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RFamide-related peptide-3 (RFRP-3) is a recently discovered neuropeptide that has been proposed
to play a role in the stress response. We aimed to elucidate the role of RFRP-3 and its receptor,
neuropeptide FF (NPFF1R), in modulation of stress and anxiety responses. To achieve this, we
characterized a new NPFF1R antagonist because our results showed that the only commercially
available putative antagonist, RF9, is in fact an agonist at both NPFF1R and the kisspeptin receptor
(KISS1R). We report here the identification and pharmacological characterization of GJ14, a true
NPFFR antagonist. In in vivo tests of hypothalamic-pituitary-adrenal (HPA) axis function, GJ14
completely blocked RFRP-3-induced corticosterone release and neuronal activation in CRH neu-
rons. Furthermore, chronic infusion of GJ14 led to anxiolytic-like behavior, whereas RFRP-3 infusion
had anxiogenic effects. Mice receiving chronic RFRP-3 infusion also had higher basal circulating
corticosterone levels. These results indicate a stimulatory action of RFRP-3 on the HPA axis, con-
sistent with the dense expression of NPFF1R in the vicinity of CRH neurons. Importantly, coinfusion
of RFRP-3 and GJ14 completely reversed the anxiogenic and HPA axis-stimulatory effects of RFRP-3.
Here we have established the role of RFRP-3 as a regulator of stress and anxiety. We also show that
GJ14 can reverse the effects of RFRP-3 both in vitro and in vivo. Infusion of GJ14 causes anxiolysis,
revealing a novel potential target for treating anxiety disorders. (Endocrinology 156: 4152–4162,
2015)

The G-protein coupled neuropeptide FF (NPFF) recep-
tors belong to the RFamide receptor family and are

referred to as NPFF1R (also known as GPR147) and
NPFF2R (GPR74). The endogenous ligands, RFamide re-
lated peptide-3 (RFRP-3; also known as gonadotrophin
inhibitory hormone) and NPFF, display high affinity to
both receptors while preferentially activating NPFF1R
and NPFF2R, respectively (1, 2). RFRP-3 is a neuropep-
tide first described in birds as a putative gonadotropin
inhibitory hormone for its inhibitory effects on the repro-

ductive axis (3, 4). In mammals, the significance of this
inhibitory role of RFRP-3 has been inferred in part from
the effects of RF9, a putative NPFF receptor antagonist.
RF9 induces a remarkably potent gonadotropin release
(5–10), which has been interpreted as RFRP-3 having a
very potent tonic inhibitory action on the GnRH neurons,
which drive gonadotropin release.

Beyond the reproductive axis, RFRP-3 has also recently
been shown to be up-regulated by restraint stress in male
and female rodents, perhaps as a mechanism of stress-
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induced infertility (11, 12). Given the widespread projec-
tions of RFRP-3 fibers and the dense expression of
NPFF1R in the paraventricular nucleus (PVN), in the ba-
solateral amygdala, in the lateral septum, and throughout
the limbic system, it is likely that RFRP-3 has other roles
in stress modulation that are yet to be elucidated (1, 10,
13). The stress-induced activation of the hypothalamic-
pituitary adrenal (HPA) axis is dependent on CRH neu-
rons in the PVN, which stimulate the release of adreno-
corticotropic hormone from the anterior pituitary gland.
This in turn stimulates the production of adrenal stress
hormones (14). The afferent inputs that modulate CRH
neuronal tone and its interaction with cognitive process-
ing centers such as the limbic system remain poorly char-
acterized. In addition to regulating the stress response,
there is good preclinical and clinical evidence to support
the role of CRH in the underlying mechanisms of anxiety
(15–17). CRH receptor antagonists (18) and CRH recep-
tor-null mice (19, 20) both consistently report an anx-
iolytic-like effect in the literature. Therefore, pharmaco-
logical manipulation of CRH neuron excitability via
upstream targets may provide treatment targets for anx-
iety and stress-related disorders.

Evidence from rats suggests that treatment with
RFRP-3 may promote stress responses (21). In part, the
lack of a useful receptor antagonist has made it difficult to
advance the understanding of this and other roles of
RFRP-3. Whereas RF9 is claimed to be a highly specific
and potent NPFF receptor antagonist (22), there have been
recent suggestions that RF9 has off-target actions (23) and
may even be an agonist at NPFF1R (24, 25). We describe
here the identification of a highly specific and potent
NPFF1R antagonist with moderate antagonism at
NPFF2R, named GJ14 (Figure 1). We also show that
RFRP-3 alone is both an activator of the HPA axis and an
anxiogenic neuropeptide in mice. Infusion of GJ14 blocks

this effect and causes anxiolysis, revealing a novel poten-
tial target for treating anxiety disorders.

Materials and Methods

Materials
For in vitro experiments, RF9 was purchased from Tocris

Biosciences. Human NPFF and human RFRP3 were purchased
from Phoenix Pharmaceuticals and Bachem, respectively. Hu-
man kisspeptin-10 and human neuropeptide Y (NPY) were pur-
chased from Calbiochem. For in vivo experiments, rat RFRP-3
was purchased from Bachem.

Drug design
Eight peptidic compounds were generated based on RF9 (22),

the NPY-Y1/NPFFR antagonist BIBP3226 (26), and its deriva-
tives (27, 28) (Figure 1). The rationale was to vary either the
hydrophobic N-terminal group (diphenyl, adamantly, or dan-
syl), the C-terminal group based on phenylalanine-amide (phe-
nylglycine with or without the amide), and the stereochemistry
of the original amino-acid centers. Details of drug synthesis and
analysis are described in Supplemental Materials and Methods.

In vitro experiments

Cell culture
Chinese hamster ovary (CHO-K1) cells stably transfected

with human NPFF1R/G�15 (GenScript), human NPFF2R (28,
29) (a gift from Catherine Mollereau, Centre National de la
Recherche Scientifique, Universite de Toulouse, France), or hu-
man NPY-Y1 (PerkinElmer) and human embryonic kidney
(HEK)-293 cells transfected with human kisspeptin receptor
(KISS1R) (30) (a gift from Nicolas de Roux, Robert Debré Hos-
pital, Paris, France) were used for radioligand binding and sec-
ond messenger experiments. G�15 is a promiscuous Gq protein
and allows the NPFF1R receptor to signal via both Gi and Gq
pathways when activated.

Experiment 1a: radioligand binding
Cells were harvested at approximately 80% confluence and

underwent a series of homogenization and ultracentrifugation

Figure 1. Compound structures of RF9, BIBP3226, and eight test compounds.
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steps to generate a membrane-rich homogenate. For competitive
binding assays, membranes-rich homogenate was incubated in a
96-well plate with the appropriate 125I-labeled ligand (all pur-
chased from PerkinElmer) and increasing concentrations of the
test compounds. 125I-NPFF (catalog number NEX381) was used
to bind both NPFF receptor subtypes; 125I-peptide YY
(NEX381) was used to bind NPY-Y1 and 125I-kisspeptin-10
(NEX395) was used to bind KISS1R. The reaction was termi-
nated by rapid filtration using a cell harvester, and the filter-
bound radioactivity was measured using a �-counter. The con-
centration of the radioligand (approximately equal to the
kilodalton) was predetermined from a saturation binding assay
(data not shown). Details of the competitive binding experiments
and buffers used are described in the Supplemental Materials and
Methods.

Experiment 1b: cellular assays
For Gi-coupled receptors (NPFF1R, NPFF2R, NPY-Y1), the

peptidic compounds were used to block the agonist-induced
3�,5�-cAMP inhibition (LANCE Ultra cAMP assay kit; PerkinEl-
mer). For receptor stimulation assays, forskolin was used to stim-
ulate endogenous cAMP production, which was then inhibited
byknownendogenousagonistsor test compounds.Agonismwas
measured by the inhibition of forskolin-induced cAMP produc-
tion. For antagonism assays, the test compounds were added in
the presence of both forskolin and the endogenous agonist. For
the Gq-coupled KISS1R, the accumulation of inositol phosphate
1 (IP1) was measured (IP-One HTRF kit; Cisbio Assays). For
receptor stimulation assays, the test compounds were tested
alone and agonism was measured by the accumulation of IP1.
For antagonism assays, the test compounds were tested in the
presence of the endogenous agonist, kisspeptin. All second-mes-
senger assays were performed in 384-well plates according to the
manufacturers’ instructions and read using an Envision plate
reader (PerkinElmer). Calcium levels were measured in the
NPFF1R cell line, using a FLIPR Calcium 4 assay kit (Molecular
Devices) according to the manufacturer’s instructions and read
using a Victor X3 plate reader (PerkinElmer). Details of the cel-
lular assay experiments and buffers used are described in Sup-
plemental Materials and Methods.

Data analysis
Data were analyzed using GraphPad Prism 6 (GraphPad Soft-

ware). For agonist curves, EC50 and IC50 values were obtained
by fitting a four-parameter logistic equation. F tests were per-
formed to determine whether the Hill slope was significantly
different from 1. When the Hill slope was not significantly dif-
ferent from unity, curves were refitted with a Hill slope con-
strained to 1. For antagonist potency, curves were fitted using the
Gaddum/Schild EC50 shift equation and pA2 values determined..
F tests were performed within each individual data set to confirm
antagonism by determining whether a single curve adequately fit
both the agonist and antagonist shifted data. For analysis pIC50,
pEC50 and pA2 values were combined from individual experi-
ments. All data are reported as mean � SEM.

In vivo experiments

Animals
All mice were housed in individually ventilated cages under

conditions of controlled lighting (lights on at 8:00 AM, lights off

at 8:00 PM) with ad libitum access to standard chow and water.
All in vivo experiments were approved by the University of
Otago Animal Ethics Committee.

Experiment 2: LH responses to RF9 and GJ14
To determine the estrous cycle stage, 7- to 10-week-old fe-

male C57BL/6 mice were monitored by vaginal lavage and cy-
tology daily for at least 4 days leading up to the time of exper-
iment. Between 10:00 AM and 1:00 PM, diestrous mice were blood
sampled (5 �L) from the tail tip and then given an injection of
RF9 (4 or 8 nmol/mouse), GJ14 (8 nmol/mouse), or saline vehicle
into the left lateral ventricle under brief isoflurane anesthesia.
Mice were returned to their cages, and repeated tail blood sam-
ples were obtained and assayed for whole-blood LH concentra-
tion by an ELISA (31). A group of 7- to 10-week-old 129S6/Sv/Ev
KISS1R knockout (KISS1R KO) female mice and their littermate
wild-type controls were included to test whether the response to
RF9 involved the kisspeptin receptor. These mice were pre-
treated with four priming injections of GnRH (4 nmol/kg, sc)
spaced 4 hours apart with the last injection given 3 hours prior
to RF9 treatment (8 nmol/mouse). This protocol allows the pi-
tuitary gland to become more responsive to GnRH in this mouse
line as previously reported (32). In a separate study, we showed
that these injections caused a robust 2.5-fold increase in basal
circulating LH concentration, regardless of genotype (data not
shown). The LH assay sensitivity was 0.15 ng/mL and the mean
intra- and interassay coefficients of variation were 7.2% and
5.8%, respectively.

Experiment 3: corticosterone measurements and
HPA axis activation

Male transgenic C57BL/6 background Crh-Cre (33) X Tau-
green fluorescent protein (GFP) mice (henceforth referred to as
CRH-GFP mice) were used to visualize hypothalamic CRH neu-
rons. This Crh-Cre mouse line has been extensively characterized
and reliably reports Cre expression in essentially all CRH neu-
rons (34). Between 8:00 AM and 1:00 PM, 10-week-old CRH-GFP
male mice were anesthetized and implanted with a 26-gauge
guide cannula (number C315GS-2/SPC; Plastics One Inc) into
the left lateral ventricle. The guide cannulae were anchored to the
skull using dental cement. After 6 days, conscious mice were
given intracerebroventricular (i.c.v.) injections of RFRP-3 (3
nmol/mouse), GJ14 (30 nmol/mouse), RFRP-3 � GJ-P14, or
vehicle using a Hamilton syringe. All injections were adminis-
tered in 1 �L over a 1-minute duration. Handling control mice
received brief restraint only. Untreated mice were immediately
decapitated to show basal corticosterone levels. Mice were de-
capitated 35 minutes after injection and trunk blood samples and
brains were collected. Serum corticosterone was measured using
an ELISA (Arbor Assays). The assay sensitivity was 22.2 pg/mL
and the mean intra- and interassay coefficients of variation were
4.2% and 3.4%, respectively. Brains were postfixed for 4 days in
4% paraformaldehyde, sliced into 30-�m coronal slices, and
dual stained for GFP (chicken anti-GFP, number GFP-1020;
Aves Labs; 1:2500) and cFOS (a marker of neuronal activation,
AB-5 PC38; Calbiochem; 1:10 000) (Table 1). Primary antibod-
ies were visualized using Alexa Fluor 488 goat antichicken IgG
(1:500; Molecular Probes, Life Technologies) and Alexa Fluor
568 goat antirabbit (1:500). Sections were photographed under
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confocal microscopy (Zeiss LSM 710). Omission of primary an-
tibody resulted in no staining.

Experiment 4: anxiety behavior testing
Female C57BL/6 mice (8 wk old) were given i.c.v. implants

connected to an osmotic minipump (Alzet model 1007D; Durect
Corp), delivering 0.5 �L/h of vehicle, RFRP-3 (2 nmol/mouse/d),
GJ14 (20 nmol/mouse/d), or RFRP-3�GJ14 into the left lateral
ventricle. On the fifth day of infusion, the mice were subjected to
behavioral testing. All behavioral testing took place between
8:00 AM and 1:00 PM. Mice were exposed to the elevated plus
maze and open field tests for 5 minutes each. For the light dark
box, the test was 10 minutes in duration. These times were based
on pilot experiments (data not shown). To avoid exposure to
multiple sequential testing paradigms, two sets of experiments
were conducted. The first set of mice was tested on the elevated
plus maze, immediately followed by the open field. The second
set of mice was tested in the light dark box and mice were re-
turned to their cages for 3 hours. After this testing, the mice were
decapitated and trunk blood was collected for a corticosterone
ELISA. Except for the sequence of testing described above, mice
were naïve to the tests at the time of experimentation.

Data analysis
Statistical analyses were carried out using GraphPad Prism 6.

Values are reported as mean � SEM. Statistical analysis was
performed using a one-way ANOVA (with post hoc Tukey’s
multiple comparisons test). Repeated LH measurements were
assessed using a two-way, repeated-measures ANOVA (with
sampling time and treatment group as the factors and post hoc
Bonferroni test).

Results

Experiment 1a and b: pharmacological
characterization of antagonists

The binding affinities of test compounds and reference
ligands were initially tested on NPFF1R and NPFF2R (Fig-
ure 2, A and B) as well as the related receptors NPY-Y1 and
KISS1R (Supplemental Table 1). GJ14 displayed the high-
est affinity for both NPFF receptor subtypes of any non-
endogenous compounds, surpassing that of RF9 by a 10-
fold magnitude on NPFF1R (Table 2). GJ14 had higher
affinity for NPFF1R over NPFF2R. Based on these results,
GJ14 and GJ9, along with RF9, were selected for further
functional experiments (results summarized in Table 2).

Both RFRP-3 and NPFF inhibited forskolin-induced
cAMP production at NPFF1R and NPFF2R (Figure 2, C
and D), consistent with their known agonism at both re-
ceptor subtypes (1, 28). When tested alone, GJ14 and GJ9
had no effect on forskolin-induced cAMP levels at either
NPFF receptors (Figure 2, C and D), whereas RF9 behaved
as a full agonist at NPFF1R (EC50; 1.16 �M, n � 3) (Figure
2C). The compounds were then used to concentration de-
pendently block RFRP-3- or NPFF-induced cAMP inhi-
bition at NPFF1R and NPFF2R, respectively (Figure 2, E
and F). GJ14 (IC50; 21.08 nM, n � 3) and GJ9 (IC50;
210.75 nM, n � 3) were able to concentration depend-
ently and completely block the effects of RFRP-3. In con-
trast, RF9 failed to antagonize the effect of RFRP-3 due to
its agonism at NPFF1R (antagonist curve could not be
generated; IC50 N.D., n � 3). GJ14, GJ9, and RF9 were
able to completely block NPFF’s agonism at NPFF2R,
with near identical potency (Figure 2F).

To further confirm the antagonist activity of GJ14 and
GJ9, we next generated concentration response curves for
RFRP-3 and NPFF in the presence of a high concentration
of the compounds (Figure 2, G and H). GJ14 (10 �M) and
GJ9 (10 �M) shifted the concentration response curve of
RFRP-3 to the right by 160-fold (pA2; 7.25, n � 3) and
27-fold (pA2; 6.34, n � 3). RF9 was used at 5 �M as pilot
experiments showed RF9 has full agonistic properties at
10 �M, whereas at 1 �M, RF9 did not shift the RFRP-3
EC50 at 1 �M (data not shown). At the 5 �M concentra-
tion, RF9 behaved as a partial agonist and showed negli-
gible antagonism of RFRP-3 (4-fold shift. pA2; 5.75, n �
3). Statistical analysis of these data showed that GJ14 and
GJ9 are significantly more effective antagonists of
NPFF1R, compared with RF9 (P � .001 and P � .05,
respectively, vs RF9 by a one way ANOVA followed by
Dunnett’s test). The compounds GJ14 (10 �M), GJ9 (10
�M), and RF9 (10 �M) once again showed virtually equi-
potent antagonistic properties at NPFF2R, shifting the
NPFF EC50 by 12-fold, 10-fold, and 6-fold, respectively.
These results confirmed that GJ14 is a potent NPFF1R
antagonist with weak antagonism at NPFF2R, making it
a suitable antagonist for blocking the effects of RFRP-3.
GJ14 and GJ9 are significantly more effective antagonists

Table 1. Antibody Table

Peptide/Protein
Target

Antigen Sequence
(if Known) Name of Antibody

Manufacturer, Catalog Number,
and/or Name of Individual
Providing the Antibody

Species Raised
(Monoclonal or
Polyclonal)

Dilution
Used

GFP N/A Green fluorescent protein Aves Labs, number GFP-1020 Chicken polyclonal 1:25 000
cFOS SGFNADYEASSSRC Anti-cFos (AB-5) (4–17) rabbit pAb Calbiochem, PC38 Rabbit polyclonal 1:10 000
Chicken IgG Alexa Fluor 488 conjugate IgG Invitrogen Goat 1:500
Rabbit IgG Alexa Fluor 568 conjugate IgG Invitrogen Goat 1:500
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of NPFF1R than NPFF2R (GJ14, P � .001, NPFF1R vs
NPFF2R; GJ9, P � .05, NPFF1R vs NPFF2R, both by
unpaired t test). Furthermore, we report that in contrast to
previous data, the putative NPFFR antagonist RF9 is a full
NPFF1R agonist (22). Complementary to this, RF9 was
also unable to block RFRP-3 induced calcium mobiliza-

tion and showed agonistic properties when tested on the
NPFF1R cell line (Supplemental Figure 1).

Off-target actions on the related receptors NPY-Y1 and
KISS1RaresummarizedinSupplementalTable1.Incontrastto
GJ1 and GJ2, GJ14, GJ9, and RF9 displayed no competitive
displacement of 125I-peptide YY at NPY-Y1 and furthermore

Figure 2. Pharmacology of test compounds (experiment 1a and 1b). Competitive displacement of [I125]NPFF binding profiles of representative
ligands and test compounds at NPFF1R (A) and NPFF2R (B). Effects of test compounds and ligands on forskolin-induced cAMP for NPFF1R- (C) and
NPFF2R (D)-transfected CHO-K1 cells are shown. Antagonist-induced reversal of the agonist-induced cAMP inhibition for NPFF1R (E) and NPFF2R
(F) are also shown. Agonist-induced inhibition of forskolin-induced cAMP production were performed alone or in the presence of antagonists at
NPFF1R (G) and NPFF2R (H).
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didnotinhibitforskolin-inducedcAMPproductioninNPY-Y1
overexpressingcells(SupplementalFigure2,AandB).GJ14did
showveryweakantagonismat theNPY-Y1receptor,although
onlydetectableat thehighest concentration tested (Supplemen-
talFigure2C),almost1000timeshigherthantheconcentration
required toantagonizeRFRP-3effects atNPFF1R.AtKISS1R,
GJ9 concentration dependently enhanced the binding of
[125I]kisspeptin-10 (Figure 3A), whereas all other tested com-
poundsdisplayednodetectableaffinity(SupplementalTable1).
Interestingly, RF9 showed competitive displacement activity at
KISS1R (Figure 3A). Furthermore, RF9 alone induced IP1 ac-

cumulation on KISS1R-transfected HEK293 cells at approxi-
mately 10-fold less potency than the natural ligand, kisspep-
tin-10 (Figure 3B). Although GJ9 alone did not show agonism,
both RF9 and GJ9 enhanced kisspeptin-10-induced IP1 accu-
mulation(Figure3C).GJ14wasvoidofanyactivityatKISS1R.

Experiment 2: RF9 but not GJ14 stimulates LH
secretion via KISS1R

These results have shown for the first time that RF9
directly binds to and is an agonist at KISS1R. The kiss-
peptin receptor is renowned for mediating potent gonad-

Figure 3. RF9 is a KISS1R agonist. Competitive displacement of [I125]kisspeptin-10 binding profiles of representative ligands and test
compounds at KISS1R (A) were performed in experiment 1a. Concentration-dependent production of agonist-induced IP1 accumulation in
KISS1R-transfected HEK293 cells (B) were performed in experiment 1b. The effects of GJ9, GJ14, and RF9 on kisspeptin-10 induced IP1
accumulation (C) were performed in experiment 1b. RF9 and GJ14-induced LH release in diestrous wild-type or KISS1R-knockout mice (D)
were performed in experiment 2.

Table 2. Summary of the Pharmacology

NPFF1R NPFF2R

Ligand EC50, nMa IC50 (nM)b
EC50 Shift
x-Foldc pA2

d EC50, nMa IC50, nMb
EC50 Shift
x-Foldc pA2

d

RFRP-3 1.17 � 0.26 1 391.63 � 44 1
NPFF 11.95 � 0.68 0.77 � 0.19
RF9 1163.50 � 163 ND 4 5.75 � 0.16 ND 383.27 � 18.50 4 5.43 � 0.04
GJ14 ND 21.08 � 1.17 156 7.25 � 0.09**,� ND 387.37 � 30.49 8 5.80 � 0.03
GJ9 ND 210.75 � 64.35 27 6.34 � 0.14*,� ND 366.77 � 8.11 7 5.78 � 0.10

Abbreviation: ND, not determined.
a Mean EC50 values for ligands that induce full receptor activation.
b Mean IC50 values for antagonists that fully reversed the agonist-induced receptor activation.
c Ratios with respect to the EC50 values of the agonist in the presence of the antagonist obtained from Gaddum/Schild EC50 shift equations. Fold
shift � EC50 (agonist � compound)/EC50 (agonist).
d Values obtained from Gaddum/Schild EC50 shift equations. Comparisons of antagonist potency were made against RF9 at NPFF1R by one-way
ANOVA followed by Dunnett’s test (vs RF9, *P � .05, and **P � .001). Comparison between NPFF1R and NPFF2R were performed by unpaired t
test (�P � 0.05, NPFF1R vs NPFF2R).
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otropin release. In a strikingly similar fashion, RF9 has been
shown to induce pronounced gonadotropin secretion in vivo
(5–10).Thishasbeenattributedtoareversalof the inhibitory
effects of RFRP-3 on GnRH neurons, which drive gonado-
tropin release. To test whether the blockade of NPFF1R in-
deedcancausesuchprofoundhypergonadotropiceffects,we
injected RF9 (4 or 8 nmol i.c.v.) or GJ14 (8 nmol i.c.v.) and
took repeated tail blood samples for the measurement of LH
concentration. As expected, injections of RF9 dose depend-
ently increasedcirculatingLHlevels indiestrousfemalemice.
In marked contrast, when diestrous mice were injected with

GJ14, LH levels were unchanged (Fig-
ure 3D). Significantly, we report that
RF9(8nmol i.c.v.)wascompletelyun-
able to stimulateLHrelease inKISS1R
KO mice, confirming a KISS1R-de-
pendent mechanism of action.

Experiment 3: GJ14 prevents
activation of the hypothalamic
pituitary adrenal axis elicited by
RFRP-3

Theprecedingexperimentsdemon-
strated that GJ14 is a potent and spe-
cific NPFF1R/2R antagonist in vitro.
We next investigated whether GJ14
can antagonize the effects of RFRP-3
in vivo. CRH-GFP mice were injected
i.c.v. with either RFRP-3 (3 nmol),
GJ14 (30 nmol), RFRP-3 � GJ14, or
vehicle. Acute i.c.v. injection of
RFRP-3 significantly elevated circu-
lating corticosterone levels compared
with all groups (P � .05; Figure 4A).
This stimulatory effect of RFRP-3 on
the HPA axis was completely reversed
bycoadministrationofGJ14.Colocal-
ization of cFOS and CRH was mea-
sured using immunohistochemistry to
confirm the activation of the CRH
neurons by RFRP-3, which was again
reversed by GJ14 cotreatment (Figure
4, B and C).

Experiment 4: chronic infusion
of GJ14 reduces anxiety and
reverses the anxiogenic effect
of RFRP-3

RFRP-3-infused mice spent sig-
nificantly less time in, and had less
entries to, the light box compared
with the vehicle-treated group (P �
.05; Figure 5, C and D). Mice receiv-

ing GJ14 treatment alone spent significantly more time in
the light box than vehicle controls (P � .05), presumably
due to blockade of the anxiogenic effect of endogenous
NPFF receptor agonists. The anxiogenic effect of RFRP-3
was completely reversed by cotreatment with GJ14. In the
elevated plus maze, RFRP-3 infused mice spent signifi-
cantly less time in the open arms of the elevated plus maze
compared with GJ14-treated mice (P � .05; Figure 5E).
Consistent with the blockade of RFRP-3 effects in the
light-dark box, GJ14-cotreated mice spent significantly
more time in the open arm compared with mice treated

Figure 4. RFRP-3 is an activator of the HPA axis and is reversed with GJ14 (experiment 3). RFRP-
3 induced corticosterone release and reversal with GJ14 in mice (A). B, Percentage of GFP-
positive neurons coexpressing cFOS. C, Representative images of RFRP-3 induced cFOS expression
in CRH-GFP neurons and reversal with GJ14. Groups with different letters in panels A and B are
significantly different from each other (P � .05).
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with RFRP-3 alone (P � .05; Figure 5E). This was con-
sistent with the number of open arm entries (Figure 5F). In
the open field test, RFRP-3-treated mice spent signifi-
cantly less time in the center of the open field compared
with both the GJ14 and RFRP-3 � GJ14 treated mice (P �
.05; Figure 5G).

Collectively we provide evidence that RFRP-3 is an
anxiogenic neuropeptide. Importantly, we also demon-
strate that chronic blockade of the NPFF receptors using
GJ14 has anxiolytic effects. These behavioral effects were
not confounded by differences in locomotion because no
differences in total distance traveled were observed during
the open field test (Figure 5H). Circulating basal cortico-

sterone levels in RFRP-3-treated mice were significantly
higher than all other groups (P � .05; Figure 5B), suggest-
ing that these mice were chronically exposed to high cor-
ticosterone levels throughout the infusion. This effect of
RFRP-3 was completely abolished by cotreatment with
GJ14.

Discussion

We report here that RFRP-3 is a potent HPA axis activa-
tor, inducing corticosterone release and causing anx-
iogenic responses. Furthermore, we have identified and

Figure 5. Chronic RFRP-3 infusion increases anxiety-like behavior and is reversed by the anxiolytic compound GJ14 (experiment 4). A,
Experimental design for the behavioral testing. B, Basal circulating corticosterone levels are significantly higher in RFRP-3 infused mice. Percentage
of time spent in light box (C) and number of light box entries (D) are shown. Percentage of time spent in the open arm of the elevated plus maze
(E) and the number of open arm entries (F) are also shown. Percentage of time spent in the center of the open field (G) and total locomotion
during open field test (H) are also shown. Groups with different letters are significantly different from each other (P � .05). EPM, elevated plus
maze; OPF, open field; LDB, light dark box.
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characterized a peptidic antagonist specifically targeting
NPFF receptors, building on a previous report of NPFF
receptor antagonism by this compound (28). Using this
highly specific antagonist, we have established that block-
ade of the NPFF receptors is a novel anxiolytic target.

Surprisingly, RF9 was revealed to be an NPFF1R ago-
nist in vitro. This was demonstrated using both cAMP and
calcium mobilization experiments. RF9 displayed no
NPFF1R antagonism at any concentration in both cAMP
and calcium mobilization tests; therefore, our in vitro ex-
periments indicate that achieving NPFF1R antagonism us-
ing RF9 in vivo would not be possible. Whereas RF9’s
agonism at NPFF1R was a surprising result, we note that
Findeisen et al (24) have reported similar findings with
RF9. To date, publications with pharmacological data
demonstrating the function of RF9 at NPFF1R has been
limited to Simonin et al (22) and Findeisen et al (24). In-
cluding our current work, there is now strong pharmaco-
logical evidence that RF9 is actually a weak, full NPFF1R
agonist with other off-target effects, which further em-
phasizes the need for a true and selective NPFF1R
antagonist.

Conversely, at the NPFF2R receptor, RF9, along with
compounds GJ14 and GJ9, displayed antagonism at vir-
tually equal potency. RF9 is therefore a suitable NPFF2R
antagonist in vivo and indeed has been demonstrated to
block the effects of NPFF (22). However, the use of RF9
is further limited by its agonism at KISS1R, which leads to
its remarkably potent LH release (5–10, 35). Liu and Her-
bison (23) recently postulated that RF9’s potent stimula-
tory effects on GnRH neuronal activity are KISS1R-me-
diated. Indeed RF9 had no effect on GnRH neuron firing
rate in brain slice preparations from KISS1R-null adult
mice. We report consistent findings in vivo as RF9 was
completely without effect on circulating LH levels in
KISS1R-null mice, confirming that the LH response to this
compound is entirely dependent on kisspeptin receptor
activation.

Taken together, we report the first direct evidence that
RF9 binds to and activates KISS1R. These results clarify
some confusion and controversy in the literature arising
from use of RF9. In particular, interpretation of the
marked hypergonadotropic effect of RF9 as being caused
by blockade of a potent tonic inhibition of the reproduc-
tive axis by endogenous RFRP-3 (5–10) now appears to be
misleading. Whereas indeed RFRP-3 can inhibit repro-
ductive function, this suppressive effect is in fact rather
mild (36) and thus seems inconsistent with the massive LH
release induced by RF9. In contrast, GJ14, a potent and
selective NPFFR antagonist, which does not act on
KISS1R at the concentrations tested (up to 100 �M), did
not elicit an LH release in diestrous female mice. There is

currently debate as to whether RFRP neurons exert a hy-
pophysiotropic action on pituitary gonadotrope cells via
secretion of their neuropeptide the portal blood vessels or
whether their reproductive effects are confined to the
GnRH neuronal network (10). Because we administered
GJ14 and RF9 centrally, the scope of experiment 2 is lim-
ited to central effects of these compounds.

Using GJ14, we were able to completely block the cor-
ticosterone release elicited by RFRP-3, thus validating the
use of this compound in vivo. GJ14 also prevented the
RFRP-3-induced induction of cFos in CRH-Cre-GFP neu-
rons, which have been shown to reliably report 96% of
immunoreactive CRH neurons (34). Alongside its activa-
tion of the CRH neurons, we report that RFRP-3 elicits
anxiety-like effects when chronically infused. Our labo-
ratory has observed similar anxiogenic responses to this
neuropeptide in rats (M. Z. Rizwan and G.M.A., unpub-
lished data). In mice, chronic infusion of GJ14 not only
reversed the anxiogenic effect of RFRP-3 but also had
anxiolytic-like properties compared with the vehicle-only
controls. Elevated corticosterone levels imply that the anx-
iogenic effects of RFRP-3 are at least in part mediated by
chronic hyperactivation of the HPA axis. Acute exposure
to elevated corticosterone alone is sufficient to induce anx-
iety and cause dendritic hypertrophy in the basolateral
amygdala (37). NPFF1R is broadly distributed in the brain
but is particularly densely expressed in the PVN, brains-
tem, basolateral, central and medial amygdala, lateral sep-
tum, bed nucleus of stria terminalis, and ventral tegmental
area (1, 10, 13, 38), all of which are known to play a role
in the regulation of fear-, depression-, and/or anxiety-re-
lated behaviors. It is important to note that our behavioral
studies come from female mice only, whereas the data for
corticosterone measurements and CRH neuronal activa-
tion were for males. Our results may be applicable to both
sexes, but caution should be exercised when generalizing
the data to the opposite sex.

Recent reports have linked RFRP-3 and stress-induced
infertility (11, 12). We conclude here that RFRP-3 itself is
a stress- and anxiety-inducing neuropeptide. Our findings,
combined with the known functions of RFRP-3 in the
literature, present RFRP-3 in a new light. RFRP-3 expres-
sion has been shown to be up-regulated by stress (11, 12)
and the followingconsequences couldbe surmised: further
stimulation of CRH neurons, anxiety, and infertility. The
reproductive suppression by RFRP-3 could also be indi-
rectly exacerbated by its stimulation of CRH neurons,
which are known to inhibit reproductive function (39–
41). This activation of the HPA axis may also present an
important potential confound to the past reproductive
studies that needs to be considered. It would be important
to study the effect of RFRP-3 on reproductive function, in
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the absence its stimulation of CRH neurons, to dissect the
true inhibitory effect of RFRP-3 on the reproductive axis.

The new NPFF receptor antagonist GJ14, with its su-
perior potency, selectivity, and efficacy, will provide a
much-needed accurate tool for studying the functions of
the NPFF system in the future. Additionally, as RFRP-3
emerges as an important regulator of stress and anxiety
responses, GJ14 and other modulators of NPFF receptors
may hold therapeutic benefits, which remain to be ex-
plored in clinical settings.
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