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Abstract

Brown adipose tissue (BAT), as the main site of adaptive thermogenesis, exerts beneficial
metabolic effects on obesity and insulin resistance. BAT has been previously assumed to contain
a homogeneous population of brown adipocytes. Utilizing multiple mouse models capable of
genetically labeling different cellular populations, as well as single-cell RNA sequencing, and 3D
tissue profiling, we discovered a new brown adipocyte subpopulation with low thermogenic
activity co-existing with the classical high thermogenic brown adipocytes within the BAT. These
low thermogenic brown adipocytes had significantly lower Ucpl and Adipog expression, larger
lipid droplets, and lower mitochondrial content. Functional analyses showed that the low
thermogenic brown adipocytes have significant lower basal mitochondrial respiration, and they
are specialized in fatty acid uptake. Upon changes in environmental temperature, the two brown
adipocyte subpopulations underwent dynamic inter-conversions. Cold exposure converted low
thermogenic brown adipocytes into high thermogenic cells, and a thermoneutral environment had
the opposite effect. This recruitment of high thermogenic brown adipocytes by cold stimulation is
not affected by high fat diet feeding, but significantly declined with age. Our results revealed a

high degree of functional heterogeneity of brown adipocytes.
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Introduction

Brown adipose tissue (BAT) is a thermogenic organ that is thought to play an important role in
human energy homeostasis (1-3). Upon activation, brown adipocytes within the BAT can function
as an effective energy sink, burning and disposing excess lipids and glucose (4-6). In recent years,
progress has been made in rodents and humans in understanding the function and physiological
impact of BAT. It is now well accepted that recruiting and activating BAT can correct dyslipidemia
and prevent obesity-related metabolic disorders (7-10). Although functional heterogeneity has
recently been reported in white and beige adipocytes within an individual fat depot (11-14), BAT
is still viewed to have a highly homogeneous population of brown adipocytes. Interestingly, some
previous studies have indicated that thermogenesis is not uniformly activated in all brown
adipocytes. For instance, brown adipocytes have been shown to have a heterogeneous expression
of Uncoupling Protein 1 (UCP1) (15, 16). Moreover, in vitro cultured brown adipocytes showed
heterogeneous mitochondrial membrane potential (17, 18). However, the thermogenic and
metabolic heterogeneity of brown adipocytes within the same BAT in vivo remains largely

uncharacterized.

Results

To better understand brown adipocyte dynamics in vivo, we used the AdipoChaser-LacZ mouse
model we previously developed to label brown adipocytes. This model is a doxycycline (dox)-
based, tet-responsive labeling system for the inducible, permanent labeling of Adiponectin
(Adipoq) expressing cells as LacZ+ cells (Supplemental Figure 1A) (19, 20). To our surprise, at
room temperature (24°C), despite the uniform labeling of white adipocytes (19, 20), only 38% of

total brown adipocytes in the BAT were labeled as LacZ+ (blue) cells, and these cells distribute in
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a patchy pattern (Figure 1, A and B). The percentage of LacZ+ brown adipocytes is significantly
higher (76%) when mice were housed in a cold environment (6°C), and significantly lower (6%)
when mice were housed in a thermoneutral environment (30°C) (Figure 1, A and B). However,
Adipog mRNA in the whole BAT was slightly increased when mice were at 6°C, and was not
altered when mice were in 30°C (Supplemental Figure 1B). When we treated AdipoChaser-LacZ
mice with B3-adrenergic receptor agonist to stimulate thermogenesis (Figure 1C), we observed a

similar percentage of LacZ+ brown adipocytes as upon cold exposure (67%) (Figure 1, D and E).

Is the increase of LacZ+ brown adipocytes during cold exposure due to de novo adipogenesis?
And likewise, is the decrease of LacZ+ brown adipocytes during thermoneutral exposure due to
cell death? When we pre-labeled mice at 24 °C and pulse-chased at 6°C or 30°C, the percentages
of LacZ+ brown adipocytes (40%) remained the same as when they were at 24°C (Figure 1, F and
G). When we pre-labeled mice at 30°C and pulse-chased at 6°C, the percentages of LacZ+ brown
adipocytes (5%) remained the same as when they were at 30°C (Figure 1H). Likewise, when we
pre-labeled mice at 6°C and pulse-chased at 30°C, the percentages of LacZ+ brown adipocytes
(73%) remained the same as when they were at 6°C (Figure 11). Meanwhile, body weight, BAT
weight, and brown adipocyte cell size were not altered when mice were in a cold environment
(Supplemental Figure 1, C—E). Moreover, we have not observed significant apoptosis of brown
adipocyte by active Caspase 3 staining (Supplemental Figure 2, A-D). Therefore, there are
dynamic inter-conversions between these two brown adipocyte subpopulations upon temperature

change, and we have no evidence of significant adipogenesis or cell death.

We subsequently looked into the subcellular structure of these two brown adipocyte
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subpopulations through electron microscopy imaging. X-gal, when cleaved by B-galactosidase,
produces 5,5'-dibromo-4,4'-dichloro-indigo-2, an intense blue product which is insoluble. Under
the electron microscope, this blue product can be observed as crystals (21, 22), and the LacZ+
brown adipocytes can be distinguished by this feature. Compared to the LacZ+ brown adipocytes
(adiponectin high-expressing), the LacZ- brown adipocytes had significantly lower mitochondrial
number/content and much larger lipid droplets (Figure 2, A-D). We then switched to an
AdipoChaser-mT/mG system we reported recently (20, 23) (Supplemental Figure 3A), and
confirmed that Adipogq is selectively expressed in a subpopulation of brown adipocytes in a patchy
pattern (Supplemental Figure 3, B and C). In the isolated primary brown adipocytes, the GFP-
(Adipog low-expressing) brown adipocytes had significantly higher mitochondrial membrane
potential (Supplemental Figure 3, D-F), indicating that these cells have lower mitochondrial
membrane depolarization and uncoupling rate (24). We also generated the AdipoChaser-YFP mice
(Supplemental Figure 3G), as YFP is relative easier for immunofluorescence staining. When we
labeled mice in 6°C, the Adipog high-expressing (YFP+) brown adipocytes largely overlapped
with UCP1 high expressing cells (Figure 2E). Thus, Adipog expression positively correlates with
UCP1 protein expression. Overall, these results suggest that the Adipog low-expressing brown
adipocytes are morphologically and molecularly different from the Adipog high-expressing brown
adipocytes. When we pre-labeled mice at 24°C and pulse-chased at 6°C, there were significantly
more UCP1+ cells than YFP+ cells, and most of the pre-labeled YFP+ brown adipocytes co-
labeled as UCP+ cells (Figure 2F). This result confirms that the YFP- brown adipocytes labeled at

24°C could convert into UCP1 high expressing cells at 6 >C.
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We next set out to verify the brown adipocyte heterogeneity through single-cell RNA-sequencing
(scRNA-seq) of primary brown adipocytes isolated from the BAT of adult mice housed at 24°C.
Two major brown adipocyte subpopulations were clustered: brown adipocytes with high
thermogenic activity (BA-H, 2,352 cells, including three sub-clusters, BA-H1, BA-H2, and BA-
H3) and brown adipocytes with low thermogenic activity (BA-L, 1,250 cells) (Figure 3A). These
two populations differed by the expression level of Ucpl, as well as Adipog (Figure 3, B and C).
Two other clusters of cells were identified as white adipocytes (WA, 197 cells) and non-adipocytes
(NA, 34 cells) (Figure 3A). This white adipocyte cluster served as a nice internal control in the
subsequent analysis. In the BA-L subpopulation, expressions of genes related to thermogenesis,
such as Cidea, Elovl6, and oxidative phosphorylation (OXPHOS) complexes were extremely low,
close or lower than the white adipocytes in the WA cluster (Figure 3D, Supplemental Figure 4 and
Supplemental Figure 5, A—E). Similarly, the BA-L subpopulation had very low expression levels
of genes related to lipolysis, glycolysis, fatty acid oxidation, and the TCA cycle (Figure 3E and
Supplemental Figure 6, A—C). Moreover, two newly identified pathways that have been described
and may be essential for the positive regulation of thermogenesis, ROS (25) and succinate
metabolism (26), were also only enriched in the BA-H subpopulation (Supplemental Figure 6, D
and E). Therefore, brown adipocytes within the BA-L subpopulation belong to a novel and unique

type of brown adipocyte with low thermogenic activity.

Notably, the BA-L subpopulation had significant high expression levels of genes related to fatty
acid uptake (Figure 2F and Supplemental Figure 7A). This subpopulation was also enriched for
genes that are essential for cell-to-cell trafficking (27) (Supplemental Figure 7B), as well as UCP1-

independent thermogenesis through the futile cycle of creatine metabolism (28) and tight junction
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(Supplemental Figure 7, C and D). Thus, brown adipocytes within the BA-L subpopulation hold a
unique metabolic status, and the function of these cells is potentially fundamentally different from

the cells within the BA-H subpopulation.

What regulates the functional heterogeneity between the two brown adipocyte subpopulations?
Interestingly, PPARy (29) and C/EBPa (30), the two master transcription factors that regulate
adipocyte function (31, 32), have distinct expression patterns in these two subpopulations.
Surprisingly, Pparg was relatively enriched in the BA-L subpopulation (Supplemental Figure 7E),
consistent with the expression patterns of its downstream targets Cd36 and Fabp4 (Figure 2F). In
contrast, Cebpa was enriched in the BA-H subpopulation (Supplemental Figure 7E). These data
indicate that these two factors may act as upstream regulators responsible for the distinct
transcriptional profiles of the two brown adipocyte subpopulations. As expected, the expression of
white adipocyte marker resistin (Retn) (Supplemental Figure 7F) was only detected in the WA
cluster. Among the three BA-H sub-clusters, thermogenic genes had the highest expression levels
in BA-H3 (Supplemental Figure 4). The sub-clusters BA-H1 and BA-H2 were enriched for genes
that related to mitochondrial biogenesis and insulin responsiveness (33-35) (Supplemental Figure

7H).

We next performed immunofluorescence co-staining to confirm the protein levels of these genes
identified through scRNA-seq. In the AdipoChaser-YFP mice (Figure 4A), YFP+ cells (Adipog
high expressing brown adipocytes) primarily overlapped with Elovl6 (Figure 4B), as well as

SDHA and COX IV (Figure 4, C and D); while large numbers of YFP+ brown adipocytes did not
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overlap with FABP4 (Figure 4E), as well as PPARy (Figure 4F). Thus, the protein levels of these

important genes match with the expression pattern demonstrated by the scRNA-seq results.

To test whether the two brown adipocyte subpopulations have different mitochondrial respiratory
capacity, we separately collected the two freshly isolated brown adipocyte subpopulations from
BAT through mild centrifugation. With the Ucpl-GFP mice, a tet-responsive labeling system
under the control of the Ucp! promoter (Figure 5A), isolation and separation were verified based
on the GFP signal intensity (Figure 5B). We first measured mitochondrial function through a Mito
Stress Test Kit (Figure 5C). The BA-H, BA-L, white adipocyte, and primary BAT stromal vascular
fraction (SVF) showed distinct levels of oxygen consumption as judged by the oxygen
consumption rate (OCR). As the ATP synthesis rate is relatively low in brown adipocytes due to
uncoupled respiration, it is not surprising that oligomycin (ATP synthase inhibitor) did not
significantly alter OCR in brown adipocytes; while oligomycin decreased OCR by 59% in SVF,
and by 20% in white adipocyte (Figure 5C). The basal respiration in the BA-H population was
around two-fold higher compared to the BA-L population. Both brown adipocyte subpopulations
had significantly higher basal respiration compared to white adipocyte and the SVF (Figure 5D).
Interestingly, the BA-H population had a maximal respiration rate very close to the BA-L
population, indicating these brown adipocytes have high mitochondrial potential and are readily
recruitable (Figure SE). The BA-H population isolated through mild centrifugation contains a low
percentage of SVF. To obtain a purer BA-H population, we isolated the BA-H population from
AdipoChaser-mT/mG mice through a magnetic bead-based method taking advantage of the
membrane-bound GFP. The OCR levels of both BA-L and BA-H subpopulations obtained through

this alternative method were much lower compared to the cells obtained through mild
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centrifugation, which may due to the much longer processing time involved for the isolation
(Figure 5F). However, the difference in basal OCR is consistent between the two methods (Figure
5C and Figure 5F). Moreover, both BA-L and BA-H populations showed responses to
norepinephrine, but the BA-H population had a more robust increase in the OCR (Figure 5F). We
also measured the fatty acid uptake rate in the two brown adipocyte subpopulations, and consistent
with the high Fabp4 mRNA and protein level (Figure 3F and Figure 4D), the BA-L population
displayed significantly higher rates of fatty acid uptake (Figure 5G). This result is consistent with
a recent report, which demonstrated that the uptake of nutrients by adjacent murine brown
adipocytes is variable (36). Overall, these results demonstrate that the two brown adipocyte

subpopulations have fundamentally distinct function and metabolic profiles.

We performed 3D profiling of BAT from the Ucp/-GFP mice housed at 24 °C. UCP1+ (GFP+)
brown adipocytes distributed in a patchy pattern (Figure SH and Supplemental Video 1),
confirming the scRNA-seq result that Ucp ! is also distinctly expressed in different subpopulations
of brown adipocytes. The thermogenesis of brown adipocytes is governed by sympathetic
innervation (37). The 3D architecture showed that compared to the less innervated white adipose
tissues (38, 39), almost every brown adipocyte is heavily innervated with sympathetic neurons
(Figure 5SH and Supplemental Video 1). Thus, the diversity in thermogenic activity observed in
these two brown adipocyte subpopulations is not determined by sympathetic innervation. Notably,
the expression level of B3-adrenergic receptor Adrb3 was enriched in the BA-H subpopulation
(Supplemental Figure 7G). Therefore, the diverse thermogenic activity may be determined by the

difference in the responsiveness of brown adipocyte to f3-adrenergic signals.
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Does BAT emerge developmentally as two distinct subpopulations? We looked into the Adipog
expression in brown adipocytes during development, by exposing AdipoChaser-LacZ mice to dox
diet at various embryonic and postnatal stages (Figure 6A). When we exposed mice to dox diet
during E3-10, very few (less than 1%) of brown adipocytes were labeled as LacZ+ cells upon
examining the tissue at 4 weeks of age (Figure 6B). When mice were exposed to dox diet during
E7-E14, brown adipocytes showed a heterogeneous pattern of LacZ+ cells, with some regions
carrying more than 92%, and other regions displaying less than 10% LacZ+ signal when examined
at 4 weeks of age (Figure 6C). When mice were exposed to dox diet during E9—E16, brown
adipocytes showed uniform positive labeling of LacZ+ cells when examined at 4 weeks of age
(Figure 6D). These observations indicate that brown adipocytes differentiation is initiated as early
as E10, and all brown adipocytes have initiated differentiation and started to express Adipog by
E16. Thus, adiponectin can be used as a terminal differentiation marker for both brown adipocytes
as well as for white adipocytes (19). At the age of 27 weeks, for the mice that were exposed to dox
diet during E18—P4, the brown adipocytes continued to display a uniformly positive LacZ labeling
(Figure 6EF), indicating that the turnover rate for brown adipocytes is extremely low in the adult
stage at room temperature. Thus, the Adipog low-expressing brown adipocytes are not newly

generated postnatally.

We subsequently narrowed down the time frame during which the BAT develops heterogeneity
through the inter-conversion (Figure 6F). When AdipoChaser-LacZ mice were exposed to dox diet
during E7-P2, their brown adipocytes showed a uniform LacZ+ labeling when examined at 8
weeks of age (adult stage) (Figure 6G). When mice were exposed to dox diet during P3—P10 or

P7-P14, 56% or 42% of their brown adipocytes were labeled as LacZ+ cells, which is close to the

10
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percentage at the adult stage (38% in Figure 1B). These experiments indicate that the BAT
transcriptional program becomes heterogeneous shortly after birth, and the ratio of Adipog high-

expressing and low-expressing brown adipocytes becomes stable around P7.

It has been suggested that decreased BAT thermogenesis is associated with the accumulation of
body fat, as well as age (40-42). Therefore, we checked if high fat diet (HFD) induced obesity
reduces the inter-conversion of Adipoq low expressers to high expressers during cold exposure
(Supplemental Figure 8, A and B). When AdipoChaser-LacZ mice were housed at 6°C, the
percentages of LacZ+ brown adipocytes from HFD fed mice (47%) were comparable to brown
adipocytes from chow-fed mice (45%) (Supplemental Figure 8, C and D). At 24°C, HFD fed mice
even had higher percentages of LacZ+ brown adipocytes (23% Vs. 12%). Thus, HFD feeding does
not impair the recruitment of Adipog high-expressing brown adipocytes during cold exposure.
However, even in the chow-fed group, these 21-week-old mice had a significantly lower
percentage of LacZ+ brown adipocytes at both 6°C and 24°C compared to 8-week-old mice (Figure
1, A and B), indicating that there is a decline in the number of Adipog high expressers with age.
When older mice were housed at 6°C (Figure 7A), the percentage of LacZ+ brown adipocytes
further dropped to below 40% (30-week-old) and 20% (60-week-old) (Figure 7, B and C). These
results indicate that the ability of BAT to recruit Adipoq high-expressing brown adipocytes during

cold exposure is significantly reduced with age.

Discussion
We report the discovery of a low-thermogenic brown adipocyte subpopulation with unique

molecular and metabolic features, co-existing with the classic brown adipocytes in vivo. The

11
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results presented here offer critical insights towards our understanding of how brown adipose
tissue thermogenesis is regulated at the cellular level. The discovery of the new low thermogenic
subpopulation is of great interest since this population of cells does not have typical brown
adipocyte morphology and display a unique metabolic profile. However, the exact function of this
subpopulation is largely unknown. These brown adipocytes have relative large lipid droplets and
low mitochondrial content and extremely low respiration rate, compared to the high thermogenic
subpopulation. Are these brown adipocytes in a “resting” status and are readily recruitable to
convert into high thermogenic cells? Or do they have critical metabolic functions other than
thermogenesis? As the low thermogenic brown adipocytes have a much higher rate of fatty acid
intake, these cells may have an indispensable role for the functional integrity of the thermogenic
activity of the whole BAT. The high thermogenic subpopulation represents the extensively studied
classic brown adipocyte subtype, which has the potential ability to further increase Ucpl
expression and thermogenesis upon cold stimulation. It is worth to note that most of the human
studies detect BAT based on glucose uptake, as BAT exhibits high uptake of fluorine-18
fludeoxyglucose on positron emission tomography (PET). This detection method may miss the

lower thermogenic brown adipocytes, which have high fatty acid uptake rate.

Adiponectin is considered a white adipocyte marker since it is more abundantly expressed in the
white adipocyte. However, it is not surprising to observe a higher Adipog expression in the high
thermogenic brown adipocytes, as adiponectin positively regulates mitochondrial biogenesis and
activity (43-45). Recent 3-D adipose tissue imaging reveals that cold-induced generation of beige
adipocytes in the subcutaneous adipose tissue depends on the density of sympathetic innervation

(38, 39). Here, we show that sympathetic innervation in BAT is much denser than that in white

12
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adipose tissue. Thus, the thermogenic heterogeneity of brown adipocytes is not correlated to
sympathetic innervation. However, it is still possible that norepinephrine is differentially secreted
by each sympathetic neuron. Notably, the expression level of f3-adrenergic receptor Adrb3 was
enriched in the BA-H subpopulation. Therefore, the diverse thermogenic activity may be

determined by the difference in the responsiveness of brown adipocyte to 33-adrenergic signals.

Developmentally, as newborn pups require much higher thermogenic activity, it is not surprising
that all brown adipocytes are born as Adipog high expressers and potentially have high
thermogenic activity. Interestingly, a subpopulation of brown adipocytes gradually converts into
Adipoq low expressers after birth. The establishment of heterogeneity postnatally is likely due to
the heterogeneous lineages of brown adipocyte precursors during development. However, it is also
possible that the two brown adipocyte subpopulations are not born to be different, and they may
undergo a “switching mechanism” even at room temperature, taking dynamic turns to function as
high thermogenic cells. As the interscapular BAT is the first adipose depot to develop in the mouse,
BAT may serve as the primary site for adiponectin expression and secretion in these very early
stages of life. When white adipose depots development initiates later in life, these tissues then take
over as the primary sites for adiponectin production. When mice in the adult stage are exposed to
cold, other than a conversion of BA-L into BA-H population, BAT may also undergo de novo
adipogenesis, especially when mice are exposed to the cold for a long period of time (46, 47).
Importantly, the conversion of low thermogenic brown adipocytes into high thermogenic
adipocytes upon cold exposure is impaired with old age, but not by high fat diet feeding. This may
offer a new explanation for the age-associated decline in brown adipose tissue thermogenic

activity.
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Future studies will need to address the metabolic functions and lineages of the low thermogenic
brown adipocyte subpopulation, as well as the molecular mechanisms that regulate the inter-
conversion between the two subpopulations. More importantly, it will be interesting to determine
why the number of thermogenic high brown adipocytes declines with age. Unmasking the complex
physiology of BAT thermogenesis is essential to improve our ability to identify effective
therapeutic approaches for metabolic disorders. Future strategies that promote the low thermogenic
brown adipocytes to convert into a population of high thermogenic cells may greatly enhance
brown adipose tissue thermogenesis, which may have potential for the treatment of obesity and

diabetes.

Methods

Detailed methods are in the Supplemental Material.

The scRNA-seq data have been deposited in NCBI GEO with the access number GSE125269.

Statistics. The results are shown as means + sd. Differences were analyzed by various methods as

indicated in figure legends. All measurements were taken from individual samples.

Study approval. The Institutional Animal Care and Use Committees of City of Hope, Duarte, have

approved all animal experiments.
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Figure and figure legends
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Figure 1. Two subpopulations of “classical” brown adipocyte undergo dynamic inter-
conversions in vivo. (A) Representative X-gal staining of BAT from AdipoChaser-LacZ mice
exposed to different environmental temperatures, while fed with dox-containing chow diet. (B)
Quantification of the percentage of LacZ-positive brown adipocytes in the total brown adipocytes.
n =8 mice (6°C); 6 mice (24°C); 7 mice (30°C). (C-F) Representative X-gal staining of BAT from
AdipoChaser-LacZ mice kept at indicated temperatures while fed with dox-containing chow diet,
followed by regular chow diet feeding at indicated temperatures. Scale bar for A and C-F: 100
um. All data represent mean + s.d. of biologically independent samples, **P < 0.01. Statistical
significance was assessed using a one-way ANOVA followed by Tukey’s multiple comparisons
test. All images are representative of three independent experiments.
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Figure 2. The two brown adipocyte subpopulations have distinct morphology and Ucpl
expression. (A) Electron micrographs of BAT from mice kept at 6°C. Arrows: LacZ crystals. Scale
bar: 2 um. (B-D) Quantification of the mitochondria size, number, and lipid droplet size. n = 10
LacZ+ cells for B and C, n = 12 LacZ+ cells for D; n = 7 LacZ- cells for B-D. (E, F) YFP (red),
UCP1 (green) and DAPI (blue) immunofluorescence staining of BAT from AdipoChaser-YFP
mice treated with dox-containing chow diet as indicated. Cells with yellow color are double
positive with YFP and UCPI. Scale bar: 50 um. All data represent mean + s.d. of biologically
independent samples, **P <0.01. Statistical significance was assessed using a two-tailed Student’s
t-test (B—D). All images are representative of three independent experiments.
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Figure 3. Single-cell RNA sequencing confirms the existence of two distinct brown adipocyte
subpopulations. (A) t-distributed stochastic neighbor embedding (tSNE) plot of 3602 primary
brown adipocytes isolated from 10-week-old wide type male mice. Clustering was generated using
k-means = 4. This data is from a single experiment. (B—F) Transcript counts represent Logz of
gene expression. Each dot corresponds to one single cell, colored according to cell cluster. (B)
Violin plots showing the distribution of normalized expression values of Adiponectin (Adipoq)
and Ucpl across cells that belong to the five adipocyte clusters. (C—F) Distribution of the
expression of Adipog and Ucpl (C), Cidea, Elovl6, Cox7al and Ndufal2 (D), Lipe (Hsl) and
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Figure 4. Immunofluorescence co-staining of differentially expressed genes identified
through Single-cell RNA sequencing. (A) AdipoChaser-YFP male mice were kept on normal
chow until 10 weeks of age. Mice were then treated with dox-containing chow diet for one week.
(B-F) YFP (red) and Elovl6 (green) (B), SDHA (green) (C), COXIV (green) (D), FABP4 (green)
(E), and PPARYy (green) (F) immunofluorescence staining of BAT from AdipoChaser-YFP mice
treated with dox-containing chow diet as indicated. Cells with yellow color are merged from red
and green. Scale bar: 50 um. Images are representative of two independent experiments.
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(C-E) Oxygen consumption
rate (OCR) in freshly isolated
primary cells, treated with the
different compounds. Primary
brown adipocytes (BA-H and
BA-L) were from male WT
mice housed in 6°C for 7 days.
As controls, primary white adipocytes and SVF from BAT were from male WT mice housed at
room temperature. (C) Plot of OCR to time measured by Seahorse. (D, E) calculated basal and
maximum respiration levels of different cell types. n = 8 mice (BA-H and BA-L); 3 mice (WA and
SVF). (F) Plot of OCR to time measured by Seahorse in primary brown adipocytes (BA-H and
BA-L), treated with the different compounds. These cells were freshly isolated from male
AdipoChaser-mT/mG mice housed in 6°C for 7 days through EasySep™ Magnet. (G) Fatty acid
uptake rate in the two brown adipocyte subpopulations. » = 8 mice (BA-H and BA-L). For each
group, cells from all mice were pooled together, and data represent mean + s.d. of experimental
replicates, normalized to cell numbers. **P < 0.01. Statistical significance was assessed using a
one-way ANOVA followed by Tukey’s multiple comparisons test (D, E), or a two-tailed Student’s
t-test (G). (H) 10 weeks old UcpI-GFP mice were treated with dox-containing diet for 4 days
before tissue harvest. PACT-cleared BAT from Ucp/-GFP mice and immunolabeled with GFP
(green) and sympathetic neuron marker tyrosine hydroxylase (TH) (purple) antibody. Scale bar:
30 um. These images are representative of three independent experiments.
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Figure 6. Brown adipocyte were born as adiponectin high expressors, and the heterogeneity
establishes postnatally. (A) Female mice carrying only Adn-rtTA and Rosa26-loxP-stop-loxP-
LacZ were bred with AdipoChaser-LacZ male mice. When these female mice were pregnant, they
were exposed to dox-containing chow diet during E3—E10, E7-E14, E9-E16, or E18-P4, and kept
on regular chow diet thereafter. Offspring of these female mice were genotyped, and
AdipoChaser-LacZ mice of both genders were used for LacZ staining when they were 4 weeks or
27 weeks old. (B-D) Representative X-gal staining of BAT from 4-week-old AdipoChaser-LacZ
mice that were on dox diet for the indicated number of days during development. (E)
Representative X-gal staining of BAT from 27-week-old AdipoChaser-LacZ mice that were on
dox diet during E18-P4. Scale bar for B-E: 100 um. (F) Female mice carrying only Adn-rtTA
and Rosa26-loxP-stop-loxP-LacZ were bred with AdipoChaser-LacZ male mice. When these
female mice were pregnant, they were exposed to dox-containing chow diet during E7-P2, P3—
P10, or P7-P14, and kept on regular chow diet thereafter. Offspring of these female mice were
genotyped, and male AdipoChaser-LacZ mice were used for LacZ staining when they were 8
weeks old. (G) Representative X-gal staining of BAT from these AdipoChaser-LacZ mice that
were on dox diet for the indicated number of days during development. Scale bar: 50 pm. All
images are representative of three independent experiments.
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AdipoChaser-LacZ male mice were kept on normal chow until 30 or 60 weeks of age. Mice were
then exposed to 6°C for 7 days while treated with dox-containing chow diet. (B) Representative
X-gal staining of BAT from mice of different age exposed to 6°C. Scale bar: 50 um. (C)
Quantification of the percentage of LacZ-positive brown adipocytes in the total brown adipocytes.
n=11 mice (10 weeks old); 5 mice (30 weeks old); 10 mice (60 weeks old). **P <(.01. Statistical
significance was assessed using a one-way ANOVA followed by Tukey’s multiple comparisons
test. All images are representative of three independent experiments.
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