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RF9 Excitation of GnRH Neurons Is Dependent Upon
Kiss1r in the Adult Male and Female Mouse
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The neuropeptide FF receptor antagonist 1-adamantanecarbonyl-Arg-Phe-NH2 trifluoroacetate
salt (RF9) has been found to be a remarkably potent activator of gonadotropin secretion in mam-
mals. However, the mechanism of RF9 action on the reproductive axis is unknown. Using acute
brain slice electrophysiology in genetically modified mouse models, we have investigated the
possibility that RF9 may activate GnRH neurons. In transgenic GnRH-GFP male and female mice, RF9
was found to exert potent, dose-dependent, stimulatory effects onthe firing rate of approximately
70% of GnRH neurons. These effects occurred directly on GnRH neurons and were independent of
fast amino acid transmission. To assess RF9’s action as an neuropeptide FF receptor antagonist at
the GnRH neuron, its ability to antagonize the inhibitory effects of RFamide-related peptide-3 on
GnRH neuron firing was examined. RF9 exhibited variable ability to prevent the inhibitory effects
of RFamide-related peptide-3 on GnRH neurons. Whole-cell recordings from GnRH neurons
showed that RF9 generated an inward current in GnRH neurons reminiscent of that evoked by
kisspeptin. We therefore examined RF9 actions in kisspeptin receptor knockout mice. RF9 was
found to have no effects at all on GNRH neurons in GNRH-GFP;Kiss1r-null mice, although these cells
exhibited normal intrinsic electrical properties and remained responsive to GABA and glutamate.
This study reveals that RF9 directly activates GnRH neurons in the mouse and that this is dependent
upon Kiss1r expression. (Endocrinology 155: 4915-4924, 2014)

esearch over many years has indicated that a wide
Rvariety of classical neurotransmitters, neuropeptides,
and other signaling molecules can modulate the activity of
GnRH neurons to control gonadotropin secretion (1, 2).
Even though some transmitters, such as kisspeptin, are
widely acknowledged as being of critical importance to
GnRH neuron behavior, the functional hierarchy of most
inputs remain unknown. Learning the physiological role
of each signaling molecule and their combinatorial actions
on GnRH neurons is an important but challenging task.
It was recently reported that 1-adamantanecarbonyl-
Arg-Phe-NH2 trifluoroacetate salt (RF9) given parenter-
ally or i.c.v. evokes a large increase in LH and FSH secre-
tion in mice, rats, and sheep, regardless of breeding season
or gonadal status (3-5). These effects were similar in mag-
nitude to those evoked by lower concentrations of kiss-
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peptin, another member of the RFamide family (3-5). This
was a very surprising result, because RF9 was developed
as an antagonist of the neuropeptide FF receptors (Npffrs)
(Npfflr; also known as Gpr147 and Npff2r; also known
as Gpr74) that are activated by a range of neuropeptides,
including RFamide-related peptide-3 (RFRP-3) (6). As
such, this suggested that tonic RFRP-3 signaling some-
where within the GnRH neuronal network exerted a very
potent inhibitory action on the excitability of GnRH neu-
rons across a wide range of conditions. Acute brain slice
studies had indicated that RFRP-3 exerted both inhibitory
and stimulatory effects upon the firing rate of approxi-
mately 50% of GnRH neurons (7, 8). However, these ef-
fects of RFPR-3 on GnRH neuron excitability were mod-
est compared with kisspeptin and did not easily explain
how RF9 could exert kisspeptin-like stimulatory actions
upon LH secretion.

Abbreviations: aCSF, artificial cerebrospinal fluid; AP5, D-2-amino-5-phosphonovaleric
acid; CNQX, 6-cyano-7-nitroquinoxaline-2,3-dione; GABAzine, 2-(3-carboxypropyl)-3-
amino-6-(4 methoxyphenyl)pyridazinium bromide; Kp-10, kisspeptin-10; Npffr, neuro-
peptide FF receptor; RF9, 1-adamantanecarbonyl-Arg-Phe-NH2 trifluoroacetate salt; RFRP,
RFamide-related peptide; TTX, tetrodotoxin.
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From both a clinical and agricultural perspective is im-
portant to understand the cellular mechanism of action of
any compound that has profound effects upon gonado-
tropin secretion. We set out here to examine the actions of
RF9 on the electrical activity of GnRH neurons in the
intact male and female mouse. We first questioned
whether RF9 was able to modulate GnRH neuron firing in
acute brain slices prepared from adult GnRH-GFP mice.
Second, we were interested to define, as far as possible
given present reagents for RFRP pharmacology, the mech-
anism of RF9 action on GnRH neurons. This ultimately
resulted in the demonstration that RF9 activates GnRH
neurons directly but that it does so in a kisspeptin receptor
(Kiss1r)-dependent manner.

Materials and Methods

Experimental animals

Adult male and female C57BL6 homozygous GnRH-GFP (9)
and GnRH-GFP;Kiss17-null mice (10) were housed under 12-
hour light, 12-hour dark cycles (lights on at 7 AM) with ad libitum
access to food and water. All experimentation was approved by
the University of Otago Animal Welfare and Ethics Committee.
The estrous cycle stage of female mice was determined by daily
vaginal smear, with mice being killed for experiments between
10 and 11 am.

Brain slice preparation and electrophysiology

Brain slices were prepared as reported previously (11). In
brief, 250-um-thick sagittal or coronal brain slices containing
the preoptic area were cut with a vibratome (Leica VT1000S),
from a brain block submerged in cooled (~4°C) cutting artificial
cerebrospinal fluid (aCSF) equilibrated with 95% O, and 5%
CO, and containing high (6mM) MgCl, and low (0.5mM)
CaCl,. Brain slices were then incubated for at least 1 hour in
equilibrated (95% O, and 5% CO,; 30°C) aCSF, containing
118mM NaCl, 3mM KCl, 2.5mM CaCl,, 1.2mM MgCl,,
11mM D-glucose, 10mM HEPES, and 25mM NaHCO;, before
being transferred to a submerged recording chamber where they
were perfused with aCSF at 2-3 mL/min maintained at 32 = 1°C.
Cell-attached recordings (current clamp with 0 holding current)
of GnRH neurons were undertaken using a fixed-stage upright
microscope (BX51WI; Olympus) under Nomarski differential
interference contrast optics (a 40X water-immersion objective).
Patch pipettes were pulled from glass capillaries (id, 1.17 mmy;
od, 1.5 mm) with a microelectrode puller (Sutter Instruments)
and had 3- to 5-MOhm resistances when filled with the pipette
solution composed of 145mM NaCl, 3mM KCI, 2.5mM CaCl,,
10mM HEPES, and 1.2mM MgCl, (pH 7.35 adjusted by NaOH,
and ~290mM mOsmol). For whole-cell recording, patch pi-
pettes were filled with an internal solution including 128mM
Kgluconate, SmM KCI, 10mM HEPES, 0.4mM Na,GTP, 4mM
MgATP, 2mM 1,2-bis(2-aminophenoxy)ethane-N,N,N’,N’-
tetraacetic acid, 0.5mM CaCl,, and SmM phosphocreatine-Na,
(pH 7.43 adjusted by KOH, ~290 mOsmol). Signals (voltage
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and current) were amplified with a Multiclamp 700B amplifier
(CV7B; Molecular Devices) and sampled on-line with the use of
a Digidata 1440A interface (Molecular Devices) connected to a
personal computer. Signals were filtered (3 kHz for voltage
clamp or 10 kHz for current clamp; Bessel filter of Multiclamp
700B) before being digitized at a rate of 1 kHz for axoscope
recording or 10 kHz for pClampex recording. Acquisition and
subsequent analysis of the acquired data were performed with
the Clampex 10 suite of software (Molecular Devices) and Or-
igin Pro 7.5 (OriginLab Corp).

Resting membrane potential was recorded in current clamp
without applying any holding current and was not corrected for
the liquid junction potentials of approximately 12 mV. The ac-
cess and input resistances, membrane capacitance, and mem-
brane time constant were determined by pClampex 10 mem-
brane test while holding the cell at =60 mV. During experiments,
theaccessresistance (Ra =12 = 1 MQ; n = 36) was checked after
each drug, and if Ra change during the drug was more than 20%,
the datum was excluded for analysis.

To determine the reversal potential of RF9-induced postsyn-
apticinward current, a voltage step (from —130 to —30 mV, with
20 mV increments) protocol was given before, during, and after
washout of RF9. The calculated K™ equilibrium potential was
—100 mV without correction for the mobility of potassium
gluconate.

Drugs

Stock solutions of 20mM D-2-amino-5-phosphonovaleric
acid (APS), 10mM (RS)-baclofen, 1M glutamic acid, SmM 2-(3-
carboxypropyl)-3-amino-6-(4  methoxyphenyl)pyridazinium
bromide (GABAzine), 100mM muscimol, 10mM RF9, 2.5mM
rat RFRP-3 (ANMEAGTMSHFPSLPQRFNH2; Sigma Ltd) and
1mM tetrodotoxin (TTX) (Alomone Labs) were prepared in
double distilled H,O. Stock solutions of 20mM 6-cyano-7-nit-
roquinoxaline-2,3-dione (CNQX) (Sigma Ltd) and 2mM human
kisspeptin-10 (Kp-10) (Calbiochem, EMD Biosciences) were
prepared in DMSO (final concentration of DMSO was
~0.04%). Kynurenic acid (2mM; Sigma Ltd) was freshly pre-
pared in aCSF on the experiment day. All stock solutions were
stored at —20°C. All drugs were applied in the perfusion solution
with the final concentration as indicated.

Analysis

The drug-induced changes in action potential frequency were
determined as follows. Each action potential in the continuous
voltage recordings acquired at 10 kHz was detected by Clampfit
10 and sorted into 10-s bins to generate frequency histograms for
each cell. From this, the start and end of any response was de-
termined. The end of the response was the time at which the firing
rate of the cell returned to pretest levels. The 3-minute period
immediately before administration of the drug was considered
the “predrug interval.” The entire period between the beginning
and end of the response was considered the “drug interval,”
whereas the 3-minute period commencing immediately after the
end of the response was considered the “postdrug interval.” For
cells in which the drug had no effect on firing, the start and end
points of drug application were considered the start and end
points of the “response.” The percentage increase in firing was
calculated as 100 X [(frequency of “drug” — frequency of “pre-
drug”)/frequency of “drug”)]. If a silent GnRH neuron began to
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fire, this was considered 100%. A GnRH neuron was consid-
ered to have responded to a compound if its percentage in-
crease was more than 25% and a significant (P < .05) change
was found comparing “drug interval” with “predrug” and
“postdrug” intervals with Kruskal-Wallis ANOVA. Because
individual GnRH neurons were tested with RF9 for varying
periods of between 2 and 4 minutes, the duration of change in
firing is also reported as the “duration of the response”/“RF9
application period.”

The amplitudes of drug-induced currents were determined as
follows: recordings of continuous currents acquired at 0.33 kHz
were filtered by low-pass 10-Hz filter (Gaussian) in Clampfit 10
with the root of the mean square of the filtered continuous cur-
rents being 1.7 = 0.2 pA (mean * SD, n = 36). If the difference
between the average of 1-minute drug-induced peak current and
the average of predrug current (1 min) was more than 2X the SD
of the predrug current, the difference was considered significant.

Statistical analysis was undertaken using Wilcoxon-signed
ranks test for comparison between mean pretest and post-test
group values. Kruskal-Wallis ANOVA, for the comparison of
groups, and Fisher’s exact test for comparing the frequency of
responses between 2 groups, respectively. The statistical test is
noted for each result.

A RF9 (200nM)
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Results

RF9 excites GnRH neurons in a dose-dependent
manner

RF9 was tested at concentrations of 50nM, 200nM,
and 1uM applied for 2—4 minutes to preoptic area GnRH
neurons from adult male (n = 20, 11 animals) and di-
estrous female (n = 62, 24 animals) GnRH-GFP mice. The
1uM concentration employed here is calculated to ap-
proximate the minimum RF9 concentration needed to ac-
tivate gonadotropin secretion in vivo (3). Cell-attached
voltage recordings revealed that RF9 exerted a potent
dose-dependent excitatory action on GnRH neurons (Fig-
ure 1). At 50nM, RF9 had no effects upon GnRH neuron
firing (n = 8) (Figure 1, A, B, D, and E). At 200nM, RF9
excited 21 of 51 GnRH neurons (41%) (Figure 1) increas-
ing firing frequency from 2.47 * 0.53 to 3.95 = 0.67 Hz
(P < .001, Wilcoxon-signed ranks test) with the average
duration of excitation lasting 7.7 = 0.8 minutes. The ratio
of RF9 response time to application time was 2.7 * 0.3.
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Figure 1. RF9 excites GnRH neurons in a dose-dependent manner. A, Frequency histogram (below) and portion of trace (above) from a cell-
attached voltage recording of a GnRH neuron from an adult female diestrous GnRH-GFP mouse showing a dose-dependent activation of GnRH
neuron firing by RF9. B and C, Two more cell-attached voltage recordings of adult female diestrous GnRH neurons also showing a dose-dependent
activation by RF9. Note the difference in amplitude scale in B and C. D, Histogram showing the percentage of GnRH neurons responding to RF9 at
the 3 different concentrations. E, Histogram showing the percentage increase in firing rate of GnRH neurons responding to RF9 at the 3 different
concentrations. Numbers of GnRH neurons are given at the base of histograms. *, P < .05; **, P < .01; ***, P < .001, compared with RF9 50nM;
#i##, P < .001 compared with RF9 200nM. Fisher’s exact test for D. One-way ANOVA with post hoc Bonferroni test for E.
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RF9 at 1uM excited 43 of 57 (75%) GnRH neurons (Fig-
ure 1, C-E) increasing firing frequency from 1.59 = 0.30
to 3.41 = 0.50 Hz (P < .001, Wilcoxon-signed ranks test)
with the average duration of excitation lasting 9.9 + 0.7
minutes. The ratio of RF9 response time to application
time was 2.8 = 0.2. The effects of 1uM RF9 were not
different (P = .52, Fisher’s exact test) in GnRH neurons
from males (overall, 14 of 17 [82%] excited) and females
(overall, 29 of 40 [73%] excited). Six GnRH neurons
tested sequentially with 200uM and 1uM RF9 exhibited
dose-dependent increases in firing rate (Figure 1C), and as
a group, a dose-dependent increase in firing was observed
both in relation to the number of GnRH neurons activated
by RF9 (Figure 1D) and their degree of activation (Figure
1E).

RF9 excites GnRH neurons independent of fast
amino acid transmission

To examine whether RF9’s excitatory actions on
GnRH neurons (n = 6 male and n = 5 female) were de-
pendent upon GABA and glutamate ionotropic receptor
synaptic transmission, a cocktail of antagonists (2mM
kynurenic acid, 20uM CNQX, and 5uM GABAzine ) was
applied in the bath before 1uM RF9 application. The an-
tagonist cocktail did not block the response to RF9 (Figure
2). RF9 increased the frequency of GnRH neuron firing
from 1.35 = 0.40 to 2.34 = 0.54 Hz (n = 11, P < .01,
Wilcoxon-signed ranks test) in the absence of antagonist
cocktail and from 1.42 + 0.50t02.39 + 0.44 Hz (n = 11,
P < .01, Wilcoxon-signed ranks test) in the presence of
antagonist cocktail. The duration of response to RF9 was
8.0 = 1.6 minutes (control) and 8.6 * 1.7 minutes (an-
tagonist), with the ratio of RF9 response time to applica-
tion time being 3.4 = 0.7 (control) vs 3.7 = 0.9 (antago-
nists; P = .68, Wilcoxon-signed ranks test). The RF9-
induced increase in firing frequency was 56 * 5%
(control) vs 54 = 5% (antagonist; P = .756 Wilcoxon-
signed ranks test, n = 11).

AAA _RF9

17 11T
B
AAA RF9‘

1min
Figure 2. RF9 action on GnRH neurons is independent of ionotropic
glutamate and GABA receptor transmission. Two cell-attached voltage
recordings of GnRH neurons from female mice showing that RF9
(1uM) excited the neurons in the presence of a cocktail of amino acid
receptor antagonists (AAA; 2mM kynurenic acid, 20uM CNQX, and
5uM GABAZzine).
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RF9 acts directly on GnRH neurons in manner
similar to kisspeptin

To help elucidate the site and mechanism of RF9 action
on GnRH neurons, whole-cell recordings were under-
taken in 19 GnRH neurons. GnRH neurons exhibited a
resting membrane potential of —58.8 = 2.1 mV with input
resistance of 882 = 55 MOhm (Table 1). In the presence
of 20uM APS, 20uM CNQX, SuM GABAzine, and
0.5uM TTX, 8 out of 19 GnRH neurons held at =60 mV
responded to RF9 (1uM) with an inward current (peak
current: 10.2 = 1.9 pA, range from 4.6 to 20.7 pA; P =
.014, Wilcoxon-signed ranks test) (Figure 3, A and B). The
inward currents were accompanied by an increase in input
resistance (Figure 3, C and D) and had a reversal potential
of —95 mV (Figure 3C, inset) in 2 GnRH neurons. In the
remaining 6 GnRH neurons the current evoked by RF9
approached 0 pA at —130 mV, although no absolute re-
versal potential was found at between —130 and =30 mV
(Figure 3D, inset). These data show that RF9 acts directly
on GnRH neurons and suggest that RF9 acts by blocking
K™ channels (reversal potential of —95 mV), and in most
cells, this is accompanied by opening a nonselective cation
channels (cells showing mixed current approaching rever-
sal at =130 mV). This is similar to the action of kisspeptin
on GnRH neurons (12, 13).

RF9 partly antagonizes actions of RFRP-3 on GnRH
neurons

RF9 was developed as an antagonist of Npffrs (6) and
GnRH neurons express Npfflr (5, 14) and respond to
RFRP-3 (7, 8). To help assess the mechanism through
which RF9 activates GnRH neurons, we examined the
ability of 0.5uM and 1uM RF9 to antagonize the inhib-
itory actions of RFRP-3. Twenty GnRH neurons inhibited
by 1uM RFRP-3 were identified and treated with 1uM
RF9 2 minutes before or coincident with being retested
with 1uM RFRP-3. As expected, most these cells were
activated by RF9 (Figure 4, A-D), making it difficult to
compare the degree of RFRP-3 inhibition before and after
RF9 treatment, because the baseline firing rate was very
different. Eight of 20 (40%) GnRH neurons continued to
be inhibited by RFRP-3 in the presence of RF9 (Figure 4,

Table 1. Summary of GnRH Neuron Electrical
Properties in Kiss7r-Null Mice

Control Kiss1r-null
Electrical properties (n = 19) (n =17)
Input resistance (MQ, R, 882 = 55 921 + 93
Membrane capacitance (pF, Cm) 21.6 = 0.9 21.3+1.0
Time constant (us) 252 =13 265 = 20
Rest membrane potential (mV) —588+2.1 —-556=2.1
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attached voltage recordings re-
vealed that none of 17 GnRH neu-
rons responded to RF9 or kisspeptin,
although they still responded to
12mM KCl (Figure 5, A and B1-B3).
In a second experiment, whole-cell

TTX+AAA

= current recordings in the presence of
‘ /’ L 50 20uM APS5, 20uM CNQX, 5uM
Potential (mV) o/ 5 GABAZ d o TT
120 -90 60~/ 0 . -120 -90 -60 230 _ zine, and 0.5uM X were
----- = - vvvv/g - 3 made from another group of 17
/ 1; 50§ . i 50§ GnRH neurons (8 male, 9 female)
Potential (mV - S0 s i r 505 . .
o ‘12:22 M) gl O / Eaenilimy) z 3 from GnRH-GFP;Kiss1r-null mice.
z / = L-100 . Vv, = F00 None of these cells showed any re-
g O,,’/ \“‘v 10 g sponse to 1uM RF9 (—0.9 £ 0.5 pA;
= g‘;’;‘m' v [ o0  [s0 o gggtml 20 © 50 P = .13, Wilcoxon-signed ranks test)
vl A (Figure 5, C-E).
L 200 L 200

Figure 3. RF9 excites GnRH neurons by closing K+ and/or opening nonselective cation
channels. A and B, Whole-cell current recordings from 2 GnRH neurons showing that RF9 (1uM)
induces an inward current (holding potential —60 mV) in the presence of an amino acid receptor
antagonist cocktail (TTX+AAA; 20uM AP5, 20uM CNQX, 5uM GABAzine, and 0.5uM TTX).
Black dots indicate when series of voltage step currents were applied (truncated). C and D,
Current-voltage plots before (control, open circles) and during RF9 application (RF9, filled circles)
taken from the cells shown in A and B above, respectively. The “RF9 current” (Izeo, filled
triangles) is obtained by the subtraction of control from RF9 currents at each holding potential.
For clarity, the RF9 currents in C and D are replotted as insets with an expanded current axis.

D-F). The remaining 12 GnRH neurons exhibited very
reduced or no (Figure 4, A and B) response to RFRP-3 in
the presence of RF9. The level of basal firing evoked by
RF9 did not correlate with RFRP-3’s ability to retain its
inhibitory response; GnRH neurons highly activated by
RF9 could respond (Figure 4, D and F) or not (Figure 4, A
and C) to RFRP-3. Studies examining the effects of 500nM
RF9 on 1uM RFRP-3 found the same effects. Three of 6
(50%) RFRP-3-sensitive GnRH neurons exhibited no re-
sponse to RFRP-3 in the presence of 500nM RF9 (Figure
4C). Combined data from these 3 neurons (from 3 mice)
showed that RFRP-3 alone decreased GnRH neuron firing
from 0.42 = 0.12 to 0.16 *= 0.05 Hz (P < .05, Kruskal-
Wallis ANOVA test), whereas in the presence of 500nM
RF9, firing was greatly elevated from 0.54 = 0.17 to
1.74 £ 0.16 Hz (n = 3, P = .05, Kruskal-Wallis ANOVA
test).

RF9 fails to activate GnRH neurons in Gpr54KO
mice

Experiments above indicated that RF9 was a potent
direct activator of GnRH neurons and that it did so in a
manner reminiscent of kisspeptin. As such, we tested
whether RF9 would have any effects on GnRH neurons in
GnRH-GFP;Kiss1r-null mice (10). RF9 (1uM) was ap-
plied for 2—4 minutes to 17 GnRH neurons (n = 5 male,
n = 12 female) in GnRH-GFP;Kiss17-null mice. Cell-

GnRH neurons in Kiss1r-null
mice continue to respond to
amino acid transmitters

The above experiment revealed
that Kiss1r was essential for RF9 to
activate GnRH neurons. This may
result from RF9 acting on Kiss1r to
activate GnRH neurons or RF9 act-
ing on GnRH neurons that are gen-
erally dysfunctional in the absence of kisspeptin inputs (1).
To test the electrical integrity of GnRH neurons in the
absence of kisspeptin inputs, we evaluated their intrinsic
electrical properties and responses to the amino acid trans-
mitters in Kiss17-null mice.

Whole-cell recordings were made from 19 GnRH neu-
rons (5 male, 12 female) in GnRH-GFP mice (control) and
17 GnRH neurons (8 male, 9 female) in GnRH-GFP;
Kiss1r-null (Kiss1r-null) mice. Input resistance (882 + 55
[control] vs 921 + 93 MQ [Kiss1r-null]), membrane ca-
pacitance (21.6 = 0.9 [control] vs 21.3 = 1.0 pF [Kiss1r-
null]), membrane time constant (252 * 13 [control] vs
265 * 20 ws [Kiss1r-null]), and resting membrane poten-
tial (—58.8 * 2.1 [control] vs —55.6 = 2.1 mV [Kiss1r-
null]) were not statistically different (P > .05, Kruskal-
Wallis ANOVA) (Table 1). GnRH neurons were tested
with bath-applied baclofen (10uM), glutamate (200uM),
and muscimol (25uM). Six out of 9 control (67%) and 9
out of 13 Kiss1r-null (69% ) GnRH neurons responded to
glutamate with an inward current held at —60 mV (39.7 =
20 [control] vs 21.3 * 3.4 pA [Kiss1r-null]) (Figure 6, C
and D). Nine out of 9 control (100%) and 5 out of 7
Kiss1r-null (71%) GnRH neurons responded to muscimol
with an inward current held at =60 mV (21.1 * 2.0 [con-
trol] vs 38.8 * 14.6 pA [Kiss1r-null]) (Figure 6, E and F).
Nine out of 9 control (100%) and 8 out of 11 Kiss1r-null
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Figure 4. RFRP-3 has variable ability to inhibit GnRH neuron firing in the presence of RF9. A and C, Cell-attached voltage recordings (with

frequency histogram below) of 2 GnRH neurons from 2 male mice that were inhibited by RFRP-3 (RFRP3) and activated by RF9 but then failed to

show RFRP-3 inhibition in the presence of RF9. B, Histograms summarize 12 GnRH neurons in which inhibitory responses to RFRP-3 were absent in
the presence of 1uM RF9. D and E, Two examples of GnRH neurons from diestrous mice in which RF9 activates GnRH neurons but in which RFRP-
3 remains able to suppress firing rate. Firing rate histogram is shown below E. F, Histograms summarize 8 GnRH neurons in which the responses to

RFRP-3 are not blocked by RF9, as shown in D and E. *, P < .05; compared with control and wash (Kruskal-Wallis ANOVA test).

(73%) GnRH neurons responded to baclofen with an out-
ward current held at —60 mV (16.4 + 2.0 [control] vs
11.6 = 1.8 pA [Kiss1r-null]) (Figure 6, A and B). Neither
the percentage of responsiveness to baclofen, glutamate,
and muscimol (Figure 6G) nor the peak amplitude of cur-
rent (Figure 6H) was statistically different (P > .05,
Kruskal-Wallis ANOVA).

Discussion

We report here that 1uM RF9, a concentration that acti-
vates gonadotropin secretion in vivo, exerts direct stimu-
latory actions upon the electrical excitability of approxi-
mately 70% of GnRH neurons in the adult male and
female mouse brain. Only limited evidence was found for
1uM RF9 being an antagonist of Npff receptors in GnRH

neurons. In contrast, whole-cell recordings of GnRH neu-
rons indicated that RF9 activated currents similar to those
coupled to Kiss1r. In examining the possibility that RF9
activated Kiss1r to stimulate GnRH neurons, we found
that RF9’s actions on GnRH neurons disappeared com-
pletely in Kiss1r null mice. Together, these data indicate a
critical role for Kissl1r in the ability of RF9 to activate
GnRH neurons to stimulate gonadotropin secretion.
Studies in vivo have found robust effects of RF9 on
gonadotropin secretion (3-5). The study by Pineda et al (3)
demonstrated a dose-dependent increase in LH secretion
with the minimal effective i.c.v. dose in male rats being 1
nmol RF9. Given a rat brain CSF volume of approximately
300 wL (15), this would have resulted in RF9 concentra-
tions of approximately 3uM within the brain. We report
here dose-dependent actions of RF9 in a similar range
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Figure 5. RF9 fails to activate GnRH neurons in GnRH-GFP;Kiss1r-null mice. A, Cell-attached voltage recording of a GnRH neuron from a female
GNRH-GFP;Kiss1r-null mouse showing that both RF9 and kisspeptin (Kp-10) had no effect on firing despite 12mM potassium being effective. B1-
B3, Histograms summarize 17 GnRH neuron responses to RF9, Kp-10, and KCl, respectively. C, A whole-cell current recording of a GnRH neuron
from a female GnRH-GFP;Kiss1r-null mouse in the presence of an antagonist cocktail (TTX+AAA; 20uM AP5, 20uM CNQX, 5uM GABAzine, and
0.5uM TTX) showing that RF9 had no effect (holding potential was —60 mV). Black dots indicate when series of voltage step currents were
applied (truncated). D, Current-voltage plots before (control, open circles) and during RF9 application (RF9, filled circles) taken from the cell shown
in C. RF9-induced current (Igeq, filled triangles) was obtained by the subtraction of currents during control at each holding potential from the
currents during RF9 at corresponding holding potentials. For clarity, the RF9 currents (lgeq, filled triangles) in D are also replotted as an inset with
an expanded current axis. E, Histogram summarizes RF9 actions on current in17 GnRH neurons in GnRH-GFP;Kiss1r-null mice. *, P < .05;
compared with control and wash. One-way ANOVA with post hoc Fisher’s least significant difference (LSD) test.

within the acute brain slice; 50nM had no effect, 200nM
activated 41% of GnRH neurons, whereas 1uM stimu-
lated 73 % of cells. As shown in the amino acid antagonist
cocktail study and whole-cell recordings, that electrically
isolate the recorded GnRH neuron, effects of RF9 are di-
rect on GnRH neurons. This is consistent with in vivo
studies reporting that the stimulatory actions of RF9 on
gonadotropin secretion are dependent upon GnRH (3, 5).
Thus, the ability of RF9 to modulate gonadotropin secre-
tion is likely to occur, at least in part, through direct ac-
tions on GnRH neurons.

The mechanism of RF9 activation of GnRH neurons
appears to be multifactorial. As an antagonist of Npff
receptors (6), RF9 was initially thought to act by suppress-
ing on-going inhibitory actions of RFRP-3 on GnRH neu-
rons mediated by Npfflr (5, 7, 8). Although the present
study does not exclude completely this possibility, it seems
unlikely to be the primary mechanism. First, we demon-
strate that up to 70% of GnRH neurons are excited by

RF9, and yet only 20%-30% of GnRH neurons are re-
ported to express Npfflr mRNA (5, 14). Although elec-
trophysiological studies have reported that 40%-50% of
GnRH neurons are inhibited by RFRP-3 (7, 8), it is not
known whether these actions are direct. This suggests that
there is a substantial population of GnRH neurons that is
not modulated directly by RFRP-3 but nevertheless re-
sponds directly to RF9. As such, heterodimerization of
Npffr and Kiss1r, or interactions between their intracel-
lular signaling cascades, cannot account for RF9 actions in
most GnRH neurons. Second, our electrophysiological
studies indicate that 0.5 uM-1uM RF9 does not appear to
be a strong antagonist of RFRP-3 actions on GnRH neu-
rons. RF9 either failed to antagonize RFRP-3 inhibitory
actions or activated the GnRH neuron so that RFRP-3
effects were difficult to discern. Although this leaves open
the possibility that RF9 may indeed be acting as an an-
tagonist at some GnRH neurons, the potent excitatory
actions of RF9 make this difficult to demonstrate exper-
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we note that RF9 can activate up to
70% of GnRH neurons, similar to
the numbers of cells (~85%) acti-
vated by kisspeptin (16). Second,
when undertaking whole-cell exper-
iments, we find evidence for RF9 act-
ing through multiple conductances
to drive an inward depolarizing cur-
rent in GnRH neurons. This situa-
tion is similar to what is found for
kisspeptin (12, 13, 17), with the clo-
sure of a potassium channel and in-
volvement of nonselective cation
channels (16). Third, and most im-
portantly, we find that RF9 has no
effects on GnRH neurons in mice
lacking Kiss1r. This result is consis-
tent with a previous in vivo study, in
which i.c.v. RF9 was found to be
unable to alter LH secretion in gon-
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Figure 6. Responses of GnRH neurons to amino acids in GNRH-GFP;Kiss1r-null (Kiss1rKO) mice.
A, C, and E, Whole-cell current recordings of GnRH neurons in control GnRH-GFP mice showing
current responses to baclofen (bac; 10uM), glutamate (glu; 200uM), and muscimol (mus;
25uM). Voltage step-induced currents (truncated) are indicated by black dots. B, D, and F,
Whole-cell current recordings of GnRH neurons from Kiss1rKO mice showing current responses
to bac, glu, and mus. G, Histograms showing GnRH neuron response rates to bac, glu, and mus
in GNRH-GFP (control) and Kiss1rKO mice. H, Histograms showing the peak currents induced by
bac, glu, and mus in GnRH-GFP (control) and Kiss1rKO mice. Numbers of GnRH neurons are

noted at the base of each histogram.

imentally. Additionally, we note that given reported Ki
values (6, 20), 10- to 100-fold higher concentrations of
RF9 over RFRP-3 may be required to fully assess an-
tagonistic effects of RF9 at Npff receptors. Third,
RFRP-3 inhibits GnRH neurons through opening po-
tassium channels (8) so application of RF9 to block
on-going RFRP-3 transmission in the slice should result
in the closure of potassium channels. Although 2 GnRH
neurons did show evidence of isolated closure of potas-
sium channels, most responsive GnRH neurons exhib-
ited I-V curves incompatible with RF9 acting only on
potassium channels. Finally, we note that all of the
RFRP-3 inputs to GnRH neurons will be severed in the
coronal brain slice, making it very unlikely that any
on-going RFRP-3 transmission exists for RF9 to antag-
onize in this preparation. Overall, these observations
make it difficult to envisage how RF9 could activate
GnRH neurons and, thereby LH secretion, by suppress-
ing tonic RFRP-3 signaling.

We present evidence indicating that RF9 activates
GnRH neurons primarily by acting through Kiss1r. First,

adectomized, testosterone treated
6\ Kiss1r null mice (18) and evoked less
Kiss1rKO than 10% of the normal LH response
in intact male Kiss1r null mice. It is
also extremely unlikely that the ab-
sence of RF9 action in Kiss1r mice
results from gonadal steroid modu-
lation of Npfflr expression, because
mRNA levels for the receptor in
GnRH neurons are not reported to
change after gonadectomy (14). To-
gether, these studies show that kisspeptin signaling is es-
sential for the stimulatory actions of RF9 on GnRH neu-
rons and gonadotropin secretion.

The lack of RF9 response in Kiss17-null mice may result
from 1) developmental defects in the GnRH neuronal net-
work of Kiss1r-null mice, that never exhibit full sexual
maturity; 2) the requirement for kisspeptin signaling at the
GnRH neurons to enable other neurotransmitters to be
fully effective (parallel modulation); or 3) the possibility
that RF9 acts directly on Kiss1r to activate GnRH neu-
rons. There is evidence that GnRH neurons fire more
slowly in the absence of kisspeptin inputs (10); and several
neurotransmitters giveni.c.v. are markedly less effective at
activating LH secretion in Kiss1r null mice (18). To ad-
dress the potential of “developmental defects” and “par-
allel modulation” to underlie the absent RF9 responses of
GnRH neurons in Kiss17-null mice, we examined the elec-
trical properties of GnRH neurons and their responses to
ionotropic and/or metabotropic GABA and glutamate
transmission in Kiss1r-null mice. If these parameters, as
general markers of GnRH neuron electrophysiological
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“health,” were abnormal in Kiss1r-null mice, then we
could potentially explain the loss of RF9 actions. How-
ever, we found that the intrinsic membrane properties of
GnRH neurons and their response to the amino acid neu-
rotransmitters were normal in Kiss17-null mice. This sug-
gests that the lack of RF9 actions is not secondary to de-
velopmental or parallel defects in GnRH neuron
excitability as adults. Of note, previous i.c.v. studies have
variously shown impaired (18) or normal (19) amino acid
regulation of LH in Kiss1r-null mice. Although the present
study does not provide an explanation for the reduced
firing rate of GnRH neuron in these mutants (10), it does
indicate that GnRH neurons are not fundamentally im-
paired in their ability to respond to neurotransmitters.
This supports the notion that the inability of RF9 to ac-
tivate GnRH neurons in Kiss17-null mice results from the
absence of Kiss1r itself.

Brought together, the observations presented here sug-
gest that RF9 may activate kisspeptin receptors on GnRH
neurons to increase their excitability. The original studies
undertaken by Simonin et al (6) reported that RF9 up to
10uM did not bind Kiss1r. However, recent studies have
found different binding and kinetic properties of RF9 at
Npff receptors (20), and there is increasing recognition
that substantial crossover exists between the different RF-
amide ligands and receptors (21). Nevertheless, it remains
unclear how RF9 may interact with Kiss1r. It is notable
that the duration of activation of GnRH neurons by 1uM
RF9 is approximately 10 minutes, whereas 100nM kiss-
peptin generates responses that last for approximately 20
minutes (12). This may result from partial agonistic ac-
tivity or allosteric modulation of Kiss1r by RF9. In any
case, it is important to note that the actions of RF9 on LH
secretion are likely to represent a pharmacological acti-
vation of kisspeptin receptors rather than delineating any
physiological role for Npff receptors.

In conclusion, we report here that 1uM RF9 is a potent,
direct activator of murine GnRH neurons and suggest that
this likely underlies the ability of peripheral and central
RF9 administration to strongly elevate gonadotropin se-
cretion in mice (3). Studies will need to be undertaken in
other mammals to establish the generality of this concept.
Although it still remains possible that RF9 may activate
GnRH secretion in vivo by antagonizing inhibitory
RFRP-3 signaling at a small number of GnRH neurons,
the principal mechanism of action would appear to in-
volve a direct activation of GnRH neurons that is depen-
dent upon Kiss1r.

Acknowledgments

We thank Associate Professor Greg Anderson for provision of
reagents and Dr Richard Piet for comments on an early draft of
the manuscript.

endo.endojournals.org 4923

Address all correspondence and requests for reprints to: Pro-
fessor Allan E. Herbison, Centre for Neuroendocrinology, De-
partment of Physiology, University of Otago School of Medical
Sciences, PO Box 913, Dunedin, New Zealand. E-mail:
allan.herbison@otago.ac.nz.

This work was supported by the New Zealand Health Re-
search Council.

Disclosure Summary: The authors have nothing to disclose.

References

1. Herbison AE. Physiology of the adult GnRH neuronal network. In:
Plant TM, Zeleznik AJ, eds. Knobil and Neill’s Physiology of Re-
production. San Diego, CA: Academic Press; 2014.

2. Sharif A, Baroncini M, Prevot V. Role of glia in the regulation of
gonadotropin-releasing hormone neuronal activity and secretion.
Neuroendocrinology. 2013;98:1-15.

3. Pineda R, Garcia-Galiano D, Sanchez-Garrido MA, et al. Charac-
terization of the potent gonadotropin-releasing activity of RF9, a
selective antagonist of RF-amide-related peptides and neuropeptide
FF receptors: physiological and pharmacological implications. En-
docrinology. 2010;151:1902-1913.

4. Caraty A, Blomenréhr M, Vogel GM, Lomet D, Briant C, Beltramo
M. RF9 powerfully stimulates gonadotrophin secretion in the ewe:
evidence for a seasonal threshold of sensitivity. | Neuroendocrinol.
2012;24:725-736.

5. Rizwan MZ, Poling MC, Corr M, et al. RFamide-related peptide-3
receptor gene expression in GnRH and kisspeptin neurons and
GnRH-dependent mechanism of action. Endocrinology. 2012;153:
3770-3779.

6. Simonin F, Schmitt M, Laulin JP, et al. RF9, a potent and selective
neuropeptide FF receptor antagonist, prevents opioid-induced tol-
erance associated with hyperalgesia. Proc Natl Acad Sci USA.2006;
103:466-471.

7. Ducret E, Anderson GM, Herbison AE. RFamide-related peptide-3,
amammalian gonadotropin-inhibitory hormone ortholog, regulates
gonadotropin-releasing hormone neuron firing in the mouse. En-
docrinology. 2009;150:2799-2804.

8. Wu M, Dumalska I, Morozova E, van den Pol AN, Alreja M. Go-
nadotropin inhibitory hormone inhibits basal forebrain vGluT2-
gonadotropin-releasing hormone neurons via a direct postsynaptic
mechanism. | Physiol. 2009;587:1401-1411.

9. Spergel DJ, Kriith U, Hanley DF, Sprengel R, Seeburg PH. GABA-
and glutamate-activated channels in green fluorescent protein-
tagged gonadotropin-releasing hormone neurone in transgenic
mice. | Neurosci. 1999;19:2037-2050.

10. Kirilov M, Clarkson J, Liu X, et al. Dependence of fertility on kiss-
peptin-Gpr54 signaling at the GnRH neuron. Nat Commun. 2013;
4:2492.

11. Liu X, Porteous R, d’Anglemont de Tassigny X, et al. Frequency-
dependent recruitment of fast amino acid and slow neuropeptide
neurotransmitter release controls gonadotropin-releasing hormone
neuron excitability. | Neurosci. 2011;31:2421-2430.

12. LiuX, Lee K, Herbison AE. Kisspeptin excites gonadotropin-releas-
ing hormone neurons through a phospholipase C/calcium-depen-
dent pathway regulating multiple ion channels. Endocrinology.
2008;149:4605-4614.

13. Zhang C, Roepke TA, Kelly MJ, Ronnekleiv OK. Kisspeptin depo-
larizes gonadotropin-releasing hormone neurons through activation
of TRPC-like cationic channels. ] Neurosci. 2008;28:4423-4434.

14. Poling MC, Kim J, Dhamija S, Kauffman AS. Development, sex
steroid regulation, and phenotypic characterization of RFamide-

202 Iudy 61 U0 1sanb Aq ZEe¥EZH2/S 1L 67/21/SG |L/3101MEe/OPUS/WOD dNO-OlWepEDE//:SARY WOl PAPEOJUMO]


mailto:allan.herbison@otago.ac.nz

4924

15.

16.

17.

18.

Xinhuai and Herbison RF9 Excites GnRH Neuron

related peptide (Rfrp) gene expression and RFamide receptors in the
mouse hypothalamus. Endocrinology. 2012;153:1827-1840.
Chiu C, Miller MC, Caralopoulos IN, et al. Temporal course of
cerebrospinal fluid dynamics and amyloid accumulation in the aging
rat brain from three to thirty months. Fluids Barriers CNS. 2012;
9:3.

Piet R, de Croft S, Liu X, Herbison AE. Electrical properties of
kisspeptin neurons and their regulation of GnRH neurons. Front
Neuroendocrinol. 2014;

Zhang C, Bosch MA, Rennekleiv OK, Kelly M]J. Kisspeptin activa-
tion of TRPC4 channels in female GnRH neurons requires PIP2
depletion and cSrc kinase activation. Endocrinology. 2013;154:
2772-2783.

Garcia-Galiano D, van Ingen Schenau D, Leon S, et al. Kisspeptin

19.

20.

21.

Endocrinology, December 2014, 155(12):4915-4924

signaling is indispensable for neurokinin B, but not glutamate, stim-
ulation of gonadotropin secretion in mice. Endocrinology. 2012;
153:316-328.

d’Anglemont de Tassigny X, Ackroyd K], Chatzidaki EE, Colledge
WH. Kisspeptin signaling is required for peripheral but not central
stimulation of gonadotropin-releasing hormone neurons by
NMDA. | Neurosci. 2010;30:8581-8590.

Findeisen M, Wiirker C, Rathmann D, et al. Selective mode of action
of guanidine-containing non-peptides at human NPFF receptors.
J Med Chem. 2012;55:6124-6136.

Elhabazi K, Humbert JP, Bertin I, et al. Endogenous mammalian
RF-amide peptides, including PrRP, kisspeptin and 26RFa, modu-
late nociception and morphine analgesia via NPFF receptors. Neu-
ropharmacology. 2013;75C:164-171.

202 Iudy 61 U0 1sanb Aq ZEe¥EZH2/S 1L 67/21/SG |L/3101MEe/OPUS/WOD dNO-OlWepEDE//:SARY WOl PAPEOJUMO]



