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Abstract The aim of this study was to determine whether

estrogen modulates central and peripheral responses to cold

in female rats. In ovariectomized female rats with and

without administered estrogen [E2 (?) and E2 (-),

respectively], the counts of cFos-immunoreactive cells in

the medial preoptic nucleus (MPO) and dorsomedial

hypothalamic nucleus (DMH) in the hypothalamus were

greater in the E2 (?) rats than in the E2 (-) rats at 5�C.

Examination of the response of normal female rats to

exposure to 5�C at different phases of the estrus cycle

revealed that counts of cFos-immunoreactive cells in the

MPO, DMH, and posterior hypothalamus and the level of

uncoupling protein 1 mRNA in the brown adipose tissues were

greater in the proestrus phase than on day 1 of the diestrus

phase. This result was linked to the level of plasma estrogen.

The body temperature during cold exposure was higher in the

E2 (?) rats than in the E2 (-) rats and was also higher in the

proestrus phase than on day 1 of the diestrus phase. We con-

clude that estrogen may affect central and peripheral respon-

ses involved in thermoregulation in the cold.

Keywords cFos � Hypothalamus � Sex hormones �
Thermoregulation � Uncoupling protein 1

Introduction

Female sex hormones (i.e., estrogen and progesterone) are

closely associated with sexual characteristics, behavior,

and the estrus cycle. Progesterone also has a febrile action

[1], which may be associated with a change in body tem-

perature during the estrus cycle. Several studies also

indicate a possible involvement of estrogen in thermo-

regulation: peri- and postmenopausal women suffer from

hot flush, i.e., the sudden onset of face flushing, sweating,

and hotness [2], a disturbance in circadian body tempera-

ture change [3], and a greater sensitivity to cold exposure

[4]. Estrogen replacement is sometimes used as a treatment

for hot flush [5]. A number of animal studies using ovari-

ectomized rats with and without estrogen replacement have

shown that estrogen has an effect on both autonomic and

behavioral thermoregulation [6–8]. In contrast, Freedman

et al. found that the plasma level of estradiol was not dif-

ferent between postmenopausal women with and without

hot flush [9], suggesting a lesser involvement of circulating

estrogen in this condition. In another study, estrogen

administration was found to have no influence on circadian

body temperature rhythm in female rodents [10]. Conse-

quently, it remains unclear if estrogen has an influence on

thermoregulatory responses. Further, if it does affect ther-

moregulatory responses, the mechanism by which it does

so is as yet unknown.

The hypothalamus plays an important role in autonomic

functions, including thermoregulation. The preoptic area

(PO) of the hypothalamus in particular contains many

thermosensitive neurons that can show altered neuronal

activity in response to the local brain temperature [11].

The PO also contains estrogen-sensitive neurons that are

implicated in reproductive behaviors and endocrine

responses. In an in vivo slice study, some thermosensitive

Y. Uchida � M. Kano � S. Yasuhara � A. Kobayashi �
K. Tokizawa � K. Nagashima (&)

Laboratory of Integrative Physiology, Health and Welfare,

Faculty of Human Sciences and Sports Sciences

for the Promotion of Active Life, Waseda University,

2-579-15 Mikajima, Tokorozawa,

Saitama 359-1192, Japan

e-mail: k-nagashima@waseda.jp

K. Nagashima

Consolidated Research Institute of Advanced Science and

Medical Care, Waseda University, Shinjuku, Tokyo, Japan

123

J Physiol Sci (2010) 60:151–160

DOI 10.1007/s12576-009-0079-x



neurons in the PO were observed to alter their neural

activity in medium supplemented with estrogen [12]. Thus,

estrogen may affect thermosensitivity at the level of the

hypothalamus. The interscapular brown adipose tissue

(iBAT) is a thermoeffector organ involved in non-shivering

thermogenesis [13]. The iBAT has been shown to have

estrogen-specific macromolecular binding in the cytoplas-

mic fraction [14], which may also indicate a direct influ-

ence of estrogen on iBAT thermogenesis. However,

selective assessment of thermogenesis in the iBAT would

be difficult in free-moving animals.

The aim of the study reported here was to determine

whether estrogen has an influence on central and peripheral

responses to cold exposure. These responses are involved

in thermoregulation. We first tested the hypothesis that, in

ovariectomized rats, systemic administration of estrogen

would change the hypothalamic and molecular responses in

the iBAT during cold exposure. If the first hypothesis were

found to be valid, the second hypothesis was that these

responses in normal female rats change in direct corre-

spondence with changes in circulating estrogen level dur-

ing the estrus cycle.

Methods

Ninety-one adult virgin female Wister rats (body weight

170–270 g, age 9 weeks; Takasugi Experimental Animals

Supply, Saitama, Japan) were used in the study. The rats

were housed in a plastic cage (45 9 25 9 20 cm) at an

ambient temperature (Ta) of 25�C under a 12/12-h (light/

dark) cycle (artificial lighting on at 0700 hours) and had

free access to food and water. All procedures were

approved by the ‘‘Guiding principles for the care and use of

animals in the field of physiological sciences’’ and the

Institutional Animal Care and Use Committee, Waseda

University.

Experiment 1: effect of 17b-estradiol on

thermoregulation in female ovariectomized

rats exposed to cold

Rats (n = 55) underwent surgery under anesthesia with

diethyl ether (Sigma-Aldrich, Tokyo, Japan). A radio

transmitter (15 9 30 9 8 mm; PhysioTel, TA10TA-F40;

Data Science, St. Paul, MN) for body core temperature (Tb)

measurement was implanted in the peritoneal cavity

through a median skin incision. Bilateral ovariectomy was

performed through the dorsal skin incision. Penicillin G

(1,000 U; Meiji Pharmaceutical, Tokyo, Japan) was

injected subcutaneously to prevent post-surgical infection.

At least 7 days after the first surgery, two silastic tubes

(inner diameter 1.57 mm, outer diameter 3.18 mm, length

30 mm; Kaneka, Osaka, Japan) containing either 17b-

estradiol (E2; Sigma, St. Louis, MO; n = 26) or a blank

(control; n = 29) were placed underneath the right dorsal

skin under ether anesthesia. The tubes were prepared, filled

with 50–60 mg E2, and sealed with silicone glue as

reported previously [15]; this procedure maintained a

constant level of E2 in the plasma. At least 7 days after the

second surgery, we placed a rat in a plastic cage

(45 9 25 9 20 cm) in a climate chamber (Program Incu-

bator IN602W; Yamato Scientific, Tokyo, Japan) main-

tained at 25�C, where the Tb was continuously monitored

by telemetry. Tb signals from the radio transmitter were

obtained through a receiver board (model CTR86; Data-

Science) at 1-min intervals and stored in a personal com-

puter using a data-logging program (LabView; National

Instruments, Austin, TX). The accuracy of the value of Tb

was ± 0.1�C. At 1200 hours on the next day, the chamber

was set at 5�C for 2 h, or it remained at 25�C as the control.

We selected this time of a day because, in a normal envi-

ronment, Tb is stable (less influence of circadian fluctua-

tion) from 0900 to 1500 hours [16], especially in the

middle of the time window (1200–1400 hours; observa-

tions from a preliminary study). Following the 2-h cold

exposure, the rat was killed with an intraperitoneal injec-

tion of overdose pentobarbital Na? (50 mg/100 g body

weight; Somnopentil; Kyoritsu Seiyaku, Tokyo, Japan).

The iBAT was removed for the later determination of the

level of uncoupling protein 1 (UCP1) mRNA, and a 2-ml

blood sample was taken from the left ventricular cavity to

determine plasma levels of the sex hormones. The sacri-

ficed rat was then perfused transcardially with 20 ml of

normal saline, followed by 300 ml of 4% paraformalde-

hyde (4�C, cold), and the whole brain was excised for

immunohistochemistal analysis.

Experiment 2: changes in thermoregulation in normal

female rats exposed to cold during the estrus cycle

For this experiment, we used normal female rats with a

regular estrus cycle (n = 36) for this experiment. These

rats had surgery to implant the Tb radio transmitter, as

carried out in Experiment 1. To determine the estrus cycle

for each rat, a vaginal smear was taken every morning for

at least 10 days [17]. Briefly, vaginal epithelium was

obtained with a thin moist cotton swab, and a smear was

made on a slide glass and stained by Giemsa’s method.

Based on the smear image, the estrus phase (i.e., the first

day of diestrus, the second day of diestrus, proestrus, or

estrus phases) was determined. A rat either in the estrus

phase or at the second day of diestrus was selected and

moved into the climate chamber as in Experiment 1. At

0730 hours on the following day, a vaginal smear was

again made to verify that the phase was either proestrus
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(P, n = 17) or the first day of diestrus (D1, n = 19). These

two phases were selected because the circulating level of

estrogen is the highest in the P phase and the lowest in the

D1 phase [17]. The chamber was set at 5�C or remained at

25�C from 0900 to 1100 hours. In the P phase, plasma

progesterone starts increasing around 1300 hours due to

a surge in luteinizing hormone, with a peak around

1900 hours [17]. We therefore selected a different time

window in Experiment 2 (0900–1100 hours) to minimize

the influence of plasma progesterone on thermoregulation.

In ovariectomized rats in Experiment 1, the difference in Tb

between 0900–1100 and 1200–1400 hours was less than

0.2�C. Thus, we assumed that the influence of the differ-

ence in the time window on Tb was minimal. Following the

cold or control exposure, the rat was killed in the same

manner as Experiment 1.

Handlings and analyses of the blood, brain, and iBAT

samples

The blood was centrifuged at 4�C and the plasma stored at

-80�C until assay. The plasma levels of estradiol and

progesterone were determined by an enzyme-linked im-

mumosorbent assay (ELISA) in duplicate (Estradiol EIA

kit and Progesterone EIA kit; Cayman Chemical, Ann

Arbor, MI).

The brain was first soaked in 4% paraformaldehyde at

4�C overnight and then in 25% sucrose in phosphate buf-

fered saline (PBS) for another 48 h. The brain was frozen in

crushed dry ice, and coronal sections (40-lm thickness)

were prepared on a cryostat (CM1510S; Leica, Wilzlar,

Germany). The sections were rinsed with PBS and incubated

sequentially in: (1) 0.3% hydrogen peroxide in PBS with

0.3% Triton X-100 for 30 min; (2) rabbit primary anti-cFos

polyclonal IgG (1:15,000 dilution; Calbiochem, Merck,

Tokyo, Japan) for 12 h; (3) biotinylated donkey anti-rabbit

IgG (1:1,000 dilution; Jackson ImmunoResearch Labora-

tories, West Grove, PA) for 90 min; (4) avidin–biotin

complex (1:1,000 dilution; Vectastain Elite ABC standard

kit; Vector Laboratories, Burlingame, CA) for another

90 min. After rinsing, the sections were reacted with 5%

diaminobenzidinetetrahydrochloride (Sigma) in PBS and

mounted on gelatin-coated glass slides. Each slide was

covered with a glass microcoverslip. Digital images of the

dorsomedial hypothalamic nucleus (DMH), medial preoptic

nucleus (MPO), median preoptic nucleus (MnPO), ventro-

medial hypothalamus (VMH), and posterior hypothalamus

(PH) were captured with a CCD camera system (Digital

Camera HC 2500 3CCD; FUJIFILM, Tokyo, Japan)

mounted on a microscope (ECLIPSE E600; Nikon, Tokyo,

Japan), which was controlled by imaging software (Image-

Pro Plus; MediaCybernetics, Bethesda, MD). The images

were saved in TIFF format, and cFos-immunoreactive cells

(cFos-IR cells) in three consecutive sections were manually

dotted with image software (Adobe Photoshop; Adobe

System, San Jose, CA). The counts were determined using

image analyzing software (Image J; NIH, Bethesda, MD).

The iBAT was immersed in RNA-stabilization reagent

(RNA Later; QIAGEN, Tokyo, Japan) at 4�C for 12 h and

stored at -80�C until assay. Total RNA was extracted from

the iBAT using the RNeasy Lipid Tissues Mini kit (QIA-

GEN). Briefly, the frozen tissue samples were thawed

at room temperature and homogenized in lysis reagent

(a monophasic solution of phenol and guanidine thiocyanate).

After adding chloroform, the homogenate was separated

into aqueous and organic phases by centrifugation. The

RNA-containing aqueous phase was extracted, and ethanol

was added to provide appropriate binding conditions. The

sample was then applied onto a silica membrane. After

several washes, RNA was eluted in RNase-free water

(Ultra Pure Water; Invitrogen, Tokyo, Japan). The purity

and concentration of the total RNA were determined by

spectrophotometry at an absorbance of 260 and 280 nm

(NanoDrop ND-1000 spectrophotometer; Thermo Scien-

tific, Wilmington, DE). The extracted RNA was then sub-

jected to first-stand cDNA synthesis using the PrimeScript

RT reagent kit (TAKARABIO, Otsu, Japan). The final

volume was adjusted to 50 ll with EASY Dilution

(TAKARABIO, Otsu, Japan) in accordance with the manu-

facturer’s instructions. In quantitative reverse transcription

(RT)-PCR, diluted cDNA was added to a SYBER Premix Ex

Taq reaction mixture (TAKARABIO, Otsu, Japan) containing

200 nM PCR (forward and reverse) primers. The oligonu-

cleotide sequences for the primers were:

UCP1: 50-TACCCAGCTGTGCAATGACCA (forward),

50-GCACACAAACATGATGACGTTCC (reverse);

Gapd: 50-GGCACAGTCAAGGCTGAGAATG (forward),

50-ATGGTGGTGAAGACGCCAGTA (reverse).

Amplification was performed using an ABI-Prism 7000

Sequence Detection System (Applied Biosystems, Foster

City, CA). The PCR amplification program consisted of an

initial denaturation step for 10 s at 95�C, followed by the

Shuttle PCR standard protocol and dissociation protocol.

UCP1 mRNA levels were determined using the Threshold

Cycle method in accordance with the manufacturer’s pro-

tocol. To standardize the level of UCP1 mRNA, glycer-

aldehyde-3-phosphate dehydrogenase (Gapd) mRNA, one

of the housekeeping genes, was used for the reference in

the same way as in a previous study in which the UCP1

mRNA level during cold exposure was assessed [18].

Statistical analysis

All values are shown as the mean ± standard error (SE).

Values for Tb were averaged every 5 min. Differences
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between E2 (?) and E2 (-) groups or those between the P

and D1 groups were assessed by two-way analysis of var-

iance (ANOVA; StatView; SAS, Cary, NC). A change in

Tb from the 30-min averaged value before the 5� or 25�C

exposure (baseline value) was also evaluated. A post hoc

test to identify any significant difference at a specific time

point was performed using the Tukey–Kramer method

[19]. The null hypothesis was rejected at the level of

P \ 0.05.

Results

Body core temperature

Figure 1 shows changes in the Tb during the exposure to

25� (Fig. 1A, C) and 5�C (Fig. 1B, D) in Experiments 1

and 2. In Experiment 1, the Tb during the 25�C exposure

remained unchanged in the E2 (?) and E2 (-) groups, and

there was no difference between the two groups (Fig. 1A;

mean temperature 37.4 ± 0.1 and 37.5 ± 0.2�C, respec-

tively). The Tb in the E2 (-) group was lower (P \ 0.05)

than that in the E2 (?) group following 35–120 min of

exposure to 5�C (Fig. 1B; 37.1 ± 0.1 and 36.7 ± 0.1�C at

115 min, respectively). In addition, the Tb in both groups

decreased (P \ 0.05) from the baseline value [at 40–120

and 10–120 min in the E2 (?) and E2 (-) groups,

respectively]. Tb remained stable in the P and D1 groups

during the 25�C exposure and was not different between

the two groups in Experiment 2 (Fig. 1C; mean tempera-

ture 37.2 ± 0.1 and 37.3 ± 0.1�C, respectively). However,

during the 5�C exposure, the Tb in the P group was greater

(P \ 0.05) than that in the D1 group at 80–95 min

(Fig. 1D; 37.3 ± 0.1 and 36.9 ± 0.1�C at 90 min,

respectively). During the cold exposure, Tb in the P group

was at the level of the baseline (mean 37.4 ± 0.2�C);

however, that in the D1 group was lower than the baseline

level at 90–120 min (mean P \ 0.05, 36.8 ± 0.2�C).

Plasma levels of estradiol and progesterone

Figure 2 shows the plasma levels of estradiol (Fig. 2A, C)

and progesterone (Fig. 2B, D) in Experiments 1 and 2. In

Experiment 1, the plasma estradiol level was higher in the

E2 (?) group than in the E2 (-) group (P \ 0.05; 250 ± 30

and 30 ± 3 pg/ml, respectively; Fig. 2A) without any

significant difference in the plasma progesterone level

(2.5 ± 0.1 and 2.3 ± 0.2 ng/ml, respectively; Fig. 2B).

The estradiol level was higher in the P group than in the D1

group in Experiment 2 (P \ 0.05; 100 ± 13 and

55 ± 5 pg/ml, respectively; Fig. 2C), but the progesterone

level was not different between the two groups (4.6 ± 0.1

and 4.5 ± 0.1 ng/ml, respectively; Fig. 2D). Compared

with the data in Experiment 1, the estradiol level was

greater (P \ 0.05) in the D1 group than in the E2 (-)

group, and lower (P \ 0.05) in the P group than in the E2

(?) group. The progesterone level was greater (P \ 0.05)

in the D1 group than in the E2 (-) group and also greater

(P \ 0.05) in the P group than in the E2 (?) group.

cFos-IR cells in the hypothalamic areas

Figure 3 shows the immunohistochemical images of cFos

during exposure to 5�C in Experiments 1 and 2 (Fig. 3A, B,

respectively). The images are obtained from the sites

showing a difference in cFos expression in each experi-

ment. The counts of cFos-IR cells in the hypothalamic

areas are summarized in Fig. 4. In both experiments, the

number of cFos-IR cells increased with cold exposure at

5�C in the DMH, MPO, MnPO, VMH, and PH. In

Experiment 1, the counts of cFos IR cells following

exposure to 25�C were low throughout the hypothalamic

areas in both the E2 (?) and E2 (-) groups (Fig. 4A). After

the 5�C exposure, the counts in the MPO (Fig. 3A: a, b)

and DMH (Fig. 3A: c, d) were higher in the E2 (?) group

than in the E2 (-) group; however, there were no differ-

ences in counts between the MnPO, VMH, and PH

(Fig. 4B). The counts of cFos-IR cells in the hypothalamic

areas were not different between the P and D1 groups

following exposure to 25�C in Experiment 2 (Fig. 4C).

Although the counts in the MnPO and VMH were not

different between the two groups after exposure to 5�C,

those in the MPO (Fig. 3B: a, b), DMH (Fig. 3B: c, d), and

PH (Fig. 3B: e, f) were greater in the P group than in the D1

group (P \ 0.05, Fig. 4D). We also assessed the localiza-

tion of cFos-IR cells in the two hypothalamic areas. The

cells were mainly located in the middle and caudal parts of

the MPO and all the areas in the DMH. The pattern of the

cell location in each area was not different between the E2

(?) and E2 (-) groups or the P and D1 groups.

The UCP1 mRNA level in the interscapular brown

adipose tissue

Figure 5 shows the UCP1 mRNA level in the iBAT in

Experiments 1 and 2. In Experiment 1, the UCP1 mRNA

level was not different between the E2 (?) and E2 (-)

groups after exposure to 25�C (Fig. 5A). In contrast, the

level after the 5�C exposure in the E2 (?) group was

greater (P \ 0.05) than that in the E2 (-) group; however,

there were no statistical differences in the UCP1 mRNA

level between the 5 and 25�C exposures in both groups.

The UCP1 mRNA level was not different between the P

and D1 groups at 25�C in Experiment 2, although at 5�C,

the level was greater in the P group than in the D1 group

(Fig. 5B). There was no difference in the level in the D1
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group between the 5 and 25�C exposures; however, the

level was greater (P \ 0.05) after 5�C exposure in the P

group. After 25�C exposure, the UCP1 mRNA level was

not different between the E2 (?) and P groups or the E2 (-)

and D1 groups. The level in the P group was lower than that

in the E2 (?) group following the 5�C exposure (P \ 0.05;

Fig. 5A, B).

Discussion

The aim of our study was to evaluate the effect of estrogen

on the central and peripheral responses which are known to

be involved in metabolic thermoregulation during cold

exposure. Analyses of cFos expression in the hypothalamus

and UCP1 mRNA level in the iBAT indicate that the

central and peripheral tissues or organs may show different

responses to the cold and that these may be linked with

circulating estrogen level.

Experiment 1

Tb decreased at 5�C in both ovariectomized rats with and

without E2, although the reduction in the E2 (?) group was

smaller. However, a similar reduction in Tb was not

observed at 5�C in male rats [20, 21]. Hosono et al. [8]

reported that the Tb during a 3-h cold exposure at 4�C was

higher in ovariectomized rats with E2 than in those without

E2. In addition, the Tb in ovariectomized rats with E2

became higher than the baseline level in association with

metabolic heat production. In addition to differences in sex

and/or the length of cold exposure, differences in proges-

terone level may have also affected Tb during the cold

exposure because progesterone has a pyrogenic action [1].

In our study, the progesterone level in the ovariectomized

rats was half that found in the normal rats, which may have

resulted in the decreased Tb. However, the progesterone

level was not determined in the study of Hosono et al. [8].

As previously reported, we also found that estradiol had

no influence on Tb at 25�C [7]. However, Fregly et al.

found that Tb became lower following ethinyl estradiol

treatment [6]. The experimental conditions were different

between our study and that of Fregly et al. [6] in that in the

latter the rats were restrained and Tb was monitored with a

thermocouple in the rectum. It has been reported that

restraint itself induces a decrease in Tb [22]. It is possible

that estrogen may have an effect on the restraint-induced

hypothermia, but it is not known whether estrogen affects

factors associated with thermoregulation during restraint,

such as stress and autonomic responses. Another possible

Fig. 1 Changes in body core

temperature (Tb) at 25�C (A, C),

and 5�C (B, D) in Experiments

1 and 2, respectively. Tb is

shown as the 5-min average

during a 2-h exposure at 5 or

25�C after a 2-h baseline at

25�C. Values are given as the

mean ± standard error (SE)

[A n = 25 (11 in the E2 (?)

group and 14 in the E2 (-)

group), B n = 30 (15 in the E2

(?) group and 15 in the E2 (-)

group), C n = 16 (7 in the P

group and 9 in the D1 group),

D, n = 20 (10 in the P group

and 10 in the D1 group)].

*Significant difference between

the E2 (?) and E2 (-) groups or

between the P and D1 groups at

P \ 0.05. #Significant

difference from the baseline

value, P \ 0.05. E2 17b-

estradiol, P proestrus, D1 first

day of diestrus
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Fig. 2 Plasma levels of

estradiol (A, C) and

progesterone (B, D) in

Experiments 1 and 2,

respectively. Values are given

as the mean ± SE [A n = 17 (9

in the E2 (?) group and 8 in the

E2 (-) group), B n = 13 (6 in

the E2 (?) group and 7 in the E2

(-) group), C n = 36 (17 in the

P group and 19 in the D1 group),

D n = 36 (17 in the P group and

19 in the D1 group)].

*Significant difference between

the E2 (?) and E2 (-) groups, or

the P and D1 groups, P \ 0.05.
#Significant difference between

the E2 (?) and P groups or

between the E2 (-) and D1

groups for circulating levels of

estradiol or progesterone,

P \ 0.05

Fig. 3 Photo images of brain

sections. Coronal sections,

including the MPO (A a, b) and

DMH (A c, d) in Experiment 1,

and the MPO (B a, b), DMH

(B c, d), and PH (B e, f) in

Experiment 2. The rats were

exposed to 5�C for 2 h. Cells

stained in dark denote cFos-

immunoreactive cells. MPO
Medial preoptic nucleus, DMH
dorsomedial hypothalamic

nucleus, PH posterior

hypothalamus. The drawings are

modified from the stereotaxic

atlas [40]
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Fig. 4 Counts of c-Fos-

immunoreactive cells in the

hypothalamic areas. Counts of

cFos-IR cells in the

hypothalamic areas after 25�C

exposure in Experiment 1 (A),

5�C exposure in Experiment 1

(B), 25�C exposure in

Experiment 2 (C),and 5�C

exposure in Experiment 2 (D).

Values are given as the

mean ± SE [A n = 7 (4 in the

E2 (?) group and 3 in the E2 (-)

group), B n = 25 (15 in the E2

(?) group and 10 in the E2 (-)

group), C n = 16 (7 in the P

group and 9 in the D1 group),

D n = 20 (10 in the P group

and 10 in the D1 group)].

*Significant difference between

the E2 (?) and E2 (-) groups or

the P and D1 groups, P \ 0.05.

MnPO Median preoptic nucleus,

VMH ventromedial

hypothalamus, Ta ambient

temperature

Fig. 5 Uncoupling protein 1 (UCP1) mRNA level with respect to the

glyceraldehyde-3-phosphate dehydrogenase (Gapd) level in the

interscapular brown adipose tissues in Experiments 1 and 2 (A, B,

respectively). Values are given as the mean ± SE [A n = 34 (10 in

the E2 (?) group and 9 in the E2 (-) group after 5�C exposure, and 7

in the E2 (?) group and 8 in the E2 (-) group after 25�C exposure; B
n = 34 (9 in the P group and 10 in the D1 group after 5�C exposure,

and 7 in the P group and 8 in the D1 group after 25�C exposure].

*Significant difference between the E2 (?) and E2 (-) groups or

between the P and D1 groups, P \ 0.05. #Significant difference

between the P and E2 (?) groups after the 5�C exposure, P \ 0.05.
§Significant difference between the 5 and 25�C exposure in the P

group, P \ 0.05
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reason for the difference may be that estrogen facilitates

behavioral responses for thermoregulation in ovariecto-

mized rats, resulting in the unchanged level of Tb in the

free-moving animals at 25�C.

We assessed the central responses to the cold by

counting cFos-IR cells in the hypothalamic areas, an

approach widely reported in the literature. The PO area is

the site which sends many efferent neurons for thermo-

regulation [23] and also receives afferent neurons for

thermoregulation [24]. The PH is involved in shivering

thermogenesis [25], and the cold signal from the skin

reaches the MnPO [24]. The VMH and DMH involve

iBAT thermogenesis [23, 26]. The DMH has been reported

to be involved in both shivering and non-shivering ther-

mogenesis [25], and it receives neurons from the MPO

[26]. In our study, exposure to cold increased the number

of cFos-IR cells in all these areas.

Previous studies have also found that cFos-IR cells

increase in number in the MPO [27] and PO [28] during a

cold exposure. However, most thermosensitive neurons in

the PO are warm-sensitive [29], and activation results in

the inhibition of thermogenesis [30]. There is a specific

region in the MPO that sends inhibitory signals to the

DMH, and it is this region that is involved in the iBAT

thermogenesis [26]. This region in the MPO is located

more rostral to where we found a high number of cFos-IR

cells following cold exposure (Fig. 3), and we also found

fewer cFos-IR cells in this specific region. The physio-

logical meaning of MPO neural activation remains unclear;

however, we speculate that the activation may reflect cold

signals from the skin, which results in the suppression of

the warm-sensitive neurons in the MPO. An earlier study

also suggested that the subregion in the DMH (i.e., the

dorsolateral and ventromedial parts) separately innervates

the nucleus raphé pallidus and spinal cord [31]. However,

we did find any different location of cFos-IR cells between

the estrogen levels.

UCP1 in the iBAT specifically converts energy to heat

in the mitochondria [13]. It has been reported that UCP1

knockout mice show a lower cold tolerance [32]. Two

earlier studies showed that the UCP1 mRNA level in the

iBAT increases after a 4- or 24-h cold exposure [33, 34].

However, in our study, the UCP1 mRNA level did not

change after a 2-h cold exposure in both the E2 (?) and E2

(-) groups, which may have been related to the reduction

of Tb. In addition, a significant difference was not observed

between the E2 (?) and E2 (-) groups at 25�C. Thus, we

conclude that in our experimental model, E2 has little effect

on thermogenic response of the iBAT to the cold. E2 has

been reported to increase the level of the a2c adrenoceptor,

which partly mediates the cold-induced vasoconstriction of

the tail artery [35]. It is possible that E2 is involved in the

heat loss suppression in the cold, thereby affecting Tb.

Estrogen administration increased the number of cFos-

IR cells in the MPO and DMH after the cold exposure to a

level that was more than 30% higher than the control level.

This increase in cFos-IR cells was not linked with the

UCP1 mRNA level in the iBAT. Both the a- and b-estro-

gen receptors are abundant in the PO area [36], and an

electrophysiological study [12] revealed that some neurons

in the PO area are both thermo- and estrogen-sensitive. In

comparison, the DMH has only a few estrogen receptors

[36]. Thus, we speculate that systemic 17b-estradiol aug-

ments cold-sensitivity at the PO area, and modulates cold

responses in the DMH. Moreover, because the cold sensi-

tivity in the MPO was weakened in the ovariectomized

rats, they were unable to activate their thermoregulatory

response to the cold, thereby decreasing Tb.

Experiment 2

In Experiment 2, we examined whether the estrus cycle

(i.e., fluctuation of sex hormones) affects body temperature

and assessed central and peripheral responses to cold

exposure. We especially looked at the involvement of

estrogen. To this end, we selected two parameters: estrus

phase and time of day. During the 4- or 5-day estrus cycle

of rats, plasma estradiol level is the highest in the P phase

and the lowest in the D1 phase [17]. In addition, to mini-

mize the effect of plasma progesterone, the 2-h cold

exposure was conducted at 0900–1100 hours, during which

time window the plasma progesterone remains lower and

there is no difference between the P and D1 phases [17].

There was no difference in Tb between the phases at

25�C. Marrone et al. [37] reported that the difference in Tb

during the estrus cycle became apparent 10 h after light-

onset. However, as these researchers did not estimate the

plasma progesterone level, Tb may have been influenced by

the pyrogenic action of progesterone [1].

In the cold, Tb was maintained and UCP1 mRNA level

became greater in the P phase; these results differ from

those of Experiment 1. Therefore, we speculate that

estrogen also plays a key role in the cold response,

although via a different metabolic mechanism. Endogenous

estrogen with progesterone may be important in main-

taining Tb with an increase in the iBAT activity in the cold.

A previous study showed that progesterone did not affect

thermosensitive neurons in the PO in ovariectomized rats

and that 38% of the thermosensitive neurons in the PO in

ovariectomized rats were excited when estradiol was also

added to the model system [38].

In Experiment 2, counts of cFos-IR cells at 25�C seemed

to be higher than those in Experiment 1. This result may

reflect the difference in progesterone level between the two

experimental systems. However, we did not assess the

statistical difference because the immunohistochemistry

158 J Physiol Sci (2010) 60:151–160
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was separately conducted with different lots of antibodies.

Counts of cFos after the cold exposure became greater in

the P phase; different from Experiment 1, the counts were

also greater in the PH. It has been reported that a chemical

stimulation of the PH induced an increase in the iBAT

thermogenesis [39]. Thus, the maintenance of Tb in the

cold in the P phase is possibly associated with the response

in the PH, although the UCP1 mRNA level was lower than

that in the ovariectomized rats with E2.

The results of our study show that plasma estrogen

affects cFos expression in the hypothalamus during cold

exposure when a pharmacological level of estrogen was

systemically given to ovariectomized rats. Endogenous

estrogen may also affect the responses to the cold in normal

female rats in a different manner from that of systemic-

administrated estrogen reaching the pharmacological level.

Estrogen seems to affect thermoregulation via both the

hypothalamus and iBAT; however, the mechanism remains

unclear and needs to be clarified.
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