No. 4]

Proc. Jpn. Acad., Ser. B 86 (2010)

Review

Coordinated regulation of circadian rhythms and homeostasis
by the suprachiasmatic nucleus

By Hachiro NAKAGAWA*!-T and Nobuaki OKUMURA*?
(Communicated by Takao SEKIYA, M.J.A.)

Abstract: We have demonstrated that in rats activities of various enzymes related to glu-
coneogenesis and amino acid metabolism show circadian rhythms. Based on these results, we have
explored the molecular mechanisms underlying circadian oscillation and phase response to light
of the master clock located in the dorsomedial subdivision of the suprachiasmatic nucleus (SCN)
and found various proteins closely related to phase response such as BIT/SHPS-1 and those of
circadian oscillation, some of which are involved in protein-tyrosine phosphorylation.

On the other hand, we have presented several lines of evidence that the ventrolateral subdivi-
sion of the SCN includes not only the control center of energy supply to the brain, but also that of
homeostasis such as blood glucose, blood pressure, water balance, and body temperature. We have
also shown that besides these functions, the latter subdivision is involved in the regulations of
hormone secretions such as insulin, glucagon, corticosterone and vasopressin. It has been also
shown by electrophysiological means that light exposure to rat eye enhances sympathetic nerve
activity, whereas it depresses parasympathetic nerve activity. Thus, environmental light is impli-
cated not only in the phase-shift through the retinohypthalamic tract (RHT), but also control
of autonomic nerve activities through the RHT, It is also discussed in this review how the two

391

divisions are interconnected and how environmental light is involved in this interconnection.

Keywords:

Introduction

About a half century ago, we found in rat liver
that serine dehydratase (SDH) activity showed a
circadian rhythm,? while cystathionine-p-synthase
(CBT) activity did not.? This tempted us to specu-
late if the two enzyme activities were not catalyzed
by a single protein, though CBT was then assumed
to be the same as SDH.? In fact, we confirmed later
that the two enzyme proteins were different and
also showed that both enzymes required pyridoxal-
phosphate as a cofactor.¥—® Homocysteine, the sub-
strate of CBT reaction is now known to be the high-
est risk factors of cardiovascular disease in western
countries.!0
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SDH catalyzes the reaction converting serine
to pyruvate that is a substrate for gluconeogenesis.
This suggests that gluconeogenesis exhibits a cir-
cadian rhythm. In accordance with this, activities
of phosphoenolpyruvate carboxykinase (PEPCK), a
key gluconeogenic enzyme, also showed circadian
rhythms in the liver and kidney in rats.!D-13 In rela-
tion to this fact, we presented several lines of evi-
dence that circadian changes of PEPCK activities
coincided well with those of in vivo gluconeogenesis
both in the liver and kidney!4:!9 and suggested
that the circadian rhythm of hepatic gluconeogenesis
might be generated to meet the nutritional demand
of animals for blood glucose homeostasis, while renal
gluconeogenesis might be generated in close associa-
tion with the regulation of blood pH.!%

It was also shown that urea formation and activ-
ity of argininosuccinate synthetase, a key enzyme of
the urea cycle, showed circadian rhythm in rat liver
and that the generation of this rhythm was closely
related with food intake.!©-17)

These findings raised problems of how the sig-
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Effects of bilateral lesions of the SCN on circadian rhythms of phosphoenolpyruvate carboxykinase activities in rat liver

and kidney. L and D indicate the light and dark periods, respectively. The enzyme activity is expressed as mpmoles/min/mg
protein. A group of 3 to 4 rats was used in one experiment. Vertical bars are the ranges of means + SEM.

nals generated for food intake and circadian rhythms
of metabolism are interrelated and thus what other
body functions are synchronously regulated with
these signals. This review will cover these problems
from a standpoint that the suprachiasmatic nucleus
(SCN) in the hypothalamus is not only involved in
the circadian signal generation, but also plays as an
integrating control center of homeostasis and that
environmental light functions as an essential con-
troller of both systems.

Suprachiasmatic nucleus as the site of
circadian clock of gluconeogenesis
and food intake

In 1965, Axelrod and his collaborators!® reported
that hydroxyindole O-methyltransferase (HIOMT)
activity showed a diurnal rhythm with the highest
in the midnight in the rat pineal gland and that this
rhythm was controlled by environmental light. Based
on these findings, they suggested that the pineal
gland might serve as a ‘‘biological clock.” This report
attracted a number of investigators to explore where
master clock was located and what was underling
molecular mechanism of the circadian temporal sig-
nal generation in mammals.

Then we had obtained several lines of evidence

that the circadian increase in PEPCK activity in the
liver might depend on increase in sympathetic nerve
activity and/or decrease in parasympathetic nerve
activity, while its circadian decrease might depend
on the opposite changes in these nerve activities.!?
These findings suggested that the temporal signal to
generate the circadian change of the enzyme activity
was transmitted to the liver through the autonomic
nervous system. Then we examine whether the circa-
dian clock was located in some brain areas related to
the autonomic nerve functions.

In 1972, Moore and Eichler'® demonstrated
that in rat pineal gland the enzyme whose activity
exhibited a circadian rhythm was not HIOMT, but
serotonin N-acetyl-transferase and that this rhythm
as well as that of plasma corticosterone level dis-
appeared after removal of the SCN. Stephan and
Zucker also showed that ablation of the SCN abol-
ished the circadian rhythms of locomotive activity
and drinking behavior.20

In accordance with these results, we found that
the SCN lesions eliminated the circadian rhythm of
PEPCK activity both in the liver and kidney!”
(Fig. 1). To promote the study of the molecular
mechanism underlying circadian oscillation further,
we changed our strategy to use other circadian



No. 4]

Clock time (b}

20h 8h

NN

Food intake
(g/30min)
[-2.%
B

1 20

Days after blinding

30

Subjective dark period

Subjective light period

Fig. 2. Circadian rhythm of feeding behavior of a rat.
This animal was kept in a room illuminated for 12 h
(08:00~20:00) and kept at 24 +1°C. Food intake was
automatically measured by decrease in the total weight of a
food container with a plate placed under it to collect the
spillover of powdered food. Data are expressed as grams per
30 min. The figure is shown by the double-plot method,
replotting the latter 24-h data in the beginning of the next
line. At the point of an arrow, the animal is made blind by
an operation. The approximate 12-h period when nocturnal
animals are active and eat is called a subjective dark period,
and the period when they are inactive is called a subjective
light period. (From ref. 17.)

rhythms as markers such as feeding and drinking
behaviors, and locomotive activity which could be
automatically and continuously monitored, because
tedious and time-consuming enzyme assays of too
many samples derived from a number of animal
groups sacrificed at an interval of 3 to 4 hours
had hampered our studies. The new strategy indeed
encouraged the process leading to conclusion that
master circadian clock was located in the SCN.2D-24
Details will be described later.

Suprachiasmatic nucleus and
feeding behavior

Figure 2 shows circadian feeding pattern of a
rat with a 48-hour record in a line depicted by the
double-plot method. In this case, rat was maintained
in a room at 24 °C under a 12 hour light and 12 hour
dark cycle and allowed to eat freely. It should be
noteworthy that even rat eats almost 3 times as
human does, while nocturnal animals eat mainly in
the dark period. Figure 2 also shows that the 3 clus-
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ters of food intake run perpendicularly. However, the
clusters began to show free-running rhythm with
a cycle of longer than 24 hours after the animal
was surgically blinded at the day indicated by an
arrow.?>) This indicates that the animal has own
oscillator to drive feeding rhythm with a period of
longer than 24 hours, but that the feeding rhythm
is entrained to an environmental time cue under a
12 hour light and 12 hour dark cycle.

On the other hand, a number of report have so
far indicated that food intake is regulated by the
two hypothalamic areas, ‘“‘the feeding center’” in the
lateral hypothalamic area (LHA) and ‘‘the satiety
center” in the ventromedial hypothalamus (VMH).
Some reported that bilateral ablation of the VMH
resulted in complete loss of the circadian feeding
rhythm. Thus we examined the relationship between
the SCN, VMH and LHA in regard to the genera-
tions of the circadian temporal signal and showed
that bilateral lesions of the SCN by electrolytic and
immunological means completely abolished the feed-
ing rhythm.?? but that total food intakes in a day
of the operated rats were the same as those in sham-
operated ones. We also obtained evidence suggesting
that the SCN might be neuronally connected with
the LHA and VMH by isolation of the nuclei from
neighboring neural connections by knife-cut.??

From these findings, we suggested that the cir-
cadian clock for feeding behavior was located in the
SCN and that the temporal signal generated in the
SCN was not only transmitted to the ‘“feeding
center’’ to increase their neuronal activities, but also
transmitted to the ‘‘satiety center” to decrease their
activities during the dark period in nocturnal rats.?¥
In this connection, it was demonstrated electro-
physiologically that there were actually the synaptic
pathways between the LHA and the SCN, and be-
tween the VMH and the SCN.20)

When rats were subjected to place under a
restricted feeding schedule in which food was given
only for 3 hours during light period in a 12 hour light
and 12 hour dark cycle, the clusters of locomotive
activity and drinking behavior appeared several
hours before food was given, but immediately disap-
peared after restricted feeding schedule was replaced
by free-feeding one. We showed that such ‘anti-
cipatory response’” monitored by Animex activity or
drinking behavior was eliminated either by bilateral
lesion of the SCN or VMH,2® but that that of
wheel-running activity was lost by bilateral VMH
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lesion, but not by bilateral SCN lesion.29-27) We
obtained firm evidence that motivation of wheel-
running activity was different from that of activity
monitored by Animex.2%)

It was demonstrated that in rats VMH lesions not
only eliminated food-shifted daily changes of body
temperature and blood corticosterone level,29-39 but
also ‘“‘anticipatory response’ in wheel-running activ-
ity.3D However, our results suggested that the VMH
was involved in ‘‘anticipatory response” in wheel
running rhythm, but that the SCN or/and VMH
were related with the anticipatory response repre-
sented by Animex activity and drinking behavior.

Recently, some investigations reported that the
dorsomedial hypothalamus (DMH) might be the site
of the putative clock of ‘‘food-shifted daily changes
of body functions” in mice and rats.3?-34% However,
other group presented the negative results against
“DMH theory”.3%-39 Thus the actual site of such
food-entrainable circadian rhythm or ‘“‘anticipatory
response’’ remains undefined yet.

Molecular oscillation mechanisms in
circadian clock in suprachiasamtic nucleus

Explorations of the clock genes were initiated by
a report of Konopka and Benzar published in 1971.37
They obtained 3 clock mutants in regard to circa-
dian period of locomotive activity by treating a wild
strain of Drosophila melanogaster with ethyl meth-
ane sulfonate, of which one was arrhythmic, another
had a period of 19 hours and a third had a period
of 28 hours and concluded that all these mutation
might be derived from the same functional gene on
the X chromosome. These 3 putative mutant genes
were named per®, per® and per! In 1984, the per
region DNA was isolated independently by two
different laboratories.3®-39) It was also shown that a
portion of per transcript was strongly homologous to
mouse DNA .40

Clock was the first mammalian gene cloned by
Takahashi and his collaborators in 1997.4D Subse-
quently, several genes such as peri-3, cryptl-2, and
bmall were cloned and their transcripts were shown
to be present in the SCN of mammals.*?4® Figure
3 depicts a presumptive molecular mechanism of the
circadian temporal signal generation, consisting of
transcriptional and translational positive—negative
feedback loop in mammals. This loop is considered
to be essentially common to different animal species.
The loop is established from the negative and posi-
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tive elements, and the negative elements suppress
transcriptions of the positive elements. The negative
elements are period (perl-3) and cryptochrome
(ery1-2) and their expressed transcripts and proteins
showed the robust circadian oscillation, while the
positive elements are clock and bmal 1 (brain and
muscle Arnt-like protein 1) and their expressed tran-
scripts and proteins show relative weak circadian
or no rhythm. Positive elements, Bmall and Clock
proteins, form heterodimer and bind to E-box of
enhancer of per and cry genes and activate their
transcriptions. The resulting enhancement of the
expressions of per and cry inhibits their own tran-
scripts. Numerous other proteins including protein
kinases and phosphatases were also shown to be
implicated in the circadian clock mechanism.

During the period when attention began to be
focus to identify the clock genes, our project turned
to the following three points to analyze the molecular
oscillation mechanism of the circadian clock in mam-
mals; 1) exploration of possible oscillator candidates
based on the effects of the agents inducing significant
changes in the circadian rhythm upon their infusions
into the brain, 2) isolation of proteins from the brain
whose amounts or enzyme activities show circadian
rhythms, and 3) isolation of proteins unique to the
SCN.

In studies of the first category, we found that
when a solution of insulin, ZnCl,, Ca ionophore
A23187, NG-methylarginine (nitric oxide synthetase
inhibitor) or w-conotoxin caused significant distur-
bance of the circadian rhythm when it was infused
into rat brain constantly through a catheter im-
planted into the 3rd ventricle from an Alzet’s
osmotic minipump.!?49-5D From the findings about
A23187, it was later shown that N-type CaZ?*-
channel was involved in the circadian signal genera-
tion.>V This will be described later in connection of
the circadian rhythm setting.

It is well known that insulin signaling is medi-
ated by protein tyrosine kinases and the Zn™ is a
potent inhibitor of protein tyrosine kinase. These
findings tempted us to find out protein tyrosine
kinase closely related to circadian rhythm genera-
tion. Consequently, we isolated a protein kinase
named c-src kinase (CSK) from rat brain.>2-3% CSK
has been shown to contribute to various signal trans-
duction pathways in cooperation with Src-family
kinases.>® In mammals, several Src-family kinases
including Fyn and Src are highly expressed in the
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Fig. 3. Regulation of core circadian oscillator in the SCN. In mammals, the core circadian oscillator is the feedback loop com-
posed of Per/Cry and Clock/Bmal 1 heterodimers. These proteins create spontaneous circadian rhythms of their own expres-
sion essentially by transcriptional control. In addition, in order to adapt to internal and external conditions, the core circadian
oscillator is regulated by numerous factors including environmental changes, hormones and neutritional signals, which are
transmitted to the core circadian clock through signal transduction proteins that regulate the core oscillator by a variety of

mechanisms such as phosphorylation.

brain, and have been implicated in neuronal func-
tions such as regulation of N-methyl-D-aspartate
(NMDA) receptor signaling at the synaptic region.>”
Moreover, Fyn-like immunoreactive substance was
detected in the SCN. Then, we examined whether
Fyn-deficient mice showed any disturbance in circa-
dian rhythm of locomotive activity and found that
under constant dark condition, the animals showed
free-running rhythm with significant longer period
than control animals. These findings suggest that
Fyn is involved in the regulation of circadian oscilla-
tion system in the SCN.’® We also explored other
molecular targets of tyrosine kinases in the SCN and
found that BIT/SHPS-1 was one of those undergoing
tyrosine phosphorylation in the SCN, as discussed in
the later section.

In the studies on the second category, we
identified three types of histone-H1 kinase whose
activities showed circadian oscillations in rat SCN
and termed periodically fluctuating protein kinases

(FPKs). We showed that one of these proteins might
be participated in the feed-back loop by inactivating
CLOCK through phosphorylation of its Ser-Pro rich
region.>® Recently, one of these kinases was iden-
tified as casein kinase (CK) 2 alpha and shown that
this phosphorylated BMAL 1, suggesting that CK2
might be also an essential regulator of the mamma-
lian circadian system.69

In regard to the third strategy, Perl-interacting
protein of the SCN (PIPS) was identified in mouse
and several lines of evidence that it might be in-
volved in the feedback loop of circadian rhythm by
interacting with Perl were presented.®)) Shimizu et
al.%?) isolated a novel gene product, scop (SCN circa-
dian oscillatory protein) from rat brain and found
that it was expressed with a circadian manner in the
SCN. SCOP is a 200 kDa protein which is composed
of a pleckstrin homology (PH) domain, a leucine-rich
repeat (LRR), a protein phosphatase 2C (PP2C)-like
domain, and a glutamine (Q)-rich domain. The LRR
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domain of SCOP binds to K-Ras to negatively regu-
late the K-Ras-dependent ERK 1,2 activation.®? It
is degraded in neurons by calpain, a calcium-depen-
dent peptidase, upon stimulation with N-methyl-D-
aspartate (NMDA), brain-derived neurotrophic fac-
tor (BDNF) or KCl-induced depolarization, resulting
in enhancement of ERK 1,2 activation.®¥ Thus it
seems quite likely that SCOP is a modulator of the
signaling pathway from neuronal electrical activities
to ERK 1,2 activation. These raised a possibility
that the rhythmic change in SCOP protein was the
cause of circadian changes in ERK1,2 activities in
the SCN. SCOP is also distributed in various other
brain regions than the SCN, suggesting that it plays
broader roles in neural functions including long-term
memory.%

Takano et al.9:%9 also demonstrated that casein
kinase 1 epsilon (CK1 epsilon) catalyzed phosphory-
lation of mPerl, resulting in acceleration of nuclear
translocation of mPerl which seemed to be critical
for circadian signal generation.®” Tamaru et al.?®
demonstrated that casein kinase (CK)-2 alpha phos-
phorylated BMAL1 and suggested that CK2 might
be also an essential regulator of the mammalian cir-
cadian system.

The main and auxiliary feedback loops are now
being established, but the problem of how circadian
temporal signal generated is transmitted to other
parts of the brain and peripheral organs remain to
be solved. We noticed this problem during an effort
of investigations on the role of SCN on regulation of
blood pressure. It is known that arginine vasopressin
(AVP) neurons are abundant in the dorsal region of
the SCN, while VIP neurons (vasoactive intestinal
peptide-like immuno-reactive substance) are abun-
dant in the ventral region. Then we examined the
effects of bilateral lesions of the SCN on the plasma
AVP concentration in rats and found that the lesions
suppressed the increase in the plasma AVP level
by hypertonic saline and that this increase was
enhanced by VIP injection into the brain, but sup-
pressed by a VIP antagonist.®® To study the role of
VIP in the SCN further, we examined the effect of
injection to the SCN of a conjugate of anti-VIP IgG
and A chain of ricin fragment, which was shown
to eliminate the neurons with VIP-receptors in the
presence of VIP. This procedure caused selective
lesions of the two types of neurons in the SCN; the
VIP neurons and the AVP neurons with VIP recep-
tors. Interestingly, rats with latter lesions lost circa-
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dian drinking rhythm completely, while those with
former lesions showed no change in the rhythm.®®
This suggests that the AVP neurons with VIP recep-
tors plays a role in transduction of the circadian
signal rather than in its generation. Recent com-
ment on this problem can be seen in Bittman’s
review entitled ‘“‘vasopressin: more than just an out-
put of the circadian pacemaker?”.70

Suprachiasmatic nucleus as center
integrating autonomic nervous functions and
energy metabolism regulation

As previously mentioned, circadian rhythm of
PEPCK activity showed the circadian rhythm both
in the liver and kidney. It was also described that
this rhythm was generated under the regulation of
autonomic nervous system and that it was abolished
by bilateral SCN lesions (see Fig. 1). These findings
raised the problem of how the SCN and the auto-
nomic nervous system were interconnected. The
following findings gave us a clue to challenge this
problem.

The brain essentially requires glucose as a sole
source of energy in mammalian brains including
human beings. Moreover, it requires a large quantity
of energy. For example, the human adult brain uti-
lizes about 20% of total body energy consumption in
a resting state, corresponding to glucose utilization
of 120 g/day. Glucose is converted to carbon dioxide
and water completely in the brain, where storage of
glycogen is only slight (less than 0.2% of brain weight)
and gluconeogenesis does not take place. Then, it
must be constantly supplied from the peripheral
organs.

In nocturnal animals such as rats and mice, the
main source of glucose supplied to the brain is food in
the dark period, while glycogen stored in the liver
(glycogen in the muscle is not converted to glucose
due to lack of glucose 6-phosphatase) and glucose
derived from gluconeogenesis are the main sources
of energy supplied to the brain in the light period.
In diurnal animals including human beings, the
situation is vice versa. Then, we examined in rats
what was brought by if glucose utilization in the
brain was inhibited by 2-deoxy D-glucose (2DG), a
potent inhibitor of glucose utilization.

2DG induced time-dependent hyperglycemia
that was more prominent in the light period, whereas
glucose and saline as controls showed slight hyper-
glycemia only in the dark period and almost no re-
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Fig. 4. Effect of bilateral lesions of the SCN on plasma con-
centration of glucose after 2DG injection into the lateral
cerebral ventricle in the light and dark periods. Rats were
maintained in a room illuminated for 12 h (02:00~14:00).
2DG was injected into the lateral cerebral ventricle of
SCN-lesioned and control (sham-operated) rats at 10:00
(light period) and 17:00 (dark period) after 2 h starvation.
Values are means + SEM. Numbers of animals used are
indicated in parentheses. (From ref. 73.)

sponse, respectively, when each agent was injected
into the lateral cerebral ventricle (LCV).”) These
responses were completely eliminated by bilateral
lesions of the SCN, as shown in Fig. 4,7 suggesting
that more potent signal from the SCN is generated
to prevent deficiency of energy supply to the brain
in the light period when no food is given. It was also
revealed that lipolytic response to systemic admin-
istration of 2DG was time-dependent, showing in-
crease in plasma FFA (free fatty acid) concentration
only in the light period. This suggests that in the
light period, FFA, an energy source utilized in the
peripheral organs, is mobilized to save glucose con-
sumption in the peripheral organs. This response
was also abolished by SCN lesions.”® Electric stimu-
lation of the SCN resulted in hyperglycemia.”® These
findings indicate that the SCN is involved in energy
supply to the brain. Then we examined what path-
way transmitted the signal generated in the SCN to
the peripheral organs.

It was previously shown that the hyperglycemia
due to 2DG was completely inhibited by adrenalec-
tomy either in the light period or dark period.”>
It was also shown that it was inhibited by various
blockers of the sympathetic and parasympathetic
nervous systems.’®-’? These findings suggest that
the autonomic nervous system is involved in time-
dependent-hyperglycemic response to 2DG. To sub-
stantiate this suggestion, we examined direct record-
ings of the neural activities of sympathetic efferent
fibers to the adrenal gland, pancreas and liver and
those of the parasympathetic efferent fibers to the
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pancreas and liver in collaboration with Dr. Akira
Niijima, Emeritus Professor of the Niigata Uni-
versity. These revealed that in the light period all
neural activities of the sympathetic efferent fibers
increased in response to intracranial administration
of 2DG, while those of the parasympathetic efferent
fibers decreased and that these responses were elimi-
nated by bilateral SCN lesions.?®

In respect to neural pathways from other parts
to the SCN, it was confirmed that there existed actu-
ally two separate populations of presympathetic and
preparasympathetic neurons in the SCN by means
of injection of retrograde trans-synaptic tracer pseu-
dorabies virus (PRV) into the adrenal for the former
and into the liver with denervated sympathetic
branch for the latter.”® These findings support our
previous hypothesis that the SCN play a key role in
energy supply from the peripheral organs to the
brain through autonomic nervous system.

In addition, recent investigations by Nagai and
his colleagues using the direct recording system of
electrical activities of peripheral fibers revealed that
injection of carnosine’ or adiponectin,3® and olfac-
tory stimulation with certain kinds of scents,8D in-
duced changes in sympathetic and parasympathetic
nerve activities and that these effects were abolished
by bilateral lesion of the SCN.79)-81)

Different localization of circadian clock and
regulation center of energy metabolism in the
suprachiasamtic nucleus

In mammals, circadian rhythms of behaviors,
hormone levels, neural functions, metabolism and
other physiological phenomena are synchronized
with an environmental LD cycle which is created by
rotation of the earth. The light signal of this LD
cycle is transmitted to the SCN from the retina
through the retinohypothalamic tract (RHT).8? The
RHT is projected to the ventrolateral part of the
contralateral SCN.83 These relationships are illus-
trated in Fig. 5.

Otani and his collaborators created hereditary
microphthalmic rats.®¥ These animals are congeni-
tally blind, because they lack optic nerves and the
RHT. They have structurally abnormal SCN, but
circadian clock is apparently present in it, because
locomotive activity shows free-running -circadian
rhythm. In collaboration with his group, we ex-
amined the effect of intracerebroventricular injection
of 2DG. In contrast to the findings in normal rats,
2DG caused no and only slight hyperglycemia in
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Fig. 5. Diagram of interrelationship between the two subdivisions of the SCN in regard to regulations of circadian rhythms and
homeostasis. AVN: arginine-vasopressinergic neurons. PVN: pareventricular nucleus. VIP: vasoactive intestinal peptide. DMS
and VLS: dorsomedial and ventrolateral subdivisions of the SCN, respectively.

male and female rats with hereditary microphthal-
mia, respectively.8® In the SCN of the mutant rats,
AVP neurons and VIP neurons were present in the
ventrolateral and dorsomedial parts, respectively, as
in normal rats. However, the number of the VIP neu-
rons were significantly reduced.’®) Taken together,
these findings raised a possibility that the VIP neu-
rons in the ventrolateral subdividion of the SCN is
essential to the hyperglycemic response to 2-DG.
The role of the VIP neurons in metabolic regula-
tion was further supported by the findings that sup-
pression of hyperglycemic response due to 2DG by
bilateral SCN lesions were restored by intracerebro-
ventricular injection of VIP and that the infusion of
VIP antisense oligonucleotide into the third ventricle
with Alzet’s osmotic minipump not only inhibited
the expression of VIP in the SCN; but also abolished
the hyperglycemia due to 2DG injection.87-9 These
findings suggest that VIP neurons in the SCN are
involved in regulation of energy metabolism.

Roles of environmental light as synchronizer
of circadian clock and regulator of autonomic
nervous functions

As previously described, circadian rhythms under
the present discussion are entrained to environmen-

tal light-dark cycle generated by the earth rotation
and light signal is transmitted from the eye to con-
tralateral SCN through the RHT. On the other
hand, it is generally accepted that environmental
light induces shift of circadian phase of a rhythm,
phase advance, phase delay or no response, depend-
ing on what phase it is illuminated, and using this
system, organisms including human beings adjust
their circadian period to 24 hour period. However, it
remains yet what mechanism is involved in it.

During the study of the functional roles of thia-
mine pyrophosphatase in rat brain, we happened
to find a glycoprotein unique to the brain among
the proteins cross-reacting with crude anti-thiamine
pyrophosphatase preparation and named 1D4 anti-
gen.”D-93) This gave us a key to solve the relationship
between lighting, phase shift of circadian rhythm
and autonomic nervous functions.

1D4 antigen is now known as BIT/SHPS-1
(brain immuno-globulin-like molecule with tyrosine-
based activation motifs/substrate of SH2-containing
protein tyrosine phosphatase 2). This name is de-
rived from the structure of 1D4 antigen, which is a
transmembrane glycoprotein with three immunoglo-
bulin-like domains in the extracellular part and two
signaling motif containing tyrosine phosphorylation
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Fig. 6. Effects of light exposure on the efferent activity of the
adrenal branch of the splanchnic nerve, and the pancreatic
branch of vagal nerve in normal rats and rats with bilateral
lesions of the SCN. Upon horizontal bars; light stimulation
at 2,000 lux for 10 min to the left eye; horizontal bars;
30 min; vertical bars; 100 impulses/5 s. (From ref. 96.)

sites in the intracellular part.®® Later, we obtained
several lines of evidence that tyrosine-phosphoryla-
tion of BIT/SHPS-1 might be involved in the mecha-
nisms of entrainment of the circadian rhythm to
environmental light-dark cycle.

It was found that tyrosine phosphorylation of
BIT was higher in the light period than in the dark
period in the SCN of rats under 12 hour light and 12
hour dark cycle while the amount of the protein was
constant, and that light exposure increased its phos-
phorylation during the dark period. It was also found
that tyrosine phosphorylated form of BIT is bound
to the Src homology 2 domain of a protein tyrosine
phosphatase, SHP-2. Moreover, it was shown that in-
jection of monoclonal antibody against BIT/SHPS-1
into the SCN to stimulate its tyrosine-phosphory-
lation caused time-dependent phase shift of circadian
locomotive rhythm; phase-delay at CT15 and phase-
advance at CT20. In addition, it was revealed that
pretreatment of rats with MK801, a non-competitive
antagonist of NMDARSs (receptors for NMDA) dimin-
ished the effect of the phase-delay at CT15 due to the
antibody injection, whereas it did not affect those of
the phase-advance at CT20. These findings sug-
gest that tyrosine-phosphorylation of BIT plays a
critical role in the entrainment of circadian rhythms
to environmental light-dark cycle through NMDARs.
Moreover, infusion of NG-methylarginine (nitric
oxide synthetase inhibitor) into the brain caused
not only disturbance, but also shift of the drinking
rhythm under the constant darkness, as previously
mentioned.>D

BIT/SHPS-1 is distributed along the neuronal
cell periphery in the entire brain regions as detected
by immunohistochemichal analysis. In the SCN, the
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immunoreactivity is especially high in the ventro-
lateral region where VIP neurons are located and a
portion of optic nerves are innervated (unpublished
observation). It was also reported that retinal gan-
glion cells had axo-somatic and axo-dendritic synap-
tic contacts with VIP-neurons in the SCN. It is thus
possible that, when the VIP neurons receive light
signals from the optic nerves, tyrosine phosphoryla-
tion of BIT/SHPS-1 is enhanced in its own cells to
modulate the expression of clock genes. However, it
is yet to be determined in which region of the SCN
BIT/SHPS-1 is actually tyrosine-phosphorylated in
response to light-exposure.

From the findings that environmental light might
be involved in the regulation of glucose metabolism
through the control of autonomic functions, on the
other hand, we examined whether and how it
affected energy supply to the brain and found that
light stimulation with 2,000 lux for 10 minutes to the
left eye of rat increased efferent activities of the pan-
creatic, hepatic, splenic, adrenal and renal branches
of the splanchnic (sympathetic) nerve and suppressed
those of the pancreatic, hepatic and gastric branches
of the vagus nerve, irrespective of environmental
lighting condition and that these changes were
eliminated by bilateral lesions of the SCN as in case
of 2-DG injection (Fig. 6).29-®) These findings sug-
gest that in diurnal animals including human en-
vironmental light stimulates energy supply to the
brain by activating the sympathetic nerve func-
tions and that appropriate light exposure can correct
imbalanced function of autonomic nervous system
occurring in such situations as stress and jet lag.

In short, the environmental light projected to
the ventrolateral subdivision of the SCN is involved
not only in phase shift of the circadian rhythm, de-
pending on when it is illuminated, through tyrosine
phosphorylation of BIT/SHPS-1, but also regula-
tions of glucose supply to the brain through auto-
nomic nervous functions with the VIP neurons as
mediator.

The suprachiasmatic nucleus and
homeostatic regulation

During these investigations, we also found that
beside energy metabolism, the SCN played critical
roles in homeostasis of body functions such as fluid
balance, blood pressure, endocrine secretion such as
insulin, glucagon and vasopressin and body tempera-
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ture. In this respect, the relationship between circa-
dian rhythm and homeostasis will be discussed.

As depicted in Fig. 2, in rat, a nocturnal animal,
three clusters of food-intake were differentiated dur-
ing the dark period in 12 hour light and 12 hour
dark cycle and these clusters showed free-running
with a period more than 24 hours in a constant dark
condition. This fact suggests that the three clusters
of food-intake are induced by the circadian temporal
signal from the SCN. From this, it also seems likely
that a habit of three meals a day in human being,
diurnal animal, might be induced by the mechanism
similar to rat in which the SCN is involved.

It is well known that insulin secretion is en-
hanced to assimilate the nutrients derived from food
into body during meal, while glucagon secretion is
enhanced to degrade body constituents to supply
energy between meals. From these facts, it can be
expected that in rat insulin secretion is higher during
the dark period when the animal is eating, while glu-
cagon secretion is higher during light period when
it is starved. In fact, plasma insulin concentration
showed a daily change with the highest value in
the middle of the dark period and the lowest in the
middle of light period. In contrast, the plasma glu-
cagon concentration changed inversely to that of
insulin.®® Moreover, we obtained firm evidence that
daily change in the plasma insulin concentration
was driven by endogenous oscillator in the SCN.
On the other hand, plasma glucagon concentration
showed daily change and bilateral lesions of the
SCN lowered it to the baseline level either in the
light and dark periods. 2DG injection into the brain
caused significant increase in plasma glucagon con-
centration whose levels were the same both during
the light and dark periods and the increase was
abolished by bilateral lesions of the SCN.99)-100)
These findings suggest that glucagon secretion is
under the control of the SCN as in case of insulin
secretion, and that it is not directly driven by circa-
dian temporal signal from endogenous oscillator in
the SCN, but rather by food intake or its related
events.

In regard to insulin secretion, it was reported
that in human glucose tolerance was lower in the
late evening.!D On the other hand, it was shown
that in rats, glucose tolerance was higher during the
dark period than during the light period, irrespective
of the way of glucose administration, orally or intra-
venously and bilateral lesions of the SCN abolished
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the time-dependent difference in glucose tolerance.!0?
These findings indicate that insulin sensitivity of tis-
sues is also under the control of circadian temporal
signal from the SCN.

It has been reported that in rat plasma cortico-
sterone concentration shows circadian rhythm with
the highest level at the end of the light period and
the lowest level at the end of the dark period and
that the rhythm is abolished by bilateral lesions of
the SCN.19-103) Tn line with these findings, bilateral
lesions of the SCN eliminated circadian rhythm of
plasma ACTH.! In human beings, it was shown
that plasma level of cortisol, the predominant gluco-
corticoid, showed circadian rhythm with highest
level just before awaking and the lowest one in the
midnight!%> and that the rhythm showed free-run-
ning with a period of 25.5 hours in blind people.!0%)
These findings suggest that circadian rhythm of
plasma cortisol level is driven by endogenous oscil-
lator with dark-light cycle as the environmental
synchronizer. Other hormones such as plasma aldos-
terone, testosterone, luteinizing hormone, growth
hormone, prolactin, thyroid stimulating hormone
and follicle-stimulating hormone are also known to
show daily variations.'%” Such daily hormonal varia-
tions are considered to be generated under the con-
trol of the time signal from the SCN in even human
beings.

As described previously, vasopressinergic neu-
rons were concentrated in the dorsomedial subdivi-
sion of the SCN where circadian clock involved in
generation of the circadian time signal is located. On
the other hand, it is well known that vasopressin is
implicated in regulations of the blood osmosis and
pressure. It is known that AVP is produced not only
in the SCN, but also in the paraventricular nucleus
and the supraoptic nucleus, and AVP in the latter
two nuclei are transported to the neurohypophysis
through neural axons. On the other hand, it was
reported that neural structures in the preoptic-SCN
region was related to the regulation of water-salt
balance!®® and arterial blood pressure!®® and also
that paraventricular-SCN lesions prevented experi-
mentally induced hypertension.!!® These findings
raised the problem of how different roles AVP pro-
duced in different nuclei played in and which subdivi-
sion of the SCN was related to water-salt balance,
if AVP produced in the SCN is involved in such
functions.

In regard to the former problem, we obtained
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evidence that AVP-neurons in the paraventricular
nucleus inhibited energy supply to the brain by
suppressing the sympathetic activities, but that
AVP-neurons in the SCN enhanced on the sympa-
thetic activities.

We obtained further evidence that AVP-neuron
in the SCN was involved in water-salt balance and
blood pressure, using hereditary blind microphthal-
mic rats. In normal rats, twenty four hour water
deprivation induced increase in the plasma arginine-
vasopressin (AVP)!D and renin levels.!!? However,
these increases were greatly suppressed in hereditary
blind microphthalmic rats with morphologically ab-
normal structure in the ventrolateral subdivision of
the SCN, but with free-running circadian locomotive
activity.!’® This clearly indicates that the other
region of the SCN than that including the circadian
oscillator, ventrolateral subdivision, is related to
these functions.

The SCN is also involved in maintenance of
body temperature. When rats or mice are exposed
to cold, heat production was stimulated mainly by
three means; shivering thermogenesis, increased glu-
coneogenesis and increased heat production in the
brown adipose tissue. It is well known that the
brown adipose tissue is abundantly innervated by
sympathetic nerve.!' On the other hand, we showed
that in rats cold-exposure caused remarkable in-
crease in liver PEPCK activity whose level far
exceeded the peak activity of circadian rhythm of
the enzyme activity!!® and also that both of sym-
pathetic nerve and thyroid hormone were involved
in this response.!'® These findings suggest that in-
creased gluconeogenesis is needed for body tempera-
ture maintenance at such a severe environmental
temperature as cold-exposure and that it is induced
by enhanced sympathetic outflow from the SCN. Re-
cently, it was found that in rats acute cold exposure
resulted in enhanced tyrosine phosphorylation of
BIT through NMDA receptor not only in the SCN,
but also in other nuclei including the paraventricular
nucleus, lateral hypothalamic area, ventromedial
hypothalamus and arcuate nucleus.!!” Conversely,
it was found that administration of mAb 1D4 (anti-
BIT) into the third cerebral ventricle enhanced the
electrical activity of the renal sympathetic nerves,
while it suppressed that of the gastric parasym-
pathetic nerves. It was also shown that temperatures
of the abdomen and brown adipose tissue as well as
blood pressure increased in response to the mAb
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1D4 injection.!'® These results indicate that BIT/
SHPS-1 is involved in the hypothalamic regulations
of thermogenesis and blood pressure via the auto-
nomic nervous system.

In summary, in the SCN the dorsomedial sub-
division includes master circadian oscillator and the
ventrolataral subdivision includes homeostatic con-
trol center. The latter detects environmental and
endogenous signals and relayed them to autonomic
nervous system to maintain homeostasis. When
needed, circadian temporal signal system is switched
to connect homeostatic control center, but the for-
mer is neglected when maintenance of homeostasis is
strongly requested in such case of cold-exposure.
These relationships are depicted in Fig. 6.

Relationship between clock genes in the
SCN and peripheral tissues

We have so far mentioned the close relationship
between circadian rhythm of glucose supply to the
brain and the circadian oscillator in the SCN. We
have also suggested that circadian temporal signal is
transmitted through the autonomic nervous system
to peripheral tissues. It was also mentioned that
circadian locomotive activity in hereditary blind
microphthalmic rat with morphological abnormal
structure in the ventrolateral subdivision of the SCN
showed free-running circadian rhythm. This indicates
that the circadian time signal from the SCN controls
hierarchically peripheral circadian rhythms through
autonomic nervous system. Recently, clock genes
were found in the peripheral tissues and their expres-
sions showed free-running circadian rhythms.!19 Tt
was also shown that, when food intake was restricted
to the light period in rat, the central and peripheral
clocks were desynchronized.!29 These findings sug-
gest that circadian rhythms of peripheral metabolism
may partly be created by transcriptional regulation
by peripheral clock genes and thus that disturbance
of peripheral metabolism be brought about by free-
running of circadian rhythms of some enzyme activi-
ties. This suggestion is supported by the findings
that mice bearing a mutation of a clock-related gene
show metabolic disorders such as obesity!?! and
our findings on fat deposition in hereditary blind
microphthalmic rats.2>

On the other hand, the Clock gene product was
found to catalyze acetylation of proteins includ-
ing histone and BMAL1.122) This activity shows a
circadian rhythm and is counteracted by NAD™-
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dependent histone deacetylase, SIRT1.12¥ In addi-
tion, an NAD™"-synthesizing enzyme, nicotinamide
phosphoribosyltransferase (NAMPT), is under the
transcriptional control of clock.1?® These indicate
that clock genes and peripheral metabolism are
closely linked each other.

Other functions of the SCIN

Leibowitz et al.!2® reported that in rats macro-
nutrient selection exhibited the daily change under
an 12 hour light and 12 hour dark cycle; carbohy-
drate was mainly selected in the early dark period,
protein-intake was higher during the period from
the middle to late dark period and lipid was mainly
selected in the late dark period and suggested that
serotonin in the SCN as well as the paraventricu-
lar nucleus (PVN) and VMH might be involved in
macronutrient selection. As described earlier, plasma
glucagon level showed daily change, whose pattern
was very similar to protein-intake. This tempted us
to examine the effects of bilateral lesions of the SCN
and hereditary blind microphthalmic rats on macro-
nutrient selection. Consequently, we found that in
intact rats intraventricular and subcutaneous infu-
sions of glucagon caused significant increase in pro-
tein intake, while they caused compensatory decrease
in carbohydrate intake. We also found that the
changes were negated either in bilateral SCN-
lesioned rats or hereditary blind microphthalmic
rats.120) These findings suggest that the SCN might
be involved in macronutrient selection through
glucagon.

On January 17th 1995, the Kobe earthquake
which was counted as one of the worst in Japan’s
history occurred. Then, mouse circadian diagrams
recorded drastic increases in locomotive activities
during sleep and active periods before the earthquake
began.!2?) Japanese anecdote tells that some animals
such as catfish and mice become rampageous before
earthquake probably because they have an ability to
catch any telltale signs of an immediate earthquake.
This allures us to speculate that the SCN is impli-
cated in such animals’ perception.

Concluding remarks

We have so far reviewed that regulation centers
of the two apparently contradictory phenomena,
constancy of internal environment (homeostasis)
and circadian changes of various bodily functions,
both of which are essential for our survival, are
located in the SCN. This tempts us to speculate
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what benefits are expected from this connection. We
will try to explain this on the basis of energy supply
to the brain as an example.

Blood glucose level is a typical example of main-
tenance of homeostasis. Energy supply to the brain is
a rationale behind this. As previously mentioned, the
brain consumes glucose as a sole source of energy in
a fed state, and its consumption is so great that it
accounts approximately 50 and 20% of total energy
consumptions in infantile and adult human, respec-
tively. Moreover, brain energy consumption during
sleeping period is almost the same as during active
period.!?® For the purpose of continuous supply of
such a large quantity of glucose to the brain, animals
must eat during active period, irrespective of whether
they are diurnal or nocturnal. Liver glycogen stored
after food-intake might be degraded to glucose be-
tween meals, and enhanced gluconeogenesis is re-
quired during resting or sleeping period owing to
limitation of glycogen storage in the liver. In order
to switch from eating to gluconeogenesis and vice
versa, the body must receive circadian time signal
and environmental changes as quickly as possible. In
this sense, the structural characteristics that the neu-
rons involved in the regulation of energy metabolism
are located close to both the neurons involved in time
signal generation and those involved in receiving
neural signals of environmental LD information from
the retinal ganglion cells might facilitate this and
are thus physiological essential.

Various hormones are involved in maintenance
of homeostasis. Among these, some show circadian
rhythms in their plasma levels under the direct con-
trol of the temporal signal from the SCN, while
others show daily change probably due to something
related to food-intake but without participation of
circadian oscillator in the SCN. Glucocorticoid and
insulin are the former cases and glucagon is the later
case. In both cases, the substrates controlling hor-
monal secretions are located in the ventrolateral
subdivision of the SCN. This raises a question of
what determines the receptivity of circadian tem-
poral signal from the SCN. This must await further
investigations.

We human have a habit of eating three times a
day. Judging from three clusters of food-intake in
rats during the dark period (Fig. 2), it is possible
that even in human the time signals issued for eating
are sent from the circadian oscillator not only to
“feeding center”’ and ‘‘satiety center,” but also to
the regulation center of homeostasis three times dur-
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ing the subjective day period, from the signal of the
latter is further relayed to peripheral organs through
the autonomic nervous system. This is partly sup-
ported by many of recent observational studies that
three meals a day induces more appropriate insulin
sensitivity and lipid profiles in comparison with irre-
gular meal frequency in human!2® and that skipping
breakfast is possibly leads to weight and deleterious
alterations in risk factors for diabetes and cardiovas-
cular disease.!?® In line with this possibility, obser-
vations in human indicated that large meals in small
number of food-intake apparently promoted the
deposition of fat and overweight, decreased glucose
tolerance and hypercholesterolemia.!3D In addition,
it was reported that significant higher fasting total
cholesterol and LDL cholesterol concentrations were
observed when breakfast was skipped. Thus it is sug-
gested that skipping breakfast causes impairments of
fasting lipids and postprandial insulin sensitivity.132

It remains unsolved yet whether the feeding
time of a person is determined genetically or his
or her life-style. However, it seems very likely that
once his or her feeding time is determined, his or her
body prepares to utilize efficiently food constituents
around the feeding time so that their digestion, and
transport in the intestine, hormonal secretions and
other related functions are well harmonized. In this
regard, it should be noteworthy that in rats even in-
testinal dissacharidase activities show daily changes
synchronized with feeding rhythm.!33)-137)

Conversely, understanding such harmonizing
effects of the two subdivisions of the SCN must be
needed to solve the relevant problem of the effects of
breakfast skipping on human body.

Light is essential for evoking visual sensation.
Light is also involved in biosynthesis of Vitamin D3
in the body. As described previously, it is also impor-
tant for synchronization of the phase of the endoge-
nous clock as an environmental LD cycle. Its fourth
function is related to the regulation of the autonomic
nervous system through the SCN; it stimulates the
sympathetic nervous activity, while it suppresses the
parasympathetic nervous activity. It was reported
that bright light with more than 2,500 lux was
needed for facilitating phase-shift of circadian
rhythm in human,!3® though 1,000~2000 lux were
used in rats in our cases.

In the latter sense, exposure to bright light is
important for balancing the autonomic nervous sys-
tem. It is generally accepted that human sympathetic
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nervous activity is enhanced, while parasympathetic
nervous activity is suppressed during light or active
period and vice versa during dark or sleeping period.
Moreover, bright light is needed not only for facili-
tating energy supply to the brain, but also prevent-
ing obesity due to enhanced lipolysis by stimulating
sympathetic nervous activity. In this connection, we
found that fat composition in the hereditary blind
microphthalmic rats was remarkably higher than
that in the control littermate, whereas no significant
difference was found between body weights and naso-
anal lengths of the blind and control rats.?> It was
also reported that an increase in insulin sensitivity
and change in glucose metabolism were sometimes
observed in congenitally blind humans and that the
altered glucose metabolism in patients with cataracts
was reverted to normal after their sights was re-
covered after surgically.!3® These findings suggest
the possibility that functional inability of the SCN is
causative factor of some of type 2 diabetes mellitus.

Nowadays air pollution is debated worldwide as
a threat not only to human health, but also to the
Earth’s ecosystems. Of various causative effects,
much attention should be placed on the facts that
they interfere light emitted from the sun. Further-
more, there are many people live in the contempo-
rary buildings with closed windows and artificial illu-
mination. These situations provide us to decreased
opportunity for exposure to sunlight. Thus we should
encourage vigorous efforts to decrease pollutants
and find chances in exposing to sunlight for our own
mental health and survival.
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