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Abstract 

The circadian rhythm of body temperature (Tb) is a well-known phenomenon.  

However, it is unknown how the circadian system affects thermoregulation.  Food 

deprivation in mice induces a greater reduction of Tb particularly in the light phase.  

We examined the role of the clock gene and the suprachiasmatic nucleus (SCN) during 

induced hypothermia.  At 20°C with fasting, mice increased their metabolic heat 

production in the dark phase and maintained Tb, whereas in the light phase, heat 

production was less, resulting in hypothermia.  Under these conditions, neuronal 

activity in the SCN, assessed by cFos expression, increased only in the light phase.  

The differences between the phases in Clock mutant mice were less marked.  The 

neural network between the SCN and paraventricular nucleus appeared to be important 

in hypothermia.  These findings suggest that the circadian system per se is influenced 

by both the feeding condition and environmental temperature and that it modulates 

thermoregulation. 
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Homeostasis is the goal of various physiological responses in animals.  Many 

physiological parameters show a circadian oscillation or rhythm.  Body temperature 

(Tb) in homeothermic animals has a circadian rhythm1.  Despite the discovery of clock 

genes and their expression mechanisms2, little is known about the mechanisms involved 

in the generation of the Tb rhythm or its physiological significance. 

 Homeotherms regulate their Tb, by controlling the balance between heat 

production and heat loss.  The circadian Tb rhythm appears to be regulated by these 

mechanisms.  Our preliminary results indicated that the Tb rhythm is maintained 

through the modulation of heat loss in both warm and cool environments (unpublished 

data).  However, there are anomalies in the homeostasis of the Tb rhythm.  Laboratory 

mice and rats decrease their Tb with decreases in caloric availability, although the 

reduction is smaller than in hibernators during torpor when Tb is less than 20°C3.  This 

torpor-like hypothermia in mice and rats appears to be controlled by the circadian 

system because fasting rats reduce Tb more in the inactive phase than in the active phase 

4–6.  Ablation of the suprachiasmatic nucleus (SCN), the master circadian clock, 

abolishes Tb reduction during fasting7.  These findings suggest that the torpor-like 

hypothermia is not the result of the disruption of the homeostasis of the Tb rhythm but is 

regulated and controlled by the SCN. 

 Nagashima et al.6 reported that metabolic heat production in rats greatly 

decreased throughout a day of fasting.  Tb was maintained by suppressing heat loss.  

However, heat loss suppression was observed only in the dark phase (active phase), 

which resulted in maintained Tb in the dark phase and torpor-like hypothermia in the 

light phase.  They also reported that in double-knockout mice (Cry1 and Cry2, the key 

clock genes), metabolic heat production determined Tb in both ad-lib feeding and 

fasting conditions8.  However, in wild-type mice, Tb was higher in the active phase 
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than in the inactive phase at a given level of heat production, indicating a change in the 

heat-loss response.  Thus, thermoregulatory responses are different under ad-lib 

feeding and fasting conditions and are different in active and inactive phases, in which 

clock genes may be involved. 

 We tested the hypothesis that modulation of thermoregulatory responses by the 

circadian system (including the SCN and clock genes) depends on the time of day and 

feeding condition.  We compared the physiological and neural responses during 

exposure to cold at 20°C under ad-lib feeding and fasting conditions, and in dark and 

light phases.  Differences in these responses between normal and Clock mutant mice 

were also examined.  Clock is one of the genes organizing the core loop of molecular 

circadian oscillation.  The mutation of Clock results in a disappearance of the 

oscillation9.  However, mutant mice show a Tb rhythm under light-dark condition 

because of a masking effect of lighting.  We measured Tb, metabolic heat production, 

and uncoupling protein-1 (UCP1) mRNA in interscapular brown adipose tissue (iBAT).  

We also determined cFos expression (reflecting neural activity) in the SCN and other 

hypothalamic areas related to thermoregulation.  Our assumptions were that (1) the 

physiological and neuronal thermoregulatory responses to the cold would be different 

under different lighting and feeding conditions; (2) the SCN would be involved; and (3) 

Clock mutant mice would not show these differences in thermoregulatory responses.  

We traced those hypothalamic areas receiving signals from the SCN that may be 

involved in the modulation of thermoregulation to identify the connections between the 

circadian and thermoregulation systems. 
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RESULTS 

Circadian changes in Tb, metabolism, and activity during ad-lib feeding and 

fasting 

Figure 1 shows typical examples of the changes in Tb, oxygen consumption rate (V
．

O2), 

and spontaneous activity during ad-lib feeding and fasting in wild-type and Clock 

mutant mice.  With ad-lib feeding, each parameter for wild-type mice showed a clear 

circadian rhythm.  Although there were small fluctuations in each parameter in Clock 

mutant mice, the light-linked rhythm appeared to be maintained.  As previously 

reported, the 24-h rhythm in Clock mutant mice was abolished in constant darkness 

(data not shown).  Fasting for two days reduced both Tb and V
．

O2 in the wild-type mice.  

There was no change in spontaneous activity, which was greater (P < 0.05) in the light 

phase than in the dark phase, but the circadian rhythm was maintained.  In Clock 

mutant mice, Tb and V
．

O2 decreased during fasting.  The change in body weight after 

fasting did not differ between animals starting fasting in the dark phase and light phase, 

or between wild-type mice and Clock mutant mice (–14.0 to –14.2%). 

 

Thermoregulatory responses in the cold 

The cold responses in wild-type mice.  In the cold (20°C) during ad-lib feeding, Tb in 

the wild-type mice was similar to that at 27°C in both the dark and the light phases (Fig. 

2a,b).  However, V
．

O2 was greater than at 27°C only in the light phase (ZT2.5–3.5, Fig. 

2e).  In the cold during fasting, the reduction in Tb increased in both the light and the 

dark phases (ZT1–4 and 14.5–16, respectively; Fig. 2a,b), but the decrease was much 

larger (P < 0.05) in the light phase (Fig. 2i).  V
．

O2 increased (P < 0.05) at 27°C at 

ZT13.5–14.5 in the dark phase (Fig. 2f), but remained unchanged in the light phase (Fig. 

2e).  The change in V
．

O2 in the cold during fasting was greater (P < 0.05) in the dark 
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phase than in the light phase (Fig. 2j).  Spontaneous activity did not change in the cold 

during either ad-lib feeding or fasting (Fig. 3a,b,e,f). 

The cold responses in Clock mutant mice.  In the cold during ad-lib feeding, 

Tb in Clock mutant mice was maintained at the 27°C level (Fig. 2c,d).  V
．

O2 increased 

(P < 0.05) above the level at 27°C in both the dark and the light phases (ZT3–4 and 

13.5–14; Fig. 2g,h) with no difference between the two phases.  In the cold during 

fasting, Tb was lower (P < 0.05) than the 27°C level at ZT3–3.5 in the light phase and 

ZT14.5–16 in the dark phase (Fig. 2c,d) with no significant difference between the 

phases (Fig. 2i).  V
．

O2 was greater (P < 0.05) than the 27°C level at ZT2 and 13.5–14 

(Fig. 2g,h).  This increase in V
．

O2 was greater (P < 0.05) in the dark phase than in the 

light phase (Fig. 2j).  Spontaneous activity in the cold was greater (P < 0.05) than that 

at 27°C only in the dark phase (Fig. 3d,h).  The reductions in Tb in Clock mutant mice 

were smaller (P < 0.05) than in the light phase of wild-type mice, and the increase in 

V
．

O2 was greater (P < 0.05) than in the light phase of the wild-type mice.  The changes 

in Clock mutant mice were similar to those observed in the dark phase in the wild-type 

mice. 

 

UCP1 mRNA expression in the cold 

UCP1 mRNA in the wild-type mice.  There was no difference in wild-type mice in the 

level of UCP1 mRNA between the light and dark phases at 27°C during ad-lib feeding 

(Fig. 4).  Cold exposure during ad-lib feeding did not affect the level of UCP1 mRNA.  

UCP1 mRNA during fasting decreased (P < 0.05) from the ad-lib feeding level only in 

the light phase.  However, UCP1 mRNA increased in the cold (P < 0.05) in the dark 

phase; but remained unchanged in the light phase. 

 UCP1 mRNA in Clock mutant mice.  The level of UCP1 mRNA in Clock 
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mutant mice was similar in the two phases at 27°C during ad-lib feeding.  Exposure to 

cold at 20°C during both ad-lib feeding and fasting had no influence on levels of UCP1 

mRNA, but the level was increased during fasting in both phases (P < 0.05) with no 

significant difference between the two.  The increase in UCP1 mRNA in the cold was 

greater (P < 0.05) in Clock mutant mice than in wild-type mice in the light phase. 

 

cFos expression in the hypothalamic areas 

During ad-lib feeding, counts of cFos-immunoreactive (IR) cells were low in the medial 

preoptic nucleus (MPO, Fig. 5a), dorsomedial nucleus (DMH, Fig. 5b), arcuate nucleus 

(ARC, Fig. 5c), and paraventricular nucleus (PVN, Fig. 5d) at 27°C in both wild-type 

and Clock mutant mice.  There were no significant differences in counts between the 

light and dark phases.   In wild-type mice, counts of cFos-IR cells in the dorsal 

subparaventricular zone (dSPZ, Fig. 5e) were greater (P < 0.05) during the dark phase 

than the light phase, with the opposite pattern in the SCN (Fig. 5f).  In Clock mutant 

mice, no significant difference between the phases was observed in the MPO, DMH, 

ARC, PVN, and dSPZ.  The counts in the SCN were greater in the light phase than in 

the dark phase, but the difference was smaller than in the wild-type mice.  In the dark 

phase during fasting, counts of cFos-IR cells in the wild-type mice increased in all areas, 

whereas increases were observed in the light phase only in the DMH, dSPZ, and SCN.  

The counts increased in Clock mutant mice during fasting in the DMH, ARC, and PVN 

in the dark phase, and the DMH, ARC, and SCN in the light phase with no significant 

differences between the two phases.  The increases in the counts in the DMH, ARC, 

PVN, and dSPZ in the dark phase were smaller in Clock mutant mice than in wild-type 

mice. 

 cFos-IR cells in the cold in the wild-type mice.  In the cold during ad-lib 
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feeding, counts of cFos-IR cells in the MPO were greater than those seen at 27°C only 

in the light phase (Fig. 5a).  The counts were unchanged in the other hypothalamic 

areas in the cold.  During fasting, cold increased cFos-IR cells in the MPO, DMH, 

PVN, and dSPZ in the dark phase, whereas all areas showed an increase in counts in the 

light phase.  During fasting, the cold increased cFos-IR cells in the SCN only in the 

light phase (Fig. 5f). 

 cFos-IR cells in the cold in Clock mutant mice.  Cold exposure during ad-lib 

feeding resulted in increases in the counts of cFos-IR cells in the MPO, DMH, and SCN 

only in the dark phase.  The counts of cFos-IR cells in the SCN in both the dark and 

the light phases were less than in wild-type mice.  In the cold during fasting, the counts 

were greater than the values at 27°C in the MPO, DMH, ARC, PVN, and dSPZ in both 

the dark and the light phases, with no significant difference between the two phases. 

 Table 1 summarized cFos expression at 20°C with fasting in the hypothalamic 

areas in wild-type and Clock mutant mice.  In addition, physiological responses in the 

conditions were also shown. 

 

Immunofluorecent-histochemistry for cFos, glutamate decarboxylase (GAD) 65, 

and cholera toxin b-subunit (CTb) 

In both the wild-type and the Clock mutant mice, injection of CTb (monosynaptic 

retrograde neural tracer) in the PVN resulted in widely spread labeling in both the 

dorsomedial and the ventrolateral parts of the SCN, but not outside the SCN.  In the 

wild-type mice, 5–10% of CTb-labeled neurons in the SCN were also cFos-positive at 

27°C in the light phase during ad-lib feeding (Fig. 6a,b).  In the cold during fasting, 

the ratio of the double-labeled neurons increased (P < 0.05, 25–30%; Fig. 6c,d).  

However, in Clock mutant mice, the double-labeled neurons remained at 5–10% in the 
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cold during fasting (Fig. 6e,f).  Double-labeled neurons counted separately in the 

dorsomedial and ventrolateral SCN in wild-type mice showed no difference between the 

two areas (cFos + CTb/Total CTb, dorsomedial, 5.3/27.0; ventrolateral, 6.7/26.0).  In 

the SCN, GAD65- (GABA synthetase) positive neurons were observed in a punctate 

pattern in close apposition to the double-labeled neurons (Fig. 6g).  CTb injection in 

the MPO resulted in retrograde labeling in the dorsomedial parts of the SCN.  In this 

area, the ratio of the double-labeled neurons remained at the same level both at 27°C 

during ad-lib feeding and at 20°C during fasting (15–20%) in wild-type mice. 
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DISCUSSION 

We found different physiological responses in wild-type mice to the cold condition 

between ad-lib feeding and fasting, and between the dark and light phases.  The neural 

responses in the hypothalamus, as shown by cFos expression, were also different.  

However, these differences in physiological and neural responses were absent or greatly 

decreased in Clock mutant mice.  The SCN appears to be important in the changes in 

thermoregulatory responses.  Circadian Tb rhythm is a well-known phenomenon.  We 

do not know how the circadian system influences Tb, and the physiological significance 

is unclear.  However, we can offer partial answers to these questions. 

 

Effect of fasting on Tb, metabolic heat production, and neural responses in the 

hypothalamus 

The fasting-induced reductions in Tb and V
．

O2 throughout the day in the wild-type mice 

were greater in the light phase than in the dark phase (Fig. 1a).  The reduction in Tb 

was augmented immediately after lights-on (ZT0–6, torpor-like hypothermia) with little 

change in V
．

O2.  This finding is similar to that reported in rats6.  Because the 

reduction in body weight was not different between the animals starting fasting in the 

dark phase or light phase, the influence of energy availability on the difference in Tb 

appears small.  The level of UCP1 mRNA showed no circadian change during ad-lib 

feeding and fasting in wild-type mice, although fasting induced a small reduction in the 

light phase (Fig. 4).  Thus, thermogenesis in the iBAT may have contributed to the 

V
．

O2 rhythm slightly during ad-lib feeding, but was not activated by fasting despite the 

greater reduction in Tb. 

 Our earlier preliminary observations showed a random, torpor-like 

hypothermia during constant darkness in wild-type mice, indicating that it was 
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influenced by light.  Circadian rhythms in Tb and V
．

O2 in Clock mutant mice were 

observed during ad-lib feeding despite small fluctuations in each phase (Fig. 1d).  Tb 

and V
．

O2 also decreased during fasting in Clock mutant mice, with no difference in the 

mean values in the light and dark phases and similar values to those during the light 

phase in wild-type mice (Fig. 2a–d).  However, during fasting there was no 

long-lasting hypothermia as observed in wild-type mice (Fig. 1d).  Clock plays an 

important role in the core loop of the molecular circadian mechanism.  In Clock mutant 

mice, the expression of other clock genes is disrupted, with reduced peak expression of 

each gene10–12, and reduced photoreception13.  Scheer et al.14 reported that light causes 

a decrease in Tb via the SCN.  Therefore, light appears to be an important factor in 

inducing torpor-like hypothermia.  Although there is controversy as to whether the 

circadian system remains functional during true torpor in European hamsters15, our 

results suggest that Clock and/or the normal molecular oscillation of clock genes may be 

necessary in the induction of torpor-like hypothermia. 

 cFos expression, a marker for neuron activation16, was different in the SCN and 

dSPZ in the dark and light phases during ad-lib feeding in wild-type mice (Fig. 5e,f).  

There were no differences in counts of cFos in other hypothalamic areas.  It has been 

reported that light exerts a strong influence on cFos expression in the SCN17–19.  

However, counts of cFos-IR cells in the light phase were much greater in wild-type 

mice than in Clock mutant mice, perhaps related to lower photoreception in Clock 

mutant mice13.  Saper et al.20 reported that the SPZ, which resides just dorsal to the 

SCN, is a major outflow site from the SCN.  Microlesions of the dSPZ resulted in 

disruption of the circadian Tb rhythm21.  We found cFos expression in the dSPZ in 

wild-type mice increased in the dark phase and decreased in the light phase.  This is 

opposite to the results for the SCN (Fig. 5e,f), but is consistent with data obtained from 
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simultaneous neural recordings from the SCN and SPZ22.  We found no significant 

phase differences in cFos expression in the dSPZ in Clock mutant mice.  These results 

suggest that the functional connections related to Tb between the SCN and dSPZ are not 

functional in the Clock mutant mice. 

 Fasting affects cFos expression in the SCN both in wild-type and in Clock 

mutant mice, but smaller increases in the counts were detected in Clock mutant mice 

compared with wild-type mice.  The increase in cFos-IR cells was not specific to 

specific subregions of the SCN.  In contrast to our results, Liu et al.7 reported that 

fasting attenuated cFos expression in the dorsomedial area of the SCN in rats.  It is 

unclear which factor during fasting modulates cFos expression in the SCN, and if there 

is a difference in the response between rats and mice.  However, in ground squirrels 

(true hibernators), cFos expression in the SCN increased during torpor induced by the 

cold in constant darkness23.  Fasting-induced cFos expression in the SCN may also be 

related to the torpor-like hypothermia observed in wild-type mice. 

 The number of cFos-IR-labeled cells increased during fasting in other 

hypothalamic areas in wild-type mice, with a difference between the dark and light 

phases (Fig. 5a–d).  There were smaller increases in the DMH, ARC, and PVN in 

Clock mutant mice, but no phase differences were observed.  It was reported that 

neural outputs from the SCN, including the SPZ, reach these areas24–26.  Thus, 

activation of the SCN during fasting may be linked with activation of other 

hypothalamic areas.  The MPO is thought to be the integrator of central and peripheral 

thermal information sent to various brain regions involved in autonomic 

thermoregulation27–31.  The sympathetic outflow may originate from the PVN32–34.  It 

has been shown that these two nuclei are involved in torpor in hamsters and 

squirrels35,36.  The DMH receives thermal input from the skin and the BAT 
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thermogenesis30.  Although cFos expression in the hypothalamic areas is involved in 

functions other than thermoregulatory responses, the changes in cFos expression 

between the phases may, in part, be responsible for the hypothermia observed in the 

light phase. 

 The ARC showed phase differences in cFos expression in wild-type mice (Fig. 

5c).  It has been reported that fasting increased cFos expression in the ARC in mice37,38.  

Although the phase difference in the changes has not been examined, a previous study 

showed there were more cFos-IR cells in the dark phase than in the light phase during 

ad-lib feeding39.  The ARC also receives neural input from the SCN40–42.  The ARC is 

involved in regulating food intake and energy expenditure, receiving peripheral 

nutritional signals such as levels of leptin and insulin43.  We did not determine if the 

circulating peptide levels changed between dark and light phases, but the change would 

have been small during fasting, with the same body weight reductions.  We believed 

that the fasting signals received by the ARC were augmented in the dark phase and 

attenuated in the light phase in wild-type mice, and this may be related to the signals 

from the SCN. 

 

Thermoregulation in the cold during ad-lib feeding and fasting 

During ad-lib feeding, Tb in the cold was maintained at the level measured at 27°C in 

both wild-type and Clock mutant mice (Fig. 2a–d).  V
．

O2, an index of metabolic heat 

production, was greater than at 27°C at ZT2.5–3.5 in the light phase in wild-type mice 

(Fig. 2e), and in both phases (ZT3–4 and 13.5–14) in Clock mutant mice (Fig. 2g,h).  

The increase in V
．

O2 may have been related to spontaneous activity, but only in the dark 

phase in Clock mutant mice (Fig. 3d).  Therefore, the heat-production response to the 

cold was activated in the light phase in both mutant and normal mice, suggesting light 
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was involved.  However, even if there was a difference in V
．

O2, Tb was the same in 

normal and mutant mice.  In addition, UCP1 mRNA, an indicator of the BAT 

thermogenesis (nonshivering thermogenesis), was not affected by cold exposure and 

showed no difference between the two phases (Fig. 4) in normal and mutant animals.  

Therefore, the thermoregulatory responses of heat production at 20°C and the phase 

differences were small during ad-lib feeding in both groups.  It has been reported that 

cFos expression in the hypothalamus is activated in the cold at 4°C and 10°C44–46.  

However, only a slight increase in cFos expression was observed in the MPO in the 

light phase in wild-type mice (Fig. 5a), so the hypothalamic responses to 20°C cold 

would also have been small. 

 In the cold during fasting, there was a large difference in Tb between the dark 

and light phases in wild-type mice, but no difference was observed in Clock mutant 

mice (Fig. 2a–d,i).  Metabolic heat production estimated by V
．

O2 became greater than 

that at 27°C in the dark phase in wild-type mice (ZT13.5–14.5, Fig. 2f), during which 

Tb in the two conditions was at the same level (Fig. 2b).  There was no difference in 

V
．

O2 between the two conditions in the light phase in the wild-type mice (Fig. 2e), 

whereas Tb gradually decreased (Fig. 2a).  The cold response in Clock mutant mice 

was similar in both the dark and the light phases (Fig. 2c,d), at the same level measured 

in the dark phase in wild-type mice (Fig. 2i).  The increase in UCP1 mRNA was 

limited to the dark phase in wild-type mice, but was present in both phases in Clock 

mutant mice (Fig. 4).  These results clearly show that thermoregulation is different 

during fasting in the dark and light phases and that Clock and/or the molecular circadian 

mechanism is probably involved.  It has been reported in humans that circadian 

changes in Tb are largely caused by differences in heat loss between night and day47,48.  

Nagashima et al.6,8 suggested that heat-loss responses in fasted rats and mice determine 



pg. 15 
 

Tb and maintain the rhythm in a thermoneutral condition.  However, we found that 

heat-production responses to the cold were also modulated by fasting, a factor that 

determined changes in Tb. 

 As summarized in Table 1, the increase in cFos expression in Clock mutant 

mice attributable to the cold during fasting was also observed in all the hypothalamic 

areas except for the SCN, and it was similar in the dark and light phases.  In wild-type 

mice, cFos expression in the SCN was augmented in the light phase.  However, the 

increases in the MPO and PVN in these mice were lower than those observed in Clock 

mutant mice.  There have been no studies of cFos expression in the hypothalamus 

under these conditions.  Our results suggest that exposure to cold while fasting 

increases light-induced neural activity in the SCN only in the presence of Clock and/or 

normal molecular circadian mechanisms.  We believe that the attenuated cFos 

expression in the light phase in the MPO and PVN may result from an inhibitory signal 

from the SCN.  Following cold exposure plus fasting, there was an increase in 

numbers of neurons in the SCN double-labeled with cFos and CTb injected in the PVN 

in wild-type mice (Fig. 6c,d), whereas counts of double-labeled neurons of cFos and 

CTb injected in the MPO were unchanged.  There were punctate GAD65-IR cells 

surrounding the double-labeled neurons in the SCN (Fig. 6g).  The inhibitory role of 

the PVN in BAT thermogenesis has been reported in rats49.  Our results indicate that 

the activation of the PVN may be important in maintaining Tb by facilitating 

heat-production responses in the cold. 

 We showed that thermoregulatory responses to the cold differ according to the 

time of day and feeding conditions.  These responses may be important when animals 

face a reduction in food availability, allowing energy savings without disturbing body 

temperature during active periods.  We demonstrated that the SCN appears to be 
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important in controlling changes in thermoregulatory responses for the following 

reasons.  First, the activity of the SCN is increased by fasting and cold, for which 

Clock and/or normal molecular circadian mechanisms are required.  Second, the 

metabolic heat response is closely associated with the activity of the SCN.  Third, 

hypothalamic activity during fasting and cold exposure is heavily influenced by the 

activity of the SCN.  We believe that our study is the first to demonstrate that the 

circadian system not only generates time cues for the circadian Tb rhythm, but also 

strongly affects thermoregulation itself. 
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METHODS 

Animals.  Male Clock mutant and wild-type mice (ICR back ground, 2–4 months old, 

30–50 g body weight) were used in the present study.  They were individually housed 

in a plastic cage (45 × 25 × 20 cm) with water and food available ad libitum.  Ambient 

temperature (Ta) was maintained at 27 ± 0.5°C, and the lighting cycle set at 12 h light 

(300 lx at the eye level, lights on at 0700 a.m.) and 12 h complete darkness.  The 

Institutional Animal Care and Use Committee of Waseda University approved all 

experimental procedures in the present study. 

Surgery.  A radio transmitter device for the measurement of Tb and 

spontaneous activity (17 × 10 × 8 mm; Physiotel, model TA10TA-F40, DataScience) 

was implanted in the abdominal cavity using sterile techniques under inhalation 

anesthesia with diethyl ether (Sigma Aldrich Japan).  Penicillin G (1,000 U, Meiji 

Pharmaceutical) was injected intramuscularly to minimize postsurgical infection.  The 

mice were allowed to recover for at least 10 d before the experiments. 

Experimental protocols.  We verified that after surgery mice showed clear 

circadian Tb and activity rhythms (the rhythms were weak in Clock mutant mice).  The 

mice were then deprived of food for 48 h.  The mice were divided into four groups 

with different feeding conditions: food deprivation started at 0900 (ZT2, the light phase 

trial) or 2100 (ZT14, the dark phase trial), with ad-lib feeding control.  Water was 

available ad libitum throughout the experiments.  After fasting for 48 h or ad-lib 

feeding control, Ta was decreased to 20°C at ZT1–4 (the light phase group) or ZT13–16 

(the dark phase group), or kepd at 27°C (thermoneutral control).  Each mouse was 

killed by diethyl-ether inhalation and cervical dislocation.  The iBAT was quickly 

removed for later analysis for uncoupling protein-1 (UCP1) mRNA, the mice were 

transcardially perfused with 4% paraformaldehyde (PFA) in PBS and the brains 
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prepared for immunohistochemistry. 

Measurements.  Tb, V
．

O2, and spontaneous activity were measured.  The 

radio-transmitted signals for Tb were sent to a receiver (model CTR86, DataScience) 

underneath the cage and were stored in a personal computer every 5 min.  Spontaneous 

activity was estimated from the change in the intensity of the telemetry signal.  V
．

O2 

was measured in a half-enclosed Plexiglas metabolic box attached to an airflow system 

with a constant flow rate of 1500 ml/min.  The difference in the oxygen tension 

between airs in the inlet and that in the outlet was continuously monitored using an 

electrochemical oxygen analyzer (model LCJ-700, Toray), and the data taken and stored 

in a personal computer every 15 s.  V
．

O2 was calculated as the product of the difference 

in oxygen tension and flow rate divided by the body weight corrected to conditions of 

standard temperature (0°C), pressure (760 mmHg), and humidity.  The weight of each 

mouse was measured before and after the food deprivation. 

UCP1 mRNA analysis.  The iBAT sample was immersed in a RNA 

stabilization reagent (RNA Later, QIAGEN) at 4°C for 12 h and stored at −80°C until 

extracted.  Total RNA was isolated from 0.2–0.4 g of the frozen iBAT sample using an 

RNA extraction kit for lipid tissues (Rneasy Lipid Tissues Mini Kit, QIAGEN).  

Briefly, the frozen tissue was homogenized with QIAzol Lysis Reagent® containing 

phenol plus chloroform (Sigma Aldrich Japan), and the liquid centrifuged at 12,000 × g 

for 15 min at 4°C after vigorous shaking.  Seventy-percent ethanol (Sigma Aldrich 

Japan) was added to the supernatant, which was centrifuged using a flow-through 

column.  RNase-free water (Ultra Pure Water, Invitrogen Japan) was put on a 

membrane of the flow-through column, which was centrifuged to elute.  The total 

RNA concentration in the eluent was determined based on the ratio of the absorbance at 

260 and 280 nm (NanoDrop ND-1000 spectrophotometer , Thermo Scientific).  
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Reverse transcription for the total iBAT RNA of 1000 ng was conducted using a reverse 

transcription kit (PrimeScript RT reagent Kit Perfect Real Time, TAKARABIO).  

Denaturation was performed at 37°C for 15 min, followed by 85°C for 5 s in a thermal 

cycler (i Cycler, Bio-Rad Laboratories).  To quantify the mRNA level of UCP1, 

RT-PCR was conducted using an RT-PCR kit (SYBER Premix Ex Taq Perfect Real 

Time, TAKARABIO).  The mRNA level of glyceraldehyde-3-phosphate 

dehydrogenate (Gapd) was also determined to standardize the UCP1 value.  The 

forward primer for UCP1 cDNA was TACCCAGCTGTGCAATGACCA, and the 

reverse primer was GCACACAAACATGATGACGTTCC.  The forward primer for 

Gapd cDNA was GGCACAGTCAAGGCTGAGAATG, and the reverse primer was 

ATGGTGGTGAAGACGCCAGTA.  The denaturation protocol was 95°C for 10 s, 

95°C for 5 s by 40 cycles, 60°C for 32 min, 95°C for 15 s, 60°C for 20 s, and 95°C for 

15 s. 

Immunohistochemistry of cFos in the hypothalamic areas.  The perfused 

brain was stored at 4˚C in 4% PFA for 6 h and in 25% sucrose in PBS for another 48 h.  

Next, 30-μm coronal sections were cut on a cryostat (Microtome Cryostat HM550; 

Microm International).  The sections were treated with 0.3% hydrogen peroxide in 

PBS in 0.3% Triton X-100 for 30 min and rabbit primary anti-mouse cFos polyclonal 

IgG (1:15,000, Calbiochem) for 12 h.  After rinsing with PBS, the sections were 

incubated in biotinylated donkey anti-rabbit IgG (1:1,000, Jackson ImmunoResearch) 

for 90 min, avidin–biotin complex (1:400, Vector Elite Kit) for another 60 min, and then 

5% diaminobenzidine tetrahydrochloride (Sigma) in PBS.  The sections were mounted 

on gelatin-coated glass slides and coverslipped.  Digital images of the sections were 

captured (Digital Camera HC 2500 3CCD, Fujifilm), and cFos-IR cells in the MPO, 

DMH, ARC, PVN, dSPZ, and SCN were counted in three consecutive sections and the 
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averages calculated.  The atlas of Paxinos and Franklin50 was used to define the 

position of labeled cells. 

CTb injection and cFos and GAD65 immunofluorecent-histochemistry.  

The fluorescent retrograde tracer cholera toxin b-subunit (CTb) conjugated to Alexa 488 

(Invitrogen, Molecular Probes) was used to trace the projections from the SCN to PVN 

in Clock mutant (n = 3) and wild-type (n = 6) mice.  Mice were deeply anesthetized by 

intraperitoneal injection of pentobarbital sodium (50 mg/kg; Somnopentyl, Kyoritsu 

Seiyaku) and placed in a stereotaxic instrument for brain surgery.  An incision was 

made in the skin overlying the skull, connective tissue was removed from the surface, 

and a small hole was drilled to allow accessing to the brain.  The CTb was 

reconstituted by dissolving in 100 μL deionized water to a final concentration of 1% and 

used to backfill in a glass micropipette (internal tip diameter 10–15 μm).  The tip of 

the micropipette was targeted to the PVN and MPO from a vertical approach, defined by 

the stereotaxic coordinates: 0.2 mm from the midline, 0.8 mm posterior to the bregma, 

and 4.6 mm below the skull surface (PVN); 0.2 mm from the midline, 0.2 mm posterior 

to the bregma, and 5.3 mm below the skull surface (MPO).  An iontophoretic injection 

of CTb was made (+10 µA, 7 s ON, 7 s OFF, 5 min) and the micropipette was left 

undisturbed for 10 min following injection.  The skin incision was sutured and 

Penicillin G was injected intramuscularly to minimize postsurgical infection. 

Animals were returned to individual home cages, and 3 d after the surgery, 

were deprived of food for 48 h, starting at 0900 (ZT2, light phase).  After fasting, Ta 

was decreased to 20°C from 27°C at ZT1–4.  In three of six wild-type mice, the food 

deprivation and cooling exposure were not conducted, as the control experiment.  Each 

mouse was killed by diethyl ether and cervical dislocation, and transcardially perfused 

with 4% PFA.  The brain was subjected to immunofluorecence histochemistry and 
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stored at 4°C in 4% PFA for 6 h and 25% sucrose in PBS for another 48 h.  

Ten-micron-thick coronal sections were cut on a cryostat.  The sections were washed 

in PBS and incubated in rabbit primary anti-mouse cFos polyclonal IgG (1:15,000, 

Calbiochem) and mouse anti-GAD 65 (1:1,000, Abcam) for 12 h.  After rinsing with 

PBS, the sections were reacted to fluorescent secondary antibodies diluted to 1:400 

(Alexa Fluor 635 goat anti-rabbit IgG, Invitrogen, Molecular Probes) and 1:40 

(Rhodamine-conjugated goat anti-mouse IgG, Cappel) for 60 min.  The sections were 

mounted on gelatin-coated glass slides and coverslipped.  The sections were examined 

with a confocal laser-scanning microscope (Leica TCS SP2, Leica Microsystems), and 

the photoimages were taken using Leica LCS Lite software. 

Statistical analysis.  Differences in the means of Tb, V
．

O2, activity, UCP1 

mRNA, and counts of cFos-IR positive cells were analyzed by four-way ANOVA [phase 

(lights on vs. lights off) × feeding condition (ad-lib feeding vs. fasting) × Ta (normal vs. 

cold) × mouse (mutant vs. wild)].  A post hoc test to identify significant differences at 

a specific time point was performed using the Newman–Keuls procedure.  The null 

hypothesis was rejected at the level of P < 0.05.  All values were presented as means ± 

s.e.m. 
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FIGURE LEGENDS 

Figure 1  Typical examples of circadian changes in body temperature (Tb), oxygen 

consumption rate (V
．

O2), and spontaneous activity during ad-lib feeding and fasting in 

the wild-type and Clock mutant mice at 27°C.  The x-axis indicates Zeitgeber time 

(ZT); the lighting condition is shown at the bottom with the open bar denoting the light 

phase and closed bar the dark phase.  Data were plotted in 5-min bins.  The vertical 

dashed line shows the time when the 48-h fasting period was started. 

 

Figure 2  Body temperature (Tb) and oxygen consumption rate (V
．

O2) at 27°C or 20°C 

cold exposure with ad-lib feeding or fasting in the wild-type and Clock mutant mice.  

Tb during fasting decreased in the cold (gray bar, ZT1–4 and ZT13–16) in both the 

wild-type and the Clock mutant mice (a).  In the ad-lib feeding condition, Tb remained 

unchanged in the cold.  During fasting, V
．

O2 in the cold was increased only in the dark 

phase in the wild-type mice (e,f) and in both the dark and the light phases in Clock 

mutant mice (g,h).  Changes in Tb and V
．

O2 from the pre-cooling values with fasting 

and cold are summarized in i and j, respectively (time 0 denotes either ZT1 or 13).  

Values given are the means ± s.e.m. (n = 8).  *P < 0.05, 20°C-cold versus 27°C-control 

in each feeding condition; #P < 0.05, versus dark phase in wild-type and both phases in 

Clock mutant mice; §P < 0.05, versus dark phase in wild-type and light phase in Clock 

mutant mice. 

 

Figure 3  Spontaneous activity during exposure to 20°C cold or 27°C under ad-lib 

feeding (a–d) or fasting (e–h) in wild-type and Clock mutant mice.  In Clock mutant 

mice, activity was increased at 20°C (gray bars, ZT1–4 and ZT13–16) only in the dark 

phase in both feeding conditions (d,h).  Values are means ± s.e.m. (n = 8).  *P < 0.05, 



pg. 28 
 

20°C-cold versus 27°C-control. 

 

Figure 4  The levels of uncoupling protein-1 (UCP1) mRNA in the interscapular 

brown adipose tissue after 20°C or 27°C exposure with ad-lib feeding or fasting in 

wild-type and Clock mutant mice.  The UCP1 mRNA level was expressed in arbitrary 

units (a.u.), divided by the mRNA level of glyceraldehyde-3-phosphate dehydrogenate.  

During fasting, UCP1 mRNA increased in the cold compared with the 27°C control 

(con) in the dark phase in the wild-type mice and in both the dark and light phases in the 

Clock mutant mice.  Values are means ± s.e.m (n = 5–8).  §P < 0.05, 20°C-cold 

versus 27°C-control; †P < 0.05, fasted versus ad-lib fed; #P < 0.05, wild-type versus 

Clock mutant mice. 

 

Figure 5  Counts of cFos-immunoreactive cells in the medial preoptic nucleus (MPO; 

a), dorsomedial hypothalamus (DMH; b), arcuate nucleus (ARC, c), paraventricular 

nucleus (PVN; d), dorsal subparaventricular zone (dSPZ; e), and suprachiasmatic 

nucleus (SCN; f) under various conditions.  Values are means ± s.e.m (n = 8).  *P < 

0.05, dark versus light phase; §P < 0.05, 20°C-cold versus 27°C-control; †P < 0.05, 

fasted versus ad-lib fed; #P < 0.05, wild-type versus Clock mutant mice. 

 

Figure 6  Immunofluorescence photomicrographs of the dorsomedial (a,c,e) and 

ventrolateral (b,d,f) regions of the suprachiasmatic nucleus (SCN) showing the 

distribution of cholera toxin b-subunit (CTb, green) and cFos (blue) during 27°C 

exposure with ad-lib feeding (a,b) and 20°C cold exposure with fasting (c,d) in 

wild-type mice and in the cold with fasting in Clock mutant mice (e,f).  Arrows 

indicate cells the double-labeled with CTb and cFos.  g shows high-magnification 
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photomicrographs of triple-labeled neurons containing CTb (green), cFos (blue), and 

GAD65 (red) in the SCN in fasting wild-type mice.  Scale bar is 50 μm in a–f and 15 

μm in g. 
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Table 1 Summary of cFos-immunoreactive cells in each hypothalamic 
nucleus and thermoregulatory responses at 20°C with fasting 

 Wild-type Clock mutant 

Nucleus Light Dark  Light Dark 

MPO ↑ ↑↑↑  ↑↑ ↑↑ 

DMH ↑↑ ↑↑↑  ↑↑ ↑↑ 

ARC ↑↑ ↑↑↑  ↑↑ ↑↑ 

PVN ↑ ↑↑↑  ↑↑ ↑↑ 

dSPZ ↑↑ ↑↑↑  ↑↑ ↑↑ 

SCN ↑↑↑ –  ↑ – 
 

Thermoregulatory    

Tb ↓↓↓ ↓  ↓ ↓ 

V
．
O2 – ↑  ↑ ↑↑ 

iBAT UCP1 – ↑  ↑↑ ↑↑ 

Relative change of cFos-immunoreactive cells in the hypothalamic areas and 
thermoregulatory changes were shown.  ↑denotes “increase”, ↓ and 
“decrease”.  – indicates no significant change.  MPO, medial preoptic nucleus; 
DMH, dorsomedial hypothalamus; ARC, arcuate nucleus; PVN, paraventricular 
nucleus; dSPZ, dorsal subparaventricular zone; SCN, suprachiasmatic nucleus; 
Tb, body temperature; V

．
O2, oxygen consumption rate; and iBAT UCP1, mRNA 

level of uncoupling protein-1 in the interscapular brown adipose tissue. 
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