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Abstract
Neuromedin U (NMU) is a highly conserved neuropeptide which regulates food intake and body
weight. Transgenic mice lacking NMU are hyperphagic and obese, making NMU a novel target
for understanding and treating obesity. Neuromedin U receptor 2 (NMUR2) is a high-affinity
receptor for NMU found in discrete regions of the central nervous system, in particular the
paraventricular nucleus of the hypothalamus (PVN), where it may be responsible for mediating the
anorectic effects of NMU. We hypothesized that selective knock down of NMUR2 in the PVN of
rats would increase their sensitivity to the reinforcing properties of food resulting in increased
intake and preference for high-fat obesogenic food. To this end, we used viral-mediated RNAi to
selectively knock down NMUR2 gene expression in the PVN. In rats fed a standard chow,
NMUR2 knockdown produced no significant effect on food intake or body weight. However,
when the same rats were fed a high-fat diet (45% fat), they consumed significantly more food,
gained more body weight, and had increased feed efficiency relative to controls. Furthermore,
NMUR2 knockdown rats demonstrated significantly greater binge-type food consumption of the
high-fat diet and showed a greater preference for higher-fat food. These results demonstrate that
NMUR2 signaling in the PVN regulates consumption and preference for high-fat foods without
disrupting feeding behavior associated with non-obesogenic standard chow.
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Over 500 million people, or 10% of the worldwide population, are obese and this number
continues to rise at an alarming rate (Finucane et al., 2011). In the United States, the rate is
even higher with 35.7% of the adult population being obese (Ogden et al., 2012). Numerous
comorbidities are associated with obesity including diabetes, heart disease, dyslipidemia,
and cancer (Guh et al., 2009), placing a large burden on healthcare systems. Unfortunately,
the available treatment options either require invasive surgery (e.g. bariatric surgery) or have
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modest efficacy (e.g., Orlistat, diet and exercise). At the root of this problem is
overconsumption of foods which are high in fat and sugar. These energy dense foods are
widely considered to be obesogenic (Warwick and Schiffman, 1992, West and York, 1998).
Behavioral and molecular mechanisms which specifically regulate consumption of
obesogenic foods are poorly understood. Therefore, an expanded appreciation of the
molecular substrates which regulate consumption of obesogenic food is imperative.

A candidate in this regard is neuromedin U (NMU), a highly conserved neuropeptide shown
to regulate food intake (Howard et al., 2000) and body weight (Hanada et al., 2004). NMU
has two high affinity receptors: Neuromedin U receptor 1, which is primarily expressed in
the periphery, and NMUR2 which is primarily expressed in the central nervous system
(Brighton et al., 2004). However, the phenotypes of two separate NMUR2 knockout mouse
lines do not agree. Egecioglu et al report that NMUR2 knockout mice fed a high-fat diet
have increased body weight (Egecioglu et al., 2009). It is unclear if this effect is a
consequence of developmental alterations, metabolic changes, or modified food intake.
Furthermore, Peier et al report that NMUR2 knockouts have decreased body weight and
adiposity, regardless of the type of diet (Peier et al., 2009). These discrepancies cloud our
understanding of NMUR2 function in vivo, and suggest that more refined studies of
NMUR2 function are necessary.

Here, we present the first behavioral data on conditional knock down of NMUR2 in vivo.
We employed adeno-associated virus (AAV) mediated RNAi to knock down NMUR2. The
AAV was engineered to express either a small hairpin RNA (shRNA) designed to knock
down NMUR2 (shNMUR2) or a control non-silencing hairpin (shCTRL). We administered
AAV-shNMUR2 or AAV-shCTRL virus directly to the PVN of adult rats resulting in
NMUR2 knockdown (shNMUR2PVN) and control (shCTRLPVN) animals, respectively.
Viral RNAi provides regional specificity for the knockdown based on the location of the
virus injection, allowing more precise interpretation of the importance of specific brain
regions. Furthermore, this technique avoids developmental confounds by providing temporal
control over the knockdown based on the age of the animal when the AAV is injected. The
role of NMUR2 in the PVN on feeding behaviors such as food preference and binge-type
eating is unknown. Therefore, we assessed feeding behavior in rats with viral RNAi
mediated knock down of NMUR2 in the PVN.

2 Experimental Procedures
2.1 Subjects

Twenty-four male Sprague-Dawley rats (Harlan, Inc.) weighing 225–250 grams at the start
of the experiments were used. Rats were single-housed at 71°F and 30–50% relative
humidity with a 12 hour light-dark cycle (lights on 6:00 am–6:00 pm) and were allowed to
habituate for 7 days prior to any experimentation. All experiments were carried out in
accordance with the Guide for the Care and Use of Laboratory Animals (Institute of
Laboratory Animal Resources (U.S.), 1996) and with the approval of the Institutional
Animal Care and Use Committee at The University of Texas Medical Branch. For
behavioral studies, 12 animals received injections of AAV-shNMUR2 and 12 animals
received AAV-shCTRL. After evaluating perfused brain slices containing each animal’s
PVN (including the bilateral injection sites, and GFP-labeled viral transduction) under a
microscope, only animals with bilateral AAV transduction were used for data analysis.
Based on this bilateral transduction criterion, we excluded three animals from the AAV-
shNMUR2 group leaving n=9, and five animals from the AAV-shCTRL group leaving n=7.
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2.2 Hairpin design
Hairpin RNA was designed to target NMUR2 rat mRNA. Ten different 24-nucleotide
sequences, oriented 5′ to 3′, were identified within the mRNA sequence (Ensembl transcript
ID ENSRNOT00000018967) using search algorithms from previously described criteria
(Hommel et al., 2003). The 24-nucleotide sequences also needed to be relatively unique
within the rat genome to minimize off-target effects of RNAi. The top strand of the hairpin
oligonucleotide was constructed starting 5′ with the antisense of the 24-nucleotide sequence
joined to the sense sequence by a 10-nucleotide miRNA loop (5′-CTTCCTGTCA-3′;
Kawasaki, H. & Taira, K., 2003). The final oligonucleotide sequences were synthesized
(Sigma-Aldrich) as follows: shNMUR2-5 top 5′-
TTGAACACAGCAGCCAGGGACTCTGTCTTCCTGTCAACAGAGTCCCTGGCTGCT
GTGTTATTTTT-3′ and shNMUR2-5 bottom 5′-
CTAGAAAAATAACACAGCAGCCAGGGACTCTGTTGACAGGAAGACAGAGTCCC
TGGCTGCTGTGTTC-3′.

A pAAV-shRNA and a plasmid already containing the control hairpin, shCTRL were
donated by Ralph DiLeone and contained the following insert: top 5′-
TTTGTGGAGCCGAGTTTCTAAATTCCGCACCGGAATTTAGAAACCCGGCTCCAC
TTTTT-3′; bottom 5′-
CTAGAAAAAGTGGAGCCGGGTTTCTAAATTCCGGTGCGGAATTTAGAAACTCGG
CTCCA-3′. The hairpin vector was designed to co-express enhanced green fluorescent
protein (GFP) under the control of an independent RNA Polymerase II promoter and
terminator. Annealed hairpin oligonucleotides were cloned into the pAAV-shRNA plasmid.
RNAi viruses were produced using a triple-transfection, helper-free method and purified as
previously described (Hommel et al., 2003).

2.3 In vitro hairpin screening
Ten pAAV-shNMUR2 hairpin vectors and one pAAV-shCTRL vector were tested for
knockdown efficacy in vitro. To create an NMUR2 expression vector, the rat NMUR2 gene
sequence (NCBI NM022275.2) was synthesized (GenScript), then cloned into the pAAV-
MCS expression plasmid (Stratagene). For hairpin screening, HEK-293 cells were
transfected using a standard Lipofectamine 2000 protocol (Invitrogen). For each hairpin,
cells were double-transfected with the NMUR2 expression vector and the hairpin vector at a
gene vector-to-hairpin ratio of 1 to 10. Similarly, shCTRL was double-transfected along
with the same proportion of the gene expression vector. Two days post-transfection, RNA
was extracted (RNeasy Mini kit, Qiagen), treated with RNase-free DNase (Qiagen), and
synthesized into cDNA (iScript cDNA Synthesis kit, Bio-Rad). Knockdown efficacy for
each hairpin and for shCTRL was measured with Real-Time PCR (7500 Fast Real Time
PCR system, Applied Biosystems), which quantified differences in NMUR2 mRNA as
ΔΔCT, using GAPDH as the normalizing control.

To screen for potential off-target knockdown effects of shNMUR2, we performed a similar
Real-Time PCR analysis of in vitro mRNA expression. We selected 6 rat genes that
contained the closest matches to the 24-nucleotide sequence of the best shNMUR2 hairpin
(shNMUR2 #5, identified in the previous experiment). The most similar sequences found in
the rat genome matched 16 out of 24 nucleotides. We designed primers to target each gene
and had the oligonucleotides synthesized (Integrated DNA Technologies, Inc.) as follows:
Abcg3l1 Forward 5′-TCCTGATCCTCCTGCTCACT-3′; Abcg3l1 Reverse 5′-
CGATCCTGGTCAATCACAAA-3′; Mcm5 Forward 5′-
GCCAAGGAGGTAGCTGATG-3′; Mcm5 Reverse 5′-
GGCATCTGACTTGAGCATGA-3′; Mnat1 Forward 5′-
GTGTGGCACTCCACTGAGAA-3′; Mnat1 Reverse 5′-
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CCGAATTTCAACCTCCTTGT-3′; Rabl3 Forward 5′-
GGGACCCCTGAAGAGAAGAC-3′; Rabl3 Reverse 5′-
CGCTCTTGTGCTTTTCACAC-3′; RGD1309492 Forward 5′-
AGGACTCCGGCTTTTCAGAT-3′; RGD1309492 Reverse 5′-
GCTCACCACGTCCTCTGACT-3′; Slc5a7 Forward 5′-
CTGGGTTGGAGGAGGTTACA-3′; Slc5a7 Reverse 5′-
GAGCCCAAGCTAGACCACAA-3′. In this experiment, we used PC-12 cells since they are
derived from rat tissue, instead of HEK293 cells derived from humans, to more accurately
predict potential off-target effects in vivo. We followed the same double-transfection, RNA
extraction, purification, and cDNA synthesis protocols as in the in vitro hairpin screening
experiment, except we only co-transfected the NMUR2 expression vector with the
shNMUR2 #5 knockdown hairpin, as well as shCTRL for controls. Using Real-Time PCR,
we quantified mRNA levels of NMUR2 and the 6 selected genes in samples transfected with
shNMUR2 or shCTRL. CT values were first normalized to GAPDH and 18S mRNA
expression, quantified for each sample. Relative differences in target mRNA expression
between treatments were quantified as ΔΔCT then converted into fold change and percent
knockdown.

2.4 Microinjection surgery
After arriving, rats were allowed to acclimate for 1 week before surgery. At time of surgery,
rats were approximately 60 days old. Rats were maintained under anesthesia with an
isoflurane vaporizer system (VetEquip) throughout the procedure. Anesthetized rats were
shaved and secured on a stereotaxic apparatus (Kopf), a small scalp incision was made down
the midline to expose the skull, and bilateral holes were drilled through the skull above the
injection sites. Coordinates for the PVN injection site were adjusted for a needle to enter the
brain at a 10° outside angle, and were set at 1.8mm posterior to bregma, 1.5mm lateral from
the midline, and 8.2mm ventral to the surface of the skull (Paxinos and Watson, 2005). Rats
were microinjected with 2μL of AAV into the PVN on each side at a rate of 0.2μL every 30
seconds for 5 minutes. Twelve rats received AAV-shNMUR2 and twelve rats received
AAV-shCTRL. Post-injection, the needles remained in place for 5 minutes and then were
removed. The incision was stapled and dressed with lidocaine and triple antibiotic ointment,
and 0.2mL bupivicaine was subcutaneously injected lateral to the incision. Rats were given
an intra-muscular injection of 0.1mL penicillin, placed in a clean cage on a heating pad, and
allowed to recover from anesthesia under observation before being returned to the colony
room. Rats were allowed to recover for at least 2 weeks post-surgery before starting
behavioral experiments.

2.5 Immunohistochemistry
Following behavioral experimentation (90 days post viral injection), rats were anesthetized
with a combination of ketamine and xylazine and transcardially perfused for 5 minutes with
1XPBS (75mL), followed by 15 minutes of 4% paraformaldehyde in 1XPBS (225mL).
Brains were post-fixed overnight in 4% paraformaldehyde in 1XPBS, then cryoprotected
with 20% glycerol plus 0.01% sodium azide in 1XPBS for at least 24 hours. Brains were
then frozen with dry ice; using a microtome (Leica SM 2010R), 40μm coronal sections
containing the PVN were collected and stored in vials of 0.01% sodium azide in 1XPBS at
4°C until use. Sections were mounted onto Superfrost Plus microscope slides and allowed to
dry for 2 hours. Slides were rehydrated in 1XPBS for 20 minutes, followed by ethanol
dehydration and two 3-minute Citrisolve washes, and then were cover-slipped with DPX
mounting medium. Targeting for each rat was assessed by examining native GFP expression
under a fluorescent microscope (BX51, Olympus, Melville, NY).
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After assessment of viral expression and targeting, brains from five shCTRL and five
shNmUR2-5 rats were chosen from the study group for further visual analysis through
immunofluorescent double labeling with rabbit polyclonal anti-NMUR2 antibody (Novus
Biologicals) and chicken anti-GFP antibody (Aves Labs) as primary antibodies. Sections
were incubated for 5 minutes in 1% SDS for antigen unmasking, washed 3 times in 1XPBS
for 5 minutes, then incubated for 1 hour in a blocking solution containing: 3% normal goat
serum, 3% normal donkey serum, and 0.3% Triton X-100 in 1XPBS. Primary antibodies
were diluted in blocking solution (rabbit anti-NMUR2, 2.5μg/mL; chicken anti-GFP, 20μg/
mL). Sections were incubated in primary antibody solutions overnight (20 hours) at room
temperature. Fluorescent secondary antibodies, Alexa-Fluor 568 donkey anti-rabbit
(Invitrogen) and Cy2-conjugated goat anti-chicken (Jackson ImmunoResearch) were both
diluted in 1XPBS at 1:100. Sections were washed 3 times in 1XPBS for 5 minutes, before
incubating in the secondary antibody solution for 2 hours at room temperature. Sections
were washed 3 times in 1XPBS for 5 minutes before being counterstained with DAPI
(Invitrogen), mounted, and cover slipped with Vectashield Hard-Set Mounting Medium
(Vector Laboratories). Figure 1 shows labeled sections of PVN adjacent to viral injection
sites (injection sites not shown). Sections were imaged as z-stacks on a Leica DMI4000
Inverted TCS SPE confocal microscope. The images in Figure 1 represent single optical
slices from the collected z-stacks and were selected for comparable viral expression pattern
and similar medial location within the PVN’s anterior-posterior plane. The composite
images were processed using ImageJ. To highlight co-localization, we selected three
neurons in shCTRL images to mark with white arrows.

2.6 In vitro antibody validation
To confirm primary and secondary antibody specificity for labeling NMUR2-containing
cells, in vitro antibody validation was performed using immunofluorescent techniques.
CHO-K1 cells were cultured in 4 chambers on Lab-Tek II chamber slides (Nunc). Three
chambers were transfected with NMUR2 expression vector using a standard Lipofectamine
2000 protocol. One chamber was excluded as a non-transfected control.
Immunocytochemistry began two days post-transfection. Washes and incubations were done
at room temperature unless noted. Cells were given two 3-minute washes in DPBS then
fixed for 20 minutes in 4% paraformaldehyde in PBS, pH 7.4, followed by 3 more 3-minute
washes. After fixation, cells were permeabilized for 10 minutes in 0.3% Triton X-100 in
PBS, and washed again 3 times for 3 minutes. Cells were incubated for 1 hour in a blocking
buffer of 5% normal donkey serum and 0.1% Triton X-100 in PBS, then washed with DPBS
3 times for 5 minutes each. Primary antibody, polyclonal rabbit anti-NMUR2, was diluted in
blocking buffer (1:150, final concentration 2μg/mL). Cells were incubated with primary
antibody overnight at 4°C, except for the 1° antibody control, which received only blocking
buffer. In the morning, cells were washed in DPBS 3 times for 5 minutes before secondary
antibody incubation. Secondary fluorescent antibody, donkey anti-rabbit Alexa-Fluor 568,
was diluted in DPBS (1:100). Cells were incubated with secondary antibody for 1 hour,
except for secondary antibody control, which received only DPBS. After secondary antibody
incubation, cells were given three 5-minute washes in DPBS before the plastic chambers
were detached from the slides. Slides were cover-slipped with Vectashield Hard-Set
Mounting Medium with DAPI (Vector Laboratories) and stored at 4°C overnight to harden.
Primary antibody specificity was validated through visual analysis using a fluorescent
microscope (BX51, Olympus, Melville, NY) and cells were imaged with a high-resolution
digital microscope camera (Hamamatsu C4742-95, Hamamatsu Photonics, Hamamatsu City,
Japan).
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2.7 Food intake and body weight
Food intake and body weights were monitored daily for 2 weeks, then at least twice a week
for 3 months, using a dynamic weighing apparatus (Ohaus Corp). All measurements were
taken in the animal holding room between 2:00 pm and 3:00 pm. Rats were maintained on a
standard chow (Teklad Mouse/Rat Diet 7912, Harlan) unless otherwise noted. Standard
chow contains 17%kcal from fat, 58% from carbohydrate, 25% from protein, and provides
energy of 3.1kcal/gm (Table 1). High-fat diet used for high fat food intake and binge-type
eating studies contains 45%kcal from fat, 35% carbohydrate, 20% protein, and provides
4.73kcal/gm (Open Source Diets formula D12451, Research Diets Inc., New Brunswick, NJ,
USA).

2.8 Sucrose preference & Locomotor Activity
Sucrose preference and locomotor activity were performed as previously described
(Hommel et al., 2006). In short, both bottles were initially filled with reverse osmosis (RO)
water to establish a baseline preference over two days. On day three, bottles were weighed,
emptied, and one bottle was filled with RO water, while the other bottle was filled with a
0.25% sucrose solution in RO water. Bottle weights were recorded and placed back into the
rat cages. Day 4, bottles were re-weighed, positions switched and placed back into the cages.
This protocol was followed until we had tested the 0.25%, 0.50%, and 1.00% sucrose
solutions. All bottles were washed and randomized before increasing sucrose concentrations.

Novel locomotor activity was monitored and quantified using an open field activity system
(San Diego Instruments, San Diego, CA, USA). Rats were acclimated to the locomotor
activity room for three hours on the two separate days prior to test day. On test day, the rat
cages were placed in a 4 × 4 matrix of photobeams which measured horizontal beam breaks,
and a row of 16 photobeams which measured vertical (rearing) activity. Activity was
measured over a 23 hour period.

2.9 Binge-type eating behavior
Our binge-type eating protocol is a limited-access model based on previous publications
(Corwin, 2006, Corwin et al., 2011). Rats were switched from a standard chow to a 45%
high-fat diet (Research Diets Inc., New Brunswick, NJ) for 1 week to minimize food
neophobia. After 1 week, the diets were switched from 45% high fat diet back to standard
chow for 1 week before testing. The day before the binge, normal intake of standard chow
was recorded at the beginning of the dark cycle for 2 hours (from 6:00–8:00 pm). On the day
of the binge, rats were given access to pre-measured amounts of 45% high-fat diet at the
beginning of the dark cycle for 2 hours. At the end of 2 hours, total intake of the 45% high-
fat diet was recorded. Animals were returned to standard chow for one week, and the binge
episodes were repeated two more times following the same procedure. All food
measurements were performed between 5:15–6:00 pm and 8:00–8:45 pm. This assay
represents limited access to a highly palatable diet which results in binge-type eating
behavior (Corwin, 2006). To measure non-binge behavior, the rats were given continuous
access to the high-fat diet for one week. On day 7, food intake was again measured over two
hours (6:00–8:00 pm) beginning at the onset of the dark cycle. Continuous access to the
high-fat diet does not result in binge-type eating behavior.

2.10 Fat preference
The three diets used for the fat preference study (10%, 12.5%, and 20% fat by kcal) were
made by Research Diets (Table 1) and milled on the same day to minimize variability. The
12.5% fat and 20% fat diets were based on the 10% fat diet (Research Diets OpenSource
diet D12450B) and formulated to vary the fat content while maintaining the same ratio of
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sucrose to corn starch between diets. At the beginning of the experiment, two food hoppers
containing 10% fat diet were placed into the rat cages for three days to allow the rats to
habituate to minimize food neophobia. Then, for two days, rats were given ad libitum access
to two diets in separate food hoppers, one containing 12.5% dietary fat and the other
containing 20% dietary fat. The weights of the hoppers were recorded daily between 2:00–
4:00 pm and the positions of the hoppers were alternated each day to prevent a position bias.
All food hoppers were washed and randomized.

3 Results
3.1 Generation and validation of NMUR2 knockdown

We created plasmids designed to knock down NMUR2 to investigate how NMUR2
signaling in the PVN contributes to the regulation of body weight and feeding behaviors. To
achieve optimal knockdown efficiency, ten different shRNA sequences engineered to knock
down NMUR2 were screened in vitro, and subsequent NMUR2 mRNA expression was
quantified using real-time PCR. We found that transfection with two out of the ten hairpins
(shNMUR2 #5 and shNMUR2 #9) resulted in approximately 95% knockdown of NMUR2
mRNA in vitro, compared to a non-silencing control hairpin, shCTRL (Fig. 1A). In addition
to packaging the shCTRL hairpin into AAV (AAV-shCTRL), we selected shNMUR2 #5 to
package into an AAV (AAV-shNMUR2) for in vivo testing because it achieved the greatest
knock down of NMUR2 mRNA at 95.1%. Furthermore, we evaluated shNMUR2 #5 for off-
target activity by quantifying mRNA transcript levels of six of the closest matching mRNA
sequences for knock down in cell culture. shNMUR2 #5 did not significantly knock down
the mRNA transcript levels of any of the sequences screened. Therefore, the observed in
vivo effects are likely due to specific knock down of NMUR2 mRNA.

Viral knock down of NMUR2 in vivo was visualized and verified in ten rats (five for each
virus) through double-label fluorescent immunostaining of NMUR2 and GFP in coronal
sections containing PVN. The AAV vector employed contains a GFP tag, thus, neurons
infected with the AAV viruses should express GFP. Indeed, GFP immunoreactivity (green)
was readily detected in the PVN of shCTRLPVN and shNMUR2PVN rats, suggesting a high
level of transduction with either virus (Fig. 1C). As expected NMUR2 staining was
abundant in the PVN of shCTRLPVN rats and was frequently colocalized with GFP
expressing neurons in these animals (white arrows, Fig. 1C). Conversely, only a few
NMUR2-labeled cells were detected in the shNMUR2PVN rats, and we detected very little
co-localization of GFP and NMUR2 in the PVN following AAV-shNMUR2 transduction.
This suggests that the shNMUR2 virus successfully knocked down endogenous NMUR2
expression in infected neurons in vivo.

In vitro antibody validation confirmed the specificity of our rabbit polyclonal anti-NMUR2
primary antibody. Over-expression of NMUR2 in HEK-293 cells demonstrates bright and
robust immunostaining for NMUR2. Non-transfected control cells showed light staining for
NMUR2 because of low levels of endogenous protein expression (data not shown).
Furthermore, NMUR2 immunostaining is highly enriched in the PVN, a pattern which
closely matches the observed distribution of NMUR2 mRNA via in situ hybridization thus
supporting the specificity of the antibody (Howard et al., 2000, Graham et al., 2003).

3.2 Food intake on standard chow versus high-fat diet
To test the hypothesis that knock down of NMUR2 in the PVN would increase food
consumption, we evaluated food intake in shNMUR2PVN and shCTRLPVN animals. Food
intake was measured every afternoon for one week on a standard chow and one week on a
high-fat diet (Fig. 2). We analyzed data collected on daily food intake with a repeated
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measures 2-way ANOVA, followed by a Bonferroni correction for multiple comparisons.
When rats were fed a standard chow, no significant differences were observed between the
groups’ daily food intake (Fig. 2A). However, when animals were fed a high-fat diet, the
shNMUR2PVN rats ate significantly more than controls (F(1,14)=9.628, p<0.01), and the
post-hoc test showed significant differences between groups on day 4 (p<0.05), day 6
(p<0.05), and day 7 (p<0.01) (Fig. 2B). Two-way ANOVA analysis of cumulative food
intake for each group on the two diets (expressed as average daily food intake) revealed that
the shNMUR2PVN rats ate significantly more food over the one week period than
shCTRLPVN rats on a high-fat diet, but not on a standard chow (Fig. 2C; F(1,28)=8.96,
p<0.01). To eliminate the possibility that differences in food intake were related to
differences in locomotor activity, we placed the rats in locomotor chambers and measured
their activity over 24 hours. No significant differences in locomotor activity were observed
between groups during the dark or light cycle (Fig. 2D; 2-way ANOVA; F(1,29)=0.63,
p=0.43).

3.3 Body weight and weight gain on standard chow versus high-fat diet
To evaluate the effect of NMUR2 knockdown in the PVN on body weight and weight gain,
we monitored body weight during the food intake studies. While being maintained on a
standard chow, unpaired two-tailed t-tests revealed there were no significant differences in
body weight (Fig. 3A; t=1.21; p=0.25) or weight gain (Fig. 3B; t=0.029; p=0.40) in the
shNMUR2PVN rats compared to the shCTRLPVN rats, with average body weights of 436.0g
vs. 417.7g and average weight gain of 11.3g and 11.4g, respectively. However, when placed
on a 45% high-fat diet, the shNMUR2PVN rats had significantly increased body weights
(Fig. 3C; t=1.96; p<0.05) due to significantly greater weight gain (Fig. 3D; t=3.49; p<0.01)
compared to control. Specifically, the average body weight of the shNMUR2PVN rats was
478.6g and that of shCTRL PVN rats was 447.6g, with an average weight gain over the seven
day period of 42.6g and 29.9g, respectively. On a high-fat diet, shNMUR2PVN rats
demonstrated a significantly higher feed efficiency than the shCTRLPVN rats (Fig. 3E;
t=3.02; p<0.05). Feed efficiency was calculated by dividing the weight gain in grams by the
feed consumption (kcal) and suggests possible metabolic effects of NMUR2 knockdown in
the PVN.

3.4 Binge-type eating
We hypothesized that NMUR2 knockdown would enhance binge-type eating relative to
controls. Binge-type eating was assessed by measuring the intake of 45% high-fat diet
during the first two hours of the dark cycle, after the rats had been maintained on a standard
chow for seven days. To demonstrate that this limited-access approach results in binge-type
eating, we first monitored the animals’ intake of a standard chow during the two hour period
on the day before the binge began, similar to the time frame when the rats would be
bingeing on the high-fat diet. We observed a normal intake of standard chow and no
significant difference between shCTRLPVN and shNMUR2PVN rats (Fig. 4A). Next we
quantified non-binge intake of the 45% high-fat diet by giving the animals continuous access
to the food for seven days and measured two hour intake on day seven (Fig. 4B). This
continuous access did not result in significant differences between the groups and
established the baseline intake used to interpret the binge-type eating. For the binge-type
eating assay (Fig. 4C), as expected both groups of animals binged on the 45% high-fat diet
by increasing their food intake over baseline non-binge intake during the two hour period,
but the binge intake of shNMUR2PVN rats (9.38 g) was significantly greater than the binge
intake of shCTRLPVN rats (7.39 g) (Fig. 4C; t-test; t=2.08; p<0.05).
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3.5 Sucrose preference and fat preference
Preference for solutions containing 0.25%, 0.5%, or 1.0% sucrose was determined by
placing two water bottles in the cage, giving the rats a choice between drinking from a bottle
containing one of these sucrose solutions or water. Low sucrose concentrations were chosen
based on previous publications (Bolanos et al., 2003, Green et al., 2008) and experience
(Ignar et al., 2011). Furthermore, the sensitivity threshold of rats for sucrose is 0.09%
(Sclafani and Nissenbaum, 1987); these concentrations provide a more sensitive detection of
differences in sucrose preference. Rats were exposed to two bottles at a time, one containing
water, and one containing a given concentration of sucrose for a total of 48 hours per
pairing. Intake was measured by weighing the bottles, and percent preference was calculated
by taking the two-day total sucrose intake and dividing it by the total amount consumed
from both the sucrose and water bottle. No significant differences in consumption were
observed between the shNMUR2PVN rats versus the shCTRLPVN rats at any concentration
of sucrose based on a two-way ANOVA (Fig. 5A; F(1,42)=0.035; p = 0.85), suggesting that
NMU regulation of feeding behavior is specific to dietary fat versus carbohydrates.

To determine fat preference, two food hoppers were placed in the cages, giving the rats a
choice between diets containing 12.5% or 20% fat by calories. Preference for the 20% fat
diet was calculated by taking the two-day total food intake of each diet and dividing it by the
total amount consumed across both diets and therefore represents the percent of the animal’s
diet that was comprised of higher-fat food. We controlled for total food consumption by
dividing the grams consumed of the 20% fat diet by the total food consumption (grams of
20% fat diet plus grams of 12.5% fat diet). After having ad libitum access to the diets for 48
hours, the shNMUR2PVN rats had an average preference score of 0.84 for the 20% fat diet;
this was significantly higher than shCTRLPVN rats which had an average preference score of
0.64 (Fig. 5B; t-test; t=2.29; p<0.05). Furthermore, the shNMUR2PVN rats consumed
significantly more of the higher-fat diet than the controls (Fig. 5C; F(1,28)=1.20; 2-way
ANOVA; p<0.01). These data demonstrate that shNMUR2PVN rats prefer a higher-fat diet
more than shCTRLPVN rats.

4 Discussion
Based upon data indicating that some NMUR2-null mice have increased bodyweight on a
high-fat diet relative to controls (Egecioglu et al., 2009), and data indicating that infusion of
NMU directly into the PVN suppresses food intake (Wren et al., 2002), we hypothesized
that NMUR2 signaling in the PVN specifically modifies intake of a high-fat diet. We tested
this hypothesis by knocking down NMUR2 specifically in the PVN of adult rats followed by
measuring food intake, body weight, food preference, binge-type eating, and locomotor
activity. Four principal findings emerged:

First, NMUR2 knockdown increased intake of a high-fat diet. This demonstrates that
NMUR2 signaling in the PVN influences intake of obesogenic food. Conversely, we did not
observe significant differences in intake of a standard chow, implying that NMUR2
signaling is specific to the high-fat diet.

Second, shNMUR2PVN rats had higher body weights when given ad libitum access to this
high-fat diet, with no effect on body weight relative to controls when maintained on a
standard chow. This indicates that endogenous NMUR2 expression in the PVN minimizes
weight gain in an obesogenic environment. That is, NMUR2 signaling in the PVN normally
blunts weight gain even when exposed to obesogenic food. Therefore, when NMUR2
expression was knocked down, weight gain increased.
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Third, shNMUR2PVN rats have an increased preference for dietary fat, but not for sucrose.
Fat and sugar are both reinforcing components of food. However, in rodents, canines, and
non-human primates, dietary fat is more effective at inducing obesity than carbohydrates
(Warwick and Schiffman, 1992, West and York, 1998). For example, the high-fat diet used
in our studies has 45% of the calories from fat and 30% of the calories from carbohydrates
(Van Heek et al., 1997). This diet effectively increases adiposity and is therefore considered
to be obesogenic. Non-obesogenic diets typically contain around 15% of the calories from
fat, and can contain as much as 70% of the calories from carbohydrates. Although some
receptors (e.g. mu-opioid receptor) regulate consumption of carbohydrates and sugars (Ignar
et al., 2011), our data suggest that NMUR2 signaling in the PVN selectively regulates
preference for increased dietary fat.

Fourth, NMUR2 knockdown in the PVN increases binge-type eating behavior relative to
controls. Although the shNMUR2PVN rats demonstrate increased daily intake of an
obesogenic diet, binge eating of obesogenic food is thought to be driven by distinct
neurocircuitry. For example, dopamine is released into the nucleus accumbens during
repeated binge eating episodes, which does not occur in non-bingeing rats (Corwin et al.,
2011). Interestingly, the present study indicates that NMUR2 signaling in the PVN inhibits
food intake during binge-type episodes, in addition to generally suppressing consumption of
an obesogenic diet.

An outstanding candidate for the source of NMU is the arcuate nucleus. NMU is highly
expressed in this region of the brain (Howard et al., 2000, Graham et al., 2003), and the
arcuate nucleus projects directly to the PVN (Schwartz et al., 2000). This could be
somewhat comparable to the melanocortin system which arises in the arcuate nucleus and
signals to melanocortin-4 receptors in the PVN. This system is well established as an
important regulator of food intake and body weight (Schwartz et al., 2000). However, the
relationship between NMU and the melanocortin systems is unclear. For example, are NMU
and α-melanocyte-stimulating hormones expressed in the same neurons in the arcuate
nucleus? Also, are NMUR2 and melanocortin-4 receptors expressed in the same neurons in
the PVN?

The neuroanatomical target of NMUR2-containing neurons in the PVN could be the
parabrachial nucleus. The parabrachial nucleus is capable of modulating food preference and
feeding behavior via regulation of dopamine release in the limbic system (Norgren et al.,
2006). Although the parabrachial nucleus primarily receives projections from second-order
taste neurons found in the nucleus of the solitary tract, it also receives afferents directly from
the PVN (Kirchgessner et al., 1988). Therefore, NMUR2 neurons may project to the
parabrachial nucleus which would in turn modify dopamine release in regions of the limbic
system such as the nucleus accumbens and ultimately alter feeding behaviors specific to
higher-fat foods.

Taken together, these data demonstrate that decreased NMUR2 signaling in the PVN of
adult rats promotes consumption of high-fat (obesogenic) food and increased body weight.
This poses the idea that dysregulation of NMU signaling may promote obesity due to
increased consumption of obesogenic food. Consistent with this concept, variations in the
NMU amino acid sequence are associated with obesity in humans (Hainerova et al., 2006)
suggesting that NMU-NMUR2 signaling is translationally relevant. Therefore, NMUR2
agonism represents a promising therapeutic strategy for treating obesity.
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• Knock down of NMUR2 in the PVN stimulates intake of an obesogenic diet
resulting in increased body weight

• NMUR2 signaling in the PVN regulates dietary preference

• NMUR2 knockdown in the PVN increases binge-type eating behavior

Benzon et al. Page 13

Neuroscience. Author manuscript; available in PMC 2015 January 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
shRNA-mediated knockdown of NMUR2 in vitro and in vivo. A, Screening of hairpins
designed to knock down NMUR2. Transient transfection of hairpins designed to knock
down NMUR2 (shNMUR2) in HEK293 cells results in approximately 95% knockdown
verses shCTRL (shNMUR2 #5 and shNMUR2 #9). B, Atlas plate showing approximate
location of immunohistochemical images. C, Double label fluorescent immunostaining of
NMUR2 (red) or GFP (green, marker of transduction) in the PVN of adult rats.
Colocalization between NMUR2 and GFP is readily observed in neurons infected with
shCTRL virus (three of the co-localized neurons are marked by white arrows, left panels)
while colocalization is only rarely observed in neurons infected with shNMUR2 virus (right
panels).
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Figure 2.
Knock down of NMUR2 in the PVN increases intake of a high-fat diet but not a standard
chow. Daily food intake over seven days on a standard chow (A) or on a high-fat diet (B) in
rats receiving the shNMUR2 virus (n=9; closed squares) verses the shCTRL virus (n=7;
open circles). C, Average daily food intake is significantly elevated in shNMUR2 rats (gray
bars) verses shCTRL rats (white bars) on a high-fat diet, but not on a standard chow. D,
Home cage locomotor activity (expressed as total beam breaks) is not different during the
light or dark cycle in shNMUR2 verses shCTRL rats. (* p<0.05, ** p<0.01 by ANOVA
followed post hoc test). Error bars represent the standard error of the mean.
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Figure 3.
NMUR2 knockdown in the PVN results in increased body weight, weight gain, and feed
efficiency on a high-fat diet, but not on a standard chow. On a standard chow,
shNMUR2PVN rats (n=9; gray bars) did not have altered total body weight (A) or weight
gain (B) over seven days when compared to shCTRLPVN rats (n=7; white bars). On a high-
fat diet, shNMUR2PVN rats had significantly greater body weight (C) and weight gain (D)
verses shCTRLPVN rats. E, The feed efficiency on a high-fat diet is enhanced by knock
down of NMUR2. Feed efficiency is calculated as weight gain in grams divided by food
consumption in kilocalories. (* p<0.05, ** p<0.01 by two-tailed t-test). Error bars represent
the standard error of the mean.
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Figure 4.
Knock down of NMUR2 in the PVN modifies binge-type eating behavior. A, Control assay
demonstrating baseline intake of a standard chow over a 2 hour period. No significant
differences were observed between groups. B, Continuous access (non-binge) intake of a
high-fat diet in shCTRLPVN and shNMUR2PVN rats over a two hour period beginning at the
onset of the dark cycle. No significant differences were observed between groups. C, Two
hour binge-type intake of a high-fat diet. NMUR2 knockdown (n=9; gray bars) potentiates
binge-type eating in comparison to controls (n=7; white bars) in animals receiving two hour
access to a high-fat diet once per week. Dotted line represents average non-binge intake of a
high-fat diet by control animals over two hours as demonstrated in panel (B). (* p≤0.05 by
one-tailed t-test). Error bars represent the standard error of the mean.
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Figure 5.
Knock down of NMUR2 in the PVN enhances preference for dietary fat but not sucrose. A,
Preference for solutions containing 0.25%, 0.5%, or 1.0% sucrose (w/v) relative to water
alone. shNMUR2PVN rats were not significantly different from shCTRLPVN rats at any
concentration. B, Preference score for diet containing 20% fat by calories verses diet
containing 12.5% fat by calories when both diets are presented simultaneously. Over a 48
hour period, shNMUR2PVN rats (n=9; gray bars) had a stronger preference for the higher-fat
diet than controls (n=7; white bars) (* p<0.05 by one-tailed t-test). C, The total intake of the
20% fat diet and the 12.5% fat diet during the fat preference assay. shNMUR2PVN rats (gray
bars) consumed significantly more of the 20% fat diet than controls (white bars) (** p<0.01
verses shCTRLPVN intake of 20% diet by AVOVA followed by Bonferroni correction for
multiple comparisons). Both groups of rats consumed significantly more of the 20% diet
than the 12.5% diet, significance not denoted. All error bars represent the standard error of
the mean.
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