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Leptin Signaling in the Hypothalamus during Chronic

Central Leptin Infusion
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Using a rat model of chronic central leptin infusion in which
neuropeptide Y neurons develop leptin resistance, we exam-
ined whether leptin signal transduction mechanism in the
hypothalamus is altered during central leptin infusion. Adult
male rats were infused chronically into the lateral cerebro-
ventricle with leptin (160 ng/h) or vehicle via Alzet pumps for
16 d. In the leptin-infused group, the initial decrease in food
intake was followed by a recovery to their preleptin levels by
d 16, although food intake remained significantly lower than
in artificial cerebrospinal fluid controls; and body weight
gradually decreased reaching a nadir at d 11 and remained
stabilized at lower level thereafter. Phosphorylated leptin re-
ceptor and phosphorylated signal transducer and activator of
transcription-3 (p-STAT3) remained elevated in association
with a sustained elevation in DNA-binding activity of STAT3

in the hypothalamus throughout 16-d period of leptin infu-
sion. However, phosphorylated Janus kinase-2 was increased
during the early part of leptin infusion but remained unal-
tered on d 16. Although hypothalamic suppressors of cytokine
signaling-3 (SOCS3) mRNA levels were increased throughout
leptin infusion, SOCS3 protein levels were increased only on
d 16. This study demonstrates a sustained elevation in hypo-
thalamic leptin receptor signaling through Janus kinase-
STAT pathway despite an increased expression of SOCS3 dur-
ing chronic central leptin infusion. We propose that an
alteration in leptin signaling in the hypothalamus through
pathways other than STAT3 and/or a defect in downstream of
STATS3 signaling may be involved in food intake recovery seen
after an initial decrease during chronic central leptin
infusion. (Endocrinology 144: 3789-3798, 2003)

CUMULATIVE EVIDENCE SUGGESTS that leptin, a
product of the obese gene (1), produced primarily in
the adipose tissue, signals nutritional status to key regulatory
centers in the hypothalamus and plays a major role in food
intake and body weight regulation (2-4). Because human
obesity, in the majority of cases, cannot be attributed to
defects in leptin or its receptor (5-9) and because obese hu-
mans are hyperleptinemic (4, 10), it is suggested that obese
individuals are, in general, leptin resistant. Obese humans,
and rodents made obese by dietary manipulation, have el-
evated levels of circulating leptin but maintain a normal food
intake (4, 10, 11). Thus, it is likely that an extended period of
exposure of the brain, especially the hypothalamus, to a high
level of leptin may result in the development of central leptin
resistance. Available data from diet-induced obese (DIO)
rodents, which may represent the form of obesity seen in
most humans, such as in DIO Wistar rats (12), obese AY mice
(13), DIO C57BL/6] mice (14), aged obese rats (15, 16), and
DIO-prone Sprague Dawley rats (17) show resistance to cen-
tral administration of leptin; suggesting an impairment in
action of leptin at, or downstream of, leptin target sites.
However, DIO AKR mice and New Zealand obese mice are
resistant to peripheral but not central administration of leptin
(11, 13) and the cerebrospinal fluid: Plasma leptin ratio is
lower in obese individuals (18, 19), suggesting leptin trans-

Abbreviations: aCSF, Artificial cerebrospinal fluid; DIO, diet-induced
obese; JAK2, Janus-kinase 2; MBH, medial basal hypothalamus; NPY,
neuropeptide Y; NT, neurotensin; PDE3B, phosphodiesterase 3B; PI3K,
phosphotidylinositol-3 kinase; p-JAK2, phosphorylated-JAK2; POMC,
proopiomelanocortin; p-STAT3, phosphorylated signal transducer and
activator of transcription 3; SOCS3, suppressors of cytokine signaling 3;
STATS, signal transducer and activator of transcription 3.

port into the brain may be one of the many defects in obesity
(20).

Based on a mouse model (13), we recently developed a rat
model of chronic central leptin infusion, in which an initial
dramatic decrease in food intake is followed by a recovery,
despite a continued leptin infusion, indicating the develop-
ment of resistance to satiety action of this hormone (21).
However, the neurobiology underlying the development of
resistance to leptin’s satiety action is mostly unknown, but
understanding this phenomenon could shed some light on
the mechanism of central leptin resistance in human obesity.
Using this rat model, we recently demonstrated that neu-
ropeptide Y (NPY) neurons develop leptin resistance within
2 wk of leptin infusion (21). Because leptin signaling in the
hypothalamus is mediated through activation of leptin re-
ceptor and subsequent Janus-kinase 2 (JAK2)-signal trans-
ducer and activator of transcription 3 (STAT3) pathways of
signal transduction (4, 22-24), it is conceivable that defects in
any of the signaling components may underlie the develop-
ment of resistance in NPY and other neuronal systems that
in turn could lead to the recovery in food intake despite
continuous leptin infusion.

Thus, to elucidate whether the recovery in food intake after
an initial decrease and the development of leptin insensitiv-
ity in NPY neurons previously reported during chronic lep-
tin infusion (21) is due to an alteration in leptin receptors
and/or impaired leptin signal transduction in the hypothal-
amus, we examined 1) leptin receptor gene expression, 2)
protein levels of leptin receptor, JAK2, phosphorylated-JAK2
(p-JAK2), STAT3, and phosphorylated STAT3 (p-STATS3),
and 3) DNA-binding activity of p-STAT3 in the hypothala-
mus following chronic central leptin infusion. We also ex-
amined mRNA and protein levels of suppressors of cytokine
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signaling 3 (SOCS3) in the hypothalamus because SOCS3
appears to be a critical part of a classic negative feedback loop
that regulates cytokine signal transduction (25, 26). In addi-
tion, leptin treatment induces SOCS3 mRNA in the hypo-
thalamus (27); and SOCS3 mRNA levels in the hypothalamus
are increased in A(Y)/a mice (27), a murine obesity model
characterized by hyperleptinemia and resistance to both cen-
tral and peripheral leptin administration (13).

Materials and Methods
Animals

Adult male Sprague Dawley rats, weighing 250-300 g, obtained from
Taconic Farms (Germantown, NY) were housed individually in a light-
(lights on 0500-1900 h) and temperature (22 C)-controlled room with
food (pelleted Purina rat chow, T.R. LAST, Gibsonia, PA) and water
available ad libitum. After 7 d of acclimatization, rats were subjected to
the following experiments, all of which were approved by the Institu-
tional Animal Care and Use Committee of the University of Pittsburgh.

Experiment 1: effects of chronic leptin infusion on
hypothalamic leptin receptor and SOCS3 mRNA expression

Rats were implanted stereotaxically with 22-gauge osmotic pump
connector cannulae (Plastic One, Roanoke, VA) into the lateral cere-
broventricle under pentobarbital anesthesia as described previously
(21). The lateral ventricle was then connected via Medical Vinyl tubing
(size V4, Scientific Commodities, Inc., Lake Havasu City, AZ) to an
artificial cerebrospinal fluid (aCSF, pH 7.4)-filled (13) Alzet osmotic
pump (model 2002, DURECT Corp., Cupertino, CA) implanted sc in the
back. After 7 d, aCSF pumps were replaced with new pumps to infuse
either recombinant murine leptin (obtained from Dr. A. F. Parlow, Na-
tional Hormone and Pituitary Program, NIDDK, Torrance, CA) ata dose
of 160 ng/0.5 ul-h or aCSF vehicle for 16 d. In a preliminary study, we
observed that an Alzet pump (model 2002), a 14-d pump, can be used
safely for 16 d. In addition, in the present study, the pumps were filled
with 235-240 ul of solution, and there was at least 35-40 ul of solution
left in the pump at the end of infusion. Food intake and body weight
were measured daily. Some aCSF-infused rats were allowed to eat the
amount of food that was consumed on the day before by the leptin-
infused group and served as the pair-fed group. Thus, pair feeding in
aCSF-infused rats was started 1 d after the beginning of leptin infusion
in the leptin group. In addition, the amount of food given to pair-fed rats
was adjusted daily to their spillage during feeding. Rats were killed by
decapitation between 0900 and 1200 h on d 2, 4, or 16 of infusion. Brains
were removed immediately and the medial basal hypothalamus (MBH)
were dissected out (21), frozen in liquid nitrogen, and kept at —80 C until
processed for RNA extraction. The MBH tissue fragment was bounded
rostrally by the posterior border of the optic chiasma, laterally by the
lateral sulcus, and caudally by the mammillary bodies and cut to a depth
of approximately 2 mm. Trunk blood was collected for glucose, insulin,
and leptin determination. Epididymal fat was dissected out and
weighed. To minimize the number of animals, we took the opportunity
to use some (six to eight) of the MBH RNA samples that were available
from our previous study (21).

Experiment 2: effects of chronic leptin infusion on levels of
leptin receptor, JAK2, p-JAK2, STATS3, p-STAT3, and
SOCS3 protein and on DNA-binding activity of p-STAT3 in
the hypothalamus

The rats were infused with leptin or aCSF as described in experiment
1. Control, pair-fed, and leptin-infused rats were killed on d 2, 4, or 16.
The MBHs were quickly dissected out, frozen in liquid nitrogen, and
kept at —80 C. The whole-cell extracts of the frozen MBHs were made
using a high salt extraction buffer (28-30), containing 0.42 m NaCl, 20
mm HEPES (pH 7.9), 20 mMm sodium fluoride, 1 mM trisodium orthovan-
date [NazVO, (ortho)], 1 mm Na,P,0,, 1 mm EDTA, 1 mm EGTA, 1 mm
dithiothreitol, 20% glycerol, and 2 mm phenylmethylsulfonyl fluoride.
The MBHs were homogenized in plastic 1.5-ml microfuge tubes with
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handheld pistons moving up and down. The tubes containing homog-
enates were frozen (dry ice/ethanol bath) and thawed (37 C water bath)
three times, followed by a spin for 10 min in a microfuge at 4 C. The
supernatants were collected and protein concentrations were measured
by a protein assay (Bio-Rad Laboratories, Hercules, CA) (31).

Ribonuclease protection assay

Total RNA was isolated from MBH, using RNAzol (RNA STAT 60,
Tel-Test, Inc., Friendswood, TX) followed by precipitation with isopro-
panol and ethanol washes according to the manufacturer’s instructions.
The integrity of the RNA was checked by visualization of the ethidium
bromide-stained 285 and 185 rRNA bands, and quantitation was per-
formed by measuring absorbance at 260 nm.

A rat Ob-Rb (long-form, accession no. U52966)-specific cDNA frag-
ment was synthesized from total rat hypothalamic RNA by RT-PCR
(forward primer, 3'-TTTGACCACTCCAGATTCCACA-5', reverse
primer, 3'-TTTTCCCCGTGATTTTCTT-CAG-5) and subcloned into a
TA cloning vector (Invitrogen, Carlsbad, CA) and subsequently into the
EcoR1 site of pBluescript (Stratagene, La Jolla, CA). A rat cDNA fragment
common to all rat leptin receptor isoforms (Ob-Rtot, accession no.
U53144) obtained by a BseD1/BstB1 digestion of the rat Ob-Rf cDNA
(kindly provided by Dr. Roger Unger, University of Texas, Southwestern
Medical Center at Dallas, Dallas, TX) was subcloned into pBluescript
(Stratagene). A 356-bp cDNA fragment of rat SOCS3 (accession no.
AF075383) was synthesized by RT-PCR from rat hypothalamic total
RNA using a 20-mer forward primer 5-CTT CAG CTC CAA GAG CGA
GT-3' (5" position 89) and a 20-mer reverse primer 5'-GTT CCG TCG
GTG GTA AAG AA-3' (5' position 444). This cDNA fragment was
cloned in pBluescript SK+ plasmid and was used for SOCS3 cRNA
probe preparation. A riboprobe generated from a plasmid containing a
rat-specific B-actin cDNA fragment (Ambion Inc., Austin, TX) served as
an internal control in all ribonuclease protection assays. [a-**P]Uridine
5'-triphosphate-labeled antisense cRNA probes were synthesized using
T3 (Ob-Rtot) or T7 (Ob-Rb, SOCS3, p-actin) RNA polymerase using a
transcription kit (Ambion Inc.).

Ribonuclease protection assays were performed as previously de-
scribed (32). Briefly, 6 pg MBH RNA, *?P-labeled Ob-Rb, Ob-Rtot
(200,000 cpm), and B-actin (20,000 cpm) cRNA probes, and 12 ug yeast
tRNA (Roche Molecular Biochemicals, Indianapolis, IN) were allowed
to hybridize in solution at 45 C overnight, followed by combined Rnase
A and T1 digestion of nonhybridized probe at 32 C for 1 h. For SOCS3
mRNA, 4 ug MBH RNA, 52p-labeled SOCS3 (200,000 cpm), and B-actin
(20,000 cpm) cRNA probes and 14 ug yeast tRNA were allowed to
hybridize. Stable hybrids were extracted with phenol-chloroform fol-
lowed by ethanol precipitation and then separated on 6% polyacryl-
amide-8 M urea gels. The dried gels were exposed in a Molecular Im-
aging Screen-K (Bio-Rad Laboratories) for 6—40 h, and the image of each
gel was acquired using a Molecular Imager FX (Bio-Rad Laboratories).
The volume analysis of each band was performed using Quantity One
software (Bio-Rad Laboratories). Ob-Rb, Ob-Rtot, and SOCS3 mRNA
values were first normalized with B-actin mRNA levels, and then the
values were expressed in relation to aCSF control.

Western blotting

Western blotting was done following standard procedures (30).
Briefly, whole-cell extract proteins (25-50 ug) from the MBH were boiled
5 min and subjected to SDS-PAGE (12% gel for SOCS3 and 7% gel for
all other proteins), followed by transfer of the resolved polypeptides to
polyscreen polyvinylidene difluoride membranes (NEN Life Science
Products, Boston, MA). Total amount of specific protein was measured
by incubating with specific antibody followed by enhanced chemolu-
minescence as described by the manufacturer (NEN Life Science Prod-
ucts). The following antibodies were used for Western blotting: Ob-R
(B-3, monoclonal, Sc-8391, Santa Cruz Biotechnology, Inc., Santa Cruz,
CA), Ob-Rb (rabbit antihuman leptin receptor-long form, polyclonal,
4781-L, Linco Research, Inc., St. Charles, MO), p-Ob-Rb (tyr 1138) (poly-
clonal, Sc-16421, Santa Cruz Biotechnology), JAK2 (Upstate Biotechnol-
ogy, Lake Placid, NY), p-JAK2 (Y 1007/1008, catalog no. 44-426, Bio-
Source International, Camarillo, CA), STAT3 (K-15, polyclonal, Sc-483,
Santa Cruz Biotechnology), p-STAT3 (B7, monoclonal, Sc-8059, Santa
Cruz Biotechnology), and SOCS3 (M-20, polyclonal, Sc-7009, Santa Cruz
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Biotechnology). To measure two or more proteins in the same blot,
polyvinyl difluoride membranes were stripped in a soaking solution (1%
SDS; 70 mMm Tris-HCl, pH 6.8; and 0.1% B-mercaptoethanol) and then
incubated with another antibody. The specificity of antibody was con-
firmed in two ways: first, on the basis of molecular weight of the protein
expected using a specific antibody, and second, there were no bands seen
when primary antibody was preincubated with blocking peptide (in case
of p-Ob-Rb, p-JAK2, SOCS3, Ob-R) or by omitting secondary antibody
(in case of Ob-Rb and JAK2) in Western blot assay. Immunoreactive
bands were scanned and analyzed by NIH Image software. As an in-
ternal control, the membranes were immunoblotted with a monoclonal
anti-B-actin antibody (Sigma, St. Louis, MO). The values for proteins
were normalized with B-actin to account for variations in gel loading.

EMSA

DNA-binding capacity of the phosphorylated STAT3 protein was
measured by EMSA (28-30, 33) using the high-affinity SIEm67 oligo-
nucleotide as binding substrates (28). Double-stranded oligonucleotide
probes were synthesized based on the published sequences (5'-CATT-
TCCCGTAA-ATCAT-3') with the addition of GATC at the 5’ termini to
allow radiolabeling, after annealing, by Klenow fill-in reaction using
32P-dATP (30). Twenty micrograms of whole-cell extract protein were
incubated with **P-end-labeled duplex (100,000 cpm) probe and 1 ug
poly(dI-dc) in 20 mm HEPES (pH 7.9), 20% glycerol, 100 mm KCl, 0.2 mMm
EDTA, and 0.5 mm dithiothreitol. Resultant DNA-protein complexes
were resolved in 5% native PAGE. The dried gels were exposed in a
Molecular Imaging Screen (Bio-Rad Laboratories) for 10-12 h. The image
of each gel was acquired by Personal Molecular Imager FX (Bio-Rad
Laboratories). The volume analysis of each band obtained from EMSA
was performed by Quantity One software (Bio-Rad Laboratories).

Leptin, insulin, and glucose determination

Plasma leptin was determined with a rat leptin RIA kit (Linco Re-
search). This kit measures both rat and mouse leptin. Plasma leptin was
also measured by a mouse RIA kit (Linco) to determine whether intra-
cerebroventricular infusion of mouse recombinant leptin contributed to
increased leptin levels. Because the mouse RIA kit measures approxi-
mately 50% of rat leptin, the ratio of the values from mouse and rat RIA
kits should be greater in leptin-infused rats, compared with aCSF control
rats if the increase in serum leptin was due to leakage from cerebral
ventricle. Plasma insulin was measured with a rat insulin RIA kit (Linco).
Plasma glucose was determined by the Trinder method (34) using a kit
(Sigma).

Data analysis

All values are expressed as means * sk. Because some (six to eight)
of the data for leptin receptor mRNA and SOCS3 mRNA levels were
obtained from MBH RNA samples of the animals that have been used
previously (21), data for food intake, body weight, epididymal fat
weight, plasma leptin, insulin, and glucose levels of those animals were
included in data analysis. Statistical significance of differences in food
intake and body weight were analyzed using repeated-measures one- or
two-way ANOVA with post hoc testing using Student-Newman-Keuls
multiple range test. All other data were analyzed by randomized one-
way ANOVA followed by Student-Newman-Keuls multiple range test
or an unpaired ¢ test wherever necessary. The values for food intake,
body weight, and hormones in experiments 1 and 2 were combined for
statistical analysis. All statistical analyses were done using GB-Stat soft-
ware for the Macintosh (Dynamic Microsystems, Inc., Silver Spring,
MD). Comparisons with P < 0.05 were considered to be significant.

Results
Changes in food intake, body weight, epididymal fat weight,
and circulating levels of leptin, insulin, and glucose
following chronic leptin infusion

The changes in food intake and body weight during the
16-d infusion period in aCSF, pair-fed, and leptin-treated
rats, presented in Fig. 1, were essentially similar as reported
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Fic. 1. Changes in food intake and body weight during central re-
combinant murine leptin (160 ng/0.5 ul'h) infusion for 16 d. Rats were
infused into the lateral cerebroventricle with aCSF via Alzet osmotic
minipump (0.5 pl/h) for 7 d before infusion with leptin or aCSF. One
group of aCSF-infused rats was paired fed to that of leptin-infused
group. Values represent the mean * SEM of 16—17 animals.

previously by us (21). Thus, in control aCSF rats, body weight
progressively increased throughout the infusion period
(F16,72 = 177.31; P < 0.0001) in association with a small but
significant increase in food intake (F,¢ 7, = 3.68; P < 0.0001).
In leptin-infused rats, body weight gradually decreased to a
nadir at d 11 and remained stabilized at a lower level there-
after (Fi4,7,, = 15.42; P < 0.0001). Food intake showed an
initial dramatic decrease followed by a recovery to the
preleptin values by d 16, although it remained significantly
(P < 0.01) lower than that of the aCSF control (Fig. 1). Spe-
cifically, comparison of food intake data before (d —2, —1, 0)
and on d 16 of leptin infusion did not reveal any significant
difference (P = 0.08). Pair-fed rats also showed a significant
change in body weight during the 16-d period (Fi4,7, =
28.75; P < 0.0001) in that weight was significantly decreased
during 2-11 d of infusion and then gradually increased be-
yond the levels seen on d 0.

As demonstrated previously (21), central leptin infusion
increased plasma leptin levels by 8- to 10-fold on d 2 and 4,
and by 3-fold on d 16 (Table 1). In addition the ratio of mouse
to rat leptin immunoreactivity in the plasma as calculated
from the values obtained with rat and mouse leptin RIA kits
was significantly increased in the leptin-infused rats on d 2
(aCSF: 0.494 + 0.024; leptin 0.742 + 0.057; F (1,18) = 15.63,
P = 0.0009), 4 (aCSF: 0.44 = 0.015; leptin 0.643 * 0.027; F
(1,31) = 42.12, P < 0.0001), and 16 (aCSF: 0.489 + 0.025; leptin
0.763 = 0.022; F (1,31) = 65.74, P < 0.0001) of infusion,
suggesting that centrally infused leptin leaked to the periph-
eral circulation. Plasma insulin levels were significantly de-
creased in the leptin infused rats, compared with that of
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TABLE 1. Changes in epididymal fat weight and circulating levels of glucose, insulin, and leptin
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Treatment and duration n Epididymal fat weight (g) Glucose (mg/dl) Insulin (ng/ml) Leptin (ng/ml)
Day 2
aCSF 11 3.12 = 0.16 138 = 5.87 1.72 = 0.25¢ 2.56 + 0.33¢
PF 10 3.17 = 0.09 143 £ 4.27 1.45 = 0.19* 1.81 = 0.15¢
Leptin 11 3.47 = 0.20 138 = 3.61 0.89 + 0.12° 31.69 + 2.91°
Day 4
aCSF 17 4.22 + 0.27 137 = 3.47¢ 2.40 = 0.19¢ 3.05 + 0.24¢
PF 16 3.64 = 0.32 122 + 3.34° 0.96 + 0.08° 1.38 + 0.07°
Leptin 16 3.63 = 0.40 123 + 3.99° 0.87 + 0.14° 23.81 = 2.77¢
Day 16
aCSF 17 5.18 = 0.31¢ 136 = 5.08 2.29 + 0.19¢ 4.26 = 0.50¢
PF 16 4.23 = 0.27° 142 + 3.40 1.82 + 0.20° 3.12 = 0.26°
Leptin 17 0.81 = 0.18° 130 = 4.80 0.34 = 0.04° 12.65 + 2.05°

PF, Pair-fed; n, number of animals. Values represent the mean * sEm. Values with different superscripts are significantly different from each

other.

A Day 2 Day 4 Day 16
aCSF  Pair-fed Leptin aCSF Pair-fed Leptin aCSF  Pair-fed  Leptin
Ob-Hb — - § P e ol e SN e seem e iy ey gl B e e

FiG. 2. Leptin receptor gene expres-
sion as determined by ribonuclease pro-
tection assay in the hypothalamus after
2, 4, or 16 d of leptin infusion. A, Rep-
resentative phosphor images showing
the level of the long-form leptin receptor
mRNA (Ob-Rb), all leptin receptor iso-
form mRNA (Ob-Rtot), and pB-actin
mRNA in the MBH. B, Results obtained
by phosphor imaging showing the

Ob-Rtot ‘ﬁﬂ.ﬂﬂun‘n-n-ﬂﬂﬂﬂﬂ
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changes in Ob-Rtot and Ob-Rb mRNA CSF 1 Pair-fed Lenti
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ues represent the mean = SEM for the = é % < E 4 %
number of animals indicated in paren- % g 0.8 - % g 0.8
theses. *, P < 0.05 and **, P < 0.01 vs. Bo \ g = |
all other groups on d 4; a, P < 0.05 vs. T2 ‘. Tz
aCSF d 16; b, P = 0.054 vs. aCSF d 16. 8 E 0.4 \ & E‘ 0.4
0.0 E. :' 0.0
Day 2 Day 4 Day 16 Day 2 Day 4 Day 16
(n=57) (n=298-10) (n=29-10) (n=5-7) (n=28-10) (n=9-10)

aCSF-infused rats (Table 1). Plasma glucose levels remained
mostly unchanged between the groups except on d 4 of
infusion. There was no change in epididymal fat weight
among leptin, pair-fed, and aCSF groups on d 2 and 4 of
infusion. On d 16 of infusion, epididymal fat weight was
decreased in the leptin-treated group by 84% and the pair-fed
group by 19%, compared with that of aCSF control animals
(Table 1).

Changes in OB-Rtot and Ob-Rb gene expression following
chronic leptin infusion

On d 2 of leptin infusion, the levels of the long-form leptin
receptor transcript, Ob-Rb mRNA, or the combined long-
and short-form leptin receptor transcripts, Ob-Rtot mRNA,
in the MBH did not change, compared with that in aCSF
control and pair-fed groups (Fig. 2). On d 4 of leptin infusion,
Ob-Rb and Ob-Rtot mRNA levels in the MBH were signif-
icantly decreased, compared with that in aCSF control (Ob-
Rb: F, ;, = 4.49; P = 0.0491; Ob-Rtot: F, ;, = 17.68; P = 0.0006)
and pair-fed (Ob-Rb: F,,, = 7.19; P = 0.0164; Ob-Rtot:

F; 16 =16.91; P = 0.0008) groups (Fig. 2). In pair-fed rats, there
was no change in either Ob-Rb or Ob-Rtot mRNA levels,
compared with that of aCSF control. On d 16, although both
Ob-Rb and Ob-Rtot mRNA levels were not different between
aCSF and leptin groups (Fig. 2), they were significantly in-
creased in pair-fed, compared with the aCSF group (Ob-Rb:
F, ., = 5.61; P = 0.03; Ob-Rtot: F, ;, = 4.25; P = 0.05).

Changes in protein concentrations of leptin receptor, JAK2,
p-JAK2, STATS, and p-STAT3 and in DNA-binding
activity of p-STAT3 following chronic leptin infusion

Leptin receptor protein levels were examined using spe-
cific antibody to recognize total leptin receptor (Ob-R), long
form of the leptin receptor (Ob-Rb), and phosphorylated (Tyr
1138) Ob-Rb (p-Ob-Rb). The p-Ob-Rb levels were signifi-
cantly increased on d 2 (F,¢ = 4.05; P = 0.05), 4 (F, 15 = 9.48;
P =0.0015), and 16 (F, 5 = 6.79; P = 0.008) of leptin infusion
(Fig. 3, A and B) without any change in total Ob-R or Ob-Rb
levels in the hypothalamus (Fig. 4). Ond 2 (F, , = 36.01; P =
0.0005) and 4 (F, ;5 = 11.87; P = 0.0008) of infusion, p-JAK2
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Fic. 3. Changes in phosphorylation of

long form of the leptin receptor (Ob-Rb)
and JAK2 in the hypothalamus follow-
ing central leptin infusion. A, C, West-
ern blot of p-Ob-Rb, p-JAK2, and
B- actin in the MBH extracts. B, D, Den-
sitometric analysis of the immunoreac-
tive bands for p-Ob-Rb (B) and p-JAK2
(D). The values were first normalized to
B-actin levels and then expressed as rel- *
ative to corresponding aCSF control
group. Values represent the mean *+
SEM for the number of animals indicated
in parentheses. *, P < 0.05 vs. aCSF and
*# P < 0.01 vs. all other groups. C,
aCSF control; PF, pair-fed; L, leptin.
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Fic. 4. Changes in protein levels of
long form of the leptin receptor (Ob-Rb)
and total leptin receptor (Ob-R) in the
hypothalamus following central leptin Ob-R IR v —-—— S~ AR B
infusion. A, Western blot of Ob-Rb, (120 kDa)
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B, Densitometric analysis of the immu-
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and Ob-Rb (right panel). The values
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represent the mean * SEM for the num-
ber of animals indicated in parentheses.
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levels were significantly increased in the leptin-treated
group. On d 16, in contrast, p-JAK2 levels in the leptin-
treated group did not differ from either aCSF or pair-fed
groups (Fig. 3, C and D). There was no change in total JAK2
levels throughout 16 d of leptin infusion (data not shown).

The pSTAT3 (Tyr-705) levels in the hypothalamus were
significantly increased on d 2 (F, g = 18.71; P = 001), 4 (F, 15
= 22.24; P < 0.0001), and 16 (F,, = 34.52; P < 0.0001) of
leptin infusion (Fig. 5). In addition, p-STAT3 levels on d 16
were significantly increased (P < 0.01), compared with that
on d 2 and 4 of leptin infusion (Fig. 5), and p-STAT3 levels
on d 4 were significantly increased (P < 0.05) as compared
with that on d 2 (Fig. 5). However, there was no change in
total STAT3 protein levels throughout 16 d of leptin infusion.
DNA-binding activity in the hypothalamic extracts showed
a pattern similar to p-STAT3 levels in that the activity was
significantly increased on d 2 (F,, = 13.40; P = 0.004), 4 (F, 1,
=44.57; P <0.0001), and 16 (F, 5 = 39.8; P < 0.0001) of leptin
infusion; and DNA-binding activity on d 16 was significantly

B -actin --—-“‘

aCSF Pair-fed [ Leptin

T

L]

Q

o o

T e

58

8

<

Day 4 Day 16 =
(n=7) (n=5-7)

increased (P < 0.01) as compared with that on d 2 and 4 of
leptin infusion (Fig. 6). DNA-binding activity was specific for
p-STAT3 because a supershift was observed in the EMSA
when the samples were preincubated with p-STAT3 anti-
body (data not shown), as has been demonstrated previously
(33).

Changes in SOCS3 mRNA and SCOSS3 protein levels
following chronic leptin infusion

Results obtained for SOCS3 mRNA levels are presented in
Fig. 7. Leptin treatment resulted in an increase in SOCS3
mRNA levels ond 2 (F, 5 = 7.52; P = 0.005), 4 (F, 3 = 11.50;
P =0.0003), or 16 (F,,, = 20.25; P < 0.0001) of infusion. In
contrast, SOCS3 protein levels on d 2 and 4 of leptin infusion
were not significantly different among aCSF, pair-fed, and
leptin groups (Fig. 8). However, on d 16 of infusion, SOCS3
protein levels were increased in the leptin-treated group
(Fp13 = 5.629; P = 0.0173).
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Discussion

In agreement with our previous findings (21), the results
of this study show that in leptin-infused rats, an initial
marked decrease in food intake was followed by a recovery
during the later period of leptin infusion. Although food
intake in the leptin-infused rats was normalized to their
preleptin levels, it was still lower, compared with that in
aCSF control rats, on d 16 of infusion. In addition, despite
normalization in food intake, body weight remained stabi-
lized at a lower level throughout the leptin infusion. Al-
though the mechanism by which the body weight is main-
tained at reduced level in leptin-infused rats is not clear, it
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C PF L [ PF L C PF L
p-STAT3
(92 kDa)  — 4 — — — —
(gzrige) — P S e e e o e e LD S
a
[ractin  CT— T - — —— S - ——
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o
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Day 2 Day 4 Day 16
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Fic. 5. Changes in phosphorylation of STATS in the hypothalamus
following central leptin infusion. A, Western blot of STAT3, p-STATS,
and B-actin in the MBH extracts. B, Densitometric analysis of the
immunoreactive bands for p-STAT3. The values were first normalized
to B-actin levels and then expressed as relative to corresponding aCSF
control group. Values represent the mean * SEM for the number of
animals indicated in parentheses. *, P < 0.01 vs. all other groups; a,
P < 0.05vs. d 2 leptin group; b, P < 0.01 vs. d 2 and d 4 leptin groups.
C, aCSF control; PF, pair-fed; L, leptin.
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could be due to increased energy expenditure (35, 36) or
resetting of the body weight set point to low so that body
weight can be maintained at a reduced level without any
alteration in energy expenditure (13), or it could be a com-
bination of both. As demonstrated previously by others (16)
and us (21), centrally infused leptin was detected in the
serum by immunoreactivity and contributed to increased
circulating leptin. However, it remains to be determined
whether central leptin infusion increases leptin secretion,
which could also contribute to hyperleptinemia. Neverthe-
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Fic. 7. SOCS3 gene expression as determined by ribonuclease pro-
tection assay in the hypothalamus after 2, 4, or 16 d of leptin infusion.
A, Representative phosphor images showing the level of SOCS3
mRNA and B-actin mRNA in the MBH. B, Results obtained by phos-
phor imaging showing the changes in SOCS3 mRNA levels. The val-
ues were first normalized to B-actin mRNA and then expressed as
relative to aCSF group. Values represent the mean *= SEM for the
number of animals indicated in the parentheses. *, P < 0.01 vs. cor-
responding aCSF group. C, aCSF control; PF, pair-fed; L, leptin.
Day 2

Day 4 Day 16

aCSF PF

Leptin aCSF PF Leptn aCSF PF Leptin

Fi1G. 6. Changes in DNA-binding activity of STATS3 in
the hypothalamus following central leptin infusion. A,
DNA-binding activity of STAT3 in the MBH extracts
as determined by an EMSA using a *?P-labeled M67-
SIE oligonucleotide probe. DNA-binding activity was
specific to p-STAT3 because a supershift did occur in
the presence of p-STAT3 antibody (data not shown). B,
Results obtained by phosphor imaging and expressed
as relative to aCSF group. Values represent the
mean * SEM for the number of animals indicated in
parentheses. *, P < 0.01vs. all other groups; a, P <0.01
vs. d 2 and d 4 leptin groups. PF, Pair-fed.
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Fic. 8. SOCS3 protein levels as determined by Western blot assay in
the hypothalamus after 2, 4, or 16 d of leptin infusion. A, Western blot
of SOCS3 in the MBH extracts. B, Densitometric analysis of the
immunoreactive bands for SOCS3. The values were first normalized
to B-actin levels and then expressed as relative to aCSF group. Values
represent the mean *+ SEM for the number of animals indicated in the
parentheses. *, P < 0.05 vs. all other groups. C, aCSF control; PF,
pair-fed; L, leptin.

less, the direct inhibitory effect of leptin in lipogenesis and
stimulation of lipolysis and fatty acid oxidation in adipocytes
(37-39) may contribute to the reduced body weight following
chronic leptin infusion. The present study also confirms our
earlier report (21) that leptin infusion decreased plasma in-
sulin levels, and this was not due to a reduced food intake
because insulin levels on d 2 remained unaltered in the
pair-fed group. The decreased circulating levels of insulin
may be a direct effect of leptin on pancreatic S-cells (40).
However, a central role of leptin in insulin secretion cannot
be ruled out.

We previously demonstrated that hypothalamic NPY neu-
rons develop resistance to chronic leptin infusion (21). In a
preliminary study, we observed that proopiomelanocortin
(POMC) and neurotensin (NT) producing neurons, which
have been implicated to be involved in mediating anorectic
action of leptin in the hypothalamus (41-43), also develop
leptin resistance following chronic central leptin infusion
(our unpublished observation). The present study addressed
whether chronic leptin infusion altered leptin signal trans-
duction mechanism in the hypothalamus. Among various
mechanisms by which leptin exerts its effect, the participa-
tion of leptin receptor is often regarded as the first step in
leptin signaling. Early recognition of leptin receptor as a
member of the class 1 cytokine receptor superfamily (44)
resulted in prompt identification of the JAK-STAT pathway
as the major pathway of leptin signaling (22, 45-47). In the
leptin-signaling cascade, leptin binding to the receptor ini-
tiates a sequence of events involving phosphorylation of
JAK?2, receptor, and STAT3. Phosphorylated STAT3 becomes
dimerized and translocated to the nucleus in which it binds
and regulates expression from target gene promoter (48). In
the present study, we tested whether a defect in hypotha-
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lamic leptin receptor activity and associated signal trans-
duction through JAK2-STAT3 pathway underlies the devel-
opment of leptin resistance in NPY neurons (21) and other
leptin-sensitive neurons (e.g. POMC, NT) following chronic
central leptin infusion that could contribute to normalization
in food intake after an initial decrease.

We assessed leptin receptor activity in the hypothalamus
by evaluating the levels of receptor mRNA and receptor
protein (phosphorylated and nonphosphorylated). Al-
though there was a small (13%) but significant decrease in
both OB-Rtot and Ob-Rb mRNA levels on d 4, there was no
change in either OB-Rtot or Ob-Rb mRNA levels on d 16 of
leptin infusion. However, leptin receptor protein levels for
both long and short forms did not change throughout 16 d
of leptin infusion, including d 4 when a small but significant
reduction in mRNA levels was observed in leptin-infused
rats. The reason for the discrepancy between Ob-R mRNA
and protein levels on d 4 of leptin infusion was not examined
but appears to be due to posttranscriptional events, such as
increased transcriptional efficiency or decreased receptor
protein degradation. Alternatively, the small change in re-
ceptor protein levels that might occur from a minimal de-
crease in mRNA expression could be beyond the sensitivity
of the Western blot assay. In a recent study, chronic sc leptin
infusion for 4 wk, which resulted in circulating leptin levels
of about 160 ng/ml, decreased both Ob-Rb mRNA and leptin
receptor protein levels in the rat hypothalamus (49). How-
ever, in the present study, both leptin receptor gene expres-
sion and leptin receptor protein levels remained unchanged
following 2 wk of leptin infusion. The discrepancy in results
could be due to route of administration, dose, and duration
of leptin infusion.

Nevertheless, leptin receptor phosphorylation remained
significantly elevated throughout 16 d of leptin infusion. In
addition, because leptin receptor phosphorylation is depen-
dent on leptin binding, our results suggest that leptin binding
toits receptor remained intact during chronic leptin exposure
to the hypothalamus. These results altogether suggest that
leptin receptor activity in the hypothalamus is unimpaired
and therefore cannot account for the normalization in food
intake and the development of resistance in NPY neurons
(21) during chronic leptin infusion. We also observed that the
levels of phosphorylated JAK2 protein were increased dur-
ing initial period (d 2 and 4) but not on d 16 of leptin infusion.
In the leptin-signaling cascade, the binding of leptin to the
receptor results in phosphorylation of JAK2. Phosphorylated
JAK2, in turn, mediates phosphorylation at the specific re-
ceptor tyrosine residue, which then serves as a docking site
for STAT3. Although leptin is reported to induce JAK2 phos-
phorylation in BaF3 cells transfected with Ob-Rb (47), a sin-
gle iv injection of leptin, which induced STAT3 activation,
failed to induce JAK2 phosphorylation in the rat hypothal-
amus (23). The present study, however, clearly shows an
increased JAK2 phosphorylation in the hypothalamus fol-
lowing 2—4 d of continuous central leptin infusion. Although
there was no increase in JAK2 phosphorylation on d 16 of
leptin infusion and the reason behind this is not clear, it is
possible that the sensitivity of our Western blot assay may
not detect small increases in p-JAK2 levels that might have
occurred during this period of leptin infusion.
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The activation of STAT3, as defined by phosphorylation of
STATS3 and subsequent induction of nuclear translocation of
p-STATS3 (48), is one of the major events in intracellular signal
transduction pathway of leptin. Our study shows that
chronic central leptin infusion results in activation of STAT3
throughout the infusion period because both p-STAT3 levels
and the DNA-binding activity of STAT3 were significantly
increased in leptin-infused rats on d 2, 4, and 16 of infusion.
In addition, STAT3 activation was higher on d 16, compared
with that on d 2 or 4 of leptin infusion. These results strongly
suggest that intracellular signal transduction through STAT3
activation remains intact in the presence of continuous ex-
posure of the hypothalamus to leptin. Thus, normalization of
food intake to the preleptin levels on d 16 of leptin infusion
does not appear to be due to an impaired STAT3 pathway of
leptin signaling. Although we cannot exclude possible in-
volvement of other cytokines (50, 51), simultaneous increase
in phosphorylated Ob-Rb protein and STAT3 activation dur-
ing chronic central leptin infusion suggests that STAT3 sig-
naling is due at least partly to leptin. Furthermore, although
insulin stimulates STAT3 (52), the role of insulin is unlikely
because chronic leptin infusion decreased circulating insulin
levels. Although previous studies have shown leptin to in-
crease thermogenesis (15, 35), it remains to be determined
whether this was the case following chronic central leptin
infusion and whether STAT3 activation underlies this re-
sponse. If so, then it will explain some of the mechanisms
behind the stabilization of body weight at lower level despite
normalization in food intake following chronic leptin infu-
sion. However, in a recent study, Scarpace et al. (53) reported
resistance to anorectic and thermogenic responses to central
leptin gene therapy in aged obese rats despite a persistent
STATS3 activation.

SOCS3 has been established as a negative feedback reg-
ulator of leptin receptor signaling (27, 54) and many other
cytokines including ciliary neurotrophic factor and IL-6 (55,
56). Because SOCS3 is thought to be involved in leptin re-
sistance (27, 54), we examined SOCS3 mRNA and protein
levels in the hypothalamus following chronic leptin infusion.
We observed that SOCS3 mRNA levels were increased by
approximately 2- to 3-fold on each day examined during
leptin infusion. Although, we were unable to detect any
change in SOCS3 protein levels during the initial period of
leptin infusion, SOCS3 protein levels slightly increased on d
16 in leptin-infused rats. Although the reason behind this
discrepancy between SOCS3 mRNA and protein levels is not
clear, it appears that a posttranscriptional defect and/or an
increased degradation of SOCS3 protein did occur on d 2-4
of leptin infusion. It is to be noted that in Chinese hamster
ovary cells transfected with Ob-Rb and SOCS3 expression
vectors, a significant increase in SOCS3 protein levels has
been reported at 20 h of leptin treatment (54). Remarkably,
despite an increased SOCS3 mRNA and protein levels,
STAT3 remained activated on d 16. Because SOCS3 inhibition
of leptin signaling is reported to be dependent on its binding
to Ob-Rb (57) and JAK2 (58), it will be most interesting to
address whether a defect in this mechanism may be respon-
sible for a continued activation of JAK-STAT pathway
throughout the leptin infusion. Also, in a recent study (59),
recombinant adeno-associated virus-mediated central leptin
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gene therapy for 138 d in mildly obese 18-month-old male
F-344X Brown Norway rats was associated with increased
p-STAT3 levels and SOCS3 gene expression in the hypothal-
amus. Although in vitro and in vivo studies have postulated
that SOCS3 might play an important role in leptin resistance
(16, 27, 54, 60—62), it is not clear whether increased SOCS3
gene expression is responsible for the development of leptin
resistance in NPY neurons (21) following leptin infusion. If
it does, then it would be via a mechanism other than inhi-
bition of STAT3 activation. Interestingly, in a recent study
with diet-induced obese mice, hypothalamic SOCS3 mRNA
levels remained unchanged despite a reduced STAT3 acti-
vation by leptin in these animals (63).

Our recent demonstration of the development of leptin
resistance in NPY neurons (21) as well as in POMC and NT
neurons (our unpublished observations) and the present
finding of increased hypothalamic STAT3 activation during
chronic leptin infusion raise an important question as to what
are the mechanisms by which leptin target neurons, partic-
ularly NPY neurons, escape an intact STAT3 pathway of
intracellular leptin signaling. Because STAT3 activation was
examined in whole hypothalamic extracts, an alteration in
STATS3 activation in specific hypothalamic sites or specific
neurons is still possible and may contribute to develop leptin
insensitivity. However, if the increased STAT3 activity ob-
served in whole hypothalamic extract is due to an increase
of STAT3 activity in specific leptin-sensitive neurons other
than NPY neurons, it will require a remarkable increase in
STATS3 activity in those neurons. On the other hand, if STAT3
transcriptional activity is impaired, it could explain leptin
insensitivity despite an increased STAT3 activation in spe-
cific neurons. Recent evidence suggest that upon reaching
the nucleus transcriptional activity of STAT proteins may be
dependent on its interaction with other DNA-binding pro-
tein or coactivators (64). In this regard, it is noteworthy that
STAT3 transcriptional activity can be regulated by other
factors (coactivators), such as p300/CBP (cAMP response
element-binding protein-binding protein) and steroid recep-
tor coactivators 1 (NcoA/SRCla) (65, 66). Although both
CBP and SRC1 are localized in the hypothalamus (67, 68) and
the role of these coactivators in hypothalamic STAT3 tran-
scriptional activity is yet to be established, any alteration in
these coactivators could compromise STAT3-mediated leptin
action despite an activation of STAT3. These possibilities are
currently under investigation in our laboratory.

Our recent evidence suggests that, besides the JAK2-
STAT3 pathway, leptin action in the hypothalamus is me-
diated through an insulin-like signaling pathway involving
stimulation of phosphotidylinositol-3 kinase (PI3K) and
phosphodiesterase 3B (PDE3B), and reduction in cAMP lev-
els (33). Others have also reported an activation of hypotha-
lamic PI3K by leptin (69). Our additional evidence further
suggested that a PI3K-PDE3B-cAMP pathway interacting
with the JAK2-STAT3 pathway constitutes a critical compo-
nent of leptin signaling in the hypothalamus (33). Thus, it will
be extremely interesting whether PI3K-PDE3B-cAMP path-
way of leptin signaling is altered during chronic leptin in-
fusion, which might be responsible for the normalization in
food intake and NPY expression following central leptin
infusion. Current studies are underway to determine
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whether this pathway of leptin signaling is defective follow-
ing chronic central leptin infusion and in diet-induced
obesity.

In summary, we have provided evidence suggesting that
the JAK2-STAT3 pathway of leptin signaling in the hypo-
thalamus is functioning normally in our model of chronic
central leptin infusion. We suggest that normalization in
food intake (and hypothalamic NPY expression, observed
previously) during chronic leptin infusion must be due to
other compensatory mechanisms and or an alteration in
other pathways of leptin signaling in the hypothalamus.
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