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Improved metabolic phenotype of hypothalamic PTP1B- ) c.-...
deficiency is dependent upon the leptin receptor
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ABSTRACT

Protein tyrosine phosphatase 1B (PTP1B) is a known regulator of central metabolic signaling, and mice with whole brain-, leptin receptor (LepRb) expressing
cell-, or proopiomelanocortin neuron-specific PTP1B-deficiency are lean, leptin hypersensitive, and display improved glucose homeostasis. However,
whether the metabolic effects of central PTP1B-deficiency are due to action within the hypothalamus remains unclear. Moreover, whether or not these
effects are exclusively due to enhanced leptin signaling is unknown. Here we report that mice with hypothalamic PTP1B-deficiency (Nkx2.1-PTP1 B"‘)
display decreased body weight and adiposity on high-fat diet with no associated improvements in glucose tolerance. Consistent with previous reports, we
find that hypothalamic deletion of the LepRb in mice (ka2.1-Lepr‘/‘) results in extreme hyperphagia and obesity. Interestingly, deletion of hypothalamic
PTP1B and LepRb (Nkx2.1-PTP1 B"‘:Lepr‘/‘) does not rescue the hyperphagia or obesity of Nkx2.1-LepRb™" mice, suggesting that hypothalamic PTP1B

contributes to the central control of energy balance through a leptin receptor-dependent pathway.
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1. INTRODUCTION

Obesity continues to be a major public health crisis in the United States and
worldwide [1-3]. Given the numerous metabolic comorbidities and an overall
increased all-cause mortality associated with obesity [4,5], understanding the
underlying biological systems that regulate body weight and adiposity is of
great importance. Though obesity is commonly thought of as a disease
affecting the periphery (i.e. increased body fat), the central nervous system
(CNS) plays a key role in regulating appetite, metabolism, and body weight.
Neurons within the hypothalamus integrate neuroendocrine signals from the
periphery, gauging short term and long term energy status. The adipocyte-
secreted hormone leptin is one such signal whose effects on the central
control of energy homeostasis have been studied in depth. Circulating leptin
acts on leptin receptors (LepRbs) expressed within the hypothalamus and
extrahypothalamic sites (hindbrain nucleus tractus solitarius, parabrachial
nucleus) [6,7] to suppress food intake and increase energy expenditure,
ultimately promoting negative energy balance. Leptin- (ob/ob) and LepRb-
deficient (db/db) mice are hyperphagic and develop extreme obesity [8—10].
Moreover, deletion of LepRb within the hypothalamus in mice, driven by the
ventral forebrain specific Nkx2.1-Cre, recapitulates much of the db/db
phenotype [11]. LepRb-deficiency within the hindbrain NTS in mice also
results in hyperphagia and increased weight gain [12].
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At the molecular level, when LepRb is activated, several tyrosine phosphor-
ylation events occur. Initially, leptin binding to LepRb results in a conforma-
tional change of the receptor and activation of the associated tyrosine kinase
Janus kinase 2 (JAK2). JAK2 autophosphorylates and subsequently phos-
phorylates tyrosine residues along the intracellular tail of LepRb, which can
further recruit downstream signaling molecules necessary for eliciting leptin’s
physiological effects [13,14]. Protein tyrosine phosphatase 1B (PTP1B) shows
enriched expression correlating with areas of LepRb expression [15], and is a
known negative regulator of leptin signaling via direct dephosphorylation of
JAK2 [15-17]. In mice, PTP1B is encoded by the Pipn7 gene, and whole
body, whole brain-, LepRb-expressing cell-, or POMC neuron-specific PTP1B-
deficiency results in decreased body weight and adiposity on HFD [18-22]. In
contrast, deletion of PTP1B in peripheral tissues does not affect body weight
[23—26]. Since CNS PTP1B-deficient models to date have used holistic (whole
brain) or neuron specific approaches (POMC- or LepRb-targeted), the
anatomic specificity of PTP1B’'s metabolic effects remains unclear. Like the
LepRb, POMC is expressed both in the hypothalamus and hindbrain, and
there is evidence of enhanced hypothalamic and hindbrain leptin signaling in
POMC-PTP1B™ mice [22,27], suggesting a metabolic role for PTP1B in both
regions. Thus, the extent to which the metabolic effects of PTP1B deficiency
are due to action within the hypothalamus or in extrahypothalamic sites
remains unknown. Here, to determine the metabolic contribution of
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Figure 1: Detection of PTP1B deletion in Nkx2.1-PTP1B deficient mouse models. (A) PTP1B
protein levels in the hypothalamus and brain of Nkx2.1-PTP1B™~ (KO) mice compared with
PTP1B fl/fl controls (WT). SHP2 protein levels are shown as a loading control. (B) Detection of
deletion of PTP1B or LepRb floxed alleles in PTP1B fl/fl:LepRb fl/fl, NKxZJ—Lepr’/’, and
Nkx2.1-PTP1B~~:LepRb~"~ mice. DNA was isolated from  different tissues [hypothalamus
(Hypo), extrahypothalamic brain, pituitary (Pit), lung, hindlimb, perigonadal white adipose tissue
(WAT), brown adipose (BAT), and liver], and deletion of floxed allele was detected by PCR.

hypothalamic PTP1B, we generated a genetic PTP1B deficient mouse model
using the Nkx2.1-Cre line, which leads to widespread recombination within
the ventral forebrain.

The improved metabolic phenotype of central PTP1B-deficient models is
largely attributed to enhanced leptin sensitivity. Interestingly, however,
compound ob/ob:PTP1B™~ mice show attenuated weight gain in comparison
to obb mice [17], suggesting that there may be leptin-independent
metabolic effects of PTP1B deficiency. Furthermore, db/db:PTP1 B mice
display decreased plasma triglycerides and serum free fatty acids when
compared to ab/ab :PTP1B*"~ [28], and ob/b mice treated with PTP1B
antisense oligonucleotides possess decreased epididymal fat compared to
saline-treated controls [29]. Thus, we were interested in examining whether
or not the metabolic effects of PTP1B deficiency are exclusively leptin receptor
dependent. For these studies, we crossed the Nkx2.1-Cre line with
Plpn1#%%. ep/®% mice in order to generate compound hypothalamic
NKkx2.1-PTP1B”~LepRb™~ mice. Nkx2.1-PTP1B™:LepRb™" mice were
compared to Nkx2.1-LepRb™ mice as well as wildtype controls to determine
whether PTP1B’s metabolic effects within the hypothalamus are dependent
upon functional leptin receptor signaling.
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2. MATERIALS AND METHODS

2.1. Animal care

All animal care protocols and procedures were approved by the
University of Pennsylvania Institutional Care and Use Committee. We
maintained mice on a 12-h light/12-h dark cycle in a temperature
controlled barrier facility, with free access to water and food: standard
chow autoclavable Lab Diet 5010 (calories provided by protein [28.7%)],
fat [12.7%)], and carbohydrate [58.5%]) or custom HFD Teklad TD93075
(calories provided by protein [21.2%)], fat [54.8%], and carbohydrate
[24%)]). Age-matched littermates were used for all experiments.

2.2. Generation of Nkx2.1-PTP1B™~, Nkx2.1-LepRb™", and
Nkx2.1-PTP1B™":LepRb™" mice

All mice were on a C57BL/6 background. Ptpn?®”®" mice were generated
previously [20] on a mixed 129Sv/J x C57BL/6 background but were
backcrossed at least 10 generations onto C57BL/6 background prior to
mating with other lines. Lepr®”®® mice on a C57BL/6 background were
obtained from S. Chua (Albert Einstein College of Medicine) and S. Obici
(University of Cincinnati, Ohio). Nkx2.1-Cre transgenic mice were obtained from
The Jackson Laboratory (Stock #008661, Bar Harbor, ME). Genotyping primer
sequences were as follows: PTP1B fl forward 5'-TGCTCACTCACCCTGCTACAA,
reverse 5'-GAAATGGCTCACTCCTACTGG. Lepr fl forward 5-AACGGTTTTA-
CAGTCTCCA, reverse 5-AAGGCCCATTTAGTCAAC. Nkx2.1-Cre forward 5'-
CCACAGGCACCCGACAAAAATG, reverse 5'-GCCTGGCGATCCCTGAACAT.

2.3. Isolating DNA from tissues for detection of recombination of the
floxed alleles

Tissues were digested at 55 °C overnight in proteinase K digestion
buffer (100 mM Tris—HCI pH 8.5, 5 mM EDTA, 0.2% SDS, 200 mM NaCl,
300 pg/ml proteinase K). Saturated NaCl (~6 M) was added to the
digestion, and samples were vortexed vigorously for 1 min. Samples were
centrifuged for 20 min at 13,700g, and supernatants were transferred to a
fresh tube. DNA was precipitated by adding 1 ml 100% ethanol, and pellets
were washed once with 70% ethanol and were resuspended in 100 pl of
sterile PCR water for analysis. PCR primers for detection of recombined
alleles: Pion1A/A  forward 5'-GTGGTGCCTGCAAGAGAACTGAC, reverse
5'-GAAATGGCTCACTCCTACTGG. LeprA/A forward 5'-GTCTGATTTGATAGA-
TGGTCTT, reverse 5'-ACAGGCTTGAGAACATGAACAC. IL-2 internal control
forward 5-CTAGGCCACAGAATTGAAAGATCT, reverse 5'-GTAGGTGGAAAT-
TCTAGCATCATCC.

2.4. Immunoblotting

Mouse tissues were dissected and immediately frozen in liquid nitrogen.
Whole cell lysates were prepared in modified RIPA buffer containing
fresh protease inhibitors, and PTP1B and SHP2 immunoblotting was performed
as described previously [15,22]. PTP1B immunoblots were normalized to SHP2
(Santa Cruz Biotechnology Inc., sc-280) to control for loading.

2.5. Body composition and food intake

At weaning, mice were placed on diets of either standard laboratory
chow or HFD. Body weights were assessed weekly and food intake was
measured daily at indicated age. Body length was measured as nose-
rump length at indicated age. Epididymal fat pads were dissected and
weighed at indicated age. Total fat and lean mass was measured in
conscious mice using NMR (Echo Medical Systems) at indicated age in
the Penn IDOM Mouse Phenotyping, Physiology and Metabolism Core.

2.6. Energy expenditure measurements
Rectal temperature was measured with a thermistor during the light cycle in
animals at 14-17 weeks of age (MicroTherma 2T; ThermoWorks). Feed
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Figure 2: Nkx2.1-PTP1B™~ mice have reduced body weight and adiposity on HFD. (A) Body weights of male Nkx2.1-PTP1B™~ (n=9), Nkx2.1-PTP1B*/~ (n=8), and control PTP1B fl/fl
(n=14) mice on chow. (B) Body weights of male Nkx2.1-PTP1B™" (n=6), Nkx2.1-PTP1B ™"~ (n=6), and control PTP1B fl/fl (n=17) mice on HFD. (C) Body weights of female Nkx2.1-
PTP1B™~ (n=10), Nkx2.1-PTP1B ™"~ (n=8), and control PTP1B fl/fl (n=29) mice on chow. (D) Body weights of female Nkx2.1-PTP1B™~ (n=15), Nkx2.1-PTP1B ™"~ (n=11), and control
PTP1B fI/fl (n="17) mice on HFD. (F) Epididymal fat pad weight for male Nkx2.1-PTP1B™~ (=9 on chow, 6 on HFD) and control PTP1B fI/fl (=14 on chow, 9 on HFD) mice on chow or HFD.
(F) Body length for male Nkx2.1-PTP18 "~ (n=8 on chow, 6 on HFD) and control PTP1B fl/fl (n=14 on chow, 9 on HFD) mice on chow or HFD. (G) Fat mass as determined by NMR of male
Nkx2.1-PTP1B™~ (n=6) and control PTP1B fl/fl (n=29) mice on HFD. (H) Lean mass as determined by NMR of male Nkx2.1-PTP1B™~ (n=6) and control PTP1B fi/fl (n=9) mice on HFD. Al
values are mean 4= SEM. Weight curves analyzed by two-way ANOVA with repeated measures: #p < 0.05. Fishers LSD post hoc pairwise comparisons between Nkx2.1-PTP1B™ and wildtype
controls:*p < 0.05. Body composition and body length data analyzed by two tailed Student’s ttest: *p < 0.05.
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Chow HFD
Genotype 1B fl/l Nkx2.1-PTP1B+/- Nkx2.1-PTP1B-/- 1B fl/fl Nkx2.1-PTP1B+/- Nkx2.1-PTP1B-/-
Serum leptin (ng/mi) 1.65+0.21 1.14+0.18 120+0.16 2312+ 4.61 6.69 + 1.38" 11.50 + 3.02
Corticosterone (ng/mi) 89.68 +20.25 nd 106.59 + 28.96 62.35 + 24.53 nd 82.89 +11.36
Fasting blood glucose (mg/dl) 834+58 785475 738 +6.1 105.3+98 92.0+10.9 91.0+ 102
Fasting serum insulin (ng/mi) 0.41 £0.03 0.35+0.03 0.34 +£0.02 0.93+0.17 0.37 £0.12" 0.55 4 0.06"
Chow HFD
Genotype 1B fl/fl:LepRb fl/fl Nkx2.1-LepRb-/- Nkx2.1-PTP1B-/-:LepRb-/- 1B fl/fl:LepR fl/fl Nkx2.1-LepRb-/- Nkx2.1-PTP1B-/-:LepRb-/-
Serum leptin (ng/mi) 8.18 +0.77 90.34 +4.79 89.47 +5.88" 16.19 + 4.91 104.68 + 3.74" 127.88 £+ 2.52'%#
Corticosterone (ng/ml) 151.55 +29.95 407.29 + 53.43" 361.75 + 95.75* nd nd nd
Fasting blood glucose (mg/d) 62.3+5.6 89.1+18.4 107.6 +12.3" 943492 219.1 +29.3* 2457 +78.2"
Fasting serum insulin (ng/ml) 0.48 +0.07 9.40 £ 1.47* 1443 £ 2.76# 0.62 +0.11 13.25 + 437" 14.78 + 9.60"

Table 1: Metabolic and neuroendocrine parameters. Measures of fasting blood glucose and fasting serum insulin are from overnight fasted male animals at 12—14 weeks of age for controls, Nkx2.1-
PTP1B*/~, Nk2.1-PTP1B™~ on chow or HFD. Fasting blood glucose and fasting serum insulin of Nkx2.1-PTP1B™~:LepRb™", Nkx2.1-LepRo, and control PTP1B fi/fl:LepRb flAl mice are taken at
12-14 weeks on chow and at 9 weeks on HFD. Measures of serum leptin and corticosterone are from ad /ib fed male animals at 7 weeks of age. Fasting blood glucose and serum measures analyzed by
one-way ANOVA followed by Fisher's LSD paiwise comparison: *p < 0.05, /\p=0.08 indicated group vs. control. #p < 0.05 Nkx2.1-PTP1 B’/’:Lepr”’ VS, ka2‘1—Lepr’/’. nd, not determined.
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Figure 3: Nkx2.1-PTP1B:LepRb ™~ mice show no difference in body weight compared to Nkx2.1-LepRb ™~ mice. (A) Body weights of male Nkx2.1-PTP1B™:LepRb ™~ (1=8), Nkx2.1-

LepRb™" (n=9), control PTP1B I/fl:LepRb flAl (n=14) and control LepRb fI/fl (7=29) mice on chow. (B) Body weights of male Nkx2.1-PTP1B™~:LepRb™"~ (n=5), Nkx2.1-LepRb /

(n=7),

control PTP1B fl/fl:LepRb f/fl (7= 11) and control LepRb fi/fl (n=7) mice on HFD. (C) Body weights of female Nkx2.1-PTP1B™:LepRb ™"~ (n=13), Nkx2.1-LepRb™"~ (=13), control PTP1B I/
fl:LepRb fl/fl (n=15) and contral LepRb fl/fl (n=15) mice on chow. (D) Body weights of female Nkx2.1-PTP18™~:LepRb™~ (n=6), Nkx2.1-LepRb™~ (n=13), control PTP1B f/fl:LepRb fl/A
(n=6) and control LepRb fl/fl (n=5) mice on HFD. All values are mean + SEM. Weight curves analyzed by two-way ANOVA with repeated measures: *p < 0.05.

efficiency was calculated as grams weight gained/food consumed over
indicated time period. Brown adipose tissue gene expression (Ucp? and
Prdm16) was measured by real-time PCR as described below.

2.7. Glucose homeostasis

Glucose tolerance tests (GTTs) were performed as described previously
[19]. Briefly, mice were fasted overnight (14—16 h). Glucose dose used
for intraperitoneal injections was 2 mg/g BW (20% solution). Blood
glucose was assayed in tail blood using a glucometer (Contour, Bayer).
Fasting insulin levels were determined as described below.

2.8. RNA extraction and real-time PCR

Mice were euthanized at the onset of the light cycle (08:00-10:00 a.m.).
Tissues were rapidly dissected and flash frozen in liquid nitrogen. Total RNA
was extracted from tissues using TRIzol (Invitrogen) and the RNeasy kit
(QIAGEN). cDNA was synthesized from 1 pg total RNA using the Advantage
RT-for-PCR kit (Clontech). The relative mRNA levels of Ucp? and Prdm16
were assessed and quantified by quantitative real-time PCR (qRT-PCR). The
housekeeping gene hprt7 was used as an internal control. The gRT-PCR
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reactions were carried out using RT> SYBR Green gPCR Master Mix
(SABiosciences), and samples were run using the Eppendorf Mastercycler
ep realplex. Primer sequences for Ucp? and Prdm16 were reported previously
[30]. Relative mRNA expression was calculated using the comparative Ct
method as described previously [20].

2.9. Serum analysis

All blood samples were collected between 08:00-10:30 am at indicated
age. Fasting blood samples were collected following overnight fast (14—
16 h). Serum was separated by centrifugation at 6000g. Serum insulin and
leptin (CrystalChem) and serum corticosterone (Immunodiagnostic Systems)
were measured by ELISA.

2.10. Statistical analysis

Results are expressed as mean + SEM. Comparisons between groups were
made by unpaired 2-tailed Student’s #test, 1-way ANOVA or 2-way ANOVA
with repeated measures in one factor followed by Fisher's protected least
significant  difference (PLSD) or Student-Newman—Keuls pairwise

www.molecularmetabolism.com



comparison, as appropriate. A p-value less than 0.05 was considered to be
statistically significant.

3. RESULTS

3.1. Generation of mice with hypothalamic-specific PTP1B deficiency or
compound PTP1B:LepRb deficiency

In order to generate mice with PTP1B deficiency throughout the hypothala-
mus, we crossed Ptpn?®” mice to a line of transgenic Nkx2.1-Cre mice.
The resulting Ptpn?+”*®Nkx2.1-Cre mice were subsequently crossed to
Pipn1®" mice to generate Plon?®”PNkx2.1-Cre (hereafter termed
Nkx2.1-PTP1B™) mice, Ppn1*"®"Nkx2.1-Cre (hereafter termed Nix2.1-
PTP1B*) mice, and Ppn?®”® and Pipn1~"®¢ wildtype littermate
controls. The Nkx2.1-Cre line has been characterized previously [11], and
strong Cre recombinase expression is found broadly throughout the majority
of the hypothalamus but is not detected in caudal brain sites. In addition to
the hypothalamus, Nkx2.1-Cre is known to be expressed within the posterior
pituitary, lung, thyroid, and the median ganglionic eminence, which may lead
to limited Cre expression within migrating cortical interneurons [31].
Consistent with past reports, Nkx2.1-PTP1B™~ mice indeed show decreased
PTP1B protein expression in the hypothalamus relative to wildtype controls,
but do not show differences in total PTP1B protein levels in lysates from
extrahypothalamic brain (Figure 1A).

To further explore whether the metabolic effects of CNS PTP1B deficiency are
dependent upon functional leptin signaling, we generated mice with compound
conditional deletion of PTP1B and LepRb in the hypothalamus. Pipn7®o
mice were crossed to Lepr®”® mice to generate Pfpni**%:Lepr™o¢
mice. Subsequently, Pion1™ "% Leprt " mice were intercrossed to generate
Pipn1®F0®.| epf?0F mice. Pion1 0% ep/®”O mice were then crossed
with Nkx2.1-Cre mice to yield Ppn1™"*®:Lepr* " Nkx2.1-Cre mice. Finally,
Pipn1* " eprt P Nkx2.1-Cre  mice were crossed to  Ppnt®P®,
Lep™®™® 1o vield  Ptpn1®®0%: gp/*"FNKkx2.1-Cre  (hereafter termed
Nkx2.1-PTP1B™~:LepRb™) mice and Plpn1®™*%:1 ep/®°® littermate, wild-
type controls. In a parallel cross, Nkx2.1-LepRb™~ mice were generated using
the same breeding strategy detailed above for Nko2.1-PTP1B~~ mice. To verify
deletion of the Pfpn7 and Lepr genes, we extracted DNA from a variety of
tissues (hypothalamus, extrahypothalamic brain, pituitary, lung, hindlimb
muscle, epididymal white adipose, interscapular brown adipose, and liver)
and assessed for deletion of the floxed alleles by PCR. Deletion of the Pipn?
and Lepr floxed alleles was detected in DNA extracted from hypothalamus,
extrahypothalamic brain, pituitary, and lung (Figure 1B) of Nkx2.1-PTP1B™:
LepRb™ mice. No deletion was detected in DNA from any tissues isolated
from floxed wildtype control animals, and as expected only deletion of the Lepr
floxed allele was detected in Nkx2.1-LepRb™~ mice.

3.2. Nkx2.1-PTP1B™~ mice have decreased body weight on

high-fat diet

We examined weekly body weights of male and female Nkx2.1-PTP1B~~
mice and PTP1B fl/fl controls on chow or high fat diet for at least 12 weeks
from weaning. When fed a chow diet, male and female Nkx2.1-PTP1B™~
and Nkx2.1-PTP1B*/~ mice have similar body weights compared to
wildtype floxed controls (Figure 2A and C). In contrast, HFD-fed male
Nkx2.1-PTP1B™~ and Nkx2.1-PTP1B*~ mice show significantly decreased
body weight compared to wildtype controls (Figure 2B). Female Nkx2.1-
PTP1B™" and Nkx2.1-PTP1B*/~ mice on HFD also display decreased body
weight compared to controls (Figure 2D), but to a lesser extent than the
males. Overall, these data indicate hypothalamic PTP1B deficiency results in
resistance to diet-induced obesity.

MOLECULAR METABOLISM 3 (2014) 301-312 © 2014 The Authors. Published by Elsevier GmbH. All rights reserved. — www.molecularmetabolism.com

I

MOLECULAR
METABOLISM

3.3. Nkx2.1-PTP1B™" mice have decreased adiposity on chow or HFD
To determine whether differences in body weight reflect decreased fat mass
or total body size, body composition was assessed. Despite no difference in
hody weight on chow compared to wildtype controls, male Nkx2.1-PTP1B™
mice display significantly decreased adiposity as determined by epididymal fat
pad weight (Figure 2E). Male Nkx2.1-PTP1B™~ mice show no difference in
body length relative to controls on chow (Figure 2F). Chow fed female Nkx2.1-
PTP1B™ mice show no difference in either perigonadal fat pad weight or body
length compared to controls (Supplemental Figure 1A and B). On HFD, male
Nkx2.1-PTP1B™~ mice display decreased adiposity as measured by epididymal
fat pad weight as well as total fat mass by NMR (Figure 2E and G). Consistent
with their reduced adiposity, male Nkx2.1-PTP1B™~ mice have decreased
circulating leptin levels compared to wildtypes (Table 1). On HFD, male
Nkx2.1-PTP1B™~ mice also show decreased lean mass and a concomitant
decrease in body length (Figure 2H and F). Female Nkx2.1-PTP1B™" mice
display decreased perigonadal fat pad weight relative to wildtypes on HFD, but
show no difference in body length (Supplemental Figure 1C and D).

3.4. Nkx2.1-PTP1B~":LepRb~"~ mice exhibit obesity on chow or HFD
Since past CNS PTP1B™~ models show a lean metabolic phenotype resulting
presumably ~ from  enhanced  leptin  sensitivity = [20-22,27],
we examined the effects of compound Nkx2.1-PTP1B:LepRb deficiency on
body composition compared to Nkx2.1-LepRb™~ mice and wildtype controls
to determine if functional leptin receptor signaling is required for any
metabolic contribution of PTP1B deficiency in the hypothalamus. Male
Nkx2.1-LepRb™" mice and Nkx2.1-PTP1B™~:LepRb™" both display significant
weight gain compared to wildtype controls (Figure 3A—chow diet and B—
HFD). Interestingly, male Nkx2.1-PTP1B™":LepRb™~ shows no difference in
body weight compared to Nkx2.1-LepRb™~ mice on chow or HFD,
demonstrating that the metabolic effects of PTP1B deficiency in the
hypothalamus are in fact dependent upon functional leptin receptor signaling.
Similarly, female Nkx2.1-LepRb™ mice and Nkx2.1-PTP1B™":LepRb™"
display significantly increased body weight on chow or HFD relative to
controls, and the extent of weight gain is similar in Nkx2.1-LepRb™" and
Nkx2.1-PTP1B™~:LepRb™" mice (Figure 3C—chow diet and D—HFD).

3.5. Nkx2.1-PTP1B™":LepRb™" mice display increased adiposity on
chow or HFD

We examined total fat mass, lean mass, and body length in Nkx2.1-
PTP1B™":LepRb™~ and Nkx2.1-LepRb™~ mice on chow or HFD. On
chow diet, male Nkx2.1-PTP1B™~:LepRb™~ and Nkx2.1-LepRb™~ mice
display significantly increased total fat and lean mass compared to
controls as determined by NMR (Figure 4A and B). Nkx2.1-PTP1B™
LepRb™" and Nkx2.1-LepRb~~ mice also show a nonsignificant trend
toward increased body length when compared to wildtype controls
(Figure 4C). Like body weight, the extent of increased fat mass, lean
mass and length is similar between Nkx2.1-PTP1B~~:LepRb™~ and
ka2.1-Lepr"‘ mice on chow. Total fat mass, lean mass, and body length
are also similar between Nkx2.1-PTP1B™:LepRb™~ and Nkx2.1-LepRb™"
mice on HFD (Figure 4D—F). On chow or HFD, both Nkx2.1-PTP1B™:LepRb ™"
and Nkx2.1-LepRb™" mice display significantly elevated serum leptin levels
consistent with their increased adiposity (Table 1). Similar body composition
and length measures are also seen in female Nkx2.1-PTP1B™":LepRb™" and
Nkx2.1-LepRb™~ mice with both groups displaying significantly increased
total fat and lean mass compared to wildtype controls on chow or HFD
(Supplemental Figure 2 and data not shown), but no differences between the
two groups.
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3.6. Food intake, core temperature, and serum corticosterone
measurements

To examine the cause of the reduced body weight and adiposity observed in
Nkx2.1-PTP1B* mice on HFD, we measured daily food intake and core
temperature as a measure of thermogenesis. Average daily food intake and
cumulative food intake on HFD is reduced in male Nkx2.1-PTP1B~~ compared
to wildtype controls (Figure 5A and B). Interestingly, feed efficiency (Abody
weight/Afood intake) and core temperature are similar in Nkx2.1-PTP1B™~ and
control mice suggesting energy expenditure may not be affected in this model
of hypothalamic PTP1B deficiency (Figure 5C and D). Consistent with this idea,
core temperature is also comparable when comparing Nkx2.1-PTP1 B and
control mice at 17 weeks of age (Supplemental Figure 3A). Expression of Ucp?
in interscapular brown adipose tissue (BAT) and Prdm?16, a gene which plays a
major role in brown fat determination, in inguinal white adipose tissue (WAT)
were examined to determine if BAT activation or WAT browning was enhanced
in Nkx2.1-PTP1B™~ mice. Levels of Ugp? expression in BAT and Pram16
expression in inguinal WAT were similar in Nkx2.1-PTP1 B mice and wildtype
controls (Supplemental Figure 3B).

As expected from previous studies, Nkx2.1-LepRb™~ mice display significant
hyperphagia as demonstrated by increased average daily and cumulative food
intake compared to wildtype controls on chow (Figure 5E and F). There were no
differences in food intake across genders, thus food intake data presented is
from males and females combined. Notably, Nkx2.1-PTP1B™":LepRb™ show
similar levels of hyperphagia compared to Nkx2.1-LepRb™~ mice, suggesting
that the food intake reduction seen in Nkx2.1-PTP1B™~ mice is dependent
upon functional leptin receptor signaling. Feed efficiency (Figure 5G, males and
Supplemental Figure 3C, females) is not different between Nkx2.1-PTP1B™~:
LepRb™, Nkx2.1-LepRb™", and wildtype control groups. Core temperature is
similar in all three male groups (Figure 5H), but female Nkx2.1-PTP1B™~:
LepRb™~ and Nkx2.1-LepRb™ mice show significantly decreased core
temperature relative to wildtype controls (Supplemental Figure 3D).

To assess whether hypothalamic PTP1B deficiency affects hypothalamus—
pituitary—adrenal (HPA) function, we measured morning serum corticoster-
one levels in ad fib fed male mice. Nkx2.1-PTP1B™~ mice show similar
serum corticosterone levels as wildtype controls on chow or HFD (Table 1).
Leptin has been shown to play an important role in the regulation of the
hypothalamus—pituitary—adrenal (HPA) axis, and a previous report showed
significantly elevated serum corticosterone levels in Nkx2.1-LepRb™" mice
[11,32,33]. Consistent with these findings, we find elevated serum
corticosterone in Nkx2.1-LepRb™ mice and also in Nkx2.1-PTP1B™:
LepRb™" mice compared to wildtype controls on chow (Table 1).

3.7. Nkx2.1-PTP1B™~ show minor improvements in fasting HFD-
induced hyperinsulinemia

Given that past CNS-specific PTP1B deficient models show improvements
in peripheral glucose tolerance and insulin sensitivity [20—22], we examined
glucose homeostasis in Nkx2.1-PTP1 B~ compared to their respective
controls. Fasting blood glucose, serum insulin levels, and glucose tolerance
are similar in male Nkx2.1-PTP1B™~ and Nkx2.1-PTP1B*~ mice compared
to wildtype controls on chow (Table 1, Figure 6A and B). On HFD, fasting
blood glucose is comparable in male Nkx2.1-PTP1B™~, Nkx2.1-PTP1B*/~
and wildtype mice, whereas fasting serum insulin is significantly decreased
in Nkx2.1-PTP1B™/~ mice and trending toward a decrease in Nkx2.1-
PTP1B™" mice compared to controls (Table 1). Despite reduced serum
insulin levels on HFD, however, Nkx2.1-PTP1B™~ and wildtype controls
perform similarly in an intraperitoneal GTT (Figure 6C and D) and an ITT
(data not shown). Taken together, these results show that Nkx2.1-PTP1B
deficiency results in slight protection against HFD-induced hyperinsulinemia
but no overt effects on overall glucose homeostasis.
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3.8. Nkx2.1-PTP1B™":LepRb~~ mice show severe impairments in
glucose homeostasis

Hypothalamic deficiency of LepRb results in severely impaired glucose
homeostasis marked by elevated blood glucose and serum insulin levels
and slower glucose clearance during a GTT [11]. Although there are no
differences in body weight or composition between Nkx2.1-PTP1B™:
LepRb™ and Nkx2.1-LepRb™" mice, we examined whether the additional
PTP1B deficiency in Nkx2.1-PTP1B”":LepRb™ mice could have any
beneficial effect on glucose homeostasis independent of energy balance
when compared to Nkx2.1-LepRb™" mice. As expected, obese Nkx2.1-
LepRb™~ mice show a trend toward increased fasted blood glucose levels
on chow diet with a significant elevation in serum insulin levels (Table 1).
Surprisingly, Nkx2.1-PTP1B~~:LepRb™~ mice show no protection against
hyperglycemia and hyperinsulinemia, and if anything, have further impair-
ments in these parameters compared to Nkx2.1-LepRb™~ mice (Table 1).
Glucose tolerance is severely impaired in Nkx2.1-PTP1B™":LepRb™" and
Nkx2.1-LepRb ™~ mice on chow diet compared to wildtype controls, and the
extent of glucose intolerance is similar between Nkx2.1-PTP1B~~:LepRb™"
and Nkx2.1-LepRb™~ mice (Figure 6E and F). On HFD, Nkx2.1-PTP1B™~:
LepRb™" and Nkx2.1-LepRb™~ mice display similarly elevated fasted blood
glucose and increased fasting serum insulin compared to wildtypes
(Table 1). Taken together, these data demonstrate that hypothalamus-
targeted PTP1B deficiency cannot rescue impaired peripheral glucose
homeostasis in the context of hypothalamic leptin receptor-deficiency.

4. DISCUSSION

The anatomical specificity of PTP1B’s metabolic contribution within the CNS is
unclear since past studies examined the effects of central PTP1B deficiency
using holistic (@ll neurons) or cell-type specific approaches (POMC-specific,
LepRb-specific). Furthermore, while central PTP1B deficiency clearly enhances
leptin sensitivity, whether or not the metabolic benefits from CNS PTP1B-
deficiency are solely the result of enhanced leptin signaling is unknown. Our
data clearly demonstrate an important role for hypothalamic PTP1B in the
central control of energy homeostasis in mice. Additionally, our findings clearly
show that the metabolic improvements observed with hypothalamic PTP1B
deficiency are dependent upon functional leptin receptor signaling.

Whole body, whole brain, LepRb-expressing cell or POMC-neuron specific
PTP1B deficiency results in decreased body weight and adiposity on HFD [18—
22]. Consistent with past findings, we demonstrate that hypothalamic PTP1B-
deficiency reduces body weight and adiposity in mice on HFD. Somewhat
surprisingly, the extent of the reduced body weight in hypothalamic PTP1B
knockouts is more modest compared to the whole body, whole brain, and
LepRb-expressing cell-specific PTP1B-deficient models despite the hypotha-
lamus being long regarded as the major control center for energy balance.
While neuronal and LepRb-specific PTP1B”~ mice show suppressed body
weight gain even on a chow diet [20,21], Nkx2.1-PTP1B™~ mice do not show
any body weight phenotype on chow, suggesting that genetic deletion of
PTP1B in the hypothalamus is not enough to confer reductions in body weight
when energy balance is not being pushed towards weight gain. Likewise,
deleting PTP1B solely within POMC neurons (representing a subpopulation of
all LepRb-expressing neurons and a subset of all hypothalamic neurons) also
results in no effect on body weight on chow diet [22]. Thus, the anatomic
specificity of central PTP1B's total metabolic contribution clearly includes the
hypothalamus (Figure 7), but also extrahypothalamic sites as the additional
CNS deletion in pan-neuronal and LepRb-expressing cell specific PTP1 B
models results in decreased body weights even on chow diet. Evidence of
hindbrain PTP1B contribution has been demonstrated using the POMC-specific
PTP1IB”~ model, whereby hindbrain (4th ventricle) administration of
leptin resulted in enhanced food intake and body weight suppression in

MOLECULAR METABOLISM 3 (2014) 301-312 © 2014 The Authors. Published by Elsevier GmbH. All rights reserved. —www.molecularmetabolism.com



3 Control

I

MOLECULAR
METABOLISM

@l Nkx2.1-LepRb-/-
@l Nkx2.1-PTP1B-/-:LepRb-/-

Chow

>

Fat mass (grams)

w

30 -
25

20
15 +

10

Lean mass (grams)

54

@)

100 -

95 +

Body length (mm)

75

HFD

D

50 -
40 4
30 4

20

Fat mass (grams)

10 4

m

30
25
20
15 +

10 4

Lean mass (grams)

54

M

100 -

95 1

85 1

Body length (mm)

75 -

Figure 4: Male Nkx2.1-PTP1B™":LepRb™"~ mice show no difference in body composition compared to Nkx2.1-LepRb™~ mice. Fat mass (A) and lean mass (B) as determined by NMR of
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(n=8), and control PTP1B fl/l:LepRb fl/fl (n=23) mice on chow. Fat mass (D) and lean mass () as determined by NMR of Nkx2.1-PTP1B™~:LepRb™~ (n=5) and Nkx2.1-LepRb™"~ (n="6) mice
on HFD. (F) Body length of Nkx2.1-PTP1B™~:LepRb ™~ (n=5) and Nkx2.1-LepRb™" (n=6) mice on HFD. Bady composition and body length on chow analyzed by one-way ANOVA followed by

Student—Newman—Keuls pairwise comparison: *p < 0.05 indicated group vs. control.

POMC-PTP1B™~ mice relative to wildtype controls [27]. Importantly, despite no
difference in body weight on chow, male Nkx2.1-PTP1B™ mice show
significantly decreased epididymal fat, suggesting that hypothalamic PTP1B
can regulate adiposity independent of body weight. Athough the decreased
body weight of Nkx2.1-PTP1B™~ mice on HFD is primarily due to decreased
fat mass, Nkx2.1-PTP1B™~ mice also display a small decrease in lean mass
and body length. Indeed, past CNS PTP1B-deficient models have demon-
strated small decreases in linear growth, and there is evidence of PTP1B's
regulation of melanocortin action [21,22,27]. In addition to the hypothalamus,
the Nkx2.1 promoter drives Cre expression in non-hypothalamic tissues
including the pituitary and thyroid. Given that these regions are implicated
in neuroendocrine control of metabolism, it raises the possibility that
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PTP1B-deficiency in these tissues may contribute to the observed metabolic
phenotypes. However, our previous work has shown that pituitary-targeted
Pipn1 deletion does not result in any metabolic phenotype [22], and thyroid
function in whole body and POMC neuron-specific PTP1B™~ mice is normal
[19,34], suggesting that the metabolic effects reported here are in fact
mediated through the hypothalamus.

The improved metabolic phenotype of central PTP1B-deficient models have
been explained by increases in energy expenditure or a combination of
suppressed food intake and increased energy expenditure [19-22]. Like whole
brain and LepRb-expressing cell specific PTP1B knockouts, Nkx2.1-PTP1 B
mice demonstrate decreased food intake. Thus, hypothalamic PTP1B
deficiency likely contributes to the decreased food intake seen in the neuronal
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*p < 0.05 indicated group vs. control. Cumulative food intake analyzed by two-way ANOVA with repeated measures: *p < 0.05.

and LepRb-PTP1B™ mice; this is consistent with the fact that decreasing
hypothalamic PTP1B via 3rd ventricle antisense oligonucleotide treatment
results in significantly reduced food intake in rats [35]. Interestingly, no
changes in energy expenditure are detected in Nkx2.1-PTP1B™" mice as
determined by feed efficiency, core temperature, or expression of BAT Ucp1,
suggesting that the energy expenditure effects of CNS PTP1B deficiency may
be localized to extrahypothalamic sites. One such site may be hindbrain
LepRb/POMC-expressing neurons since both LepRb- and POMC-specific
PTP1B knockouts display increased energy expenditure [21,22]. Indeed,
hindbrain leptin administration in POMC-PTP1B™~ mice results in greater
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increases in spontaneous activity and core temperature compared to wildtype
controls [27]. Alternatively, PTP1B might have competing opposing effects on
energy expenditure within different subpopulations of neurons in the
hypothalamus; this possibility remains to be explored.

In addition to affecting energy balance, central PTP1B has been implicated in
the regulation of peripheral glucose homeostasis [20-22]. Whereas whole
brain, LepRb-expressing cell-, and POMC neuron-specific PTP1B™~ mice
display significant improvements in glucose tolerance, serum insulin levels,
and insulin sensitivity, hypothalamic PTP1B deficiency has no effect on
glucose tolerance and only displays modest effects on fasting insulin levels.

© 2014 The Authors. Published by Elsevier GmbH. All rights reserved.  www.molecularmetabolism.com
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Therefore, PTP1B deficiency in extrahypothalamic LepRb and POMC neurons,
likely in the hindbrain, may account for the improvements in glucose
homeostasis observed in other CNS-PTP1B deficient models.

Hypothalamic LepRb deletion in mice results in significantly increased weight
gain and adiposity similar to that seen in dbvab mice [11]. We demonstrate that
compound PTP1B and LepRb deficiency in the hypothalamus results in weight
gain comparable to that of Nkx2.1-LepRb™ mice on both chow and HFD.
Consistent with the results of Ring and Zeltser 2010, we also observed that
female Nkx2.1-LepRb™ and Nkx2.1-PTP1B™":LepRb™" mice had increased
body weight gain relative to males. In additon to body weight, body
composition and length is similar between Nkx2.1-PTP1B”~:LepRb™ and
Nkx2.1-LepRb™" mice. Both groups similarly demonstrate significant hyper-
phagia and insulin resistance as demonstrated by elevated fasting serum
insulin and glucose intolerance. Interestingly, on chow, Nkx2.1-PTP1B™":
LepRb™" mice display significantly elevated fasting insulin relative to Nkx2.1-
LepRb™" mice, suggesting that knocking out PTP1B on top of LepRb deficiency
in the hypothalamus may intensify already impaired glucose homeostasis.
However, whether or not a significant statistical difference translates to a
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relevant physiological difference is unclear as both models demonstrate
impairments to glucose homeostasis several fold greater than wildtypes, and
the same difference was not observed on HFD. It has been demonstrated that
ventromedial hypothalamus (VMH)-specific insulin receptor deletion leads to
protection from HFD-induced obesity and hyperglycemia [36]. Therefore, one
could speculate that within the context of LepRb-deficiency, additional
hypothalamic PTP1B deletion could sensitize VMH insulin signaling, leading
to further metabolic impairment. Specifically how hypothalamic PTP1B deletion
could exacerbate impaired glucose homeostasis within the context of LepRb
deficiency remains unknown.

Taken together, these findings indicate that hypothalamic PTP1B deficiency can
elicit metabolic improvements in body weight and adiposity within the context
of diet-induced obesity where leptin resistance accumulates over time. In
contrast, under the conditions of genetic leptin resistance where intracellular
leptin signaling is completely impaired, PTP1B deficiency is ineffective at
improving metabolic outcomes, demonstrating that within the hypothalamus,
functional leptin receptor signaling is indeed required for PTP1B’'s metabolic
effects. Based upon these findings, we propose two possible models of central
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Figure 7: Comparison of the anatomic specificity of various CNS PTP1B deficient mouse models. LepRb and POMC are highly expressed in the arcuate nucleus (ARC) of the hypothalamus and
are also found in the nucleus of the solitary tract (NTS) of the medulla. Outside of the NTS and hypothalamic nuclei including the ventromedial hypothalamic nucleus (VMH), dorsomedial
hypothalamic nucleus (DMH), lateral hypothalamic area (LHA), and ventral premamilary nucleus (PMV), LepRb-expressing neurons are distributed broadly throughout the brain, with known
extrahypothalamic sites including the cortex, hippocampus (Hippo), subfornical organ (SFO), ventral tegmental area (VTA), and the parabrachial nucleus (PBN).

PTP1B action in the control of energy homeostasis: (@) PTP1B’s metabolic role
in the CNS is exclusively as a negative regulator of leptin signaling, and the
metabolic benefit of PTP1B deficiency is solely the result of enhanced leptin
sensitivity, or (b) PTP1B acts on multiple signaling pathways (ex. insulin, non-
leptin cytokines, growth factors etc.) including leptin, and the metabolic effects
of PTP1B deficiency are a combination of numerous sensitized pathways of
which leptin is the major contributor. Because PTP1B is a known negative
regulator of insulin signaling [37-39] and JAK2 is associated with other non-
leptin cytokine pathways implicated in the central control of energy balance, it
seems the latter possibility is more likely, but the metabolic effects of these
non-leptin pathways are masked by leptin’s larger contribution. For example,
though insulin and non-leptin cytokines including IL-6 and CNTF have been
shown to have weight-reducing effects when administered centrally [40-45],
their physiological regulation of energy homeostasis seems much less
considerable when compared to leptin’s role. Neuron-specific insulin receptor
knockout mice only develop mild obesity [46], and global IL-6 knockout mice
display an obese phenotype only later in life [47]. In conjunction with our
findings here, these studies further suggest that the leptin contribution towards
energy homeostasis regulation is far more substantial than non-leptin
pathways. Therefore, within the context of central PTP1B deficiency models,
sensitized leptin signaling likely underlies the majority of the lean metabolic
phenotypes observed.

Alternatively, the lack of any phenotypic difference between Nkx2.1-PTP1B™~;
LepRb™" and Nkx2.1-LepRb™ mice could be attributed to loss of leptin
signaling during early development resulting in disrupted hypothalamic
circuitry. Leptin has been demonstrated to act as a trophic factor and is
required during neonatal brain development for formation of projections from
the arcuate nucleus [48,49]. Thus, perhaps disrupted hypothalamic con-
nectivity due to early loss of LepRb in Nkx2.1-PTP1B™":LepRb™" mice
prevents any non-leptin pathway sensitization to elicit measurable, beneficial
metabolic effects. Future studies utilizing inducible Cre lines may help to
distinguish any confounding effects of early hypothalamic development on
energy balance function. All in all, these findings highlight the continued
importance of central leptin resistance as a main promoter of obesity.

DISCLOSURE STATEMENT

The authors have nothing to disclose.

310

MOLECULAR METABOLISM 3 (2014) 301-312 © 2014 The Authors. Published by Elsevier GmbH. All rights reserved

ACKNOWLEDGMENTS

We thank Ceren Ozek and lan Penkala for technical assistance with experiments, Dr.
Melissa Wang for assistance with artwork, Dr. Bart DeJonghe for insightful scientific
discussions, Dr. Patrick Seale for brown adipose tissue gene gPCR primers, Drs. Benjamin
Neel (University of Toronto) and Barbara Kahn (BIDMC) for Ptpn7®”®® mice, and Drs.
Silvana Obici (University of Cincinnati) and Streamson Chua (Albert Einstein College of
Medicine) for Lepr™”® mice. This work was supported by NIH Grant RO1DK082417 (to
K.K.B.), the University of Pennsylvania Diabetes Endocrinology Research Center and the
Mouse Phenotyping, Physiology and Metabolism Core (NIH 5P30DK019525), and NIH
fellowship F31NS074684 (to R.C.T.).

CONFLICT OF INTEREST

None declared.

APPENDIX A. SUPPORTING INFORMATION

Supplementary data associated with this article can be found in the online version at
http://dx.doi.org/10.1016/j.molmet.2014.01.008.

REFERENCES

[1] Flegal, K.M., Carroll, M.D., Kit, B.K., Ogden, C.L., 2012. Prevalence of obesity
and trends in the distribution of body mass index among US adults, 1999-2010.
Journal of the American Medical Association 307:491-497.

[2] Popkin, B.M., Adair, L.S., Ng, S.W., 2012. Global nutrition transition and the
pandemic of obesity in developing countries. Nutrition Reviews 70:3-21.

[3] Popkin, B.M., Slining, M.M., 2013. New dynamics in global obesity facing low-
and middle-income countries. Obesity Reviews 14 (Suppl. 2):511-520.

[4] Catenacci, V.A., Hill, J.0., Wyatt, H.R., 2009. The obesity epidemic. Clinics in
Chest Medicine 30:415—-444. (vii).

[5] Flegal, K.M., Kit, B.K., Orpana, H., Graubard, B.I., 2013. Association of all-cause
mortality with overweight and obesity using standard body mass index
categories: a systematic review and meta-analysis. Journal of the American
Medical Association 309:71-82.

[6] Patterson, C.M., Leshan, R.L., Jones, J.C., Myers, M.G., 2011. Molecular
mapping of mouse brain regions innervated by leptin receptor-expressing cells.
Brain Research 1378:18-28.

www.molecularmetabolism.com


dx.doi.org/10.1016/j.molmet.2014.01.008

[

8]

B

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

MOLECULAR METABOLISM 3 (2014) 301-312 © 2014 The Authors. Published by Elsevier GmbH. All rights reserved.

Scott, M.M., Lachey, J.L., Sternson, S.M., Lee, C.E., Elias, C.F., Friedman, J.M.,
et al., 2009. Leptin targets in the mouse brain. Journal of Comparative Neurology
514:518-532.

Zhang, Y., Proenca, R., Maffei, M., Barone, M., Leopold, L., Friedman, J.M.,
1994. Positional cloning of the mouse obese gene and its human homologue.
Nature 372:425-432.

Chua, S.C., Chung, W.K., Wu-Peng, X.S., Zhang, Y., Liu, S.M., Tartaglia, L.,
et al., 1996. Phenotypes of mouse diabetes and rat fatty due to mutations in the
0B (leptin) receptor. Science 271:994-996.

Lee, G.H., Proenca, R., Montez, J.M., Carroll, KM., Darvishzadeh, J.G., Lee, J.., et al.,
1996. Abnormal splicing of the leptin receptor in diabetic mice. Nature 379:632-635.
Ring, L.E., Zeltser, L.M., 2010. Disruption of hypothalamic leptin signaling in mice
leads to early-onset obesity, but physiological adaptations in mature animals
stabilize adiposity levels. Journal of Clinical Investigation 120:2931-2941.

Scott, M.M., Williams, K.W., Rossi, J., Lee, C.E., Elmquist, J.K., 2011. Leptin
receptor expression in hindbrain Glp-1 neurons regulates food intake and energy
balance in mice. Journal of Clinical Investigation 121:2413-2421.

Robertson, S.A., Leinninger, G.M., Myers, M.G., 2008. Molecular and neural
mediators of leptin action. Physiology and Behavior 94:637-642.

Bjerbaek, C., Kahn, B.B., 2004. Leptin signaling in the central nervous system
and the periphery. Recent Progress in Hormone Research 59:305-331.
Zabolotny, J.M., Bence-Hanulec, K.K., Stricker-Krongrad, A., Haj, F., Wang, Y.,
Minokoshi, Y., et al., 2002. PTP1B regulates leptin signal transduction in vivo.
Developmental Cell 2:489-495.

Myers, M.P., Andersen, J.N., Cheng, A., Tremblay, M.L., Horvath, C.M., Parisien,
J.P., et al, 2001. TYK2 and JAK2 are substrates of protein-tyrosine
phosphatase 1B. Journal of Biological Chemistry 276:47771-47774.

Cheng, A., Uetani, N., Simoncic, P.D., Chaubey, V.P., Lee-Loy, A., McGlade, C.J.,
et al., 2002. Attenuation of leptin action and regulation of obesity by protein
tyrosine phosphatase 1B. Developmental Cell 2:497-503.

Elchebly, M., Payette, P., Michaliszyn, E., Cromlish, W., Collins, S., Loy, A.L.,
et al., 1999. Increased insulin sensitivity and obesity resistance in mice lacking
the protein tyrosine phosphatase-1B gene. Science 283:1544—1548.

Klaman, L.D., Sharpe, A.H., Boss, 0., Stricker-Krongrad, A., Peroni, 0.D., Kim, J.
K., et al., 2000. Increased energy expenditure, decreased adiposity, and tissue-
specific insulin sensitivity in protein-tyrosine phosphatase 1B-deficient mice.
Molecular Cell Biololgy 20:5479-5489.

Bence, KK., Delibegovic, M., Xue, B., Gorgun, C.Z., Hotamisligil, G.S., Neel, B.G.,
et al., 2006. Neuronal PTP1B regulates body weight, adiposity and leptin action.
Nature Medicine 12:917-924.

Tsou, R.C., Zimmer, D.J., De Jonghe, B.C., Bence, K.K., 2012. Deficiency of
PTP1B in leptin receptor-expressing neurons leads to decreased body weight
and adiposity in mice. Endocrinology 153:1-11.

Banno, R., Zimmer, D., De Jonghe, B.C., Atienza, M., Rak, K., Yang, W., et al.,
2010. PTP1B and SHP2 in POMC neurons reciprocally regulate energy balance
in mice. Journal of Clinical Investigation 120:720-734.

Delibegovic, M., Bence, K.K., Mody, N., Hong, E.G., Ko, H.J., Kim, J.K., et al.,
2007. Improved glucose homeostasis in mice with muscle-specific deletion of
protein-tyrosine phosphatase 1B. Molecular Cell Biology 27:7727.

Delibegovic, M., Zimmer, D., Kauffman, C., Rak, K., Hong, E., Cho, Y., et al.,
2009. Liver-specific deletion of protein-tyrosine phosphatase 1B (PTP1B)
improves metabolic syndrome and attenuates diet-induced endoplasmic
reticulum stress. Diabetes 58:590-599.

Owen, C., Czopek, A., Agouni, A., Grant, L., Judson, R., Lees, EK., et al., 2012.
Adipocyte-specific protein tyrosine phosphatase 1B deletion increases lipogen-
esis, adipocyte cell size and is a minor regulator of glucose homeostasis. PLoS
One 7:€32700.

L. Grant, K. Shearer, A. Czopek, E. Lees, C. Owen, A. Agouni, et al., Myeloid-cell protein
tyrosine phosphatase-1B  deficiency in mice protects against high-fat diet and

(27

28]

[29]

(30]
[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

B39

[40]

[41]

[42]

[43]

[44]

I

MOLECULAR
METABOLISM

lipopolysaccharide induced inflammation, hyperinsulinemia and endotoxemia through
an IL10 STAT3 dependent mechanism., Diabetes. (2013) db13-0885r—.

De Jonghe, B.C., Hayes, M.R., Zimmer, D.J., Kanoski, S.E., Grill, H.J., Bence, K.
K., 2012. Food intake reductions and increases in energetic responses by
hindbrain leptin and melanotan Il are enhanced in mice with POMC-specific
PTP1B deficiency. American Journal of Physiology — Endocrinology and
Metabolism 303:E644-E651.

Ali, M.I., Ketsawatsomkron, P., Chantemele, E.J. Belin De, Mintz, J.D., Muta, K.,
Salet, C., et al., 2009. Deletion of protein tyrosine phosphatase 1b improves
peripheral insulin resistance and vascular function in obese, leptin-resistant
mice via reduced oxidant tone. Circulation Research 105:1013-1022.

Zinker, B.A., Rondinone, C.M., Trevillyan, J.M., Gum, R.J., Clampit, J.E., Waring,
J.F., et al, 2002. PTP1B antisense oligonucleotide lowers PTP1B protein,
normalizes blood glucose, and improves insulin sensitivity in diabetic mice.
Proceedings of the National Academy of Sciences of the United States of
America 99:11357-11362.

Seale, P., Kajimura, S., Yang, W., Chin, S., Rohas, LM., Uldry, M., et al., 2007.
Transcriptional control of brown fat determination by PRDM16. Cell Metabolism 6:38-54.
Xu, Q., Tam, M., Anderson, S.A., 2008. Fate mapping Nkx2. 1-lineage cells in
the mouse telencephalon. Comparative and General Pharmacology 29:16—29.
Cohen, P., Zhao, C., Cai, X., Montez, J.M., Rohani, S.C., Feinstein, P., et al.,
2001. Selective deletion of leptin receptor in neurons leads to obesity. Journal of
Clinical Investigation 108:1113-1121.

Korner, J., Chua, S.C., Williams, J.A., Leibel, R.L., Wardlaw, S.L., 1999.
Regulation of hypothalamic proopiomelanocortin by leptin in lean and obese
rats. Neuroendocrinology 70:377-383.

De Jonghe, B.C., Hayes, M.R., Banno, R., Skibicka, K.P., Zimmer, D.J., Bowen,
K.a., et al., 2011. Deficiency of PTP1B in POMC neurons leads to alterations in
energy balance and homeostatic response to cold exposure. American Journal
of Physiology — Endocrinology and Metabolism 300:E1002-E1011.

Picardi, P.K., Calegari, V.C., Prada, P.D.0., Moraes, J.C., Aralijo, E., Marcondes, M.C.C.G.,
et al., 2008. Reduction of hypothalamic protein tyrosine phosphatase improves insulin
and leptin resistance in diet-induced obese rats. Endocrinology 149:3870-3880.
Kldckener, T., Hess, S., Belgardt, B.F., Paeger, L., Verhagen, L.a.W., Husch, A.,
et al., 2011. High-fat feeding promotes obesity via insulin receptor/PI3K-
dependent inhibition of SF-1 VMH neurons. Nature Neuroscience 14:911-918.
Byon, J.C., Kusari, A.B., Kusari, J., 1998. Protein-tyrosine phosphatase-1B acts
as a negative regulator of insulin signal transduction. Molecular and Cellular
Biochemistry 182:101-108.

Seely, B.L., Staubs, P.A., Reichart, D.R., Berhanu, P., Milarski, K.L., Saltiel, A.R.,
et al., 1996. Protein tyrosine phosphatase 1B interacts with the activated insulin
receptor. Diabetes 45:1379-1385.

Bandyopadhyay, D., Kusari, A., Kenner, KA., Liu, F., Chernoff, J., Gustafson, T.A,,
et al., 1997. Protein-tyrosine phosphatase 1B complexes with the insulin receptor
in vivo and is tyrosine-phosphorylated in the presence of insulin. Journal of Biological
Chemistry 272:1639-1645.

Woods, S.C., Lotter, E.C., McKay, L.D., Porte, D., 1979. Chronic intracerebro-
ventricular infusion of insulin reduces food intake and body weight of baboons.
Nature 282:503-505.

Sipols, A.J., Baskin, D.G., Schwartz, M.W., 1995. Effect of intracerebroven-
tricular insulin infusion on diabetic hyperphagia and hypothalamic neuropeptide
gene expression. Diabetes 44:147-151.

Schwartz, M.W., Sipols, A.J., Marks, J.L., Sanacora, G., White, J.D., Scheurink,
A., et al., 1992. Inhibition of hypothalamic neuropeptide Y gene expression by
insulin. Endocrinology 130:3608-3616.

McGowan, M.K., Andrews, K.M., Fenner, D., Grossman, S.P., 1993. Chronic
intrahypothalamic insulin infusion in the rat: behavioral specificity. Physiology
and Behavior 54:1031-1034.

Lambert, P.D., Anderson, K.D., Sleeman, M.W., Wong, V., Tan, J., Hijarunguru,
a., et al., 2001. Ciliary neurotrophic factor activates leptin-like pathways and

www.molecularmetabolism.com

311



Original article

reduces body fat, without cachexia or rebound weight gain, even in leptin-  [47] Wallenius, V., Wallenius, K., Ahrén, B., Rudling, M., Carlsten, H., Dickson, S.L.,

resistant obesity. Proceedings of the National Academy of Sciences of the United et al., 2002. Interleukin-6-deficient mice develop mature-onset obesity. Nature
States of America 98:4652-4657. Medicine 8:75-79.
[45] Wallenius, K., Wallenius, V., Sunter, D., Dickson, S.L., Jansson, J.-0., 2002.  [48] Bouret, S.G., Simerly, R.B., 2004. Minireview: leptin and development of
Intracerebroventricular interleukin-6 treatment decreases body fat in rats. hypothalamic feeding circuits. Endocrinology 145:2621-2626.
Biochemical and Biophysical Research Communications 293:560-565. [49] Bouret, S.G., Draper, S.J., Simerly, R.B., 2004. Trophic action of leptin on
[46] Brining, J.C., Gautam, D., Burks, D.J., Gillette, J., Schubert, M., Orban, P.C., hypothalamic neurons that regulate feeding. Science 304:108-110.

et al., 2000. Role of brain insulin receptor in control of body weight and
reproduction. Science 289:2122-2125.

312 MOLECULAR METABOLISM 3 (2014) 301-312 © 2014 The Authors. Published by Elsevier GmbH. All rights reserved. —www.molecularmetabolism.com



	Improved metabolic phenotype of hypothalamic PTP1B-deficiency is dependent upon the leptin receptor
	Introduction
	Materials and methods
	Animal care
	Generation of Nkx2.1-PTP1B–/–, Nkx2.1-LepRb–/–, and Nkx2.1-PTP1B–/–:LepRb–/– mice
	Isolating DNA from tissues for detection of recombination of the floxed alleles
	Immunoblotting
	Body composition and food intake
	Energy expenditure measurements
	Glucose homeostasis
	RNA extraction and real-time PCR
	Serum analysis
	Statistical analysis

	Results
	Generation of mice with hypothalamic-specific PTP1B deficiency or compound PTP1B:LepRb deficiency
	Nkx2.1-PTP1B–/– mice have decreased body weight on high-fat diet
	Nkx2.1-PTP1B–/– mice have decreased adiposity on chow or HFD
	Nkx2.1-PTP1B–/–:LepRb–/– mice exhibit obesity on chow or HFD
	Nkx2.1-PTP1B–/–:LepRb–/– mice display increased adiposity on chow or HFD
	Food intake, core temperature, and serum corticosterone measurements
	Nkx2.1-PTP1B–/– show minor improvements in fasting HFD-induced hyperinsulinemia
	Nkx2.1-PTP1B–/–:LepRb–/– mice show severe impairments in glucose homeostasis

	Discussion
	Disclosure statement
	Acknowledgments
	Supporting information
	References




