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a b s t r a c t
Cocaine- and amphetamine-regulated transcript (CART) is a key neuropeptide with predominant expression in
the hypothalamus central to the regulation of diverse biological processes, including food intake and energy expenditure. While there is considerable information on CART's role in the control of feeding, little is known about
its thermoregulatory potential. Here we show the consequences of lack of CART signaling on major parameters of
energy homeostasis in CART−/− mice under standard ambient housing (RT, 22 °C), which is considered a mild
cold exposure for mice, and thermoneutral conditions (TN, 30 °C). WT mice kept at RT showed an increase in
food intake, energy expenditure, BAT UCP-1 expression, and physical activity compared with TN condition,
reﬂecting the augmented energy demand for thermogenesis at RT. On the molecular level, RT housing led to upregulated mRNA expression of TH, CRH, and TRH at the PVN, while NPY, AgRP and CART mRNA levels in the Arc
were downregulated. CART−/− mice displayed elevated adiposity and diminished lean mass across both RT
and TN. At RT, CART−/− mice showed unchanged food consumption yet greater body weight gain. In addition,
an increase in energy expenditure and heightened BAT thermogenesis marked by UCP-1 protein expression
was observed in the CART−/− mice. In contrast, TN-housed CART−/− mice exhibited lower weight gain than
WT mice accompanied with pronounced reduction in basal feeding. These ﬁndings were correlated with reduced
BAT temperature, but unchanged energy expenditure and UCP-1 levels. Interestingly, the respiratory exchange
ratio for CART−/− mice, which shifted from lower at RT to higher at TN with respect to WT controls, indicates a
transition of relative fuel source preference from fat to carbohydrate in the absence of CART signaling. Taken
together, these results demonstrate that CART is a critical regulator of energy expenditure, energy partitioning
and utilization dependent on the thermal environment.
© 2016 Elsevier Ltd. All rights reserved.

1. Introduction
Obesity results from the imbalance between energy intake and energy expenditure (Rosen and Spiegelman, 2006). While energy intake
is mainly determined by food consumption, energy expenditure comprises basal metabolism for sustenance of the organism, physical activity and various bodily functions like digestion of food, as well as
thermogenesis for the maintenance of body temperature through heat
dissipation (Hoevenaars et al., 2014; Rosen and Spiegelman, 2006).
Current weight-loss approaches mainly target reduction of energy intake, whereas the resultant state of energy deﬁcit is indicated to suppress adaptive thermogenesis and thus decreasing energy expenditure
(Major et al., 2007), hampering the effectiveness and sustainability of
these treatments. Recently, increasing research interests have focused
on the regulation of energy expenditure, which is largely directed
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by the central nervous system (CNS) at the hypothalamus, particularly through the arcuate nucleus (Arc) (Barsh and Schwartz, 2002;
Elmquist et al., 1998; Shi et al., 2013). Within the Arc, two major populations of neurons are well established to modulate energy homeostasis, the orexigenic neuropeptide Y (NPY)/agouti-related protein (AgRP)
neurons and the anorexigenic proopiomelanocortin (POMC)/cocaineand amphetamine-regulated transcript (CART) neurons (Barsh and
Schwartz, 2002; Elmquist et al., 1998). In response to peripheral signals
reﬂecting varying nutritional states, such as leptin and peptide YY,
the two sets of neurons are differentially regulated to mediate
opposing metabolic effects through projections to second-order neurons
predominantly located in other hypothalamic regions, namely the
paraventricular nucleus (PVN) and lateral hypothalamic area (LHA)
(Schwartz et al., 2000). While a wealth of information exists for the
roles of NPY, AgRP and POMC, knowledge on CART function remains
limited, mainly as the CART receptor(s) are not yet identiﬁed.
CART is a key neurotransmitter and hormone involved in the regulation of diverse biological processes, including food intake, maintenance
of body weight, reward and addiction, stress response, psychostimulant
effects and endocrine functions (Lau and Herzog, 2014; Rogge et al.,
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2008). CART is strongly conserved between rodents and humans
(Dominguez, 2006; Douglass et al., 1995a), and widely expressed in
the CNS, with highest levels in the striatal nucleus accumbens (Acb)
and various hypothalamic nuclei, including the PVN, LHA, and Arc
(Douglass et al., 1995b; Vrang et al., 1999a), suggesting a critical role
for CART in appetite control and energy homeostasis. This is supported
by ﬁndings that CART mRNA levels in the PVN and Arc were reduced in
response to fasting, while refeeding restored the expression (Kristensen
et al., 1998; Vrang et al., 2000). Furthermore, peripheral administration
of leptin (Elias et al., 2001; Kristensen et al., 1998) increased CART
mRNA expression in the Arc, indicating the importance of CART in energy balance regulation. On the other hand, much less is known about
a role of CART in controlling energy expenditure. In humans, genetic
studies of mutations and polymorphisms in the CART gene have
shown linkage to alterations in fat distribution (Challis et al., 2000;
Rogge et al., 2008) and fat mass, as well as lower metabolic rates and reduced resting energy expenditure which are interrelated with adaptive
thermogenesis (Goossens et al., 2009), ultimately corresponding with hyperphagia and elevated body weight that leads to obesity (del Giudice
et al., 2001; Guerardel et al., 2005; Kong et al., 2003; Yamada et al.,
2002; Yanik et al., 2006). In rats, administration of CART I (55–102)
(Dey et al., 2003; Douglass et al., 1995b) intracerebroventricularly
(i.c.v.) as well as into the nucleus of the solitary tract in the brainstem
has been demonstrated to induce long-lasting hypothermia (Choi et al.,
2004; Skibicka et al., 2009). However, the precise role of CART in thermoregulation and the underlying mechanisms are yet to be explored.
In recent years, arguments have arisen to address the inﬂuence of
housing temperature on the suitability of mouse models in studying
human physiology and diseases (Cannon and Nedergaard, 2009; Lodhi
and Semenkovich, 2009). In mammals, adaptive thermogenesis is not
required when housed in the thermoneutral zone, which is deﬁned as
the temperature range within which basal metabolism is sufﬁcient
to maintain the core body temperature for adequate physiological and
cellular functions (Cannon and Nedergaard, 2011). In contrast, on exposure to colder environments, small mammals and human neonates depend on brown adipose tissue (BAT) action that triggers non-shivering
thermogenesis via uncoupling protein-1 (UCP-1) activity for mediating
heat dissipation to maintain body temperature (Morrison et al., 2014;
Nicholls and Locke, 1984). BAT UCP-1 expression in rodents is shown
to be modulated by various circulating hormones (Scarpace et al.,
1998b) and the i.c.v. administration of speciﬁc neuropeptides (Kong
et al., 2003; Kristensen et al., 1998; Small et al., 2001). Interestingly, central injection of CART I (55–102) into the PVN or Arc substantially elevated UCP-1 mRNA expression in BAT, linking CART function beyond
feeding control to the modulation of energy expenditure (Kong et al.,
2003; Wang et al., 2000). However, concerns have arisen that the operating ambient temperatures of 20–22 °C adopted by mouse facilities are
markedly below the proposed thermoneutrality at 28–30 °C (Cannon
and Nedergaard, 2009; Karp, 2012), it is therefore questionable whether
such thermal range would optimize data translation from mice to
humans, who commonly live continuously at thermoneutral temperatures (Cannon and Nedergaard, 2009, 2011; Lodhi and Semenkovich,
2009). The standard housing at 22 °C exposes animals to chronic mild
to moderate cold conditioning (Cannon and Nedergaard, 2011; Swoap
et al., 2008), where signiﬁcant allocation of ingested energy to adaptive

thermogenesis may introduce confounding factors in the observed
phenotypic effects (Ravussin et al., 2012; Speakman and Krol, 2005).
In fact, we speculate whether such thermal differences may explain
the confounding indications for CART function reported by other studies
(Asnicar et al., 2001; Moffett et al., 2006; Wierup et al., 2005). Therefore,
thermoneutral housing at 28–30 °C has gained increasing support for
maximizing the utility of mouse modeling to mimic human thermal
physiology (Cannon and Nedergaard, 2011; Karp, 2012; Lodhi and
Semenkovich, 2009).
In this study, we set out to elucidate the regulatory function of CART
in energy homeostasis with a focus on the thermoregulatory potential
of the peptide using a novel germline CART knockout mouse model.
Effects of chronic mild cold exposure at 22 °C (RT) were compared
with that of the thermoneutral housing at 30 °C (TN), where the energy
requirement to maintain normal body temperature is minimized. The
metabolic phenotypes along with the underlying mechanisms were
examined. In theory, any differential outcomes of CART deﬁciency between the two thermal conditions will thus support the temperature
dependence of CART function and plausibly the overall regulation of
energy balance. Therefore, ﬁndings from this study may provide consolidation for future work on the therapeutic potential of CART, with
modulating energy expenditure as the entry point, in the treatment
of obesity and other associated metabolic maladies.
2. Materials and methods
2.1. Animals
All research and animal care procedures were approved by the
Garvan Institute/St. Vincent's Hospital Animal Ethics Committee and
were in agreement with the Australian Code of Practice for the Care
and Use of Animals for Scientiﬁc Purposes. Both male and female mice
were used for all experiments. All mice were housed under conditions
of controlled temperatures of either 22 °C (room temperature, RT) or
30 °C (thermoneutrality, TN) and illumination (12:12 h light–dark
cycle, lights on at 07:00 h). Mice were provided with ad libitum access
to water and standard chow diet (8% calories from fat, 21% calories
from protein, 71% calories from carbohydrate, 2.6 kcal/g; Gordon's Speciality Stock Feeds, Yanderra, NSW, Australia). For the initial pilot study
to detect any alteration in CART mRNA expression between RT and TN
environments, separate cohorts of male C57BL/6J mice fed normal
chow were split into two groups; one housed under the normal 22 °C
RT condition from birth for 16 weeks (wks), while the other group
was transferred to 30 °C TN housing at 9 wks of age for 7 wks. Brains
were collected from the 16-wk old mice from both groups and subjected to expression analysis of CART mRNA in the hypothalamus.
For the extensive metabolic characterization study, mice were separated into two cohorts. The RT group of CART knockout (CART−/−) and
wild-type (WT) mice was housed under the RT condition from birth for
16 wks until sacriﬁce. The TN group of CART−/− and WT mice was transferred to housing at the TN zone at 10 wks of age for 10 wks until sacriﬁce
at 20 wks of age; speciﬁc experiments were commenced 6 wks after TN
exposure. Based on the congruity shown between male and female mice
for the majority of the phenotypic traits, together with the greater prominence in phenotypes in males, only data for male mice will be presented.

Fig. 1. Alteration in hypothalamic CART mRNA expression at room temperature (RT) versus thermoneutrality (TN) and validation of CART deletion in germline CART knockout mice. (A) In situ
hybridization of hypothalamic CART mRNA expression in male C57BL/6J mice (n = 6 per group) from RT (22 °C) and TN (30 °C) conditions. Left: bright-ﬁeld photomicrographs of coronal
brain sections showing CART mRNA at the PVN and Arc. Scale bar = 100 μm. Right: hybridization signals are quantiﬁed as mean labeling intensity of neurons expressed as percentage
coverage of neuronal surface by silver grains (RODs) within the deﬁned areas of interest. Data are means ± SEM and averaged for all mice from each group examined. **p ≤ 0.01 for WT
mice at RT vs. TN. (B) Schematic representation of the CART-cre knock-in strategy for generating germline CART knockout mouse model, depicting the targeting vector with the ﬂoxed
neomycin resistance cassette for replacing the CART coding exons, the intermediate mutant conditional CART-cre knock-in allele, and the homozygous CART-cre line representing classical
germline CART knockout. (C) Representative photomicrographs of the hypothalamus and striatal Acb from WT and CART−/− mice, assessed by in situ hybridization for CART mRNA
expression. (D) Representative gray-scale photomicrographs display high densities of CART immunostaining within neurons at the Arc and PVN on matching brain sections from WT
mice that is absent in CART−/− mice. Scale bars = 100 μm (Arc) and 200 μm (PVN). (E) Representative ﬂuorescence micrographs of brain sections from CART−/− mice displaying the Arc
and PVN regions where mCherry red ﬂuorescence protein (RFP) expression within neurons indicates CART deletion. RFP expression was absent in brains from WT mice (data not
shown). Insets show higher magniﬁcation of the according boxed areas. Scale bar = 100 μm. 3V, third ventricle; PVN, paraventricular nucleus; Arc, arcuate nucleus; Acb, nucleus accumbens.
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2.2. Generation of CART knockout mouse model
To investigate the consequences of global CART deletion in mice
housed at RT against TN, a novel conditional CART-cre knock-in mouse
line was generated (Fig. 1B). Brieﬂy, the targeting vector was designed
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to replace the CART coding exons with the mouse Cartpt cDNA fused
to the original CART gene at the initiation codon, which is followed
by the insertion of a ﬂippase (Flp) recombinase-recombination target
(FRT)-ﬂanked neomycin selection cassette. A cassette carrying the
tamoxifen-inducible Cre-recombinase gene followed by an internal
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ribosome entry site (IRES) that drives the expression of the mCherry red
ﬂuorescence reporter gene was inserted. LoxP sites were placed immediately upstream of the initiation codon of the CART and Cre genes
respectively, which allows the replacement of the CART gene by Cre.
Positively targeted ES cell clones were injected into blastocysts. Chimeric offspring were crossed to create heterozygous conditional CART mice
with the ﬂoxed gene (CARTlox/+), which were then bred with a germline
Flp-recombinase mouse line to remove the neomycin cassette and
further crossed to homozygosity to generate the conditional CART
ﬂoxed knockout line (CARTlox/lox). The CARTlox/lox line was then crossed
with mice that expressed Cre speciﬁcally in the oocytes, resulting in
a rearrangement that combines the inducible Cre gene with the endogenous CART promoter. Subsequent crossing to homozygosity ultimately generated the novel inducible CART-cre knock-in mouse line
(CARTcre/cre). Since the endogenous CART gene has been replaced by
the Cre-recombinase gene, the resultant CARTcre/cre mice also represent
a classical germline CART knockout mouse line (CART−/−).

provided with ad libitum access to water and food. Body weight was
measured and food given in excess was weighed before and after
the recording period for the quantiﬁcation of daily food intake after
subtraction of spillage. Oxygen consumption (VO2) and carbon dioxide
production (VCO2) were measured every 27 min. The respiratory
exchange ratio (RER) was calculated as the quotient of VCO2/VO2,
with 100% carbohydrate oxidation represented by the value of 1.0 and
100% fat oxidation the value of 0.7. Energy expenditure (kcal heat
produced) was determined as caloriﬁc value (CV) × VO2, where CV is
3.815 + 1.232 × RER. Data obtained for the 24-h monitoring period
were averaged at 1-h intervals for energy expenditure and RER.
For physical activity, ambulatory activity of the mice was assessed in
parallel within the Plexiglas metabolic chambers with an OPTO-M3 sensor system (Columbus Instruments, Columbus, OH, USA). Ambulatory
counts denote the consecutive adjacent photo-beam breaks, while cumulative ambulatory counts of the X, Y and Z directions were recorded
per minute and summed at 1-h intervals.

2.3. Determination of body weight and food intake

2.6. Body composition and bone densitometry analysis

All CART−/− and WT mice housed at 22 °C (RT) and 30 °C (TN) were
fed on standard laboratory chow and subject to the same experimental
procedures as follows. Body weight was measured weekly throughout
the duration of studies. Mice were assessed for spontaneous/basal
food intake in the fed state as well as for fasting-induced food intake
in response to 24-h fasting at 12 wks (RT) and 16 wks (TN) of age respectively. Basal daily food intake was determined as the average of duplicate readings obtained over two consecutive 24-h periods. Twenty
four-h fasting-induced food intake was subsequently measured at 1, 3,
7, and 24 h after refeeding, while the corresponding body weight was
recorded in parallel.

All mice from both RT (22 °C) and TN (30 °C) groups were subjected
to an initial body composition analysis using the dual-energy X-ray
absorptiometry (DXA) (Lunar PIXImus2 mouse densitometer; GE
Healthcare, Waukesha, WI, USA) system at 10 and 14 wks of age respectively. A second DXA scan was performed 4 wks after initial DXA measurements. Animals were anesthetized with isoﬂurane for the scanning
procedure to determine whole body bone mineral density (BMD),
bone mineral content (BMC), fat and lean mass, where lean mass corresponds to non-fat and non-bone tissue content. The head of the animal
was excluded while the tail included for the analysis.
2.7. Tissue collection

2.4. Measurement of whole body and brown adipose tissue temperatures by
infrared imaging
Whole body temperature and temperature of the interscapular
brown adipose tissue (IBAT) were measured for both the RT (22 °C)
and TN (30 °C) cohorts by non-invasive high-sensitivity infrared imaging as described previously (Shi et al., 2013). Brieﬂy, All 12-wk (RT) and
16-wk (TN) old mice were transferred from group housing to individual
cages for acclimatization 2 days prior to imaging procedures. For areaspeciﬁc exposure of skin to facilitate temperature reading, all mice
were shaved at the IBAT and lumbar back regions under light isoﬂurane
anesthesia in parallel. A high-sensitivity infrared camera (ThermoCAM
T640, FLIR, Danderyd, Sweden, sensitivity = 0.04 °C) ﬁxed on a tripod
was placed 100 cm above the freely moving singly housed mouse,
and thermographic images were taken for 1 min per mouse. After
each 1-min measurement, the camera was moved to record surface
temperatures of the next mouse. Temperature measurement was
performed daily for three consecutive days under the respective RT or
TN condition.
2.5. Indirect calorimetry of energy expenditure and assessment of physical
activity
All mice from both the RT (22 °C) and TN (30 °C) groups were
evaluated for metabolic parameters and physical activity at 14 and
18 wks of age respectively. For energy metabolism, metabolic rate was
measured by indirect calorimetry using an 8-chamber open-circuit
calorimeter (Oxymax series; Columbus Instruments, Columbus,
OH, USA). Mice were housed individually in specially built Plexiglas
cages (20.1 × 10.1 × 12.7 cm). Temperature was maintained at 22 °C
or 30 °C according to grouping with airﬂow of 0.6 L/min. Mice were singly housed for 3 days in home cages prior to acclimatization in Plexiglas
cages for 24 h before commencement of recording. Monitoring was subsequently performed for 24 h in the metabolic chambers. Mice were

Following completion of studies, all mice from both RT (22 °C) and
TN (30 °C) groups were sacriﬁced at 16 and 20 wks of age respectively.
Animals were culled between 1300 and 1700 h through cervical dislocation followed by decapitation. Brains were promptly collected and
frozen on dry ice, then stored at −80 °C until subsequent analysis as described below. The brown adipose tissue (BAT) at the interscapular area
and the white adipose tissue (WAT) depots from the inguinal, epididymal or periovarian (gonadal), retroperitoneal and mesenteric regions
were removed and weighed. Tissue weights are normalized and
expressed as a percentage of body weight.
2.8. In situ hybridization analysis of mRNA expression of key hypothalamic
neuropeptides
In situ hybridization was performed on brain sections of WT (n ≥ 5)
and CART−/− (n ≥ 5) mice from both RT (22 °C) and TN (30 °C)
groups to determine mRNA expression of tyrosine hydroxylase (TH),
corticotropin-releasing hormone (CRH), thyrotropin-releasing hormone (TRH), CART, NPY, AgRP and POMC at the hypothalamus following
procedures as previously described (Sainsbury et al., 2002; Shi et al.,
2013). Brieﬂy, matching coronal brain sections (25 μm) collected from
the WT and CART−/− mice were prepared from speciﬁc brain levels
with respect to the bregma to represent the hypothalamic PVN for the
detection of TH, CRH, and TRH mRNA, the striatal Acb and the hypothalamic PVN and Arc for detection of CART mRNA, and the Arc for NPY,
AgRP and POMC mRNA detection. The cryosections were hybridized
with [α-35S]-thio-dATP (PerkinElmer, Boston, MA, USA) radiolabeled
DNA oligonucleotides complementary to mouse TH (5′-CTCTAAGGAG
CGCCGGATGGTGTGAGGACTGTCCAGTACATCA-3′), CRH (5′-CCGATAAT
CTCCATCAGTTTCCTGTTGCTGTGAGCTTGCTGAGCT-3′), TRH (5′-AACCTT
ACTCCTCCAGAGGTTCCCTGACCCAGGCTTCCAGTTGTG-3′), CART (5′TCCTTCTCGTGGGACGCATCATCCACGGCAGAGTA GATGTCCAGG-3′),
NPY (5′-GAGGGTCAGTCCACACAGCCCCATTCGCTTG TTACCTAGCAT-3′),
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ArRP (5′-AGCTTGCGGCAGTAGCAAAAGGCATTGAAG AAGCGGCAGTAG
CAC-3′) and POMC (5′-TGGCTGCTCTCCAGGCACCAGC TCCACACATCTA
TGGA-GG-3′). Hybridization signals on sections were visualized by exposure to BioMax MR ﬁlm (Kodak, Rochester, NY, USA) for 7–10 days
and digitalized images from the scanned autoradiograms were acquired. For structural details, the brain sections were photoemulsiondipped and superﬁcially counterstained with hematoxylin, with which
regions of interest were visualized and captured into digital images
acquired by bright-ﬁeld microscopy. Quantiﬁcation of the mRNA
expression levels of respective genes was performed by measuring the
relative optical densities (RODs) within the brain areas of interest
outlined with consistent deﬁned dimensions across corresponding sections on the photomicrographs using the National Institutes of Health
ImageJ 1.61 software (written by Wayne Rasband; available from anonymous FTP at zippy.nimh.nih.gov). Background labeling was considered
uniform with signal levels below 5% of speciﬁc signal levels and was
subtracted from the resultant signal density. Data are evaluated and
presented as percentage of ROD averaged from at least three sections
per mRNA assessed per animal.
2.9. Western blot analysis of protein expression in BAT
Western blot analysis was performed on BAT samples of WT (n ≥ 3)
and CART−/− (n ≥ 3) mice from RT (22 °C) and TN (30 °C) groups to
determine the protein expression of UCP-1, peroxisome proliferatoractivated receptor (PPAR)-γ coactivator (PGC)-1α, carnitine
palmitoyltransferase-1 (CPT-1) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) following procedures previously described (Shi
et al., 2010). In brief, BAT samples were homogenized in RIPA buffer
(25 mM Tris–HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium
deoxycholate and 0.1% SDS) supplemented with protease inhibitor
cocktail tablets (cOmplete™ Mini, Roche Diagnostic, Mannheim,
Germany) and subsequent centrifugation. Clear lysates were collected
for determination of total protein concentration on a spectrophotometer (Spectramax® Plus 384 Microplate Reader, Molecular Devices,
Silicon Valley, CA, USA) using the Bradford dye-binding method. Equal
amounts of tissue lysate (20 μg protein) were resolved by SDSpolyacrylamide gel electrophoresis and immunoblotted with antibodies
against UCP-1 (Alpha Diagnostic, San Antonio, TX, USA), PGC-1α
(Calbiochem, Merck Pty. Ltd., Kilsyth, VIC, Australia), CPT-1 (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) and GAPDH (Cell Signaling
Technology, Genesearch Pty. Ltd., Arundel, Australia). Immunolabeled
bands were quantiﬁed by densitometry. Relative expression for the
proteins of interest was normalized to the expression level of the housekeeper GAPDH.
2.10. Conﬁrmation of CART ablation in CART−/− mice
Germline CART deletion in CART knockout mice was veriﬁed through
the following techniques (Fig. S1). At the DNA level, genomic DNA from
WT and CART−/− mice was isolated from the fresh frozen livers and subjected to polymerase chain reaction (PCR) assessment for genotype.
PCR was performed using the primer sets: CART-F (5′-GCTGCCTACA
GACGGCTGAC-3′) with Cre-A (5′-ACATCTTCAGGTTCTGCG-3′), CART-F
with CART-R (5′-GGAGCTCTCCATGGTTCTGG-3′), and Cre-F (5′-CTGG
TGTAGCTGATGATCC-3′) with Cre-R (5′-TTTCACTATCCAGGTTACGG3′). PCR with CART-F/Cre-A was designed to produce 430 bp fragments
representing deletion of the entire CART gene cluster ﬂanked by
recombinase recognition loxP sites (ﬂoxed) to be expected in CART−/−
samples. The genotypes were further examined with PCR primed
by CART-F/CART-R oligos for the generation of 172 bp amplicons
representing part of the CART gene sequence to be expected in WT samples. Replacement of the endogenous CART gene by Cre in CART−/−
(CARTcre/cre) mice was also investigated using Cre-F/Cre-R primer pair
for the production of ~300 bp amplicons.
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At the transcriptional level, in addition to validation of CART
mRNA ablation by in situ hybridization on brain cryosections from WT
(n = 7) and CART−/− (n = 11) mice as described above, deletion efﬁciency was determined through examining central Cre and mCherry
mRNA expression levels in the hypothalamus from WT (n ≥ 3) and
CART−/− (n ≥ 3) mice. Total RNA from the dissected hypothalamus
was extracted using TRIzol® reagent (Sigma, St Louis, MO, USA)
following manufacturer's protocol. The purity and concentration of
RNA was assessed using a spectrophotometer (Nanodrop® ND-1000
UV–Vis Spectrophotometer; Nanodrop Technologies, DE, USA). Total
RNA of 1 μg from each subject was reverse transcribed into cDNA
using the SuperScriptTM III First-Strand cDNA Synthesis System for
RT-PCR (Invitrogen, Mount Waverley, VIC, Australia) according to
manufacturer's instructions. PCR was subsequently conducted on a
Veriti® thermal cycler (Applied Biosystems, Foster City, CA, USA) with
the cDNA samples primed by the oligo pairs Cre-F (5′-CTGGTGTAGC
TGATGATCC-3′) with Cre-R (5′-TTTCACTATCCAGGTTACGG-3′) and
mCherry-F (5′-GAGTTCATGCGCTTCAAGGT-3′) with mCherry-R (5′TGGGAGGTGATGTCCAACTT-3′) for the evaluation of Cre and mCherry
mRNA expression respectively.
At the translational level, ablation of CART peptide was determined
by examining the protein expression of CART and mCherry through
immunohistochemistry as previously described (Shi et al., 2013), and
direct ﬂuorescence microscopy respectively. For both experiments,
WT and CART−/− mice were anesthetized with intraperitoneal injection
of 100/20 mg/kg ketamine/xylazine (Parke Davis-Pﬁzer, Sydney,
Australia & Bayer AG, Leverkusen, Germany) and the brains were subsequently ﬁxed by perfusion with 0.9% saline followed by ice-cold 4%
paraformaldehyde (PFA) in 0.1 M phosphate buffered saline (PBS)
(pH 7.4). Brains were promptly collected and post-ﬁxed in 4% PFA for
6 h prior to cryoprotection in 30% sucrose solution overnight. Coronal
brain slices (30 μm) were cryosectioned and stored in 0.1% PBS-Triton
X-100 (PBST). For the detection of CART peptide by immunohistochemistry, cryosections from WT (n = 5) and CART−/− (n = 6) mice were
immunostained overnight with rabbit anti-mouse CART polyclonal primary antibody Ca7-OVA (Vrang et al., 1999b) (gift from Dr. Anna
Secher, Novo Nordisk, Copenhagen, Denmark) diluted 1:1500 in PBST,
followed by incubation with biotinylated goat anti-rabbit IgG secondary
antibody (Vector Laboratories, Burlingame, CA, USA) diluted 1:250 for
2 h. Sections were then incubated with ExtrAvidin-peroxidase (SigmaAldrich, St. Louis, MO, USA) and immunostained for CART expression
using diaminobenzidine (Dako, Carpinteria, CA, USA) as the chromogen.
Free-ﬂoating brain sections were mounted on Superfrost® slides and
coverslipped. For visualization of CART immunoreactivity, hypothalamic regions rich in endogenous CART expression were investigated
in WT and CART−/− brain sections by bright-ﬁeld microscopy. Photomicrograph were acquired for brain regions containing neurons with CART
expression present in WT while absent in CART−/− samples.
In separate experiments, free-ﬂoating brain sections from WT and
CART−/− (n = 3 each) mice were prepared as described above and
mounted on Superfrost® slides for the detection of mCherry expression
by direct ﬂuorescence microscopy. To detect red ﬂuorescence protein
(RFP) expression produced by the mCherry reporter coupled to the
targeting construct, hypothalamic regions with rich endogenous CART
expression were examined in WT and CART−/− brain sections using
a Zeiss Axiophot microscope equipped with a ProgRes 3008 digital
camera (Carl Zeiss, Jena, Germany). Fluorescence micrographs were
acquired for the visualization of RFP expression indicative of CART deletion in CART−/− brains in regions otherwise containing CART-positive
neurons in the corresponding RFP-negative WT counterparts.
2.11. Statistical analysis
All data are presented as means ± SEM. Differences amongst mouse
groups of various genotypes and thermal conditions were assessed
by ANOVA or repeated-measures ANOVA combined with Bonferroni
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post-hoc analysis where appropriate. Energy expenditure, RER and
physical activity over the continuous 24-h period were averaged for
the whole 24-h period, as well as the 12-h light and dark phases individually. Comparison of energy expenditure (kcal/h) between groups was
performed by the analysis of covariance (ANCOVA) with lean mass as
the covariate. The adjusted means of energy expenditure at a common
lean mass for the comparison were generated by ANCOVA as presented.
Statistical analyses were performed with GraphPad Prism 6 for Mac OS
X (GraphPad Software, Inc. CA, USA) and SPSS for Mac OS X version
16.0.1 (SPSS Inc., Chicago, IL, USA). Statistical signiﬁcance was deﬁned
as p-value ≤0.05.
3. Results
Hypothalamic CART has been linked to the modulation of energy
expenditure and thermoregulation in mice (Choi et al., 2004; Kong
et al., 2003; Skibicka et al., 2009; Wang et al., 2000); however, the majority of these studies are performed at 22 °C, a temperature which is
considered a mild chronic cold exposure that can alter overall energy
homeostasis. To determine whether exposure of mice to 22 °C temperature condition (RT) against 30 °C thermoneutral condition (TN) could
inﬂuence CART expression, analysis of hypothalamic CART mRNA levels
was performed on brains collected from male C57BL/6JAusb mice
housed under the two thermal conditions (Fig. 1A). As the hypothalamic Arc and PVN both contain abundant CART expression and represent areas of interest for a thermoregulatory role of CART, in situ
hybridization was performed on representative brain sections matched
between RT and TN groups. While no signiﬁcant difference in CART
mRNA levels was detected in the PVN between RT and TN conditions,
the TN-housed mice showed signiﬁcantly upregulated CART expression
in the Arc compared to the RT group (Fig. 1A). This suggests a potential
role for Arc CART in thermoregulation, which could subsequently impact energy homeostasis. To further explore this hypothesis, a novel
germline CART knockout mouse model was generated to study the
speciﬁc role of CART in energy homeostasis regulation under RT and
TN conditions.
3.1. Successful generation of a novel CART knockout mouse model
The targeting strategy for generating the novel conditional CART-cre
knock-in mouse line is illustrated in Fig. 1B, with the detailed procedures described in the Materials and methods section. Validation of
global CART ablation in the germline CART knockout mouse model was
attained via direct and indirect evaluations of CART expression on the
DNA sequence, transcriptional and translational levels. Successful deletion of the CART coding sequence was conﬁrmed on the genomic DNA
by a combination of different PCR strategies that either produced
or no longer produced amplicons after CART deletion (Fig. S1). The
presence of Cre-recombinase and mCherry transgene expression was
also conﬁrmed on the mRNA level by RT-PCR in CART knockout mice
in which the deletion had occurred (Fig. S1). Successful ablation of
CART mRNA expression was conﬁrmed by in situ hybridization in
the hypothalamus and striatum (Fig. 1C), the brain regions rich in
endogenous CART expression (Douglass et al., 1995b; Vrang, 2006). Immunohistochemistry further conﬁrmed the absence of CART protein
expression at the Arc and PVN (Fig. 1D) in CART−/− mice compared to
WT mice. Finally, expression of mCherry reporter ﬂuorescence indicated
loss of the CART gene in the Arc and PVN of CART−/− mice (Fig. 1E) compared to WT brain (data not shown).

3.2. Differential effects of CART deletion on weight gain at different
temperatures
CART−/− mice were born in the expected Mendelian ratio; no signiﬁcant differences in appearance or body weight were observed at birth between these mice and their control littermates (data not shown). In order
to investigate the baseline metabolic characteristics of this novel CART−/−
model under RT and TN conditions, we ﬁrst measured body weight (BW)
and food intake under standard chow diet and RT conditions. Data from
this group were then compared with phenotypic measurements from a
separate cohort of CART−/− and WT mice housed at TN conditions.
CART−/− animals gained similar body weight to control mice when
expressed in absolute weight at either thermal condition (Fig. 2A).
There was no notable temperature-related difference in absolute body
weight between mice from RT and TN groups. However, CART−/−
mice showed signiﬁcantly increased body weight gain when expressed
as a percentage of initial body weight at RT (Fig. 2B). Conversely, TNhoused CART−/− mice exhibited a signiﬁcant decrease in percentage
body weight gain over time compared with WT controls (Fig. 2B). In addition, TN-housed CART−/− and WT mice exhibited less body weight
gain in general compared with mice at RT (Fig. 2B).
3.3. CART ablation promotes adiposity accretion and reduces lean mass
To elucidate the factors contributing to the differential body weight
gain across thermal environments, body composition analysis was performed. DXA analysis revealed a substantially higher whole body fat
mass expressed as a percentage of BW in CART−/− mice relative to
WTs at both housing temperatures (Fig. 2C), with a more pronounced
increase in CART−/− mice in the TN group. Fat mass did not differ between the same genotype under RT and TN conditions. The elevated
fat mass in CART−/− mice from both RT and TN was also conﬁrmed by
increased mass of dissected white adipose tissue (WAT) depots
(expressed as a percentage of BW) in CART−/− mice (Fig. 2D). In contrast to the increase in fat mass, whole body lean mass presented as a
percentage of BW showed a trend to a reduction in CART−/− mice at
RT compared with WT, with a signiﬁcant reduction in CART−/− mice
at TN condition (Fig. 2E). Again, no difference in lean mass was detected
in mice of the same genotypes between temperatures.
3.4. Thermoneutrality rescues the bone mass reduction in CART knockout
mice
As CART is also considered one of the neuropeptides linking energy
homeostasis and bone remodeling (Elefteriou et al., 2005; Gerrits
et al., 2011), DXA scans for bone mineral density and content were
performed (Fig. 2F, G). Signiﬁcant reduction in both whole body BMD
(Fig. 2F) and BMC (Fig. 2G) was shown in CART−/− mice at RT compared to WT controls, further supporting a role of CART in modulating
bone modeling. Interestingly, such genotype difference was absent in
TN-housed animals, suggesting a critical function of CART to provide
protection from bone loss under moderate cold conditioning such as
exposure to 22 °C at RT.
3.5. Differential effects of CART deletion on food intake at different
temperatures
To explore the effects of CART ablation on appetite regulation under
RT and TN conditions, spontaneous/basal and fasting-induced food

Fig. 2. CART deletion reduced weight gain and basal food intake at thermoneutrality despite increased adiposity at both thermal conditions. (A) Absolute body weight (BW) measured
weekly in WT (n = 9–12) and CART−/− (n = 9–12) mice at both room temperature (RT) and thermoneutrality (TN). (B) Corresponding BW change in proportion to initial body BW.
Whole body (C) fat mass and (E) lean mass as a percentage of body weight (%BW) as determined by body composition analysis using dual-energy X-ray absorptiometry (DXA).
(D) Tissue mass (%BW) of dissected white adipose tissue (WAT) depots after sacriﬁce of mice. i, inguinal; e, epididymal; m, mesenteric; r, retroperitoneal; total, summed weight of
i, e, m and r WAT depots. Whole body (F) bone mineral density (BMD) and (G) bone mineral content (BMC) determined by DXA. Spontaneous/basal (H) and accumulative 24-h
fasting-induced (I) food intake (%BW). Data are means ± SEM and averaged for all mice from each group examined. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001 for CART−/−
versus WT mice, for comparisons between the same genotype across thermal conditions, or for comparisons indicated by horizontal bar.
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intake were measured in CART−/− and WT mice. Twenty four-hour
basal food intake (expressed as a percentage of BW) was unaltered between RT-housed CART−/− and WT groups (Fig. 2H), therefore unlikely
to be a contributing factor to the marked increase in body weight gain
seen in CART−/− mice. Interestingly, thermoneutrality signiﬁcantly reduced food intake in both CART−/− and WT mice, even though mice
housed at RT and TN demonstrated comparable absolute body weight.
Further to such downregulation in baseline feeding at TN, CART−/−
mice housed at TN exhibited notably stronger reduction in spontaneous
food intake compared with WT controls (Fig. 2H), consistent with the
signiﬁcant decline in body weight gain. Daily fecal output in CART−/−
mice was not different between the two groups under both thermal
conditions (data not shown), eliminating potential effects of nutrient
resorption in the gut as a cause for the observed phenotype. Food intake
in response to 24-h fasting (expressed as a percentage of BW) in
CART−/− mice was reduced compared to WT controls at RT, and the difference reached statistical signiﬁcance at 24 h after refeeding (Fig. 2I).
Similar to spontaneous food intake, fasting-induced feeding under
thermoneutral condition was generally reduced for both WT and
CART−/− mice. Again, the effects of TN on downregulating feeding
were more pronounced in CART−/− compared to WT mice, with a statistically signiﬁcant reduction shown as early as 3 h following refeeding
(Fig. 2I). CART−/− mice at both thermal conditions showed similar
body weight recovery compared with WT counterparts after 24-h
fasting (Fig. S2).
3.6. CART deﬁciency promotes energy expenditure while reducing RER in
mice
In light of the differential phenotypes exhibited in food consumption
and weight gain between genotypes and thermal conditions, along with
the altered lean body mass, which is a major determinant of heat dissipation, open-circuit indirect calorimetry was applied to elucidate the
metabolic modulations potentially associated with CART deﬁciency
under the two housing temperatures. CART−/− and WT controls at
RT and TN were evaluated for parameters of energy expenditure, respiratory quotient and physical activity under free-feeding conditions.
A marked increase in energy expenditure was demonstrated in
CART−/− relative to WT mice at RT (Fig. 3A), both overall and speciﬁcally during the light phase, which could be a compensatory response to
the observed increase in body weight gain (Fig. 2B). However, such an
increase was absent in TN-housed CART−/− compared with WT controls
(Fig. 3A). Evaluation of non-genotype-speciﬁc alterations between RT
and TN groups identiﬁed a prominent increase in average energy expenditure in both WT and CART−/− mice housed at RT relative to TN
over the total 24-h period (Fig. 3B). Interestingly, the elevated energy
expenditure observed in RT-housed CART−/− mice was not associated
with any corresponding increase in physical activity (Fig. 3C), indicating
physical activity did not contribute to increased energy expenditure
under this thermal condition. Consistent with unaltered energy expenditure at TN, no detectable differences were observed in physical activity between genotypes (Fig. 3C). Furthermore, the signiﬁcantly higher
energy expenditure in RT-housed mice (Fig. 3B) was associated with a
corresponding marked increase in overall physical activity when compared with TN counterparts regardless of genotype (Fig. 3D).
RER, an index of metabolic fuel selection, in CART−/− mice was signiﬁcantly lower than that of WT mice at RT (Fig. 3E), notably so in the
dark phase, suggesting an increased relative preference for fat over
carbohydrate as the metabolized fuel in RT-housed CART knockouts. In
contrast, TN-housed CART−/− mice displayed a strong trend towards
elevated RER compared to WT counterparts, particularly during the
dark phase (p = 0.12, Fig. 3E, F), further indicating a differential role
of CART signaling in regulating oxidative fuel selection under different
environmental temperatures (Fig. 3E, F). Moreover, TN-housed WT
mice showed a pronounced decrease in RER over the 24-h period compared with RT counterparts (Fig. 3F), indicating an enhanced fuel source

preference for fat over carbohydrate under thermoneutral condition.
This decrease was not observed in CART−/− mice.
3.7. CART deﬁciency promotes BAT UCP-1 expression in mice
Since BAT activity is responsible for non-shivering thermogenesis
via UCP-1 activation, we next examined the contribution of BAT to overall metabolism. Interestingly, BAT weight (expressed as a percentage of
BW) was substantially increased in CART−/− mice relative to WT at both
TN and RT, and the difference became statistically signiﬁcant at TN
(Fig. 3G). While WT mice at TN showed a nominal decrease in BAT
weight relative to RT, CART−/− mice exhibited signiﬁcantly lower BAT
weight at TN compared to RT (Fig. 3G). Consistent with the higher
BAT weight in CART−/− mice, expression levels of UCP-1 were moderately elevated in RT-housed CART−/− compared to WT mice (Fig. 3H).
Such an increase was absent in TN-housed counterparts. It is noteworthy that the baseline levels of UCP-1 were signiﬁcantly downregulated
in TN mice compared to the RT cohort for both genotypes, especially distinctive for CART−/− mice (Fig. 3H). In addition, protein expression
levels of PGC-1α, a critical transcriptional regulator of mitochondrial
oxidative metabolism and UCP-1 expression (Puigserver et al., 1998),
showed no signiﬁcant difference between genotypes or across thermal
conditions (Fig. 3H). Nevertheless, a trend of reduction in PGC-1α expression was notable in CART−/− compared to WT mice at both RT
and TN. A similar expression pattern was indicated for CPT-1, a key mitochondrial transmembrane enzyme catalyzing the entry of long-chain
fatty acid for oxidation in a rate-limiting manner (Bonnefont et al.,
2004). Signiﬁcant differences between genotypes or temperatures
were not detected in CPT-1 protein expression, which however,
showed a trend to downregulation in CART−/− with respect to WT
mice at both RT and TN (Fig. 3H). In contrast with the increased energy
expenditure in CART−/− mice compared to WT at RT, no alteration
in body temperature was identiﬁed between genotypes (data not
shown). On the contrary, despite unchanged energy expenditure in
CART−/− mice at TN, infrared imaging detected a pronounced reduction in BAT temperature compared with WT, whereas whole body
temperature represented by measurements of the lumbar back control
area was unaltered (Fig. 4A).
3.8. Alterations in hypothalamic expression of several key peptides in the
control of energy homeostasis
In order to determine the central mechanisms underlying the CART
knockout phenotypes manifested under the two thermal conditions,
hypothalamic expression of various neurotransmitters and hormones
that are important in the regulation of adaptive thermogenesis and energy homeostasis were proﬁled. In situ hybridization was performed to
examine the transcript expression of TH and CRH in the PVN, as the expression levels of both in the PVN have been linked to the modulation of
energy expenditure and BAT thermogenesis (Richard et al., 2002; Shi
et al., 2013). Importantly, a signiﬁcant reduction in the PVN mRNA
levels of TH, a rate-limiting enzyme in the synthesis of catecholamines
(Zhou et al., 1995), was observed in CART−/− compared to WT mice at
RT only (Fig. 4B). Similarly, a modest decrease in CRH mRNA expression
in the PVN was shown in CART−/− compared to WT mice at RT, while no
genotype difference was detected in the TN groups (Fig. 4C). With regard to temperature effects, baseline TH and CRH expression were
markedly downregulated in mice of both genotypes at TN compared
to RT conditions. In addition to CRH (Richard et al., 2002), TRH represents another pivotal regulator of the hypothalamic–pituitary–adrenal
axis with implicated roles in the control of energy balance and thermoregulation (Joseph-Bravo, 2004), where TRH-synthesizing neurons are
largely populated in the PVN (Lechan and Fekete, 2006). In contrast to
the above, the expression level of TRH mRNA in the PVN lacked genotypic
differences regardless of thermal conditions; however, baseline TRH
levels in both genotypes were reduced under TN conditions (Fig. 4D).
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Fig. 3. Absence of CART stimulates energy expenditure and BAT activity while lowers respiratory exchange ratio at room temperature (22 °C). Indirect calorimetric assessments for the
24-h time course of energy expenditure (A, B), physical activity (C, D) and respiratory exchange ratio (E, F) in WT and CART−/− mice housed at room temperature (RT) and
thermoneutral (TN) conditions. Corresponding average values for each parameter over the total 24-h period were shown in adjacent bar graphs. Energy expenditure was adjusted
for lean mass and compared between groups by analysis of covariance. The adjusted means of energy expenditure were presented at the common lean mass of 21.381 g (RT) and
22.9 g (TN) respectively. Open and ﬁlled horizontal bars indicate the light and dark photoperiods, respectively. (G) Dissected brown adipose tissue (BAT) mass as a percentage of
body weight. (H) Western blot quantiﬁcation of UCP-1, PGC-1α and CPT-1 protein expression in the BAT of WT and CART−/− mice from RT and TN, with GAPDH as loading control.
Images are representative of at least three mice per group. Data are means ± SEM and averaged for all mice from each group examined. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001,
****p ≤ 0.0001 for CART−/− versus WT mice or for comparisons between the same genotype across thermal conditions.
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In addition to the above factors, expression levels of major neuropeptides in the hypothalamic Arc that are critical in feeding control
and also exhibiting thermogenic properties were assessed by in situ
hybridization. Although unchanged between genotypes at RT, Arc NPY
mRNA levels were signiﬁcantly increased in CART−/− compared to WT
mice at TN (Fig. 4E). Prominent temperature effects were also evident
in the signiﬁcantly higher baseline NPY expression in both CART−/−
and WT mice at TN compared to RT conditions (Fig. 4E). Similarly,
AgRP mRNA levels in the Arc were markedly upregulated in TNhoused mice of both genotypes compared with RT counterparts, despite
unaltered expression levels between CART−/− and WT mice (Fig. 4F).
On the contrary, temperature effects were undetected in Arc POMC
levels in mice between RT and TN housing, while signiﬁcant difference
was also absent between CART−/− and WT mice regardless of thermal
conditions (Fig. 4G).
4. Discussion
In the present study, we demonstrate for the ﬁrst time the differential roles of CART signaling in the regulation of energy homeostasis
under different housing temperatures: room temperature at 22 °C and
thermoneutrality at 30 °C. Housing CART knockout mice at room temperature resulted in a signiﬁcant increase in body weight gain that was
accompanied with a marked increase in energy expenditure as well
as a decrease in fasting-induced food intake, with no change in spontaneous food intake. By contrast, when housed at thermoneutrality,
CART−/− mice showed a reduction in body weight gain compared to
controls that was associated with reduced spontaneous and fastinginduced food intake in the absence of any changes in energy expenditure. In line with CART's traditional catabolic role, a lack of CART signaling led to increased adiposity and reduced lean mass at both thermal
conditions. A signiﬁcant upregulation of UCP-1 expression in CART−/−
mice at RT suggests a critical role of CART signaling for controlling BAT
function. This is further supported by in situ hybridization results, demonstrating differential expression proﬁles of several key hypothalamic
neurotransmitters under different thermal conditions, including TH
in the PVN and NPY in the Arc that are known to be critical in BATmediated thermoregulation and energy balance control.
The manifestation of differing CART-deﬁcient phenotypes between
mice exposed to room temperature versus thermoneutrality indicates
the temperature dependence of CART function. For instance, CART signaling has differential effects on weight gain, food intake and energy
expenditure under the two temperatures. RT-housed CART−/− mice
showed markedly accelerated body weight gain occurring on a background of increased energy expenditure without any changes in food
intake or physical activity. Increased energy expenditure could represent a secondary effect from the increased body weight gain, where
the body attempts to elevate energy dissipation to reduce the energy
excess. However, it is also possible that the higher energy expenditure
is a compensatory response to the mild cold exposure at 22 °C, consistent with a tendency towards decreased RER, indicating a shift to
greater fat oxidation in the knockout mice. Therefore, at RT, CART signaling was implicated in body weight regulation and oxidative fuel selection, yet showed no direct role in modulating food intake and
physical activity. In contrast, at TN where cold-induced demand for
thermogenesis was eliminated, CART deletion led to reduced body
weight gain. It appears that CART signaling has greater impacts on
food intake rather than energy expenditure or RER when assessed
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under an optimal thermoneutral condition. On the other hand, fastinginduced food intake was consistently lower in CART-deﬁcient mice
compared to controls under both thermal conditions. This indicates
that under an energy deﬁcit state where the orexigenic NPY is expressed
at a high level, presence of the anorexigenic CART may still be required
to adequately control feeding behavior. We also demonstrated that, despite higher energy expenditure in knockout mice at RT, no difference in
body temperature was observed between CART−/− and control mice, indicating CART may play a lesser role in regulating whole body temperature, consistent with earlier studies in other CART knockout mouse
models (Asnicar et al., 2001; Moffett et al., 2006).
Despite the implicated differential roles of CART in the regulation of
some metabolic parameters across housing temperatures, CART−/−
mice consistently demonstrated higher adiposity and lower lean mass
at both RT and TN, suggesting an anti-obesogenic function of CART
(Asnicar et al., 2001; Moffett et al., 2006). The proportional increase of
white adipose deposition within the BAT may at least partially explain
the lack of increase in BAT temperature in CART−/− mice at the RT condition. BAT weight may not directly reﬂect BAT thermogenic activity, as
the proportion of functional UCP-1 in the total BAT may diminish, hence
the absence of signiﬁcant increases in UCP-1 expression and BAT temperature. PGC-1α and CPT-1 expression levels were not altered by
CART deletion at either thermal condition, indicating that CART signaling lacked direct effects on such protein functions. It is also possible
that an 8 °C decline in temperature was insufﬁcient to induce activation
of the two genes under the current experimental paradigm. Considering
that BAT is a highly sympathetically innervated tissue (Lever et al.,
1988), the downregulation of TH in the PVN as well as the increased
Arc NPY expression in CART−/− mice under mild cold condition showed
consistency with the established regulatory circuit by which BAT function is inﬂuenced (Shi et al., 2013). Concordantly, comparison of knockouts across temperatures demonstrated that CART−/− mice at TN
exhibited relatively higher Arc NPY level accompanied by reduced PVN
TH mRNA and lower UCP-1 protein level in BAT. Since Arc CART mRNA
was increased at TN compared to RT in WT mice, CART function can
therefore be seen to oppose NPY effects. Consistent with that, intraArc or -PVN injection of CART I (55–102) (Dey et al., 2003; Douglass
et al., 1995b) has been reported to stimulate UCP-1 expression
and BAT activity in other studies (Kong et al., 2003; Wang et al.,
2000), whereas intra-PVN and i.c.v. administration of NPY suppressed
brown fat thermogenesis directed through the Arc-PVN neural circuit
(Billington et al., 1994; Shi et al., 2013). In sum, the highly coordinated
yet complex interactions between CART neurons and other elements
in energy metabolism (Barsh and Schwartz, 2002; Schwartz et al.,
2000), combined with the potentially confounding effects of mild cold
conditioning, may contribute to the dual catabolic/anabolic properties
of CART signaling described across studies.
It is also worthy to note that our CART knockout mice as well as previously described models (Elefteriou et al., 2005; Gerrits et al., 2011)
show a prominent low bone mass phenotype marked by reduced
bone mineral density and content when held under RT conditions.
Importantly, thermoneutral housing resulted in restoration of bone
mass in CART−/− mice, suggesting also the temperature-dependence of
CART signaling in controlling bone metabolism. The precise mechanism
underlying the restoration of bone mass is unclear, although it has been
shown that CART inhibits production of the receptor activator of nuclear
factor-κB ligand (RANKL) by osteoblasts, which in turn act against bone
resorption through reducing osteoclast activity (Elefteriou et al., 2005;

Fig. 4. Expression analysis of key hypothalamic neuropeptides in the regulation of energy metabolism. (A) Temperatures of the interscapular brown adipose tissue and the lumbar back
region measured by high-sensitivity infrared imaging in thermoneutral housed WT and CART−/− mice at 16 wks of age. (B–G) In situ hybridization for TH (B), CRH (C), TRH (D) mRNA
expression at the PVN and NPY (E), AgRP (F), POMC (G) mRNA expression at the Arc in WT and CART−/− mice (n ≥ 5 per group) housed at room temperature (RT) and thermoneutral
(TN) conditions. Left: bright-ﬁeld photomicrographs of coronal brain sections showing mRNA expression for respective genes at the PVN or Arc. Scale bar = 100 μm. Right:
hybridization signals are quantiﬁed to obtain mean labeling intensity of neurons expressed as percentage coverage of neuronal surface by silver grains (RODs) within the deﬁned areas
of interest. 3V, third ventricle; PVN, paraventricular nucleus; Arc, arcuate nucleus; TH, tyrosine hydroxylase; CRH, corticotropin-releasing hormone; TRH, thyrotropin-releasing
hormone; NPY, neuropeptide Y; AgRP, agouti-related protein; POMC, proopiomelanocortin. Data are means ± SEM and averaged for all mice from each group examined. *p ≤ 0.05,
**p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001 for CART−/− versus WT mice or for comparisons between the same genotype across thermal conditions.
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Singh et al., 2008). In addition, the interaction between CART and the
central NPY system, which is also a known regulator of bone homeostasis and subject to alteration by cold exposure, may also play a role in this
process.
Taken together, within the central adaptive system for thermoregulation, CART function is indicated to be regulated in an orchestrated
manner through interaction with other neuropeptide pathways implicated with thermoregulatory effects. Substantially, the temperature dependence of CART-deﬁcient traits demonstrated herein reinforces a role
of CART in thermoregulation and energy expenditure. However, results
from this study also highlight the importance of the temperature dependence of metabolic regulatory systems, hence housing temperature
should be taken into consideration when studying aspects of energy homeostasis in mice. Future cross-temperature proﬁling of the neuropeptides and hormones, that are conjoining general energy homeostasis
and thermoregulation pathways, will offer valuable insights into the
signaling mechanisms and central sites of action underlying the thermoregulatory impact of CART.
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