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Abstract 
Uncoupling protein 1 (UCP1) expressed by the brown adipose tissue (BAT) 
in the mitochondrial crista acts as a homeostatic thermogenerator of euthe-
rians. The evaluation of UCP1 expression in the BAT offers significant scien-
tific insight, especially in studies targeting limited areas such as the periarteri-
al and pericardial regions of small experimental mammals. However, the neg-
ligible amount of this adipose tissue would render the general quantitative 
evaluation of the protein unreliable because of lipid contamination and low 
protein concentration. To address this problem, we quantitatively evaluated 
UCP1 expression in the mitochondrion of the mouse interscapular BAT us-
ing immunoelectron microscopy and immunohistochemical studies using a 
combination of primary and secondary antibodies in scheme A (rabbit an-
ti-UCP1 IgG/gold particle-conjugated goat anti-rabbit IgG), B (rabbit 
IgG/gold particle-conjugated goat anti-rabbit IgG), C (rabbit anti-UCP1 
IgG/gold particle-unconjugated goat anti-rabbit IgG), and D (rabbit IgG/gold 
particle-unconjugated goat anti-rabbit IgG). Scheme A shows the immuno-
positive reaction of obvious gold particles in the mitochondrial area, whereas 
other procedures revealed less distinctive reactions. The distinctive gold par-
ticle immunoreaction comprised electrical high-density spots with a mean 
diameter of >5 nm. However, in scheme B, the electrical high-density spots 
were scattered outside the mitochondrion and were significantly smaller than 
4 nm; schemes C and D demonstrated few immunoreactions. Logistic regres-
sion analysis between schemes A and B showed that the threshold diameter of 
the electrical high-density spots measuring >5 nm indicated a true positive 
immunoreaction to anti-UCP1 antibody specifically in the mitochondrial 
area. Minor statistical difference was observed in the primary anti-UCP1 an-
tibody between polyclonal IgG and monoclonal antibodies. Therefore, im-
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munoelectron microscopy might be useful for evaluating negligible protein 
expression in some limited areas, such as UCP1 expression in the BAT of 
small experimental animals. 
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1. Introduction 

Uncoupling protein 1 (UCP1) is a thermogenic biomolecule expressed in the 
mitochondrial crista of adipocytes in the brown adipose tissue (BAT) of mam-
mals [1] [2] [3] [4]. The biological functions of UCP1 include thermogenesis and 
antioxidative reactions that enable the conversion of free electrons for heat gen-
eration. Therefore, evaluation of the expression of UCP1 in the BAT may give an 
insight into energy homeostasis involving glucose and lipid metabolism, as well 
as oxidative reactions [5]. The involvement of periarterial and pericardial BAT 
in metabolic and arteriosclerotic disorders emphasizes the need to evaluate 
UCP1 function around the arteries and heart [6] [7] [8] [9]. Nevertheless, some 
difficulties exist in the quantitative evaluation of UCP1 expression in lipid-rich 
organs such as BAT around relatively restricted areas, such as the periarterial 
and pericardial regions of small experimental animals such as mice [10] [11]. A 
successful approach to this problem was shown by Cinti et al. using an immu-
noelectron microscope [12], and developed by other researchers using gold par-
ticles conjugated to secondary antibodies [13] [14] [15] [16] [17]; however, the 
numerical characteristics of the immunopositive reactions remain obscure.  

In this study, we quantitatively evaluated the expression of UCP1 in the in-
terscapular BAT of mice by immunohistochemical staining using a gold par-
ticle-conjugated secondary antibody and electron microscopy. In addition, we 
statistically compared the diameters and densities of high-intensity electron sig-
nals of gold particles in the mitochondrial area under staining conditions with or 
without primary or secondary antibodies. 

2. Material and Methods 
2.1. Animals 

Eight male C57Bl/6 mice aged approximately 10 weeks with an initial weight of 
approximately 22 - 24 g were used in this study. Four mice were housed per cage 
in a soundproof room under a 12 h/12 h light/dark cycle (lights on at 07:00 h) 
and fed a standard laboratory diet and tap water ad libitum. All procedures were 
conducted according to the Oita University Guide for the Care and Use of La-
boratory Animals, based on the National Institutes of Health guidelines, and ap-
proved by the Animal Care Committee of Oita University (No. 200101). 
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2.2. Chemicals 

Rabbit polyclonal antibodies against UCP1 (ab10983, Abcam Inc., Cambridge, 
UK) and rabbit monoclonal antibody against UCP1 (EPR20381, Abcam Inc., 
Cambridge, UK) were used as primary antibodies for immunohistochemical 
staining. Rabbit polyclonal IgG (ab37415, Abcam Inc., Cambridge, UK) and 
rabbit monoclonal IgG (EPR25A, Abcam Inc., Cambridge, UK) were used as 
primary IgG isotype controls to identify false positives in the electron micro-
scopic immunohistochemical staining method. These primary antibodies were 
labeled by a gold-conjugated (5.4 nm mean diameter) goat anti-rabbit IgG anti-
body (GAR-70802/1, Aurion, Wageningen, NLD) as the secondary antibody in 
the immunoelectron microscopic analysis. Goat anti-rabbit IgG (G0388, TCI, 
Tokyo, JP) was used as an isotype control for the secondary antibody. 

2.3. Apparatus and Software 

Transmission electron microscopy and immunoelectron microscopy were per-
formed using a model H-7650 microscope (Hitachi, Tokyo, Japan). ImageJ (U.S. 
National Institutes of Health, Bethesda, Maryland, USA, https://imagej.nih.gov/ij/, 
1997-2017) was used for image analysis, and SAS (JMP Pro 14, SAS Institute, 
Cary, NC, US) was used for statistical analyses.  

2.4. Experimental Procedures 
2.4.1. Sample Collection 
All animals were anesthetized at 10:00 h with pentobarbital sodium (150 mg/kg 
intraperitoneal [i.p.]) and perfused through the left ventricle with ice-cold saline 
followed by either 4% paraformaldehyde in 0.05 M cacodylate buffer (pH 7.4) 
for light microscopy, fluorescence microscopy, and immunoelectron microscopy 
or 50% Karnovsky’s fixative solution [18] for transmission electron microscopy. 
The hearts and aortae were excised and fixed overnight.  

2.4.2. Four Schemes of Immunoelectron Histochemical Staining Regimes 
To confirm the accurate immunoelectron reaction with UCP1 in the BAT, we 
tested four schemes of immunoelectron histochemical staining. Scheme (A) 
served as a regular protocol using the primary antibody to UCP1 and the 
gold-conjugated secondary antibody. The second scheme (B) served as a proto-
col missing the specific primary antibody, combined with a nonspecific immu-
noglobulin as a primary antibody and a gold-conjugated secondary antibody. 
The third scheme (C) served as a protocol missing highlight by the gold stan-
dard, combining the primary antibody to UCP1 and a nonspecific immunoglo-
bulin as a secondary antibody. The fourth scheme (D) served as a control proto-
col, combining a nonspecific immunoglobulin as the primary antibody and a 
nonspecific immunoglobulin as the secondary antibody. During the treatment 
with the primary antibody, rabbit polyclonal anti-UCP1 immunoglobulin (IgG) 
or rabbit monoclonal anti-UCP1 IgG was used. Gold-conjugated goat anti-rabbit 
IgG was used as the secondary antibody. For nonspecific rabbit IgG and goat 
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IgG, rabbit polyclonal IgG, rabbit monoclonal IgG, and goat IgG were used.  

2.4.3. Immunoelectron Microscopy 
The collected samples were cut into very fine pieces, fixed in 4% paraformalde-
hyde in 0.05 M cacodylate buffer (pH 7.4) for 2 h at 4˚C, and rinsed with 0.1 M 
cacodylate buffer (pH 7.4). The specimens were dehydrated in an ascending etha-
nol wash series and embedded in LR White resin (London Resin Co. Ltd., London, 
UK). Ultrathin sections were cut using an ultramicrotome and mounted onto 
copper grids. The samples were rinsed thrice with phosphate-buffered saline 
(PBS) for 3 min, incubated in 1% bovine serum albumin (BSA) in PBS 
(BSA-PBS; 0.01 M phosphate buffer + 0.15 M sodium chloride [NaCl], pH 7.2) 
for 30 min at room temperature, and then incubated with rabbit polyclonal (or 
monoclonal) IgG anti-UCP1 primary antibody (1/10,000) overnight at 4˚C. This 
was followed by rinsing in BSA-PBS for 30 min at room temperature and incu-
bation with gold-conjugated goat anti-rabbit IgG antibody (1/40) for 1 h at room 
temperature. Samples were then rinsed thrice with PB (0.01 M, pH 7.4) for 30 
min at room temperature, followed by rinsing with distilled water for 10 s. Next, 
the samples were subjected to the physical development treatment as men-
tioned above. Briefly, the samples were incubated in a mixture of solutions A 
and B for 28 min at 23˚C and then rinsed four times in distilled water for 5 min. 
Finally, the samples were dried and stained with distilled water containing 1% 
methanolic uranyl acetate and 0.08% lead citrate, in the same manner as for 
transmission electron microscopy (TEM) [19]. The same protocol was also ap-
plied in schemes (C and D) using nonspecific IgG as primary or secondary an-
tibodies.  

2.5. Digital Image Analysis of the Outcome of Immunoelectron  
Microscopy 

The samples used for immunoelectron microscopic analysis were divided into 
the following four groups: For schemes A and B, polyclonal rabbit IgG as the 
“primary” anti-UCP1 antibody and gold-conjugated polyclonal goat IgG as the 
“secondary” anti-rabbit antibody (polyclonal UCP1+/G+), polyclonal IgG for 
the anti-UCP1 antibody(−) with gold-conjugated polyclonal goat IgG for the an-
ti-rabbit antibody (polyclonal UCP1−/G+). For schemes A and B, monoclonal 
rabbit IgG for the anti-UCP1 antibody(+) with gold-conjugated polyclonal goat 
IgG for the anti-rabbit antibody (monoclonal UCP1+/G+), and monoclonal IgG 
for the anti-UCP1 antibody(−) with gold-conjugated polyclonal goat IgG for the 
anti-rabbit antibody (monoclonal UCP1−/G+). Negative controls for immunoe-
lectron microscopic analysis were prepared for four additional groups. Schemes 
C and D in polyclonal IgG treatment, polyclonal rabbit IgG for the anti-UCP1 
antibody with polyclonal goat IgG for the anti-rabbit antibody (polyclonal 
UCP1+/G−), polyclonal rabbit IgG with polyclonal goat IgG for the anti-rabbit 
antibody (polyclonal UCP1−/G−). Schemes C and D in monoclonal IgG treat-
ment, monoclonal rabbit IgG for the anti-UCP1 antibody with monoclonal goat 

https://doi.org/10.4236/cc.2022.103006�


X. M. Dong et al. 
 

 

DOI: 10.4236/cc.2022.103006 125 Computational Chemistry 
 

IgG for the anti-rabbit antibody (polyclonal UCP1+/G−), monoclonal rabbit IgG 
with the monoclonal goat IgG for the anti-rabbit antibody (polyclonal 
UCP1−/G−). All the samples mounted on copper grids were observed using 
electron microscopy. Immunoelectron microscopic reactivity was recorded us-
ing 30 images with a magnitude of 1/100,000 for each sample. Each image was 
evaluated for the following three values: 1) mitochondrial area, 2) diameter of 
the intensive immunoreactive dots, and 3) count of the intensive immunoreac-
tive dots in the mitochondrial area. The diameter of each intensive immunoreac-
tive dot provided information analogous to a 6 nm diameter gold corpuscle in 
the secondary antibody. The mitochondrial area and count of the intensive im-
munoreactive dots around or above 6 nm in diameter identified the density of 
immunoreactivity to UCP1 in the mitochondrial area of the BAT. 

2.6. The Reliability of Immunoreactivity of Primary Anti-UCP1  
Antibodies with Gold-Conjugated Secondary Antibody  
in Mitochondrial Areas 

To estimate the sensitivity and specificity of immunoelectron staining using 
primary anti-UCP1 polyclonal or monoclonal IgG antibodies, the numerical da-
ta of the diameters of the immunoreactive dots were obtained by a logistic re-
gression analysis. This analysis estimated the reliability between the independent 
variable of the presence or absence of the UCP1 antibody and the dependent va-
riable of the diameter of the immunoreactive dots in the mitochondrial areas. 

2.7. Statistical Analysis 

The results were expressed as mean values with associated standard errors. 
Normality was confirmed using the Shapiro-Wilk test, and continuous variables 
were compared using analysis of variance (ANOVA). The contribution of inde-
pendent variables to the properties of dependent variables and the evaluation of 
suitability between several models were confirmed by a multivariate multinomial 
logistic regression analysis. The area under the curve (AUC), sensitivity, speci-
ficity, and cutoff values were also calculated using integrated logistic models. 
Statistical significance was set at P < 0.05. All statistical analyses were conducted 
using the SAS software (JMP Pro 14, SAS Institute, Cary, NC, US). 

3. Results 
3.1. Morphology of the BAT 

In comparison with the white adipose tissue (WAT), the BAT exhibited a multi-
locular appearance upon staining with hematoxylin and eosin (Supplementary 
Figure S1). Ultrastructure evaluation revealed the abundance of mitochondria 
with well-developed cristae in the cytoplasm as one of the distinctive features of 
BAC (Supplementary Figure S2). Immunohistochemical staining of UCP1 using 
a polyclonal IgG antibody against UCP1 (polyclonal UCP1 antibody) revealed 
positive reactions with visible brown staining in the cytoplasm of the BAT (Sup-
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plementary Figure S3). Similarly, immunohistochemical staining with polyclon-
al UCP1 antibody exhibited prominent positive reactions in black (Supplemen-
tary Figure S4) or red fluorescence (Supplementary Figure S5). The precise site 
of UCP1 expression in the cytoplasm was observed by immunoelectron staining 
using TEM. Positive immunoreaction of polyclonal UCP1 antibody conjugated 
with gold particles with a mean diameter of 5.4 nm was identified on the inner 
membrane of the mitochondrial crista of the BAC as compared to that in the 
WAT and negative controls (Supplementary Figure S6).  

3.2. Immunoelectron Staining of BAT 

All numerical values were normally distributed according to the Shapiro–Wilk 
test. We detected two patterns in the immunoelectron reaction, represented by 
clusters of gold particles. The first pattern was the density of clustered gold par-
ticles appearing as immunoelectron-positive reactions in the mitochondrial area. 
Polyclonal and monoclonal UCP1+/G+ (scheme A) exhibited similar immunoe-
lectron-positive reactions in the inner membrane of the mitochondrial crista of 
BAC compared to the negative controls (Figure 1 and Figure 2). The outcomes 
of the immunoelectrical staining in UCP1+/G− (scheme C) and UCP1−/G− 
(scheme D) showed no signals of immunoreaction, in which there was no dif-
ference between UCP1+/G− or UCP1−/G− and plane electron microscope im-
age, then the images of UCP1+/G− and UCP1−/G− were not demonstrated. 
Quantitative analyses revealed a significant increase in the density of immunoe-
lectron-positive reactions to polyclonal UCP1+/G+ (scheme A), as well as to 
monoclonal UCP1+/G+ (scheme A), compared with UCP1−/G+ (scheme B) 
(Figure 3). No significant differences were found between polyclonal and mo-
noclonal UCP1+/G+ (Figure 3). Computerized measurement of the diameter of 
the clustered gold particles indicated a significant increase in the diameter of 
polyclonal and monoclonal UCP1+/G+ compared to UCP1−/G+ (Figure 4). 
Remarkably, no significant differences were found between polyclonal and mo-
noclonal UCP1+/G+ (Figure 4). The cutoff values in the logistic regression 
analysis of the diameter of the clustered gold particles were 5.647 nm (sensitivity, 
96.480%; specificity, 96.48%; AUC = 0.997, P < 0.001) when using the polyclonal 
UCP1 antibody and 5.140 nm (sensitivity 98.810%, specificity 97.34%, and AUC 
= 0.999, P < 0.001) when using the monoclonal UCP1 antibody (Figure 5). 

Overall, the positive reaction of clustered gold particles was more impressive 
when the monoclonal UCP1 antibody was used, whereas little quantitative signi-
ficance was found in the density and diameter between the polyclonal and mo-
noclonal UCP1 antibodies.  

4. Discussion and Conclusions 

The BAT exhibited a multilocular appearance with small fat droplets and abundant 
mitochondria along with UCP 1 expression in the cytoplasm (Supplementary 
Figures S1-S6). The expression site of UCP1 was confirmed in the inner  
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Figure 1. Visualized patterns of gold particles following polyclonal rabbit IgG treatment 
of the brown adipose tissue (BAT). Region of interest was focused on the mitochondrial 
area. (a) UCP1+/G+, scheme A in polyclonal IgG with polyclonal rabbit anti-UCP1 IgG 
and gold particle-conjugated goat anti-rabbit IgG. Solid aggregation of gold particles was 
observed in the mitochondrial area. Open square was the domain of the magnification 
exhibited in c (c). Solid bar represents 200 nm, ×50,000 magnification. (b) UCP1−/G+, 
scheme B in polyclonal IgG with polyclonal rabbit IgG and gold particle-conjugated goat 
anti-rabbit IgG. Faint spots of gold particles were observed in the mitochondrial area. 
Open square was the domain of the magnification exhibited in below. Solid bar represents 
200 nm, ×50,000 magnification. (c) Magnified image of the square in a. The aggregation 
of massive signals of gold particles was confirmed. Solid bar represents 40 nm, ×200,000 
magnification. (d) Magnified image of the square in b. The weak signals of gold particles 
were observed. Solid bar represents 40 nm, ×200,000 magnification. 
 
membrane of the mitochondrial crista by immunohistochemical staining and 
electron microscopy (Figure 1 and Figure 2 and Supplementary Figure S6(b)). 
Immunoelectron images of UCP1 revealed the immunoreactive clusters of gold 
particles immunochemically conjugated to the UCP1 antibody. Next, gold par-
ticles were significantly identified using the diameter indicated by the manu-
facturer in the univariate logistic regression analysis (Figure 5). A quantitative 
comparison of the patterns of the immunoreactive clusters between the polyc-
lonal IgG anti-UCP1 antibody and monoclonal antibody revealed only a few dif-
ferences in the diameter and density of the particles within the immunoreactive  
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Figure 2. Visualized patterns of gold particles following the monoclonal rabbit IgG 
treatment of the brown adipose tissue (BAT). Region of interest was focused on the mi-
tochondrial area. (a) UCP1+/G+, scheme A in monoclonal IgG with monoclonal rabbit 
anti-UCP1 IgG and gold particle-conjugated goat anti-rabbit IgG. Solid aggregation of 
gold particles was observed in the mitochondrial area. Open square was the domain of the 
magnification exhibited in c. Solid bar represents 200 nm, ×50,000 magnification. (b) 
UCP1-/G+, scheme B in monoclonal IgG with polyclonal rabbit IgG and gold par-
ticle-conjugated goat anti-rabbit IgG. Faint spots of gold particles were observed in the 
mitochondrial area. Open square was the domain of the magnification exhibited in below. 
Solid bar represents 200 nm, ×50,000 magnification. (c) Magnified image of the square in 
a. The aggregation of massive signals of gold particles was confirmed. Solid bar represents 
40 nm, ×200,000 magnification. (d) Magnified image of the square in b. The weak signals 
of gold particles were observed. Solid bar represents 40 nm, ×200,000 magnification. 
 
clusters (Figure 3 and Figure 4). Statistical evidence underlying the immuno-
reactive clusters was evaluated by calculating the diameter and density of the 
immunoreactive particles on the mitochondrial inner crista (Figure 3 and Fig-
ure 4). Polyclonal and monoclonal IgG anti-UCP1 antibodies appeared to func-
tion similarly as carriers of immunoreactive clusters. The monoclonal IgG an-
ti-UCP1 antibody exhibited clearer immunoreactive clusters, although they were 
not significantly different from those exhibited by the polyclonal antibody. 

The immunoelectron microscopy method was previously established [12]. 
The immunoreactive clusters of gold particles conjugated to the polyclonal IgG  
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Figure 3. Differences in the densities of the immunoreactive dots of gold particles in the 
area of mitochondrial inner membranes between groups treated with polyclonal or mo-
noclonal antibody either with or without UCP1 antibody in the brown adipocytes. The 
vertical and horizontal axes represent the density of immunoreactive dots (counts/µm2) 
and the name of the treatment group, respectively. UCP1+/G+, is the group subjected to 
anti-UCP1 antibody treatment (scheme A). UCP1−/G+, the group without anti-UCP1 
antibody treatment (scheme B). G+, the group treated with gold-conjugated goat an-
ti-rabbit IgG antibody. Polyclonal IgG, the group subjected to rabbit polyclonal IgG anti-
body treatment. Monoclonal IgG, the group subjected to rabbit monoclonal IgG antibody 
treatment. The density of the group subjected to polyclonal and monoclonal anti-UCP1 
antibody combined with gold-conjugated antibody (UCP1+/G+) treatment increased sig-
nificantly and similarly as compared to that of the group without anti-UCP1 antibody 
(UCP1−/G+) treatment. Few differences were observed in the density between the polyc-
lonal and monoclonal UCP1+/G+ treatment groups. *P < 0.05. 
 

 
Figure 4. Differences in the diameters of the immunoreactive dots of gold particles in the 
area of mitochondrial inner membranes between groups treated with polyclonal or mo-
noclonal antibody with or without UCP1 antibody in brown adipocytes. The vertical and 
horizontal axes represent the diameter of immunoreactive dots (nm) and the name of 
treatment group, respectively. UCP1+/G+, is the group with anti-UCP1 antibody treat-
ment (scheme A). UCP1−/G+, the group without anti-UCP1 antibody treatment (scheme 
B). G+, the group subjected to gold-conjugated goat anti-rabbit IgG antibody treatment. 
Polyclonal IgG, the group treated with rabbit polyclonal IgG antibody. Monoclonal IgG, 
the group treated with rabbit monoclonal IgG antibody. Next, the diameters of the group 
subjected to polyclonal and monoclonal anti-UCP1 antibody combined with gold- 
conjugated antibody (UCP1+/G+) treatment increased significantly and similarly as 
compared to that of the group without the anti-UCP1 antibody (UCP1−/G+) treatment. 
Few differences were observed between the polyclonal and monoclonal UCP1+/G+ 
treatment groups. The line graphs represent the mean and standard deviation. *P < 0.05. 
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Figure 5. Receiver-operating characteristic curve of the immunoreactive dots of gold par-
ticles in the mitochondrial areas of UCP1+/G+ group (scheme A) as compared with that 
in the UCP1−/G+ group (scheme B). (a) Rabbit polyclonal IgG anti-UCP1 antibody 
treatment. (b) Rabbit monoclonal IgG anti-UCP1 antibody treatment. The vertical and 
horizontal axes represent the sensitivity (%) and specificity (%) of the UCP1+/G+ treat-
ment group as compared with those of the UCP1−/G+ treatment group. UCP1+/G+, the 
group combined with anti-UCP1 antibody and gold-conjugated goat anti-rabbit IgG an-
tibody treatment (scheme A). UCP1−/G+, the group subjected to rabbit IgG and 
gold-conjugated goat anti-rabbit IgG antibody treatment (scheme B). AUC: area under 
the curve. High value represents high discrimination capability. Closed circles represent 
the significant threshold of the diameter. P < 0.001 vs UCP1−/G+ group in the univariate 
binominal logistic regression analysis. The significant true positive values of the diameter 
of the immunoreactive dots of gold particles were 5.647 nm for the polyclonal UCP1 an-
tibody and 5.140 nm for the monoclonal UCP1 antibody. 
 
anti-UCP1 antibody observed in the mitochondria clearly indicated the site of 
UCP1 expression in the mitochondria of rats where the protein expression was 
upregulated upon exposure to cold. Previous studies have quantitatively ana-
lyzed immunoreactive clusters of gold particles using immunoelectron micro-
scopy [13] [14] [15] [16] [17]. The accuracy of the diagnostic evaluation using 
the diameters of immunoreactive gold particles in the logistic regression analysis 
revealed the significant effective scores for sensitivity and specificity as com-
pared with those of UCP1 antibody and the negative control. The obtained di-
ameter of the immunopositive particles appeared to reflect the manufacturer’s 
data sheet for the diameter of the gold particles. Therefore, we established that 
verification of the diameters of immunoreactive gold particles could indicate the 
reliability of the method. Although a few reports have compared the immuno-
histochemical responses of UCP1 antibody in the BAT between monoclonal and 
polyclonal IgGs using electron microscopy, our study demonstrated the statistic-
al efficacy of the anti-UCP1 antibody of both polyclonal and monoclonal IgGs 
using the diameters and densities of the immunoreactive gold particles in the 
immunoelectron staining of the mouse BAT. 

Although our study has a limitation owing to the lack of a stimulus reaction 
test such as cold exposure or catecholamine beta-3 receptor agonist treatment 
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where UCP1 might be induced on the inner membrane of the mitochondrial 
crista of the BAT [1] [2] [3] [20] [21], we demonstrated a significant threshold 
such as the mean diameter of the gold particle product between immunopositive 
reactions and nonspecific staining in immunoelectron microscopy. In the future, 
we intend to clarify the induction of UCP1 expression in the inner membrane of 
the mitochondrial crista of the BAT in mammals in response to changes in phy-
siological or pathophysiological conditions using immunohistochemical staining 
and electron microscopy. 
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Supplementary Data 
Material and Methods  
Chemicals 
For secondary antibodies in the light microscopic analysis, a peroxidase affinipure 
goat anti-rabbit IgG (111-035-144, Jackson ImmunoResearch Laboratories, West 
Grove, PA, USA) in combination with an EnVision System (anti-rabbit IgG-HRP 
conjugated, Dako Inc., Copenhagen, Denmark) and a Texas Red-affinipure goat 
anti-rabbit IgG (111-075-045, Jackson ImmunoResearch Laboratories, West 
Grove, PA, USA) in combination with  
4’,6-diamidino-2-phenylindole dihydrochloride solution (DAPI) (28718-90-3, 
Dojindo Laboratories, Kumamoto, Japan) were used for immunohistochemical 
and immunofluorescence staining in the light microscopic observations, respec-
tively. For the development of the physical method (physical development), 
AgNO3 (Wako Pure Chemical Industries, Ltd., Osaka, Japan), crown eth-
er/dibenzo-18-crown-6 ether (Sigma-Aldrich, St. Louis, MO, USA), and hydro-
quinone (Wako PureChemical Industries, Ltd., Osaka, Japan) were used. Next, a 
solution of distilled water 0.1% Kernechtrot (Chroma-Gesellschaft Schmid 
GmbH & Co, Nordrhein-Westfalen, Germany) and 5% aluminum sulfate (Wako 
PureChemical Industries, Ltd., Osaka, Japan) were used for nuclear staining in 
the physical development. Then, hematoxylin (Hx61057849, Merck KGaA, 
Darmstadt, DE) and eosin (E6003, Sigma-Aldrich, St. Louis, MO, USA) were 
used for general staining, and 150 mg/kg pentobarbital (Somnopentyl, Kyoritsu 
Seiyaku Corp., Tokyo, Japan) was applied for deep anesthesia before sample col-
lection.  

Apparatus and Software 

Fluorescence microscopy (blue in 461 nm, red in 610 nm) examinations were 
conducted using Eclipse 50i (Nikon Co., Ltd., Tokyo, Japan) and BX60 (Olym-
pus Co., Ltd., Tokyo, Japan), respectively.  

Immunohistochemical Staining 

Samples that were fixed overnight were dehydrated with ethyl alcohol before 
embedding in paraffin. Next, coronal serial sections were cut with a thickness of 
10 µm and fixed onto MAS-coated glass slides (Matsunami Glass Ind. Ltd., Osa-
ka, Japan). Sections were deparaffinized in xylene, immersed in methanol with 
H2O2 for 30 min at 4˚C, and then hydratedin a series of descending ethanol con-
centrations before rinsing in running tap water for 5 min. Subsequently, the sec-
tions were incubated in 1% BSA in PBS (BSA–PBS; 0.01 M phosphate buffer + 
0.15M NaCl, pH 7.2) for 30 min at room temperature (RT) and then incubated 
with rabbit polyclonal IgG anti-UCP1 primary antibody (1/1000) overnight at 
4˚C. Serial sections were rinsed in BSA-PBS for 30 min at RT and incubated in a 
peroxidase affinipure goat anti-rabbit IgG secondary antibody (1/2000) for 1 h at 
RT before subjecting them to the EnVision System (for 2 h) and DAB visualiza-
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tion (for 10 min) at RT to detect UCP1 immunoreactivity (UCPi). Then, all sec-
tions were counterstained with hematoxylin. The specificity of UCP1 antibody 
was confirmed by performing the same procedure with rabbit polyclonal IgG 
(1/2000) instead of the primary rabbit polyclonal antibody to UCP1. 

Physical Development in Immunogold Silver Staining 

The physicalPhysical development is a method for intensifying the immunohis-
tochemical reaction product [1]. The prepared coronal serial sections incubated 
with the rabbit polyclonal IgG anti-UCP1 primary antibody (1/1000) and rinsed 
in BSA-PBS similar to immunohistochemical staining were subsequently sub-
jected to immunogold silver staining treatment. The serial sections were incu-
bated in the 6-nm gold-conjugated goat anti-rabbit IgG antibody (1/40) for 1 h 
at RT, rinsed in 0.01 M PB (pH 7.4) four times for 30 min, and washed with dis-
tilled water for 10 s. Next, the physical developer was prepared by mixing dis-
tilled water with 10% AgNO3 and 1.1 mM crown ether (solution A) and 0.2 M 
citric acid buffer (pH 3.45) with 30 mM hydroquinone (solution B). The imme-
diately prepared physical developer was applied to the serial sections for 28 min 
at 23˚C. After rinsing in running tap water, the serial sections were counters-
tained with 0.1% Kernechtrot in 5% aqueous aluminum sulfate, rinsed in run-
ning tap water, and dehydrated in an ascending ethanol series (more details can 
be found in our previous report) [22]. 

Fluorescence Microscopy 

The dehydrated sample sections were incubated in 1% BSA in PBS (BSA–PBS; 
0.01 M phosphate buffer + 0.15 M NaCl, pH 7.2) for 30 min at RT and then in-
cubated with rabbit polyclonal IgG anti-UCP1 (1/1000) overnight at 4˚C. Then, 
the serial sections were rinsed in BSA–PBS for 30 min at RT before incubation 
with Texas Red-affinipure goat anti-rabbit IgG secondary antibody (1/2000) for 
1 h at RT in darkness. Then, the sections were rinsed in BSA-PBS for 30 min at 
RT, after which 1 µg/mL of DAPI was applied. 

Transmission Electron Microscopy 

The collected samples were cut into very fine pieces, fixed in 50% Karnovsky’s 
fixative [23] for 10 min at 4˚C, rinsed with 0.1 M cacodylate buffer (pH 7.4), and 
post-fixed in 2% OsO4 (0.1 M cacodylate buffer with 1% potassium ferrocyanide) 
for 2 h at 4˚C. The specimens were dehydrated in an ascending ethanol wash se-
ries and embedded in epoxy resin. Ultrathin sections were cut using an ultrami-
crotome, mounted on copper grids, and stained with methanolic uranyl acetate 
and lead citrate. Ultrathin sections were evaluated by Transmission electron mi-
croscopy (TEM) at an accelerating voltage of 80 kV [24].  
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Supplementary Results 

 
Figure S1. Histological overview of white adipose tissue (WAT) and brown 
adipose tissue (BAT) in hematoxylin-eosin staining. (a) WAT with thin cy-
toplasm and vast cavities with fat droplets. (b) BAT expressed a multilocular 
aspect distinguished by relatively thick cytoplasm and small cavities, 
representing smaller fat droplets. Solid bar represents 50 µm. 

 

 
Figure S2. Ultra-structural Ultrastructural aspect of white adipose tissue 
(WAT) and brown adipose tissue (BAT) examined by transmission electron 
microscopy. (a) White adipocyte (WAC) with thin cytoplasm and vast cavi-
ties with fat droplets. The mitochondria in the cytoplasm were small and 
scarce. (b) Brown adipocyte (BAC) exhibited well-developed mitochondria 
and relatively abundant cytoplasm compared to that of WAC. Solid bar 
represents 1 µm. 

 

 
Figure S3. Immunohistochemical staining of WAT and BAT using EnVi-
sion. (a) White adipose tissue (WAT) showed few signals of immunoreactive 
staining in the cytoplasm. (b) Brown adipose tissue (BAT) showed significant 
signals in brown, suggesting the expression of UCP1 in the cytoplasm. Solid 
bar represents 50 µm. 
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Figure S4. Immunohistochemical staining of WAT and BAT using the physical devel-
opment method. (a) White adipose tissue (WAT) showed few signals of immunoreactive 
staining in the cytoplasm. (b) Brown adipose tissue (BAT) showed significant signals in 
black, suggesting the expression of UCP1 in the cytoplasm. Solid bar represents 40 µm. 
 

 
Figure S5. Immunohistochemical staining of WAT and BAT with the fluorescence me-
thod using Texas Red and DAPI. (a) White adipose tissue (WAT) showed high signals of 
DAPI staining representing the nucleus. (b) Brown adipose tissue (BAT) showed signifi-
cant signals of DAPI staining in the cytoplasm. (c) Whereas few signals were found in the 
cytoplasm. (d) Accompanied with signals of Texas Red, implying the expression of UCP1. 
Solid bar represents 200 µm. 
 

 
Figure S6. Immunoelectron staining with rabbit polyclonal IgG anti-UCP1 antibody 
combined with gold-conjugated anti-rabbit IgG antibody compared between white adi-
pose tissue (WAT) and brown adipose tissue (BAT). (a), White adipocyte (WAC) showed 
no signals of gold particles of 5.4 nm in the cytoplasm, especially in the area of mito-
chondrial inner membrane. (b), Brown adipocyte (BAC) showed high-intense signals of 
gold particles of 5.4 nm in the area of mitochondrial inner membrane. The intense signals 
highly indicated the presence of UCP1 at the mitochondrial inner membrane of the 
brown adipocytes of mouse. Solid bar represents 200 nm. 
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