel belang voor de temporele organisatie van het ener-
giemetabolisme (zoals het glucose metabolisme). Eerdere studies hebben inderdaad
al aangetoond dat de dagelijkse schommelingen in de plasma glucoseconcentratie en
in glucosetolerantie worden bewerkstelligd door de SCN.

Het is interessant dat de dagelijkse verhoging van de plasma glucosespiegels samen-
valt met een hogere glucosetolerantie; een indicatie dat reeds voor het ontwaken een
verhoging van de glucoseproductie nodig is om de aanstaande hoge glucose-opname te
compenseren. Verder laat recent onderzoek zien dat de sympatische input naar de lever
essentieel is voor het verhogen van de plasma glucosespiegels (waarschijnlijk door
middel van een verhoging van de glucoseproductie door de lever), hetgeen er op wijst
dat de SCN, via het autonome zenuwstelsel (ANYS), het levermetabolisme mogelijk op
circadiane wijze beinvloedt. Dit proefschrift beoogt dan ook te onderzoeken welke rol
het ANS speelt in de dagelijkse controle van de SCN over het (glucose)metabolisme
in de lever.

Tijdens de slaap/waak-cyclus vinden verhoogde plasma glucoseconcentraties en een
verhoogde glucose-opname door perifere weefsels gelijktijdig plaats, te weten vlak
voor het begin van de activiteitsperiode. Daarom wordt dan ook gedacht dat op het-
zelfde moment ook de glucoseproductie verhoogd is. De lever is het belangrijkste
orgaan voor de glucoseproductie. Hoewel bekend is dat hormonen zoals glucagon,
corticosteron en groeihormoon glucoseproductie door de lever kunnen stimuleren
zijn ze om verschillende redenen waarschijnlijk toch niet betrokken bij de regulatie
van het dag/nacht-ritme in de plasma glucoseconcentratie. Recentelijk is aangetoond
dat activering van de sympathische input naar de lever een verhoging van plasma
glucoseconcentraties teweeg kan brengen, hetgeen er op duidt dat de autonome route
een rol speelt in de dagelijkse piek van glucosespiegels.

In Hoofdstuk 1 laten we zien dat de sympatische input naar de lever inderdaad es-
sentieel is voor het in stand houden van het dag/nacht-ritme in plasma glucosespie-
gels. Dit ondersteunt onze hypothese dat de SCN de dagelijkse stijging van plasma
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glucosespiegels genereert, door middel van veranderingen in de hepatische glucose-
productie.

Overeenkomstig met deze hypothese hebben we tevens aangetoond dat het 24-uurs
patroon van de genexpressie van de enzymen betrokken bij het hepatisch glucosemeta-
bolisme (i.e. glucose-6-phosphatase, PEPCK, glucokinase, pyruvate kinase) verstoord
raakte na verwijdering van de sympatische innervatie van de lever (Hoofdstuk 2).

Na een totale denervatie van de ANS input naar de lever in dieren die ad libitum te
eten hadden (d.w.z. ritmisch eetgedrag vertoonden) bleek het dag/nacht-ritme van de
plasma glucosespiegels verrassend genoeg in stand gebleven te zijn, wat aangeeft dat
de connectie van het ANS met de lever niet essentieel is voor het genereren van het
glucose ritme (Hoofdstuk 2). Nog verrassender was dat ook dieren met een a-ritmische
voedselopname (d.w.z. onderworpen aan een 6-maaltijden schema), en een totale lever
denervatie, toch nog een 24-uurs ritme hadden in hun plasma glucosespiegels, wat
aangeeft dat de SCN een andere route gebruikt om het dag/nacht-ritme van plasma
glucosespiegels te genereren, bijvoorbeeld het corticosteronritme (Hoofdstuk 2).

Overeenkomstig met deze gegevens hebben we tevens aangetoond dat het oscil-
latiepatroon van de leverenzymen onder differentieel beheer staat van het ANS (wat
betreft PEPCK), voedselopname (G6Pase en glucokinase) en hormonale prikkels (voor
de hoeveelheid glycogeen). Al deze observaties tesamen brachten ons tot de conclusie
dat de SCN op meer dan één pad vertrouwt als het gaat om het aansturen van het he-
patische glucosemetabolisme voor het genereren van een 24-uurs ritme in de plasma
glucosespiegels. Echter, een onbalans van de autonome output naar de lever (veroor-
zaakt door het wegnemen van één van de twee autonome inputs naar de lever), is al
voldoende om het levermetabolisme te verstoren, en resulteert in het verdwijnen van
het glucoseritme.

Een aantal jaren geleden is aangetoond dat klokgenen (een onderdeel van het mo-
leculaire uurwerk) niet alleen in de SCN gevonden geworden maar door het gehele
organisme heen. Deze ontdekking leidde vervolgens tot een herziening van de ideeén
over de opbouw van het circadiane systeem: de SCN, de hoofdklok, synchroniseert de
perifere klokken, i.p.v. deze aan te sturen, en deze perifere klokken genereren vervol-
gens hun eigen weefsel-specifieke ritmische output resulterend in een ritmische acti-
viteit van het orgaan. Er van uitgaande dat het levermetabolisme circadiaan geregeld
wordt veronderstelden wij dat de klokgenen in de lever een rol spelen bij de circadiane
expressie van de leverenzymen en daarmee een ritmische glucose output aansturen
(Hoofdstuk 1 en 6). Echter, onze resultaten leverden geen bewijs voor een directe re-
latie tussen de oscillatiepatronen van de klokgenen en het leverenzym, hetgeen leidde
tot ons voorstel dat een ritmisch activiteit van de leveroscillator niet voldoende is voor
een ritmische hepatische glucoseproductie.
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Recent onderzoek heeft aangetoond dat de inhibiterende transmitter GABA de licht-
geinduceerde inhibitie van de plasma melatoninespiegels medieert via de sympathi-
sche pre-autonome neuronen in de PVN. Deze observaties hebben er toe geleid dat
wij de rol van het ANS en klokgenen bij het aanpassen van het levermetabolisme bij
veranderingen in omgevingslicht nader zijn gaan bestuderen. Onze eerste benadering
was om gedurende de lichtperiode een GABA-antagonist (waarvan we weten dat het
het inhiberende effect van licht (d.m.v. GABA), op de pre-autonome neuronen in the
PVN, blokkeert) toe te dienen in de PVN (Hoofstuk 4). Dit experiment leidde tot
een verhoging van de plasma glucosespiegels (waarschijnlijk door een verhoging van
de hepatische glucoseproductie via de sympatische innervatie van de lever). Helaas
resulteerde de infusie van de GABA-antagonist in de PVN in een activatie van alle
pre-autonome neuronen (verhoogde glucagon- en corticosteronspiegels), hetgeen
betekende dat we niet in staat waren een selectief effect van de sympatische input op
de klokgenen van de lever en enzymtranscripten waar te nemen (Hoofdstuk 4). Onze
tweede benadering was de autonome output van de PVN meer specifiek te stimuleren,
door middel van een lichtpuls. We toonden aan dat een nachtelijke lichtpuls een andere
fysiologische respons opriep, al naargelang het tijdstip waarop de puls plaatsvond:
bijvoorbeeld, blootstelling aan licht aan het begin van de nacht stimuleerde de afgifte
van corticosteron, terwijl dat niet het geval was aan het eind van de nacht (Hoofdstuk
5). Verder liet het door licht geinduceerde effect op de klokgenen en op de functionele
genen geen rol zien voor de klokgenen voor wat betreft de ‘fysiologische respons’ van
de organen (Hoofdstuk 5), een extra aanwijzing dat de klokgenen uit de periferie wel-
licht geen rol spelen in de fysiologische respons van de organen (Hoofdstuk 6). Lest
best: we hebben aangetoond dat de door licht geinduceerde veranderingen in het lever
metabolisme worden overgebracht door het ANS (zoals eerder reeds was aangetoond
voor het epifyse- en bijniermetabolisme) en niet via licht geinduceerde hormonale
veranderingen zoals melatonine of corticosteron (Hoofdstuk 5).

Concluderend kunnen we zeggen dat dit proefschrift laat zien dat de SCN het glucose-
metabolisme in de lever beinvloedt door middel van diverse mechanismen (b.v. ANS,
voedselopname, hormonale prikkels). Voorts, dat een evenwichtige autonome input in
de lever vereist is voor de handhaving van het ritmische patroon van de leverenzymen
- en daarmee van het 24-uursritme van de plasma glucosespiegels. Wanneer de licht-
condities veranderen is de SCN in staat om onmiddellijk het periferie-metabolisme
te beinvloeden middels zijn contacten met de autonome innervatie van de organen,
zoals de epifyse en de bijnier, maar ook van de lever.
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