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Abstract

The role of skeletal muscle in nonshivering thermogenesis (NST) is not well understood. Here we
show that sarcolipin (SIn), a newly identified regulator of the sarco/endoplasmic reticulum Ca2*-
ATPase (Serca) pumpl=, is necessary for muscle-based thermogenesis. When challenged to acute
cold (4 °C), S/~ mice were not able to maintain their core body temperature (37 °C) and
developed hypothermia. Surgical ablation of brown adipose tissue and functional knockdown of
Ucpl allowed us to highlight the role of muscle in NST. Overexpression of Sin in the Sin-null
background fully restored muscle-based thermogenesis, suggesting that Sin is the basis for Serca-
mediated heat production. We show that ryanodine receptor 1 (Ryrl)-mediated Ca2* leak is an
important mechanism for Serca-activated heat generation. Here we present data to suggest that Sin
can continue to interact with Serca in the presence of Ca2*, which can promote uncoupling of the
Serca pump and cause futile cycling. We further show that loss of S/n predisposes mice to diet-
induced obesity, which suggests that SIn-mediated NST is recruited during metabolic overload.
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These data collectively suggest that SLN is an important mediator of muscle thermogenesis and
whole-body energy metabolism.

Endothermic animals require heat production from within to maintain their core
temperature. Mammals, including humans, depend on both shivering and NST mechanisms
for temperature homeostasis®. Although muscle shivering is an immediate response to cold
stress, continuous muscle shivering leads to exhaustion and muscle damage; therefore, NST
mechanisms are activated in these conditions. Brown adipose tissue (BAT) is an important
site of NST in most mammals®-10. Several studies have suggested that in addition to BAT,
skeletal muscle has a role in NST71112 byt the molecular details of its involvement have
not been completely explored. Studies conducted on heater organs (modified ocular
muscle)3-16 of fish have shown that continuous sarcoplasmic reticulum Ca2* transport
(caused by an inherently leaky ryanodine receptor) has evolved for heat production without
muscle contraction. Similarly, in malignant hyperthermia, mutations in Ryr1 predispose to
abnormal Ca?* leak when exposed to anesthetic compounds. This condition elevates the
amount of cytosolic Ca2* and results in excessive activation of Serca-mediated Ca2*
transport and heat productionl’. However, it is not currently known to what extent the
sarcoplasmic reticulum Ca?* transport machinery is recruited in muscle-based NST in the
absence of contraction. Recent /n vitro studies have suggested that SIn can increase heat
production by uncoupling Serca-mediated ATP hydrolysis from Ca2* transport18.19, In this
study, we sought to determine whether the SIn-Serca interaction is an important mechanism
for muscle-based thermogenesis /n vivo.

The generation of the S/7/~ mouse model has been previously described*. Loss of Sln in
this model enhances Serca activity and improves muscle function in the muscle tissues
where it is expressed*20. When housed at 22 + 1.5 °C (mean + range), S/~ mice had an
optimal average core temperature of 36.8 £ 0.3 °C (mean + s.e.m.) (Supplementary Fig. 1a)
and surface body heat (Fig. 1a). Because BAT is an important contributor to NST in rodents,
loss of SIn could be compensated for by BAT. Therefore, we surgically ablated intrascapular
BAT (iBAT), which constitutes 260% of the total BAT content, in a set of wild-type (WT)
and S/~ mice to minimize its contribution. At 22 + 1.5 °C, removal of iBAT in WT and
Sir'~ mice did not have a major effect on the core temperature (Fig. 1a and Suplementary
Fig. 1a), physical activity (Supplementary Fig. 1b), oxygen consumption (VO,) or
respiratory exchange ratio of the mice (Supplementary Fig. 1c,d). These data show that S/n
I~ mice can maintain an optimal core temperature at 22 + 1.5 °C, suggesting that SIn-
dependent NST is not activated under these conditions.

To determine whether Sin is important for cold-induced thermogenesis, we exposed S/~
mice to acute cold (4 °C) in a temperature-controlled Comprehensive Lab Animal
Monitoring System (CLAMS) module and monitored their core temperature using an
infrared camera and implantable transponders. Infrared imaging of S/7/~ mice challenged to
a temperature of 4 °C showed a substantial reduction in surface body heat, as determined by
a switch in heat intensity from red to yellow (Fig. 1a). When exposed for a prolonged period
(10 h) to 4 °C, the iBAT-ablated S/~ mice, despite their skeletal muscle shivering
(Supplementary Fig. 2a and Supplementary Video 1), could not maintain optimal core
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temperature, and their average body temperature dropped drastically from 37 °C to 32.2

+ 1.4 °C after 4 h and then dropped to 26.9 + 1.9 °C after 6 h (Fig. 1b). The iBAT-ablated
SIr'= mice died of hypothermia during 10 h of cold exposure; therefore, we removed the
iBAT-ablated S/~ mice from cold exposure when their core temperature reached 25 °C
(early removal criteria, ERC). More than 85% of the iBAT-ablated S/~ mice reached ERC
(Fig. 1c). However, S/~ mice with intact iBAT maintained a lowered average core
temperature of 33.8 £ 0.6 °C and survived cold challenge, suggesting that BAT can
compensate for the loss of SIn. WT mice with intact iBAT were able to maintain an average
core temperature of 36.3 = 0.2 °C during cold challenge (close to the optimal core
temperature of 37 °C), which is in agreement with published results?1. Notably, iBAT-
ablated WT mice were able to maintain their core temperature (35.8 + 0.4 °C) and survive
the cold challenge (Fig. 1b,c), suggesting that SIn-mediated NST can compensate for loss of
iBAT.

We further evaluated the cold sensitivity (on challenge to 4 °C) of the S/~ mice in a group
that we acclimatized for 3 weeks at 30 °C (thermoneutrality for mice) to functionally
downregulate the activity of BAT22:23, We used this method instead of a double knockout for
Slnand Ucp1 because very few double knockout mice are born (below the Mendelian ratio),
and those that survive to adulthood may develop additional compensatory mechanisms,
complicating interpretations of the results (L.A.R. and M.P., unpublished data). The S/~
mice acclimatized to 30 °C showed a drastic drop in their average core temperature from

37 °C t0 32.5 + 0.6 °C, whereas S/~ mice maintained at 22 °C had average core
temperatures that decreased from 37 °C to 35.0 £ 0.6 °C during the first hour of cold
exposure (Fig. 1d,e). The average core temperature of WT littermates acclimatized at 30 °C
decreased from 37 °C to 35.2 + 0.4 °C in first hour of cold challenge (Fig. 1e), which
suggests that SIn can compensate for reduced BAT function. These results, together with
those from the iBAT ablation (Fig. 1b,c) studies, suggest that SIn-mediated muscle
thermogenesis has a crucial role in the maintenance of core body temperature that is
independent of BAT activity.

We further evaluated how the loss of Sin affected metabolic rates by measuring the VO, in
WT and S/~ mice at 22, 30 and 4 °C. The WT and S/~ mice housed at 22 °C showed
higher basal VO, (Fig. 1f,g) compared to the groups of mice maintained at 30 °C. When
challenged to 4 °C, both WT and S/~ (both reared at 22 °C) showed comparable increases
in VO,; however, the S/~ mice acclimatized to 30 °C showed a blunted increase in VO,
(with 17.2% lower final VO,) compared to WT littermates (Fig. 1g). These data suggest that
acclimatization at 30 °C reduces the contribution of BAT to metabolic rate, and mice lacking
SIn that are acclimatized at 30 °C are unable to increase their metabolic rate when
challenged to 4 °C as compared to WT mice.

To ascertain that the inability to maintain core temperature by S/77/~ mice during acute cold
exposure is primarily caused by loss of SIn expression, we re-expressed Sin in the knockout
mice. We achieved this rescue by mating a mouse model overexpressing SIn under the
control of the skeletal a-actin promoter with the S/77/~ mice. This new mouse model (S/n
~/=IOE) had high expression of SIn in the skeletal muscles (Fig. 2a). Importantly,
overexpression of Sln in the null background fully restored thermogenesis; the iBAT-ablated
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SIr~'OF mice did not develop hypothermia during challenge to 4 °C (Fig. 2b). These data
collectively suggest that Sin is essential for skeletal-muscle-based facultative thermogenesis.

In addition to shivering, skeletal-muscle—based NST has been suggested to have a crucial
role in thermogenesis®, but direct experimental evidence supporting this is lacking. To show
that skeletal muscle is an important site of NST, we inhibited shivering in WT mice
(C57BL/6J) by administering a low dose of curare (0.4 mg per kg body weight
intraperitoneally24), which is known to competitively block the binding of the
neurotransmitter acetylcholine to its receptors25. When exposed to cold, untreated WT mice
with intact iBAT showed normal shivering and maintained an average core temperature of
36.3 £ 0.2 °C (Fig. 2c). However, WT mice treated with curare showed a marked (~50%)
reduction in shivering but were able to maintain an average core temperature of 35.4

+ 0.4 °C, which is close to the optimal core temperature, suggesting that NST mechanisms
are sufficient for the maintenance of core temperature in the absence of shivering
(Supplementary Fig. 2b and Supplementary Video 2). Next, we minimized shivering with
curare in iBAT-ablated WT mice to highlight the existence of muscle-based NST. Notably,
iBAT-ablated WT mice were able to maintain their core temperature when exposed to 4 °C,
and treatment with curare did not cause any significant additional decrease (35.1 + 0.5 °C)
(Fig. 2c), suggesting that skeletal-muscle—based NST is an important mechanism for
thermoregulation. We then investigated whether blunting of shivering by treatment with
curare affects thermogenesis in S$/77/~ mice with intact iBAT. Notably, reduction of shivering
by curare treatment caused a rapid decline in core temperature in these mice during the first
hour of exposure (37.1 £ 0.4 °C to 34.5 £ 0.8 °C in 30 min and then to 33.9 £ 0.9 °C in 60
min) (Fig. 2d,e). These data indicate that shivering is an important component of
thermoregulation during the initial phase of cold challenge. Curare treatment only modestly
altered physical activity, but the treated mice were able to move around freely and showed
normal grooming behavior (Fig. 2f). Further, measurements of VO, in WT and S/~ mice
during cold challenge showed that treatment with curare did not affect metabolic rate
(Supplementary Fig. 2c,d).

To show the role of Ryrl-mediated Ca?* leak in SIn-mediated NST, we used dantrolene, an
inhibitor of Ryr commonly used to treat malignant hyperthermia26. Administration of
dantrolene (4 mg per kg body weight intraperitoneally) did not affect physical activity,
including shivering, in WT mice with and without intact iBAT and S/~ mice with intact
iBAT exposed to 4 °C (Supplementary Fig. 3a), but in WT mice with intact iBAT pretreated
with dantrolene and exposed to 4 °C, core temperature decreased to 34.6 £ 0.4 °C (Fig. 3a).
Similarly, treatment of iBAT-ablated WT mice with dantrolene caused a significant (P <
0.001) decrease in their average core temperature to 33.0 + 1.0 °C (Fig. 3a). However,
treatment with dantrolene had little effect on S/~ mice, as they were already cold sensitive
(Fig. 3b). These data may suggest that Ryr1-mediated Ca2* leak could be involved in
increasing the cytoplasmic calcium pool that is essential for stimulating thermogenesis
through Serca. VO, was increased after cold challenge in WT mice with and without intact
iBAT and S/~ mice with intact iBAT pretreated with dantrolene (Supplementary Fig. 3b).

Although previous studies have suggested that the Serca pump can generate heat?’+28 during
Ca?* transport, the exact mechanism of this process has not been explored. To determine
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how the SIn interaction with Serca leads to heat generation, we compared the interaction of
SIn and Serca to that of phospholamban (Plb), a known regulator of the Serca pump, by
chemical crosslinking using microsomes from HEK 293 cells in the presence of increasing
concentrations of Ca2*. We introduced cysteine at a homologous position, as determined by
a comparison of the amino acid sequences of SIn and Plb, to create a site for crosslinking
(Fig. 3c). Previous studies have shown that N30C Plb specifically crosslinks with Serca, and
by screening the N-terminal residues of SIn for crosslinking with Serca?®, we found E7C
SIn, homologous to N30C Plb, specifically crosslinks with Serca. Crosslinking studies with
bismaleimidohexane (BMH, a homobifunctional sulfhydryl crosslinker) showed that Sln
harboring the E7C mutation continues to interact with Serca even in the presence of high
concentrations of Ca2* (0.1-100 uM) (Fig. 3d). However, the interaction of Plb harboring
the N30C mutation with Serca is abolished at concentrations of Ca?* above 0.1 uM, as has
been previously reported?® (Fig. 3e). This finding showing that SIn and Ca?* can bind to
Serca simultaneously suggests that SIn has the ability to promote uncoupling of the pump,
leading to increased ATP hydrolysis and heat production.

We next tested whether the presence of Sln results in increased energy cost by challenging
S/~ mice with a high-fat diet (HFD) at 22 + 1.5 °C for 12 weeks. HFD feeding resulted in
significantly more weight gain in /7~ mice compared to WT mice (Fig. 4a,b) despite a
lower food (weight and calorie) intake (Supplementary Fig. 4). S/~ mice had higher fat
content, as determined by magnetic resonance imaging (MRI) (2.55-fold + 0.33-fold) (mean
+s.e.m.) and fat pad weights, than WT mice (Fig. 4c,d). Further, a histological analysis
showed that white adipose tissue, BAT and liver cells of HFD-fed S/~ mice had more fat
droplet accumulation than those of WT mice (Fig. 4e). HFD-fed WT mice were less obese
than S/~ mice (Fig. 4a and Supplementary Fig. 5) but had upregulated SIn expression (3-
fold to 5-fold in the soleus), suggesting that SIn-mediated NST is recruited to increase
metabolism (Fig. 4f), but the expressions of Sercala and Serca2a were not altered in these
mice. HFD-fed S/~ mice showed elevated serum glucose, cholesterol and triglyceride
concentrations and elevated glucose intolerance (Fig. 4g and Supplementary Fig. 4c,d). We
also found an upregulation of Ucpl expression in the BAT of both HFD-fed groups, as
reported previously30 (Supplementary Fig. 5b), and the expressions of Serca and Sln were
not altered in cardiac muscle by HFD (Supplementary Fig. 5¢). These data provide evidence
that SIn-Serca—based NST is recruited during metabolic overload to increase energy
expenditure, thereby reducing adiposity.

In conclusion, our findings show that skeletal muscle is an important site of NST and the
SLN-SERCA interaction is the basis for skeletal-muscle thermogenesis. We suggest that
SLN-mediated NST in the maintenance of core temperature is central in animals that have
reduced BAT content®31 or in which functional BAT is absent (birds32 and pigs33). These
findings are relevant to large mammals, including humans, where SLN is expressed several
fold higher than in rodents3* and BAT content becomes restricted in adult life3°. Based on
these findings, we propose that the SLN-SERCA interaction in skeletal muscle can serve as
a potential target to modulate energy metabolism and treat metabolic-overload—induced
obesity.
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The generation of S/~ mice has been described previously38. SIn over-expression in
mouse skeletal muscle was achieved using the skeletal a-actin promoter3’. The transgenic
line 4, with protein overexpression in skeletal muscle but not other tissues, was selected for
further breeding with the S/77/~ mice to generate S/77/~/OF mice. The genotypes of the mice
were determined by PCR from tail snips, and all mice were maintained in the C57BL/6J
genetic background. The study protocol was approved by the Ohio State University
Institutional Animal Care and Use Committee (OSU-IACUC). All of the animal procedures
were carried out at our Association for Assessment and Accreditation of Laboratory Animal
Care International-accredited animal facility and conducted in accordance with the Guide
for the Care and Use of Laboratory Animals.

iBAT removal surgery and measurements of core temperature

Surgical removal of iBAT was performed under anesthesia according to OSU-IACUC-
approved protocols. A 1- to 2-cm incision was made on the dorsal skin, the iBAT was
removed by dissection, and the skin was closed with wound clips. Control mice underwent
similar surgery except without removal of iBAT. Mice were allowed to fully recover before
they were challenged to 4 °C. The core body temperature of the mice was measured using
telemetric transponders (IPTT-300, BioMedic Data System Inc, Seaford, DE, USA)
implanted just below the skin in the interscapular region. The whole-body core temperature
was calculated as the mean temperature from each group between 2 and 4 h after cold
challenge. The surface temperature of the mice was imaged using a high-resolution infrared
camera (Ti32-60HZ Thermal Imager, Fluke Corporation, Everett, WA, USA).

Acute cold challenge

Acute cold exposure of mice to 4 °C was performed in the CLAMS (CLAMS Columbus
Instruments Inc, Columbus, OH, USA) set up, which is temperature controlled. For these
experiments, 12-week-old male mice were individually housed, and their core temperature
was measured using telemetric transponders. Metabolic parameters (oxygen consumption
and carbon dioxide production) were monitored throughout the experiment by indirect
calorimetry. In addition, the physical activity of each mouse was monitored using a
multidimensional infrared light detection system placed on bottom and top levels of each
individual cage of the CLAMS. Age-matched WT and S/~ mice were acclimatized to 30.0
+ 1.0 °C for 3 weeks, and the mice were challenged to acute cold at 4 °C as described above.
Shivering in WT and S/7/~ mice was recorded for 1 h during the 4 °C cold challenge, and
representative stretches of these recordings are presented as Supplementary Videos 1 and 2.

Treatment with curare and dantrolene

Curare and dantrolene were solubilized in an aqueous solution containing 0.9% NaCl and
administered intraperitoneally. Curare (D-tubocurarine hydrochloride, Sigma-Aldrich, St.
Louis, MO, USA) was administered at 0.4 mg per kg body weight, as previously reported38.
Dantrolene (dantrolene sodium salt, Sigma-Aldrich, St. Louis, MO, USA) was administered
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at 4 mg per kg body weight, as previously reported3?. After administration of the drug, the
mice were visually monitored for 15 min and then transferred to the CLAMS for acute cold
challenge. The number of shivering episodes (>5 s) was quantified for 1 h in the curare-
treated mice (/7= 4) during cold challenge.

Chemical crosslinking of SIn with Serca

Complementary DNA (cDNA) of rat Sercal and mouse Sln and Plb were cloned into the
pcDNA 3.1(+) vector between the restriction sites Nhel and Xhol, and EcoRI and Xhol,
respectively. The residues in the SIn (Glu7) and PIb (Asn30) sequences were mutated to
cysteine for crosslinking through the QuikChangeTM site-directed mutagenesis method
(Stratagene, La Jolla, CA). Sercal cDNA with E7C SIn or N30C PIb cDNA was co-
transfected into cultured HEK 293 cells using lipofectamine, and microsomes were prepared
as described previously#C after 48 h of transfection. Chemical crosslinking was performed
using the homobifunctional sulfhydryl crosslinker BMH (Thermo Scientific Inc., Rockford,
IL, USA) as described previously*!. The reaction mixture contained 40 mM 3-(N-
morpholino)propa nesulfonic acid (MOPS) (pH 7.0), 3.2 mM MgCl,, 75 mM KCI, 3mM
ATP and 1 mM ethylene glycol tetraacetic acid (EGTA). The calculation of free calcium was
done by Maxchelator freeware, and CaCl, was added to make the desired amount of free
calcium in the reaction. Individual reactions contained 15 g of microsome, and the reaction
was started by adding 0.1 mM BMH and then incubating for 1 h. The reaction was stopped
by adding SDS-PAGE sample-loading buffer containing 15% SDS with 100 mM
dithiothretol. Crosslinked samples were subjected to SDS-PAGE and standard western
blotting using antibodies to SIn (custom made, 1:2,000 dilution), Plb (Zymed 1:3,000
dilution) and Sercala (custom made, 1:2,000 dilution).

HFD-induced obesity

Eight-week-old S/~ mice and WT littermates (age and weight matched) were segregated
into four experimental groups and fed either a standard chow diet (3.0 kcal/g, 4.25% kCal
from fat) or an HFD (4.73 kcal/g, 45% kCal from fat; D12451, Research Diet Inc., New
Brunswick, NJ, USA). Body weight was measured once every week and was expressed as
weight gained in grams per mouse. Body fat distribution was measured by nuclear magnetic
resonance using a 9.4T system (Bruker BioSpin, Billerica, MA, USA) in our Small Animal
Imaging Facility. The mice were anaesthetized with 1-1.5% isoflurane and secured on an
animal bed inside the MRI scanner. The mice were monitored using a small animal
monitoring system (Model 1025, Small Animals Instruments, Inc. Stony Brook, NY, USA),
and the heart rates of the mice were maintained in the range 350-450 beats per minute by
adjusting the amount of the anesthesia. To further confirm the MRI results, the fat pads were
weighed and expressed as a percentage of the total body weight.

Serum chemistry

Serum chemistry in HFD-fed mice was performed after overnight fasting. Serum glucose
was measured using Breeze 2 glucometer (Bayer HealthCare LLC, Tarrytown, NY, USA).
Serum triglyceride, cholesterol and ketone were measured using a CardioChek PA kit
(HealthCheck Systems, Brooklyn, NY, USA). Glucose tolerance tests were performed on
fasted mice (12 h) by intraperitoneal injection of 3-glucose (2 g per kg of body weight).
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Western blotting

Expression of Sln, Sercala, Serca2a (custom-made antibodies, 1:3,000 dilution), Casql
(Affinity bioreagents antibody to Casql, MA3913, 1:1,000 dilution) and Ucpl (Abcam,
ab10983, 1:2,000 dilution) were determined using standard western blotting techniques. The
desired amount of whole homogenate supernatant was adequately resolved by SDS-PAGE
(16% Tris-tricine gel for SIn and 8% or 10% Tris-glycine gel for other proteins). Proteins
were transferred to a 0.2-puM nitrocellulose membrane for Sin or a 0.45-uM nitrocellulose
membrane for the other proteins and blocked with 5% milk or BSA containing 0.05% Tween
20 for 60 min. Secondary horseradish-peroxidase—conjugated antibody (KPL Inc.,
074-1506) was applied for 1 h at room temperature at a dilution of 1:50,000 in Tris-buffered
saline containing 0.05% Tween-20. Signal was detected using an enhanced
chemiluminescence reagent (Pierce Thermo Scientific). The protein bands were then
scanned (HP Imaging).

Statistical analyses

Data are expressed as means + s.e.m. Statistically significant differences between two
groups were assessed by Student’s ftest or one-way ANOVA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
SIr!~ mice are not able to maintain optimal core temperature (~37 °C) and develop

hypothermia when challenged with acute cold. (a) Infrared imaging of surface body heat in
WT and S/~ mice with or without iBAT at 22 °C and 4 °C. (b) Core body temperature
after acute cold exposure in WT and S/~ mice, with and without iBAT. 7= 22 (WT +
iBAT), =23 (WT —iBAT), n= 22 (S/n™!~ + iBAT), n= 27 (S~ — iBAT). (c) Percentage
of mice reaching ERC. (d,e) Average drop in core temperature (Tc) during the first 2 h of

4 °C challenge in WT and S/~ mice first acclimatized to 22 °C (d) or 30 °C (e). (f,g)
Oxygen consumption averaged over the first two hours of acute cold exposure in WT and
SIr!~ mice first acclimatized to 22 °C (f) or 30 °C (g). *P< 0.05, **P < 0.01, ***P< 0.001,
NS, not significant as analyzed by Student’s #test or one-way analysis of variance
(ANOVA). All data are means + s.e.m.
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Figure 2.

Reintroduction of S/nin S/77/~ mice completely restores thermogenesis, and Sln is
necessary for muscle-based NST. (&) Transgenic overexpression of Sin in S/7/~/OF mice. R,
red gastrocnemius; S, soleus; D, diaphragm; E, extensor digitorum longus; T, tibialis
anterior; G, gastrocnemius; Q, quadriceps; Casql, skeletal calsequestrin. (b) Core body
temperature during acute cold exposure after S/n overexpression in the S/~ (n=8)
background. (c—€) Core body temperature during acute cold exposure in WT mice (c) and in
SIr'~ mice (d,e) after curare treatment. (f) Physical activity of the indicated mouse strains
with and without curare treatment. **£< 0.01, ***£< 0.001 by Student’s ¢test. All data are
means + s.e.m.
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Figure 3.
Molecular basis of SIn-mediated thermogenesis. (a,b) Core body temperature after acute

cold exposure and after dantrolene treatment in WT mice (a) and S/77/~ mice (b) with or
without iBAT. 7= 8 (WT + iBAT), 7= 8 (WT —iBAT), n= 11 (S/7”/~ + iBAT). (c)
Alignment of the mouse SlIn and Plb protein sequences. The amino acid residues Asp30 in
Plb and Glu7 in SIn were mutated to cysteine for crosslinking experiments with Sercala. (d)
Western blot analysis showing Sln crosslinking to Sercala in the presence of Ca2* (0 —100
UM). (€) Western blot showing crosslinking of Plb with Sercala in the presence of Ca2* (0 —
100 uM). All data are means + s.e.m.
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Figure 4.

S/~ mice are prone to develop obesity when fed HFD. (a) Increase in body weight during
12 weeks of HFD feeding (7= 8 mice per group). (b) S/77/~ mice fed HFD become obese
compared to WT mice. (c) MRI of the fat distribution in representative mice fed on HFD.
(d) Determination of the fat content of the mice in a. WAT, white adipose tissue. (€)
Representative histological sections of intraperitoneal WAT, BAT and liver stained with
H&E and osmium tetroxide (osmium tet) (seen as black dots). Scale bar, 25 um. (f)
Representative western blots of soleus and diaphragm muscle from chow-fed and HFD-fed
WT and S/~ mice. n= 4. (g) Glucose tolerance test. *P< 0.05, **P< 0.01 for the
comparison of WT and S/~ HFD-fed mice by one-way ANOVA. All data are means +
s.e.m.
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