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Protein tyrosine phosphatase (PTP1B) has been implicated in
the negative regulation of insulin and leptin signaling. PTP1B
knockout mice are hypersensitive to insulin and leptin and
resistant to obesity when fed a high-fat diet. We investigated
the role of hypothalamic PTP1B in the regulation of food
intake, insulin and leptin actions and signaling in rats
through selective decreases in PTP1B expression in discrete
hypothalamic nuclei. We generated a selective, transient reduction in PTP1B by infusion of an antisense oligonucleotide

I

NSULIN AND LEPTIN have been postulated to be signals
for the long-term regulation of body weight by the brain
and exert overlapping effects on hypothalamic neurons involved in energy homeostasis (1). Insulin and leptin receptors are expressed by brain neurons involved in energy intake, and administration of either peptide, directly into the
brain reduces food intake, whereas deficiency of either hormone results in the converse (2). Although humans with
severe obesity, due to mutation of leptin or its receptor, have
been described, most forms of human obesity are characterized by normal or increased circulating levels of insulin and
leptin, and are devoid of any known defect in receptors for
these two adiposity signals. Thus, common forms of obesity
in both humans and animal models are hypothesized to
involve resistance to the actions of insulin and leptin downstream of their neuronal receptors, affecting the neural pathways that mediate their effects on energy balance (3), but the
means by which they become resistant to the inputs from
insulin and leptin signals are not completely known.
Protein tyrosine phosphatase (PTP1B) has been implicated
in the negative regulation of insulin and leptin signaling (3,
4). Previous studies have demonstrated that PTP1B knockout
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designed to blunt the expression of PTP1B in rat hypothalamic areas surrounding the third ventricle in control
and obese rats. The selective decrease in hypothalamic
PTP1B resulted in decreased food intake, reduced body
weight, reduced adiposity after high-fat feeding, improved
leptin and insulin action and signaling in hypothalamus, and
may also have a role in the improvement in glucose metabolism in diabetes-induced obese rats. (Endocrinology 149:
3870 –3880, 2008)

mice are hypersensitive to insulin and leptin and resistant to
obesity when fed on a high-fat diet (4). Recently Bence et al.
(5) demonstrated that neuronal PTP1B⫺/⫺ mice have reduced body weight and adiposity and increased activity and
energy expenditure. These authors showed that PTP1B⫺/⫺
mice are hypersensitive to leptin, despite paradoxically elevated leptin levels, and also show improved glucose homeostasis. Although tissue-specific knockout mice provide
important mechanistic information, in this specific case,
some questions remain to be delineated in control and in
obese rats: 1) the importance of local populations of neurons
expressing PTP1B in mediating the central nervous system
(CNS) effects of leptin and insulin, 2) whether leptin levels
are also elevated in other models with selective decreases in
PTP1B expression in hypothalamic areas surrounding third
ventricle, and 3) which peripheral tissues are involved in the
improvement in glucose homeostasis. To address these questions, we generated a selective, transient reduction in PTP1B
by infusion of an antisense oligonucleotide designed to blunt
the expression of PTP1B in rat hypothalamic areas surrounding the third ventricle. Our results show that hypothalamic
PTP1B reduction should be sufficient to promote appreciable
weight reduction and improve insulin and leptin sensitivity
and signaling and glucose homeostasis in diet-induced obese
(DIO) rats.
Materials and Methods
Chemicals, antibodies, and oligonucleotides
Antiinsulin receptor (IR), insulin receptor substrate (IRS)-1, IRS-2,
long form of the leptin receptor (ObR), Janus kinase (Jak)-2, signal
transducer and activator of transcription (Stat)-3 and phosphotyrosine
antibodies were purchased from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA). Anti-PTP1B (AB-1 mouse polyclonal) was purchased from

3870

Picardi et al. • Hypothalamic PTP1B and Insulin Action

Calbiochem (La Jolla, CA). pp60src C-terminal phosphoregulatory peptide (TSTEPQpYQPGENL; where pY represents phosphotyrosine) and
Biomol Green reagent were purchased from Biomol (Plymouth Meeting,
PA). Reagents for SDS-PAGE and immunoblotting were obtained from
Bio-Rad (Richmond, CA). Tris, HEPES, phenylmethysulfonyl fluoride
(PMSF), aprotinin, dithiothreitol, Triton X-I00, glycerol, Tween 20, and
BSA (fraction V) were from Sigma Chemical Co. (St. Louis, MO). Protein
A-Sepharose 6MB was from Pharmacia (Uppsala, Sweden), 125I-Protein
A, nitrocellulose membranes HPLC-purified [3-3H]glucose and 2-deoxyd-[1–14C]glucose (2[l4C]DG1) were obtained from Amersham (Amersham Biosciences Group, Little Chalfont, UK). The Harvard apparatus
(model 11) and compact infusion pumps (model 975) were obtained
from Harvard (South Natick, MA). Human recombinant insulin was
from Eli Lilly Co. (Indianapolis, IN). Leptin was from Calbiochem (San
Diego, CA). Ketamine hydrochloride was from Fort Dodge Laboratories
Inc. (Fort Dodge, IA). Sodium thiopental was from Abbot Laboratories
(North Chicago, IL). Sense and antisense phosphorthioate oligonucleotides specific for PTP1B (sense, 5⬘-AAA GTG CTG TTG G-3⬘ and antisense, 5⬘-CCA ACA GCA CTT T-3⬘) were produced by Invitrogen
Corp. (Carlsbad, CA). Kits for measuring insulin and leptin were obtained from Amersham Biosciences (Biotrak, Aylesbury, UK).

Animals and surgical procedures
Adult male Wistar rats from the University of Campinas Central
Animal Breeding Center were used in the experiments. All experiments
were approved by the Ethics Committee at the State University of
Campinas. Four-week-old male Wistar rats were divided into two
groups: control rats, fed with standard rodent diet (carbohydrate: 70%;
protein: 20%; fat: 10%, totaling 3.8 kcal/g), and rats with DIO, fed on a
high-fat diet (carbohydrate: 38.5%; protein: 15%; fat: 46.5%, totaling 5.4
kcal/g) for 2 months.
All rats were anesthetized with ketamine hydrochloride and, after
loss of corneal and pedal reflexes, were positioned on a Stoelting stereotaxic apparatus. A 23-gauge guide stainless steel cannula with an
indwelling 30-gauge obturator was stereotaxically implanted intracerebroventricularly (icv) into the third ventricle by use of previously reported techniques and preestablished coordinates (6). Rats were allowed
1 wk for recovery before testing for cannula patency and position.
Cannulas were considered patent and correctly positioned by dypsogenic response elicited after angiotensin II injection (7). The animals in
both groups were treated with two daily doses of PTP1B antisense
oligonucleotide (ASO) or sense, for 4 d. Because the treatment with
PTP1B ASO reduced food intake, we also included a group of pair-fed
animals, as a control for the animals treated with ASO, on standard
rodent chow and a high-fat diet.
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pyrophosphate, 100 mm sodium fluoride, 10 mm EDTA, 10 mm sodium
vanadate, 2 mm PMSF, and 0.01 mg aprotinin/milliliter]. Insoluble material was removed by centrifugation (15,000 rpm) for 40 min at 4 C. The
protein concentration of the supernatants was determined by the Bradford dye binding method (9). Aliquots of the resulting supernatants
containing 2.0 mg total protein were used for immunoprecipitation with
specific antibodies at 4 C overnight, followed by addition of protein
A-Sepharose 6MB for 2 h. The pellets were washed three times in ice-cold
buffer [0.5% Triton X-100, 100 mm Tris (pH 7.4), 10 mm EDTA, and 2 mm
sodium vanadate] and then resuspended in Laemmli sample buffer (10)
and boiled for 5 min, after which they were subjected to SDS-PAGE in
a miniature slab gel apparatus (Mini-Protean). For total extracts, 0.2 mg
of protein were separated by SDS-PAGE. Electrotransfer of proteins
from the gel to nitrocellulose was performed for 120 min at 120 V in a
Bio-Rad Mini-Protean transfer apparatus. Nonspecific protein binding
to the nitrocellulose was reduced by preincubating the filter for 2 h in
blocking buffer (5% nonfat dry milk, 10 mm Tris, 150 mm NaCl, 0.02%
Tween 20) (11). The nitrocellulose blot was incubated with specific
antibodies overnight at 4 C and then incubated with 125I-labeled protein
A. Results were visualized by autoradiography with preflashed Kodak
XAR film (Rochester, NY). Band intensities were quantified by optical
densitometry of developed autoradiographs (Scion Image software;
Scion Corp., Frederick, MD).

Phosphorthioate-modified oligonucleotide treatment
The sequences of sense and antisense (ASO) phosphorthioate oligonucleotides, specific for PTP1B (sense, 5⬘-AAA GTG CTG TTG G-3⬘ and
antisense, 5⬘-CCA ACA GCA CTT T-3⬘), were selected among three
unrelated pairs of oligonucleotides on the basis of their ability to block
PTP1B protein expression, as evaluated by immunoblotting total protein
extracts of hypothalamus using specific anti-PTP1B antibodies. The antisense oligonucleotide sequences were submitted to BLAST analyses
(www.ncbi.nlm.nih.gov) and matched only for the Rattus norvegicus
PTP1B coding sequence. Control and DIO were cannulated, housed in
individual cages and treated with sense oligonucleotide (PTP1B-Sense)
or PTP1B antisense oligonucleotide (PTP1B-ASO). Sense and antisense
PTP1B oligonucleotides were diluted in TE buffer (10 mm Tris-HCl, 1
mm EDTA) and treatment was achieved by icv infusions, twice a day
(0800 h/1800 h) with a total vol of 2.0 l/ dose (4.0 nmol/l) for 4 d.

Immunohistochemistry

At the end of the diet period and treatment with PTP1B-ASO or
PTP1B sense oligonucleotide (PTP1B-sense), the body weight and retroperitoneal and epididymal fat pad were measured. Food was withdrawn 12 h before the experiments. Blood samples of 0.5 ml were
collected from the tail for the determination of the serum concentrations
of insulin and leptin levels, which were measured by RIA.

Rat hypothalami were fixed in 4% paraformaldehyde-0.2 m PBS (PBS,
pH 7.4) for 24 h and embedded in paraffin, and 5.0-m sections were
obtained. The glass-mounted sections were cleared from paraffin with
xylene and rehydrated by sequential washings with graded ethanol
solutions (70 –100%). After permeabilization with 0.1% Triton X-100 in
PBS, pH 7.4, for 10 min at room temperature, the sections were incubated
with the primary antibody (mouse anti-PTP1B) in 1% BSA in PBS at 4
C in a moisture chamber. After incubation with the primary antibody,
sections were washed and incubated with FITC-conjugated secondary
antibodies, and analysis and photo documentation were performed
using a Zeiss LSM 510 Laser Scanning Confocal Microscope, according
to a previously described technique (12).

Protocol for food ingestion determination

Hyperinsulinemic-euglycemic clamp studies

For both groups (control and DIO), at the end of the PTP1B-ASO or
PTP-1B-sense treatment period, icv cannulated rats were food deprived
for 6 h (from 12 to 18 h) and at 18 h were icv treated with insulin (2.0
l, 10⫺6 m), leptin (2.0 l, 10⫺6 m), or saline (2.0 l). Food ingestion was
determined over the next 12 h.

After 12 h of fasting, animals were anesthetized ip with a mix of
ketamine (100 mg) and diazepam (0.07 mg) (0.2 ml/100 g body weight),
and catheters were then inserted into the left jugular vein (for tracer
infusions) and carotid artery (for blood sampling), as previously described (13). A 120-min hyperinsulinemic-euglycemic clamp procedure
was conducted in anesthetized catheterized rats, as shown previously
(13), and (3) with a prime continuous infusion of human insulin at a rate
of 3.6 mU/kg body weight䡠min to raise the plasma insulin concentration
to approximately 800 –900 pmol/liter. Unlabeled glucose (10%) was
infused at variable rates to maintain plasma glucose at fasting levels.
Insulin-stimulated whole-body glucose flux was estimated using a
prime continuous infusion of HPLC-purified [3-3H]glucose (10 Ci bolus, 0.1 Ci/min) throughout the clamp procedure (14).
To estimate insulin-stimulated glucose-transport activity and metabolism in skeletal muscle, 2-[14C]DG1 was administered as a bolus (10

Metabolic parameters

Tissue extraction, immunoprecipitation, and
immunoblotting
Rats were anesthetized with sodium thiopental, and as soon as anesthesia was assured by the loss of pedal and corneal reflexes, the rats
were icv treated with insulin (2.0 l, 10⫺6 m), leptin (2.0 l, 10⫺6 m), or
saline (2.0 l) and after 15 min or 60 min subjected to craniotomy (3, 8).
Hypothalami were obtained and homogenized in freshly prepared ice
cold buffer [1% Triton X-100, 100 mm Tris (pH 7.4), 100 mm sodium
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Ci) 45 min before the end of the clamp procedure. Blood samples (20
l) were taken at 80, 90, 100, 110, and 120 min after the start of the clamp
procedure to determine plasma [3H]glucose and 2-[14C]DG1 concentrations. All infusions were performed using Harvard infusion pumps.
At the end of the clamp procedure, animals were killed by a mix of
ketamine and diazepam iv injection. Within 2 min, two skeletal muscles
(soleus and gastrocnemius) from both hind limbs were taken. Each
tissue, once exposed, was dissected out within 2 sec, weighed, frozen
with liquid N2, and stored at ⫺70 C for later analysis.
In separate experiments, the basal rates of glucose turnover were
measured by continuously infusing [3-3H]glucose (0.02 Ci/min) for
120 min, and blood samples (20 l) were taken at 100, 110, and 120 min
after the start of the experiment for the determination of plasma [3H]glucose concentration. The hepatic glucose output during the clamp procedure was therefore obtained from the difference between the wholebody glucose uptake and the rate of unlabeled glucose infusion. Glucose
transport activity in skeletal muscle was calculated from the plasma
2[14C]DG1 profile, according to a previously described method (3, 15).

Protein tyrosine phosphatase (PTP) activity assay
The in vitro PTP1B activity assay was conducted based on a protocol
previously described by Taghibiglou et al. (16). Hypothalami were removed and homogenized in solubilization buffer containing 1% Triton
X-100, 20 mm, Tris (pH 7.6), 5 mm EDTA, 2 mm PMSF, 0.1 mg aprotinin/
ml, 1 mm EGTA, and 130 mm NaCl. Lysates were centrifuged (15,000
rpm, 40 min, 4 C) and the supernatants were collected for immunoprecipitation with anti-IR, anti-Jak-2, and anti-PTP1B antibodies, as described previously. Immunoprecipitates were washed in PTP assay
buffer [100 mm HEPES (pH 7.6), 2 mm EDTA, 1 mm dithiothreitol, 150
mm NaCl, 0,5 mg/ml BSA]. The pp60c-src C-terminal phosphoregulatory
peptide (TSTEPQpYQPGENL; Biomol) was added to a final concentration of 200 m in a total reaction volume of 60 l in a PTP assay buffer
for immunoprecipitation. The activity of total extracts (125 g) was
measured in the same manner in a total reaction volume of 60 l in
a PTP assay buffer, adding the peptide to a final concentration of 200
m. The reaction was then allowed to proceed for 1 h at 30 C. At the
end of the reaction, 40-l aliquots were placed into 96-well plates, 100
l of Biomol Green reagent (Biomol) was added, and absorbance was
measured at 660nm.

Body composition
The carcass (without the gastrointestinal tract), was weighed and
stored at ⫺20 C for analysis of body composition. The carcass water was
determined as the difference between the dry and wet weights. Total fat
was extracted with petroleum ether by using a Soxhlet apparatus (17).

Data presentation and statistical analysis
Data were expressed as means ⫾ sem accompanied by the indicated
number of independent experiments. For statistical analysis, the groups
were compared using a two way ANOVA with the Bonferroni test for
post hoc comparisons. The level of significance adopted was P ⬍ 0.05.

Results
Intracerebroventricular PTP1B antisense oligonucleotide
decreases PTP1B protein in the hypothalamus

We administered PTP1B-ASO and PTP1B-sense by injection in the third ventricle of control and DIO rats and
assessed the effects on PTP1B protein by immunoblotting
and brain immunohistochemistry. The potency of PTP1BASO was tested in a dose-response experiment. Two daily
doses of 0.5 nmol or 1 nmol of PTP1B-ASO did not change
PTP1B expression, and the dose of 2 nmol induced a modest decrease in this enzyme, but two daily doses of 4 nmol
PTP1B-ASO inhibited PTP1B expression by 70% in control
rats after 4 d of treatment (Fig. 1A). Hypothalamic levels
of PTP1B were increased in DIO rats, compared with con-

FIG. 1. Immunoblotting and immunohistochemical evaluation of
PTP1B distribution and expression in hypothalamus of rats treated
with PTP1B-ASO. A, Immunoblotting with anti-PTP1B antibody of
whole-tissue extracts from hypothalamus of rats treated with PTP1BASO (0, 0.5, 1, 2, 4 nM) for 4 d. B, Immunoblotting with anti-PTP1B
antibody of whole-tissue extracts from hypothalamus of control and
DIO rats treated with PTP1B-ASO. C, Paraformaldehyde-fixed rat
hypothalamic sections (5 m) were incubated with anti-PTP1B (visualization of immunoreactivity as described in Materials and Methods). D, Imunnoblotting of PTP1B from different areas of the CNS.
Data are means ⫾ SEM of four independent experiments, i.e. four
different cohorts of control rats or DIO rats. *, Control or DIO rats:
P ⬍ 0.05, PTP1B-ASO vs. PTP1B sense.

trol rats, and there was a marked decrease after PTP1BASO (Fig. 1B). We confirmed the selective inhibition of
PTP1B in the hypothalamus by immunohistochemistry
(Fig. 1C). Most cells staining for the enzyme were detected
in the arcuate nucleus and lateral hypothalamus. In addition, some positively stained cells were seen in the paraventricular nucleus and dorsomedial hypothalamus. Substantial reductions in expression were determined in
arcuate and lateral nuclei of hypothalamus, with no
changes in frontal and parietal cortex, hippocampus, and
cerebellum (Fig 1D). Because the numbers of positively
stained neurons in other hypothalamic regions were considerably lower than in the arcuate nucleus and lateral
hypothalamus, we cannot be sure of the inhibitory effect
of the treatment in these regions. Nevertheless, because
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FIG. 2. Effect of icv PTP1B-ASO on metabolic parameters. A, Twenty-four hour
food intake. B, Body weigh. C, Epididymal and retroperitoneal adipose tissue
mass. D, serum leptin levels. E, Serum
insulin levels in controls and DIO rats
treated with PTP1B-ASO or PTP1Bsense or in pair-fed rats. Data are
means ⫾ SEM. Each group was composed
of 10 –15 animals. *, Control or DIO rats:
P ⬍ 0.05, PTP1B-ASO vs. PTP1B-sense;
&, P ⬍ 0.05 pair-fed vs. PTP1B-ASO; #,
P ⬍ 0.05 pair-fed vs. PTP1B-sense; **,
P ⬍ 0.01 PTP1B-ASO vs. PTP1B sense.

the enzyme PTP1B is expressed in both arcuate nucleus
and lateral hypothalamus, we found it optimal to perform
the injections through the third ventricle using stereotaxic
coordinates that warrant delivery in the vicinity of the
region of interest. At least two previous studies have
shown that using the ventricular route, oligonucleotides
and other drugs diffuse mostly to the areas surrounding
the injection site (18, 19). No oligonucleotide reaches regions such as the frontal cortex, basal forebrain, and parietal cortex. It is possible that other specific sites may have
been affected by the treatment; however, the most prominent effect is likely to have occurred in the hypothalamus.
PTP1B protein levels were not reduced in skeletal muscle,
liver, and adipose tissue (data not shown).
Metabolic characteristics

At the end of 4 d of treatment with PTP1B-ASO or PTP1Bsense, we evaluated the in vivo effect of hypothalamic PTP1B
reduction on food intake, body weight, epididymal and retroperitoneal fat, and leptin and insulin levels. In control and
DIO rats treated with PTP1B-ASO, there were reductions in
food intake of 50 and 70%, respectively (Fig. 2A). These
reductions in food intake were accompanied by a decrease in
body weight in control and DIO rats after 4 d of PTP1B-ASO
treatment (Fig. 2B). The reductions in body weight in pair-fed
animals were less marked, compared with animals treated
with PTP1B-ASO (control pair-fed: 26 ⫾ 3 g vs. control

PTP1B-ASO: 48 ⫾ 4 g P ⬍ 0.001; DIO pair-fed: 25 ⫾ 3 g vs.
DIO PTP1B-ASO: 46 ⫾ 4 g P ⬍ 0.001). Control and DIO rats
demonstrated reduction in adiposity after treatment with
PTP1B-ASO, as shown by the lower epididymal and retroperitoneal fat pad weight (Fig. 2C). The reductions in epididymal and retroperitoneal fat pad were less marked in
pair-fed animals and were not significantly different, compared with their controls (Fig. 2C).
To better understand these weight losses after PTP1B-ASO
treatment in control and DIO rats, we carried out body composition analysis in the four groups of rats (Table 1). Carcass
lipid, expressed as percentages of total body weight (carcass),
was lower in controls treated with PTP1B-ASO, compared
with control (PTP1B-ASO 7.5 ⫾ 0.7% vs. control 12.3 ⫾ 0.8%),
and also in DIO rats treated with PTP1B-ASO, compared
with DIO (PTP1B-ASO 16.6 ⫾ 1.1% vs. DIO 21.3 ⫾ 1.3% P ⬍
0.01%; Table 1). In control or DIO rats treated with PTP1BASO, there was a decrease in water content, compared with
their controls, but when expressed as percentage of total
body weight, there was an increase. In addition, there was a
decrease in free-fat mass in animals treated with PTP1B-ASO,
but when expressed as percentage of body weight, no significant differences were found between the groups. In summary, the decrease in body weight in control and DIO rats
treated with PTP1B-ASO was related to differences in fat,
water content, and fat-free dry mass. However, when expressed as percentage of body weight, only fat content was
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TABLE 1. Effect of icv PTP1B-ASO on body weight composition of control and DIO rats
Mean carcass composition ⫾
Groups

Control
Control ⫹ ASO
DIO
DIO ⫹ ASO
DIO ⫹ PF

Carcass

Water

266 ⫾ 3.8
213 ⫾ 5.9a
368 ⫾ 9.1
317 ⫾ 9.1c
349 ⫾ 11.2

168.9 ⫾ 2.2
147.2 ⫾ 2.6a
193.6 ⫾ 2.7
187 ⫾ 2.1c
198 ⫾ 2.8

SEM

Lipid

Fat-free dry mass

Weight (g)

Percent body weight

Weight (g)

Percent body weight

32.7 ⫾ 1.9
16.0 ⫾ 1.5b
78.4 ⫾ 4.6
52.5 ⫾ 3.2c
67.0 ⫾ 5.1

12.3 ⫾ 0.8
7.5 ⫾ 0.7a
21.3 ⫾ 1.3
16.6 ⫾ 1.1c
19.2 ⫾ 1.4

64.4 ⫾ 4.7
49.8 ⫾ 5.6a
96.0 ⫾ 5.8
77.4 ⫾ 5.6c
83.0 ⫾ 6.2

24.2 ⫾ 1.7
23.4 ⫾ 2.6
26.1 ⫾ 1.5
24.4 ⫾ 1.7
23.8 ⫾ 1.8

The data are the mean ⫾ SEM, n ⫽ 7 rats/group. Carcass weight represents the total body weight minus the intestinal tract, as recorded on
the last day of the experiment. Control, Rats fed with standard rodent diet; PF, pair-fed.
a
P ⬍ 0.001 vs. the control group.
b
P ⬍ 0.01 vs. the control group.
c
P ⬍ 0.001 vs. the DIO group.

significantly reduced in animals treated with PTP1B-ASO. In
DIO pair-fed rats, the body weight composition showed intermediate values between DIO and DIO PTP1B-ASO.
The treatment with PTP1B-ASO for 4 d produced a biphasic response in leptin levels. Initially there was a marked
increase in leptin levels in control and DIO rats in the first day
of PTP1B-ASO treatment, and after the third day of PTP1BASO treatment, there was a decrease in leptin levels in control and DIO rats (Fig. 2D). The hypothalamic expression of
PTP1B was markedly decreased since the first day of PTP1BASO treatment (data not shown). In addition, we observed
a significant decrease in fasting insulin levels on the fourth
day of PTP1B-ASO treatment in controls and DIO rats, compared with controls and DIO rats treated with PTP1B-sense,
respectively (Fig. 2E). In pair-fed animals, there were significant reductions in leptin or insulin levels, compared with
their controls, but these values were significantly higher,
compared with PTP1B-ASO groups (Fig. 2, D and E).
Effect of reduction of PTP1B on leptin-induced satiety and
leptin signal transduction

Leptin provides a robust anorexigenic signal to the hypothalamus. To evaluate the effect of hypothalamic PTP1B reduction on leptin action in the hypothalamus at the end of
4 d of treatment with PTP1B-ASO or PTP1B-sense, control
and DIO rats were acutely treated with 2 l saline or leptin
(2 l, 10⫺6 m) icv, and food intake was measured over the
next 12 h. Leptin infusion reduced food intake by 42 and 19%
in controls and DIO rats treated with PTP1B-sense, respectively, as depicted in Fig. 3A. Hypothalamic PTP1B reduction
significantly increased leptin-induced suppression of food
ingestion to 60 and 85%, respectively, for control and DIO
rats treated with PTP1B-ASO. In pair-fed animals, leptin
induced a significant decrease in food intake, compared with
DIO, but this decrease was less marked than that observed
in DIO PTP1B-ASO (Fig. 3A) Thus, hypothalamic PTP1B
reduction led to a significant improvement in the leptininduced anorexigenic effect, which is more evident in DIO
rats. Basal Jak-2 tyrosine phosphorylation was increased in
the hypothalamus of control rats treated with PTP1B-ASO. In
these animals, there was also a higher increase in Jak-2 tyrosine phosphorylation after 15 min of icv leptin infusion,
which was maintained at 60 min. In DIO rats leptin-induced
Jak-2 phosphorylation at 15 min were reduced when compared with controls (Fig. 3B). DIO rats treated with PTP1B-

ASO presented an increase in basal and leptin-induced Jak-2
tyrosine phosphorylation, and this increase was maintained
60 min after leptin infusion, similarly to that seen in of
PTP1B-ASO control rats. DIO rats presented increases in the
basal and leptin-stimulated association between Jak-2/
PTP1B (Fig. 3C). As expected, treatment with PTP1B-ASO
reduced Jak-2/PTP1B association in control and DIO rats. In
control rats treated with PTP1B-ASO, there was an increase
in ObR tyrosine phosphorylation after 15 and 60 min of icv
leptin infusion, compared with control sense. There was a
reduction in leptin-induced ObR phosphorylation in DIO
rats, compared with controls. Treatment with PTP1B-ASO
increased the basal and leptin-induced ObR tyrosine phosphorylation in DIO rats at 15 and 60 min after leptin infusion,
compared with DIO sense (Fig. 3D). In control rats treated
with PTP1B-ASO, the levels of Stat3 phosphorylation
reached after 15 and 60 min of icv leptin infusion were higher,
compared with control sense at the same time points. Leptininduced Stat3 phosphorylation were reduced at 15 min in
DIO rats when compared with controls. DIO rats treated with
PTP1B-ASO demonstrated an increase in basal and leptininduced Stat3 tyrosine phosphorylation at 15 and 60 min
after leptin infusion, compared with DIO sense (Fig. 3E). We
also performed experiments to compare the effect of PTP1BASO with pair-fed animals in the DIO group. Results showed
that, in the pair-fed animals, the leptin-induced Jak-2 and
Stat3 phosphorylation were higher than that of DIO animals
but significantly lower than in the animals that received
PTP1B-ASO (Fig. 3, F and G).
Effect of reduction of PTP1B on insulin-induced satiety and
insulin signal transduction

To evaluate the effect of hypothalamic PTP1B reduction
upon insulin action in the hypothalamus of control and DIO
rats, at the end of 4 d of treatment with PTP1B-ASO or
PTP1B-sense, the animals were acutely treated with 2 l
saline or insulin (2 l, 10⫺6 m) icv, and food intake was
measured over the next 12 h. Insulin infusion induced reductions of 32 and 23% in food intake in controls and DIO
rats treated with PTP1B-Sense, respectively, as depicted in
Fig. 4A. Hypothalamic PTP1B reduction significantly increased insulin-induced suppression of food ingestion to 78
and 95%, in control and DIO rats treated with PTP1B-ASO,
respectively. Thus, hypothalamic PTP1B reduction led to a
significant improvement in the insulin-induced anorexigenic
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FIG. 3. Effect of icv PTP1B-ASO on
leptin-induced satiety and leptin signaling in hypothalamus of control and
DIO rats. A, leptin was icv infused, and
12-h food intake was measured in control and DIO rats treated with PTP1BASO or PTP1B-sense or in pair-fed rats.
B, Immunoprecipitation (IP) with antiJak-2 and immunoblotting (IB) with
anti-pY antibodies. C, IP with antiJak-2 and IB with anti-PTP1B. D, IP
with anti-ObR and IB with anti-pY. E,
IP with anti-Stat3 and IB with antipY. F, IP with anti-Jak-2 and IB with
anti-pY. G, IP with anti-Stat3 and IB
with anti-pY. Specific bands were densitometrically quantified. Data are
means ⫾ SEM of four independent experiments, i.e. four different cohorts of
control rats or DIO rats. The comparisons between the groups were performed by using the same time point in
the respective group: *, P ⬍ 0.01
PTP1B-ASO vs. PTP1B sense; #, P ⬍
0.05 PTP1B-sense vs. PTP1B sense; &,
P ⬍ 0.05 pair-fed vs. PTP1B-ASO; $,
P ⬍ 0.05 pair-fed vs. PTP1B-sense.
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FIG. 4. Effect of icv PTP1B-ASO on insulin-induced satiety and insulin signaling in
hypothalamus of control and DIO. A, insulin was icv infused, and 12-h food intake
was measured in control and DIO rats
treated with PTP1B-ASO or PTP1B-sense
or in pair-fed animals. B, Immunoprecipitation (IP) with anti-IR and immunoblotting (IB) with anti-pY antibodies. C, IP
with anti-IR and IB with anti-PTP1B.
D, IP with anti-IRS-1 and IB with anti-pY.
E, IP with anti-IRS-2 and IB with anti-pY.
F, IP with anti-IRS-1 and IB with antipY. G, IP with anti-IRS-2 and IB with antipY. Specific bands were densitometrically
quantified. Data are means ⫾ SEM of four
independent experiments, i.e. four different cohorts of control rats or DIO rats. Control or DIO rats comparing the same time
in the respective group: *, P ⬍ 0.01 PTP1BASO vs. PTP1B sense; #, P ⬍ 0.05 PTP1Bsense vs. PTP1B-sense; &, P ⬍ 0.05 pairfed vs. PTP1B-ASO; $, P ⬍ 0.05 pair-fed vs.
PTP1B-sense.

effect. In pair-fed animals, insulin induced a significant decrease in food intake, compared with DIO, but this decrease
was less marked than that observed in DIO PTP1B-ASO.

Basal IR tyrosine phosphorylation was increased in the hypothalamus of control rats treated with PTP1B-ASO. In these
animals, there was also a greater increase in IR tyrosine

Picardi et al. • Hypothalamic PTP1B and Insulin Action

Endocrinology, August 2008, 149(8):3870 –3880

3877

FIG. 5. A, Steady-state glucose infusion
rates obtained from averaged rates of
90 –120 min of 10% unlabeled glucose infusion during hyperinsulinemic-euglycemic clamp procedures in the control, DIO,
and pair-fed rats. B, Glucose transport in
skeletal muscle tissue evaluated by 2deoxyglucose uptake during the last 45
min of the hyperinsulinemic-euglycemic
clamp studies. C, Basal and insulin-stimulated rates of hepatic glucose production
during the hyperinsulinemic euglycemic
clamp procedures in awake rats. Data are
means ⫾ SEM of four independent experiments, i.e. four different cohorts of control rats or DIO rats. DIO or control rats
comparing the same time in the respective group: *, P ⬍ 0.05 PTP1B-ASO vs.
PTP1B-sense; &, P ⬍ 0.05 pair fed
vs. PTP1B-ASO; $, P ⬍ 0.05 pair-fed vs.
PTP1B-sense.

phosphorylation after 15 min of icv insulin infusion, which
was maintained at 60 min. In DIO rats insulin-induced IR
phosphorylation was reduced when compared with controls
(Fig. 4B). DIO rats treated with PTP1B-ASO presented an
increase in basal and insulin-induced IR tyrosine phosphorylation, and this increase was maintained 60 min after insulin
infusion, similar to that seen in PTP1B-ASO control rats. DIO
rats presented increases in the basal and insulin-stimulated
association between IR/PTP1B (Fig. 4C). As expected, treatment with PTP1B-ASO reduced IR/PTP1B association in
control and DIO rats. In control rats treated with PTP1BASO, there was also increased basal IRS-1 tyrosine phosphorylation. In these animals, a larger increase in IRS-1 tyrosine phosphorylation was also observed after 15 and 60
min of icv insulin infusion, compared with control sense.
There was a reduction in insulin-induced IRS-1 phosphorylation in DIO rats, compared with controls. Treatment with
PTP1B-ASO increased the basal and insulin-induced IRS-1
tyrosine phosphorylation in DIO rats at 15 and 60 min after
insulin infusion, compared with DIO sense (Fig. 4D). Basal
IRS-2 tyrosine phosphorylation was increased in the hypothalamus of control rats treated with PTP1B-ASO. In these
animals, the levels of IRS-2 phosphorylation reached after 15
and 60 min of icv insulin infusion were higher, compared
with control sense at the same time points. Insulin-induced
IRS-2 phosphorylation was reduced in DIO rats when compared with controls. DIO rats treated with PTP1B-ASO demonstrated an increase in basal and insulin-induced IRS-2
tyrosine phosphorylation at 15 and 60 min after insulin infusion, compared with DIO sense (Fig. 4E). We also performed experiments to compare the effect of PTP1B-ASO
with pair-fed animals in the DIO group. Results showed that,
in pair-fed animals, the insulin-induced IRS-1 and IRS-2
phosphorylations were higher, compared with DIO animals,
but significantly lower than in the animals that received
PTP1B-ASO (Fig. 4, F and G).
Effect of the reduction of PTP1B on glucose metabolism

To further understand glucose use in control and DIO rats
treated icv with PTP1B-ASO and PTP1B-sense, we performed hyperinsulinemic-euglycemic clamp studies. The

procedure was performed with tracer infusions to examine
the effects of PTP1B-ASO in the hypothalamus on the metabolism of glucose in liver and skeletal muscle tissue. The
glucose infusion rate necessary to maintain euglycemia at
fasting levels in the presence of a constant infusion of insulin
(3.6 mU/kg body weight䡠min) was slightly higher in control
rats treated with PTP1B-ASO, compared with controls
treated with PTP1B-sense, respectively (Fig. 5A). There was
a significant reduction in the glucose infusion rate in DIO
rats, which was reversed when the animals where treated
with PTP1B-ASO. Insulin-induced glucose uptake was quantified using 2-deoxyglucose uptake analysis in skeletal muscle tissue. The glucose uptake by skeletal muscle was significantly reduced in DIO rats treated with PTP1B-sense, and
this alteration was completely reversed in DIO rats treated
with PTP-1B-ASO (Fig. 5B). The glucose infusion rate and
glucose uptake in muscle of pair-fed DIO rats were higher
than in DIO rats but lower than in DIO rats treated with
PTP1B-ASO. Figure 5C demonstrates that the insulin-induced decrease in hepatic glucose output was blunted in DIO
rats treated with PTP1B-sense, but when these animals were
treated with PTP1B-ASO, the insulin effect was completely
reversed. The insulin-induced decrease in hepatic glucose
production in pair-fed DIO rats reached intermediate values
between those of the DIO and DIO animals that received
PTP1B-ASO.
Hypothalamus PTPase and PTP1B activities

PTPase activity increases in the insulin-resistant states,
correlating with increased PTP1B protein expression (18).
Consistent with this finding, we observed an increase in
hypothalamic PTPase activity in DIO rats, compared with
control rats. After treatment with PTP1B-ASO, PTPase activity decreased in control and DIO rats (Fig. 6A). To specifically investigate PTP1B activity, we measured the activity
of this enzyme in immunoprecipitates of PTP1B. Results
demonstrate that PTP-1B activity was increased in the hypothalamus of DIO rats, compared with controls rats. After
treatment with PTP1B-ASO, a reduction in PTP1B activity
was observed in control and DIO rats (Fig. 6B). In DIO
pair-fed animals, the PTPase and PTP1B activities showed
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FIG. 6. Effect of icv PTP1B-ASO on PTPase and
PTP1B activities in control and DIO rats. Total
PTPase activity and PTPase activities in immunoprecipitates were assayed by incubation with the
pp60c-src C-terminal phosphoregulatory peptide
(TSTEPQpYQPGENL), as described in Materials
and Methods. A, Total PTPase activity in hypothalamus. B, PTPase activity in PTP1B immunoprecipitates. C, PTPase activity in IR immunoprecipitate.
D, PTPase activity in Jak-2 immunoprecipitates.
Data are means ⫾ SEM of four independent experiments, i.e. four different cohorts of control rats or
DIO rats. Control or DIO rats comparing the same
time in the respective group: *, P ⬍ 0.05 PTP1B-ASO
vs. PTP1B-sense; #, P ⬍ 0.05 PTP1B-sense vs.
PTP1B-sense; &, P ⬍ 0.05 pair-fed vs. PTP1B-ASO;
$, P ⬍ 0.05 pair-fed vs. PTP1B-sense.

intermediate values between those of the DIO and DIO animals that received PTPT1B-ASO.
In addition to total PTPase activity, we also measured
PTPase activity in IR and Jak-2 immunoprecipitates and
found an increase in IR- and Jak-2-associated PTPase activity
in DIO rats, compared with control rats, respectively (Fig. 6,
C and D). After treatment with PTP1B–ASO, there was a
decrease in these associated activities in control and DIO rats.
Discussion

Resistance to leptin and insulin is likely to play a central
role in obesity; however the mechanism by which insulin and
leptin signaling becomes impaired is poorly understood. Genetic and biochemical evidence for an important role of
PTP1B as a negative regulator of insulin and leptin-induced
metabolic actions has emerged in recent years (20). Several
studies have examined PTP1B expression in rodents and
humans with insulin resistance, diabetes, and obesity. Many
reports have shown increased expression and/or activity of
PTP1B in these states (21–24). Mice lacking PTP1B are protected from DIO and are hypersensitive to leptin,; however,
the site and mechanism of these effects remain controversial.
Studies using PTP1B-ASO, which lowers PTP1B levels in
liver and fat, suggest that this phosphatase regulates glucose
homeostasis and adiposity primarily through actions on
these tissues. Bence et al. (5), however, recently demonstrated
that neuronal PTP⫺/⫺ mice have reduced body weight and
adiposity and increased activity and energy expenditure.
These authors showed that PTP⫺/⫺ mice are hypersensitive
to leptin, despite paradoxically elevated leptin levels, and
also show improved glucose homeostasis. In contrast, adipose PTP1B deficiency increases body weight and PTP1B
deletion in liver or muscle does not affect weight. This important study demonstrates that PTP1B regulates body mass
and adiposity through the brain.
To initially investigate the importance of local populations
of neurons expressing PTP1B in mediating the CNS effects of
leptin and insulin in control and DIO rats, we have herein
generated a selective, transient reduction in PTP1B by infusion of an antisense oligonucleotide designed to blunt the

expression of PTP1B in hypothalamic areas surrounding the
third ventricle of rats.
DIO rats have a marked increase in PTP1B protein expression in the hypothalamus. The treatment of these DIO
rats with PTP1B-ASO icv induced a marked and selective
decrease in PTP1B expression in discrete hypothalamic nuclei, mainly in arcuate and lateral hypothalamic nuclei. The
selective decrease in hypothalamic PTP1B protein in rats
receiving PTP1B-ASO resulted in a rapid decrease in food
intake, reduced body weight, and reduced adiposity in control and DIO animals. These data suggest an improvement in
leptin sensitivity, which was confirmed by the finding that,
in addition to a basal reduction in food intake in rats treated
icv with PTP1B-ASO, an enhanced suppression of 12 h food
intake was also observed in response to leptin.
Leptin signals in the hypothalamus by binding to a type
I cytokine receptor (the leptin receptor, ObR), and activating
the associated tyrosine kinase Jak-2 (23). Activated Jak-2, in
turn, phosphorylates itself and residues Tyr985 and Tyr1138
within the ObR cytoplasmic tail. Tyr1138 recruits and activates the transcription factor Stat3 (25). This cascade of
events leads to translocation of STAT3 into the nucleus and
transcriptional regulation of neuropeptides and various leptin target genes (26 –28).
Leptin terminates its own action through phosphorylation
of Tyr985 of leptin receptor and induction of suppressor of
cytokine signaling 3 (27). The mechanisms controlling and
terminating the leptin signal transduction also include dephosphorylation and inactivation of signaling proteins, mediated by PTPs (28, 29). The transient character of the tyrosine
phosphorylation of Jak-2 and Stat3 reinforces the involvement of PTPs as negative regulators of this signaling pathway. PTP1B, a well-known inhibitor of insulin action, also
terminates leptin signaling through inactivation of JAK2 (25).
Our data show an increase in tyrosine phosphatase activity,
an increase in PTPase activity associated with Jak-2, and a
decrease in JaK-2 tyrosine phosphorylation levels in DIO
rats. Because JAK2 represents the initial kinase mediating all
aspects of downstream leptin signaling, a reduction in JAK2
phosphorylation would be predicted to attenuate leptin-de-
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pendent regulation of multiple pathways including STAT3
phosphorylation. The leptin resistance in DIO rats was also
characterized by a less evident increase in ObR and Stat3
tyrosine phosphorylation evoked by leptin. These alterations
were completely reversed in DIO rats treated with PTP1BASO. These results suggest that a reduction in hypothalamic
PTP1B is sufficient to improve leptin sensitivity and signaling in DIO rats.
In the present study, we demonstrate that the selective
decrease in hypothalamic PTP1B protein in rats receiving
PTP1B-ASO resulted in decreased food intake, reduced body
weight, reduced adiposity after high-fat feeding, and improved leptin action and signaling. At the molecular level,
there was a decrease in insulin-induced IR tyrosine phosphorylation and an increase in PTP1B activity associated
with IR in the hypothalamus of DIO. Downstream, there was
also a reduction in insulin-induced IRS-1 and IRS-2 tyrosine.
Our results, in accordance with previous data on neuronal
Ptpn1⫺/⫺ mice (5), show that the primary effect of a reduction on PTP1B protein expression in hypothalamus is an
increase in leptin levels. This increase was evident on the first
day of PTP1B ASO treatment. The mechanisms that might
regulate this increase in leptin levels are not known. Recent
evidence suggests parasympathetic innervation of some fat
depots (30), which may regulate adipocyte leptin production.
Additionally and/or alternatively, as previous suggested (5),
neuronal PTP1B could regulate secretion of an unknown
humoral factor that controls adipokine secretion. Interestingly, on the second and third day of PTP1B ASO treatment,
there is a gradual decrease in leptin levels, with a marked
decrease on the fourth day. This decrease might reflect the
reduction in food ingestion and/or the body weight of the
animals, which are known mechanisms that induce a decrease in leptin levels.
In addition to leptin, insulin is also able to reduce food
intake (8), and PTP1B is a negative regulator of insulin signaling (31). As in peripheral tissues, neuronal insulin action
involves the pathway IR/IRS/phosphatidylinositol 3-kinase
(PI3K) signal transduction pathway. Thus, hypothalamic IR/
IRS/PI3K increases after either icv or systemic insulin administration (32) or the inhibitory effect of icv insulin on both
food intake (6, 32) and hepatic glucose production (33) can
be blocked by icv pretreatment with PI3K inhibitor. Thus, we
also investigated the effect of icv insulin infusion on food
intake and insulin signaling in these rats. DIO and control
rats treated icv with PTP1B-ASO and demonstrating a reduced basal food intake still showed a clear suppression in
12 h food intake in response to icv insulin infusion. At the
molecular level, there was a decrease in insulin-induced IR
tyrosine phosphorylation and an increase in PTP1B activity
associated with IR in the hypothalamus of DIO. Downstream
there was also a reduction in insulin-induced IRS-1 and IRS-2
tyrosine phosphorylation levels. These alterations may have
an important role in insulin resistance in the hypothalamus
of obese rats. Although in obese animals there is an increase
in IRS-1 serine phosphorylation in hypothalamus (6), which
can contribute to insulin resistance, our data showed that the
treatment of DIO rats with PTP1B-ASO reversed insulin
resistance in the hypothalamus of obese rats and also
improved insulin signaling in control rats. Because IRS-
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1/2 are substrates of the insulin receptor, it is possible that
the down-regulation of PTP1B improved insulin receptor
tyrosine kinase activity, culminating with an increase in
insulin-induced IRS-1/2 tyrosine phosphorylation levels.
Several have demonstrated that, although insulin resistance is mediated by different mechanisms, the disruption
of one of these may restore insulin signaling almost completely (32, 34, 35).
To assess the impact of hypothalamic PTP1B down-regulation on the peripheral action of insulin, we performed
hyperinsulinemic-euglycemic clamp studies in conscious
rats. As a result of physiological increases in plasma insulin
concentrations, the rate of glucose infusion required to maintain the plasma glucose at basal levels was similar in PTP1B
antisense-treated rats and in controls on standard rodent
chow. However, the reduction in the rate of glucose infusion
observed in DIO rats was completely reversed when these
DIO animals were treated icv with PTP1B-ASO. The action
of insulin on glucose metabolism includes stimulation of
glucose uptake and inhibition of glucose production. The
insulin action on peripheral glucose uptake was reduced,
and there was also a less evident decrease in hepatic glucose
production in DIO rats. These alterations were completely
reversed when the DIO animals were treated icv with PTP1BASO. Thus, muscle and hepatic insulin action were normalized in DIO rats after selective attenuation of hypothalamic
PTP1B expression. We cannot exclude the possibility that the
improvement in glucose metabolism is related to the dramatic reduction of the body weight in DIO PTP1B-ASO, but
it is also possible that the improvement in insulin and leptin
actions in hypothalamus might have a role in the control of
liver glucose metabolism, as demonstrated during recent
years (36 – 40).
Although the effects of PTP1B reduction on leptin and
insulin sensitivity and signaling may have been influenced
by an important reduction in food intake in these animals,
most of the effects were only partially observed in pair-fed
animals, suggesting that this reduction in food intake may
have a role, but certainly does not account entirely for the
effects observed in body and fat weight, on insulin and leptin
signaling and sensitivity and on the improvement in glucose
metabolism in liver and muscle. These results are in accordance with previous data that showed that, in PTP1B knockout mice or even neuronal PTP1B knockout mice, there is also
an increase in energy expenditure that might have an effect
on the body weight and body composition of these animals
(5, 41, 42).
In conclusion, we have demonstrated an important role of
hypothalamic PTP1B in the modulation of energy balance,
insulin and leptin action, and glucose metabolism. Thus, the
reduction in hypothalamic PTP1B should be sufficient to
promote an appreciable weight reduction and access to the
brain may also be necessary to optimally improve insulin and
leptin sensitivity and glucose homeostasis.
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We thank Mr. Luis Janieri, Mr. Márcio Alves da Cruz, and Mr. Jósimo
Pinheiro for their technical assistance.
Received November 6, 2007. Accepted April 25, 2008.

3880

Endocrinology, August 2008, 149(8):3870 –3880

Picardi et al. • Hypothalamic PTP1B and Insulin Action

Address all correspondence and requests for reprints to: Mario
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