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Abstract
Pyrogultamylated arginine-phenylalanineamide peptide (QRFP) is strongly conserved across species
and is a member of the family of RFamide-related peptides, with the motif Arg-Phe-NH2 at the C-
terminal end. The precursor peptide for QRFP generates a 26-amino acid peptide (QRFP-26) and a
43-amino acid peptide (QRFP-43), both of which bind to the G protein-coupled receptor, GPR103.
Recently, QRFP has been characterized in rats, mice and humans and has been reported to have
orexigenic properties. In rodents, prepro-QRFP mRNA is expressed in localized regions of the
mediobasal hypothalamus, a region implicated in feeding behavior. Increased intake of a high fat
diet contributes to increased weight gain and obesity. Therefore, the current experiments investigated
the effects of QRFP administration in rats and the effects of a high fat diet on prepro-QRFP mRNA
and GPR103 receptor mRNA levels. Intracerebroventricular administration of QRFP-26 (3.0nM,
5.0nM) and QRFP-43 (1.0nM, 3.0nM) dose-dependently increased 1h, 2h, and 4h cumulative intake
of high fat (55% fat), but not low fat (10% fat) diet. In Experiment 2, hypothalamic prepro-QRFP
mRNA levels and GPR103 receptor mRNA levels were measured in rats fed a high fat or a low fat
diet for 21 days. Prepro-QRFP mRNA was significantly increased in the ventromedial nucleus/
arcuate nucleus of the hypothalamus of rats fed a high fat diet compared to those fed a low fat diet,
while GPR103 mRNA levels were unchanged. These findings suggest that QRFP is a regulator of
dietary fat intake and is influenced by the intake of a high fat diet.
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1.1 Introduction
RFamide-related peptides are a family of biologically active peptides that have the motif Arg-
Phe-NH2 at their C-terminal end. A number of RFamide-related peptides have been
characterized in invertebrates and vertebrates since the first member of this family was isolated
from a venus clam. The members of this peptide family exert a large array of biological
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activities which include effects on analgesia, food intake, locomotor activity, blood pressure
and hormone regulation [9,11]. Recently, a 26-amino acid peptide exhibiting the Arg-Phe-
NH2 signature was isolated from frog brain, pyrogultamylated arginine-phenylalanineamide
peptide (QRFP-26, also referred to as 26RFa) and the cDNA encoding QRFP-26 was
characterized in rat, mouse, and human [4,5]. The structure of QRFP-26 appears to be strongly
conserved across vertebrates, in particular the C-terminal octapeptide, suggesting that this
region is crucial for the biological activity of the peptide. The QRFP-26 precursor has been
shown to generate an N-terminal extended form of 43-amino acids (QRFP-43, also referred to
as 43RFa). Both QRFP-26 and QRFP-43 are potent ligands for GPR103, a G protein-coupled
receptor, and both peptides have been shown to increase food intake and locomotor activity in
mice [5,8,22,33].

Distribution of prepro-QRFP mRNA in the rat central nervous system is localized in the
hypothalamus, specifically the arcuate nucleus (ARC), retrochiasmatic area, lateral
hypothalamus (LH) and ventromedial hypothalamus (VMH) [5,11]. These hypothalamic
regions are important in the regulation of ingestive behaviors, particularly food intake, and are
abundant in neurotransmitters, neuropeptides, and receptor systems that influence feeding (i.e.
neuropeptide Y, agouti-related peptide, orexin, galanin, and melanin concentrating hormone)
[2,3,7,10,13,15,16,23,28–32,34,36]. The receptor for QRFP-26 and QRFP-43, GPR103, is
more widely expressed than the peptide and is found in the various regions of the central
nervous system including the VMH, LH, cortex, ventral pallidum, amygdala, medial preoptic
nucleus, suprachiasmatic nucleus, raphe nucleus, locus coeruleus, nucleus of the solitary tract
[11]. Recently, Kampe and colleagues [14] have reported a second g- protein coupled receptor
in the brain for QRFP-26 (QRFP-r2).

Previous research has shown that hypothalamic prepro-QRFP mRNA expression is up-
regulated in 48h fasted mice and in obese ob/ob and db/db mice, which have a deficiency in
leptin regulation [33]. Central administration of QRFP-26 in food restricted mice lead to a
significant increase in food intake which peaked at 30 minutes and was diminished after 60
minutes [8,33]. Chronic administration of QRFP-43 increased body weight over 14 days while
only increasing food intake for the first few days [22]. In mice fed a moderately fat diet (32.6%
calories from fat), chronic administration of varying doses of QRFP-43 increased body weight,
daily food intake, and percent body fat [22].

Few studies have been conducted to determine the effects of QRFP administration on food
intake in rats and on the effects of dietary manipulation on prepro-QRFP mRNA expression
in the rat brain. One such study, reported that intracerebroventricular administration of
QRFP-26 moderately, though not significantly, increased standard chow intake in rats at 2h
following administration [14]. Standard chow is a food source which is relatively low in dietary
fat. Increased intake of foods high in dietary fat is thought to contribute to an increase in food
intake and weight gain. Therefore, it is possible that the amount of fat in the diet is an important
factor mediating the orexigenic actions of QRFP. The purpose of Experiment 1 was to
investigate the effects of QRFP-26 and QRFP-43 on the consumption of a high fat (55% calories
from fat) and a low fat (10% of calories from fat) diet in rats. It was hypothesized that
intracerebroventricular administration of QRFP-26 and QRFP-43 would increase the intake of
high fat food to a greater extent than low fat food. Experiment 2 was conducted to determine
if the intake of a high fat or low fat diet would significantly alter prepro-QRFP mRNA levels
and GPR103 receptor mRNA levels in the hypothalamus, specifically, the VMH/ARC and the
LH. We hypothesized that high fat diet would significantly increase prepro-QRFP mRNA
levels.
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2.1 Methods
2.1.1 Animals

Adult male Long Evans rats (Harlan, Inc., Indianapolis, IN) weighing between 175–200g upon
arrival were used for all experiments. Rats were individually housed in an AAALAC approved
animal facility on a 12/12h light/dark cycle (lights on at 0700) with food and water available
ad libitum. All procedures were approved by the Pennington Biomedical Research Center
Institutional Animal Care and Use Committee and followed the Principles for Care and Use
of Laboratory Animals. One week following arrival to the Pennington Biomedical Research
Center, rats were adapted to one of two diets (Research Diets, New Brunswick, NJ), a pelleted
high fat (55%)/low carbohydrate (21%) diet or a pelleted low fat (10%)/high carbohydrate
(66%) diet based on Lin et al. [20,27].

2.1.2 Experiment 1: Indwelling cannula surgery
After a two week diet adaptation period, all rats underwent surgery to implant a unilateral
indwelling cannula into the lateral ventricle. Rats were anesthetized with ketamine cocktail
(ketamine, 80mg/ml; acepromazine, 1.6mg/ml; xylazine, 5mg/ml, i.p) and their heads were
shaved, cleaned and injected with a local anesthetic (bupivicane/lidocaine, 1mg/kg, s.c). Once
anesthetized, rats were placed in a stereotaxic apparatus (David Kopf, Tujunga, CA). Following
a midline incision, bregma was measured and a single hole was drilled into the skull to allow
the implantation of the cannula. Unilateral 22-gauge stainless steel cannula, 7mm in length
(Plastics One, Roanoke, VA) were implanted into the lateral ventricle, using the coordinates
AP −0.9, LM −1.5, DV −3.0 [24] and anchored with orthodontic resin (Dentsply Caulk,
Milford, DE). Following surgery, Carprofen (1.0mg/kg, s.c.) was given for postoperative
analgesia.

2.1.3 Drug Treatment
QRFP-26 and QRFP-43 (Phoenix Pharmaceuticals, Inc, Burlingame, CA) were dissolved in
vehicle (30% propylene glycol in 0.9% sterile saline). On test day, rats were injected with 5.0µl
of QRFP-26 (0.3nM, 0.5nM, 1.0nM, 3.0nM, 5.0nM), QRFP-43 (0.3nM, 0.5nM, 1.0nM,
3.0nM) or vehicle using a 20-gauge injector (Plastics One), which extended 1mm beyond the
guide cannula. Injections were made manually at a rate of 5.0µl/min. The injectors remained
in the cannula for an additional minute to allow for diffusion.

2.1.4 Measurement of Food Intake
Testing began one week following cannula implantation surgery. QRFP-26, QRFP-43 and
vehicle were administered using a Latin-square design to account for variation due to the
duration of exposure to the high fat diet and/or carry-over effects from QRFP administration.
Each rat received 5 separate injections, 4–7 days apart. Due to the number of doses and multiple
drugs, this experiment was conducted in three successive groups of Long Evans rats that were
treated similarly. On test day, fully satiated rats received intracerebroventricular injections of
QRFP-26, QRFP-43 or vehicle and were immediately returned to their home cage and given
pre-weighed fresh high fat or low fat food. All injections were made between 0930 and 1030.
Food intake was measured at 1h, 2h, 4h and 24h post-injection.

2.1.5 Histology
Rats were sacrificed by CO2 asphyxiation; brains were removed and placed in 4%
paraformaldehyde/0.1M sodium phosphate solution for 24 hours at 4°C. Brains were
subsequently placed in a 15% sucrose/0.1M sodium phosphate buffer solution at 4°C until
slicing (50µm sections) using a cryostat (HRM550, Microm, Int.). Sections were thaw mounted
on slides, stained with cresyl violet histological stain, and examined under a low power
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microscope. Cannula placement was plotted using the rat atlas of Paxinos and Watson [24].
Five animals were removed from analyses due to improper cannula placement.

2.1.6 Experiment 2: Real-time Polymerase Chain Reaction (PCR)
Rats were placed on the pelleted, high fat or a low fat diet (as described in Experiment 1) for
3 weeks prior to sacrifice. Body weight was measured weekly and body fat was determined by
measurement of the retroperitoneal and epididymal fat pads at the time of sacrifice.

2.1.7 Real-time PCR
Animals were euthanized by decapitation. Brains were removed and immediately frozen on
dry ice and stored at −80°C until further processing. For gene expression analysis, bilateral
1mm diameter brain punches were taken from the VMH/ARC, LH, and the paraventricular
nucleus of the hypothalamus (PVN). Coordinates for punches were based on the Rat Brain
Atlas by Paxinos and Watson [24]. Brains were sliced using a freezing microtome (Microm
HM400, Waldorf, Germany). Coordinates for VMH/ARC punches began at AP-2.3 and the
punches were 1.2–1.5mm thick. Coordinates for the PVN punches began at AP-1.80 and
punches were 0.4–0.6mm thick. The PVN is a region of the hypothalamus important in the
regulation of food intake. However, previous reports suggest that there is no significant
expression of prepro-QRFP mRNA in this brain region [5,11]. Therefore, we used the PVN as
a control region. RNA was isolated from bilateral punches of the specific hypothalamic regions
using Tri-Reagent (Molecular Research Ctr, Cincinnati, OH USA) and RNeasy Minikit
procedures (Qiagen, Valencia, CA USA) and based on previous experiments by Primeaux et
al. [25,26]. Briefly, thawed tissue was homogenized in Tri-Reagent using a motorized tissue
homogenizer, chloroform was added to the lysate, and the mixture was centrifuged (12,000×g)
in phase lock tubes to separate RNA. Ethanol (70%) was added to the upper aqueous phase,
which was filtered by centrifugation (8000×g). Following multiple washes, samples were
subjected to an elution step using RNAase-free water. Reverse transcription (RT) was
conducted using the High-Capacity cDNA Reverse Transcriptase Kit (Applied Biosystems,
Foster City, CA, USA). For RT, 1.5µg of RNA from each sample was added to random primers
(10x), dNTP (25x), MultiScribe Reverse Transcriptase (50U/µl) and RT buffer (10x) and
incubated in a thermal cycler (PTC-100, MJ Research, Inc, Watertown, MA, USA) for 10 min
at 27°C, then for 120 min at 37°C. Taqman Gene Expression Assays (Applied Biosystems)
were used to assess levels of prepro-QRFP, GPR103 and the housekeeping gene, cyclophilin.
For Real-time PCR, Taqman Universal PCR Master Mix (Applied Biosystems), gene
expression assay, and RT product (10ng) were added to a 384 well plate. The cycling
parameters consisted of an initial 2 min incubation at 50 °C, followed by 10 min at 95 °C, then
15 sec at 95 °C, and a 1 min annealing/extension step at 60 °C (40 cycles). The quantity of
prepro-QRFP mRNA and GPR103 mRNA levels were based on a standard curve using pooled
cDNA from the VMH/ARC of all experimental samples and normalized to cyclophilin levels
(ABI Prism 7900 Sequence Detection System, Applied Biosystems).

2.1.8 Statistical Analysis
In Experiment 1, cumulative food intake in kilocalories (kcal) was assessed for each dietary
condition and at each time point (1h, 2h, 4h, 24h) following QRFP-26 or vehicle injection or
QRFP-43 or vehicle injection using a two-way ANOVA. Bonferroni post-hoc tests were used
to compare vehicle to QRFP-26 and QRFP-43, when a significant main effect or interaction
was detected. Bonferroni post-hoc analyses were also used to assess differences between high
fat and low fat food intake for each dose of QRFP-26 or QRFP-43. In Experiment 2, diet-
induced differences in body weight and percent body fat ((fat pad weight/body weight)*100)
were assessed using a two-tailed between subjects t-test. For Real-Time PCR, a two-tailed
between subjects t-test was used to compare prepro-QRFP mRNA levels in each hypothalamic
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region of high fat and low fat fed rats. A two-tailed between subjects t-test was also used to
compare GPR103 receptor mRNA in each hypothalamic region of rats fed either a high fat or
a low fat diet. A significance level of p<.05 was used for all tests.

3.1 Results
3.1.1 Experiment 1 QRFP-26 administration

A significant diet by dose interaction was detected for the first hour of food intake following
QRFP-26 administration (F(5,98)=4.79, p<.001). A significant interaction was also found in
cumulative food intake at 2h and 4h following QRFP-26 administration (F(5,98)=3.33, p<.01
and F(5,98) = 3.61, p<.01, respectively). A significant main effect of diet was detected at 24h
following the administration of QRFP-26 (F(1, 99)=10.40, p<.01). Post-hoc analyses revealed
a significant increase in high fat food intake following the two highest doses of QRFP-26 (p<.
05; 3.0nM and 5.0nM compared to vehicle administration; See Figure 1A). QRFP-26
administration into the lateral ventricles did not significantly alter cumulative low fat food
intake at any time point (p>.05; See Figure 1B). Post-hoc analyses revealed significant
increases in cumulative high fat food intake (kcal) compared to low fat food intake following
3.0nM QRFP-26 at 2h and 4h (p<.05) and 5.0nM QRFP-26 at 1h, 2h, 4h, and 24h, suggesting
a increased sensitivity to the feeding effects of QRFP-26 in rats fed a high fat diet.

3.1.2 QRFP-43 administration
Significant main effects of diet (F(1,74)=26.55, p<.0001) and dose (F(4,74)=3.38, p<.02) were
found at 1h following QRFP-43 administration (See Figure 2A). Significant main effects of
diet and dose on cumulative food intake were also detected at 2h (F(1,74)=25.64, p<.0001 and
F(4,74)=4.07, p<.01, respectively) and at 4h (F(1,73)=27.63, p<.0001 and F(4,73)=2.75, p<.
05, respectively). A main effect of diet on cumulative food intake was detected at 24h following
QRFP-43 administration (F(1,81)=17.16, p<.0001). Post-hoc analysis revealed a significant
increase in high fat intake with the two highest doses of QRFP-43 (1.0nM and 3.0nM compared
to vehicle; p< .05; See Figure 2).Administration of QRFP–43 did not significantly increase
cumulative low fat food intake at any dose tested (See Figure 2B). Post-hoc analyses reveal a
significant increase in cumulative high fat food intake compared to low fat intake following
0.3nM QRFP-43 administration at 1h, 2h, and 4h, following 0.5nM QRFP-43 administration
at 24h, following 1.0nM QRFP-43 administration at 1h, 2h, 4h, and 24h, and following 3.0nM
QRFP-43 at 1h, 2h and 4h (p<.05).

3.1.3 Experiment 2
Rats were fed either a low fat or a high fat diet for 3 weeks. Animals fed a high fat diet gained
significantly more body weight than those fed a low fat diet (t(13)=2.40, p<.05; See Figure
3A). Rats fed the high fat diet also gained more body fat ((retroperitoneal + epididymal fat pad
weight/body weight)*100) than those fed a low fat diet (t(13)= 3.31, p<.01; See Figure 3B).

Prepro-QRFP mRNA levels in the VMH/ARC were significantly elevated following 3 weeks
on a high fat diet (t(10)=3.30, p<.01; See Figure 4). In contrast, consuming a high fat diet did
not alter prepro-QRFP mRNA levels in the LH, nor alter prepro-QRFP mRNA levels in the
PVN. GPR103 receptor mRNA was not altered by high fat diet in the VMH/ARC, LH or the
PVN (p>.05).

4.1 Discussion
QRFP-26, a 26-amino acid peptide exhibiting the Arg-Phe-NH2 signature has recently been
characterized in rat, mouse, and human [4,5] and has been reported to have orexigenic
properties. Distribution of prepro-QRFP mRNA in the rat central nervous system is localized
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in specific regions of the hypothalamus [5,11] which are important in the regulation of food
intake [21,30,36]. Few studies have been conducted to determine the effects of QRFP
administration on food intake in rats and on the effects of dietary manipulations on prepro-
QRRP or GPR103 receptor gene expression in the rat brain. Therefore, the current experiments
were conducted to investigate the role of QRFP-26 and QRFP-43 on the intake of a low fat
and a high fat diet and to determine if the consumption of a high fat diet alters the gene
expression of prepro-QRFP and/or GPR103 receptors in the hypothalamus.

Experiment 1 demonstrates that QRFP is a mediator of high fat food intake. QRFP-26 and
QRFP-43 dose-dependently increases cumulative high fat food intake in rats at 1h, 2h, and 4h,
following intracerebroventricular administration (See Figure 1 and Figure 2) . No differences
in high fat food intake were detected 24 hours following administration of either QRFP-26 or
QRFP-43, compared to vehicle treated controls. Similar to the study by Kampe and colleagues
[14], QRFP-26 administration did not significantly increase the intake of a diet which had a
low fat content (standard chow). In the current study, neither QRFP-26 nor QRFP-43 altered
low fat food intake at any time point or at any dose (See Figure 1B and Figure 2B).

Experiment 2 demonstrates that QRFP expression in the VMH/ARC is influenced by a diet
high in fat. This experiment investigated the effects of a high fat and a low fat diet on prepro-
QRFP mRNA and GPR103 receptor mRNA levels in the VMH/ARC, LH and PVN of rats.
Rats were given access to the high fat or the low fat diet for 3 weeks prior to assessing alterations
in gene expression. Prepro-QRFP mRNA levels were significantly increased in the VMH/ARC,
but not LH of rats fed a high fat diet, compared to rats fed a low fat diet. As previously reported
[5,11], there was insignificant expression of prepro-QRFP mRNA in the PVN. GPR103
receptor mRNA level was not altered by dietary manipulations in these hypothalamic regions.
The increase in prepro-QRFP mRNA in the VMH/ARC, without a compensatory decrease in
GPR103 receptor mRNA may present a possible mechanism by which QRFP increases high
fat food intake. It should be noted that recent evidence suggests that there may be multiple
receptors for QRFP-26 (GPR103 and QRFP-r2) [14]. Therefore, it is possible that high fat food
intake alters the mRNA levels of QRFP-r2 in the hypothalamus and that QRFP-r2 is involved
in the effects of QRFP-26 and QRFP-43 on high fat food intake. Future studies should address
these possibilities.

The mechanism by which QRFP increases food intake, specifically high fat food intake is not
currently known. As mentioned, the precursor peptide is expressed in specific regions of the
hypothalamus (VMH, ARC, LH), which are important for the regulation of food intake and
which contain various neurotransmitter, neuropeptide, and receptor systems that have been
implicated in feeding behaviors [21,30,36]. Several of these systems are thought to be important
for the intake of a high fat diet (i.e. agouti-related peptide, galanin, mu opioid receptors) [1,
3,6,12,17–19,23,35]. In congruence with the current findings regarding QRRP mRNA levels,
mu opioid receptor mRNA and galanin mRNA levels are increased in the hypothalamus of rats
fed a high fat diet [1,10,18]. Though not currently known, it is possible that in the ARC, QRFP
expressing neurons may co-express agouti-related peptide or neuropeptide Y or their respective
receptors. It is also possible that in the LH, QRFP expressing neurons colocalize with melanin
concentrating hormone or orexin producing neurons. The release and action of QRFP may be
mediated by one or more of the neurotransmitter systems or QRFP may be the mediator.
Another possibility is that QRFP expressing neurons project to regions of the brain outside of
the hypothalamus, which may be relevant for feeding behaviors (i.e. amygdala, nucleus
accumbens).

There have been a few studies which have investigated the effects of QRFP in relation to other
orexigenic peptides. One study reported that a QRFP-43-induced increase in food intake was
not abolished in orexin knockout mice, suggesting that orexin and QRFP have independent
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effects on food intake [33]. A separate study investigated the effects of the neuropeptide Y Y1
receptor antagonist, BIBP3226, on QRFP-43-induced feeding in mice [33]. In this study,
QRFP-43 (10nM) significantly increased the intake of a standard low fat chow diet in mice.
These results differ from the results reported in the current experiments in that the intake of
low fat diet was not increased by QRFP-43 administration. Takayasu et al. [33] reported that
the effects of QRFP-43 on chow intake were attenuated by BIBP3226 and suggested a
relationship between the two peptide systems. Neuropeptide Y administration significantly
increases the intake of the animal’s preferred diet [31]. Therefore, by antagonizing
neuropeptide Y with BIBP3226, we would expect that given a single diet choice, BIBP3226
would significantly attenuate the effects of QRFP on high fat food intake. Future experiments
should investigate interactions between QRFP and neuropeptide Y and attempt to elucidate the
projection patterns of QRFP in the brain.

The results of the current experiments provide evidence that QRFP (both QRFP-26 and
QRFP-43) may be an important regulator of high fat food intake. The high fat-induced increase
in prepro-QRFP mRNA in the VMH/ARC, but not the LH provides insight into the neuronal
populations that may either be mediated by QRFP or which may mediate QRFP’s effects on
dietary fat. The neurotransmitter, neuropeptide and receptor systems in the VMH/ARC are
potential targets for the actions of QRFP and have yet to be determined.
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Figure 1.
A. Dose response curve of QRFP-26 administered into the lateral ventricles of fully satiated
rats fed a high fat diet. QRFP-26 (3.0nM, 5.0nM) dose-dependently increased high fat food
intake at 1h, 2h and 4h following administration. B. Dose response curve of QRFP-26
administered into the lateral ventricles of rats fed a low fat diet. QRFP-26 did not alter low fat
food intake. Twenty-four hour intake was not altered by any QRFP-26 dose. Data shown as
mean ± SEM, *p<.05.
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Figure 2.
A. Dose response curve of QRFP-43 administered into the lateral ventricles of fully satiated
rats fed a high fat diet. QRFP-43 (1.0nM, 3.0nM) dose-dependently increased high fat food
intake at 1h, 2h and 4h following administration. B. Dose response curve of QRFP-43
administered into the lateral ventricles of rats fed a low fat diet. QRFP-43 did not alter low fat
food intake. Twenty-four hour intake was not altered by any dose of QRFP-43. Data shown as
mean ± SEM, *p<.05.
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Figure 3.
A. Rats were fed either a low fat (10% calories from fat) or a high fat (55% calories from fat)
diet for 3 weeks. Consumption of a high fat diet led to a significantly greater gain in body
weight than consumption of a low fat diet. B. Percent body fat was measured by weighing
retroperitoneal and epididymal fat pads at the time of sacrifice. High fat food intake led to an
increase in body fat compared to low fat food intake. Data shown as mean ± SEM, *p<.05.
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Figure 4.
Following 3 weeks of high fat or low fat food intake, prepro-QRFP mRNA levels were
measured in the VMH/ARC and LH. High fat food intake increased prepro-QRFP mRNA
levels in the VMH/ARC, but not the LH. Data shown as mean ± SEM, *p<.05.
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