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ABSTRACT 

 

 
Seok-Yong Lee 

Department of Biomedical Sciences 

The Graduate School 

Seoul National University 

 

 
Introduction: [18F]Fluoro-2-deoxyglucose ([18F]FDG)-positron 

emission tomography (PET) has been widely suggested diagnostic 

imaging tool for measuring glucose uptake in adipose tissues, 

especially interscapular brown adipose tissue (iBAT). However, 

[18F]FDG-PET was difficult to obtain the activity of iBAT because 

higher glucose uptake in the brain or heart interferes with iBAT 

imaging. Uncoupling protein 1 (UCP1) is well-known as a biomarker 

of iBAT, and a reporter mouse that can monitor UCP1 expression 

was recently developed. The translocator protein-18 kDa (TSPO) is 

located in the mitochondria membrane along with UCP1 and is 

overexpressed in iBAT. In addition, the TSPO targeting probe such 

as deuterium-substituted [18F]fluoromethyl-PBR28-d2 ([18F]fm-

PBR28-d2) has been proposed to visualize iBAT. The non-invasive 

Cerenkov luminescence imaging (CLI) using Cerenkov radiation from 

PET radiotracer has been developed as an alternative optical imaging 

for PET due to less expensive and user-friendly. However, there are 
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no studies on the relationship between UCP1 expression and 

[18F]FDG /or [18F]fm-PBR28-d2 uptake by comparing PET imaging 

and CLI. Here, I aim to evaluate the [18F]FDG uptake or [18F]fm-

PBR28-d2 binding for iBAT with PET imaging and CLI in UCP1 

reporter mouse. 

Methods: UCP1 reporter mouse was established by the insertion of 

a Luciferase2 (Luc2)-T2A-tdTomato cassette into the initiation 

codon of the Ucp1-coding sequence in exon 1. Bioluminescence 

imaging (BLI) and fluorescence imaging (FLI) were performed with 

IVIS 100. Western blotting and immunohistochemistry (IHC) were 

performed to measure UCP1, Luciferase, and TSPO levels. To 

visualize UCP1 expression in iBAT, [18F]FDG-PET/CLI and 

[18F]fm-PBR28-d2-PET/CLI (TSPO-PET/CLI) were conducted. 

PET scans were acquired by small animal PET imaging (SimPET) 

and CLI was acquired using IVIS 100 after injection of [18F]FDG or 

[18F]fm-PBR28-d2. To investigate qualitative differences in iBAT 

images between probes with different molar activity (Am) of 

[18F]fm-PBR28-d2 for PET and CLI, one with high Am and the other 

with low Am of [18F]fm-PBR28-d2 were injected and compared. To 

determine the change of iBAT targeting imaging under physiological 

conditions, UCP1 reporter mouse was divided into cold and 

thermoneutral groups for 4 h. To verify the iBAT targeting imaging 
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by anesthesia exposure, I divided the UCP1 reporter mouse into a 

short exposure group and a long exposure group based on 2 h. PET 

images were reconstructed and analyzed by the AMIDE program. BLI, 

FLI, and CLI signals were obtained and analyzed with Living Imaging 

software. 

Results: UCP1, luciferase, and TSPO expression in iBAT were 

correlated and significantly higher than in other adipose tissues. 

[18F]FDG-PET/CLI signals were observed in iBAT but were also 

observed in the brain and heart. However, TSPO-PET/CLI signals 

were strongly detected in iBAT without its uptake in the brain and 

heart. [18F]FDG-PET/CLI signals showed no difference between 

groups with different UCP1 levels. However, TSPO-PET/CLI signals 

were significantly higher in the group of high UCP1 levels and were 

lower in the group of low UCP1 levels. High molar activities group of 

TSPO-PET/CLI images were clearly detected in iBAT. Conversely, 

images from the low molar activities group of TSPO-PET/CLI 

images were poorly detected in iBAT. [18F]FDG-PET/CLI signals 

were higher in the cold stimulation group than the thermoneutral 

condition group. However, the TSPO-PET/CLI signal showed more 

sensitive and specific differences between the cold stimulation group 

and the thermoneutral condition group. In the case of [18F]FDG, there 

was no significant differences in both PET and CLI signals between 
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the two groups with different exposure terms to anesthesia. 

Interestingly, TSPO-PET/CLI signals were much higher in the t-term 

anesthesia exposure group than the long-term anesthesia exposure 

group. 

Conclusion: UCP1 reporter mouse is a suitable in vivo model for 

monitoring UCP1 expression in the iBAT. My study was the first to 

evaluate CLI using a TSPO-targeting probe compared to [18F]FDG 

for iBAT imaging. These results revealed that the TSPO targeting 

probe, [18F]fm-PBR28-d2 can be used as a reliable and sensitive 

probe for iBAT imaging than [18F]FDG. Moreover, TSPO-CLI could 

be used as an alternative optical imaging technique to TSPO-PET for 

iBAT imaging. 

---------------------------------------- 

Keywords: [18F]fluoro-2-deoxyglucose, Positron emission 

tomography, Uncoupling protein 1, Translocator protein, Cerenkov 

luminescence imaging, UCP1 reporter mouse 

Student number: 2017-25451 
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CHAPTER 1 

Evaluation of TSPO-

targeting PET probe as 

bioimaging marker for 

BAT using PET and CLI 
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INTRODUCTION 

 

 

1.1. Study Background 

Obesity is a serious public health problem affecting nearly 40% 

of the world's population and is associated with insulin resistance, 

impaired glucose metabolism (e.g., type 2 diabetes mellitus), 

inflammation, and cancer [1-4]. Sarcopenic obesity, one of the 

diseases related to obesity, is defined as an imbalance in body fat 

mass compared to muscle mass, and its prevalence is mainly seen in 

the elderly, where obesity rates increase but muscle mass decreases 

[5]. To date, the common diagnostic indicator of adipose tissue (AT) 

is evaluated AT accumulation and overweight and obesity by body 

mass index (BMI) based on the weight of the person (kilogram, kg) 

and divided into the square height in meters (kg/m2) [1, 2]. The 

World Health Organization (WHO) defines a person over 25 kg/m2 is 

classified as overweight and over 30 kg/m2 as obese [3]. Also, based 

on imaging methods, the thickness of fat is assessed by computed 

tomography (CT) [4, 6-8]. Recently, ATs are largely divided into 

white adipose tissue (WAT) and brown adipose tissue (BAT) [9]. 

The major role of WAT is to store fat, including large adipocytes and 
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a few mitochondria, but BAT has small adipocytes and many 

mitochondria [10-12]. In rodents, BAT depots are present in the 

cervical, axillary, mediastinum, and permanent depots. However, the 

largest BAT reservoir is located between the scapular (i.e., 

interscapular BAT, iBAT) [13, 14]. Among BATs, interscapular 

brown adipose tissue (iBAT) was first identified as a thermogenic 

organ in 1961 and is an organ that plays an important role in 

maintaining energy homeostasis and heat production called “non-

shivering thermogenesis” [15-19]. Thus, impairment of the heat 

production and maintenance function of iBAT causes various 

metabolic diseases. As the importance of it has emerged, imaging 

modality for iBAT has been developed such as positron emission 

tomography (PET) using [18F]fluoro-2-deoxyglucose ([18F]FDG) 

[20-22]. In principle, [18F]FDG is transported by glucose 

transporter 1 (GLUT1) which is located in the cell membrane and is 

phosphorylated by hexokinase 2 (HK2) which interacts with 

voltage-dependent anion channel 1 (VDAC1), the most abundant 

mitochondrial protein [23-25]. However, the [18F]FDG is difficult to 

obtain iBAT-specific images in malignant tumors, inflammation, or 

during muscle activity [26]. Glucose uptake in iBAT is about 9.05-

fold higher than in skeletal muscles but the total amount of it in the 

whole body is only 0.2 % of skeletal muscles. As a result, the amount 
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of total glucose uptake in iBAT was about 1% of that of skeletal 

muscles [27]. 

 

Uncoupling protein 1 (UCP1), also known as thermogenin, is 

most abundantly expressed in the mitochondrial inner membrane, and 

overexpressed in BAT compared to WAT used as its biomarker [20]. 

UCP1 uncouples the respiratory chain from oxidative 

phosphorylation and adenosine triphosphate (ATP) synthesis and 

uses it for energy. Proton leak (or uncoupled respiration) is H+ as 

protons across the mitochondrial inner membrane and transported 

back into the mitochondrial matrix. However, in the process of 

bypassing ATP synthase, the energy derived from the oxidative of a 

substrate can be wasted and released as heat when protons return to 

the matrix [28-30]. In BAT, UCP1 has transported protons, which 

leads to an increase of protons in the mitochondrial inner membrane 

[31]. WAT depot under cold exposure or other chemical stimulation 

induces beige or brite (brown-in-white) which is UCP1 expressing 

adipocytes [11, 32, 33]. Therefore, BAT plays a pivotal role to 

generate heat by non-shivering thermogenesis. In 2014, a UCP1 

reporter mouse (also known as ThermoMouse) capable of monitoring 

UCP1 expression in real-time was developed [34]. UCP1 reporter 

mouse is useful for obtaining bioluminescence and fluorescence 
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imaging by inserting luciferase2 (Luc2)-T2A-tdTomato cassette 

into exon1 of the UCP1 gene at the initiation codon. This reporter 

mouse model showed expression not only in BAT but also expressing 

UCP1 including WAT by three-dimensional imaging of the IVIS 

Spectrum Imaging System. However, UCP1 reporter mouse showed 

a significantly superior signals in iBAT than other WATs. Although 

various U.S. Food and Drug Administration (FDA) -approved drugs 

modulate UCP1 expression in BAT, no ligands that directly target 

UCP1 have not been developed [35]. Therefore, continued 

development of ligands targeting novel biomarkers for iBAT-specific 

imaging is required. 

 

Translocator protein-18 kDa (TSPO), along with UCP1, is a 

five-transmembrane protein located on the mitochondrial outer 

membrane [36]. Representatively, TSPO is overexpressed during 

the neuroinflammatory response in glial cells so that used as an 

imaging target protein in various patients of brains such as 

neurodegenerative diseases [37, 38]. Various radioligands targeting 

TSPO as PET probes have been developed and used for imaging 

neuroinflammation [39-43]. Recently, TSPO is emerging as a 

potential biomarker for BAT imaging because it is overexpressed in 

BAT compared to WAT [44, 45]. According to many reports, 
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successful iBAT-PET using various TSPO radioligands in mice [44, 

46, 47]. In 2018, there was the first report that successfully imaged 

human BAT using [11C]PBR28 targeting TSPO [48]. However, this 

study could not provide BAT imaging data under cold stimulation 

reflecting physiological conditions. Deuterium-substituted 

[18F]fluoromethyl-PBR28-d2 ([18F]fm-PBR28-d2) was developed 

to overcome the increased metabolic stability and short half-life of 

[11C] (T1/2 = 20.36 min) [49]. However, clearly explained 

mechanisms for the association between UCP1 and TSPO expression 

have not been understood. 

 

Although PET is a widely used diagnostic tool, PET requires an 

infrastructure for isotope supply and only 10% of countries have at 

least one scanner per million people [50]. As an alternative option to 

PET, CLI is an optical imaging technique to visualize charged 

particles of radionuclides such as [18F], [131I], [68Ga], and [177Lu] in 

the medium. Cerenkov luminescence (CL) is emitted when a velocity 

of charged particles (β+ or β-) goes through faster than the phase 

velocity of light in a dielectric medium [51, 52]. CLI is used in both 

preclinical and clinical studies because it can save scan time and is 

more cost-effective than PET for acquiring imaging [53-55]. CLI 

can determine the progress while monitoring the therapeutic 
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effectiveness of anti-cancer drugs, surgical resection, and 

endoscopic imaging in real-time [56, 57]. Recently, clinical trials to 

evaluate the correlation between CLI and PET images using β-

emitting isotopes in patients with thyroid, neuroendocrine, and 

lymphoma and α-emitter 223RaCl2 in patients for metastatic prostate 

cancer have been successfully conducted [58]. Considering this 

study, BAT has also been reported on successful CLI using [18F]FDG 

[59-60]. However, these reports only show the distribution of 

[18F]FDG based on anatomical location without comparing the 

expression of UCP1 with CLI.  
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1.2. Purpose of Research 

In chapter 1, The main aim of this study is to investigate the 

expression of UCP1 with PET and CLI signals from iBAT using 

[18F]FDG or [18F]fm-PBR28-d2 in UCP1 reporter mice. First, I 

evaluated whether the UCP1 reporter mouse is a suitable in vivo 

model for obtaining BAT imaging using BLI, FLI, and ex vivo organ 

distribution. In addition, Western blotting, and immunohistochemistry 

(IHC) were used to evaluate the TSPO as a potential imaging markers 

for iBAT imaging. Second, PET and CLI were used to compare the 

difference between [18F]FDG or [18F]fm-PBR28-d2 in BAT. Third, 

I used TSPO-targeting probes with different molar activities to 

evaluate the quality of radioligands required for CLI image analysis 

as well as PET. I assessed the potential for optical imaging by 

observing the CLI of BAT with [18F]FDG or [18F]fm-PBR28-d2 in 

all images except the characterization of the UCP1 reporter mouse. 
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MATERIALS AND METHODS 

 

1. Animals 

All experiments were approved by the Institutional Animal Care 

and Use Committee (IACUC) of the Seoul National University. UCP1 

ThermoMice were purchased from Jackson Laboratory and carrier 

males were mated with FVB/NJ female mice to maintain live pubs. 

Since the reporter transgene was inserted into the Y chromosome, 

we used males aged 8-16 weeks old in this study. I described images 

of the reporter gene construct of the UCP1 reporter mouse (Figure 

1-1). 

 

2. Western blotting 

Tissues (eWAT, iWAT, epididymis, iBAT, testis, and brain) 

were lysed by radio-immunoprecipitation assay buffer (RIPA) with 

a protease inhibitor cocktail and phenylmethylsulfonyl fluoride 

(PMSF). Lysates were centrifuged at 13,000 rpm for 20 min at 4 ℃. 

Protein concentrations were quantified by bicinchoninic acid (BCA) 

protein assay kit. Total proteins (10 μg) were separated on bis-

Tris-HCl buffered 10% sodium dodecyl sulfate (SDS)-

polyacrylamide gels. Separated proteins were transferred to a 
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polyvinylidene difluoride membrane (PVDF). Transferred 

membranes were blocked with 5% skim milk in Tris-buffered saline 

containing Tween-20 (Tris 20 mM, sodium chloride 138 mM, and 

0.1% Tween-20 at pH 7.4) for 1 h room temperature. Membranes 

were incubated overnight at 4 ℃ with anti-UCP1 (ab10983, Abcam, 

Cambridge, UK), anti-TSPO (ab109497, Abcam, Cambridge, UK) 

and anti-β-actin (A5441, Sigma-Aldrich, St. Louis, MO, USA). 

Antigen-antibody complexed membranes were incubated for 1 h at 

room temperature with horseradish peroxide (HRP)-linked goat 

anti-rabbit IgG (7074S, Cell signaling Technology, Danvers, MA, 

USA) and horse anti-mouse IgG (7076S, Cell signaling Technology, 

Danvers, MA, USA). All intensities of immunoreactive 

chemiluminescence bands were visualized by the LAS-3000 imaging 

system (Bio-Rad Laboratories, Hercules, CA, USA).  

 

3. Immunohistochemistry  

Tissues (iWAT, eWAT, iBAT) were extracted from UCP1 

ThermoMice and fixed with 4% paraformaldehyde (PFA). Fixed 

tissues were embedded in paraffin and the sectioned 4 μm slices were 

mounted on the glass slide. Mounted tissues on the glass were 

deparaffinized with xylene and ethanol, rehydrated, and incubated 

with 0.5% H2O2 (386790, Calbiochem, San Diego, CA, USA) for 30 
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min to block endogenous peroxidase. The slides were boiled with 10 

mM sodium citrate at pH 6.0 for heat-induced epitope retrieval 

(HIER) and rinsed with 0.5% triton-X 100 (35501, Yakuri pure 

chemicals, OSAKA, Japan) in TBS for 5 min. The slides were blocked 

with 3% horse serum for 30 min. Primary antibodies were diluted 

with TBS containing 1% bovine serum albumin (BSA) and incubated 

at 4 ℃ for overnight. The following antibodies were used; rabbit 

isotype control (02-6102, Invitrogen, Waltham, MA, USA), goat 

isotype control (31245, Invitrogen, Waltham, MA, USA), anti-UCP1 

(ab10983, Abcam, Cambridge, UK), anti-luciferase (NB100-1677, 

Novus Biologicals, Centennial, CO, USA), and anti-TSPO (ab109497, 

Abcam, Cambridge, UK). Biotinylated horse anti-rabbit IgG (BA-

1100, Vector Laboratories, Burlingame, California, USA) and horse 

anti-goat IgG (BA-9500, Vector Laboratories, Burlingame, 

California, USA) as secondary antibodies for 1 h at room temperature 

to immunolabeling. Avidin/Biotin (ABC) kit (PK-6100, Vector 

Laboratories, Burlingame, California, USA) was incubated for 1 h to 

amplify signals. Finally, 3, 3’-diaminobenzidine (DAB) (SK-4100, 

Vector Laboratories) was used to develop a complex of avidin/biotin 

peroxidase, and slides were counterstained with hematoxylin.  

 

4. [18F]fm-PBR28-d2 radiochemistry 



 １２ 

[18F]fm-PBR28-d2 was synthesized following the protocols 

described previously [49]. 

 

5. Biodistribution 

[18F]FDG and [18F]fm-PBR28-d2 were injected with 0.37 MBq 

in UCP1 reporter mouse (n = 3 for each group) intravenously. UCP1 

ThermoMice were sacrificed after 1 h and organs including blood, 

muscle, bone, intestine, stomach, testes, spleen, kidney, liver, heart, 

lung, iWAT, eWAT, and iBAT. Each organ was weighed and radio-

activities were measured by Cobra II gamma counter (Canberra 

Packard; Vaughan, Ontario, Canada). The radioactivity uptake in 

organs was expressed as the percentage of injected dose per gram 

(%ID/g). 

 

6. In vivo bioluminescence imaging 

UCP1 reporter mouse were injected with D-Luciferin (3 mg 

per mouse, #E1605, Promega, WI, USA) intraperitoneally and 

anesthetized with 1.5% isoflurane combined with oxygen. The 

bioluminescence signals were acquired using IVIS 100 imaging 

system (Xenogen, Alameda, CA, USA) and analyzed with Living 

imaging software (ver.2.50.2, Xenogen, Alameda, CA, USA). To 

quantify the emitted light from iBAT, regions-of-interest (ROI) was 
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drawn over the iBAT. I used the maximum acquired bioluminescence 

signals from iBAT from each UCP1 reporter mouse. Average 

radiance was expressed as photons per second per cm2 per steradian 

(photons/s/cm2/sr). 

 

7. In vivo Cerenkov luminescence imaging  

UCP1 reporter mice were anesthetized with isoflurane 

combined with oxygen during CLI and [18F]FDG or [18F]fm-PBR28-

d2 were injected with 11.8 to 14.8 MBq per UCP1 reporter mouse. 

Injected UCP1 ThermoMice were subjected CLI sequentially 

acquired every 5 min until 1 h following parameters: open filter, 

f/stop = 1, binning = 4 and field of view (FOV) = D. I used the 

maximum acquired Cerenkov luminescence signals from iBAT from 

each UCP1 reporter mouse. Average radiance was expressed as 

photons/s/cm2/sr. 

 

8. In vivo PET imaging 

Small animal PET imaging (SimPET, BRIGHTTONIX imaging, 

Seoul, Republic of Korea) was used to visualize PET signals from 

iBAT in each group ([18F]FDG or [18F]fm-PBR28-d2). UCP1 

reporter mice were anesthetized with isoflurane combined with 

oxygen during the PET scans. Static PET images was acquired for 
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10 min and the images were reconstructed by three-dimensional 

ordered-subset expectation maximization (3D OSEM) algorithm. 

Analysis of PET images were performed using medical image data 

examiner (AMIDE) software (ver. 0.9.0, 

http://amide.sourceforge.net). An ellipsoidal ROI was drawn over the 

brain and iBAT to quantify PET signals. Quantified PET signals from 

ROI were expressed as a maximal standardized uptake value 

(SUVmax). 

 

9. Statistical analysis 

All results were expressed as mean ± standard deviation (SD) 

and statistical significance was determined by unpaired 2-sample 

parametric Student t-test using GraphPad Prism 8 software 

(GraphPad Software Inc., San Diego, CA, USA). Statistical 

significance was considered P < 0.05.  
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Figure 1. Design of reporter gene construct of UCP1 reporter mouse. 

The luc2-T2A-tdTomato cassette was inserted into exon1 at the 

initiation codon in a 98.6 kb bacterial artificial chromosome (BAC) 

containing the entire Ucp1 gene locus.  

Luc2-T2A-tdTomato 

EXON1 

UCP1 locus 
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RESULTS 

 

Characterization of UCP1 reporter mouse in vivo imaging  

To characterize whether inserted Luc2-T2A-tdTomato 

transgene reflecting UCP1 expression in UCP1 reporter mouse is 

useful for imaging in vivo UCP1 expression from iBAT, I performed 

BLI and FLI using IVIS 100 (Xenogen, Alameda, CA, USA) for 

monitoring UCP1 expression. The bioluminescence and fluorescence 

signals from Luc2 activity and tdTomato were observed in iBAT 

(Figure 1-2). As shown in Figure 1-3, UCP1 expression in the 

whole-body organs of UCP1 reporter mouse showed specifically 

higher bioluminescence signals in iBAT and epididymis with testis 

than other organs. The epididymis protrudes above the testis and 

emits a relatively stronger bioluminescence signal because it is more 

adjacent to the detector than the flat iBAT. In principle, a shorter 

distance between the detector and the object appears to exaggerate 

the bioluminescence signal in the optical image. Also, I observed 

weak bioluminescence signals from brain which recently reported to 

be expressed UCP1.  
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Figure 1-2. In vivo bioluminescence imaging (BLI) and fluorescence 

imaging (FLI). 

(A) BLI from Luc2 signals of BAT in the UCP1 reporter mouse. (B) 

Fluorescence imaging from tdTomato signals of iBAT in UCP1 

reporter mouse. 
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Figure 1-3. Ex vivo organ distribution. BLI for monitoring of UCP1 

expression of whole-body organs from UCP1 reporter mouse. 
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Correlation between UCP1 and TSPO expression in iBAT 

As mentioned above, UCP1 is a known biomarker for BAT. 

Recently, TSPO is also overexpressed in iBAT and TSPO-targeting 

radioligands have been suggested for iBAT-specific imaging [46-

48]. I evaluated the expression correlation between UCP1 and TSPO 

in iBAT to determine whether it is suitable for obtaining images of 

iBAT in a UCP1 reporter mouse using a TSPO-targeting probe using 

Western blotting and IHC. Figure 1-4A shows higher expression of 

UCP1 and TSPO than other tissues. Consistent with Figure 1-3, 

higher UCP1 expression in the epididymis and brain was observed 

than in other WAT and testis. However, it is considered that there is 

no interference in animal imaging using UCP1 as a marker of iBAT 

because epididymis and iBAT are significantly separated in 

anatomical location. In addition, IHC staining of UCP1, luciferase , and 

TSPO increased expression in iBAT compared to inguinal white 

adipose tissue (iWAT) or epididymal white adipose tissue (eWAT) 

(Figure 1-4B). 
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Figure 1-4. Correlation between UCP1 and TSPO in iBAT. (A) UCP1 

and TSPO expression in various organs and different adipose tissues 

by Western blotting. (B) Expression of UCP1, luciferase and TSPO 

in iWAT, eWAT and iBAT. Slides were counterstained with 

hematoxylin. Scale bar, 20 μm. 
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PET and CLI imaging of iBAT with [18F]FDG or [18F]fm-PRB28-d2 

in UCP1 reporter mouse 

To evaluate the possibility of CLI as an alternative option for 

iBAT-PET imaging, I tested PET/CLI of [18F]FDG in UCP1 reporter 

mouse. [18F]FDG uptake in iBAT was observed by PET and CLI, but 

also showed strong [18F]FDG uptake in brain (Figure 1-5A). 

Quantitatively analysis of [18F]FDG-PET imaging showed that 

[18F]FDG uptake was 5.08-fold higher in brain than iBAT (SUVmax, 

brain vs. iBAT, 2.929 ± 0.7742 vs. 0.575 ± 0.058, **P = 0.0063, 

Figure 1-5B). Consistent with [18F]FDG-PET results, CLI signals 

was 1.5-fold higher in brain than iBAT (Average radiance, 

photon/s/cm2/sr, brain vs. iBAT, 1,186,667 ± 80,829 vs. 791,000 ± 

57,026.3, **P = 0.0023, Figure 1-5C). These results suggested that 

[18F]FDG uptake in brain than iBAT could interfere with obtaining 

iBAT-specific imaging. 

Based on the results of Figure 1-4 and 5, TSPO-targeting 

probe ([18F]fm-PBR28-d2) was evaluated by PET and CLI for iBAT 

imaging. Contrary to the [18F]FDG-PET/CLI results (Figure 1-5), 

PET and CLI were show [18F]fm-PBR28-d2 uptake is much higher 

in iBAT than brain (Figure 1-6A). Quantitatively analysis of 

[18F]fm-PBR28-d2-PET (TSPO-PET) showed that [18F]fm-

PBR28-d2 uptake was 12.92-fold higher in iBAT than brain (SUVmax, 
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iBAT vs. brain, 8.246 ± 0.688 vs. 0.637 ± 0.182, ****P < 0.0001, Figure 

1-6B). Consistent with TSPO-PET results, [18F]fm-PBR28-d2-

CLI (TSPO-CLI) signal was 1.93-fold higher in iBAT than brain 

(Average radiance, photon/s/cm2/sr, iBAT vs. brain, 762,333.3 ± 

68,995.2 vs. 395,000 ± 35,085.6, **P = 0.0012, Figure 1-6C).  

Finally, I performed biodistribution study using [18F]FDG and 

[18F]fm-PBR28-d2 in the UCP1 reporter mouse. [18F]FDG uptake in 

iBAT show significantly higher in heart and brain than [18F]fm-

PBR28-d2 (%ID/g, [18F]FDG vs. [18F]fm-PBR28-d2, 56.74 ± 10.6 

vs. 15.88 ± 13.66, *P = 0.014 for the heart; 6.62 ± 1.38 vs. 1.52 

± 0.96, **P = 0.0063 for the brain). Significantly, [18F]fm-PBR28-

d2 uptake in iBAT was much higher than [18F]FDG (%ID/g, [18F]FDG 

vs. [18F]fm-PBR28-d2, 7.68 ± 2.47 vs. 34.08 ± 6.32, **P = 0.0025) 

(Figure 1-7 and Table 1).  
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Figure 1-5. PET and CLI using [18F]FDG for iBAT imaging in UCP1 

reporter mouse. (A)Representative images of[18F]FDG-PET/CLI. 

(B) Quantitative analysis of [18F]FDG-PET signals (SUVmax ratio for 

PET) from iBAT and brain. (C) Quantitative analysis of [18F]FDG-

CLI (Average radiance for CLI) signals from iBAT and brain. Data 

represent mean ± SD (n = 3 per group). **P <0.01. 
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Figure 1-6. PET and CLI using [18F]fm-PBR28-d2 for iBAT imaging 

in UCP1 reporter mouse. (A)Representative images of TSPO 

PET/CLI. (B) Quantitative analysis of TSPO-PET signals (SUVmax 

ratio for PET) from iBAT and brain. (C) Quantitative analysis of 

TSPO-CLI (Average radiance for CLI) signals from iBAT and brain. 

Data represent mean ± SD (n = 3 per group). ****P < 0.0001. 
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Figure 1-7. Biodistribution of [18F]FDG and [18F]fm-PBR28-d2. 

The biodistribution of [18F]FDG and [18F]fm-PBR28-d2 uptake in 

UCP1 reporter mouse. Data represented mean ± SD (n = 3 per group). 

*P < 0.05; **P < 0.01 
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Table 1. Biodistribution of [18F]FDG vs. [18F]fm-PBR28-d2. 

%ID/g [18F]FDG [18F]fm-PBR28-d2  

P-value Organs Mean SD Mean SD 

Blood 1.67 0.47 1.86 0.67  

Muscle 1.16 0.44 1.34 0.11  

Bone 2.08 0.42 2.34 0.20  

Intestine 3.61 0.60 5.08 0.71  

Stomach 2.14 0.79 3.31 0.68  

Testis 3.96 0.20 1.46 0.20  

Spleen 4.06 0.52 17.01 4.44  

Kidney 16.38 10.91 38.19 14.21  

Liver 2.33 0.75 3.18 1.16  

Heart 56.74 10.6 15.88 13.6 * 

Lung 6.19 1.09 31.66 19.63  

iWAT 1.78 0.08 5.21 1.55 * 

eWAT 0.33 0.08 1.87 0.81  

iBAT 7.68 2.47 34.08 6.32 ** 

Brain 6.62 1.38 1.52 0.96 ** 

(*P < 0.05; **P < 0.01; n = 3 per group) 
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Division of high or low endogenous UCP1 expression by BLI 

As described above, because the transgene (Luc2-T2A-

tdTomato) cassette was inserted into the Y chromosome [34], UCP1 

expression varies between individual UCP1 reporter mice. The 

luciferase activity obtained by BLI was divided into a high-

expression group and a low-expression group. Subsequently, 

[18F]FDG and [18F]fm-PBR28-d2 were compared by PET and CLI 

between high and low groups. At first, bioluminescence signals 

reflecting endogenous UCP1 expression were 1.85-fold higher in the 

high group than in the low group. (Average radiance, photon/s/cm2/sr, 

high vs. low, 4,435.6 ± 609.5 vs. 2,387 ± 542.83, ***P = 0.0005, 

Figure 1-8).  
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Figure 1-8. In vivo BLI between high and low endogenous UCP1 

level group. (A) Representative bioluminescence images between 

high and low endogenous UCP1 expression group. (B) Quantitative 

analysis of UCP1-BLI signals from iBAT between high and high and 

low endogenous UCP1 expression group. Data represent mean ± SD 

(n = 5 per group). ***P < 0.001. 
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[18F]FDG-PET/CLI and TSPO-PET/CLI with different group of 

endogenous UCP1 expression in UCP1 reporter mice 

Thereafter, I observed [18F]FDG-PET and [18F]FDG-CLI in 

between the high and low groups. [18F]FDG-PET and [18F]FDG-CLI 

could not identify the difference between the high and low groups in 

iBAT with [18F]FDG. (Figure 1-9A). Furthermore, quantitative 

analysis of [18F]FDG-PET (SUVmax, high vs. low, 1.12 ± 0.46 vs. 

0.86 ± 0.36, ns, Figure 1-9B) and [18F]FDG-CLI did not show 

statistical significance between the high and low groups (Average 

radiance, photon/s/cm2/sr, high vs. low, 13,534 ± 2,087.47 vs. 13,578 

± 2,613.71, ns, Figure 1-9C). Interestingly, Figure 1-10A shows 

that TSPO-PET and TSPO-CLI were significantly higher in the high 

group than the low group. Consistent with imaging data, quantitative 

analysis of TSPO-PET (SUVmax, high vs. low, 3.47 ± 0.99 vs. 1.40 ± 

0.95, *P = 0.0104, Figure 1-10B) and TSPO-CLI (Average radiance, 

photon/s/cm2/sr, 16,422 ± 1,912.57 vs. 11,673 ± 2,655.12, *P = 0.012, 

Figure 1-10C) was much higher in the high group than the low group. 

These data highlight that iBAT imaging of UCP1 reporter mouse 

using TSPO targeting probes rather than [18F]FDG is more reliable. 
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Figure 1-9. [18F]FDG-PET and [18F]FDG-CLI between high and 

low endogenous UCP1 level group. (A) Representative [18F]FDG-

PET and CLI images between high and low endogenous UCP1 level 

group. (B) Quantitative analysis of FDG-PET signals from iBAT 

between high and low endogenous UCP1 level group. (C) Quantitative 

analysis of FDG-CLI signals from iBAT between high and high and 

low endogenous UCP1 level group. Data represent mean ± SD (n = 5 

per group). ns, not significant. 
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Figure 1-10. TSPO-PET and TSPO-CLI between high and low 

UCP1 level group. (A) Representative TSPO-PET and TSPO-CLI 

images between high and low endogenous UCP1 level group. (B) 

Quantitative analysis of TSPO-PET signals from iBAT between high 

and low endogenous UCP1 level group. (C) Quantitative analysis of 

TSPO-CLI signals from iBAT between high and low endogenous 

UCP1 level group. Data represent mean ± SD (n = 5 per group). *P < 

0.05. 
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High molar activity as essential factor for obtaining TSPO-CLI as 

well as TPSO-PET on iBAT imaging in UCP1 reporter mouse 

Molar activity (Am, commonly known as “specific activity”) is 

defined as the ratio of radioactivity per mole of precursor measured 

in Becquerel per mole (Bq/mol, or GBq/μmol). High Am results in a 

better quality of nuclear medicine images and analysis due to fewer 

non-labeled precursors and less competition with labeled radioactive 

compounds. Since I revealed that TSPO is superior to [18F]FDG in 

obtaining iBAT-specific images, I used [18F]fm-PBR28-d2 with 

different Am to investigate the conditions for obtaining better TSPO-

PET and TSPO-CLI. As shown in Figure 1-11A, TSPO-PET with 

high Am (HAm, more than 2,349.8 GBq/μmol) of [18F]fm-PBR28-d2 

showed clearly PET signals from iBAT. Consistent with TSPO-PET 

imaging, TSPO-CLI with HAm of [18F]fm-PBR28-d2 was obtained 

with the superior image quality of iBAT. On the other hand, TSPO-

PET with low Am (LAm, less than 172.5 GBq/μmol) of [18F]fm-

PBR28-d2 showed poor PET signals from iBAT. Furthermore, 

TSPO-CLI with LAm of [18F]fm-PBR28-d2 was obtained with low 

image-quality of iBAT (Figure 1-11B). Quantitative analysis 

indicated that SUVmax for PET signals of the HAm group was 4.06-

fold higher than the LAm group (HAm vs. LAm, 14.27 ± 3.28 vs. 3.51 

± 0.9, ****P < 0.0001, Figure 1-11C), and CLI signals of the HAm 
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group were 1.54-fold higher than in the LAm group (Average 

radiance, photon/s/cm2/sr, HAm vs. LAm 16,328.57 ± 5,781.78 vs. 

10,632.86 ± 1,864.58, *P = 0.04, Figure 1-11D).  
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Figure 1-11. TSPO-PET and TSPO-CLI with different molar 

activity (Am) for iBAT imaging in UCP1 reporter mouse. (A) TSPO-

PET for iBAT imaging with HAm of [18F]fm-PBR28-d2. (B) TSPO-

CLI for iBAT imaging with LAm of [18F]fm-PBR28-d2. (C) 

Quantitative analysis of PET signals from HAm or LAm of [18F]fm-

PBR28-d2. (D) Quantitative analysis of CLI signals from HAm or LAm 

of [18F]fm-PBR28-d2. Data represent mean ± SD (n = 7 per group). 

*P < 0.05, ****P < 0.001. 
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DISCUSSION 

 

The UCP1 reporter mouse is a valuable model to image iBAT 

as it specifically shows the expression of endogenous UCP1, a 

biomarker of BAT, by bioluminescence and fluorescence imaging in 

vivo (Figure 1-2). UCP1, TSPO and Luciferase expression were 

correlated in iBAT of UCP1 reporter mouse (Figure 1-4). From the 

biodistribution results of [18F]FDG and [18F]fm-PBR28-d2, it was 

observed that [18F]fm-PBR28-d2 specifically binds to iBAT (Figure 

1-7). Since [18F]FDG is capable of targeting iBAT, PET and CLI 

images are limited by changes in glucose metabolism in the body, its 

high uptake in the brain and heart could interfere with the reliability 

of [18F]FDG in iBAT images. In addition, iWAT also showed higher 

binding of [18F]fm-PBR28-d2 than [18F]FDG, suggesting that 

browning of iWAT can be effectively observed under specific 

conditions to be mentioned in chapter 2. 

 

To evaluate which of the [18F]FDG and [18F]fm-PBR28-d2 

better reflected UCP1 expression, two groups (high and low) were 

divided according to the endogenous level of UCP1. The [18F]fm-

PBR28-d2 uptake was correlated with endogenous levels of UCP1 

without uptake in brain and heart. However, [18F]FDG uptake was not 
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correlated with endogenous levels of UCP1 (Figure 1-9). There was 

no difference between groups according to the endogenous levels of 

UCP1, and an off-target effect was shown with higher uptake in the 

brain and heart than in iBAT. That is, [18F]FDG appears to be 

dispersed and absorbed by other organs with enhanced glucose 

metabolism independent of endogenous UCP1 levels in iBAT. In 

particular, when using the [18F]fm-PBR28-d2, unlike when using 

[18F]FDG, significant differences were observed according to the 

endogenous level of UCP1 in CLI and PET. Comprehensively, These 

data indicated that [18F]fm-PBR28-d2 was significantly more useful 

than [18F]FDG for obtaining iBAT images in both PET and CLI.  

 

Since an optimal dose of radionuclide activity is required for an 

accurate PET scan, the molar activity of an imaging probe Am, defined 

as the radioactivity in a specific amount of tracer, is important [61]. 

In general, receptors with low density in the body require high molar 

activity because even a small amount of non-radiolabeled compounds 

can bind to and saturate the target protein, making accurate 

observation difficult. High Am is required because even highly toxic 

molecules such as [11C]carfentanil can produce pharmacological 

activity [62]. Therefore, higher molar activity is considered to be an 

important factor not only for PET but also for detection using CCD 
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cameras in optical equipment such as CLI. However, endogenous 

molecules labeled with radionuclides on glucose or amino acids, such 

as [18F]FDG or L-[methyl-11C]methionine, compete with the 

endogenous compound in blood and tissues. Also for antibodies, 

administration of [111In]J591 at low Am with the addition of non-

labeled antibody has been reported to advantage retention time and 

lesion to non-lesion retention time ratio [63]. Therefore, it was 

necessary to determine the optimal range of molar activity of a probe 

to obtain high-quality images [64]. In this study, for [18F]fm-

PBR28-d2, a molar activity of at least 2300 GBq/μmol was required 

to obtain better CLI images as well as PET (Figure 1-11). Consistent 

with other reports, injection of [18F]F-DPA, TSPO-targeting probe 

with high molar activity, resulted in higher brain binding with lower 

“self-blocking” [61]. The results using [18F]fm-PBR28-d2, which 

has a low molar activity, suggest that the PET and CLI signals may 

be relatively weak because non-radiolabeled molecules from BAT 

can competitively bind to TSPO. However, to propose BAT-specific 

imaging using TSPO, it is necessary to secure objectivity by 

comparing the imaging results according to Am of different TSPO 

targeting probes. 

The emission spectrum of CL is UV-weighted, and the intensity 

decreases at a rate of one square of the wavelength (1/λ2). The 
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intensity of CR depends on the isotope photon yield and activity and 

decreases rapidly with tissue thickness. To overcome this limitation,  

cameras such as a highly sensitive charged- coupled device (CCD) 

and probes are being developed that convert Cerenkov emission 

wavelengths to red-shift to increase tissue permeability [65, 66]. 

However, BAT imaging using CLI does not have difficult following 

reasons: 1) It is separated from the location of large organs; 2) The 

photons of CR can be easily detected because the BAT location is 

shallow; 3) It has a triangular shape unique to BAT, so it can be 

distinguished from other organs [59]. 
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Conclusions 

In chapter 1, The correlation between UCP1 and Luciferase 

expression of BAT in UCP1 reporter mice was demonstrated by 

Western blotting, IHC and BLI. Based on biochemical data, image and 

quantitatively analyses, I suggest that TSPO-targeting probe can 

overcome image interpretation errors caused by the off-target 

effects of [18F]FDG. CLI using a TSPO-targeting probe is a reliable 

bioimaging marker for acquiring BAT images along with PET. 
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CHAPTER 2 

The application of TSPO-

CLI in BAT imaging  

under various 

physiological conditions 



 ４２ 

INTRODUCTION 

 

 

2.1. Study Background 

Cold stimulation is a representative stimulation method of BAT 

that promotes and activates glucose uptake by increasing the 

expression of glucose transporter 4 (GLUT4) and genes involved in 

glucose metabolism [67]. Cold stimulation releases norepinephrine 

from the sympathetic nervous system and activates β-adrenergic 

receptors [68, 69]. Cold stimulation, as mentioned in chapters 1, not 

only activates BAT but also induces beige or brown-in-white (brite) 

cells from WAT [70]. These cells, like BAT, show increased fuel 

oxidation and capacity of thermogenesis and multilocular lipid 

droplets than WAT after cold stimulation [71]. Cold stimulation also 

increased mitochondria content including UCP1 expressions and 

related gene markers for BAT [72]. Cold-induced thermogenic 

activation of BAT may also induce the expression of nitric oxide 

synthase in these fat depots, contributing to enhanced blood flow in 

BAT for increased thermogenesis [73, 74]. In 2009, the function of 

BAT was first reported in adult humans by PET using [18F]FDG 

under cold stimulation [75]. In studies before 2009, it has difficult 
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that the prevalence of BAT using [18F]FDG-PET to analyze due to 

various temperature environments when subjects performed PET 

scans [76]. Importantly, 96% of subjects were detected iBAT by 

[18F]FDG-PET under cold stimulation but less than 10% of subjects 

were detected under no stimulation or thermoneutral (TN) condition. 

Therefore, this method may have difficult standardizing the iBAT-

specific imaging technique with [18F]FDG-PET to the subjects.  

 

In general, the use of an anesthetic is usually essential for 

clinical surgical procedures or preclinical small animal imaging to 

keep the animal motionless for the duration of the scan [77, 78]. An 

anesthetic commonly used for small animals is an inhalational 

anesthetic using isoflurane, which is highly lipid solubility and is 

absorbed into the brain through alveoli into the blood stream [79]. 

However, continuous inhalation anesthesia with isoflurane during 

image acquisition in small animals shows hypothermia-like 

physiological changes that reduce the metabolism of central 

processes [80, 81]. The mechanism of action with anesthetics has 

been proposed to act as a potential target of ion channels such as 

NA+, γ-aminobutyric acid, type A (GABAA), or ligand-gated 

receptors and channels [82-84]. In particular, when isoflurane binds 

to the GABAA receptor binding site, GABAA receptor-mediated 
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inhibitory postsynaptic actions (GABAergic) are activated [85, 86]. 

The effects of isoflurane anesthesia showed changes in the binding 

of various radioligands on PET neuroimaging. In addition, 

[18F]flumazenil, a GABAA receptor antagonist, has been shown to 

reduce radioligand binding affinity under inhalation anesthesia 

compared to the awake state [87]. Especially, the binding of 

[11C]DPA-713, another TSPO radioligand, was shown to decrease 

with isoflurane exposure time in the monkey brain [88]. However, 

there are no studies that change PET or optical imaging of BAT by 

isoflurane anesthesia.  

 

2.2. Purpose of Research 

In chapter 2, one of the main aims is to evaluate the activity 

level using [18F]FDG and [18F]fm-PBR28-d2, a TSPO-targeting 

PET probe, under cold exposure that regulates BAT activity. UCP1 

reporter mouse were exposed for 4 h to each group of cold 

stimulation or TN condition.  Another main aim is to evaluate BAT 

activity after prolonged isoflurane anesthesia by PET and CLI using 

[18F]FDG and [18F]fm-PBR28-d2. UCP1 reporter mouse was 

anesthetized with isoflurane for less than 2 h (short-term) or more 

than 2 h (long-term) before intravenous injection of [18F]FDG and 

[18F]fm-PBR28-d2. Finally, the changes in UCP1 expression using 
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[18F]FDG and [18F]fm-PBR28-d2 were evaluated by CLI as well as 

PET by changes in physiological conditions involved in BAT activity. 
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MATERIALS AND METHODS 

 

1. Acute cold stimulation and thermoneutral conditions 

Before injecting [18F]FDG or [18F]fm-PBR28-d2, UCP1 

reporter mice in the cold stimulation group were acclimatized to a 

space of at about 4℃ for 4 h. During acclimatization, each individual 

was housed in a separate compartment to prevent them from 

maintaining body temperature close to each other [89]. On the other 

hand, UCP1 reporter mice of thermoneutral conditions were 

acclimatized to at about 30 ℃ using a heating pad for 4 h. 

 

2. Inhalation of anesthesia using isoflurane 

UCP1 reporter mice were anesthetized with isoflurane (Troikaa 

Pharmaceuticals Ltd, Gujarat, India) combined with pure oxygen 

before injection of [18F]FDG or [18F]fm-PBR28-d2 and during PET 

and CLI acquisition. I divided it into two groups based on 2 h from the 

injection of [18F]FDG or [18F]fm-PBR28-d2 to the total time that 

anesthesia was maintained during image acquisition. 
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RESULTS 

 

[18F]FDG-PET and [18F]FDG-CLI of iBAT in UCP1 reporter mouse 

under cold exposure and thermoneutral conditions.  

As mentioned above, Cold stimulation is one of the 

representative physiological conditions for activating and obtaining 

iBAT target images. Therefore, I investigated PET and CLI images 

using [18F]FDG and [18F]fm-PBR28-d2 according to iBAT activation 

under the cold stimulation (cold, 4 ℃) or thermoneutral condition 

(TN, 30 ℃) in UCP1 reporter mouse. UCP1 reporter mice were 

exposed to each group of cold or TN for 4 h. Consistent with previous 

reports, Figure 2-1A shows that [18F]FDG-PET of iBAT was higher 

uptake in the cold exposure group than the TN group. Similarly, 

TSPO-CLI of iBAT was higher in the cold exposure group than in 

the TN group (Figure 2-1B). Quantitative analysis indicated that 

TSPO-PET signals from iBAT were 1.53-fold higher in the cold 

exposure group than TN group (SUVmax, cold vs. TN, 1.10 ± 0.24 vs. 

0.72 ± 0.11, *P = 0.028, Figure 2-1C). Also, TSPO-CLI signals from 

iBAT were higher 1.18-fold in the cold exposure group than TN 

group (Average radiance, photon/s/cm2/sr, cold vs. TN, 15,312.5 ± 

1,238.02 vs. 12,907.5 ± 881.64, *P = 0.0194, Figure 2-1D). 
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Figure 2-1. [18F]FDG-PET and [18F]FDG-CLI of iBAT under cold 

stimulation and TN conditions. (A) [18F]FDG-PET and [18F]FDG-

CLI images of iBAT under cold stimulation. (B) [18F]FDG-PET and 

[18F]FDG-CLI images of iBAT under TN conditions.  (C) 

Quantitative analysis of [18F]FDG-PET SUVmax signals from iBAT 

under cold and TN conditions. (D) Quantitative analysis of 

[18F]FDG-CLI signals from iBAT under cold and TN conditions. Data 

represent mean ± SD (n = 4 per group). *P < 0.05. 
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TSPO-PET and TSPO-CLI of iBAT in UCP1 reporter mouse under 

cold exposure and TN conditions. 

Figure 2-2A shows that TSPO-PET of iBAT clearly had 

higher uptake in the cold stimulation group than the TN group. 

Similarly, TSPO-CLI of iBAT was higher in the cold exposure group 

than the TN group (Figure 2-2B). Quantitative analysis indicated 

that TSPO-PET signals from iBAT were 2.45-fold higher in the cold 

exposure group than TN group (SUVmax, cold vs. TN, 3.86 ± 0.96 vs. 

1.57 ± 0.56, **P = 0.0064, Figure 2-2C). Also, TSPO-CLI signals 

from iBAT were higher 1.86-fold in the cold exposure group than 

TN group (Average radiance, photon/s/cm2/sr, cold vs. TN, 15,437.5 

± 4,683.15 vs. 8,259.5 ± 2,043.58, *P = 0.029, Figure 2-2D). 
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Figure 2-2. TSPO-PET and TSPO-CLI of iBAT under cold 

exposure and TN conditions. (A) TSPO-PET and TSPO-CLI images 

of iBAT under cold stimulation conditions. (B) TSPO-PET and 

TSPO-CLI images of iBAT under TN conditions.  (C) Quantitative 

analysis of TSPO-PET SUVmax signals from iBAT under cold and TN 

conditions. (D) Quantitative analysis of TSPO-CLI signals from iBAT 

under cold and TN conditions. Data represent mean ± SD (n = 4 per 

group). *P < 0.05, **P < 0.01. 
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Monitoring of [18F]FDG-PET and [18F]FDG-CLI of iBAT under 

isoflurane anesthesia dependent on time in UCP1 reporter mouse 

As another physiological condition, PET and CLI of iBAT were 

investigated using [18F]FDG and TSPO-targeting probe according to 

anesthesia conditions essential for preclinical imaging or clinical 

surgery. I examined PET and CLI of iBAT using [18F]FDG and 

TSPO-targeting probe by dividing the anesthesia time into short and 

long groups. To investigate the difference in iBAT imaging according 

to isoflurane anesthesia time, I designated the group with an 

anesthetic time of less than 2 h as the short-term group and the 

group with an anesthesia time of more than 2 h as the long-term 

group. As shown in Figure 2-3A, 3B, it was difficult to observe a 

significant difference between the short-term group and long-term 

group anesthesia groups for both [18F]FDG-PET and [18F]FDG-CLI. 

Furthermore, quantitative analysis of both [18F]FDG-PET (Figure 

2-3C) and [18F]FDG-CLI (Figure 2-3D) signal were no significant 

difference. 
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Figure 2-3. [18F]FDG-PET and [18F]FDG-CLI of iBAT imaging 

under isoflurane anesthesia dependent on time. (A) [18F]FDG-PET 

and [18F]FDG-CLI images under short exposure of isoflurane 

anesthesia. (B) [18F]FDG-PET and [18F]FDG-CLI images under 

long exposure of isoflurane anesthesia. (C) Quantitative analysis of 

PET signals from iBAT with [18F]FDG under short or long exposure 

isoflurane anesthesia. (D) Quantitative analysis of CLI signals  from 

iBAT with [18F]FDG under short or long exposure isoflurane 

anesthesia. Data represent mean ± SD (n = 4 per group). ns, not 

significant. 
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Monitoring of TSPO-PET and TSPO-CLI of iBAT under isoflurane 

anesthesia dependent on time in UCP1 reporter mouse 

Interestingly, TSPO-PET and TSPO-CLI signals in [18F]fm-

PBR28-d2 from iBAT were clearly observed under the short-term 

isoflurane anesthesia group as seen in Figure 2-4A. Conversely, 

both TSPO-PET and TSPO-CLI signals of iBAT were decreased in 

the long-term isoflurane anesthesia group than short-term 

isoflurane anesthesia group (Figure 2-4B).  Quantitative analysis of 

TSPO-PET signals in iBAT was much higher in the short-term 

group (3.3-fold) than long-term group (SUVmax, short-term vs. 

long-term, 5.387 ± 2.989 vs. 1.613 ± 0.699, **P = 0.0069, Figure 

15-C). Consistent with Figure 2-4C result, TSPO-CLI signals in 

iBAT were significantly higher in the short-term group (1.41-fold) 

than long-term group (Average radiance, photon/s/cm2/sr, short-

term vs. long-term, 609,857.1 ± 134,265 vs. 429,857.1 ± 97,484.1, 

*P = 0.0141, Figure 2-4D).  
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Figure 2-4. TSPO-PET and TSPO-CLI of iBAT imaging under 

isoflurane anesthesia dependent on time. (A) TSPO-PET and 

TSPO-CLI images under short exposure of isoflurane anesthesia. (B) 

TSPO-PET and TSPO-CLI images under short exposure of 

isoflurane anesthesia. (C) Quantitative analysis of PET signals from 

iBAT with [18F]fm-PBR28-d2 under short or long exposure 

isoflurane anesthesia. (D) Quantitative analysis of CLI signals from 

iBAT with [18F]fm-PBR28-d2 under short or long exposure 

isoflurane anesthesia. Data represent mean ± SD (n = 7 per group). 

*P < 0.05, **P < 0.01 
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Figure 2-5. TSPO-PET and TSPO-CLI with different date of birth 

(D.O.B.) in UCP1 reporter mouse.     
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DISCUSSION 

 

From 2003 to 2012, since the detection rate of iBAT in 

[18F]FDG-PET is less than 10% in human but cold stimulation 

increases the image detection rate of iBAT for 33~100% [76]. As 

mentioned above, UCP1 expression increases in iBAT that uncouples 

the respiratory chain from oxidative phosphorylation resulting high 

rate of oxidation and capable of using metabolic energy expenditure 

to provide heat under cold stimulation [19, 20]. In iBAT with 

[18F]fm-PBR28-d2, the TSPO-PET and TSPO-CLI of signals were 

significantly higher in the cold stimulation group than in the TN group. 

(Figure 2-2). I also evaluated the correlation between UCP1 

expression and [18F]FDG uptake in iBAT under cold stimulation 

conditions but brain uptake was still high (Figure 2-1). These results 

suggest that more sensitive and specific iBAT imaging is possible 

using TSPO-targeting probe than [18F]FDG. 

 

 General anesthesia plays an important role in the long-term 

PET imaging in the preclinical or patient surgery in the clinic and is 

also essential in animal studies [90]. The mechanism of action by 

which inhalational anesthesia in the brain can reduce radioligand 
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binding is well understood [91, 92]. However, a mechanism related 

to inhalational anesthesia and the decrease in TSPO radioligand 

binding affinity has not been elucidated. Figure 2–4 represent two 

possible mechanisms related to inhalation anesthesia and TSPO 

radioligand binding affinity. First, effects of anesthetics on 

mitochondrial metabolism have been extensively studied, suggesting 

that anesthesia has a detrimental effect on mitochondrial function 

[93]. Isoflurane activates the mitochondrial pathway of apoptosis by 

inducing reactive oxygen species (ROS), promote pro-apoptotic 

protein including B-cell lymphoma 2 (Bcl-2)-associated X (BAX) 

levels, and inhibiting anti-apoptotic protein, Bcl-2 family proteins 

reflecting anti-apoptosis [94]. TSPO mediates cell death and growth 

as one of the mitochondria permeability transition pore (MPTP)  

proteins [95]. As mentioned above, because BAT is rich in 

mitochondria, it is thought that isoflurane may affect TSPO present 

in mitochondria. Indeed, I observed that the binding of [18F]fm-

PBR28-d2 in PET and CLI was decreased in the group with longer 

exposure to anesthesia than with shorter exposure (Figure 2-4). On 

the other hand, UCP1 expression and [18F]FDG uptake in iBAT of 

UCP1 reporter mouse did not change even after long-term isoflurane 

exposure compared to short-term exposure (Figure 2-3). These 

data indicate that anesthetics can inhibit TSPO expression or function 
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by reducing mitochondrial metabolic function, excluding factors 

related to [18F]FDG uptake, and consequently affect iBAT imaging. 

Therefore, it is necessary to evaluate TSPO expression by obtaining 

BAT resected from individuals in each group. However, iBAT images 

using [18F]fm-PBR28-d2 are generally acquired within 1 h and may 

not be influenced by the long-term anesthesia effect. Second, TSPO 

mediates the synthesis of allopregnanolone, a neurosteroids that 

activates the allosteric GABAA receptor by transporting cholesterol 

from the outer mitochondrial membrane to the inner membrane [36]. 

When mitochondrial function and metabolism are impaired by 

isoflurane, TSPO-mediated reduction in neurosteroids production 

that binds to GABAA receptors cannot be established because it 

reduces GABAergic. However, when isoflurane binds to GABAA 

receptors and activates GABAergic system, it induces hypothermia 

and slows blood circulation [81]. Therefore, longer than shorter 

exposure times are expected to lead to reduced pharmacokinetics to 

reach receptor-ligand binding affinity due to the slowing of blood 

flow. 

In addition to the results of my research in this paper, various 

iBAT studies are possible in UCP1 reporter mouse using [18F]FDG-

PET or [18F]fm-PBR28-d2. The iBAT images obtained from human 

[18F]FDG-PET showed decreased glucose uptake with age due to 
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mitochondrial dysfunction and impairment of endocrine signaling, 

suggesting that TSPO-PET may also be affected by age [96-98]. 

Preliminary data showed that younger UCP1 reporter mouse (9 

weeks old, n = 1) had higher signals than older UCP1 reporter mouse 

(36 weeks old, n = 1) under normal conditions in both TSPO-PET 

and TSPO-CLI. (Figure 2-5). However, experiments with adding 

individuals are needed to explain this observation. Also, since most 

obese people have white fat as adipocytes, research on obesity 

treatment through the browning of white fat is of interest. It is well 

established that diet-induced obese (DIO) mouse models or obese 

humans have larger adipocytes, fewer mitochondria, and lower UCP1 

expression than lean mice or humans [99]. Therefore, iBAT images 

with UCP1 and TSPO-targeting ligands in the DIO model of UCP1 

reporter mice are expected to provide various information on the 

browning of WAT.  
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 Conclusions 

Following Chapter 1, Chapter 2 compared PET and CLI images 

using FDG and TSPO under various physiological conditions that 

change the activity of BAT. In the classical cold acclimation method, 

both [18F]FDG and [18F]fm-PBR28-d2 showed higher signals from 

BAT in the cold exposure group than in the TN condition group, but 

TSPO reflected the signal more sensitively without an off-target 

effect. Unlike [18F]FDG-PET/CLI data, TSPO-PET and TSPO-CLI 

signals in iBAT decreased more in the long-term anesthesia group 

than in the short-term anesthesia group due to mitochondrial damage.  
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국 문 초 록 

 

서론: 포도당 유사체인 [18F]Fluoro-2-deoxyglucose ([18F]FDG)를 

이용한 양전자단층촬영 (Positron emission tomography, PET)은 지방 

조직 내 포도당 섭취를 측정하여 가장 널리 제안되고 있는 진단 영상 

기법이다. 그러나, [18F]FDG-PET 은 뇌 또는 심장의 포도당 흡수가 

높을수록 갈색 지방 조직 (interscapular brown adipose tissue, iBAT) 

영상을 얻기에 어려움이 있다. 탈공역단백질 (Uncoupling protein 1, 

UCP1)은 미토콘드리아 내막에 위치하여 iBAT 의 바이오마커로 

사용되며 최근에는 UCP1 발현을 실시간으로 모니터링 할 수 있는 

리포터 마우스 (UCP1 reporter mouse, ThermoMouse)가 개발되었다. 

전이체 단백질 (Translocator protein-18 kDa, TSPO)는 UCP1 과 

함께 미토콘드리아 막에 위치하며 iBAT 에서 과 발현되어 있다. 이러한 

근거로 갈색 지방 조직 특이적 영상을 위해 다양한 TSPO 표적 

프로브들이 개발되었고 우리는 [18F]fm-PBR28-d2 를 사용하였다. 

방사성 추적자 로부터 방출되는 체렌코프 방사선 (Cerenkov radiation, 

CR)을 사용하는 비침습적 체렌코프 발광 영상 (Cerenkov 

luminescence imaging, CLI)는 경제적이고 사용자 친화적인 장점으로 

PET 의 대체 광학 이미징으로 이용되고 있다. 그러나, 갈색 지방 조직 

영상에 있어서 [18F]FDG 와 TSPO 표적 프로브를 이용한 PET 영상과 

CLI 의 비교에 대한 연구는 아직까지 진행된 적이 없다. 따라서 우리는 
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갈색 지방 조직의 바이오마커인 UCP1 의 발현을 모니터링 할 수 있는 

UCP1 리포터 마우스에서 [18F]FDG 와 TSPO 표적 프로브를 이용하여 

PET 영상과 CLI 를 비교 및 분석하고 PET 대체 옵션으로서 CLI 의 

가능성을 평가하는 것을 목표로 한다. 

 

방법: UCP1 리포터 마우스는 Luciferase2(Luc2)-T2A-tdTomato  

카세트를 exon 1 의 Ucp1 코딩 서열 개시 코돈에 삽입하여 확립하였다. 

발광 영상과 형광 영상은 IVIS 100 을 이용하여 수행하였다. 웨스턴 

블릇과 조직화학염색 기법은 UCP1, Luciferase 와 TSPO 의 발현을 

측정하기 위해 수행하였다. 갈색 지방 조직 내 UCP1 발현을 시각화 

하기 위해 [18F]FDG-PET/CLI와 TSPO-PET/CLI를 통해 평가하였다. 

[18F]FDG 또는 [18F]fm-PBR28-d2 를 꼬리정맥주사 후 PET 스캔은 

소동물 PET 영상 (small animal PET, SimPET)을 CLI 는 IVIS 100 을 

이용하여 얻었다. PET 과 더불어 CLI 획득에 있어 비방사능 (molar 

activity, Am)이 다른 TSPO 표적 프로브 간 iBAT 영상의 정성 및 정량 

적 차이를 조사하였다. 생리적 활성에 따른 iBAT 영상의 차이를 

평가하기 위하여 추위 자극과 열중립 조건에서 4 시간 동안 사육한 뒤 

PET 과 CLI 영상을 비교하였다. 마취 지속 시간에 따른 iBAT 영상의 

차이를 확인하기 위하여 총 마취 시간을 2 시간 미만과 2 시간 이상의 

그룹으로 나누어 PET 과 CLI 를 평가하였다. 모든 PET 영상은 AMIDE 

이미징 소프트웨어를 이용해 재구성하고 정량분석 하였다. BLI, FLI 

그리고 CLI 는 Living Imaging Software 를 이용하여 정량분석 하였다. 
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결과: 발광 및 형광 영상을 통하여 갈색 지방 조직 내 UCP1 발현을 

관찰하였다. 갈색 지방 조직에서 UCP1, Luciferase 와 TSPO 가 다른 

지방 조직에 비해 특이적으로 높은 발현과 단백질들 간의 상관성을 

관찰할 수 있었다. [18F]FDG-PET/CLI의 신호들을 갈색 지방 조직에서 

검출할 수 있었지만 뇌와 심장에서 더 높은 신호를 관찰하였다. 그러나 

TSPO-PET/CLI 의 신호는 뇌와 심장에 섭취 없이 갈색 지방 조직에 

강한 신호를 검출되었다. [18F]FDG-PET/CLI 의 신호들은 내재성 

UCP1 발현이 서로 다른 그룹에서의 차이를 관찰하기 어려웠다. 그러나 

TSPO-PET/CLI 의 신호들은 내재성 UCP1 발현이 높은 그룹에서는 

특이적으로 높았고 내재성 UCP1 발현이 낮은 그룹에서는 낮았다. 높은 

비방사능을 가진 [18F]fm-PBR28-d2 을 이용한 PET 영상 및 CLI 

모두 갈색 지방 조직에서 특이적인 신호를 검출되었다. 그러나 낮은 

비방사능을 가진 [18F]fm-PBR28-d2 을 이용한 PET 영상 및 CLI 는 

낮은 품질의 신호가 검출되었다. [18F]FDG-PET/CLI 신호들은 추위 

자극 그룹이 열 중립 조건 그룹보다 더 높은 신호를 보여주었다. 그러나 

TSPO-PET/CLI 신호들은 [18F]FDG 를 사용하는 것보다 추위 자극 

그룹과 열 중립 조건 그룹 간의 더 민감하고 특이적인 차이를 

관찰하였다. [18F]FDG-PET/CLI 신호들은 마취 노출이 짧은 그룹과 긴 

노출 그룹 간의 차이를 확인할 수 없었다. 흥미롭게도, TSPO-PET/CLI 

신호들은 마취 노출이 짧은 그룹이 긴 노출 그룹보다 특이적으로 높았다.  
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결론: UCP1 리포터 마우스는 생체 내 갈색 지방 조직의 UCP1 발현을 

모니터링 할 수 있는 유용한 모델이다. 이 연구는 최초로 갈색 지방 

조직 표적 영상을 위해 [18F]FDG 와 비교하여 TSPO 표적 프로브를 

이용한 체렌코프 발광 영상을 평가하였다. 이러한 결과들은 TSPO 표적 

프로브인 [18F]fm-PBR28-d2 는 [18F]FDG 보다 갈색 지방 조직 

영상을 위해 더 신뢰성 있고 민감한 프로브로 사용될 수 있음을 

보여주었다. 나아가, TSPO 표적 프로브를 이용한 CLI 는 TSPO-

PET 의 대체 광학 영상 옵션으로 사용될 수 있음을 시사한다. 
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