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SUMMARY

[18F]-Fluorodeoxyglucose-PET/CT (8F-FDG-PET/CT) imaging has been invaluable for
visualizing metabolically active adipose tissues in humans with potential anti-diabetic and anti-
obesity effects. To explore whether mice display human-like fat depots in anatomically
comparable regions, we mapped fat depots using glucose or fatty acid imaging tracers, such

as 18F-FDG through PET/CT or [12%/125]]-8-Methyl-p-iodophenyl-pentadecanoic acid (123/125]-
BMIPP) with SPECT/CT imaging, to analogous depots in mice. Using this type of image analysis
with both probes, we define a large number of additional areas of high metabolic activity
corresponding to novel fat pads. Histological and gene expression analysis validate these regions
as bona fide fat pads. Our findings indicate that rodents show a high degree of topological
similarity of fat depots to humans. Studies involving both glucose and lipid tracers indicate
differential preferences for these substrates in different depots and also suggest that fatty acid
based visualized approaches may reveal additional BAT and beige depots in humans.
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eTOC Blurb

18F_FDG-PET/CT imaging in humans has been invaluable for visualizing metabolically active
adipose tissues. Using PET/CT and SPECT/CT for imaging glucose and lipid metabolism in mice
respectively, Zhang et al. define an atlas of fat depots, topologically analogous to those observed in
humans.
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INTRODUCTION

The global epidemic of obesity and type 2 diabetes has greatly increased interest in the
distribution and function of different adipose tissues. Three different types of adipocytes
have been described, including white, beige and brown fat cells (Scherer, 2016). White fat
cells are specialized in the storage of energy in the form of triglycerides and secrete
important hormone-like molecules such as leptin and adiponectin to influence processes
such as food intake, insulin sensitivity, and insulin secretion (Scherer, 2006). Thermogenic
fat cells include brown and beige adipocytes, cells that play a critical role in defending
against hypothermia, obesity and diabetes through dissipating chemical energy as heat via
mitochondrial uncoupling protein 1 (UCP1) - mediated pathways and potentially through the
release of a distinct set of secreted molecules (Betz and Enerback, 2015). Brown adipocytes
express constitutively higher levels of thermogenic genes, whereas beige adipocytes are
thought to develop in white adipose tissue in response to various activators, such as cold
exposure and B3 adrenergic stimulation (Cannon and Nedergaard, 2004; Harms and Seale,
2013; Wu et al., 2012). It has been estimated in humans that 50g of white adipose tissues can
store about 300 kcal energy, while as little as 50g of brown adipose tissue (BAT) can utilize
up to 300 kcal energy daily if maximally stimulated (Rothwell and Stock, 1983). Therefore,
these fat depots with some degree of thermogenic activity are therefore recognized as targets
with therapeutic potential (Cohen and Spiegelman, 2016).
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The long-standing prevailing view was that rodents and other small mammals have copious
brown fat depots, but larger mammals often lose their prominent brown fat depots after
infancy (Sidossis and Kajimura, 2015). However, [18F]-Fluorodeoxyglucose-Positron
Emission Tomography—Computed Tomography (18F-FDG-PET/CT) scans demonstrated
active BAT exists in the supraclavicular and neck areas of adult humans (Hany et al., 2002).
Subsequently, other studies utilizing 18F-FDG-PET/CT indicated active BAT depots present
in adult humans that could be readily activated with cold exposure (Cypess et al., 2009;
Mirbolooki et al., 2011; Nedergaard et al., 2007; Orava et al., 2011; Saito et al., 2009; van
Marken Lichtenbelt et al., 2009; Virtanen et al., 2009). Therefore, 18F-FDG-PET/CT has
become the de facto imaging method to reveal the presence and function of activated BAT in
humans.

The presence of BAT in humans and its potential therapeutic function is however
challenging to study. Moreover, it is not clear that FDG uptake is the best or sole imaging
biomarker for identifying metabolically active fat. For further metabolic and molecular
characterization, it would be helpful to identify adipose tissues in rodents that are analogous
to the ones identified in humans. Systemic studies on thermogenic adipose tissues in the
mouse could in turn explore the presence of functional fat depots with metabolic activities
similar to humans. Considering glucose and fatty acids are two main energy substrates for
fat tissues (Jensen, 2002; Rosen and Spiegelman, 2006; Townsend and Tseng, 2014), we set
out to map metabolically active fat tissues through visualizing uptake of radioactive
derivatives of these substrates into adipose tissues. 18F-FDG-PET/CT provides an image-
guided approach to visualize fat pads with the ability to perform glucose uptake in mouse
models (Hao et al., 2013; Mirbolooki et al., 2014; Wang et al., 2012). We also aimed to
complement the map generated for tissues with avid glucose uptake by comparing them to
tissues with high fatty acid uptake. [123/125]]-B-Methyl-p-iodophenyl-pentadecanoic acid
(123/1251.BMIPP), as labeled with the single-photon emitting isotopes lodine-123 or
lodine-125, is a branched long-chain fatty acid radiopharmaceutical with trapping in
triglyceride pools and slow oxidation, and is a widely-used tracer in clinical cardiac imaging
studies (Goodman et al., 1984; Knapp and Kropp, 1999; Peterson and Gropler, 2010; Taki
and Matsunari, 2007). It is well-suited for Single-Photon Emission Computed Tomography—
Computed Tomography (SPECT/CT) imaging to evaluate the signal distribution based on
the uptake of fatty acids into fat tissues. Hence, we utilized 123/125|-BMIPP-SPECT/CT as a
complementary approach to enhance our chances to identify additional depots that were less
obviously visualized by 18F-FDG-PET/CT scanning.

Our strategy was to comprehensively map metabolically active fat pads using the three-
dimensional (3D) distribution of 18F-FDG glucose and 1231-BMIPP fatty acid uptake as
guides. An inducible fat ablation mouse model, histological analysis and marker gene
identification were subsequently used to identify the discrete nature of these regions and
classify them into white, brown or beige fat depots based on their gene expression analysis.
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RESULTS

Human Thermogenic Tissues Activity as Assessed by 18F-FDG-PET/CT for Glucose Uptake

The 18F-FDG-PET/CT-scanning method has defined regions of functionally active UCP1-
positive brown adipose tissue in adult humans (Cypess et al., 2009; Enerback, 2010;
Mirbolooki et al., 2011; van Marken Lichtenbelt et al., 2009). It also provides us with an
opportunity to identify systemic human-like thermogenic fat tissues in rodents. To map the
human-like metabolically active adipose in mice, we first generated 3D-images of human
active thermogenic adipose after 18F-FDG glucose uptake. As shown in Figure 1, cervical,
supraclavicular and axillary areas were the regions with prominent activity of glucose uptake
at room temperature among all adipose tissues. Paravertebral and peri-renal tissues also
showed activity. To better visualize the accurate localization of these depots of high glucose
uptake activity, a 3D-movie is also provided (Movie S1). For the subject in the supplemental
movie, his most active thermogenic tissues labeled by the glucose analogue were at the back
of the neck and in the supraclavicular region, with reduced activity in the anterior cervical
region.

Regions of High Metabolic Activity in Mice as Assessed by 3D-images of PET/CT with 18F-
FDG for Glucose Uptake and SPECT/CT with 123|-BMIPP for Fatty Acid Uptake

To investigate fat depots with high metabolic activity in rodents, we utilized the same 18F-
FDG-PET/CT-scanning approach as in humans to present the 3D-images of glucose uptake
and distribution in functionally active adipose tissues of mice. C57BL/6 mice housed at
room temperature showed the strongest signals around classical interscapular BAT (iBAT) as
well as infrascapular regions. Supraclavicular, anterior and posterior cervical, axillary,
suprascapular, supraspinal and ventral spinal (referred to as peri-aortic by some
investigators) adipose tissues areas also labeled strongly with 18F-FDG (Figure 2A).

(3 adrenergic receptor agonists can potently stimulate rodent and human BAT activity and,
after a more extended exposure, can even lead to an increase in BAT volume (Cypess et al.,
2015; Mirbolooki et al., 2014). Here we used daily injections of CL316,243 for 7 days to
boost 18F-FDG uptake by this more chronic p3 adrenergic stimulation in mice. Adipose
tissue regions of high metabolic activity are apparent not only in the region containing the
classical interscapular BAT and in the infrascapular areas, but also around supraclavicular,
anterior and posterior cervical, axillary, suprascapular, supraspinal and ventral spinal regions
(Figure 2B). Furthermore, strong 18F-FDG positive regions are apparent in the anterior
subcutaneous chest area compared to the PBS-treated control group. The 3D-images of the
distribution of 18F-FDG uptake in controls vs. B3 agonist-treated mice become anatomically
better defined by overlaying the PET and corresponding CT images (Movies S2 and S3). Of
note, there was no apparent 18F-FDG uptake in the classical inguinal white adipose tissue
(iWAT) region at baseline. Even after 7-days of B3 agonist treatment, it was hard to visualize
this region by 18F-FDG-PET/CT images (Figures 2A-B).

Cold exposure induces browning and beigeing of human adipose tissue and enhances
consumption of glucose and fatty acids (Cypess et al., 2015; Townsend and Tseng, 2014).
This reflects the ability of thermogenic adipose tissues to not only utilize glucose, but also to
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avidly consume fatty acids. To differentially visualize the metabolically highly active fat
pads in rodents, we also conducted SPECT/CT scanning in mice after the injection of the
fatty acid tracer 1231-BMIPP (Figures 2C-D). Mice housed at room temperature showed the
strongest radiotracer accumulation in regions corresponding to the classical interscapular
BAT, with additional signals around the anterior cervical, axillary, supraspinal and
infrascapular regions. Furthermore, 1231-BMIPP uptake was also apparent in the
supraclavicular, suprascapular and ventral spinal areas. Even the classical inguinal WAT
(iWAT) regions and the anterior subcutaneous region of the chest, displayed some tracer
accumulation under basal conditions (Figure 2C). Moreover, 33 adrenergic stimulation
enhanced fatty acid uptake in these fat pads, especially in the classical inguinal WAT, as well
as in the anterior subcutaneous and suprascapular pads. This highlights that these three
regions are prone to increased fatty acid consumption relative to other fat pads (Figure 2D).
The SPECT/CT 3D display of the regions with high 1231-BMIPP fatty acid uptake in control
vs. B3 agonist treated mice provided a high level of precision as to where these fats pads are
anatomically positioned (Movies S4 and S5).

[18F]-fluoro-6-thia-heptadecanoic acid (8F-FTHA) is another long-chain fatty acid substrate
for fatty acid metabolism. We also tested imaging with 18F-FTHA, but in our hands the
images showed high background after uptake and relatively low resolution compared to 123|-
BMIPP -SPECT images (Figure S1). Therefore, considering both the better scanner
resolution and improved targeting to the triglyceride pool, we reasoned that 123|-BMIPP is a
better tracer for our purposes.

Inducible Ablation of Adipocytes Prior to Labeled Glucose and Fatty Acid Imaging Tracer
Uptake Delineates Metabolically Active Regions as Adipose Tissues

To distinguish adipose tissues from other metabolically active non-adipose tissue regions, we
employed an inducible fat ablation model that we had previously described, the FAT-ATTAC
model. The FAT-ATTAC model allows ablation of both white and brown adipocytes at any
stage of development and in the adult mouse (Pajvani et al., 2005). As shown in Figure 3,
control mice showed the expected patterns of 18F-FDG glucose and 1251-BMIPP fatty acid
uptake as previously observed in Figures 2A and 2C (Figures 3A-B left-panels). In contrast,
the lipodystrophic FAT-ATTAC mice displayed markedly reduced activity not only around
the regions of the classical interscapular BAT, but also reduced signal in the infrascapular,
supraclavicular, anterior and posterior cervical, axillary, suprascapular, supraspinal, anterior
subcutaneous and ventral spinal adipose tissues areas (Figure 3A-B right-panels).
Interestingly, the lipodystrophic mice instead increased the glucose and fatty acid uptake in
brain, liver and muscle (Movies S6-S9). Based on the topographical information obtained
from these models, we generated a representative composite image reflecting the locations
of the main fat pads visualized by PET/CT and SPECT/CT, with blue arrows pointing
towards the distinctly identifiable patches of metabolically active adipose tissues and yellow
arrows indicating fat pads that display background signal levels of 18F-FDG-PET/CT

and 1231-BMIPP-SPECT/CT (Figure 3C). These fat pads include classical iBAT,
supraclavicular, anterior cervical, axillary, anterior subcutaneous, suprascapular,
infrascapular, supraspinal, ventral spinal adipose tissues as well as inguinal WAT (iWAT).
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Even though the classical epididymal WAT (eWAT) is well defined anatomically, they did
not display any 18F-FDG-PET/CT or 123|-BMIPP-SPECT/CT based signals.

Histological Analysis Confirms Metabolically Active Regions as Adipose Tissues

To directly verify the nature of the tissues revealing strong signals by PET/CT and
SPECTI/CT, these tissues were isolated based on the position of the signal within the 3D-
images obtained from PET/CT and SPECT/CT scans. In a first phase, we focused on the
conventional fat pads, some of which displayed potent glucose and lipid uptake activity
(Figure 4A). Hematoxylin-eosin (H&E) staining of regions isolated from these “classical”
fat pads that include interscapular BAT (iBAT), inguinal WAT (iWAT) and epididymal WAT
(eWAT) were performed. As shown in Figure 4B, control mice maintained at ambient
temperature contained multilocular cells in the interscapular BAT region and unilocular/
larger lipid morphology in the inguinal and epididymal WAT. Multilocular beige cells were
detectable in the inguinal WAT region after 3 adrenergic stimulation or cold exposure.
Even the eWAT region showed some low level of a “beige-like” phenotype after 7-days of
3 agonist treatment, even though not nearly as pronounced. These results confirm that the
PET/CT and SPECT/CT image-guided isolation of adipose tissue has the potential to
identify either brown or beige adipose tissues, while eWAT with its classical white adipose
tissue phenotype does give rise to an easily detectable PET or SPECT signal.

We subsequently extended the histological analysis to the additional fat pads, including the
supraclavicular, anterior cervical, axillary, anterior subcutaneous, suprascapular,
infrascapular, supraspinal and ventral spinal adipose tissues as shown in the left panels of
Figure 5. Each adipose depot is labeled to indicate its location in the cartoon with both
frontal and lateral views. The histology as judged by H&E staining in control mice revealed
multilocular cells in the supraclavicular, anterior cervical, axillary, infrascapular, supraspinal
and ventral spinal adipose regions, while anterior subcutaneous and suprascapular areas
displayed unilocular morphology (Figure 5 Second-left panel). Both B3 adrenergic and cold
stimulation increased the frequency and extent of the multilocular cells in the BAT-like
adipose tissues and triggered beigeing in the anterior subcutaneous and suprascapular areas.
Immunoflorescent stains for UCP1 and PERILIPIN also indicated the morphology and
nature of fat cells explored by PET and SCPECT imaging (Figure S2). These images suggest
that the supraclavicular, anterior cervical, axillary, infrascapular, supraspinal and ventral
spinal adipose tissues are likely to correspond to brown fat tissues, while the anterior
subcutaneous and suprascapular adiposes appear to be “beige-like” tissues.

Expression Levels of WAT, BAT and Beige Marker Genes in image-guided fat pads

To further characterize these adipose tissues and classify them into white, brown or beige fat
depots, a series of marker genes for these three types of adipose tissues were analyzed by
gPCR (de Jong et al., 2015; Shao et al., 2016; Sharp et al., 2012; Walden et al., 2012; Wu et
al., 2012). The classical iBAT, iWAT and eWAT pads from mice at baseline and after 3
adrenergic or cold stimulation were analyzed first as positive controls. As shown in Figure
6A, Tcr21is expressed only in eWAT, but not iBAT and iWAT. 7¢f21 expression levels in
other fat tissues were very low, even after B3 adrenergic and cold stimulation. ZicZ,
recognized as a marker for BAT, showed expression in iBAT, but not in e WAT and iWAT.
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Cold exposure, however, did not significantly change ZicZ mRNA abundance in iBAT, while
B3 adrenergic stimulation reduced it to some extent. ZicZ expression is detected in
supraclavicular, anterior cervical, axillary, infrascapular, supraspinal and ventral spinal
adipose, while anterior subcutaneous and suprascapular adiposes displayed very low level of
expression (Figure 6B). Ucp was as expected highly abundant in iBAT at room temperature
and did not significantly change upon B3 adrenergic stimulation or cold acclimation. In
iWAT, UcpI mRNA levels increased 66-fold and 206-fold after 3 agonist and 6°C
treatment, with final levels reached comparable to those in iBAT. UcpI expression was also
increased in eWAT, but remained at much lower levels than in iBAT and iWAT (Figure 6C).
Among the other fat pads, UcpI was expressed to a lesser extent in anterior subcutaneous
and suprascapular adipose depots, expressed at an intermediate level in supraclavicular,
anterior cervical and axillary regions, and most highly expressed in the infrascapular,
supraspinal and ventral spinal adipose in control mice at room temperature. Upon 3
adrenergic stimulation or 6°C treatment, expression levels of Ucpl increased in all of these
fat depots. The increase is markedly more pronounced by cold compared to B3 agonist
treatment. Interestingly, the UcpZ mRNA in the supraclavicular, anterior cervical, axillary,
infrascapular, supraspinal and ventral spinal adipose tissues of cold stimulated mice reached
similar levels as seen in iBAT. The increase of Ucp! in anterior subcutaneous and
suprascapular adipose tissues is however lower, resembling more closely the situation in
IWAT (Figure 6C). LAx8was absent in eWAT, but its expression patterns in iBAT and iWAT
were comparable. It showed trends towards a reduction in the presence of B3 adrenergic
stimulation and no marked changes after cold acclimation. L/x8was expressed throughout
all other adipose tissues, and the expression patterns were similar to iBAT and iWAT (Figure
6D). Tmem26, Cd137, TbxIand Epsti1 are recognized gene markers of beige tissues (de
Jong et al., 2015). As shown in Figure 6E—H, these 4 genes were expressed at markedly
higher levels in iWAT than in iBAT and eWAT, where they were essentially absent. Anterior
subcutaneous and suprascapular adipose depots displayed high expression under control
conditions and showed a similar expression pattern as iWAT among all the fat pads. The
expression levels of Tmem26, Cd137, ThxIand Epsti1 in supraclavicular, anterior cervical,
axillary, infrascapular, supraspinal and ventral spinal adipose tissues were lower than in
iWAT. Overall, the gene expression patterns of 7¢f21, Zic1, Ucpl, Lhx8, TmemZ26, Cd137,
Tbx1 and Epsti1 indicate that the supraclavicular, anterior cervical, axillary, infrascapular,
supraspinal and ventral spinal adipose tissues are “BAT-like” adipose tissues. In contrast,
anterior subcutaneous and suprascapular adipose depots are more closely related to “beige-
like” adipose tissues as judged by their gene expression patterns.

DISCUSSION

Our studies utilized 18F-FDG and 123/125|-BMIPP as glucose and fatty acid analogue
imaging tracers to map metabolically active adipose tissue regions in the mouse. With the
help of CT-guided topological information, these areas include classical iBAT, classical
iWAT, supraclavicular, anterior cervical, axillary, anterior subcutaneous, suprascapular,
supraspinal, ventral spinal, infrascapular and peri-renal regions at baseline. 1231-BMIPP-
SPECT/CT additionally visualized classical subcutaneous WAT (iWAT) and anterior
subcutaneous WAT, pads not readily visualized by 18F-FDG-PET/CT imaging. In contrast,
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no significant tracer accumulation was detected in the posterior cervical region by 123-
BMIPP-SPECT/CT, but it was detectable in 18F-FDG-PET/CT. Note that we chose
terminology for anatomical locations of the fat pads mainly based on human anatomy as
opposed to the more conventional terminology used in mice based on their neural axis. We
used an inducible adipose tissue ablation model to confirm that these areas correspond to fat
depots. Moreover, histological analysis as well as identification by marker genes analysis
validate supraclavicular, anterior cervical, axillary, supraspinal, ventral spinal, infrascapular,
peri-renal regions as BAT, and the anterior subcutaneous and suprascapular fat tissues as
beige adipose tissue (Figure 7).

Imaging with 18F-FDG-PET/CT and 123]-BMIPP-SPECT/CT not only guided the anatomic
dissection of the fat tissues, but also offers a functional assessment with respect to the
avidity with which a given fad pad takes up carbohydrates and lipids. It seems that “beige-
like” fat tissues are prone to show retention of fatty acids tracers more preferentially when
compared to BAT (Figure 2). Focusing on the cervical fat pad regions, the analysis of
morphology as well as marker gene expression does not reveal many differences between the
two distinct regions of cervical fat (Figures S3 and S4). For this cervical area, 1231-BMIPP
fatty acid-based images show strong signal in the anterior cervical regions, but not nearly as
much in the posterior cervical regions where 18F-FDG routinely displays a strong signal in
humans and to a lesser degree in mice (Figures 1 and 2). All of these differential uptake
measurements are reflective of different substrate preferences in these fat pads. We focus
here mostly on imaging activity obtained by PET and SPECT imaging and describe regions
with signals that are distinctly above background. Anatomical features of brown and beige
adipocytes are conventionally studied by dissection followed by histology in both humans
and rodents (Cinti, 2009; Tran and Kahn, 2010). Imaging approaches employing radioactive
substrates added an additional functional parameter to the conventional histological analysis.
The combination of both techniques leads to the appreciation that humans have in fact cold-
inducible adipose tissues that avidly take up radioactive tracers.

Here, we utilized 18F-FDG-PET/CT guided dissection of metabolically very active regions
in rodents to describe novel adipose tissues in the suprascapular, supraspinal, infrascapular
and ventral spinal regions. The intensity of the tracer accumulation obtained in the imaging
procedure reflects a relatively high metabolic activity. In fact, some of these fat pads
(including the supraspinal and infrascapular regions) showed comparable activity to the
classical interscapular BAT (Figures 2 and 3). Additionally we found uptake variability
amongst our mice just as we have seen in clinical practice. We have undertaken a
quantitative analysis of the signal in the various depots. The mouse-to-mouse variability
produced relatively large standard deviations in the uptake of the label, confounding
statistical significance values. Furthermore, the quantitation in absolute terms in the 3-
dimensional space offers many challenges. Overall, 33-adrenergic agonist- and cold-induced
increases in signal can indeed be observed. However, we have used this technique primarily
to help us identify novel fat pads that have gone unreported to date, not to detect quantitative
difference in uptake of label. We opted to provide a more quantitative assessment of the
nature of these fat pads at the gene expression level.
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Thermogenic adipose tissues are considered potential therapeutic targets due to their high
capacity to dissipate excess energy as heat when properly stimulated (Sanchez-Gurmaches et
al., 2016). One of the current problems in the field is the unavailability of an appropriate
rodent model to characterize the respective human fat pads functionally. Therefore, we
mapped adipose tissues in mice. As expected, there remain notable anatomical differences
between rodents and humans. Human cervical BATs are mainly located in the back of the
neck, and may extend from the base of the skull to the scapula. Comparable active regions in
mice are seen in the more anterior cervical area extending to the supraclavicular region
(Figures 1 and 2). On the other hand, mice show a more prominent infrascapular signal
compared to humans. We also found that activity around the thoracic spine in humans is
frequently at the junction with the ribs (paravertebral). While the ventral spinal location is
observed in mice and man, the extension into the lumbar region is more frequently seen in
mice. Furthermore, in mice, to date we did not observe the mediastinal activity that is
observed in humans. Both species show the peri-renal distribution with some minor
variations in its distribution - humans often have an active fat pad at the top of the cone of fat
above the kidney (suprarenal) that can extend around and down towards the mid-line or
away from the mid-line along the lateral peri-renal fat, while mice mostly show it medial to
the kidney nearer to the spine.

While FDG is the most frequently used molecular imaging probe to identify active fat pads,
other substrates have been used, either in small case series or incidentally observed to
localize to fat. For example, 9°™Tc-Sestamibi, used clinically in cardiac perfusion imaging
and parathyroid imaging, localizes in part according to mitochondrial density. It has been
reported to localize in supraclavicular fat (Goetze et al., 2008). [123]]-meta-
iodobenzylguanidine (1231-MIBG), a catecholamine analogue and a marker of sympathetic
innervation, has been used in tandem with FDG to simultaneously visualize metabolic
activity and innervation (Admiraal et al., 2013). [18F]-fluoro-6-thia-heptadecanoic acid (18F-
FTHA) is a long chain fatty acid analogue PET imaging tracer that has been shown to
localize to active fat pads (Ouellet et al., 2012). As discussed above, this tracer provided
much less resolution. To our knowledge, this is the first study systematically studying fat
uptake using 1231-BMIPP. 1231-BMIPP is clinically used to image cardiac metabolism
(Giedd and Bergmann, 2011). It is transported into cells both passively based on lipid
solubility and a CD36 mediated transport mechanism, trapped in the intracellular
triglyceride pool after conversion to BMIPP-CoA, and to lesser extent, undergoes alpha-
oxidation (Knapp and Kropp, 1999). This trapping mechanism makes it ideal for imaging.
To our knowledge, this is the first study using 123/125|-BMIPP to systematically identify
active fat pads to guide the dissection and further characterization of these fat pads. While
both 1231-BMIPP and 18F-FTHA are fatty acid analogues, in contrast to 1231-BMIPP, 18F-
FTHA uptake is mediated by the fatty acid transporter and then it is largely transported into
the mitochondria by carnitine palmitoyl transferase and p-oxidation is initiated (DeGrado et
al., 1991) but apparently incomplete (Knapp and Kropp, 1999). Its uptake is high in liver and
heart, and its affinity for intracellular triglyceride pools is limited (Ci et al., 2006; Guiducci
etal., 2007).

Our study with 1231-BMIPP fatty acids shows preferentially uptake by thermogenic
adipocytes that are prone to absorb fatty acids as a fuel. To our surprise, 1231-BMIPP fatty
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acid uptake was also observed in the classical iWAT locations at baseline and displayed even
stronger uptake activity after B3 adrenergic stimulation (Figures 2C-D and Movies S4-S5).
On the other hand, the uptake was hardly visible in iWAT on 18F-FDG-PET/CT images,
even after stimulation (Figures 2A-B and Movies S2-S3). This reflects the fact that classical
IWAT may prefer fatty acids over glucose, different from the classical BAT. Similarly, the
anterior subcutaneous, supraspinal, and ventral spinal (lower intra-abdominal part) regions
identified as beige- and BAT-like, were more obvious on 123]-BMIPP images than on 18F-
FDG on images (Figure 2 and Figures S2, S3). Peri-renal activity was also more frequently
clearer on the 123]1-BMIPP scan. It is clear from systematically comparing glucose and fatty
acid uptake in the different fat pads that each of these tissues has discrete substrate
preference for one versus the other. However, future metabolic studies should more
systematically evaluate substrate utilization and preference as our purpose here was to
establish an atlas rather than metabolic flux. One additional caveat of focusing on
differential uptake alone is that some of the fatty acids used by BAT and beige fat are
thought to stem from hydrolysis of local triglyceride stores, which we do not address by our
approach. An increased level of uptake of fatty acids by some depots may therefore reflect
less local lipolysis. While substrate preference may be difficult to unambiguously assign, the
differential signal intensities definitely reflect distinct cellular physiology in the different fat
pads examined.

Furthermore, we have focused here exclusively on the fat distribution in male mice. Future
studies will have to examine sexually dimorphic distributions in male vs. female mice, and
will also have to examine the uptake of substrates under different metabolic conditions, such
as feeding/fasting and obese versus lean.

Old estimates suggest that 50 g of maximally stimulated brown adipose tissue could account
for up to 20% of daily energy expenditure in an adult human (Rothwell and Stock, 1983).
Therefore, a better understanding of the location, quantity and activity of thermogenic
adipose tissues and how to boost their metabolic activity would be helpful from both an anti-
obesity and anti-diabetic treatment perspective. The exploration of novel thermogenic
adipocytes in mice provides us a better understanding of fundamental map of active rodent
BAT and beige tissues and how they may relate to their human counterparts. Various reports
describe that external and internal regulators like cold, exercise, environmental cues, central
nervous system, autonomic thermoregulatory pathways and neurotransmitters,
transcriptional mediators, hormones and metabolites, eosinophils, alternatively activated
macrophages and other cell types may control brown fat development and activation
(browning) (Martinez de Morentin et al., 2014; Morrison and Madden, 2014; Qiu et al.,
2014; Seale, 2015; Sidossis and Kajimura, 2015; Tupone et al., 2014). These players and
interventions provide us with potential ways to increase thermogenesis and stave off
metabolic disease.

In conclusion, the combination of avid 18F-FDG glucose and 1231-BMIPP fatty acid uptake
with a morphological characterization and gene expression analysis for marker genes
indicates that rodents show a surprising topological similarity to the distribution of brown
and beige in humans.
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STAR Methods

Contact for Reagent and Resource Sharing

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Philipp E. Scherer (Philipp.Scherer@UTSouthwestern.edu).

"Raw" (DICOM) compatible files of all images and movies that enable investigators to
reconstruct the data into images have been uploaded to Mendeley and is accessible under
doi:10.17632/9ykm4g4gp4.1.

Experimental Model and Subject Details

Animal Models

General animal study details: All animal procedures have been approved by the
Institutional Animal Care and Use Committee of UT Southwestern Medical Center at
Dallas. Male C57BL/6 mice were purchased from the Jackson Laboratory. All animals were
bred and maintained under specific pathogen free conditions. Cages and water were
autoclaved. Mice were kept on a 12 hr light-dark cycle in a temperature-controlled
environment (room temperature: 22°C or cold exposure: 6°C). Mice had free to access water
and w ere fed on a standard chow diet (number 5058, LabDiet). 9- to 15-week-old male
C57BL/6 mice were used for indicated experiments. The investigators were not blinded to
the animal information through the procedures. There were no exclusions of any data for the
reported results. All imaging experiments were performed minimally in duplicate.

Inducible fat ablation (FAT-ATTAC) mice: Inducible fat ablation (FAT-ATTAC) mice
(Pajvani et al., 2005) were generated in the genetic background of FVB mice and
characterized in our laboratory. We administered AP21087 (Ariad Pharmaceuticals) as
dimerizer or vehicle (4% ethanol, 10% PEG-400, 2% Tween-20 in water) every 3 d by
intraperitoneal injection at a dose of 0.2 pg/g body weight for 2 weeks. Experiments were
performed in 9- to 15-week-old male FAT-ATTAC mice.

Method Details

Human Subject PET/CT Imaging—Retrospective review was performed of whole body
PET/CT scans obtained in routine clinical practice of one of the authors. The study was
approved by the IRB at UT Southwestern Medical Center. An illustrative case was chosen
for this report. Uptake rooms are maintained at 72°F. This patient was an 18y/o male with
calculated BMI of 21.8 and no previous procedures. Selection of this case was made to show
the broad spectrum of fat pads that can be seen by FDG PET.

B3 Agonist Treatment and Cold Stimulation—9- to 12-week-old male mice were
treated with B3 agonist (CL-316243, Sigma) at 1 mg/kg body weight daily by intraperitoneal
injections for 7 d while on a chow diet. For cold exposure experiments, 9- to 12-week-old
male C57BL/6 mice were kept in cages individually and maintained on a chow diet. Mice
were housed in a cold cabinet (6 °C) for 3 weeks with free access to food and water.
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Radiotracers—[8F]-fluorodeoxyglucose (18F-FDG) was purchased from PETNET
(Dallas, TX). The preparation of [123/125]]-B-Methyl-p-iodophenyl-pentadecanoic acid
(123/1251.BMIPP) followed a previously published procedure (Goodman et al., 1984).
Briefly, the BMPPA precursor (1.7 mg, 5 umol) was activated by thallium trifluoroacetate
(5.4 mg, 10 umol) in TFA overnight, followed by reaction with radioactive iodine (1231

or 1251, 10-20 mCi) plus potassium iodide (0.83 mg, 5 umol). After ethyl ether extraction
and C18 cartridge purification, the radiochemical identity and purity were assessed via radio
thin layer chromatography (silica gel plate, hexane: ethyl ether: acetic acid=60:40:1, R =
0.5-0.6, >99%). The final product was formulated in warm 4% BSA saline solution for
animal injection. The radiosynthesis of 18F-FTHA was carried out in a GE TRACERLab
automated synthesizer, following the previously reported procedure (Degrado, 1991). The
precursor to 18F-FTHA was purchased from ABX advanced biochemical compounds. The
purified 18F-FTHA was formulated in 4% BSA saline solution for animal use.

Mouse PET/CT and SPECT/CT Scanning for 3D-images—Mice PET-CT imaging
studies were performed on a Siemens Inveon PET-CT Multimodality System (Hao et al.,
2013). In brief, mice were fasted overnight and lightly anesthetized using 3% isofluorane at
room temperature to facilitate radiotracer administration. After the intravenous injection of ~
37 MBq (100 uCi) of 18F-FDG was injected into the tail vein and the animal was permitted
to roam freely in the cage during a 1 hour uptake time. Subsequently the animal was placed
onto the imaging bed under 2% isofluorane anesthesia for the duration of imaging. After
acquiring CT images at 80 kV and 500 pA with a focal spot of 58 um, with a binning factor
of 1:x, a whole body PET scan was acquired. Co-registration of the reconstructed CT and
PET images and image analysis were done using the manufacturer’s software. For PET
quantification, the regions of interest (ROI) were selected using CT images as guides. The
resulting quantitative data were expressed as %I1D/g.

SPECT/CT imaging was performed using NanoSPECT/CT Plus System equipped with 4
detectors. All animals were fasted overnight prior to imaging. After the intravenous injection
of ~ 175 MBq (~500 UCi) of 1231-BMIPP or 125|-BMIPP, SPECT images were acquired at 1
hour post injection. The SPECT data were collected with 4 detector arrays collimated with
9-pinhole aperture plates giving a post-reconstruction resolution of 0.400mm. Images were
acquired for 70 seconds in a standard anterior projection in list mode, at a rate of 1 frame per
second. The CT imaging was performed using 360 projections per rotation with 45kVp,
1000 ms exposure, and the binning factor of 1:4. After co-registration of the CT and SPECT
images, a cylindrical region of interest (ROI) was drawn, encompassing the organs in all
planes containing the organs. The total activity in the ROl was quantified as percentage
injected dose per gram (%I1D/g) by normalizing the signal imaged at a given location for the
amount of tracer injected into the subject. There was a minimum of (n=3) mice per
experimental group and radiotracer in the study. During the uptake period, the mice were
conscious. After the 1 hour uptake period, they were anesthetized with isoflurane for
imaging.

Histology and Immunofluorescence—Fat pads were excised and fixed in 10% PBS-
buffered formalin for 24 h. After paraffin embedding and sectioning (5 pm), tissues were
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stained with H&E. For immunohistochemistry, paraffin-embedded sections were stained
using antibodies to UCP1 (ab10983, Abcam, 1:200) and PERILIPIN (20R-PP004,
Fitzgerald, 1:1000); the secondary antibodies used were goat anti-rabbit Alexa Fluor 488
(A-11008, Invitrogen, 1:500) and goat anti-guinea pig Alexa Fluor 647 1:500 (A-21450,
Invitrogen, 1:500) (Vishvanath et al., 2016). Briefly, sections were thawed for 5 minutes in
PBS containing 0.1% Triton X-100 (PBS-T), and then blocked/permeabilized for 30 minutes
in PBS containing 10% normal goat serum and 0.5% Triton X-100. Primary antibodies were
then diluted in PBS containing 10% normal goat serum and 0.1% Triton X-100 and added to
sections overnight at 4°C. Following washing in PBS-T, slides were then incubated with
secondary antibodies diluted in PBS containing 10% normal goat serum and 0.1% Triton
X-100 for 1 hour at 37°C . Washed slides were then mounted with Prolong Anti-Fade
mounting medium containing DAPI (Invitrogen).

Quantitative Real-time RT-PCR—Tissues were excised from mice and snap frozen.
Total RNA was isolated after tissue homogenization in TRIzol (Invitrogen) and then isolated
using an RNeasy RNA extraction kit (Qiagen). Complementary DNA was prepared by
reverse transcribing 1 ug of RNA with iScrip cDNA Synthesis Kit (BioRad). Supplemental
Table 1 lists the primer sets used for quantitative RT-PCR. Results were calculated using the
threshold cycle method with 7F//B used for normalization.

Quantification and Statistical Analysis

The comparisons among three groups were carried out using one way ANOVA and
appropriate post hoc tests using GraphPad Prism. Data presented were normally distributed,
the data variance among comparable experimental groups was similar. All data were
presented as mean + SD, and p values < 0.05 was considered statistically significant. The
calculated statistical parameters can be found in the figure legends. The number of mice
used per experiment is stated in each figure legend.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Rodents and humans share topological similarity of thermogenic fat depots

PET/CT and SPECT/CT differentially highlight newly identified fat pads in
mice

Histological and gene expression analysis confirm the regions as bona fide fat
pads

SPECT/CT with lipid tracers may reveal additional BAT and beige depots in
humans
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Posterior Lateral

Figure 1. Regions of High Level Glucose Uptake in Humans as Assessed by 18F-FDG-PET/CT
Metabolic activity in thermogenic tissues is demonstrated in this subject imaged with

integrated [18F]-Fluorodeoxyglucose-Positron Emission Tomography—Computed
Tomography (18F-FDG-PET/CT) at room temperature. Frontal and lateral maximal PET
intensity projection images in an adult male subject show distribution of glucose uptake by
its image tracer 18F-FDG. In this subject, prominent FDG retention is shown in the cervical,
supraclavicular, axillary, intercostal, mediastinal, ventral spinal, and peri-renal areas.
Paravertebral tissue is also activated. Fat pads are also illustrated in multi-level transaxial or
coronal PET/CT images (a—f) are shown in the Supplemental Movie (Movie S1).
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Figure 2. Anatomical Location of Metabolically Active Fat Pads as Assessed by 3D-images of
PET/CT with 18F-FDG for Glucose Uptake and SPECT/CT with 123]-BMIPP for Fatty Acid
Uptake

A-B. The left panels show the 18F-FDG-PET/CT images of glucose uptake and distribution

in the thermogenic tissues of an adult mouse kept at room temperature treated with 7-days
PBS (upper-left panels, A) or B3 agonist (down-left panels, B). C-D. The right panels show
the 1231-BMIPP-SPECT/CT scanning for the patterns of fatty acid uptake in the metabolic
active tissues of an adult mouse kept at room temperature after 7-days PBS treatment
(upper-right panels, C) or B3 adrenergic stimulation. (lower-right panels, D). In each case,
representative images for n=3 repeats are shown.
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Figure 3. Signal intensity in a Lipodystrophic Rodent Model
A. A model of inducible lipodystrophy (the “FAT-ATTAC mouse”) selectively loses

adipocyte-derived signals upon 18F-FDG injection compared to control. B. SPECT/CT
imaging of the FAT-ATTAC lipodystrophic mouse confirms the identity of signals as
adipocyte-derived 1251-BMIPP uptake. C. The main metabolically active adipose tissues
indicated with blue arrows in an adult mouse model stimulated by B3-adrenergic agonist for
7 days. Blue color label with yellow arrows indicate fat pads that display background signal
levels of 18F-FDG-PET/CT and 123]-BMIPP-SPECT/CT. In each case, representative images
for n=3 repeats are shown.
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Figure 4. Histological Analysis of interscapular BAT, inguinal and epididymal fat tissues
A. Locations of interscapular BAT (iBAT), inguinal WAT (iWAT) and epididymal WAT

(eWAT) depots indicated with blue arrows or yellow arrows display differential levels of
fatty acid uptake after 7-days p3 adrenergic stimulation. B. Histological analysis of tissues
highlights the expected phenotype of these “classic” adipose tissues from control, B3 agonist
- treated and cold-stimulated mice. The presented images are representative for n=4 repeats
of the histological analysis.
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Figure 5. Histological Analysis of Additional Fat Pads at Baseline, 3 Agonist — Treated and
Cold-Stimulated Mice

The images explore a series of additional regions of high metabolic activity around
supraclavicular, anterior cervical, axillary, anterior subcutaneous, suprascapular, supraspinal,
ventral spinal, infrascapular regions and in the peri-renal area as indicated in the cartoon.
Clearly apparent are the unilocular resp. multilocular characteristics of each of the fat pads
of control, B3 agonist-treated and cold-stimulated mice. The presented images are
representative for n=4 repeats of the histological analysis

Cell Metab. Author manuscript; available in PMC 2019 January 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Zhang et al.

(2]

Figure 6. Expression Levels of Marker Genes Classify the Newly Isolated Fat Pads into the Three
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Categories of Fat Pads including WAT, BAT and Beige

A series of marker genes including 7c¢f21 for WAT, Zic1 for BAT depots, Ucpl and Lhx8for
BAT and beige depots and 7mem?26, Cd137, Tbx1 and Epstil for beige depots were used to
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examine the mRNA expression patterns of the newly identified fat pads, including

supraclavicular, anterior cervical, axillary, anterior subcutaneous, suprascapular, supraspinal,

ventral spinal, infrascapular regions and in the perirenal area in mice under control, 3
agonist-treated and cold-stimulated conditions (n=6). Results are shown as mean + SD, *p
<0.05, **p < 0.01 and ***p < 0.001.
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Figure 7. Location of Metabolically Identified and Histologically Confirmed Fat Pads
White adipose tissues indicated in blue, fat pads with the ability to beige are in yellow, and

more classical brown adipose tissue-like fat pads are indicated in brown.
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