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Adrenergic pathway activation enhances brown adipose tissue
metabolism: A [18F]FDG PET/CT study in mice

M. Reza Mirbolookia, Sanjeev Kumar Upadhyayb, Cristian C. Constantinescua, Min-Liang
Pana, and Jogeshwar Mukherjeea,b

aPreclinical Imaging, Department of Radiological Sciences, School of Medicine, University of
California, Irvine
bDepartment of Physiology and Biophysics, School of Medicine, University of California, Irvine

Abstract
Objective—Pharmacologic approaches to study brown adipocyte activation in vivo with a
potential of being translational to humans are desired. The aim of this study was to examine pre-
and postsynaptic targeting of adrenergic system for enhancing brown adipose tissue (BAT)
metabolism quantifiable by [18F]fluoro-2-deoxyglucose ([18F]FDG) positron emission
tomography (PET)/ computed tomography (CT) in mice.

Methods—A β3-adrenoreceptor selective agonist (CL 316243), an adenylyl cyclase enzyme
activator (forskolin) and a potent blocker of presynaptic norepinephrine transporter (atomoxetine)
were injected through the tail vein of Swiss Webster mice 30 minutes before intravenous (iv)
administration of [18F]FDG. The mice were placed on the PET/CT bed for 30 min PET acquisition
followed by 10 min CT acquisition for attenuation correction and anatomical delineation of PET
images.

Results—Activated interscapular (IBAT), cervical, periaortic and intercostal BAT were observed
in 3-dimentional analysis of [18F]FDG PET images. CL 316243 increased the total [18F]FDG
standard uptake value (SUV) of IBAT 5-fold greater compared to that in placebo-treated mice. It
also increased the [18F]FDG SUV of white adipose tissue (2.4-fold), and muscle (2.7-fold), as
compared to the control. There was no significant difference in heart, brain, spleen and liver
uptakes between groups. Forskolin increased [18F]FDG SUV of IBAT 1.9-fold greater than that in
placebo-treated mice. It also increased the [18F]FDG SUV of white adipose tissue (2.2-fold) and
heart (5.4-fold) compared to control. There was no significant difference in muscle, brain, spleen,
and liver uptakes between groups. Atomoxetine increased [18F]FDG SUV of IBAT 1.7-fold
greater than that in placebo-treated mice. There were no significant differences in all other organs
compared to placebo-treated mice except liver (1.6 fold increase). A positive correlation between
SUV levels of IBAT and CT hounsfiled unit (HU) (R2=0.55, p<0.001) and between CT HU levels
of IBAT and liver (R2=0.69, p<0.006) was observed.

Conclusions—The three pharmacologic approaches reported here enhanced BAT metabolism
by targeting different sites in adrenergic system as measured by [18F]FDG PET/CT.

© 2013 Elsevier Inc. All rights reserved.
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1. INTRODUCTION
Brown adipose tissue (BAT) is well known as a major glucose disposal tissue [1]. BAT is
innervated by norepinephrine containing neuronal fibers [2], which interact with β3-
adrenoreceptor (β3-AR) resulting in the enhancement of glycolysis. This results most likely
in an increase in the synthesis of cyclic AMP (cAMP) (Fig. 1) and the consequent
overexpression of uncoupling protein-1, UCP1 [3]. Targeting post-synaptic β3-AR on brown
adipocytes has been the most commonly evaluated strategy for studying BAT biology and
activating it as a therapeutic approach for diabetes and obesity. However, studies on
presynaptic proteins (e.g. norepinephrine transporter, NET) or at the level of secondary
messenger (e.g. adenylyl cyclase) are limited and less understood.

Thus, our goal in this study was to investigate three aspects (Fig-1) of adrenergic pathway
activation (presynapse to postsynapse to second messenger) on [18F]FDG uptake in BAT of
mice using whole-body PET/CT scans. This included increasing presynaptic norepinephrine
by blocking NET using atomoxetine, activation of post-synaptic 3 receptors by agonist CL
316243 and increasing cAMP by activation of adenylyl cyclase using forskolin (Fig-1).
Atomoxetine is a potent and highly selective blocker (Ki=5×10−9 M) of presynaptic NET
that is used for treatment of attention-deficit/hyperactivity disorder (ADHD) [4].
Atomoxetine leads to increased synapse concentrations of norepinephrine and therefore an
increase in adrenergic neurotransmission [5]. Uptake of a highly selective NET ligand, 11C-
MRB ((S,S)-O-[11C]methylreboxetine), suggests the existence of these transporters in BAT
[6]. We have recently reported atomoxetine effects on BAT metabolism that are visible and
quantifiable by [18F]FDG PET in rats [7]. Binding affinity of CL 316243 for postsynaptic β-
adrenergic receptors are Ki: β1≥10−4 M; β2=3×10−5 M; β3=3×10−9 M. Chronic CL 316243
administration has been shown to have an antiobesity effect in mice [10]. We have
previously reported quantitative assessment of CL 316243-mediated activation of BAT in
rats using [18F]FDG PET [11]. Forskolin activates the adenylyl cyclase enzyme directly and
increases the intracellular levels of cAMP with a Kd=14.8×10−9M [8]. Forskolin is known
as an inducer of thermogenic response in BAT [9].

[18F]FDG PET is the most commonly used modality to assess BAT in humans [12]. Despite
the well-established literature of BAT biology in animal models, quantitative analysis of
[18F]FDG PET/CT images in mice is now emerging [13]. Mice were optimal for studies
reported here since they were small compared with the axial field of view of both Inveon
PET (12.7 cm) and MM CT with large area detector (10 cm), which allowed for whole-body
imaging in a single session and bed position, compared to our previous rat study where
whole body imaging in a single scan was not possible [7,11].

Our specific objectives in this study were: 1. Evaluate the magnitude of BAT activity caused
by acute drug treatments of atomoxetine, CL 316243, and forskolin; 2. Examine whether the
magnitude of BAT activity was correlated with [18F]FDG uptake in other organs/tissues
(e.g. white adipose tissue, skeletal muscle, heart, brain, liver, and spleen). 3. Since CT has
also been reported to show changes in activated BAT likely due to lipolysis [14], we
examined whether quantitative CT, as a measure of lipid consumption, could identify the
same anatomic locations of BAT as [18F]FDG PET and whether CT hounsfield units (HU)
are correlated with [18F]FDG PET standard uptake values (SUV) in BAT.
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2. MATERIALS AND METHODS
2.1. Animals

Male Swiss Webster mice, aged 14-18 weeks were used in this study. Mice were purchased
from Harlan Laboratories (Placentia, CA) and housed under controlled temperatures of 22°C
± 1°C, in a 12-h light–dark cycle, on at 6:00 AM, with water and food chow ad libitum. All
animal studies were approved by the Institutional Animal Health Care and Use Committee
of University of California, Irvine.

2.2. Equipment
An Inveon dedicated PET scanner (Siemens Medical Solutions, Knoxville, TN), which has a
resolution of 1.46 mm in the center of the field-of-view, was used for the PET studies. An
Inveon Multimodality (MM) CT scanner (Siemens Medical Solutions, Knoxville, TN) was
used for CT acquisitions in combined PET/CT experiments. A Sigma Delta anesthetic
vaporizer (DRE, Louisville, KY) was used to induce and maintain anesthesia during
intravascular injections and PET/CT acquisitions.

2.3. Chemicals
Atomoxetine and forskolin were purchased from Sigma-Aldrich (St. Louis, MO). CL
316243 was purchased from Tocris Bioscience (Bristol, United Kingdom). [18F]FDG was
obtained from PETNET solutions (Irvine, CA). Isoflurane was purchased from Clipper
Distributing Company (St. Joseph, MO).

2.4. Experimental protocol
All mice (n=12) were fasted for at least 17 hours before [18F]FDG administration. They
were randomly divided into four groups. For targeting presynaptic NET, mice (n=3, Wt:
37.0±6.6 g) were injected with atomoxetine (1mg/kg, IV 0.02 mL); for targeting adenylyl
cyclase, mice (n=3, Wt: 36.3±6.6 g) were injected with forskolin (1mg/kg, IV 0.02 mL); for
targeting post-synaptic β3-AR, mice (n=3, Wt: 40±5.5 g) were injected with CL 316243
(1mg/kg, IV 0.02 mL); and placebo-treated mice (n=3, Wt: 40±5.5 g) were injected IV with
normal saline (0.02 mL) through the tail vein 30 minutes before IV administration of
[18F]FDG under 2% isoflurane anesthesia (Fig. 2). Mice were awake between the injections
and free to move in their cages. They were eventually placed in the supine position in a
mouse holder and anesthetized with 2% isoflurane for whole-body PET imaging. The mouse
holder was placed on the PET/CT bed and 30 minute-long PET scans were acquired 60
minutes after [18F]FDG injections. All animals had a 10-minute-long CT scan after the PET
scan for attenuation correction and anatomical delineation of PET images. The same method
of injection of [18F]FDG was used for all mice, as was the recovery period and re-
anesthetization for PET.

It should be noted that the drugs and [18F]FDG was injected intravenously in less than 3
minutes under anesthesia while they were placed on a warm pad. The animals were then
allowed to recover immediately (less than a minute) and uptake of [18F]FDG occurred for
one hour while the animals were awake. Thus the effect of anesthesia was minimized and
was used for the PET/CT scan after the [18F]FDG uptake had occurred.

2.5. PET/CT imaging
The Inveon PET and MM CT scanners were placed in the “docked mode” for combined
PET/CT experiments. PET data were reconstructed as 128 × 128 × 159 matrices with a
transaxial pixel of 0.776 mm and slice thickness of 0.796 mm using an OSEM2D algorithm
(16 subsets, 4 iterations, 2 EM iterations). PET images were corrected for random
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coincidences, attenuation and scatter. All images were calibrated in units of Bq/cm3 by
scanning a Ge-68 cylinder (6 cm diameter) with known activity and reconstructing the
acquired image with parameters identical to those of [18F]FDG images. The CT images were
spatially transformed to match the reconstructed PET images. The CT projections were
acquired with the detector-source assembly rotating over 360 degrees and 720 rotation steps.
A projection bin factor of 4 was used in order to increase the signal to noise ratio in the
images. The CT images were reconstructed using cone-beam reconstruction with a Shepp
filter with cutoff at Nyquist frequency and a binning factor of 2 resulting in an image matrix
of 480 × 480 × 632 and a voxel size of 0.206 mm.

2.6. Image analysis
The magnitude of BAT [18F]FDG activation was expressed as SUV which was computed as
the average [18F]FDG activity in each volume of interest, VOI (in kBq/mL) divided by the
injected dose (in MBq) times the body weight of each animal (in Kg). For quantitative
analysis, VOIs were drawn on PET images for interscapular BAT (IBAT), and heart
myocardium. Similarly to previously described methods, [7] the VOIs were delineated
visually by auto-contouring the [18F]FDG activity that was clearly above normal
background activity in mice treated with drugs. The VOIs were delineated visually on CT
images for interscapular white adipose tissue (IWAT), skeletal muscle (Triceps Brachii),
brain, spleen, and liver. All in vivo images were analyzed using PMOD Software (PMOD
Technologies, Zurich, Switzerland) and Inveon Research Workplace (IRW) software
(Siemens Medical Solutions, Knoxville, TN).

2.7. Photomicrograph production
All original in vivo images were processed with either PMOD Software (PMOD
Technologies, Zurich, Switzerland) or Inveon Research Workplace (IRW) software
(Siemens Medical Solutions, Malvern, PA). Image captures of the originals were then
inserted and sorted in Microsoft PowerPoint 2010 to produce final images, which then were
saved as .TIFF files. No modifications to contrast or brightness were done.

2.8. Statistical analysis
Statistical differences between groups were determined using one way ANOVA followed by
post hoc Fisher’s Least Significant Difference (LSD) test in IBM SPSS, version 20 for
Windows (Armonk, NY). Levene’s test was used to examine the homogeneity of variances.
If the variances were not equal, a variance-stabilizing transformation was chosen [f x = Ln
x ] to allow the application of one way ANOVA. We calculated the statistical power with
two-sample test based on IBAT SUV data obtained from CL 316243 experiments, which
was equal to 1.0. Using bivariate analysis, scatter plots were created for the computation of
square of correlation coefficients (R2) between different variables. A p value of <0.05 was
considered to indicate statistical significance.

3. RESULTS
3.1. Drug-induced activated BAT

Treatment of mice with 1 mg/kg of each of the three studied drugs at ambient temperature
increased the total [18F]FDG uptake of all regions of BAT. Activated interscapular, cervical,
periaortic and intercostal BATs were observed in 3-dimentional analysis of [18F]FDG PET
images and regions were confirmed anatomically by CT co-registration (Fig-3A). This
regional distribution was consistent among different mice treated with the drugs. In control
mice, the rank of [18F]FDG uptake was similar, but with lower intensities. Smaller areas
such as the intercostal BAT were difficult to discern under control conditions. We chose to
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compare IBAT uptake between the groups due to its more consistent shape, as described
previously [11]. Figure-3B shows ventral, lateral, and dorsal views of IBAT in mice treated
with CL 316243. CT HU changes were visible only when BAT was highly active, but it did
not assist in differentiating BAT from the surrounding tissues (Fig-4).

3.2. Effect of CL 316243 on [18F]FDG SUV and CT HU in BAT
PET images revealed high [18F]FDG uptake in IBAT of CL 316243 treated mice at ambient
temperature (Fig-5A and B). The effect of increased [18F]FDG was consistent across
animals treated with CL 316243. It increased the total [18F]FDG SUV of IBAT to 4.3±2.2
which is 5.0-fold greater (p<0.001) compared to [18F]FDG SUV in placebo-treated mice of
0.86±0.09. CL 316243 also increased the [18F]FDG SUV of IWAT (2.4-fold) and muscle
(2.7-fold) as compared to the control. However, the increased values in IWAT and muscle
due to CL 316243 were below BAT values of placebo-treated mice. Heart [18F]FDG uptake
increased and brain [18F]FDG uptake decreased but changes were not statistically
significant. There was no significant difference in spleen and liver uptakes between groups.
The SUV data in all regions are summarized in Table 1. CT images revealed that CL 316243
increased CT HU of IBAT to −129±87 which is 1.1-fold greater than the CT HU in placebo-
treated mice of −144±90, but the difference was not statistically significant (Fig. 5A and B).
There was no significant difference in IWAT CT HU between CL 316243-treated and
control groups (-302±69 vs. −239±148).

3.3. Effect of forskolin on [18F]FDG SUV and CT Hounsfield unit in BAT
PET images revealed mild [18F]FDG uptake in IBAT of forskolin treated mice at ambient
temperature (Fig-5A and B). Forskolin increased [18F]FDG SUV of IBAT to 1.64±0.47
which is 1.9-fold greater (p<0.05) than that of [18F]FDG SUV in placebo-treated mice of
0.86±0.09. Forskolin also increased the [18F]FDG SUV of IWAT (2.2-fold) compared to
control. However, the increased values were below the level of BAT values in non-treated
mice. Heart [18F]FDG uptake increased significantly at a level higher than that of IBAT in
the same mice (5.4-fold). There was no significant difference in muscle, brain, spleen and
liver uptakes between groups. The SUV data in all regions are summarized in Table 1. CT
images revealed that forskolin increased CT HU of IBAT to −97±9 which is 1.5-fold greater
compared to CT HU in placebo-treated mice of −144±90, but the difference was not
statistically significant (Fig. 5A and B). Forskolin also increased CT HU of IWAT to
−185±16 which is 1.3-fold greater compared to CT HU in placebo-treated mice of
−239±148, but the difference was not statistically significant.

3.4. Effect of atomoxetine on [18F]FDG SUV and CT Hounsfield unit in BAT
PET images revealed mild [18F]FDG uptake in IBAT of ATX treated mice at ambient
temperature (Fig-5A and B). ATX increased [18F]FDG SUV of IBAT to 1.52±0.35 which is
1.7-fold greater (p<0.05) than that in placebo-treated mice of 0.86±0.09. There was no
significant difference in all other organ uptakes compared to placebo-treated mice except in
liver. ATX increased the [18F]FDG SUV of liver (1.6-fold) as compared to control. The
SUV data in all regions are summarized in Table 1. CT images revealed no significant
changes in CT HU of IBAT and IWAT of treated mice compared to those of placebo-treated
mice (Fig-5A and B).

3.5. Correlations between BAT [18F]FDG SUV and other organs [18F]FDG SUV and CT HU
Regardless of the method of activation, close positive correlations between IBAT and IWAT
SUV levels (y=0.2311x+0.2532, R2=0.49, p<0.02; Fig-6A) and of IBAT and muscle
(y=0.1601x+0.0425, R2=0.66, p<0.001, Fig-6B) were observed. A negative correlation
between SUV levels of IBAT and brain (y=-0.6121x+3.167, R2=0.54, p<0.01) was observed
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(Fig-6D). There were no significant correlations between SUV levels of IBAT and those of
heart myocardium, liver and spleen (Fig-6C,E,F). A close positive correlation between SUV
levels of IBAT and CT HU (y=25.059×−185.5, R2=0.55, p<0.001) was observed (Fig-7). No
significant correlation was found between SUV and HU in IWAT. Interestingly, a very close
positive correlation between CT HU levels of IBAT and liver (y=0.3311x-14.741, R2=0.69,
p<0.006) was observed (Fig-8). There were no significant correlations between IBAT CT
HU and other organs.

4. DISCUSSION
All three studied drugs, CL 316243, atomoxetine and forskolin, were able to activate BAT
and measured with [18F]FDG PET imaging in mice. Because of the high affinity and
selective nature of CL 316243, the increase in BAT [18F]FDG SUV was 5-fold as compared
to control mice. This is consistent with our recently reported activated BAT in rats with CL
316243 treatment which was 7-fold more than controls [11]. Atomoxetine increased BAT
[18F]FDG SUV 1.5-fold as compared to control mice and is similar to our recent report of
activated BAT in rats with atomexetine [7]. Forskolin directly activates adenylyl cyclase and
raises cAMP levels in a wide variety of cell types [16]. Forskolin increased BAT [18F]FDG
SUV 1.6-fold as compared to control mice. Correlation of IBAT activation by the three
drugs in IWAT, muscle and brain were stronger, compared to heart, liver and spleen (Fig-6).
These findings suggest that activation of BAT is being mediated by the second messenger
cAMP. However, other mechanisms of BAT activation cannot be ruled out. Currently, the
prevalence of inactive BAT in the adult population is reportedly low [17-19], which
dampens its potential significance for altering adult human metabolism. BAT is only active
when its thermogenic function is required [20] and [18F]FDG uptake is a direct consequence
of tissue activity [3], therefore, inactive brown adipose tissue would not be visible on PET
scans. Exposure to cold temperature prior to PET is the only current method to study BAT in
humans, a function also mediated by the β-adrenergic system [12]. Large variations in
sympathetic responses to low temperature [17] limits the use of cold for BAT activation.
Pharmacologic approaches such as reported here could be used to study BAT and brown
adipocytes biology in different transgenic mice models and humans.

We observed significant [18F]FDG SUV increase in IWAT with both CL 316243 (2.4-fold)
and forskolin (2.2-fold) treatment, but not with atomextine as compared to control mice.
High levels of β3-adrenoceptor mRNA have been found in white adipose tissues [21].
Rodent white adipocytes exhibit a strong response to β3-adrenoreceptor agonists through
cAMP production [22]. Five adrenoceptor subtypes are involved in the adrenergic regulation
of white adipocytes function. The balance between the various adrenoceptor subtypes is the
point of regulation that determines the final effect of different drugs on adipocytes [23]. The
effects on cAMP production and cAMP-related cellular responses are mediated through the
control of adenylyl cyclase activity by the stimulatory β1-, β2-, and β3-adrenoreceptors and
the inhibitory α2-adrenoceptors. The affinity of the β3-adrenoceptor for norepinephrine is
less than that of the β1- and β2-adrenoceptors. Conversely, norepinephrine has a higher
affinity for the α2-adrenoceptors than for β1-, β2-, or β3-adrenoceptors. In the presence of
atomoxetine, accumulated norepinephrine in synapse likely activates α2-adrenoceptors more
than β3-adrenoceptors resulting in IWAT inactivation. This effect is absent in BAT likely
because α2-adrenoceptors that are present on rodent white adipocytes are absent in brown
adipocytes [24].

A significant [18F]FDG SUV increase in skeletal muscle with CL 316243 (2.7-fold) was
observed, but not with forskolin and atomoxetine treatments when compared to control
mice. Most functional and receptor binding studies indicate that the β2-adrenoceptor is the
predominant β-adrenoceptor subtype in skeletal muscle [25]. There is increasing evidence
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for the presence of a β3-adrenoceptor in skeletal muscle. A range of selective β3-
adrenoceptor compounds have been found to be potent and selective stimulants of non-
shivering thermogenesis [26] in rat skeletal muscle. However, β3-adrenoceptor agonists do
not stimulate cAMP accumulation in rat skeletal muscle suggesting that the previously
reported increase in glucose uptake by β3-adrenoceptor agonists in skeletal muscle does not
involve direct stimulation of adenylyl cyclase [27]. Therefore, the absence of effect in
forskolin and atomoxetine treated groups is likely due to lack of adenylyl cyclase and low
affinity of norepinephrine to β3-adrenoceptors, respectively.

In our study, the CT HUs of BAT were greater under activated conditions by CL 316243
and forskolin, but the differences were not statistically significant. The difference was
visible (Fig-7), however it did not assist in localizing BAT as increased CT HUs made IBAT
indistinguishable from surrounding muscle due to the loss of contrast. Changes in CT HUs
under activated conditions for BAT has been reported previously [14]. Upon activation by
adrenergic input, BAT increases its energy demand and burns both glucose and lipids to
produce heat [28]. Consumption of stored lipid may be the predominant cause of the
increase in CT HUs with BAT activation [14]. A positive correlation between SUV levels
and CT HUs of IBAT at higher SUV levels suggests that rise in CT HUs is likely due to
lipid consumption in BAT as a consequence of insufficient glucose. A positive correlation
was also observed between CT HU levels of IBAT and liver. Chronic administration of β3-
adrenoceptor agonists decrease adiponectin receptor 2 expression in the liver of db/db mice
as a result of the induced amelioration of lipid metabolism [29]. The presence of BAT in
adult human has been reported to be independently associated with a lower likelihood of
non-alcoholic fatty liver disease diagnosed by CT findings [30]. Adrenergic activation of
BAT might have the potential to be a novel therapeutic approach to fatty liver disease.

Specific mRNA for β3-adrenoreceptor is present in human BAT [31], however, CL 316243
has only a 10-fold selectivity for human β3- over β2-adrenoceptors [32]. Moreover, β3-
adrenoceptor mRNA is expressed in the human heart [15] ,which increases the concerns
regarding its cardiovascular side effects. CL 316243 has been reported not affect heart rate,
systolic and/or diastolic blood pressures, ECG intervals and does not develop tremors [33].
However, physiological role of the corresponding β3-adrenoreceptor on human myocardium
is yet to be completely understood [15]. On the other hand, forskolin increased heart
myocardium [18F]FDG and side effects of forskolin include headaches, decreased blood
pressure and a rapid heart rate. It has inotropic and vasodilatory properties both in vitro and
in vivo and changes in contractility parallel an increase in cAMP concentration and calcium
transport into the myocardium [34]. Once the cardiovascular side effects of β3-adrenoceptor
agonists are fully understood, newer drugs targeting this receptor may therefore have a
potential for the treatment of type 2 diabetes [35].

CONCLUSIONS
The ability to visualize and quantify BAT glucose and lipid metabolism in mice on whole
body [18F]FDG PET/CT imaging has significant implications. All three pharmacologic
approaches reported here could enhance BAT metabolism by targeting adrenergic system
and [18F]FDG PET/CT were able to quantify the magnitude of metabolism. This non-
invasive in vivo imaging enables us to study the BAT metabolism and assists in
understanding the behavior of other organs under different treatment conditions. BAT
activity is correlated with [18F]FDG uptake in other organs such as white adipose tissue, and
skeletal muscle. The IBAT CT HU change, as a marker of lipid consumption, was able to
confirm the anatomic location of IBAT using [18F]FDG PET; and was positively correlated
with that of liver.
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Figure-1.
Schematic showing the synapse of a brown adipocyte. Atomoxetine (ATX) inhibits
norepinephrine reuptake by blocking pre-synaptic norepinephrine transporter (NET). CL
316243 (CL) triggers post-synaptic β3-adrenergic receptor (β3AR). Forskolin stimulates
post-receptor adenylyl cyclase which catalyzes the conversion of ATP to the second
messenger cyclic adenosine monophosphate (cAMP). Production of cAMP relays
downstream signals which lead to an increase in lipolysis, glycolysis and [18F]FDG uptake.

 Norepinephrine
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Figure-2.
Study protocol: All mice (n=3, each group) were kept awake in room temperature for
additional 60 min prior to 30 minutes PET acquisition followed by 10 minutes CT
acquisition for attenuation correction and anatomical delineation of PET images. Fasted
mice were injected with either CL 316243 (CL) or Forskolin or atomoxetine (ATX) or
normal saline (N/S) 30 minutes prior to [18F]FDG administration.
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Figure-3.
BAT anatomy in mice: A: 3-D analysis of PET (right) and PET/CT (left) images clearly
showing (a) cervical, (b) interscapular, (c) intercostals, (d) periaortic, and (e) perirenal BATs
in rat. B: 3-D PET images of IBAT in mice: ventral, lateral, and dorsal views.
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Figure-4.
Transverse views of CT and PET/CT inverse images show high CT HU (dark area) when
IBAT [18F]FDG uptake is intense and, low CT HU (light area) when IBAT [18F]FDG
uptake is in the same mouse. CT (left) and fused PET/CT (right).

Mirbolooki et al. Page 13

Nucl Med Biol. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure- 5.
Drug effects on mice [18F]FDG PET/CT images A: Coronal views of PET/CT images in
mice show intense [18F]FDG uptake in the activated IBAT, but faint uptakes in the control
group: PET (left), CT (middle) and fused PET/CT (right). B: Quantitative analysis of PET
(SUV) and CT (HU) images of IBAT and IWAT in mice treated with drugs compared to
control. Data are Mean±SD; *p<0.001, †p<0.05 compared with control; ‡p<0.01 compared
with ATX and forskolin (n=3, each group).
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Figure- 6.
Bivariate analysis of IBAT [18F]FDG SUV versus those of IWAT, muscle, brain, heart,
liver, and spleen.
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Figure-7.
Bivariate analysis of IBAT [18F]FDG SUV versus CT HU. A: SUV: 0-3 and B: SUV: 0-10.
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Figure-8.
Bivariate analysis of IBAT CT HU versus Liver CT HU.
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Table 1

Quantitative analysis of PET (SUV) images of all regions of interest

ROIs 
a Control Forskolin ATX CL316, 243 p value

b

IBAT 0.86±0.09 1.64±0.47
e

1.52±0.35
e

4.28±2.25
fg 0.002

IWAT 0.37±0.06 0.80±0.12
e 0.61±0.39 0.88±0.15

e 0.042

Heart 
c 1.18±1.0 6.42±2.77

h 2.15±0.77 2.70±0.18 0.043

Muscle 
d 0.22±0.07 0.28±0.06 0.20±0.06 0.59±0.03

f 0.001

Brain 2.55±0.73 2.39±0.32 2.30±0.41 1.54±0.72 0.226

Spleen 0.56±0.14 0.74±0.14 0.73±0.26 0.45±0.06 0.182

Liver 0.49±0.15 0.72±0.11 0.80±0.24
h 0.38±0.02 0.012

n=3 in each group. Data are Mean±SD

Obtained by post hoc LSD test:

a
Regions of interest

b
Obtained by ANOVA test

c
Cardiac muscle

d
Skeletal muscle (Triceps)

e
p<0.05

f
p<0.001 compared with control

g
p<0.01 compared with ATX and forskolin

h
p<0.01 compared with control
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