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Diet-induced obesity (DIO) results in region-specific cellular leptin resistance in the arcuate nucleus
(ARC) of the hypothalamus in one strain of mice and in several medial basal hypothalamic regions in
another. We hypothesized that the ventral tegmental area (VTA) is also likely susceptible to diet-induced
and leptin-induced leptin resistance in parallel to that in hypothalamic areas. We examined two forms of
leptin resistance in F344xBN rats, that induced by 6-months of high fat (HF) feeding and that induced by
15-months of central leptin overexpression by use of recombinant adeno-associated viral (rAAV)-
mediated gene delivery of rat leptin. Cellular leptin resistance was assessed by leptin-stimulated phos-
phorylation of signal transducers and activators of transcription 3 (STAT3) in medial basal hypothalamic
areas and the VTA. The regional pattern and degree of leptin resistance with HF was distinctly different
than that with leptin overexpression. Chronic HF feeding induced a cellular leptin resistance that was
identified in the ARC and VTA, but absent in the lateral hypothalamus (LH), ventromedial hypothalamus
(VMH), and dorsomedial hypothalamus (DMH). In contrast, chronic central leptin overexpression
induced cellular leptin resistance in all areas examined. The identification of leptin resistance in the VTA,
in addition to the leptin resistance in the hypothalamus, provides one potential mechanism, underlying
the increased susceptibility of leptin resistant rats to HF-induced obesity.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The adipocyte-derived hormone, leptin, through its action in the
hypothalamus and other brain sites, is a potent regulator of appetite
and energy expenditure (Ahima and Flier, 2000). Therapeutic
interest in this hormone has waned due to the reduced efficacy and
sensitivity of leptin in humans or animals with common obesity
(Proietto and Thorburn, 2003; Scarpace and Zhang, 2009). Serum
leptin levels increase proportionally with adiposity, and leptin
levels are high in rodent and human models of diet-induced obesity
(DIO), yet, the increased leptin fails to curb the progression of
obesity (Halaas et al., 1997; Widdowson et al., 1997; Levin and
Dunn-Meynell, 2002). This apparent leptin ineffectiveness is
identified as leptin resistance.

Although the exact mechanism underlying leptin resistance is
not fully understood, leptin resistance in DIO rodents is associated
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with diminished leptin receptor signaling to centrally administered
leptin (El-Haschimi et al., 2000), and this form of leptin resistance is
often referred to as cellular leptin resistance (Morrison et al., 2005;
Myers et al., 2008). One of the major leptin receptor signaling
pathways involves activation of Janus kinase 2 (JAK2) and the
subsequent phosphorylation of signal transducers and activators of
transcription (STAT), in particular STAT3 (Ahima and Flier, 2000).
Receptors occupied by leptin undergo phosphorylation by JAK2,
promoting binding of STAT proteins that are then subject to tyro-
sine phosphorylation by JAK2. Phosphorylated STAT3 dimerizes
and can serve as a transcription activator. Thus, the degree of lep-
tin-mediated STAT3 phosphorylation serves as one marker of
cellular leptin responsiveness.

Although leptin receptors within the arcuate nucleus (ARC) of
the hypothalamus have received the most attention, leptin recep-
tors have been found in other areas in the hypothalamus including
the lateral hypothalamus (LH), ventromedial hypothalamus (VMH),
and dorsomedial hypothalamus (DMH) (Ahima and Flier, 2000), as
well in regions outside the hypothalamus, most notably the ventral
tegmental area (VTA) (Hommel et al., 2006). Identification of the
specific site or sites of cellular leptin resistance within the brain has
been largely ignored. Munzberg et al. first reported that leptin
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resistance, as identified by diminished leptin-mediated STAT3
phosphorylation, was limited to the ARC in high-fat (HF) fed mice
(Munzberg et al., 2004). A subsequent study, in a different strain of
HF-fed mice, found evidence for leptin resistance in several regions
in the medial basal hypothalamus including the ARC, VMH, DMH,
and ventral premammillary area (Metlakunta et al., 2008). The only
study in rats examined pregnancy-related leptin resistance and
reported impaired leptin-induced STAT3 phosphorylation in two
hypothalamic regions, the ARC and VMH with no evidence of
diminished signaling in DMH or LH (Ladyman and Grattan, 2004).

To date, there have been no investigations of the occurrence of
leptin resistance outside the hypothalamus. One region recently
identified to be important in the leptin-mediated regulation of
ingestive behavior is the VTA of the midbrain reward circuitry
(Fulton et al., 2000; Hommel et al., 2006). The effects of leptin on
energy intake in the VTA are mediated by STAT3 phosphorylation
(Morton et al., 2009), and leptin receptor knockdown in the VTA
increases the preference for sucrose consumption over water
(Hommel et al., 2006). We recently demonstrated that voluntary
wheel running in rodents curtails high-fat (HF)-related hyper-
phagia and eliminates the preference for a palatable HF diet, and
that this is associated with enhanced leptin-mediated STAT3
signaling specifically in the VTA (Scarpace et al., 2010). These data
suggest that leptin-mediated STAT3 signaling in the VTA plays
arole in HF feeding behavior, and because HF feeding leads to leptin
resistance, we hypothesized that the VTA is likely susceptible to
diet-induced leptin resistance in parallel to that in hypothalamic
areas.

To this end, we examined leptin-mediated STAT3 phosphory-
lation under two conditions known to induce leptin resistance,
chronic HF feeding and chronic overexpression of leptin in the
brain. For diet-induced leptin resistance, we fed rats a HF diet for 6
months, and for leptin-induced leptin resistance, we overexpressed
leptin in the brain for 15 months via delivery of a recombinant
adeno-associated viral (rAAV) vector encoding rat leptin. Subse-
quently, we assessed signaling by central leptin administration and
examined STAT3 phosphorylation in multiple brain regions,
including the ARC, VTA, VMH, DMH, and LH.

2. Materials and methods
2.1. Experimental animals

Three-month-old male F344 x Brown Norway (F344xBN) rats were obtained
from Harlan Sprague—Dawley (Indianapolis, IN). Upon arrival, rats were examined
and remained in quarantine for one week. Animals were cared for in accordance
with the principles of the Guide to the Care and Use of Experimental Animals and
protocols were approved by the University of Florida Institutional Animal Care and
Use Committee. Rats were housed individually with a 12:12 h light-dark cycle (07:00
to 19:00 h). During the experimental period, rats were fed either a standard rodent
chow (17%kcal from fat, no sucrose, 3.3 kcal/g, diet 2018, Harlan Teklad; Madison,
WI) or a HF diet (60% kcal from fat, 7% kcal from sucrose, 5.24 kcal/g, D12492,
Research Diets, New Brunswick, NJ).

2.2. Experimental design

This study consists of two experiments. In the first experiment, rats were
administered either recombinant adeno-associated virus (rAAV)-leptin or control
vector by i.c.v. injection. Rats (N = 16/group) were allowed free access to food and
water, ad libitum, and food consumption and body weight were recorded daily to
weekly for 15 months. During two 4-day periods, (starting at day 75 and day 371),
rats were evaluated for extent of voluntary wheel running (WR). Prior to death, at
day 452, those administered control and rAAV-leptin were further divided into two
groups (N = 8), and either artificial cerebral spinal fluid (ACSF) or leptin (1ug) were
administered by i.c.v. injection to determine leptin signaling in various brain regions.

In the second experiment, rats (N = 12/group) were chow or HF fed for 190 days.
At day 190, whole body adiposity was assessed by time domain nuclear magnetic
resonance (TD-NMR) using a Minispec lean fat analyzer (Bruker Optics, Inc., The
Woodlands, TX). Validation of TDNMR methodology has been provided (Tinsley
et al., 2004). Prior to death, the chow and HF-fed group were further divided into

two groups (N = 6), and either ACSF or leptin were administered by i.c.v. injection to
determine leptin signaling in various brain regions.

2.3. rAAV-vector administration

A single dose (5 x 10"%viral genomes/ml) of either control vector encoding green
fluorescent protein (GFP, 3 ul) or rAAV-leptin (3 ul), was delivered by i.c.v. injection
into the third cerebral ventricle as previously described (Scarpace et al., 2002b). The
coordinates for injection are 1.3 mm anterior to Bregma, 9.4 mm ventral from the
skull surface, at an angle of 20 degrees anterior to posterior. Leptin transgene
expression was determined by RT-PCR using sense (TGACACCAAAACCCTCATCA )and
antisence primers (TGAGCTATCTGCAGCACGTT) as described previously (Scarpace
et al., 2002b).

2.4. Wheel running

Rats were housed in cages equipped with Nalgene Activity Wheels (1.081 meters
circumference, Fisher Scientific, Pittsburgh, PA) that allowed free access to the
wheel. Each wheel was equipped with a magnetic switch and counter. The number
of revolutions were recorded daily for a four-day period. Average daily WR was
calculated from the last 3 days of WR.

2.5. Dietary selection

Rats accustomed to standard chow, were provided simultaneous access to two
novel diets, a 60% HF diet (Research Diets D12492, 60% kcal from fat, 6.7% kcal from
sugar, 13.3% kcal from carbohydrates other than sugar, 20% kcal from protein,
5.24 kcal/g) and a 32% HF diet (Research Diets D12266B, 32% kcal from fat, 25.2% kcal
from sugar, 26.2% kcal from carbohydrates other than sugar, 16.8% kcal from protein,
4.41 kcal/g). Food consumption of both diets were determined separately by weight
of food consumed over a 4 day period. The position of the food trays containing the
chow and HF food was alternated daily. Spillage of food was accounted for in
calculating food consumption.

2.6. Leptin administration

A single dose of leptin (1 pg) was injected into the third cerebral ventricle as
previously described (Scarpace et al., 2007). The coordinates for injection are 1.3 mm
anterior to Bregma, 9.4 mm ventral from the skull surface, at an angle of 20 degrees
anterior to posterior. Rats were killed one hour later.

2.7. Tissue harvesting

Rats were killed by thoracotomy under 150-mg/kg pentobarbital anesthetic.
Subsequently, 40 ml of cold saline were perfused through the circulatory system.
The perirenal and retroperitoneal white adipose tissues (PWAT and RTWAT,
respectively) were each excised and their individual weights recorded. Additionally,
2 mm coronal sections containing the regions of the VTA and ARC were sliced using
a micrometer controlled tissue slicer (Stoelting Co, Wood Dale, I1) and a punch of the
respective regions were taken as subsequently described. Aligning a straight edge
razor blade with the optic tract (—1.5 mm posterior bregma), a 2 mm caudal coronal
section was cut. Thereafter, a 1 mm circumference brain punch (Stoelting, Wood
Dale, IL) was used to excise regions centered around the arcuate nucleus, the
ventromedial hypothalamic nucleus, the dorsomedial hypothalamic nucleus, and
the lateral hypothalamic nucleus. Similarly, aligning a straight edge razor blade with
the caudal end of the hypothalamus (—5 mm posterior to bregma) a coronal section
was cut 2 mm posterior. Thereafter, a 1 mm brain punch was used to biopsy regions
of the VTA. All punches were taken bilaterally.

2.8. Western analysis and radioimmunoassay

Protein homogenate (20 pug) was separated on a SDS-PAGE gel and electro-
transferred to nitrocellulose membranes (Scarpace et al., 2001). Immunoreactivity
was assessed with antibodies specific to phospho-tyrosine 705 of STAT3, and
reprobed with antibodies specific to STAT3 regardless of phosphorylation state (Cell
Signaling, Danvers, MA). The ratio of phosphorylate STAT3 to total STAT3 is reported.
Immunoreactivity to total STAT3 was compared with that for beta-tubulin (Abcam,
Cambridge, MA). Immunoreactivity to tyrosine phosphotase 1B (PTP1B, Calbiochem,
San Diego, CA) was determined in the experiment examining leptin overexpression.

Radioimmunoassay was used to determine serum leptin (Millipore, Billerica,
MA).

2.9. Statistical analysis

Data were analyzed by two-way ANOVA with repeated measures when appro-
priate. A post-hoc test (Bonferroni) was applied to determine individual differences
between means. A P-value of less that 0.05 was considered significant.
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3. Results
3.1. Leptin overexpression

Vectors were delivered into a region of the third ventricle that
passes through the hypothalamus. Such delivery was previously
demonstrated to result in gene expression in cells located along the
wall of the ventricle and in the bed nucleus of the anterior
commissure, ventrally in the preoptic area and in the supra-
chiasmatic nucleus as evidence by fluorescence of GFP. Caudally,
GFP-positive cells were observed in the anterior hypothalamus,
paraventricular nucleus, dorsomedial hypothalamus area, and
suprachiasmatic nucleus (Dhillon et al., 2001). The gene construct
for leptin includes a secretory sequence, thus this compound is
secreted into the surrounding tissue and into the third ventricle,
thus likely reaching target sites throughout the brain. For example,
rAAV-leptin gene delivery by this method elevated leptin levels in
the cerebral spinal fluid by nearly two-fold (Scarpace et al., 2002b).
Leptin transgene expression was verified by RT-PCR in hypotha-
lamic tissue surrounding the site of injection. By this method, leptin
RNA was identified at day 452 in selected rAAV-leptin treated rats
but not GFP injected rats (Fig. 1).

3.2. Body weight and food consumption

In rats administered the leptin containing vector, body weight
began to diverge from the rAAV-controls in the first week and were
significantly different by day 11 (Fig. 2). The nadir of body weight
was reached at day 30 (433 £11 g vs. 363 +11 g, P < 0.001), after
which there was slow regain of the body weight (Fig. 2).

There was an initial decrease in food consumption as a result ofi.c.v.
injection of the virus. The control rats quickly recovered from this
effect and were eating normally by day 5. The leptin treated rats dis-
played a decrease in food intake that became significant commencing
at day 4 (Fig. 2, inset) and continuing to day 34 after which there was
no difference in food intake to day 452. Cumulative caloric intake over
the 30-day period commencing at day 4 demonstrated an averaged
daily consumption that was 19% less in leptin treated compared with
control rats (21.3+£0.5g vs 172+ 0.6 g, P < 0.001).

3.3. Wheel running activity

The attenuation of the anorexic response to leptin along with
the gradual regain in body weight is suggestive of the development
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Fig. 1. Leptin transgene expression was verified by RT-PCR in hypothalamic tissue
surrounding the site of injection. Leptin RNA was identified at day 452 in selected
rAAV-leptin treated rats (L), but not GFP injected rats (C). Upper band represents 18S
rRNA as an internal standard.
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Fig. 2. Body weight in rats following administration of control vector (open circle) or
rAAV-leptin (open squares). The rAAV-leptin or control vectors were administered at
day O in rats maintained on a chow diet. Body weight was significantly different
between groups beginning at day 11 through day 280 (P < 0.05 by t-test). WR was
evaluated starting at day 75 and 371. Values represent the mean + SE of 16 rats per
group. Inset: Food consumption over the first 55 days following administration of the
vectors. Food intake was significantly different between groups commencing at day 4
through day 37 (P<0.05 by t-test). After this period food consumption was not
difference between the two groups for the remainder of the study.

of leptin resistance. We previously established that chronic leptin
overexpression induces a leptin resistance as evidenced by the
absence of an anorexic or weight reduction response to exogenous
central administration of leptin (Scarpace et al., 2002a). This leptin-
induced leptin resistance occurs in two phases, first an attenuation
of the anorexic response and subsequently an extinction of the
increased-energy expenditure response (Scarpace et al.,, 2002a).
Leptin also increases wheel running (WR) activity, and we consider
this assessment as another indicator of leptin responsiveness
(Matheny et al., 2009). Voluntary WR activity was assessed over
two four-day periods during which the animals had free access to
running wheels. WR activity was first examined at day 75, at a time
when the anorexic response had dissipated but when the energy
expenditure response should still be intact. At this point, WR
activity was nearly 40% greater in the leptin treated compared with
the control rats (Fig. 3). WR activity was reassessed at day 371, and
as expected there was a decrease in WR activity among the control
rats, likely due to the increasing age. However, there were no
differences with leptin treatment (Fig. 3), consistent with
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Fig. 3. Wheel running activity at day 75 and 371 after control (open bars) or leptin
(solid bars) vector delivery. Wheel running was assessed for a 4-day period and
average running activity during last 3 days is represented. Values represent the
mean -+ SE of 15—16 rats per group. P= 0.007 for difference with leptin and P=0.001
for difference with days by two-way ANOVA. *P < 0.001 for difference with leptin
treatment at day 75 by Bonferroni post-hoc analysis. **P < 0.03 for difference between
control day 75 and control day 371 by Bonferroni post-hoc analysis.
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Fig. 4. Daily food consumption in grams just prior to (chow consumption, squares) and
during dietary selection between 60% HF/7% sucrose (solid line) and 32% HF/25%
sucrose (dashed line) in control vector (circles) and rAAV-Leptin (triangles) treated rats
starting at day 392 after vector administration.

established leptin resistance in these animals with leptin
overexpression.

3.4. Dietary selection

The preference between two palatable HF diets, a 60% fat/7%
sucrose and a 32% fat/25% sucrose was examined at day 392 in
a two-diet choice paradigm in which both HF diets were provided
ad libitum for 3 days. Initially, the control vector and rAAV-leptin
treated rats displayed a strong preference for the 60% fat/7% sucrose
diet. However, by the third day, the preference for this diet signif-
icantly diminished in the control but not the rAAV-leptin treated
group (Fig. 4).

3.5. Regional leptin signaling

Leptin signaling following acute injection of 1 ug of leptin into
the third ventricle was examined at day 452 in the rats with leptin
overexpression and corresponding controls. This dose of leptin
corresponded to a supra-maximal dose of leptin based on a previ-
ously determined full dose—response curve (Scarpace et al., 2001).
Total STAT3 levels were unchanged between control and rAAV-
leptin treatment (Fig. 5) and not different from beta-tubulin (data
not shown). STAT3 phosphorylation was evaluated in five different
brain regions one hour later. As expected, in control animals, an
increase in phosphorylated STAT3 (P-STAT3) was observed in each
of the regions with leptin administration as compared with ACSF
administration (Fig. 5). There was a 4-fold increase in ARC and 6—8
fold increases in the other hypothalamic regions including the LH,
VMH, and DMH. Similarly, the P-STAT3 was elevated by nearly 7-
fold in the VTA (Fig. 5). In comparison to the magnitude of the fold
increases in the control animals, in those with chronic leptin
overexpression, the responses were diminished. In all areas
examined, the absolute level of STAT3 phosphorylation was
considerably less than the corresponding leptin stimulated level in
control rats, and the fold increases over ACSF administration were
on the order of only two-fold, except in the VMH which demon-
strated no stimulation (Fig. 5).

3.6. Adiposity and serum leptin levels

Adiposity levels were determined by the weights of two
adiposity tissues, PWAT, RTWAT at death. Both measures indicated
adiposity levels were not different between control rats and those

with chronic leptin overexpression (Table 1). Serum leptin levels,
another marker of adiposity, also indicated no difference between
groups (Table 1).

3.7. High-fat feeding

In a second experiment, rats were chow or HF fed (60% of kcal
from fat) for a 190 day period. Introduction of the HF diet resulted
in an initial hyperphagia followed by partial normalization to
a level of caloric intake that was approximately 10% greater than
that in chow fed rats (Fig. 6A). Cumulative food consumption over
the entire experimental period was nearly 12% greater in the HF
fed group (Fig. 6 B). Body weight in the HF-fed rats steadily
diverged from the control rats with a significant difference
commencing at day 32 and continuing to the end of the experi-
ment (Fig. 6C). Adiposity levels were determined by time-domain
NMR on conscious rats prior to death and weights of two adiposity
tissues, PWAT, RTWAT at death. As expected, HF feeding rendered
the animals obese with a nearly 50% increase in whole body
adiposity (Table 2). This was accompanied by an increase in
percent adiposity as well as a decrease in percent lean body mass.
Tissue adiposity and serum leptin at death paralleled the increase
in whole body adiposity (Table 2).

3.8. Regional leptin signaling

We and others have previously demonstrated that this degree of
HF feeding results in physiological leptin resistance (Levin and
Dunn-Meynell, 2002; Wilsey and Scarpace, 2004). The extent of
leptin signaling in selected brain regions was examined following
an acute leptin injection into the third ventricle in the chow and HF
fed rats. Total STAT3 levels were unchanged with HF feeding (Fig. 7)
and not different from beta-tubulin (data not shown). In each
region examined, leptin administration resulted in elevated phos-
phorylated STAT3, ranging from a 6 to 13 fold increase in chow-fed
rats and from 3 to 8 fold in the HF fed rats (Fig. 7). There was
significantly decreased signaling with HF feeding in only the ARC
and VTA regions with unchanged signaling in LH and DMH (Fig. 7).
In VMH, leptin-mediated STAT3 signaling was marginally dimin-
ished with HF feeding (P=0.051). In addition, protein levels of
tyrosine phosphotase 1B (PTP1B) were assessed with leptin over-
expression, but there were no differences across groups in all brain
regions examined (data not shown).

4. Discussion

Leptin resistance is the hallmark of DIO. The underlying mech-
anisms are not clearly delineated, and several defects likely
contribute to leptin resistance (Morrison et al., 2005; Myers et al.,
2008). One consequence of HF feeding is a resistance to central
administration of leptin, and this cellular leptin resistance has been
identified to be associated with impaired leptin signaling events
within in specific subpopulations of hypothalamic neurons in mice
(Munzberg et al., 2004; Metlakunta et al., 2008). One study in
C57BL/6] mice indicated that in as early as 4 days of HF feeding,
leptin-mediated STAT3 phosphorylation is impaired in the ARC
(Munzberg et al., 2004), yet with no evidence of leptin resistance in
other hypothalamic brain regions with up to 16 weeks of HF
feeding. In contrast, another study in FVB/N mice reported no
decline in leptin-mediated STAT3 signaling after 4 weeks of HF
feeding, but leptin resistance in four hypothalamic regions after 19
weeks (Metlakunta et al., 2008). Neither study examined regions
outside the hypothalamus. Recently, leptin function in energy
homeostasis has been linked to regions outside the hypothalamus,
in particular, the mesolimbic dopamine system in the ventral
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Fig. 5. STAT3 phosphorylation following a single icv injection of 1 pg of leptin (sold bars) or ACSF (open bars) in rats administered control vector (rAAV-GFP) or rAAV-leptin 451 days
earlier. STAT3 phosphorylation was assessed 1 hour later in the indicated brain regions. Immunoblots are provided below each figure. Blot 1 includes samples from control (GFP-
treated) rats administered ACSF or leptin along with rAAV-leptin treated rats administered leptin. Blot 2 repeats the control rats administered ACSF and rAAV-leptin treated rats
administered ACSF or leptin. Values represent the ratio of P-STAT3 to total STAT3 and are the mean + SE of 7—8 rats per group. The level of the ACSF injected control for each
individual tissue is arbitrarily set to 100 with SE adjusted proportionally with remaining groups normalized to the level in ACSF injected control. P < 00001 for difference with leptin
injection (all brain regions); P < 0.05 for difference with rAAV-leptin (all brain regions); P < 0.0005 for interaction (all brain regions) by two-way ANOVA; Post-hoc analysis:
*P < 0.001 (P=0.007 for ARC) for difference between leptin and ACSF injection in the rAAV-GFP treated rats. **P < 0.005 (LH, VMH, DMH) or P < 0.05 (ARC, VTA) for difference
between leptin and ACSF injection in the rAAV-Leptin treated rats. t P < 0.001 (P < 0.007 for ARC) for difference between maximal leptin signaling in rAAV-Leptin and rAAV-GFP.

tegmental area (VTA) of the midbrain reward circuitry (Fulton et al.,
2000; Hommel et al., 2006). Leptin function in this brain region is
associated with sweet preference (Hommel et al., 2006) and has
a potential role in the dietary preference for HF food (Scarpace et al.,
2010). These observations predict that this region may be subject to
dietary-induced leptin resistance. The present study revisits die-
tary-induced selective leptin resistance by examination of leptin-

Table 1
Adiposity and serum leptin levels with chronic leptin overexpression.
rAAV-Control rAAV-Leptin
PWAT, g 2.52+0.09 2.75+0.12
RT WAT, g 10.74 +0.40 11.56 +£0.49
Serum Leptin, ng/ml 9.82 +0.63 8.88 +0.50

Data represent the mean + SE of 15—16 rats per group.
Adiposity is represented by tissue weight of PWAT and RTWAT at death.

mediated STAT3 signaling both in specific hypothalamic regions as
well as the VTA. Leptin signaling was assessed following a single icv
injection of a pharmacological dose of leptin. Previous studies
detailing the dose-response leptin-stimulation of hypothalamic
STAT3 phosphorylation indicated that the Kact (concentration that
results in half-maximal activation) for leptin is 41 ng with
a maximum stimulation achieved at 100 ng following i.c.v. injection
(Scarpace et al., 2001). The present study used a dose 10 times this
level thus likely achieving maximal stimulation of leptin receptor
across the brain areas examined. Our findings in rats support earlier
evidence in C57BL/6] mice that within the hypothalamus, HF
induced-leptin resistance is limited to the ARC region of the
hypothalamus. In addition, we identified dietary induced cellular
leptin resistance within the VTA. The previous study in FVB/N mice
found that occurrence of leptin resistance in other hypothalamic
regions that was depended on the length of the HF feeding
(Metlakunta et al., 2008). In our study;, it is unlikely that the lack of
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leptin resistance in other medial basal hypothalamic regions
examined was due to the length of exposure to the HF diet. These
rats were HF fed for greater than 6 months, a feeding period longer
than both of the previous studies in mice.

Leptin resistance is generally believed to have a causative role in
obesity and is demonstrated to predispose rodents to subsequent
HF-induced obesity (Scarpace and Zhang, 2009). For instance, in
rats with pre-existing leptin resistance due to chronic over-
expression of leptin or age-related leptin resistance, subsequent
exposure to a HF diet exacerbates food consumption and weight
gain compared with HF-fed leptin responsive counterparts
(Scarpace et al., 2005; Judge et al., 2008). The known role of VTA
leptin receptor activity in consumption of sugar (Hommel et al.,
2006) and the link between HF-dietary preference and VTA leptin

Table 2
Body weight, adiposity, lean mass and serum leptin levels with chronic HF feeding.
Chow HF-fed

Body weight, g 411+6 482 +14°
Total Adiposity, g 107 +2 150 + 5°
Adiposity, % 26.1+0.2 31.1+0.3°
Lean Mass, % 593+0.3 55.9 +0.4%
PWAT, g 1.37+£0.10 3.14+0.16%
RT WAT, g 4.89+0.27 14.13 +0.83°
Serum Leptin, ng/ml 4.71 £0.37 22.99+2.12°

Data represent the mean + SE of 12 rats per group except for serum leptin, which
represent 6 rats per group.
Total Adiposity was determined by TD-NMR prior to death.

2 P<0.001 for difference from chow-fed rats by t-test.

signaling (Scarpace et al., 2010) indicates a role for VTA leptin
function in tempering the consumption of palatable foods.
Disruption in leptin function in the VTA would then predict
increased vulnerability to HF-induced weight gain. Consistent with
this idea is the observation in the present study that the preference
for a 60% HF/7% sucrose diet diminished by the third day in the
control group but not in the rats with leptin-induced leptin resis-
tance. The identification of HF-induced leptin resistance in the VTA,
in addition to the leptin resistance in the hypothalamus, provides
one potential mechanism, underlying the increased susceptibility
of leptin resistant rats to HF-induced obesity.

Interestingly, in this study, the degree of HF feeding induced
leptin resistance is rather mild. Even in the ARC and VTA, the two
regions in which leptin resistance was identified, there was still
considerable leptin induced phosphorylated STAT3 in both the
chow and HF fed rats. The extent of obesity in rodents lacking leptin
or leptin receptor function exceeds that in rats with the dietary
induced leptin resistance. Indeed, this observation first led to the
hypothesis that HF-induced leptin resistance may be selective, and
that some signaling must remains active in DIO rodents (Munzberg
et al.,, 2004). The present data indicates that not only is HF-induced
leptin resistance selective, but in those areas effected, it is incom-
plete, at least with respect to leptin-mediated STAT3 signaling.
These findings are consistent with discrepancy in the degree of
obesity with HF feeding and genetic models of obesity.

This study also examined regional signaling with leptin resis-
tance induced by chronic overexpression of leptin. This form of
leptin resistance develops gradually over time and is characterized
by an absence of anorexic and weight reducing responses to
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P < 0.0001 for difference with leptin injection (all brain regions); P < 0.05 for difference with HF (ARC, VTA, VMH); P < 0.02 for interaction (ARC, VTA, VMH) by two-way ANOVA;
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centrally administered leptin (Scarpace et al., 2002b) and dimin-
ished leptin-mediated STAT3 signaling in the hypothalamus
(Scarpace et al., 2005). The onset of leptin resistance in the present
study is consistent with the absence of the increased WR activity
over time with leptin overexpression. Surprisingly, the regional
pattern of leptin resistance was distinctly different than that with
HF-induced obesity. With chronic leptin overexpression, cellular
leptin resistance was observed in every brain region examined
including the VTA and in one region, the VMH, no leptin mediated
signaling was detected in the rat with chronic leptin over-
expression. Moreover, the degree of leptin resistance was
substantially greater when compared with that observed with the
6-month HF feeding period. Possibly, the length of leptin over-
expression (452 days) compared with 190 days of HF feeding
accounts for the differences in degree and regional leptin
resistance.

Worthy of note is the apparent increase in STAT3 phosphory-
lation in the ACSF injected rats with rAAV-leptin treatment
compared with control vector counterparts. We generally observe
this increase in STAT3 signaling following rAAV-leptin adminis-
tration and have confirmed this represents increased leptin
receptor-mediated activation. The increased STAT3 phosphoryla-
tion with rAAV-leptin is completely reversed by subsequent infu-
sion of a leptin receptor antagonist (Scarpace et al., 2007). Thus, this
increase in rAAV-leptin mediated STAT3 signaling is contributing
evidence that the transgene-produced leptin is reaching the

appropriate target sites in the brain. Moreover, this increased STAT3
phosphorylation with rAAV-leptin does not appear to be coupled to
metabolic responses. We demonstrated that infusion of a leptin
antagonist in rats with chronic leptin overexpression did not induce
any increase in food consumption or body weight (Scarpace et al.,
2007). The implication is that downstream elements in the leptin
receptor pathway may also have an important role in the mecha-
nisms underlying leptin resistance.

Leptin receptor activation initiates a cascade of signaling events
including specific phosphorylation of several tyrosine residues on
the receptor. Of these, phosphorylation of Tyr 1138 recruits and
promotes STAT3 phosphorylation, and this step is generally
believed to be critical for the leptin mediation of feeding and
energy regulation (Villanueva and Myers, 2008). This would predict
that the near complete absence of STAT3 phosphorylation in the
leptin-induced leptin resistance rats would render them readily
susceptible to obesity. In fact, leptin overexpression does not result
in obesity as long as the rats are maintained on a chow diet,
although such leptin resistant rats display exacerbated HF-induced
obesity (Scarpace et al., 2005). This is in contrast to that what is
observed with a generalized sub-maximal central leptin receptor
blockade. In a previous study, a partial blockade of leptin receptor
activity in the brain was achieved by central overexpression of
a leptin mutant, that acts as a dominate negative antagonist (Zhang
et al.,, 2007; Matheny et al., 2009). This partial central receptor
blockade was sufficient to elevate obesity on a chow diet under
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conditions both when food consumption was augmented or
unchanged (Matheny et al., 2009). This previous data suggest that
unrestrained leptin receptor activity is critical for energy homeo-
stasis, and that even a sub-maximal but global disruption of leptin
receptor function is sufficient to induce obesity on a diet of stan-
dard chow. Thus, this global but partial leptin receptor disruption is
more obesogenic than the multi-site and nearly complete loss of
leptin-mediated STAT3 phosphorylation induced by leptin over-
expression. Such data imply that additional leptin receptor con-
taining sites are responsible for the ability of these rats to maintain
normal energy homeostasis in the face of leptin overexpression and
disruption of STAT3 signaling in the hypothalamus and VTA or that
leptin receptor mediated signaling other than STAT3 is assuming
that role in the examined rat model.

It is likely that HF- or leptin-mediated leptin resistance involves
multiple defects, but none that matches the totality of leptin
receptor blockade or genetic obesity such as the Ob/ob mice or
obese fa/fa Zucker rats (Frederich et al., 1995; da Silva et al., 1998).
In addition, the role of other leptin-stimulated pathways may not
yet be fully delineated. Leptin stimulated PI3 kinase activity is
diminished in the hypothalamus with chronic leptin treatment
(Sahu and Metlakunta, 2005; Metlakunta et al., 2008) and HF
feeding. In addition, the leptin decrease in AMP kinase activity in
the hypothalamus is tempered with DIO (Martin et al.,, 2006).
However, at the present, there is no data on the consequences of HF
feeding on region-specific leptin-mediated signaling involving
these pathways. In addition, it is unknown whether downstream
events in the STAT3 signaling pathway are also impaired in
a region-specific manner with HF feeding.

In summary, this report demonstrates that HF feeding results in
a regional specific decline in leptin-mediated STAT3 phosphoryla-
tion that is limited to the ARC and VTA. Despite this HF-induced
leptin resistance, there remained robust residual leptin stimulated
signaling in all regions. In contrast, with chronic leptin over-
expression, leptin signaling was severely impaired in all areas
examined and was extinguished in the VMH. The defective
signaling in the ARC and VTA likely contribute to the increased
susceptibility to HF-induced obesity in the leptin-resistance state,
and suggest that these brain regions are favorable targets for
restoration of leptin signaling to prevent or temper DIO.
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