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ABSTRACT

The central nervous system (CNS) protein ‘tub’ has been identified from the genetically
obese ‘tubby’ mouse. While the native function of ‘tub’ in situ is not understood, cellbased studies suggest that one of its roles may be as an intracellular signaling target for
insulin. In normal animals, insulin acts at the hypothalamic arcuate nucleus to regulate
energy balance. Here we used a Herpes Simplex viral expression system to evaluate
whether ‘tub’ overexpression in the arcuate nucleus (ARC) of normal rats enhances this
action of insulin. In chow-fed rats, ‘tub’ overexpression had no effect on insulin action.
In rats fed a high fat diet snack in addition to chow, simulating the diet of Westernized
societies, the body weight regulatory action of insulin was impaired, and ‘tub’
overexpression further impaired insulin action. Thus, an excess of ‘tub’ at the arcuate
nucleus does not enhance the in vivo effectiveness of insulin, and is not able to
compensate for the ‘downstream’ consequences of a high fat diet to impair CNS body
weight regulatory mechanisms.
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Over the past two decades, intense investigation from a number of laboratories has
focused on the identification of critical peptides and proteins that act in brain pathways to
regulate food intake, body weight, and energy balance (1,27). One such protein that is
implicated in the CNS regulation of energy balance is tub. The ‘tubby’ mouse was
described by Coleman and Eicher in 1990 (9) as a spontaneously occurring, autosomal
recessive mutant characterized by adult-onset obesity and insulin resistance. The tub
protein has been cloned, as have other members of this unique family of proteins
(13,16,18,20,21), and it is now known that a C-terminal mutation of this protein is
responsible for the ‘tubby’ mouse phenotype. Kapeller and colleagues replicated this
phenotype by creating a targeted deletion of the tub mouse gene: Knockout of the tub
gene in normal mice recapitulates the ‘tubby’ phenotype and demonstrates that the
naturally occurring mutation is a loss-of-function mutation (28).

Tub protein is

expressed in the central nervous system (CNS) in neurons (14,24) and has been localized
in several hypothalamic nuclei which express insulin receptors and are implicated in the
control of body weight, metabolism, and energy balance (3). Consistent with a CNS role
for ‘tub’ in body weight regulation, mRNA levels for ARC POMC (the precursor of the
anorectic -MSH) are decreased and mRNA levels for the orexigenic peptide NPY in the
DMH/VMH are increased in mature ‘tubby’ mice (12). The human homologue of tub has
been mapped (7) but the relevance of tub to human obesity requires further study: one
report to date has examined a group of 105 morbidly obese Finnish patients and reported
no significant linkage in these subjects between obesity and the human tub gene (23).
This is perhaps not surprising considering that the complete knockout of the tub gene
results in a less severe, adult-onset obesity. Because retinal degeneration secondary to
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apoptosis is also observed in ‘tubby’ mice, it was suggested that localized hypothalamic
apoptosis (comparable to a ‘genetic VMH lesion’) might account for the obesity.
However, apoptotic markers have not been found in the ‘tubby’ hypothalamus.

To date, there have been few studies evaluating the cellular functions of tub. One line of
study suggests that tub may function in the CNS as a critical molecule in the downstream
insulin receptor signaling path. Kapeller et al. have demonstrated in intact cells and in in
vitro kinase systems that tub is tyrosine-phosphorylated by the activated insulin receptor
kinase (as well as by Abl and JAK 2, but not EGFR or Src kinases) (15). In the
phosphorylated state, tub associates with the SH2 domains of a number of cell signaling
molecules including the C-terminal SH2 domain of PLC (15). These findings were
interpreted to suggest that tub can be a substrate in the pathway of intracellular insulin
action, and may function as an adaptor, linking insulin to intracellular signaling cascades.
Boggon and colleagues used functional genomics to further characterize the cellular
actions of tub (4). Their studies suggest that the C-terminal, highly conserved portion of
the protein is a DNA-binding structure, and the N-terminal portion may be a regulator of
transcription. This is supported by the observation that tub was highly localized to the
nucleus of neurons in primary culture. Tub has also been shown to translocate from the
plasma membrane to the nucleus following serotonin activation of 5-HT2c receptors (4);
this may bear on control of food intake since 5-HT2c knockout mice develop mild, adultonset obesity and insulin resistance (29). Thus, tub may serve as a transcription factor as
well as an ‘adaptor’ molecule.
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We and others have demonstrated that the pancreatic hormone insulin (3,11,27) can act in
the CNS as an adiposity signal. A particular hypothalamic target for this action is the
ARC, where coordinate increased expression of anorexic, and decreased expression of
orexigenic, peptides has been reported (3,22,27,30).

One component mechanism

underlying the obesity of the ‘tubby’ phenotype might be an impairment of insulin
intracellular signaling in the ARC. In the present study, in order to further evaluate tub
function in normal non-obese animals, we asked whether increased expression of tub
above normal endogenous levels can enhance behavioral sensitivity to endogenous
insulin or to exogenous, locally administered insulin in the rat. The ability of exogenous
insulin to decrease body weight is impaired in rats fed a high fat diet, either independent
of, or accompanied by, dietary obesity (2,6). Thus, with access to a high fat diet and
development of dietary obesity--a model of the mild to moderate obesity that is prevalent
in “Westernized” societies--insulin resistance occurs in the CNS as well as in peripheral
target tissues. We hypothesized that if tub functions as an adaptor for intracellular insulin
signaling, then in a model of CNS insulin resistance (high fat feeding), the catabolic
action of exogenously administered insulin would be impaired but this might be corrected
or reversed by increasing tub expression. Using a Herpes simplex viral vector system, we
targeted the ARC of the hypothalamus as a location of neurons that synthesize insulin
receptors, and as a CNS site that is sensitive to insulin effects on energy balance.
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MATERIALS AND METHODS
Assurances. All procedures performed in these studies were approved by the VA Puget
Sound Health Care System and University of Washington committees for humane use of
animals (rat studies) and Biohazard/Biosafety (preparation and use of Herpes simplex
engineered viral vectors).

Materials. Unless otherwise indicated, reagents were obtained from Sigma (St. Louis
MO). Insulin for ARC infusions was Novolin (Novo Nordisk, 100 U/ml) diluted with
sterile synthetic cerebrospinal fluid (CSF) solution.

Preparation of HA-tub-GFP viral particles. Modification of our previously published
methodology for the preparation of HSV-vector particles was utilized to prepare HA-tub
expressing viral particles (8). This vector/amplicon system has been characterized to
target neurons,with low toxicity and good efficiency of gene expression (see discussion
in [8]). The clone for rat tub was provided by Dr. Rosana Kapeller, Millenium
Pharmaceuticals. As there are no available antibodies for rat ‘tub’, and available
antibodies directed at mouse ‘tub’ do not detect endogenous ‘tub’ in rat CNS (Figlewicz
Lattemann and Baskin, unpublished observations), a hemagglutinin (HA) tag was
introduced into the rat ‘tub’ construct. The HA tag does not interfere with insulinstimulated phosphorylation (or other biochemical actions) of the ‘tub’ protein (16). For
ease of visualization within the CNS, the vector system also expressed green fluorescent
protein (GFP; see below for validation of the co-expression of these proteins), a standard
approach for rapid visualization of successful infection or transfection. In order to
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introduce the HA epitope tag into the N-terminus of the rat tub gene, pN10-rTub was
used as a template to PCR clone the rat tub full length sequence using a downstream
primer (5’ AGATCTAGACTACTCGCAGGCCAGCT 3’) and an upstream primer (5’
AGATCTAGACCCATGGGGTACCCATATGACGTCCCAGACTACGCCACTTCCA
AGCCGCATT 3’) that introduced an in-frame HA epitope. To enable further
manipulation the resulting product was used as a PCR template with an upstream primer
(5’ GCGCGGATCCTGGCGGCCGCTCTA 3’) containing a BamH I and a Not I site and
the downstream primer (5’ GCGCGCTAGCAGCCCGGGGGATCC 3’) containing a
BamH I, Sma I and an Nhe I site. An HSV amplicon expressing both HA-tub and GFP
was then constructed by cutting the second PCR product with BamH I and ligating it into
the BamH I/Avr II cut multiple cloning site of the previously constructed p1003 amplicon
(8). The p1003 amplicon contains two separate transcriptional units. The first
transcriptional unit consists of the HSV IE 4/5 promoter followed by a multiple cloning
site and a SV40 polyA signal. The second transcriptional unit consists of the CMV
promoter followed by the eGFP gene and a SV40 polyA signal (8). DNA sequencing
confirmed the identity and directionality of the HA-tub insert in the resulting amplicon
(HA-tub/GFP) which was further studied using standard transfection techniques, or
packaged into non-replicating HSV virion particles as previously described (19) to
produce the viral vector. The construct was sequenced in its entirety to verify complete
and accurate identity of the tub open reading frame, compared with the original clone.

Cell culture and transfection.

Prior to in vivo infection studies, we validated our

expression vector system in vitro by transfecting human embryonic kidney (HEK) cells
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and visualizing GFP and HA. HEK cells were the generous gift of Dr. Randy Blakely
(Vanderbilt University). They were cultured as a monolayer in DMEM maintenance
media (high glucose/l-glutamine) supplemented with 5% fetal bovine serum (Hyclone,
Logan UT), 5% fetal calf serum (Hyclone), 0.5% penicillin/streptomycin. Cultures were
maintained in 75 cm3 flasks at 37oC in an atmosphere of humidified 95%O2/5% CO2. For
the assays described below, cells were studied at 70-80% confluency.

Trypsinized cells were aliquotted to 6-well plates (Becton Dickinson, Franklin Lake NJ)
24 hr prior to transfection. Effectene Transfection Reagent (Qiagen) was used for the
efficient transfection of the expression vector containing HA-tub/GFP (1 µg DNA/well).
After three days’ incubation, cells were harvested. Intact cells were visualized for GFP
expression using an inverted fluorescence microscope (Nikon, TE 3000) and FITC filter.
Additional cells were processed for Western blotting and detection of HA expression.

Immunoblotting. Cells were immunoprecipitated with 1 µl monoclonal anti-HAperoxidase high affinity (3F10) antibody (Roche Molecular Biochemicals, Mannheim,
Germany) overnight and incubated 2 hr with Protein A-Sepharose beads (Zymed Lab
Inc., San Francisco CA). The precipitate was washed 3x with high salt wash buffer (20
mM HEPES, 0.3 M NaCl, 5 mM MgCl2, 0.5% TritonX-100, pH 7.5) and 2x with low salt
wash buffer (20 mM HEPES, 0.05 M NaCl, 5 mM MgCl2, 0.5% TritonX-100, pH 7.5)
(15). The washed precipitate was resuspended in 30 ml 2x Laemmli sample buffer
(BioRad, Hercules CA) and incubated at room temperature, 20 min, for dissociation from
the Sepharose beads. The mixture was centrifuged 5 min 16,000 x g, and the supernatant
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was stored at –20oC for Western blotting. The sample was boiled at 100oC, resolved by
10% SDS-polyacrylamide gel electrophoresis (precast gel, Biorad), and transferred to a
PVDF membrane (BioRad). After overnight blocking with BLOTTO (PBS, 0.01 M
NaN3, 0.05 % TWEEN 20, 5% nonfat dry milk, pH 7.3), membranes were washed 3x
with wash buffer (PBS, 0.01 M NaN3, 0.1% Tween 20, pH 7.3) and incubated with
primary antibody (monoclonal HA-peroxidase, 1:500) for 60 min, 37oC, in diluent buffer
(PBS, 0.01 M NaN3, 0.1% Tween 20, 1% BSA, pH 7.3). Membranes were washed 3x
with wash buffer, developed with ECL (Amersham), and exposed to film (Kodak).

Immunocytochemistry. Cannula placement and successful viral vector infection were
verified in all rats following in vivo study. An observer blind to the experimental
treatment groups evaluated cannula placement and GFP expression in each rat; only in
vivo data from rats with adequate GFP expression in the ARC were included for analysis.
Initial assays validated the neuronal co-expression of GFP and HA-tub proteins in HAtub/GFP infected animals (Figure 2). This expression system has been shown to result in
maximal gene expression at 3-5 days. We verified in situ GFP expression in the ARC
over a time course of 3-6 days as further validation of the amplicon system prior to in
vivo studies (data not shown). Rats were deeply anesthetized with pentobarbital (50
mg/ml;

2

ml/kg

body

weight)

and

perfused

transcardially

with

4%

paraformaldehyde/PBS for immunocytochemistry as published and described previously
(10) and immunocytochemistry was performed as previously described (8). Brains were
removed, 40 µm vibratome (Leica, Nussloch, Germany) sections that included the entire
hypothalamus (AP stereotaxic coordinates, -0.92 to –4.3 mm from bregma) were
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prepared, and frozen for immunocytochemistry to localize HA and GFP expression. Freefloating sections were rinsed and permeabilized in PBS/0.01% sodium azide for 30 min at
room temperature. Sections were blocked in PBS/0.01% sodium azide/0.025% Triton X100/0.3% gelatin for 60 min at room temperature. Mouse monoclonal anti-HA (Babco,
CA), diluted 1:1000 in blocking buffer, was added and sections were incubated overnight
at 4oC. Tissue sections were washed 3x, 10 min/wash, at room temperature in PBS/0.01%
sodium azide/0.025% Triton X-100. Cy5 conjugated anti-mouse antibody (Kirkegaard &
Perry Laboratories Inc., Gaithersburg MD), 1:500 in blocking buffer, was added for 45
min at room temperature. Sections were washed 3x, room temperature. They were
mounted with a drop of Gel/Mount (Biomeda Corp.) and coverslipped for visualization
with a Leica TCS SP Confocal Microscope system.

In vivo studies. Male albino rats (Simonsen Labs, Gilroy CA and Animal Technology
Laboratories, Kent WA) were studied at the weight of 350-400 gm (see Table 1 for
weights of rats at time of hypothalamic injection). All rats had ad libitum access to Purina
rat chow and water throughout the studies. For the final experiments, rats had additional
ad libitum access for 60 min/day five days/week to a high fat diet (Harlan Teklad [31])
for approximately five weeks. The diet was also available post-surgery and during the
minipump infusion period. Both chow and high fat diet intake were quantitated. All rats
received bilateral acute injections into the ARC, immediately followed by insertion of
two Alzet osmotic minpumps (Alza, Palo Alto CA; 7-day minipumps with infusion rate
approximately 0.5 ml/hr) subcutaneously into the intrascapular area. For this procedure,
rats were previously implanted under ketamine/xylazine/0.9% saline (v/v/v=10/1.3/5.2)
anesthesia with bilateral guide cannulas that terminated immediately dorsal to the ARC
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(stereotaxic coordinates: AP –2.2. mm, DV –8.9 mm, ML +/- 0.4 mm). After complete
recovery from guide cannula placement (documented as regain of pre-surgical body
weight and a positive weight gain trajectory), rats were again anesthetized with
isoflurane/oxygen (adjusted as needed). Viral particles (HA-tub-GFP or GFP-only) were
injected via Hamilton syringe and microprocessor-controlled infusion pump (World
Precision Instruments, SP 101i) at a rate of 2 µl over 10 min. The injector was left in
place for 2 min. Immediately following the injection, minipumps were implanted and
attached to the cannulas with vinyl tubing (Scientific Commodities Inc., Lake Havasu
City AZ). Minipumps delivered either sterilized artificial CSF or a dose of insulin as
indicated in the RESULTS section. Body weight, food intake, and water intake were
measured for the subsequent six days. Animals were then euthanatized by
anesthesia/perfusion as described above.
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RESULTS

Validation of expression of the viral constructs. We evaluated the co-expression of HAtub and GFP in infected HEK cells and in the medial hypothalamus. As shown in Figure
1, HEK cells infected with the HA-tub/GFP viral vector construct express both proteins.
GFP fluorescence (Fig 1, left) was observed in whole cells; and HA was detected in a
Western blot of an HA-immunoprecipitate of the infected HEK cells as compared with no
detectable HA-immunoreactivity in the HEK cells that were non-infected and prepared
simultaneously (Fig 1, right). Successful infection and co-expression of HA-tub and GFP
in rat hypothalamus was established with fluorescence confocal microscopy, and one
example is shown in Figure 2. We observed co-localization of HA and GFP in ARC
neuronal processes (Figure 2a, HA immunofluorescence; Figure 2b, GFP fluorescence;
Figure 2c, merged images). Because we observed co-expression of GFP and HA-tub in
these initial controls, GFP expression was used subsequently for visual validation of the
location of viral injection sites and the success of the infection in all experimental
subjects. Figure 3a shows an injection track for the (bilateral) injection dorsal to the
medial ARC, and Figure 3b shows at higher magnification, GFP expression in individual
cells in the ARC. Although we were not able to identify the phenotype of infected
neurons in this study, the abundant expression of insulin receptors in the ARC makes it
reasonably likely that at least a portion of insulin receptor-expressing neurons were
successfully infected.

We evaluated the effect of intra-ARC control injection/infusion treatments on body
weight and food intake over the subsequent 6 days post-minipump implant. Control
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(GFP) viral infection had a modest but significant effect to suppress body weight
independent of insulin treatment in comparison to rats that received either sucrose (the
viral particle vehicle) or CSF injection: Average weight change over the six minipump
days was GFP/CSF= -13+3 gm (n=12); CSF/CSF= 0.2+2 gm (n=10); sucrose/CSF= 3+3
gm (n=5) (comparisons: GFP/CSF vs. CSF/CSF, p=0.004; GFP/CSF vs. Suc/CSF,
p=0.012). GFP vector expression likewise had a modest but significant effect to suppress
food intake in the GFP/CSF vs. CSF/CSF groups (p=.015). Thus, all studies with intraARC insulin infusions included GFP-vector injections as controls.

Lack of effect of exogenous tub expression on insulin-induced catabolic effects in chowfed rats. ARC infusion of insulin resulted in a dose-related weight loss in rats infected
with either GFP or HA-tub vector (Figure 4). All rats received vector injections followed
by infusion of artificial CSF; 10 mU/day insulin; or 20 mU/day insulin directly into the
medial ARC. In the GFP-injected rats (solid lines), there was a significant overall dose
effect for insulin infusion into the ARC to decrease body weight (F 2,18 =6.448, p=.005); a
significant dose by time interaction (F1,204 =2.545, p=.007); and significance across days
for individual insulin doses to decrease body weight (CSF vs. 10 mU insulin/day, p=.001;
CSF vs. 20 mU insulin/day, p<.0001; 10 vs. 20 mU insulin/day, p<.0001). Figure 4 also
shows the corresponding dose response curve for rats receiving HA-tub injections
(dashed lines) followed by CSF, or 10 or 20 mU/day insulin infusion into the ARC. There
was no overall or interactive effect of tub treatment with days, insulin treatment, or day x
insulin combination as compared to GFP control animals. Thus, exogenous expression of
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tub in the ARC had no effect on either baseline body weight, or the efficacy of insulin to
decrease body weight, in normal weight rats maintained on a diet of normal rat chow.

Insulin infusion into the ARC significantly decreased food intake. Although intake was
comparably suppressed during the first 24 hr post-injection/implant (“Day 1”) among the
groups, there was a significant overall dose-effect for insulin to decrease food intake
during Days 2-6 (F2,62 =3.828; p=.027). Both doses of insulin were significantly effective
in decreasing food intake, as evaluated by post-hoc unpaired t-test (520+12 vs. 488+8
kcal, 0 vs. 10 mU insulin, p= .038; 520+12 vs. 464+20 kcal, 0 vs. 20 mU insulin,
p=.021). HA-tub expression had no effect on cumulative chow consumption at any dose
of insulin (Figure 5; GFP vs. tub comparisons). There was no effect of either insulin or
tub or an interactive effect of the two, on cumulative water intake over the six days postminipump implant.

The efficacy of insulin to decrease body weight is impaired with high fat diet feeding and
is further impaired by exogenous tub expression. Because previous studies have shown
that the efficacy of insulin to decrease body weight is impaired in rats given access to a
high fat diet (HFD) even in the absence of significant diet-induced body weight gain
(2,6), we hypothesized that tub—although not effective in enhancing insulin action in
chow-fed rats--might act to enhance or restore sensitivity to insulin in the ARC of rats fed
a high fat diet. We gave rats access to HFD for 60 min/day, five days/week for
approximately five weeks prior to surgery. All rats also had ad libitum access to rat chow.
Rats were then tested with intra-ARC injections of GFP or HA-tub/GFP vector and
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infusions of 20 mU insulin/day. As shown in Figure 6, rats given access to HFD had a
significantly attenuated body weight decrease in response to 20 mU/day insulin relative
to the chow-fed cohort, confirming that HFD makes rats resistant to insulin action in the
ARC. There was a significant overall effect of the HFD (F1,18 = 6.679, p=0.02) and the
effect was significant for individual days 1 through 5 (p= 0.03, 0.04, 0.002, 0.02, and
0.02 for the respective five days). The average change of body weight between the
chow- and HFD-fed rats across the infusion period was likewise significant (chow, -32+1
gm; HFD, -21+2 gm, p<.0001).

In contrast to its lack of effect on insulin action in chow-fed rats, and in contrast to our
predicted effect of tub in HFD-fed rats, HA-tub expression in the ARC further blunted
the effect of insulin to decrease body weight in these animals (Figure 7). Average withinsubjects’ body weight decrease across the six days post-implant was significantly greater
in the ‘GFP’ vs. the tub rats (-21+3 gm vs. –14+4 gm, p=0.03). There was a significant
day x treatment interaction (F2,18=2.621, p=0.02), and significant individual differences
on days 3 through 6 (p= 0.05, 0.03, 0.04, and 0.02 for each day respectively). Average
caloric intake for five days prior to minipump implant was comparable for GFP vs. tub
rats (103+2 vs. 106+2 kcal/day, respectively). Total caloric intake across the six days of
insulin infusion was lower in the GFP vs. HA-tub/GFP groups (438+28 vs. 507+19 kcal,
p=0.05); this change was a composite of decreases in both HFD intake (159+13 vs.
181+17 kcal, p= 0.33) and chow intake (279+32 vs. 326+29 kcal, p= 0.31). To validate
that this effect of HA-tub was not merely an additive effect of the 20 mU/day insulin
treatment with an independent effect of tub on its own to increase body weight in rats
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having access to HFD, we studied a series of rats maintained on the HFD, injected with
GFP or HA-tub-GFP vector, but infused with CSF. Comparable to what we observed in
the ‘0 mU insulin’ chow-fed rats, there was no difference in body weight across the six
days of infusion between GFP and tub rats. That is, exogenous tub expression by itself
did not cause weight gain in CSF-infused HFD rats (data not shown). Therefore it
appears that exogenous expression of tub in rat ARC, in association with HFD
availability, further reduces insulin action.
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DISCUSSION
In this study we demonstrated that insulin infusion into the rat ARC has catabolic effects
to decrease body weight and food intake, and this effect is blunted in rats fed a high fat
snack in addition to rat chow, thus demonstrating behavioral insulin resistance at the level
of the hypothalamus.

Additionally, exogenous expression of tub does not result in

enhanced efficacy of insulin to decrease food intake and body weight. In rats maintained
on normal rat chow, tub did not enhance the action of endogenous insulin (as
demonstrated by its ineffectiveness in rats infused with artificial CSF), nor the action of
exogenous insulin (10 or 20 mU/day) as compared to insulin effects in GFP-expressing
animals. Further, in contrast to our originally hypothesized outcome, tub overexpression
did not reverse the impairment of insulin’s catabolic actions in rats given access to HFD:
20 mU insulin/day was less effective in HFD-fed rats, comparable to what has been
previously reported (2,6), and this impairment was not rescued by exogenous tub
expression. To the contrary, exogenous tub expression in HFD-fed rats further impaired
the catabolic action of insulin, and this last observation also suggests that the lack of
effect of tub in chow-fed rats was not due to lack of expression within insulin-sensitive
neurons, as a clear interaction was observed when exogenous insulin infusion was
combined with tub infection in the HFD-fed rats.

Our study represents the first in vivo exploration of tub function in energy balance
regulation of normal rats. Although we did not quantify ‘tub’ protein per se in our rats,
increased expression of target proteins has been observed by ourselves (8) and other labs
using this HSV amplicon system. Our in vitro and immunocytochemistry controls
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validated the co-expression of GFP and HA-tub, thus it seems reasonable to conclude that
we were successful in expressing or over-expressing rat ‘tub’ in the ARC. One
speculation from our findings is that expression of tub beyond normal endogenous
amounts may not enhance insulin signaling—as represented by its actions to decrease
food intake and body weight—and in fact excess amounts of tub may impair insulin
action. In vitro biochemical studies have suggested the possibility that tub may act as an
adaptor for insulin signaling (15). However, tub function is still poorly understood both
in vivo and in vitro, thus one can only speculate on mechanisms whereby this might
occur. For example, one might speculate that an intracellular overabundance of tub might
lead to it serving as an adaptor molecule for signaling pathways that are antagonistic to
insulin. Another possibility would be that intracellular distribution of tub in the nucleus
vs. cytoplasm might be altered with its overexpression. Shapiro and colleagues have
provided evidence that tub release from the plasma membrane occurs in association with
activation of G q-coupled receptors (26), and they speculate that this release leads to
nuclear translocation of tub. One might then hypothesize that enhanced concentrations of
tub would be released in association with stimulation of G q-coupled receptors in the
ARC by endogenous ligands whose action opposes the catabolic effects of insulin, for
example melanin-concentrating hormone (MCH). Receptors for MCH are expressed in
the ARC (25). Such an effect may have synergized with the relative insulin resistance in
the ARC that occurred in the HFD-fed rats. Finally, the impaired insulin action in HFDfed rats (as reflected in blunted body weight loss) may result in impairment in the
tyrosine phosphorylation of tub. Overexpression of tub might result in an imbalance of
phosphorylated (insulin-enhancing) vs. non-phosphorylated (nuclear translocating) forms
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and have a net effect to antagonize insulin action further.

These are speculative

possibilities but lend themselves to direct testing in cellular in vitro systems.

In conclusion, loss of tub function developmentally results in a mild adult-onset obesity.
Overexpression of tub in the mature rat hypothalamus does not yield an opposite
phenotype, i.e., a tendency to eat less than normal and to lose weight, but it appears to
have a fairly acute effect to impair the catabolic effect of insulin. These findings suggest
that the in vivo action(s) of tub are, not surprisingly, more complex than those observed
in highly defined cellular systems. Future in vivo studies targeting other specific
hypothalamic nuclei, or testing the efficacy of specific G q-coupled receptor-activating
ligands in the hypothalamus, should lead to a more complete understanding of the role of
tub protein in the normal regulation of food intake and body weight. Finally our study
highlights again the influence of diet composition on insulin action in the CNS. Although
virtually nothing is known about the regulation of tub synthesis in normal animals (to
date, one report describes effects of a hypothyroid state to increase, decrease, or not
change tub expression in the rat brain, with region-specific effects and little effect on the
medial hypothalamus [17]), one might speculate that a propensity for elevated
endogenous levels of tub might predispose some populations of individuals to become
resistant to adiposity signals such as insulin when combined with dietary exposure to
moderate or high fat, making these individuals more vulnerable to diet-induced weight
gain.
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PERSPECTIVES
Downstream intracellular signaling pathways for insulin in the medial hypothalamus may
represent novel targets for therapeutic strategies in the treatment of obesity. To this end,
the function, regulation, and potential pathophysiologic alterations of key signaling
molecules need to be understood at both the cellular and the behavioral levels. In addition
to providing specific new insight into the action of one candidate signaling molecule,
‘tub’, the current study emphasizes the need for experimental approaches that go beyond
knockout mouse technology and cultured cell systems, in order to fully elucidate the
function of signaling molecules in circumstances that reflect the human obesity
environment.
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FIGURE LEGENDS
Figure 1. Expression of the HA-tub-GFP construct in infected HEK cells. (a) GFP
fluorescence expression in intact cells. (b) Western blot of HA-immunoprecipitate blotted
for HA-immunoreactivity. No HA-immunoreactivity is observed in HEK cells infected
with the control construct (GFP-only).

Figure 2. Expression of the HA-tub-GFP construct in vivo in arcuate nucleus neurons
visualized by confocal microscopy. (a) HA immunofluorescence; (b) GFP fluorescence;
(c) merged images showing co-localization of HA and GFP.

Figure 3. Cannula placement and regional expression of the HA-tub-GFP construct:
visual post hoc criterion for successful infection. (a) example of bilateral cannula
placement immediately dorsal to the arcuate nucleus; (b) GFP expression is abundant and
predominantly within the arcuate nucleus.

Figure 4. Lack of effect of tub overexpression on the action of insulin to decrease body
weight in chow-fed rats. Data are within-subjects’ change of body weight in gm, relative
to body weight on the day of minipump implant. Key: Triangles, CSF infusion;
diamonds, 10 mU/day insulin; circles, 20 mU/day insulin; solid lines and filled symbols,
GFP injection; dashed line and open symbols, HA-tub injection. GFP/CSF, n = 12;
tub/CSF, n = 8; GFP/10 mU/day insulin, n = 11; tub/10 mU/day insulin, n = 15; GFP/20
mU/day insulin, n = 8; tub/20 mU/day insulin, n=11. See text for statistical analyses.
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Figure 5. Lack of effect of tub overexpression on food intake in chow-fed rats. Data
correspond to the rats whose body weight data are shown in Figure 4.

Figure 6. The effectiveness of insulin to decrease body weight is impaired in rats given
access to high fat diet (HFD, 60 min/day; 5 days/wk). All rats received 20 mU/day
insulin following five-weeks’ access to high fat diet in addition to ad libitum rat chow.
Data are within-subjects’ change of body weight in gm, relative to body weight on the
day of minipump implant. * p<.05 between groups, unpaired t-test, at individual days.
See Results for additional statistical analysis.

Figure 7. Tub overexpression in the arcuate nucleus impairs the effectiveness of insulin
to decrease body weight in rats given access to high fat diet (HFD). All rats were infused
with 20 mU insulin/day following injection of GFP vector (identical group to that shown
in Figure 6) or HA-tub vector. Data are within-subjects’ change of body weight in gm,
relative to body weight on the day of minipump implant. * represents significant
difference (p<0.05) between groups at the individual days, unpaired t-test.
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Table 1. Weights for Experimental Groups at Time of Minipump Implant
I.

II.

III.

CHOW ONLY
CSF--GFP (n=12)
CSF--tub (n=9)

Body Weight, gm
377+5
375+3

Insulin 10 mU/day—GFP (n=11)
Insulin 10 mU/day—tub (n=16)

388+3
374+3

Insulin 20 mU/day—GFP (n=8)
Insulin 20 mU/day—tub (n=11)

391+6
399+5

CHOW + HFD
Insulin 20 mU/day—GFP (n=12)
Insulin 20 mU/day—tub (n=12)

402+6
397+6

CSF—GFP (n=4)
CSF—tub (n=4)

420+14
410+5

CONTROLS
Chow-fed CSF—sucrose (n=5)
Chow-fed CSF—CSF (n=10)

374+13
406+3

Effect of High Fat Diet on Body Weight
Response to GFP--20 mU/day Insulin

Change in body weight (grams)

0

-10

*
-20

*

*
*

-30

*
-40

-50
Day 1
Chow n=8

Day 2

Day 3

Day 4

Day 5

Chow+ HFD n=12

Day 6

Effect of GFP vs. TUB on Body Weight
Response to 20 mU/day Insulin

Change in body weight (grams)

0
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*
*

-20

*

*
-30

-40

-50
Day 1

Day 2

HFD/GFP n=12

Day 3

Day 4

Day 5

HFD/TUB n=12

Day 6

