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SUMMARY

Beige adipocytes can interconvert betweenwhite and
brown-like states and switch between energy storage
versus expenditure. Here we report that beige adipo-
cyte plasticity is important for feeding-associated
changes in energy expenditure and is coordinated
by the hypothalamus and the phosphatase TCPTP.
A fasting-induced and glucocorticoid-mediated in-
duction of TCPTP, inhibited insulin signaling in
AgRP/NPY neurons, repressed the browning of white
fat and decreased energy expenditure. Conversely
feeding reduced hypothalamic TCPTP, to increase
AgRP/NPY neuronal insulin signaling, white adi-
pose tissue browning and energy expenditure. The
feeding-induced repression of hypothalamic TCPTP
was defective in obesity. Mice lacking TCPTP in
AgRP/NPY neurons were resistant to diet-induced
obesity and had increased beige fat activity and
energy expenditure. The deletion of hypothalamic
TCPTP in obesity restored feeding-induced browning
and increased energy expenditure to promote weight
loss. Our studies define a hypothalamic switch that
coordinates energy expenditure with feeding for the
maintenance of energy balance.

INTRODUCTION

The recent identification of both classical brown adipose tissue

(BAT) and brown-like or beige adipocytes in white fat depots in

adults humans has heralded a new era in adipose tissue biology

with a focus on energy homeostasis (Cypess et al., 2009; Lidell

et al., 2013; Rosen and Spiegelman, 2014; van Marken Lichten-

belt et al., 2009; Virtanen et al., 2009; Wang and Seale, 2016; Wu

et al., 2012). In particular, the capacity of brown/beige adipo-
Cell
cytes to utilize lipids and glucose as a fuel source, and to expend

the energy as heat (Rosen and Spiegelman, 2014; Wang and

Seale, 2016), accompanied by their decreased abundance in

older and overweight individuals (Cypess et al., 2009; Ouellet

et al., 2011; van Marken Lichtenbelt et al., 2009), has garnered

interest in promoting brown and beige fat thermogenesis to

combat the obesity epidemic.

Brown and activated beige adipocytes contain a high density

of mitochondria with high amounts of uncoupling protein-1

(UCP-1), allowing for the uncoupling of fatty acid oxidation and

glucose oxidation from ATP production to generate heat and

prevent hypothermia (Rosen and Spiegelman, 2014; Wang and

Seale, 2016). Although Ucp-1 and other thermogenic genes

are present in brown adipocytes under unstimulated conditions,

beige adipocytes only express Ucp-1 in response to b-adren-

ergic agonists and stimuli such as cold (Rosen and Spiegelman,

2014; Wang and Seale, 2016). Since fully activated brown and

beige adipocytes exhibit comparable levels of UCP-1 and ther-

mogenic activity (Shabalina et al., 2013), the process of beige

adipocyte activation among white adipocytes can be referred

to as white adipose tissue (WAT) browning. WAT browning in

rodents occurs predominantly in inguinal fat (Seale et al., 2011;

Wang and Seale, 2016; Wu et al., 2012), a major subcutaneous

depot. In adult humans, beige adipocytes have been detected

in the supraclavicular depot, as well as in the supraspinal, peri-

cardial, and neck regions (Cypess et al., 2009; Rosen and Spie-

gelman, 2014; van Marken Lichtenbelt et al., 2009; Virtanen

et al., 2009; Wang and Seale, 2016). Strikingly, beige adipocytes

lose UCP-1 when stimuli such as cold are removed and function

as white adipocytes (Altshuler-Keylin et al., 2016; Rosenwald

et al., 2013; Wang et al., 2013). Moreover, such cells can subse-

quently re-instate Ucp-1 expression and their thermogenic

program when re-exposed to cold (Rosenwald et al., 2013).

This plasticity and capacity to interconvert between a white

and browned state, points toward WAT browning having a ho-

meostatic function that may be distinct from that of brown fat.

Although heat produced by brown and beige adipocytes is

essential for the survival of small mammals in cold environments,
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clothing and adequate shelter in humans have largely diminished

the need for cold-induced brown and beige thermogenesis.

Beyond cold-induced thermogenesis, activated brown and

beige adipocytes can contribute to energy homeostasis, with

their genetic ablation promoting (Cohen et al., 2014; Feldmann

et al., 2009; Lowell et al., 1993), and their activation protecting

from the development of obesity (Dempersmier et al., 2015;

Kopecky et al., 1995; Seale et al., 2011). However, the extent

to which brown and beige adipocytes normally influence energy

balance remains unclear.

One school of thought suggests that for body weight to remain

stable over time, changes in food intake must be matched by

commensurate changes in energy expenditure. This concept

of ‘‘diet-induced thermogenesis’’ originated from observations

made by Rothwell and Stock who found that rats fed a cafeteria

diet put on less weight than expected and that this was accom-

panied by BAT hypertrophy and thermogenesis (Rothwell and

Stock, 1979; Young et al., 1982). Although diet-induced thermo-

genesis typically refers to the diet-recruited increase in meta-

bolic capacity over time, several studies have shown that a single

bout of feeding can acutely increase BAT activation and thermo-

genesis (Glick and Raum, 1986; Glick et al., 1981; Vosselman

et al., 2013). Conversely, Rothwell and Stock reported that

food restriction in rats was associated with a reduced metabolic

rate andBAT inactivation (Rothwell and Stock, 1982). These find-

ings aligned with observations made by Leibel and colleagues,

who showed that overfeeding or food restriction, resulting in

increased or decreased weight gain in humans, were matched

by commensurate changes in energy expenditure opposing

the change in body weight (Leibel et al., 1995). Precisely how

feeding/fasting influence thermogenesis and the extent to which

this may involve WAT browning remain unclear.

The arcuate nucleus (ARC) in the hypothalamus contains

two opposing neuronal populations that help integrate complex

peripheral signals: the proopiomelanocortin (POMC) neurons

that suppress appetite and increase energy expenditure when

activated, and the orexigenic agouti-related peptide (AgRP)-

neuropeptide expressing neurons that co-express neuropeptide

Y (NPY) and g-aminobutyric acid (Waterson and Horvath, 2015)

and antagonize POMC neuronal activation and function (An-

drews et al., 2008; Atasoy et al., 2012; Cowley et al., 2001,

2003; Tong et al., 2008). Leptin, which is produced by white

adipocytes in proportion to fat mass (Maffei et al., 1995), and

insulin, whose production by pancreatic b cells is increased in

response to a rise in blood glucose, activate POMC neurons

and inhibit AgRP neurons to among other things repress feeding
Figure 1. Feed-Fast Alterations in Hypothalamic TCPTP
(A) Feeding paradigm.

(B) Diurnal feeding profile.

(C–G) Brains from fed, fasted, or re-fed mice were microdissected and MBH proc

immunohistochemistry.

(H) Fasted mice were re-fed or re-fed after the ICV administration of MG132 and

(I and K) Mice were ICV administered vehicle or dexamethasone and hypothalam

(J) Plasma corticosterone levels.

(L) Fed mice administered ICV vehicle, dexamethasone, or dexamethasone plus

(M) Mice were fed, fasted, or fasted and ICV administered RU486 as indicated a

(N and O) Primary cortical neuronal cells were treated with dexamethasone and

Results shown are means ± SEM for the indicated number of mice or experimen

using a two-tailed t test.
and increase energy expenditure (Cowley et al., 2001; Könner

et al., 2007; Qiu et al., 2014). On the other hand, the gut-derived

hormoneghrelin activatesAgRP/NPYneurons topromote feeding

(Betley et al., 2015; van den Top et al., 2004; Waterson and

Horvath, 2015) and repress energy expenditure. At least in part,

POMC and AgRP neurons may control energy expenditure by

influencing WAT browning (Dodd et al., 2015; Ruan et al., 2014;

Zhu et al., 2016).

We report that diurnal fluctuations of the insulin receptor

phosphatase TCPTP coordinate insulin signaling in AgRP/NPY

neurons, so that WAT browning is increased in response to

feeding and repressed during fasting. We demonstrate that the

CNS-mediated promotion of browning contributes to feeding-

induced energy expenditure and the maintenance of energy

balance. Furthermore, we show that defective feeding-induced

and CNS-mediated WAT browning, due to sustained hypotha-

lamic TCPTP levels, contributes to the development andmainte-

nance of obesity.

RESULTS

Feed-Fast Alterations in Hypothalamic TCPTP
The protein tyrosine phosphatases TCPTP and PTP1B dephos-

phorylate the insulin receptor (IR) and JAK2 tyrosine kinases to

antagonize insulin and leptin signaling, respectively, in POMC

neurons (Dodd et al., 2015). To determine whether PTP1B and

TCPTP may serve to coordinate hypothalamic signaling to vary-

ing nutritional cues, we assessed hypothalamic levels of PTP1B

and TCPTP in mice that were allowed to feed for 4 hr after the

start of the dark cycle (7 p.m.) at which point mice were satiated

(Figures 1A and 1B); these mice are hereon referred to as ‘‘fed’’

mice. Hypothalamic PTP1B and TCPTP levels in ‘‘fed’’ mice

were compared to those in mice fasted for 24 hr from the start

of the dark cycle (Figures 1A and 1B). TCPTP protein levels, as

assessed by immunoblotting extracts from microdissected me-

diobasal hypothalami (MBH) using validated antibodies (Figures

S1A and S1B), was increased 5.36- ± 0.36-fold in 24 hr fasted

versus ‘‘fed’’ mice (Figure 1C). The increase in TCPTP protein

coincided with a 7.4- ± 1.5-fold increase in Ptpn2 (encodes

TCPTP) mRNA (Figure 1D); Ptpn2 mRNA increased after 6 hr of

fasting and plateaued by 24 hr (Figure 1D). Notably Ptpn2 levels

were also elevated in ad libitum fedmice at 11 a.m. as compared

to ‘‘fed’’ mice, so that Ptpn2 levels in ad libitum fed mice at

11 a.m. were not significantly different from those fasted for

24 hr. By contrast PTP1B protein (Figure 1C) andPtpn1 (encodes

PTP1B) mRNA (Figure 1D) were not altered in 24 hr fasted versus
essed for (C and E) immunoblotting or (D) quantitative PCR (qPCR) or (F and G)

hypothalami processed for immunoblotting.

i extracted for (I) qPCR or (K) immunohistochemistry.

RU486 and hypothalami extracted for qPCR.

nd hypothalami extracted for qPCR.

processed for (N) qPCR or (O) immunoblotting.

ts. In (D), # corresponds to fed versus 6 hr fasted with significance determined
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‘‘fed’’ mice but increased by approximately 2.2-fold after pro-

longed fasting (36 hr). This is consistent with the findings of

others (Henry et al., 2015) and studies implicating PTP1B in the

ER stress response (Williams et al., 2014). Fasting increased

TCPTP in different hypothalamic nuclei (as assessed by immu-

nohistochemistry using validated antibodies; Figures S1A and

S1B) including the ARC, ventromedial hypothalamus (VMH),

and albeit variable, also in the dorsomedial hypothalamus

(DMH) (Figure S1C). The increase in TCPTP after 24 hr of fasting

was accompanied by decreased IR b-subunit Y1162/Y1163

(p-IR) and AKT Ser-473 (p-AKT) phosphorylation, but unaltered

STAT-3 Y705 (p-STAT-3) phosphorylation, as assessed by

immunoblotting MBH extracts (Figure 1E), consistent with the

increase in TCPTP potentially repressing insulin, but not leptin

signaling.

To determine whether TCPTP protein may be increased in

AgRP/NPY and/or POMC neurons that mediate many of the

hypothalamic responses to insulin and leptin, we monitored for

changes in TCPTP in fed and fasted (24 hr) Npy-rGFP and

Pomc-GFP transgenic mice. We found that TCPTP expression

was increased in both AgRP/NPY (Figure 1F) and POMC (Fig-

ure 1G) neurons in fasted versus fed mice, so that TCPTP coin-

cided with 56% ± 13.2% of rostral and 82% ± 6.2% of caudal

AgRP/NPY neurons (Figure 1F) and 57% ± 2.9% of rostral and

83% ± 8.0% of caudal POMC neurons (Figure 1G).

The alterations in hypothalamic TCPTP in fed and fasted mice

might be a specific response to nutritional signals. To explore

this, we determined whether hypothalamic TCPTP levels re-

turned to the pre-fasted state, when 24 hr fasted mice were

re-fed for 4 hr (Figure 1A). We found that hypothalamic TCPTP

protein, as assessed by immunoblotting MBH homogenates

(Figure 1C), or Ptpn2 expression, as assessed by real-time

PCR (Figure 1D), declined to pre-fasted levels in re-fed mice.

The decline in TCPTP occurred throughout the ARC (Figure S1C)

andwas accompanied by increased IR and AKT phosphorylation

(Figure 1E), consistent with the potential enhancement of insulin

sensitivity. Since the half-life for TCPTP protein is roughly 16 hr

(Bukczynska et al., 2004), we reasoned that the decline in TCPTP

might reflect increased degradation. The proteasome can influ-

ence hypothalamic protein abundance in response to feeding

(Sasaki et al., 2010). To test its contribution to TCPTP degrada-

tion in re-fed mice, we administered 24 hr fasted mice the pro-

teasome inhibitor MG132 ICV and assessed the influence on

TCPTP protein in the MBH after 4 hr of re-feeding. We found

that MG132 completely prevented the feeding-induced degra-

dation of TCPTP without affecting PTP1B levels (Figure 1H).

These results point toward TCPTP being actively regulated by

energy intake, with fasting increasing TCPTP expression, and

feeding both repressing TCPTP expression and promoting its

degradation.

Glucocorticoids Promote Hypothalamic TCPTP
Expression
To explore the molecular mechanism by which fasting promotes

hypothalamic Ptpn2 expression, we first asked whether ghrelin

or UDP, which are elevated in the fasted and/or obese state

and induce feeding by activating ARC AgRP neurons (M€uller

et al., 2015; Steculorum et al., 2015), promote TCPTP expression

in the fed state. Fastedmice were re-fed for 4 hr to repress Ptpn2
378 Cell Metabolism 26, 375–393, August 1, 2017
expression, and the mice administered ICV vehicle, ghrelin, or

UDP twice over the subsequent 4 hr and the hypothalami ex-

tracted for analysis. Neither ghrelin nor UDP overtly altered

TCPTP protein levels, as assessed by immunohistochemistry

(Figure S1D), although ghrelin increased Ptpn2 message by

�3-fold (Figure 1I). It is well established that stress and fasting

can lead to elevations in plasma glucocorticoids, which among

other things can increase Agrp and Npy expression and lead to

an increase in body weight and food intake (Cusin et al., 2001;

Jeanrenaud and Rohner-Jeanrenaud, 2000; Lu et al., 2002;

Makimura et al., 2003; Razzoli and Bartolomucci, 2016; Shimizu

et al., 2008). Corticosterone, which is the principal glucocorticoid

in rodents, was elevated in the plasma of fasted mice and

reduced within 4 hr of re-feeding (Figure 1J). To determine

whether glucocorticoids increase TCPTP expression in the

fasted state we first ICV administered the synthetic glucocorti-

coid dexamethasone to fasted and re-fed (4 hr) mice and as-

sessed TCPTP levels by immunohistochemistry and real-time

PCR after 4 hr. Dexamethasone treatment induced TCPTP in

the ARC (Figure 1K) and increased Ptpn2 mRNA to a similar

extent to that seen after fasting (Figures 1I and 1L). Importantly

the effects of dexamethasone on Ptpn2 expression could be

suppressed by the co-administration of glucocorticoid receptor

antagonist RU486 (Figure 1L). To determine the extent to which

the fasting-associated increase in Ptpn2 may be mediated by

glucocorticoid signaling, we fasted mice for 12 hr after the start

of the dark cycle and administered RU486 over the last 6 hr. We

found that the glucocorticoid antagonist RU486 effectively

repressed the increased Ptpn2 associated with fasting (Fig-

ure 1M). In keeping with glucocorticoids driving Ptpn2 expres-

sion, we found that treatment of murine cortical neurons with

dexamethasone induced Ptpn2 gene expression and increased

TCPTP protein (Figures 1N and 1O). Taken together, these

results indicate that the fasting-induced increase in TCPTP is

mediated by glucocorticoids.

TCPTP Represses Hypothalamic Insulin Signaling in
Fasted Mice
The elevated hypothalamic TCPTP in fasted mice coincided with

decreased MBH p-IR and PI3K/AKT signaling (Figure 1E).

Although this may be due to the decline in insulin levels in fasted

mice, it is important to note that TCPTP inhibits insulin signaling

by dephosphorylating and inactivating the IR (Galic et al., 2003)

and TCPTP-deficiency or inhibition promotes insulin-induced

PI3K/AKT signaling in POMC neurons (Dodd et al., 2015).

Thus, we reasoned that alterations in TCPTP in response to

feeding/fasting may alter the sensitivity of ARC neurons to insu-

lin, so that insulin responses are repressed in the fasted state

and enhanced in the fed state. This would provide a molecular

switch for coordinating hypothalamic insulin signaling with the

nutritional/energy status of the organism. To explore this, we first

assessed basal and insulin-induced ARC PI3K/AKT signaling by

immunohistochemistry, staining for p-AKT in fed versus 24 hr

fasted C57BL6 mice (Figure 2A). In the fed state, basal p-AKT

was evident in the ARC (Figure 2A; data not shown), whereas lit-

tle or no basal p-AKT staining was evident in fasted mice (Fig-

ure 2A). Importantly, in response to insulin, p-AKT was induced

by approximately 3- to 4-fold in fed mice, but only modestly

increased in fasted mice (Figure 2A). By contrast basal and
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leptin-induced p-STAT3 were unaltered by feeding or fasting

(Figure S1E). Therefore, ARC neurons are inherently more sensi-

tive to insulin in the fed state, when TCPTP levels are reduced.

To examine whether increases in TCPTP may be responsible

for the fasting-induced repression of ARC insulin signaling,

we administered ICV the glucocorticoid antagonist RU486 (to

suppress the fasting-induced increase in hypothalamic TCPTP).

RU486 ameliorated the repression of insulin-induced p-AKT

signaling in the ARC in fasted C57BL/6 mice (Figure 2B). Simi-

larly, the bilateral injection of a recombinant adeno-associated

virus (rAAV) expressing GFP and Cre recombinase (rAAV-CMV-

Cre-GFP), but not rAAV-CMV-GFP control, into the ARC of

Ptpn2fl/fl mice to delete TCPTP, prevented the fasting-induced

repression of basal and insulin-induced p-AKT (Figure 2C);

post-mortem analyses for GFP fluorescence confirmed efficient

targeting of the ARC (Figure 2C, inserts). Taken together, these

results indicate that the glucocorticoid-mediated induction of

TCPTP in fasted mice represses ARC insulin signaling.

TCPTP Regulates AgRP Neuronal Insulin Sensitivity and
Activation
We sought to define the specific ARC neurons in which fasting-

associated increases in TCPTPmight suppress insulin signaling.

Wenoted that theARCp-AKT staining in fedmice,whichwas lost

in fastedmice, was proximal to themedian eminence (Figure 2A),

where AgRP/NPY neurons predominate (Lemus et al., 2015;

Olofsson et al., 2013). Therefore, we crossed Ptpn2fl/fl mice

with Agrp-Ires-Cre transgenic mice to excise Ptpn2 in AgRP-

expressing neurons (Agrp-Ires-Cre;Ptpn2fl/fl: AgRP-TC; Figures

S1F and S1G) and assessed ARC p-AKT in fed and fasted mice

with and without insulin stimulation by immunohistochemistry.

p-AKT staining was increased by TCPTP-deficiency across the

rostral-caudal extent of the ARC (Figure 2D; data not shown). In

particular, TCPTP-deficiency resulted in sustained/elevated

basal and insulin-induced p-AKT staining in fasted mice, where

little to no staining was otherwise evident in controls (Figure 2D).

The increased basal (in fed and fasted mice) and insulin-induced

p-AKT staining (in fasted mice) occurred predominantly in AgRP

neurons (marked by the Npy-rGFP reporter) as assessed by

immunofluorescence microscopy (Figure S1H; data not shown).

The increased p-AKT staining in fasted AgRP-TC mice was

accompanied by reduced c-Fos (amarker of neuronal activation)

staining in ARCAgRP/NPYneurons (Figure 2E). This is consistent

with the established role for insulin signaling to inhibit AgRP/NPY

neuronal activation (Könner et al., 2007). Indeed, TCPTP defi-

ciency enhanced the insulin-mediated repression of Agrp and
Figure 2. TCPTP Attenuates Hypothalamic Insulin Signaling in Fasted
(A and B) Mice were fed, fasted, or fasted and ICV administered vehicle or RU48

monitoring for ARC p-AKT.

(C) Ptpn2fl/fl mice were injected bilaterally with rAAV-eGFP or rAAV-Cre-eGFP int

brains extracted for ARC p-AKT or GFP (insert) immunohistochemistry.

(D) Fed or fasted Ptpn2fl/fl or AgRP-TC mice were IP administered saline or insul

(E) Brains from fed or fasted Ptpn2fl/fl;Npy-hrGFP versus AgRP-TC;Npy-hrGFP m

(F) Whole-cell patch-clamp recordings of hypothalamic AgRP/NPY neurons from

Representative peak response traces, and membrane potential changes in respo

(G) Ptpn2fl/fl versus AgRP-TC overnight fasted mice were IP administered saline

noreactivity.

(H) FedPtpn2fl/fl;Npy-hrGFP or AgRP-TC;Npy-hrGFPmicewere administered ghre

quantified results (means ± SEM) are shown for the indicated number of mice.
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Npy gene expression in fasted mice (Figure S1I) and enhanced

the insulin-induced inhibition of AgRP/NPYneurons, as assessed

ex vivo by measuring neuronal firing and membrane potential

changes using thewhole-cell patch-clamp technique (Figure 2F).

Moreover, the inhibition of AgRP neurons was accompanied by

increased c-Fos staining in the paraventricular nucleus (PVN) of

the hypothalamus (Figure 2G), where AgRP neurons otherwise

inhibit the a-melanocyte stimulating hormone (a-MSH)-induced

activation of second-order neurons. By contrast, TCPTP deletion

in AgRP neurons did not affect the leptin-induced repression of

Agrp expression (Figure S1J), or leptin-induced p-STAT3 in

AgRP/NPYneurons (FigureS1K). Therefore, alterations in TCPTP

in fed versus fasted mice regulate insulin but not leptin signaling

to influence the activation of AgRP neurons.

Our results indicate that elevated ARC TCPTP in the fasted

state attenuates insulin signaling to facilitate AgRP/NPYneuronal

activation. Inhibition of insulin signaling may be necessary, as

plasma insulin fluctuates diurnally, but is always present, even

in 24 hr fasted mice (Figure S1L). To determine whether the

increased TCPTP may be necessary for the repression of insulin

signaling and the activation of AgRP neurons following a fast, we

determined the influence of TCPTP deletion on the activation of

AgRP neurons by the hormone ghrelin, whose circulating levels

are elevated when the stomach is empty (M€uller et al., 2015).

Ptpn2fl/fl and AgRP-TC mice were fed for 4 hr after the start of

the dark cycle (so that AgRP neuronal activation would be

repressed) and then ICV administered ghrelin to activate AgRP

neurons and brains subsequently extracted for c-Fos immuno-

histochemistry. Although TCPTP levels are reduced in fed mice,

we found that the complete ablation of TCPTP reduced the ghre-

lin-mediated activation of AgRP neurons by 40% (Figure 2H).

These results indicate that the fasting-induced increases in

TCPTP and the inhibition of insulin signaling might allow for the

concomitant activation of AgRP neurons by ghrelin during a

fast. Conversely the repression of Ptpn2 expression and coordi-

nateddegradation of TCPTPafter feedingmay facilitate inhibitory

insulin signaling in AgRP neurons to influence melanocortin-

dependent and -independent responses (Atasoy et al., 2014;

Betley et al., 2013; Garfield et al., 2015; van den Top et al.,

2004). Thus, the feed-fast alterations in ARC TCPTPmay be crit-

ical in coordinating hypothalamic and AgRP neuronal responses

to disparate energy states.

Increased WAT Browning in AgRP-TC Mice
Recent studies have highlighted an important role for POMC and

AgRP neurons in regulating WAT browning (Dodd et al., 2015;
Mice
6, IP-injected saline, or insulin and brains extracted for immunohistochemistry

o the ARC. 4 weeks later, mice were IP administered saline or insulin and fixed

in and fixed brains extracted for ARC p-AKT immunohistochemistry.

ice were processed for c-Fos immunohistochemistry.

Ptpn2fl/fl;Npy-hrGFP versus AgRP-TC;Npy-hrGFP mice in response to insulin.

nse to a range of insulin concentrations, are shown.

or insulin and 90 min later fixed brains were processed for PVN c-Fos immu-

lin and brains processed for c-Fos immunohistochemistry. Representative and
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Ruan et al., 2014; Zhu et al., 2016). Insulin and leptin act in con-

cert to activate POMC neurons and increase sympathetic nerve

activity (SNA)-dependent WAT browning (Dodd et al., 2015),

whereas the hormone ghrelin activates AgRP neurons to repress

WAT browning (Ruan et al., 2014). Given the enhanced basal

and insulin-induced PI3K/AKT signaling and the inhibition

of AgRP/NPY neurons in AgRP-TC mice, we reasoned that

TCPTP deficiency would promote melanocortin signaling and

the SNA-dependent browning of white fat and the expenditure

of energy to decrease adiposity. In keeping with this, we found

that AgRP-TC mice fed a standard chow diet had a reduced

body weight at 16 weeks of age (Figure 3A) accompanied by

decreased whole-body adiposity without changes in lean mass

or bone density (Figure 3B; Figure S2A). The decreased adiposity

was fat depot specific, with decreased inguinal (subcutaneous)

WATmass, where browning predominates inmice, but unaltered

epididymal WAT or interscapular BAT weights (Figure S2B). The

reduction in inguinal WAT was accompanied by increased en-

ergy expenditure and oxygen consumption during the dark cycle

(Figure 3C; Figure S2C), in the absence of any change in fuel

utilization (Figure S2D). Although optogenetic or pharmaco-

genetic activation of AgRP neurons promotes feeding (Aponte

et al., 2011; Betley et al., 2013; Krashes et al., 2011) and Agrp

deletion increases locomotor activity (Wortley et al., 2005),

neither daily food intake (Figure 3D), nor ambulatory activity (Fig-

ure S2E) were overtly altered in AgRP-TC mice. Instead, TCPTP

deficiency was associated with increased interscapular BAT

Ucp-1 expression (Figure 3E) and BAT 18F-FDG uptake (moni-

tored by PET/CT), consistent with increased BAT thermogenesis

(Figure S2F). TCPTP deficiency was also associated with a strik-

ing increase in inguinal WAT browning, as assessed by (1) gross

morphology (Figure S2G) and histology (small adipocyte clusters

with multilocular lipid droplets; Figure 3F), (2) the increased

expression of Ucp-1, Prdm16, and Cidea, found in brown and

beige adipocytes, and Tmem26 and Cd137 that are specific to

beige adipocytes (Wu et al., 2012) (Figure 3G) and (3) increased

UCP-1 protein, as assessed by immunohistochemistry (Fig-

ure 3F) and immunoblotting (Figure 3H); inguinal WAT UCP-1

protein in AgRP-TC mice was 3.7 ± 0.3-fold lower than that

found in BAT in Ptpn2fl/fl mice (Figure S2H). The increased

WAT browning in AgRP-TC mice was accompanied by

increased 18F-FDG uptake (PET/CT) (Figure 3I), consistent with

increased thermogenic activity. No differences were evident in

Ptpn2fl/fl versus AgRP-TC inguinal WAT lipolytic or lipogenic
Figure 3. AgRP Neuronal Inhibition Promotes WAT Browning and Ener

(A–E) (A) Body weights, (B) body composition, (C) energy expenditure, (D) daily f

Ptpn2fl/fl male mice.

(F–H) Inguinal WAT (ingWAT) was extracted from Ptpn2fl/fl and AgRP-TC mice an

(I) Mice were subjected to 18F-FDG PET/CT. Representative images and ingWAT

are shown.

(J and K) Ptpn2fl/fl and AgRP-TC ingWAT depots were bilaterally sham-operated o

expenditure determined.

(L) Ptpn2fl/fl, AgRP-TC, or AgRP-TC-IR male mice were fasted overnight and IP ad

(M–O) (M) Energy expenditure, (N) body weights, and (O) ingWAT weights in 14-w

(P–R) IngWAT and BAT were extracted from Ptpn2fl/fl, AgRP-TC, or AgRP-TC-IR

(S and T) Npy-hrGFP;Agrp-Ires-Cre mice were bilaterally injected with rAAV-hM4D

denervated with 6-ODHA and 2 weeks later mice were administered IP vehicle

ingWAT for histology. Representative and quantified results (means ± SEM) are

AgRP-TC mice; # significance between AgRP-TC and AgRP-TC-IR mice.
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responses, as assessed by the phosphorylation of the lypolytic

enzymes ATGL (S406) and HSL (S660) (Figure S2I), Pnpla2

gene (encodes ATGL) expression, or the expression of the genes

for the lipogenic enzymes SREBP-1c (Srebf1) and FAS (Fasn)

(Figure S2J) in response to feeding or fasting. Therefore, the

increased WAT browning in AgRP-TC mice is not accompanied

by changes in WAT lipolysis or lipogenesis.

To determine whether the increased BAT activity, WAT

browning, and weight loss in AgRP-TC mice might be attrib-

uted to increased melanocortin signaling and the sympathetic

innervation of white fat, we ICV administrated the melanocortin

antagonist HS014 into AgRP-TC mice. HS014 attenuated

WAT browning in AgRP-TC mice (Figure S2K). Inguinal WAT

from AgRP-TC mice exhibited increased staining for tyrosine

hydroxylase (TH) (Figure S2L), the rate-limiting step in catechol-

amine synthesis and a marker of sympathetic innervation, and

HS014 attenuated this (Figure S2M). To determine whether the

enhancedWAT browning in AgRP-TCmight contribute to weight

loss, we bilaterally denervated the inguinal fat pads of AgRP-TC

mice by injecting the neurotoxin 6-hydroxydopamine (6-OHDA)

(Chao et al., 2011) and then assessed the impact on body

weight (Figure 3J). Bilaterally denervating the inguinal fat pads

in AgRP-TC mice prevented WAT browning (data not shown)

but did not alter lipolytic or lipogenic gene expression (data not

shown), and significantly decreased energy expenditure while

increasing body weight so that AgRP-TC mice more closely

approximated Ptpn2fl/fl controls (Figures 3J and 3K). Therefore,

TCPTP deletion in AgRP neurons and increased melanocortin

signaling drives BAT Ucp-1 gene expression and glucose up-

take, robust SNA-dependent WAT browning, and energy expen-

diture to promote weight loss.

IR-Dependent WAT Browning in AgRP-TC Mice
To explore the extent to which the enhanced insulin signaling

in AgRP neurons might contribute to promotion of WAT

browning, energy expenditure, and weight loss, we crossed

AgRP-TC mice onto the Insrfl/+ heterozygous background. In

this way, Insr expression would be reduced by 50% in AgRP

neurons so that IR signaling might more closely approximate

that in Ptpn2fl/fl control mice. The enhanced insulin-induced

ARC p-AKT signaling in AgRP-TC mice was reduced by �55%

in AgRP-TC;Insrfl/+ (AgRP-TC-IR) mice (Figure 3L). IR heterozy-

gosity in AgRP neurons corrected the enhanced dark-phase en-

ergy expenditure (Figure 3M) and increased body weight and
gy Expenditure

ood intake, and (E) BAT Ucp-1 gene expression in 18-week-old AgRP-TC and

d processed for (F) histology, (G) qPCR, and (H) immunoblotting.
18F-FDG standard uptake values (SUV) and normalized uptake/tissue volume

r denervated with 6-ODHA and J) weekly body weights recorded and K) energy

ministered insulin and brains extracted for ARC p-AKT immunohistochemistry.

eek-old Ptpn2fl/fl, AgRP-TC or AgRP-TC-IR male mice.

mice for gene expression analyses and histology.

i-mCherry into the ARC. Contralateral ingWAT depots were sham operated or

or CNO prior to (S) measuring ingWAT mRNA expression and (T) processing

shown for the indicated number of mice. * significance between Ptpn2fl/fl and



adiposity without affecting food intake or ambulatory activity

(Figures 3N and 3O; Figures S3A–S3C). The increased body

weight was accompanied by the repression of WAT browning,

as assessed histologically and by the expression of Ucp-1,

Tmem26, and Cd-137 (Figures 3P and 3Q). IR heterozygosity

also largely corrected the increased BAT Ucp-1 expression in

AgRP-TC mice so that it approximated that in Ptpn2fl/fl control

mice (Figure 3R). These results show that TCPTP deletion in

AgRP neurons promotes weight loss and WAT browning and

BAT thermogenesis by enhancing IR signaling and inhibiting

AgRP neurons.

AgRP Neuronal Inhibition Promotes WAT Browning
To independently assess the impact of AgRP neuronal inhibition

on WAT browning, we sought to non-selectively inhibit ARC

AgRP neurons with the Gi-coupled hM4Di DREADD that is acti-

vated by CNO and induces neuronal silencing (Armbruster et al.,

2007; Ferguson et al., 2011). rAAV-hM4Di-mCherry, capable of

expressing hM4Di fused to mCherry in a Cre-dependent manner

(Krasheset al., 2011),wasadministered into theARCofAgrp-Ires-

Cre;Npy-rGFP mice. Post-mortem analyses confirmed mCherry

expression in approximately 70% of GFP-positive NPY/AgRP

neurons (Figure S3D). We subsequently unilaterally denervated

the inguinal fat pads of these mice by injecting 6-OHDA and

then after a period of recovery administered mice vehicle or

CNOdaily for 14 days to hyperpolarize and inhibit AgRP neurons.

Body weights, food intake, and WAT browning were assessed

after 14 days. CNO decreased body weights (Figure S3E) and

food intake (Figure S3F) and resulted in marked WAT browning

in the sham-operated, but not in the contralateral 6-OHDA dener-

vated inguinal fat pads (denervation efficiency assessed by TH

immunohistochemistry) that was evident by gross morphology

(Figure S3G), real-time PCR (Figure 3S), histology, and immuno-

histochemistry (Figure 3T). Therefore AgRP neuronal inhibition

can promote robust WAT browning. Taken together, our results

indicate that TCPTP deficiency in AgRP neurons inhibits AgRP

neurons to increase SNA-dependent browning of WAT.

TCPTP Is Essential for the Fasting-Induced Repression
of WAT Browning
Our studies are consistent with TCPTP acting as a molecular

switch in AgRP neurons with alterations in TCPTP levels coordi-

nating insulin signaling and AgRP neuronal activation with the

browning of WAT and the expenditure of energy to maintain en-

ergy balance in response to feeding versus fasting. To test this,

we first determined the impact of feeding and fasting on WAT

browning in C57BL/6 mice. We found that fasting was associ-

ated with the overt repression of browning, as assessed by

UCP-1 protein levels (Figure 4A) and the repressed expression

ofUcp-1, Tmem26, andCd137 in inguinal WAT (Figure 4B). Fast-

ing also repressed BAT Ucp-1 gene expression but did not alter

BAT UCP-1 protein (Figures 4C and 4D). Notably, we found that

the repressed WAT browning was reversed after re-feeding (Fig-

ures 4A and 4B). By contrast, the reversal of BAT Ucp-1 gene

expression was not evident after 4 hr of re-feeding; no alterations

were evident in BAT UCP-1 protein (Figures 4C and 4D). These

findings highlight the plasticity of the inguinal fat pad and its

capacity to readily interconvert between beige and white adipo-

cytes in response to feeding and fasting, respectively.
Next, we assessed the extent to which alterations in hypo-

thalamic TCPTP might influence WAT plasticity by comparing

browning in fed (mice sacrificed 4 hr after lights out) versus

fasted Ptpn2fl/fl and AgRP-TC mice. We reasoned that deleting

TCPTP in AgRP neurons and promoting insulin signaling would

abrogate the fasting-induced repression of WAT browning,

otherwise associated with the activation of AgRP neurons by

ghrelin (Ruan et al., 2014). Inguinal WAT UCP-1 protein levels

were repressed in Ptpn2fl/fl mice in response to a fast and this

was accompanied by the repression of WAT browning genes

(Figures 4E and 4F).We found inguinal WATUCP-1 protein levels

and the expression of browning genes were not only elevated

in AgRP-TC mice, but importantly were unaltered by fasting

(Figures 4E and 4F). These results indicate that TCPTP in

AgRP neurons is essential for the fasting-induced repression of

WAT browning.

WAT Browning Contributes to Feeding-Induced
Thermogenesis
Our studies indicate that the fasting-induced increase in hypo-

thalamic TCPTP is essential for the inhibition of WAT browning.

To determine whether this might reflect a stress response to

prolonged fasting, or otherwise represent a diurnal feeding

response important for the control of energy balance, we first

determined whether BAT thermogenesis and WAT browning

may influence feeding-associated changes in energy expendi-

ture. We found that oxygen consumption and energy expendi-

ture, as assessed by indirect calorimetry, were increased at

the start of the dark cycle when mice feed (Figure 5A; Fig-

ure S5A), and this was accompanied by increased BAT Ucp-1

expression (Figure 5B) and WAT browning, as inferred by the

increased expression of Ucp-1, Tmem26, and Cd137 in inguinal

WAT (Figure 5C; Figure S5B). The increase in energy expenditure

was diminished (Figure 5A) and WAT browning (Figure 5C; Fig-

ure S5B) not evident if food was withheld (food restricted) imme-

diately before the start of the dark cycle, consistent with this

being a feeding response, rather than an entrained circadian

response. By contrast, BAT Ucp-1 increased at the start of the

dark cycle irrespective of whether food was withheld (Figure 5B),

consistent with this being controlled by the circadian rhythm.

Importantly, the feeding-induced increase in WAT browning

was accompanied by an increase in inguinal WAT temperature

in the dark phase, as assessed using implanted telemetry

probes, which was attenuated if food was withheld (Fig-

ure 5D). Moreover, we noted a striking increase in inguinal

WAT 18F-FDG uptake (PET/CT) in mice that were fed (4 hr after

start of dark cycle) versus mice where food was withheld (Fig-

ure 5E; Figure S5C). By contrast BAT 18F-FDG uptake was not

overtly altered in fed versus food-restricted mice (Figure S5D).

Therefore, WAT browning and thermogenesis, but not BAT ac-

tivity (as inferred by 18F-FDG uptake), are increased in response

to feeding.

Next we determined the extent to which the feeding-induced

WAT browning and thermogenesis might contribute to the

feeding-associated increases in energy expenditure. We found

that the feeding-dependent increase in oxygen consumption

and energy expenditure were attenuated if the inguinal fat

pads were denervated with 6-OHDA (Figure 5F; Figure S5E) to

prevent browning (Figure 5G; Figure S5F); neither BAT Ucp-1
Cell Metabolism 26, 375–393, August 1, 2017 383



Figure 4. TCPTP in AgRP Neurons Coordinates Feed-Fast Alterations in WAT Browning and Energy Expenditure

(A–F) IngWAT or BAT were extracted from fed, fasted, or fasted and re-fed mice and processed for (A, C, and E) immunoblotting or (B, D, and F) qPCR.

(G) Energy expenditure in Ptpn2fl/fl or AgRP-TC fed and food-restricted (FR; just prior to lights out at 6:30 p.m.) male mice.

(H) Energy expenditure in Ptpn2fl/fl, AgRP-TC, or AgRP-TC-IR mice.

(I) Ptpn2fl/fl or AgRP-TC ingWAT depots were bilaterally sham operated or denervated with 6-ODHA and energy expenditure measured. Gray shading, dark cycle.

Representative and quantified results (means ± SEM) are shown for the indicated number of mice.
expression (Figure 5H) nor inguinal WAT ATGL Ser-406 or

HSL Ser-660 phosphorylation, or lipogenic/lypolytic gene

expression were altered in fed versus food-restricted mice after

inguinal WAT denervation (Figures S5G and S5H). Strikingly, the
384 Cell Metabolism 26, 375–393, August 1, 2017
decrease in oxygen consumption and energy expenditure in

denervated mice occurred primarily within the first 4 hr after

the start of the dark cycle (Figure 5F; Figure S5E), coinciding

with feeding (Figure 1B). These results link feeding-associated



(legend on next page)

Cell Metabolism 26, 375–393, August 1, 2017 385



increases in energy expenditure with WAT browning and the

control of energy balance.

Diurnal TCPTP Fluctuations Coordinate Feeding-
Induced WAT Browning
Having established that WAT browning is important in feeding-

associated energy expenditure in mice, we next explored

whether the repression of hypothalamic TCPTP upon feeding

might contribute to this process. To this end, we first compared

hypothalamic Ptpn2 levels before the start of the dark cycle

(when mice do not feed; Figure 5I) and at various times after

lights were turned off in either fed mice, or mice where food

was withheld at the start of the dark cycles. We found that

Ptpn2 expression was significantly reduced 1 hr after lights

were turned off in fed, but not in food-restricted, mice (Figure 5I).

The repression ofPtpn2 expression in fedmicewas sustained for

the first 4 hr of the dark cycle when mice feed but increased

thereafter to levels evident in food-restricted mice (Figure 5I).

These results demonstrate that hypothalamic Ptpn2 expression

exhibits a diurnal rhythm linked to feeding.

To determine whether the diurnal fluctuations in TCPTP might

influence WAT browning and BAT activity, we first correlated

diurnal Ptpn2 expression in fed and food-restricted mice with

the expression of browning genes in inguinal WAT and the

expression of Ucp-1 in BAT. We found that the feeding-induced

repression ofPtpn2 expression at the start of the dark cycle coin-

cided with the promotion of inguinal WAT Ucp-1, Tmem26, and

Cd137 expression (Figure 5I) and an increase in inguinal WAT

UCP-1 protein (Figure 5J). WAT browning was not evident in

food-restricted mice, or at later times in fed mice when mice

do not feed and Ptpn2 levels were increased (Figure 5I). By

contrast BAT Ucp-1 increased in the dark phase, remained

elevated throughout the night and was unaffected by feeding

(Figure 5I). These results indicate that WAT browning mirrors

the feeding-associated diurnal fluctuations in hypothalam-

ic Ptpn2.

To determine whether the feeding-induced repression of

hypothalamic TCPTP might be required for the accompanying

promotion of browning and energy expenditure, we took advan-

tage of Ptpn2fl/fl and AgRP-TC mice. We reasoned that if the

repression of TCPTPwas necessary to increase energy expendi-

ture, then differences in energy expenditure between Ptpn2fl/fl

and AgRP-TC mice would be greatest in food-restricted mice,

since hypothalamic TCPTP levels in Ptpn2fl/fl mice would remain

elevated and browning would be repressed. On the other hand,

in fed mice, differences in energy expenditure at the start of the

dark cycle would be diminished, since hypothalamic TCPTP

would be decreased in Ptpn2fl/fl mice and this would promote
Figure 5. Diurnal Feeding-Associated Changes in Hypothalamic TCPT

(A–D) (A) Energy expenditure, (B) BAT, and (C) ingWAT gene expression and (D) ing

restricted mice.

(E) Mice were subjected to 18F-FDG PET-CT. Representative images and ingWAT

are shown.

(F–H) IngWAT depots were sham-operated or bilaterally denervated with 6-ODHA

determined 2 weeks later.

(I) Hypothalami, BAT and ingWAT were extracted from fed and food-restricted m

(J) IngWAT was extracted from fed mice at the indicated times and processed fo

Representative and quantified results (means ± SEM) are shown for the indicate
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browning as seen in AgRP-TC mice. Energy expenditure was

increased in AgRP-TC versus Ptpn2fl/fl mice during the first

4 hr of the dark cycle irrespective of feeding, but the differences

in energy expenditure were greatest in food-restricted mice (Fig-

ure 4G; Figures S4A–S4C). The increased energy expenditure

during the first 4 hr of the dark-phase in AgRP-TC mice was

attenuated in AgRP-TC-IR mice, or in AgRP-TC mice where

the inguinal fat pads had been denervated to prevent browning

(Figures 4H and 4I; Figures S4D and S4E). Therefore, these re-

sults are consistent with the feeding-induced repression of

TCPTP in AgRP neurons increasing IR signaling to promote

SNA-dependent WAT browning and energy expenditure.

The Feed-Fast TCPTP Switch Is Abrogated in Obesity
Hypothalamic TCPTP, along with PTP1B and SOCS3, are

elevated in diet-induced obesity and this is thought to contribute

to cellular leptin and insulin resistance and exacerbate obesity

(Loh et al., 2011; Myers et al., 2008; Zhang et al., 2015).

We determined whether the feed-fast TCPTP switch in chow-

fed lean mice might be defective in high-fat-fed obese mice and

whether this may be due to sustained Ptpn2 expression. PTP1B,

TCPTP, and SOCS3 proteins were elevated in the hypothalami

of 12-week high-fat-fed obese mice (Figure 6A). Neither PTP1B

nor SOCS3protein levelswere altered during fasting or re-feeding

in either chow-fed lean or high-fat-fed obese mice (Figure 6A). By

contrast, TCPTP protein and mRNA levels were decreased in

chow-fed fasted mice that had been re-fed for 4 hr, but not in

the corresponding high-fat-fed mice (Figures 6A and 6B; Figure

S6A). Notably, TCPTP levels in re-fed high-fat-fed mice approxi-

mated those in fasted chow-fed mice (Figures 6A and 6B; Fig-

ure S6A). Increased TCPTP in re-fed high-fat-fed mice was

evident in both AgRP/NPY (Figure 6C) and POMC neurons (Fig-

ure S6B). The sustained TCPTP in re-fed high-fat-fed mice was

at least in part due to the defective repression ofPtpn2 expression

(Figure 6B). Therefore the feed-fast TCPTP switch is abrogated in

obesity and accompanied by sustained Ptpn2 expression.

AgRP-TC Mice Are Resistant to Diet-Induced Obesity
Our studies indicate that the feed-fast TCPTP switch is abro-

gated in obesity, so that ARC POMC and AgRP neuronal TCPTP

levels remain elevated in the fed state. Accordingly we surmised

that the elevated TCPTP in AgRP/NPY neurons might inhibit

insulin signaling and thereby prevent the inactivation of AgRP

neurons in the fed state, to suppress WAT browning and energy

expenditure and contribute to the development of obesity. To

test this, we first assessed the impact of deleting TCPTP in

AgRP neurons on the development of diet-induced obesity.

We found that TCPTP deletion in AgRP-expressing neurons
P, WAT Browning, and Energy Expenditure

WAT temperature (measured with implanted telemetry probes) in fed and food-

18F-FDG standard uptake values (SUV) and normalized uptake/tissue volume

and (F) energy expenditure and (G) ingWAT and (H) BATUcp-1 gene expression

ice and processed for qPCR.

r immunoblotting.

d number of mice.
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alone afforded mice resistance to high-fat diet-induced obesity

(Figure 6D), associated with a reduction in whole-body adiposity

and decreased inguinal and epididymal fat, without changes

in lean mass or bone density (Figure 6E; Figure S6C). The

decreased adiposity was accompanied by unaltered daily food

intake (Figure 6F). In addition, high-fat-fed AgRP-TC mice ex-

hibited increased light and dark cycle oxygen consumption

and energy expenditure (Figure 6G; Figure S6D), without

changes in ambulatory activity or fuel utilization (Figure S6E).

Inguinal WAT browning as assessed by UCP-1 levels was

diminished in 12-week high-fat-fed Ptpn2fl/fl mice, when

compared to chow-fed controls (Figure 6H). By contrast WAT

browning in high-fat-fed AgRP-TC mice was elevated, approxi-

mating that seen in ‘‘fed’’ chow-fed lean control mice (Figure 6H).

The increased WAT browning in AgRP-TC mice was substanti-

ated by the appearance of multi-locular adipocytes expressing

UCP-1 (Figure 6I) and the increased expression of browning

genes (Figure 6J). AgRP-TC mice also had increased BAT

Ucp-1 expression (Figure 6K) consistent with increased BAT

thermogenesis. To determine the extent to which the increased

WAT browning may prevent obesity in AgRP-TC mice, we bilat-

erally denervated the inguinal fat pads in Ptpn2fl/fl versus AgRP-

TC mice after 3 weeks of high-fat feeding and measured effects

on body weight, adiposity, WAT browning, and energy expendi-

ture after a further 6 weeks of high-fat feeding. Bilaterally dener-

vating the inguinal fat pads in high-fat-fed AgRP-TC mice largely

corrected the increased WAT browning (Figures 6L and 6M; Fig-

ure S6F) without affecting BATUcp-1 expression (Figure 6N) and

increased weight gain and inguinal adiposity so that denervated

AgRP-TC mice more closely approximated the corresponding

Ptpn2fl/fl controls (Figures 6O and 6P; Figure S6G). The

increased adiposity was accompanied by a trend for reduced

dark phase energy expenditure without overt alterations in

RER or ambulatory activity (Figure 6Q; Figure S6H). As epidid-

ymal fat masswas unaffected by inguinal denervation (Figure 6P)

and energy expenditure was only partially corrected (Figure 6Q),

we surmise that the increased BAT activity and/or other mecha-

nisms may also contribute to the obesity resistance in AgRP-TC

mice. Nevertheless, these results indicate TCPTP deficiency in

AgRP neurons, to emulate the ‘‘fed’’ chow-fed state, attenuates

the development of diet-induced obesity at least in part by pro-

moting SNA-dependent WAT browning.

TCPTP Deletion in ObeseMice PromotesWAT Browning
and Weight Loss
Next, we determined the extent to which the abrogated feed-fast

TCPTP switch might contribute to the maintenance of obesity.

To this end, we deleted TCPTP in the ARC of 12-week high-

fat-fed obese mice and monitored for effects on weight loss
Figure 6. The Feed-Fast TCPTP Switch Is Abrogated in Obesity

(A–C) Mice were chow fed or high-fat-fed (HFF) for 8 weeks and MBH processe

histochemistry.

(D–G) (D) Body weights, (E) tissue weights, (F) 24 hr food intake, and (G) energy

(H–K) IngWAT or BAT were extracted from chow-fed or HFF mice and processe

(L–N) HFF Ptpn2fl/fl and AgRP-TC mice were bilaterally sham-operated or dener

extracted for (L) histology and (M and N) qPCR.

(O–Q) (O) Body weights, (P) tissue weights, and (Q) energy expenditure were me

Representative and quantified results (means ± SEM) are shown for the indicate
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and WAT browning (Figure 7). rAAV-CMV-Cre-GFP or rAAV-

CMV-GFP were injected bilaterally into the ARC of high-fat-fed

Ptpn2fl/fl mice and high-fat feeding continued for 8 weeks.

Post-mortem analyses confirmed efficient targeting of the ARC

(Figure S7A) and TCPTP deletion (Figure S7B). We found that

TCPTP deletion in the ARC resulted in a sustained approximately

13%weight loss (Figure 7A), despite the mice continuing to eat a

high-fat diet (Figure S7C). The decreased weight was associated

with reduced whole-body adiposity (Figure 7B; Figure S7D).

Furthermore, the decreased adiposity was accompanied by

increased WAT browning (Figure 7C), BAT Ucp-1 expression

(Figure 7D), and increased oxygen consumption and energy

expenditure without changes in ambulatory activity or daily

food intake (Figure 7E; Figures S7E and S7F). The increased en-

ergy expenditure was particularly evident during the first 4 hr

after the start of the dark cycle (Figure 7F; Figures S7G–S7I)

consistent with the promotion of feeding-associated energy

expenditure. The decreased body weight and inguinal adiposity

and increased energy expenditure and oxygen consumption

could be largely prevented by the bilateral denervation of the

inguinal fat pads (Figures 7F–7I; Figures S7G–S7I), which abla-

ted WAT browning (Figures 7J–7L) without affecting BAT

Ucp-1 expression (Figure 7M). Epididymal fat mass was unaf-

fected (Figure 7I) and body weight and whole-body adiposity

were only partially corrected (Figures 7G and 7H), pointing to-

ward additional contributions from other tissues, such as BAT.

These results are consistent with the defective feeding-induced

repression of TCPTP in the ARC serving to both repress BAT

activity and prevent feeding-induced and SNA-dependent

WAT browning, to decrease energy expenditure and thereby

contribute to the maintenance of obesity.

DISCUSSION

Our studies have identified a molecular mechanism whereby

feeding rhythms influence energy expenditure through the con-

trol of WAT browning. We demonstrate that the nutritional state

of the organism alters the abundance of TCPTP, a key negative

regulator of insulin signaling in the hypothalamus, to control sym-

pathetic outflow and the browning of white fat in response to

feeding and fasting to contribute to the maintenance of energy

balance.

The IR is widely expressed in the hypothalamus (Havrankova

et al., 1978); its deletion in the brain increases feeding and pro-

motes obesity (Br€uning et al., 2000), whereas its deletion in

AgRP neurons, or its combined deletion with the leptin receptor

in POMC neurons, increases hepatic glucose production and

promotes systemic insulin resistance (Hill et al., 2010; Könner

et al., 2007). We provide evidence for IR signaling in AgRP
d for (A) immunoblotting, (B) qPCR, or (C) brains extracted for ARC immuno-

expenditure in 12 week HFF Ptpn2fl/fl and AgRP-TC mice.

d for (H) immunoblotting, (I) histology, or (J and K) qPCR.

vated with 6-ODHA at 3 weeks and after a further 6 weeks ingWAT and BAT

asured.

d number of mice.



Figure 7. TCPTP Deletion in Obesity Promotes WAT Browning and Weight Loss

Ptpn2fl/fl mice were HFF for 12 weeks and bilaterally injected with rAAV-eGFP or rAAV-Cre-eGFP into the ARC.

(A–E) (A) Body weights, (B) fat pad weights, (C) ingWAT mRNA expression, (D) BAT mRNA expression, and (E) energy expenditure were assessed 8 weeks post

intra-ARC rAAV injection. ARC targeting was confirmed by the post-mortem analysis of hypothalamic GFP immunofluorescence.

(F–M) Alternatively ingWAT depots were sham-operated or bilaterally denervated with 6-ODHA and (F) energy expenditure, (G) body weights, (H) fat mass, (I) fat

pad weights, (J–L) ingWAT gene expression, histology, UCP-1 immunohistochemistry, and (M) BAT gene expression were assessed.

Results are shown are means ± SEM for the indicated number of mice. In (G) * corresponds to AAV-GFP + Sham versus AAV-Cre-GFP + sham and # corresponds

to AAV-Cre-GFP + sham versus AAV-Cre-GFP + denervation.
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neurons being critical in the control of WAT browning and energy

expenditure. We demonstrate that TCPTP deficiency in AgRP/

NPY neurons promotes insulin signaling and the insulin-medi-

ated inhibition of AgRP neurons to drive BAT activity (as inferred

by Ucp-1 gene expression) and SNA-dependent WAT browning,

energy expenditure, and weight loss. The effects of TCPTP defi-

ciency in AgRP neurons on BAT activity, WAT browning, energy

expenditure, and weight loss were largely corrected when Insr

gene expression in AgRP neurons was halved, so that insulin

signaling approximated that in control mice. Therefore, even

subtle alterations in IR signaling might profoundly influence

BAT activity, feeding-associated WAT browning, and energy

expenditure. Interestingly, previous studies have shown homo-

zygous IR deletion in AgRP/NPY neurons does not affect body

weight (Hill et al., 2010; Könner et al., 2007), suggesting that

functional redundancies may exist with other mechanisms con-

trolling AgRP neuronal activation.

Insulin action in AgRP neurons opposes factors such as ghrelin

(M€uller et al., 2015) andUDP that activate AgRPneurons to inhibit

bothmelanocortin-dependent and -independent circuits (Atasoy

et al., 2014; Betley et al., 2013; Garfield et al., 2015; Steculorum

et al., 2015; van den Top et al., 2004). Although circulating insulin

versus ghrelin or uridine levels fluctuate reciprocally in the fed

versus fasted states, these fluctuations are not absolute in ro-

dents or humans (Cummings et al., 2001; Deng et al., 2017; Sán-

chez et al., 2004). At any given time, neurons in the hypothalamus

are exposed to insulin and ghrelin, as well as other stimuli,

including UDP and leptin (Deng et al., 2017; Myers et al., 2008;

Steculorum et al., 2015). The precise molecular mechanisms by

which hypothalamic and AgRP neuronal responses might be co-

ordinated when exposed to varying hormonal and nutritional

cues have remained unclear. Our studies point toward TCPTP

fluctuations associated with diurnal feeding and fasting being

instrumental in gating responses to insulin and thereby theactiva-

tion of AgRP neurons to control SNA-dependent WAT browning.

We demonstrate that feeding represses TCPTP to promote insu-

lin signaling in AgRP neurons, whereas fasting increases TCPTP

to repress insulin signaling. Importantly, we demonstrate that

TCPTP deficiency opposes the activation of AgRP neurons by

ghrelin. Accordingly, wepropose that the activation of AgRPneu-

rons by ghrelin and potentially other orexigenic factors may be

dictated by the level of TCPTP and the response to insulin, and

that feeding-associated diametric fluctuations in insulin and

TCPTPmight afford ameans bywhich to acutely tune AgRP neu-

rons and thereby WAT browning and energy expenditure.

Optogenetic studies have shown that ARC AgRP neurons

project to distinct sites, including intrahypothalamic sites, such

as the PVN and lateral hypothalamus, and extrahypothalamic

sites, such as the anterior subdivisions of the bed nucleus of

the stria terminalis and the paraventricular thalamic nucleus, to

elicit effects on feeding versus BAT glucose uptake and insulin

sensitivity (Betley et al., 2013; Steculorum et al., 2016). Although

it remains to be determined whether this is also true for the

AgRP/NPY neuronal control of WAT browning, our studies indi-

cate that at least in part, the effects on browning may be trans-

mitted via the PVN and the melanocortin circuit. The activation

of AgRP neurons in the fasted state was attenuated by TCPTP-

deficiency and accompanied by the increased activation of

PVN neurons, whereas administration of amelanocortin receptor
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antagonist repressed WAT browning in AgRP-TC mice. Previ-

ously, we reported that TCPTP also suppresses insulin signaling

in POMC neurons (Dodd et al., 2015). Moreover we have shown

that insulin and leptin act in concert to activate POMC neurons to

promote SNA-dependent WAT browning (Dodd et al., 2015). In

this study, we demonstrate that TCPTP is increased in both

AgRP and POMC neurons in response to fasting. Therefore,

the TCPTP switch may regulate insulin signaling in both POMC

and AgRP neurons to coordinate the melanocortin response

and WAT browning in response to feeding and fasting. We pro-

pose that feeding and the repression of TCPTP in POMCneurons

would promote insulin signaling to increase Pomc expression

and the melanocortin response, whereas the repression of

TCPTP in AgRP neurons would promote insulin signaling to

inhibit AgRP neurons and thereby alleviate the inhibitory

constraint on POMC neurons to coordinately promote WAT

browning. The control of insulin signaling in both POMC and

AgRP neurons by TCPTP in response to feeding and fasting

would afford an exquisitely sensitive system to coordinate the

melanocortin circuit with energy expenditure in divergent nutri-

tional states.

Our results indicate that glucocorticoids may be pivotal in the

fasting-induced promotion of TCPTP expression and the repres-

sion of ARC insulin signaling to facilitate AgRP neuronal activa-

tion by factors such as ghrelin. Glucocorticoids are released by

the adrenal glands in response to stressors including fasting

and generally function to increase energy reserves by promoting

feeding and repressing energy expenditure (Razzoli and Bartolo-

mucci, 2016). ICV dexamethasone infusion in rodents increases

hypothalamic AgRP/NPY expression, promotes food intake, and

represses energy expenditure (Cusin et al., 2001; Jeanrenaud

and Rohner-Jeanrenaud, 2000; Makimura et al., 2003; Shimizu

et al., 2008), whereas chronic glucocorticoid administration in

mice or humans promotes weight gain and represses BAT

activity and WAT browning (Bray et al., 1992; Hardwick et al.,

1989; Pasquali et al., 2006; Razzoli and Bartolomucci, 2016;

Strack et al., 1995; van den Beukel et al., 2014). Interestingly,

recent studies indicate that acute glucocorticoid administration

increases BAT activity in humans and that cortisol activates

human brown adipocytes ex vivo (Ramage et al., 2016). These

findings have highlighted the complex nature of glucocorticoid

biology and the potential for responses in humans and rodents

to vary. However, it is important to note that the acute gluco-

corticoid administration in humans was accompanied by

increased circulating insulin (Ramage et al., 2016), raising the

possibility that at least in part, the increased BAT activity in vivo

may have been attributable to increased hypothalamic insulin

signaling. Nonetheless, we cannot exclude the possibility that

the glucocorticoid-mediated response in our studies may be

specific to fasting, and that other factors may elicit the diurnal

hypothalamic TCPTP fluxes to control WAT browning.

Our studies demonstrate a physiologically relevant role for

WAT browning that is distinct from its well-established role

in cold-induced thermogenesis. We demonstrate that feeding

acutely promotes WAT browning, as assessed not only by the

expression of browning genes, but also by the uptake of glucose

and the generation of heat, and that this contributes to the expen-

diture of energy, at least as assessed by the denervation of

inguinal WAT. However, we cannot exclude other mechanisms



and other tissues contributing to the feeding-induced promo-

tion of energy expenditure. Indeed, BAT Ucp-1 expression and

glucose uptake were also increased in AgRP-TC mice and BAT

Ucp-1 expression was elevated in obese mice after TCPTP

was deleted in the ARC, consistent with increased BAT activity

contributing to the increased energy expenditure and weight

loss. Although we did not observe any differences in BAT

Ucp-1gene expression or glucose uptake in response to feeding,

this does not necessarily preclude BAT thermogenesis contrib-

uting to feeding-associated changes in energy expenditure.

Our studies indicate that the energy expenditure specifically

associated with feeding in chow-fed lean mice is reduced in

diet-induced obesity. We propose that this might occur as a

consequence of the sustained hypothalamic TCPTP levels,

since reinstating the feeding-induced TCPTP switch by deleting

TCPTP in the ARC of obese mice promoted WAT browning,

energy expenditure, and weight loss even in the context of

ongoing high-fat feeding. Thus, we conclude that the promo-

tion of feeding-induced energy expenditure may provide an

approach by which to combat obesity.
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