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Abstract
Regulation of feeding behavior and energy balance are among the central effects of insulin. For
example, intracerebroventricular administration of insulin decreases food intake and body weight,
whereas antisense oligodeoxynucleotide downregulation of insulin receptors (IRs) produces
hyperphagia. To further examine the role of IRs in the central actions of insulin, we designed an IR
antisense lentiviral vector (LV-IRAS) and injected this vector into the third ventricle to selectively
decrease IR expression in the rat hypothalamus. Three weeks after LV-IRAS administration, the
expression of IRs in the hypothalamus was significantly decreased, whereas no changes were
observed in hippocampal IR levels. LV-IRAS administration decreased insulin-stimulated
phosphorylation of hypothalamic IRs and translocation of the insulin-sensitive glucose transporter
GLUT4 in the hypothalamus; no changes in IR signaling were observed in the hippocampus of LV-
IRAS-treated rats. Lentivirus-mediated downregulation of IR expression and signaling produced
significant increases in body weight, as well as increases in fat mass that were selective for the
subcutaneous compartment. Conversely, lean muscle mass and water mass were not affected in LV-
IRAS-treated rats compared to rats treated with control virus. Changes in peripheral adiposity were
associated with increases in basal hypothalamic leptin signaling in the absence of changes in leptin
receptor expression in LV-IRAS rats. Collectively, these data illustrate the important functional
relationships between hypothalamic insulin and leptin signaling in the regulation of body
composition and provide insight into the mechanisms through which decreases in IR expression and
signaling dysregulates leptin activity, thereby promoting increases in peripheral adiposity.

1. Introduction
The insulin receptor (IR) is a heterotetrameric protein consisting of two extracellular α subunits
that provide the insulin-binding domain and two transmembrane-spanning β subunits [1].
Insulin binding stimulates the tyrosine kinase activity of the β subunit, leading to the activation
of intracellular signaling events. In peripheral tissues, IR activation stimulates increases in
glucose uptake [2]. Cloning and characterization of an insulin-sensitive glucose transporter,
GLUT4, helped to elucidate the mechanisms through which IR activation and signaling elicited
increases in glucose uptake [3,4]. In particular, IR activation initiates a cascade of events that
stimulate the translocation of GLUT4 from an intracellular pool to the plasma membrane,
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significantly enhancing the ability of peripheral tissues to increase glucose uptake [5]. The IR
is also expressed in discrete neuronal populations in the CNS, including the hypothalamus
[6,7], where it is proposed to regulate feeding behavior and energy metabolism [8]. For
example, intracerebroventricular administration of insulin [9] or insulin mimetics [10] decrease
food intake, body weight and peripheral adiposity. Conversely, these measures are increased
in IR knockout mice [11] and following downregulation of hypothalamic IRs using antisense
oligonucleotide approaches [12]. Collectively, these studies suggest that hypothalamic IRs play
an important role in normal physiological processes, as well as in pathological settings such
as insulin resistant states and type 2 diabetes.

There are several caveats and limitations associated with these molecular approaches that have
examined IR function in the CNS. For example, one potential complication associated with
the use of knock-out mice is that compensatory changes may occur during development due
to elimination of the gene of interest. This may be particularly relevant to IR expression in the
CNS since insulin also exhibits affinity for insulin-like growth factor I (IGF-I) receptor and
IGF-I receptors are expressed in the hypothalamus [6]. Administration of antisense
oligonucleotides avoids this potential limitation associated with knock-out mice, but requires
constant infusion of antisense sequences that may produce short-lived effects. An emerging
technology that provides an alternative to these approaches is virus-mediated gene transfer
[13]. Virus-mediated gene transfer induces long lasting changes in gene expression in targeted
brain regions in adult animals, thereby allowing for examination of the role of a particular gene
in neuronal function from the cellular to the behavioral levels. In view of the advantages of
this approach, the aim of the current study was to determine the efficacy of virus-mediated
gene transfer to examine the functional activities of the IR in the hypothalamus, including
examination of the role of central IRs in peripheral body composition and in the translocation
of the insulin-sensitive glucose transporter GLUT4. Because of the important relationship
between insulin and leptin in modulation of metabolism and body composition [14], we
additionally examined the effect of decreasing hypothalamic IRs upon leptin signaling.

2. Materials and methods
2.1. Lentivirus construction

A plasmid containing a 747-bp fragment of the insulin receptor gene, containing 335 bp of the
rat insulin receptor coding region plus 124 bp of the adjacent 3′-UTR was generously provided
by Dr D. LeRoith (NIH). This DNA fragment was cloned into a lentivirus transfer vector,
inserted in antisense orientation relative to the human phosphoglycerate kinase-1 (PGK)
promoter. This transfer vector also contained an encephalomyocarditis virus internal ribosome
entry site (IRES) and enhanced green fluorescent protein (EGFP). Virus was produced by
transfection of human embryonic kidney 293T cells with the transfer vector, a packaging
plasmid (pCMV R8.92), a plasmid encoding the rev gene and a plasmid encoding vesicular
stomatitis virus G glycoprotein gene. A control virus, LV-Con, was constructed similarly, using
a transfer vector with the PGK promoter driving expression of EGFP alone (no IRES).

2.2. Animal Protocols
Adult male Sprague Dawley rats (CD strain, Charles River) weighing 200–250 g were housed
in groups of three with ad libitum access to food and water, in accordance with all guidelines
and regulations of The University of South Carolina Animal Care and Use Committee. Animals
were maintained in a temperature-controlled room, with a light/dark cycle of 12/12 h (lights
on at 0700h). Rats were handled daily for 5 days and then underwent stereotaxic surgery. Rats
were anesthetized, placed in the stereotaxic apparatus and lentivirus was injected into the third
ventricle using the following coordinates: AP: −2.6 mm; L: 0.0 mm; DV: −10.0 mm. Rats were
injected with lentivirus containing an antisense sequence selective for the IR (LV-IRAS) or
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control virus (LV-Con). The viral stock (20,000 tu/ul) was injected at a speed of 1 ul/min with
a 10 ul Hamilton syringe driven by a motorized stereotaxic injector (Stoelting 53310); the
needle was left in place for additional 10 min. Total volume injected was 4 ul. Rats were
returned to the housing colony and sacrificed 21 days after LV administration. Carcasses were
sealed in individual plastic bags and frozen at −80° C for later body composition analysis. Oral
glucose tolerance test: rats were subjected to an overnight fast; the following morning glucose
(2 g/kg) was administered by gastric intubation. Blood samples were collected from the tip of
the tail in heparinized tubes at the following time points following intubation: 0 (baseline), 30,
60, 90 and 120 mins. Blood glucose levels were measured by glucose oxidase method (Pointe
Scientific, Inc., Canton, MI); plasma insulin levels were measured by ELISA (Linco Research,
Inc. St Charles, Missouri). For GLUT4 translocation assays, rats were subjected to an overnight
fast; the following morning glucose (2 g/kg) was administered by gastric intubation. Following
glucose administration, animals were returned to their home cage. Blood samples were
collected from the tip of the tail in heparinized tubes 30, 60 and 90 minutes post-injection for
plasma glucose analysis. The brains were quickly removed two hours after glucose
administration, the hypothalamus and hippocampus were isolated and stored at −70°C until
use.

2.3. Body composition analysis
Body composition of animals was determined by nuclear magnetic resonance (NMR) method
(EchoMRI Whole Body Composition Analyzer, Echo Medical Systems, Houston, TX). This
method provides estimates of total lean tissue, fat tissue, and water content. Animals (LV-IRAS
=14; LV-Con = 13) were additionally processed for determination of fat distribution. In this
procedure, all of the skin was gently removed from the carcass, including the fat attached to
the skin (including the dorsal subcutaneous and inguinal fat pads), to separate subcutaneous
from visceral fat. The skin and attached subcutaneous fat (“subcutaneous depot”) was then
analyzed separately from the rest of the body, which contained the organs and visceral fat
(“visceral depot”). The two samples were placed in individual plastic freezer bags and frozen
at −80° C until analyzed by NMR.

2.4. Membrane preparation
Isolation of membrane-containing fractions was performed as described previously [15,16].
Briefly, hypothalamic or hippocampal punches were weighed, homogenized in ice-cold
homogenization buffer and centrifuged for 10 min at 500g at 4°C. Punches were prepared from
individual rats for subsequent analyses and were not pooled. Sample sizes consisted of 13 for
the LV-IRAS group and 12 for the LV-Con group. The total membrane fraction (supernatant)
was saved; a portion of this fraction was centrifuged at 31,000g for 30 mins at 4°C. The resulting
pellet, which contained the plasma membrane fraction, was resuspended in PBS. Protein
concentrations of the total membrane fraction and the plasma membrane fraction was
determined by the method of Bradford [17] using BSA as a standard.

2.5. In vitro phosphorylation assays
In vitro phosphorylation of the insulin receptor was performed as described by Alkon and co-
workers [18,19], with the following modifications. Briefly, 50 μg of hypothalamic or
hippocampal total membrane fractions were diluted with reaction buffer (50 mM Tris-HCl, pH
7.4; 1 mM MgCl2; 2 mM EGTA; 1x protease inhibitor cocktail [Sigma Chemical Company];
1x phosphatase inhibitor cocktail [Sigma Chemical Company]). In vitro phosphorylation was
stimulated by addition of 1 μM insulin and 5 mM ATP (+ lanes); basal levels of phosphorylation
were measured in samples treated with buffer (− lanes). Following addition of insulin/ATP or
buffer, samples were incubated for 3 minutes at 37°C. SDS/PAGE sample buffer was quickly
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added, the samples were boiled for 10 minutes and added to a precast 4–20% SDS/PAGE gel
(Bio-Rad Laboratories).

2.6. Immunoblot analysis
Immunoblot analysis was performed as described in our previous studies [20,21] and was
performed upon at least eight individual punches isolated from the hippocampus or
hypothalamus of LV-Con or LV-IRAS rats. Briefly, proteins were separated by SDS/PAGE
(10%), transferred to nitrocellulose (NC) membranes and blocked in TBS plus 10% non fat
dry milk for 60 min. For GLUT4 translocation assays, 40 μg of plasma membrane fractions or
40 μg of whole membrane fractions were added to the SDS/PAGE. For all other proteins, 20
μg of total membrane fractions were added to the SDS/PAGE. NC membranes were incubated
with primary antisera (in TBS/5% non fat dry milk), then washed with TBS plus 0.05% Tween
20 (TBST) and incubated with peroxidase-labeled species-specific secondary antibodies. NC
membranes were then washed with TBST and developed using enhanced chemiluminescence
reagents (ECL, Amersham) as described by the manufacturer. Normalization for protein
loading was performed using a mouse monoclonal primary antibody selective for actin (Sigma
Chemical Company).

2.7. Immunohistochemistry
Rats were anesthetized and perfused through the ascending aorta sequentially with normal
saline (0.9%), followed by 4% paraformaldehyde in 0.1 M phosphate buffer. Rat brain sections
were cut on a freezing microtome at a thickness of 40 μM, washed with phosphate buffered
saline and then incubated with primary antisera selective for green fluorescent protein (GFP;
1:1,000 dilution; Sigma Chemical). Sections were washed and incubated with species specific
biotinylated IgGs (Vector Laboratories, Burlingame, CA). Sections were then washed and
incubated with horseradish peroxidase streptavidin (Vector Laboratories, Burlingame, CA),
tissue sections were washed and developed with the metal enhanced DAB substrate kit (Pierce,
Rockford, IL).

2.8. Fluoro-Jade histochemistry
Fluoro-Jade histochemistry was performed as described by Schmued and co-workers [22] with
the following modifications. Briefly, coronal brain sections from LV-Con and LV-IRAS rats
were cut at a thickness of 40 μm on a cryostat microtome and mounted on gelatin-coated slides.
Since adrenalectomy (ADX) produces degeneration of dentate gyrus granule neurons [23],
coronal brain sections from ADX rats were used as positive controls for Fluoro-Jade labeling.
Sections were briefly dried and then were washed and incubated with 0.05% potassium
permanganate for 15 minutes at room temperature (RT). Slides were again washed and
incubated with 0.001% Fluoro-Jade B (Histochem International) in double distilled water.
Sections were then washed in HPLC-grade water, dried on a slide warmer, dehydrated with
xylenes, and cover-slipped with permount.

2.9. Autoradiographic film analysis and statistical analysis
Computer-assisted microdensitometry of autoradiographic images was determined on the
MCID image analysis system (Imaging Research, Inc., St. Catherines, Canada).
Microscale 14C standards (Amersham) were exposed on Kodak X-OMAT film and digitized.
Grey level/optical density calibrations were performed using a calibrated film strip ladder
(Imaging Research, Inc, St. Catherines, Canada) for optical density. Optical density was plotted
as a function of microscale calibration values. Statistical analysis was performed using an
unpaired t-test with P < 0.05 as the criterion for statistical significance.
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3. Results
3.1. LV-IRAS administration selectively downregulates IR expression in the hypothalamus

Rats were given intracerebroventricular (icv) injections of the IR (LV-IRAS) construct or the
LV-Con construct into the third ventricle to target IRs expressed in the arcuate nucleus of the
hypothalamus. Three weeks after LV administration, rats were perfused and the brains were
prepared for immunohistochemical analysis using primary antisera selective for green
fluorescent protein (GFP). As shown in Figure 1C, LV-mediated expression of GFP was limited
to the hypothalamus and was not detected in brain regions rostral (Panels A and B) or caudal
(Panel D) of the injection site following third ventricular administration of the LV constructs.
Fluoro-Jade histochemistry [22] was performed in order to determine if lentivirus
administration produced neuronal damage in the hypothalamus. As a positive control, Fluoro-
Jade histochemistry detected degenerating granule neurons in the dentate gyrus (DG) of
adrenalectomized rats (Figure 2, ADX). Conversely, no Fluoro-Jade-positive neurons were
detected in the hypothalamic regions surrounding the injection site in the third ventricle,
including the arcuate nucleus and the ventromedial hypothalamic nucleus (Figure 2, LV). In
order to determine the efficacy of the LV-IRAS construct, micropunches were isolated from
hypothalamus and hippocampus of LV-IRAS and LV-control treated rats and prepared for
western blot analysis using antisera selective for IR-β. In the hypothalamus and hippocampus,
IR- β was detected as a single band with the apparent molecular weight of approximately 95
kDa in both LV-Con-treated rats and LV-IRAS-treated rats (Figure 3, Panel A and Panel B,
respectively). Autoradiographic image analysis of this 95 kDa band revealed that IR-β
expression was significantly downregulated in the hypothalamus of LV-IRAS-treated rats
when compared to LV-Con-treated rats (Figure 3, Panel C). However, IR- β protein expression
was unchanged in the hippocampus of LV-IRAS-treated rats when compared with LV-Con-
treated rats.

3.2. LV-IRAS administration selectively downregulates IR signaling in the hypothalamus
In order to determine the effects of the LV-IRAS construct upon IR functional activities in the
CNS, insulin-stimulated phosphorylation of the IR and insulin-stimulated trafficking of
GLUT4 were analyzed as measures of IR signaling in the hypothalamus and hippocampus. In
vitro phosphorylation of total membrane extracts from the hypothalamus and hippocampus
was performed and followed by western blot analysis using primary antisera that recognize the
phosphorylated form of the IR. Incubation of hypothalamic total membrane fractions with
insulin and ATP produced a robust increase in the phosphorylation state of the IR (Figure 4,
Panel A). Autoradiographic analysis revealed that in vitro phosphorylation of the IR was
significantly reduced in the hypothalamus of LV-IRAS rats compared to LV-Con rats;
phospho-IR levels were similar in hippocampal extracts from LV-IRAS and LV-Con rats
(Figure 4, Panel B). As another measure of IR signaling, insulin-stimulated translocation of
GLUT4 to the plasma membrane was determined 2 hours following oral glucose administration
as described in our previous studies [24]. While total GLUT4 levels were similar in the
hypothalamus of LV-Con and LV-IRAS-treated rats (Figure 5, Panel C), insulin-stimulated
trafficking of GLUT4 to the plasma membrane was significantly reduced in the hypothalamus
of LV-IRAS treated rats when compared with LV-Con-treated rats (Figure 5, Panel B). Total
GLUT4 levels and insulin-stimulated trafficking of GLUT4 to the plasma membrane were
similar in the hippocampus of both groups of rats (Figure 5).

3.3. Hypothalamic LV-IRAS administration modulates body weight, body composition and
plasma leptin levels

In order to determine the effect of downregulating IR expression and signaling in the
hypothalamus upon peripheral glucose metabolism, LV-Con and LV-IRAS rats were subjected
to an oral glucose tolerance test following an overnight fast. Glucose clearance was nearly
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identical in LV-Con and LV-IRAS rats in response to the oral glucose tolerance test (Figure
6, Panel A). In addition, glucose-stimulated increases in plasma insulin levels were similar in
LV-IRAS rats when compared with LV-Con rats (Figure 6, Panel B). In agreement with
previous studies in neuronal insulin receptor knock-out (NIRKO) mice [11], LV-IRAS rats
exhibited significant increases in body weight beginning 12 days following LV administration
and continuing for up to 22 days post-injection (Figure 7). As an additional measure of
peripheral metabolism, body composition analysis was performed in LV-Con and LV-IRAS
rats. While lean muscle mass and water content were similar in both groups, LV-IRAS treated
rats exhibited a significant increase in fat mass when compared with LV-Con treated rats
(Figure 8). More selective analysis of body composition revealed that LV-IRAS treated rats
preferentially increased their subcutaneous fat, while visceral fat levels were similar in LV-
IRAS and LV-Con rats (Figure 9, Panel B). Lean muscle mass and water mass in the visceral
and subcutaneous compartments were similar in LV-IRAS rats and LV-Con rats (Figure 9,
Panel A). Increases in subcutaneous fat were accompanied with increases in plasma leptin
levels in LV-IRAS rats (Table 1). Other endocrine parameters, including plasma
glucocorticoid, plasma estradiol, and plasma testosterone levels were similar in LV-IRAS rats
and LV-Con rats.

3.4. Hypothalamic leptin receptor signaling, but not expression, is altered in LV-IRAS rats
In view of the important functional interactions between hypothalamic insulin and leptin
signaling in the regulation of body composition [25,26], we examined components of leptin
receptor signaling in the hypothalamus of LV-IRAS rats and LV-Con rats. Leptin receptor
expression was unchanged in the hypothalamus of LV-IRAS rats compared with LV-Con rats
(Figure 10). Similarly, basal phosphorylation of JAK2 (tyr1007/1008) was unchanged in LV-
IRAS and LV-Con rats (data not shown). Conversely, basal levels of the phosphorylated form
of Stat3 were significantly increased in the hypothalamus of LV-IRAS-treated rats compared
LV-Con rats (Figure 11). In addition to elevated levels of phospho-Stat3, LV-IRAS-treated
rats also exhibited increases in SOCS3 expression (Figure 12). All of these parameters of leptin
receptor expression and signaling were similar in the hippocampus of LV-IRAS rats when
compared with LV-Con rats. Such results suggest that dysregulation in hypothalamic leptin
signaling downstream of Stat3/SOCS3 may contribute to increases in peripheral adiposity
observed in LV-IRAS rats.

4. Discussion
The results of the current study demonstrate that lentivirus packaged with a selective IR
antisense sequence downregulates IR expression and signaling in the hypothalamus without
affecting IR expression or signaling in the hippocampus. Virus-mediated gene transfer
produced rapid and robust changes in peripheral body composition in that downregulation of
hypothalamic IRs increased body adiposity, in particular subcutaneous fat mass, while not
affecting lean muscle mass or water composition. Downregulation of IR expression and
signaling also produced changes in hypothalamic leptin signaling that are proposed to
contribute to leptin resistance [27]. Importantly, lentivirus elicits long-lasting changes that are
observed for at least three weeks following administration of the LV-IRAS construct, in
keeping with previous studies on the duration of lentivirus-mediated gene expression [28].
These data demonstrate that the LV-IRAS represents a novel experimental approach to examine
the mechanistic and functional properties of central IRs.

4.1. Virus-mediated gene transfer
Lentivirus vectors are based on the human immunodeficiency virus, but are multiply
attenuated, replication-defective and self-inactivating. The major advantage of these vectors
is that they can transduce non-dividing cells such as neurons, making them invaluable for
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research on the mammalian brain. The prolonged activity of LV is produced by a single
injection, thereby eliminating the need for multiple injections or constant infusion of antisense
oligonucleotide sequences [12]. For example, while antisense oligonucleotide approaches
effectively modulate hypothalamic IR activity [12], oligonucleotides may produce transient
effects. Conversely, in our previous studies in the amygdala [29,30] and the current results in
the hypothalamus, LV is highly expressed 21 days post injection. Other studies have revealed
that gene expression is modulated up to several months following lentivirus administration
[31]. These long-lasting effects of lentivirus administration provide adequate time for
behavioral assays to be coupled with neurochemical and neuroanatomical analyses. Another
advantage of this technique is that LV administration can be used to induce over-expression
or knockdown of gene expression in a single region in the adult CNS, thereby eliminating any
potential compensatory changes in gene expression during development that may occur in
transgenic or knockout mice. Virus-mediated gene transfer may be applied to a variety of
species, including primates [32] and eliminates the potential complication of species-specific
responses. In the case of the current study, use of LV-approaches in rats provides for direct
comparisons to our previous studies that have examined IR signaling in the rat CNS [16,24,
33,34].

4.2. Identification of neuronal insulin receptor signaling cascades
One area of research that the LV-IRAS approach may be most beneficial is in gaining greater
insight into signal transduction cascades activated by insulin in the CNS and how these
signaling cascades may contribute to or participate in the central actions of insulin. For
example, autophosphorylation of the IR has been identified as the initiation point for IR
signaling in peripheral tissues [2] and the current studies demonstrate that LV-IRAS
administration downregulates insulin-stimulated phosphorylation of hypothalamic IRs. A
more distal endpoint for IR signaling in peripheral tissues is the translocation of GLUT4 from
the cytosolic compartment to the plasma membrane. In the CNS, previous studies have
demonstrated that plasma membrane association of GLUT4 is reduced in diabetes phenotypes
[20,34,35], while physiologically-relevant increases in plasma insulin levels stimulated by
glucose administration increases neuronal GLUT4 trafficking [24]. These results suggest that
insulin activation of neuronal IRs may mediate these GLUT4 trafficking events. However,
insulin also possess high affinity for the IGF-I receptor [1,36], which is more abundantly
expressed in some brain regions when compared with the IR [6,37]. Therefore, several receptor
systems may be activated by insulin thereby leading to activation of distinct signal transduction
cascades in the CNS. The current results demonstrate that downregulation of hypothalamic IRs
decreases insulin-stimulated trafficking of GLUT4 to a level similar to those observed in
insulinopenic conditions of experimental models of type 1 diabetes [34,35]. Such results
suggest that insulin-stimulated trafficking of GLUT4 may be predominantly mediated through
the IR, although these findings cannot eliminate a potential role for the IGF-I receptor family.
Future investigations using the LV-IRAS construct may provide additional insight into the
insulin-stimulated transduction events, as well as how these signaling mechanisms contribute
to the central actions of insulin.

We did not detect changes in peripheral glucose uptake following an oral glucose load in LV-
IRAS rats when compared with LV-Con rats, suggesting that under these experimental
conditions peripheral glucose metabolism is unaffected following downregulation of
hypothalamic IRs. Similar findings were reported in male NIRKO mice, in that wild-type (WT)
mice and NIRKO mice exhibit similar decreases in blood glucose levels following a peripheral
insulin challenge [11]. It is interesting to note that female NIRKO mice exhibited impaired
responses to insulin administration when compared to WT female mice. Based upon these
observations, as well as the gender differences in adipose tissue distribution (see below), it will
be interesting to examine glucose clearance and insulin release in response to an oral glucose
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tolerance test in female rats treated with the LV-IRAS construct. Since anti-sense
oligonucleotide mediated downregulation of hypothalamic IR expression impairs hepatic
insulin activity in male rats [12], it would also be interesting to examine tissue-specific insulin
responses following hypothalamic LV-IRAS administration.

4.3. Hypothalamic insulin receptors and body adiposity
Energy homeostasis is under the control of an intricate network of neural and hormonal signals
[38,39]. Insulin and leptin are secreted in direct proportion to body fat and administration of
either elicits a net catabolic response by altering expression of neuropeptides in the arcuate
nucleus, such as neuropeptide Y, agouti-related peptide, and proopiomelanocortin, that are
involved in the regulation of energy homeostasis, body composition and food intake. Insulin
receptors are located in the medial and lateral portions of the arcuate nucleus of the
hypothalamus. Studies show decreased fat mass in response to long term ICV insulin treatment
and suggests a critical role for insulin in regulation of body composition [9,40]. Disruption of
insulin receptor throughout the brain results in increased body adiposity, plasma insulin and
leptin levels [11]. More selective knockdown of insulin receptor expression in the
hypothalamus using antisense oligodeoxynucleotides leads to greater adiposity specifically in
the subcutaneous depot [12]. Our body composition data are consistent with these data and the
preferential increase in subcutaneous fat over visceral fat supports insulin’s role in regulation
of adipose tissue distribution. In addition to increases in peripheral adiposity, LV-IRAS rats
exhibited significant increases in body weight gain beginning 12 days after hypothalamic LV
administration, increases that are maintained for the remainder of our 22 day paradigm.
Interestingly, female NIRKO mice, but not male NIRKO mice also exhibit changes in body
weight when compared with their WT littermates [11]. Since the current studies were
performed in male rats, it will be interesting to examine gender differences in body weight
following LV-IRAS administration (see below). Unlike the changes we observed in body
weight and compostion, we did not detect significant changes in total daily food intake in rats
treated with the LV-IRAS construct (data not shown). Nonetheless, based upon the changes in
body weight and adiposity, it will be important to examine more discrete measures of feeding
behavior, such as meal patterns or meal size.

There are gender differences in distribution of adipose tissue such that males have greater
visceral fat depots and female have greater subcutaneous depots [41]. Adipose tissue
distribution in males correlates with plasma insulin concentration while in females it
corresponds better with leptin levels [42,43]. In addition, male rats are more sensitive to the
catabolic action of central insulin compared with females [44] and this difference has been
attributed to the actions of gonadal hormones [45]. Intact male rats have less subcutaneous fat
compared to females and gonadectomy increases the proportion of subcutaneous fat [46]. In
addition, administration of estradiol to intact males shifts adipose deposition toward the
subcutaneous depot suggesting that the ratio of estrogen:testosterone plays a more important
role in determination of fat distribution [47]. However, body composition changed only in the
LV-IRAS group in our study despite similar plasma testosterone and estrogen levels between
the LV-IRAS and control group (Table 1). Together these data suggest that increased sensitivity
of males to the central effects of insulin may be due to differential sensitivity of the insulin
receptor or to changes in expression level of the insulin receptor. We did not examine females
in this study; however, the LV technology that we have developed would be ideal for further
testing of these types of hypotheses.

4.4. Insulin, leptin and peripheral adiposity
In view of the important functional interactions between insulin and leptin in the regulation of
peripheral adiposity, our findings that downregulation of hypothalamic IR expression and
signaling modulates hypothalamic leptin signaling is intriguing. Increases in plasma leptin
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levels in LV-IRAS rats reflect the increases in peripheral fat composition; however, increases
in hypothalamic leptin receptor signaling should also initiate a series of intracellular signaling
cascades to reduce fat stores [48]. Under normal physiological conditions, increases in
phospho-Stat3 will stimulate SOCS3 transcription; SOCS3 will bind to and inhibit leptin
signaling. Leptin resistance may involve the dysregulation of these signaling pathways in the
hypothalamus [49]. In the current study, increases in SOCS3 expression are observed
concurrently with increased phospho-Stat3 levels in the hypothalamus of LV-IRAS rats,
suggesting that increases in SOCS3 is not effectively providing feedback inhibition of the leptin
receptor. As such, LV-IRAS rats may serve as an invaluable experimental model to examine
the signaling mechanisms associated with leptin resistance. A wide spectrum of changes may
contribute to leptin resistance, such as alterations in the expression of peptidergic systems that
are intimately involved in food intake, homeostasis and body weight regulation. Indeed, leptin
activates the anorexigenic melanocortin system in the hypothalamus, while suppressing the
activity of the orexigenic peptides neuropeptide Y and agouti-related protein. Examination of
the effect of LV-IRAS administration upon the expression of these peptidergic systems may
assist in the identification of additional mechanisms that contribute to leptin resistance.

In summary, lentivirus-mediated downregulation of hypothalamic IRs increases peripheral
adiposity and produces changes in leptin signaling that may contribute to leptin resistance.
While it is clear that multiple peptidergic and hormonal systems are involved in the regulation
of body composition [50], insulin and leptin appear to be critical players in these events. This
is particularly relevant in determining how IR expression and activity may be impaired in
pathophysiological settings such as diabetes. Indeed, it is becoming increasingly apparent that
deficits in central IR signaling may also contribute to the peripheral complications of diabetes
phenotypes. Since less is known regarding IR signaling in the CNS when compared with the
periphery, future investigations using the LV-IRAS construct could begin to address how
deficits in central IR signaling contribute to the deleterious consequences of diabetes in the
periphery and the CNS.
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Figure 1.
Representative pseudo-color photomicrograph of GFP immuoreactivity three weeks following
third ventricle administration of lentivirus. Lentivirus spread is limited to the hypothalamus
and is not detected in other neuronal regions rostral or caudal of the injection site; see Materials
and Methods for injection coordinates. [Panel A: Bregma −0.92 mm; Panel B: Bregma −1.30
mm; Panel C: Bregma −2.6; Panel D: Bregma −5.6. All according to atlas of Paxinos and
Watson [51]]
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Figure 2.
Fluoro-Jade histochemistry does not detect degenerating neurons in the hypothalamus of LV-
treated rats. Fluoro-Jade-positive neurons are detected in the granule cell layer of the dentate
gyrus (DG) in adrenalectomized (ADX) rats, as indicated by arrows. Fluoro-Jade labeling is
not detected in the arcuate nucleus (Arc) or the ventromedial hypothalamic nucleus (VMH) in
rats injected with the lentivirus construct into the third ventricle (LV). [3V: third ventricle; f:
fornix]

Grillo et al. Page 13

Physiol Behav. Author manuscript; available in PMC 2008 May 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Selective downregulation of insulin receptor (IR) expression in the hypothalamus three weeks
following administration of LV-IRAS construct. Panel A. Representative immunoblot of
insulin receptor (IR) expression in the hypothalamus of LV-Con treated and LV-IRAS treated
rats. Blot shows hypothalamic IR immunoreactivity from three LV-Con rats and three LV-
IRAS rats. Panel B. Representative immunoblot of insulin receptor (IR) expression in the
hippocampus of LV-Con treated and LV-IRAS treated rats. Blot shows hippocampal IR
immunoreactivity from three LV-Con rats and three LV-IRAS rats. Panel C. Autoradiographic
analysis determined that IR expression is significantly decreased in the hypothalamus of LV-
IRAS treated rats compared to LV-Con treated rats. Conversely, hippocampal IR expression
was unaffected by LV administration. [* = p ≤ 0.001. Molecular weight standards are shown
on left. IR primary antisera from Santa Cruz Biotechnology: #sc-711]
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Figure 4.
Insulin-stimulated phosphorylation of the insulin receptor (IR) is decreased in the
hypothalamus of LV-IRAS treated rats. Panel A. Representative immunoblot of phospho-IR
levels in the hypothalamus of LV-Con and LV-IRAS treated rats. Panel B. Autoradiographic
analysis determined that phospho-IR levels are significantly decreased in the hypothalamus of
LV-IRAS treated rats compared to LV-Con treated rats. Hippocampal phospho-IR levels are
similar in LV-Con and LV-IRAS rats. [* = p ≤ 0.0005; molecular weight standards are shown
on right. + = insulin + ATP treatment; − = buffer treatment. Phospho-IR primary antisera from
Cell Signaling Technology: #3021]
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Figure 5.
Insulin-stimulated of GLUT4 translocation to the plasma membrane is decreased in the
hypothalamus of LV-IRAS treated rats. Panel A. Representative immunoblot of GLUT4 levels
in hypothalamic plasma membrane fractions from LV-IRAS rats and LV-Con rats 2 hours
following glucose administration. Blot shows hypothalamic GLUT4 plasma membrane
immunoreactivity from three LV-Con and three LV-IRAS rats. Panel B. Autoradiographic
analysis determined that plasma membrane association of GLUT4 is significantly decreased
in the hypothalamus of LV-IRAS treated rats compared to LV-Con treated rats. GLUT4 levels
are similar in plasma membrane fractions isolated from the hippocampus of LV-Con rats and
LV-IRAS treated rats. Panel C: Total GLUT4 levels are unchanged in the hypothalamus and
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hippocampus of LV-IRAS rats when compared to LV-Con rats. [* = p ≤ 0.05. Molecular weight
standards are shown on right]
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Figure 6.
LV-IRAS administration does not modulate glucose clearance or glucose stimulated insulin
release. Panel A. LV-Cont and LV-IRAS rats exhibited similar profiles of glucose clearance
in response to oral glucose administration. Panel B. Glucose stimulated increases in plasma
insulin levels were similar in LV-IRAS rats when compared with LV-Con rats. Plasma glucose
data expressed as mg/dl; plasma insulin levels expressed as ng/ml.
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Figure 7.
LV-IRAS-treated rats exhibit significant increases in body weight when compared with LV-
Con-treated rats. Both LV-Con and LV-IRAS rats exhibit similar post-operative decreases in
body weight. Beginning twelve days following administration, LV-IRAS rats exhibit
significant increases in body weight for the remainder of the 22 day paradigm. [* = p ≤ 0.05]
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Figure 8.
LV-IRAS administration significantly increases peripheral adiposity. Three weeks after LV
administration, total body adiposity is significantly increased in LV-IRAS treated rats
compared to LV-Con rats. Total lean muscle mass and water mass were similar in LV-Con and
LV-IRAS rats. [* = p ≤ 0.005]
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Figure 9.
LV-IRAS administration preferentially increases subcutaneous fat composition. Three weeks
after LV administration, subcutaneous fat is significantly increased in LV-IRAS treated rats
compared to LV-Con rats. Visceral fat, as well as lean muscle mass and water mass in the
visceral and subcutaneous compartments were similar in LV-Con and LV-IRAS rats. [* = p ≤
0.01]
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Figure 10.
LV-IRAS administration does not modulate leptin receptor expression in the rat hypothalamus.
Panel A. Representative immunoblot of leptin receptor expression in the hypothalamus of LV-
IRAS-treated (IRAS) and LV-Con-treated (Con) rats. Panel B. Autoradiographic image
analysis revealed that leptin receptor levels are similar in total membrane fractions isolated
from the hypothalamus of IRAS and Control rats. [Leptin receptor primary antisera from Santa
Cruz Biotechnology: #sc-1834. Molecular weight standards are shown on right]
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Figure 11.
LV-IRAS administration increases phospho-Stat3 levels in the rat hypothalamus. Panel A:
Representative immunoblot of basal phospho-Stat3 levels in total membrane fractions isolated
from the hypothalamus of LV-IRAS-treated (IRAS) and LV-Con-treated (Con) rats. Panel B:
Autoradiographic image analysis revealed that phospho-Stat3 levels were significantly
increased in the hypothalamus of LV-IRAS rats compared with LV-Con rats. [* = p ≤ 0.01.
Phospho-Stat3 primary antisera from Cell Signaling Technology: #9131. Molecular weight
standards are shown on right]
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Figure 12.
LV-IRAS administration increases SOCS3 levels in the rat hypothalamus. Panel A:
Representative immunoblot of SOCS3 levels in total membrane fractions isolated from the
hypothalamus of LV-IRAS-treated (IRAS) and LV-Con-treated (Con) rats. Panel B:
Autoradiographic image analysis revealed that SOCS expression is significantly increased in
the hypothalamus of LV-IRAS rats compared with LV-Con rats. [* = p ≤ 0.01; SOCS3 primary
antisera from Santa Cruz Biotechnology: #sc-9023. Molecular weight standards are shown on
right].
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Table 1
Endocrine parameters of LV-Con rats and LV-IRAS rats.

LV-Con LV-IRAS p
Glucose (mg/dl) 98.3 ± 9.8 98.5 ± 2.3 0.986
Insulin (ng/ml) 0.485 ± .0.044 0.489 ± 0.036 0.948
Leptin (ng/ml) 1.03 ± 0.134 1.575 ± 0.199 0.043
Adiponectin (ng/ml) 2.58 ± 0.25 3.89 ± 0.76 0.144
Corticosterone (ng/ml) 35.6 ± 7.2 31.3 ± 8.1 0.701
Estradiol (pg/ml) 20.71 ± 3.42 22.11 ± 4.07 0.799
T-Testosterone (ng/dl) 621.5 ± 145.2 589.8 ± 144.7 0.914
F-Testosterone (pg/ml) 29.23 ± 7.7 24.52 ± 6.63 0.63
Plasma was isolated from fasting rats and used in the following analyses: Glucose-trinder (glucose); Radioimmunoassay (adiponectin, corticosterone,
estradiol, total testosterone, free testosterone); and Enzyme-linked immunosorbent assay (insulin, leptin).
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