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The purpose of the present study was to analyze simultaneously the temporal relationship between the

changes of circadian rhythms of brown adipose tissue (BAT) thermogenesis and core temperature (Tc)

by dual probe telemetric monitoring transmitters and to determine the role of endogenous arginine

vasopressin (AVP) in the circadian rhythms of BAT temperature (TBAT) and Tc in male rats. The key

observations in this study are: (1) Increase in TBAT commenced approximately 8 min before Tc increases

at the start of transition from the light to dark phase. Whereas at the start of transition from the dark to

light phase, decrease in TBAT commenced approximately 3 min before Tc decreases. The data show that

circadian changes of BAT thermogenesis do indeed play a significant role in the overall maintenance of

the circadian rhythm of core temperature. (2) The plasma AVP level was significantly elevated when

core temperature decreases during the light phase, suggesting that endogenous AVP is involved in

thermoregulatory processes during the light phase. V1a receptor antagonist could elevate core and BAT

temperature during the light period, suggesting that endogenous AVP, acting through V1a receptor,

could be involved in tonic thermoregulatory processes.V1a receptor antagonist can increase the blood

lipid metabolism, suggesting that the mechanism of endogenous AVP in tonic thermoregulatory

processes during light period could involve the suppression of lipolysis in BAT and other peripheral

tissues. In summary, this study demonstrated that endogenous vasopressin contributes to reduced BAT

themogenesis and body temperature in the light phase of the circadian cycle.

& 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Circadian rhythms of core temperature (Tc) result from endo-
genous rhythms of heat production and heat loss (Castillo et al.,
2005). In rats and other nocturnal species, Tc increases during the
night when activity increases, exhibiting the highest tempera-
tures during the dark period and the lowest temperatures during
the light period (Gordon, 1993; Castillo et al., 2005; Refinetti,
2010). Thermogenesis is a dual-purpose process, which helps to
maintain the body temperature and contributes to the elimina-
tion of excess energy. Brown adipose tissue (BAT) has developed
as an essential thermoregulatory effector in cold defense in
rodents and other small mammals (Golozoubova et al., 2006),
including infant humans. Several recent observations using posi-
tron emission tomographic scanning to assess tissue glucose
uptake have demonstrated a remarkable amount of brown

adipose tissue in adult humans, and the locations of BAT depots
in adult humans bear a striking similarity to those in rodents
(Cypess et al. 2009; Enerbäck, 2010).

Circadian rhythms of Tc and activity in mammals are generated
by the suprachiasmatic nucleus of the anterior hypothalamus
(Saleh et al., 1997; Castillo et al., 2005). It has been reported that
endogenous arginine vasopressin (AVP) within the suprachiasmatic
nucleus plays an important role in the generation of overt circadian
rhythms (Ingram et al., 1998; Li et al., 2009). Few studies have also
assessed the mechanism by which AVP evokes the drop in normal
body temperature (Shido et al., 1984; Paro et al., 2003). We have
found that chlorpyrifos-induced hypothermia was blocked by
administration of V1 receptors antagonist, suggesting that the
thermoregulatory response to chlorpyrifos is mediated by central
and/or systemic AVP release (Yang and Gordon, 2002).

However, previous studies were performed using the single
probe transmitters, core and BAT temperature (TBAT) could not be
simultaneously measured telemetrically within the same animal.
These studies required separate surgical implantations using differ-
ent groups of animals to record changes in Tc and TBAT. In addition,
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many researchers use microchip transponders that measure sub-
cutaneous temperature (Gordon et al, 2008). But subcutaneous
temperature is not a measure of the core temperature; personnel
must be in close proximity to animal to position receiver to collect
temperature data; data collection not automated, no 24 h monitor-
ing (Gordon et al, 2008). The latest development in telemetric
monitoring is dual probe transmitters that record both Tc and TBAT

simultaneously in the same rat (Data Sciences International, Model
TL10M2-F40-TT). A major advantage of simultaneous measuring Tc

and TBAT in the same animal is the ability to relate temporal changes
on these two temperature parameters.

Therefore, the present study was first to determine whether
BAT thermogenesis contributes to increase in Tc during the dark
phase by simultaneous measurement of Tc and TBAT in the same
animal. Subsequently, we examined also the role of endogenous
AVP in circadian rhythms of Tc and TBAT in the rat.

2. Materials and Methods

2.1. Animals and drugs

Experiments were performed on adult male Sprague-Dawley rats
weighting 230–310 g (Institute of Laboratory Animal Sciences,
Sichuan Academy of Medical Sciences, China). Rats were housed
individually in acrylic cages lined with wood shavings and main-
tained at an ambient temperature of 22 1C, and exposed to a daily
12:12 light: dark photoperiod (lights on at 06:00 h). Animals were
allowed free access to water and food. All animal studies were
complied with the WHO Guidelines of Humane Use and Care of
Animals and approved by Institutional Animal Use and Care
Committee.

V1a vasopressin receptor antagonist [beta-Mercapto-beta,
beta-cycloentame-thylenepropionyl(1),O-Me-Tyr(2), Arg(8)]-VP
were purchased from Sigma Chemical Co. (St Louis, MO). The
drugs were dissolved in pyrogen-free sterile saline into a stock
solution of 30 mg/ml and stored at �30 1C until the day of an
experiment.

2.2. Surgery

Tc, TBAT and motor activity was simultaneously measured in
undisturbed rats using dual probe transmitters body temperature
probe (Data Sciences International, Model TL10M2-F40-TT). The rats
were anesthetized with sodium pentobarbital (40 mg/kg, intraper-
itoneally). The transmitter body and dual probe transmitters body
temperature probe were placed in the abdominal cavity. A small
hole was made in the side of the abdominal wall and the tip of
interscapular BAT temperature probe was passed through this
incision. The tip of the temperature probe (148 mm wire lead with
a 3 mm tip diameter) was threaded out subcutaneously to position
under interscapular BAT (Shido et al., 1984). In animals used for
simultaneous measurement of Tc, axillary temperature (Tax) and
motor activity, the transmitter body and dual probe transmitters
body temperature probe were implanted intra-abdominally as
described above. The tip of Tax probe was placed subcutaneously
in the region of the axilla. Following surgery, rats were administered
a penicillin antibiotic (20,000 units; intramuscularly). The rats were
allowed at least 7 days of recovery before testing.

2.3. Measurement of Tc, TBAT, and Tax

Tc, TBAT, and Tax, and motor activity were monitored in
undisturbed rats using radiotelemetry (Data Sciences Interna-
tional, St. Paul, MN, USA). The output of the transmitter was
monitored at 5 min intervals by a receiver board placed under

each rat’s cage. The rat’s motor activity was measured from the
change in position of the transmitter in relation to the antennae
located in the receiver board. Data were monitored on line as well
as stored on computer for later analysis.

2.4. Analysis of the temporal relationship of BAT temperature

increases to core temperature increases

TBAT, Tc, and motor activity were simultaneously measured
with a dual probe telemetric monitoring transmitters (DSI, Model
TL10M2-F40-TT) in the same animal. The telemetry parameters
were monitored at 1 min. intervals from rats housed individually
in the animal facility. We analyzed the temporal relationship
between BAT temperature and core temperature by calculating
the mean value of each 1 min time point at the start of transition
from the light to dark phase or at the start of transition from the
dark to light phase, and determined the time difference between
onset of the increase in BAT temperature and onset of the increase
in the core temperature.

2.5. Experimental protocol

In all experimental protocols, the environmental chamber was
set at 22 1C. The rats were placed in clean cages with wood shavings
at 16:00 h. The rats were allowed to adapt to the chamber overnight.
The following day the rats were dosed intraperitoneally with the
saline or 30 mg/kg V1a receptor antagonist (0.1 ml/100 g body
weight) at either 10:00 or 22:00 h. Tc, TBAT,Tax, and motor activity
of the rat were monitored by radio telemetry for at least 36 h prior
to dosing. The rats were allowed to recover for at least 10 days and
then they were retested using a crossover design where the rats that
had received V1a receptor antagonist were given saline and the rats
that had received saline were V1a receptor antagonist.

2.6. Plasma AVP measurements

Plasma levels of AVP were assessed in adult male Sprague-
Dawley rats. The rats were housed individually and left undis-
turbed in the laboratory overnight with food and water provided
ad libitum. Plasma AVP concentration was measured by an
enzyme-linked immunosorbant assay based on a colorimetric
reaction read at 405 nm using a 96-well microplate reader (Biotek
Instrauments, Inc, Winooski, VT, USA). Blood was drawn by right
ventricle puncture into a chilled EDTA-treated tube during the
light phase betwen12:00–12:30 h, and during dark phase
between 00:00–00:30 h. Plasma was separated in a refrigerated
centrifuge (5 1C, 4000g for 15 min) and stored at �30 1C until
analyzed for AVP. The AVP-RIA kit was obtained from Cayman
Chemical Company (Ann Arbor, Michigan, USA).

2.7. Blood biochemical measurement

Adult male Sprague-Dawley rats were housed individually and
left undisturbed in the laboratory overnight with food and water
provided ad libitum. At 10:00 h the rats were dosed intraperitone-
ally with either saline or 30 mg/kg V1a receptor antagonist. Serum
samples were collected from the right ventricle in rats at 5 h after
V1a receptor antagonist. Because administration with 30 mg/kg V1a
receptor antagonist at10:00 h led to a significant increase in Tc and
TBAT that persisted to the nocturnal phase approached (namely,
persisted for over 8 h), the biochemical measurements were made
on plasma taken 5 h after the administration of the drug. Serum was
separated in a refrigerated centrifuge (5 1C, 4000g for 15 min) and
was frozen at �30 1C. Serum triglyceride (TG), free fatty acid (FFA),
glycerol, and ketone bodies were measured using the triglyceride
E-test kit, FFA C-test kits, glycerol kit, and ketonic bodies E-test kit,
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respectively. All assay kits were purchased from Cayman Chemical
Company (Ann Arbor, Michigan, USA).

2.8. Statistical analysis

The 5 min telemetry data were averaged into 30 min bins for
graphic presentation. The 1 min telemetry data were assessed the
temporal relationship of BAT temperature increases to core
temperature increases. Data were plotted as mean7S.E. Values
of Tc, TBAT, and Tax are the changes from basal values. Data were
analyzed statistically by two-way ANOVA followed by multi-
range (or others) test to assess differences between groups. Core
temperature and motor activity data were analyzed over the 2 h
period starting from the time of injection of drugs. This time
period represents the time of maximum change in core tempera-
ture and motor activity for drugs. Blood levels of vasopressin and
blood lipids were analyzed using a two-tailed Student’s t-test.
Values of Po0.05 were considered to be significantly different.

3. Results

3.1. Temporal relationship of circadian rhythm of Tc, TBAT, and Tax

Fig. 1 shows that time course for the circadian rhythm of Tc, TBAT,
and motor activity was simultaneously measured in undisturbed

rats using dual probe transmitters temperature probe during a 12 h
light:12 h dark photoperiod. TBAT was 0.67 1C lower than Tc during
the light phase. The mean TBAT and Tc were 36.6670.09 1C and
37.3370.06 1C, respectively. But TBAT was similar to that Tc during
the dark phase. The mean TBAT and Tc of the rats were 37.9870.05
and 38.1370.08 1C, respectively. The amplitude of the circadian
TBAT rhythm was greater than simultaneous measurement of Tc

(1.3370.06 and 0.9270.04 1C, respectively, Figs. 1 and 2A). It was
noted that the rate of increase in TBAT was higher than corresponding
increases in Tc at the start of transition from the light to dark phase
(Figs. 1 and 2B), and increase in TBAT commenced approximately
8 min before Tc increases (Fig. 3). Whereas at the start of transition
from the dark to light phase, decrease in TBAT commenced approxi-
mately 3 min before Tc decreases (Fig. 3).

The amplitude of the circadian Tax rhythm was similar to that of
Tc (1.0970.03 and 0.9170.02 1C, respectively). During either the
light phase or dark phase, Tax was lower than simultaneous
measurement of Tc (0.82 and 0.53 1C, respectively, Fig. 4). The rate
of increase in Tax was also similar to that Tc at the start of transition
from the light to dark phase (Fig. 2B); however, the rate of increase
in Tax was lower than corresponding increase in TBAT (Fig. 2B).

3.2. Effect of V1a receptor antagonist on circadian rhythms of

Tc and TBAT

Administration of saline and V1a receptor antagonist led to a
transient elevation in Tc and TBAT that was attributed to the
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handling and injection procedure (Fig. 5). Approximately 1.5 h
after dosing, Tc of the saline group returned to near baseline
levels.

During light phase (light on at 06:00–18:00 h), at10:00 h
dosing with 30 mg/kg V1a receptor antagonist led to a significant
increase in Tc that persist to the nocturnal phase approached
(namely, persisted for over 8 h; Fig. 5 and Fig. 6). Their Tc was
0.31 1C higher than that of the rats given saline (po0.01). At the
same time, V1a receptor antagonist had similar effects on TBAT

(Figs. 5 and 6). The mean TBAT was 0.43 1C greater than control
group (po0.01). During dark phase (light off at 18:00–06:00 h),
at 22:00 h dosing with the same dose of V1a receptor antagonist
had no significant effects on Tc and TBAT (Fig. 7).

3.3. Light- dark difference of the AVP concentration in the plasma

AVP concentration in the plasma was 96.24731.16 pg/ml at
the midday (12:00–12:30 h) during the light phase; at midnight
(00:00–00:30 h) during the dark phase, the plasma AVP level was
55.6714.04 pg/ml (Fig. 8). The plasma AVP level was significantly
elevated at the midday when compared to the serum AVP levels
at the midnight (po0. 05).

3.4. Effect of V1a receptor antagonist on serum lipid levels

To investigate effect of V1a receptor antagonist on the lipid
metabolism, serum glycerol, triacylglycerol (TG) and free fatty
acid (FFA) levels were examined 5 h after rats dosed with V1a
receptor antagonist or saline. The levels of serum TG and FFA

were significantly reduced by V1a receptor antagonist, whereas
serum glycerol concentration was significantly higher than that
of saline rats, indicating that V1a receptor antagonist enhanced
significantly those catabolisms (Table 1). The final products of
the lipid metabolism in blood, namely, ketone bodies including
acetoacetic acid and 3-hydroxybutyric acid in serum, were also
measured 5 h after V1a receptor antagonist. The serum levels of
acetoacetic acid, 3-hydroxybutyric acid, and total ketone bodies
were slightly, but not significantly, higher than that of saline rats
(Table 1).

4. Discussion

This study measures simultaneously of the time course for the
circadian rhythm of core and BAT temperature and to analyze
their temporal relationship. The data show an overall circadian
pattern of BAT temperature that agrees with the core temperature
of the rat, and is in agreement with previous studies using the
thermocouple sensors (Closa et al, 1993). It must be pointed out,
however,that our data were obtained from simultaneous mea-
surement of core and BAT temperature in the same animal by
dual probe telemetric monitoring transmitters.

The normal physiological function of BAT thermogenesis is to
heat the rest of the body. Episodic increases in core and brain
temperature during the active period of the circadian cycle have
previously been reported for rats and other species (Baker et al,
2005; Ootsuka et al, 2009). Recently, Ootsuka et al. (2009) found
that increases in TBAT occurred in an irregular episodic manner
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every 94743 min, the TBAT episodes commenced 2–3 min before
body temperatures episodes during the waking (dark) phase of
the circadian cycle in rats, suggesting that episodic BAT thermo-
genesis contributes to episodic increases in body temperatures.

In the present study, we measured the temporal relationship
between BAT temperature and core temperature at the start of
transition from the light to dark phase or at the start of transition
from the dark to light phase. Analysis of onset times of core
temperature and corresponding increases in BAT temperature
showed that increase in BAT temperature commenced approxi-
mately 8 min before body temperature at the start of transition
from the light to dark phase, and the rate of increase in BAT
temperature was larger than corresponding increases in core
temperature. Whereas at the start of transition from the dark to
light phase, decrease in BAT temperature commenced approxi-
mately 3 min before core temperature decreases.

It will be noted that BAT is located under the skin and
measuring its temperature is a bit tricky because it is in a cooler
region of the body and not in the true core of the animal. We
therefore consider that comparison of BAT temperature with
axillary temperature would determine whether BAT thermogen-
esis warms body. In this study, we showed that temperature
probes are both being positioned under the skin but the BAT
temperature probe is obviously showing much warmer tempera-
tures compared to axillary temperature, suggesting that BAT
themogenesis heats body in the dark phase of the circadian cycle.
The data also suggest that radiotelemetry technique does indeed
detect the heat produced by BAT.

In addition, microchip transponders that can encode animal
identification number and temperature can be implanted under
the skin in unanesthetized rodents (Gordon et al, 2008). Some
studies have reported that microchip transponders measured a
subcutaneous tissue temperature, which was in close agreement
with rectal temperature using the digital rectal thermometer (Cilia
et al, 1998; Quimby et al, 2009). The authors concluded that subcu-
taneous body temperature is representative of core body tempera-
ture (Cilia et al, 1998). Interestingly, our results demonstrate that
overall circadian pattern of axillary temperature, measured via
radiotelemetry, was lower than core temperature.

These results strongly suggest that BAT thermogenesis con-
tributes to increase in core temperature during the dark phase,
indicating that circadian changes of BAT thermogenesis does
indeed play a significant role in the overall maintenance of the
circadian rhythm of core temperature.

The increases in BAT temperature could reflect increases in BAT
metabolic thermogenesis. BAT can increase its metabolic rate many
times, although the tissue corresponding to only a few percent of the
body weight, increases in BAT metabolism can substantially increase
whole body metabolic rate (Cannon and Nedergaard, 2004). Thus
increases in BAT metabolism could contribute substantially to the
well-documented ultradian rhythmicity in whole body metabolic
rate in rats during the dark active phase of the circadian cycle
(Stupfel et al., 1995; Ootsuka et al., 2009).

It has been shown that AVP plays an important role in thermo-
regulation, because it is one of the main endogenous antipyretic
molecules in the central nervous system (Chen et al., 1997).

0 6 12 18 24 30
36.0

36.5

37.0

37.5

38.0

38.5 Saline (7)
V1a antagonist (8)

Injection

C
or

e 
te

m
pe

ra
tu

re
 (°

C
)

0 6 12 18 24 30
35.5

36.0

36.5

37.0

37.5

38.0

38.5

V1a antagonist (8)
Saline (7)

Injection

Time (h)

B
AT

 te
m

pe
ra

tu
re

 (°
C

)

Fig. 5. Time-course of Tc and TBAT at 10:00 h intraperitoneal administration of

saline or 30 mg/kg V1a receptor antagonist. ANOVA analysis for saline comparing

effects of V1a receptor antagonist treatment for 8 h: core temperature (treatment,

po0.01; treatment-time, po0.01); BAT temperature (treatment, po0.005; treat-

ment time, po0.005).

0 1 2 3 4 5 6 7
-0.4

-0.2

0.0

0.2

0.4

0.6

0.8 Saline (7)

V1a antagonis (8)

Δ 
co

re
 te

m
pe

ra
tu

re
co

re
 (°

C
)

0 1 2 3 4 5 6 7
-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

Time after injection

Δ 
Β

Α
Τ 

te
m

pe
ra

tu
re

 (°
C

)

Fig. 6. Time-course of the change in Tc and TBAT following intraperitoneal adminis-

tration of saline or 30 mg/kg V1a receptor antagonist. Temperature changes

calculated from data measured at the time of injection (see Fig. 5).

Y.-L. Yang et al. / Journal of Thermal Biology 37 (2012) 316–322320



Author's personal copy

Hyperthermia can be elicited in rats by cooling of the preoptic
area, which results in a vigorous metabolic response. In such
animals, infusion of AVP into the lateral septum completely
suppresses the metabolic response and hyperthermia (Pittman
et al., 1998). Several studies have assessed the mechanism
by which AVP evokes the drop in Tc. Paro et al. (2003) reported
that ionotropic receptors of L-glutamate in the central nervous
system participate in peripheral AVP-induced hypothermia by
affecting heat loss through the tail. On the other hand, evidence
suggests that hypothermia induced by AVP is brought about by a

coordinated response of reduced thermogenesis in BAT and
increased heat loss through the tail (Shido et al., 1984; Paro
et al., 2003).The physiologic effects of AVP are mediated by V1

receptors (Richmond, 2003; Li et al., 2009). In addition, recent
studies found that AVP signaling plays an important role in the
generation of circadian rhythms (Ingram et al., 1998; Li et al.,
2009).

However, mechanisms of the role of endogenous AVP in
circadian rhythms of core temperature are still poorly under-
stood. Therefore, we examined the role of endogenous AVP in
circadian changes of core temperature in the male rats and effect
of V1a receptor antagonist on the lipid metabolism. Administra-
tion of the V1a receptor antagonist led to a significant elevation in
core and BAT temperature that persisted to the nocturnal phase
approached at 10:00 h during light phase. In other words, this
hyperthermic response in rats lasted for over 8 h. Ferris et al.
(1988) reported that peptide V1 receptor antagonists blockade of
AVP V1 receptor in hamsters lasts for over 12 h. Nonpeptide V1

vasopressin receptor antagonist inhibits AVP-induced vascular
smooth muscle cell contraction and blood pressure elevation for
at least 8 h (Thibonnier et al., 1999). Whereas, administration of
the V1a receptor antagonist had no effect on core and BAT
temperature during dark phase. On the other hand, Plasma AVP
level was significantly elevated at the midday when compared to
the plasma AVP levels at the midnight. Previous studies have
demonstrated that plasma AVP concentrations were higher dur-
ing light period than during dark period (Greeley et al., 1982).

The results of this study provided two important pieces of
evidence, which suggest that endogenous AVP may be playing a
crucial role in the circadian changes of core temperature in the
male rats. Firstly, the plasma AVP level was significantly elevated
when core temperature decreases during the light phase, suggest-
ing that endogenous AVP is involved in thermoregulatory pro-
cesses during the light phase. Secondly, V1a receptor antagonist
could elevate core and BAT temperature during the light period,
suggesting that endogenous AVP, acting through V1a receptor,
could be involved in tonic thermoregulatory processes. Interest-
ingly, BAT temperature was slightly higher than core temperature
after administration of V1a receptor antagonist, suggesting that
endogenous AVP is likely to play a tonic role by reducing BAT
thermogenesis.

There is increasing evidence to suggest that AVP plays an
important role in the regulation of the lipid metabolism and other
energy substrates (Rofe and Williamson, 1983; Kurihara et al.,
1996; Hiroyama et al., 2007). In vitro, AVP inhibited forskolin-
induced lipolysis in human adipocytes (Xue et al., 1998). It has
been reported that the lipid metabolism is enhanced in V1aR�/�
mice under the fasting condition (Hiroyama et al., 2007).

To examine the relationship between endogenous AVP
involved in tonic thermoregulatory processes during light period
and the suppression of lipolysis, we analyzed the effect of V1a
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Fig. 7. Time-course of Tc and TBAT following 22:00 h intraperitoneal administration

of saline or 30 mg/kg V1a receptor antagonist. ANOVA analysis for saline compar-

ing effects of V1a receptor antagonist treatment for 8 h: core temperature (not

significant); BAT temperature (not significant).
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Fig. 8. Plasma AVP levels of male Sprague-Dawley rats. Data are mean7S.E. of

8 rats.
npo0.05, significant difference compared to 24:00 h.

Table 1
Mean7S.E. of serum lipid metabolite concentrations taken from rats 5 h after

treatment with V1a receptor antagonist or saline.

V1a receptor antagonist

group

Saline group

Triacylglycero l (mmol/L) 516.3740.8(7)nn 735.9767.5(7)

Free fatty acid (mmol/L) 85.7476. 3(8)n 128.2710.6(8)

Glycerol (mmol/L) 473.9734.3(7)nn 339.4729.1(8)

Total ketone bodies (mmol/L) 170.7715.7(6) 138.6727.2(6)

Acetoacetic acid (mmol/L) 34.175.2(6) 27.774.7(6)

3-hydroxybutyric acid (mmol/L) 136.6716.3(6) 110.9723.25(6)

n Po0.05.
nn Po0.01 when compared to saline group.
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receptor antagonist injected peripherally on triacylglycerol (TG),
free fatty acid (FFA), glycerol and ketone bodies levels in serum
under the feeding condition. The intraperitoneal doses of V1a
receptor antagonist can increase the glycerol level in serum,
suggesting that lipolysis is promoted under a condition of
abolished AVP via the V1a receptor. The increased circulating
glycerol could be due to increased production, which results from
the increased activity of tissue lipase (Hiroyama et al., 2007).
Lipase mediates a breakdown of TG into glycerol and FFA. The FFA
then serves as a precursor of ketoacids. Furthermore, V1a receptor
antagonist can decrease the levels of TG and FFA in serum,
suggesting that the catabolisms of TG and FFA were enhanced,
in good correspondence with the increased glycerol levels in
serum. This would suggest that the mechanism of endogenous
AVP in tonic thermoregulatory processes during light period
could involve the suppression of lipolysis in the BAT and other
peripheral tissues.

However, under feeding conditions, serum levels of the ketone
bodies after administration of V1 a receptor antagonist were
slightly, but not statistically, higher than that of rats given saline;
corroborating another study showing that the serum levels of the
ketone bodies were not significantly different in V1aRþ/þand

V1aR�/� mice under the feeding condition (Hiroyama et al.,
2007). Previous studies have reported that AVP infusions
decreased circulating ketone bodies in starved rats, suggesting
that AVP has an antilipolytic action on adipocytes (Rofe and
Williamson, 1983). Recently, Hiroyama et al. (2007) found that
the serum levels of total ketone bodies were significantly
increased in V1aR�/� mice under the fasting condition. It is
possible that under fasting and starvation conditions, plasma
levels of ketone bodies are higher than that under feeding
conditions (Leung, 1995; Fukao et al., 2004). Ketone bodies are
synthesized in the liver from acetyl-CoA, and under fasting/
starvation conditions, lipid stores are mobilized, resulting in an
increase of acetyl CoA production (Fukao et al., 2004).

In summary, This study is the first to analyze simultaneously
the temporal relationship for the circadian rhythm in core and
BAT temperature. The data show that circadian changes of BAT
thermogenesis does indeed play significant role in the overall
maintenance of the circadian rhythm of core temperature. Sub-
sequently, we examined the role of endogenous AVP in the
circadian rhythms of core and BAT temperature in the rat. The
present work resulted in three principal findings: (1) plasma AVP
concentrations were higher during light period than during dark
period, (2) endogenous AVP, acting through V1a receptor, could
be involved in tonic thermoregulatory processes in the male rat,
and (3) V1a receptor antagonist can increase the blood lipid
metabolism. These results strongly suggest that endogenous AVP
is involved in the circadian changes of core temperature in the
male rats.
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Enerbäck, S., 2010. Human Brown Adipose Tissue. Cell Metab. 11, 248–252.
Ferris, C.F., Singer, E.A., Meenan, D.M., Albers, H.E., 1988. Inhibition of vasopressin-

stimulated flank marking behavior by V1-receptor antagonists. Eur. J. Phar-
macol. 154, 153–159.

Fukao, T., Lopaschuk, G.D., Mitchell, G.A., 2004. Pathways and control of ketone
body metabolism on the fringe of lipid biochemistry. Prostaglandins Leukot.
Essent. Fatty Acids 70, 243–251.

Golozoubova, V., Cannon, B., Nedergaard, J., 2006. UCP1 is essential for adaptive
adrenergic nonshivering thermogenesis. Am. J. Physiol. Endocrinol. Metab.
291, E350–E357.

Gordon, C.J., 1993. Twenty-four hour rhythms of selected ambient temperature in
rat and hamster. Physiol. Behav. 53, 257–263.

Gordon, C.J., Spencer, P.J., Hotchkiss, J., Miller, D.B., Hinderliter, P.M., Pauluhn, J.,
2008. Thermoregulation and its influence on toxicity assessment. Toxicology
244, 87–97.

Greeley Jr., G.H., Morris, M., Eldridge, J.C., Kizer, J.S., 1982. A diurnal plasma
vasopressin rhythm in rats. Life Sci. 31, 2843–2846.

Hiroyama, M., Aoyagi, T., Fujiwara, Y., Birumachi, J., Shigematsu, Y., Kiwaki, K.,
Tasaki, R., Endo, F., Tanoue, A., 2007. Hypermetabolism of fat in V1a
vasopressin receptor knockout mice. Mol. Endocrinol. 21, 247–258.

Ingram, C.D., Ciobanu, R., Coculescu, I.L., Tanasescu, R., Coculescu, M., Mihai, R.,
1998. Vasopressin neurotransmission and the control of circadian rhythms in
the suprachiasmatic nucleus. Prog. Brain Res. 119, 351–364.

Kurihara, I., Saito, T., Obara, K., Shoji, Y., Hirai, M., Soma, J., Sato, H., Ima, Y., Abe, K.,
1996. Effect of a nonpeptide vasopressin V1 antagonist (OPC-21268) on
experimental accelerated focal glomerulosclerosis. Nephron 73, 629–636.

Leung, L.H., 1995. Pantothenic acid as a weight-reducing agent: fasting without
hunger, weakness and ketosis. Med. Hypotheses 44, 403–405.

Li, J.D., Burton, K.J., Zhang, C., Hu, S.B., Zhou, Q.Y., 2009. Vasopressin receptor V1a
regulates circadian rhythms of locomotor activity and expression of clock-
controlled genes in the suprachiasmatic nuclei. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 296, R824–R830.

Ootsuka, Y., de Menezes, R.C., Zaretsky, D.V., Alimoradian, A., Hunt, J., Stefanidis, A.,
Oldfield, B.J., Blessing, W.W., 2009. Brown adipose tissue thermogenesis heats
brain and body as part of the brain-coordinated ultradian basic rest-activity
cycle. Neuroscience 164, 849–861.

Paro, F.M., Almeida, M.C., Carnio, E.C., Branco, L.G., 2003. Role of L-glutamate in
systemic AVP-induced hypothermia. J. Appl. Physiol. 94, 271–277.

Pittman, Q.J., Chen, X., Mouihate, A., Hirasawa, M., Martin, S., 1998. Arginine
vasopressin, fever and temperature regulation. Prog. Brain Res. 119, 383–392.

Quimby, J.M., Olea-Popelka, F., Lappin, M.R., 2009. Comparison of digital rectal and
microchip transponder thermometry in cats. J. Am. Assoc. Lab. Anim. Sci. 48,
402–404.

Refinetti, R., 2010. The circadian rhythm of body temperature. Front. Biosci.
15, 564–594.

Richmond, C.A., 2003. The role of arginine vasopressin in thermoregulation during
fever. J. Neurosci. Nurs. 35, 281–286.

Rofe, A.M., Williamson, D.H., 1983. Metabolic effects of vasopressin infusion in the
starved rat. Biochem. J. 212, 231–239.

Saleh, M.A., Haro, P.J., Winget, C.M., 1997. Loss of circadian rhythmicity in body
temperature and locomotor activity following suprachiasmatic lesions in the
rat. J. Interdiscip. Cycle. Res 8, 341–346.

Shido, O., Kifune, A., Nagasaka, T., 1984. Baroreflexive suppression of heat
production and fall in body temperature following peripheral administration
of vasopressin in rats. Jpn. J. Physiol 34, 397–406.

Stupfel, M., Gourlet, V., Perramon, A., Merat, P., Putet, G., Court, L., 1995.
Comparison of ultradian and circadian oscillations of carbon dioxide produc-
tion by various endotherms. Am. J. Physiol. 268, R253–R265.

Thibonnier, M., Kilani, A., Rahman, M., DiBlasi, T.P., Warner, K., Smith, M.C.,
Leenhardt, A.F., Brouard, R., 1999. Effects of the nonpeptide V1 vasopressin
receptor antagonist SR49059 in hypertensive patients. Hypertension 34,
1293–1300.

Xue, B., Moustaid-Moussa, N., William, W.O., Zemel, M.B., 1998. The agouti gene
product inhibits lipolysis in human adipocytes via a Ca2þ-dependent mechan-
ism. FASEB J. 12, 1391–1396.

Yang, Y.L., Gordon, C.J., 2002. Possible role of vasopressin in the thermoregulatory
response to chlorpyrifos in the rat. Pharmacol. Toxicol. 90, 311–316.

Y.-L. Yang et al. / Journal of Thermal Biology 37 (2012) 316–322322


