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RF-amide related peptide 3 (RFRP-3) is a neuropeptide thought to inhibit central regulation of fertility. We investigated
whether alterations in RFRP neuronal activity led to changes in puberty onset, fertility, and stress responses, including stress
and glucocorticoid-induced suppression of pulsatile luteinizing hormone secretion. We first validated a novel RFRP-Cre
mouse line, which we then used in combination with Cre-dependent neuronal ablation and DREADD technology to selectively
ablate, stimulate, and inhibit RFRP neurons to interrogate their physiological roles in the regulation of fertility and stress
responses. Chronic RFRP neuronal activation delayed male puberty onset and female reproductive cycle progression, but
RFRP-activated and ablated mice exhibited apparently normal fertility. When subjected to either restraint- or glucocorticoid-
induced stress paradigms. However, we observed a critical sex-specific role for RFRP neurons in mediating acute and chronic
stress-induced reproductive suppression. Female mice exhibiting RFRP neuron ablation or silencing did not exhibit the
stress-induced suppression in pulsatile luteinizing hormone secretion observed in control mice. Furthermore, RFRP neuronal
activation markedly stimulated glucocorticoid secretion, demonstrating a feedback loop whereby stressful stimuli activate
RFRP neurons, which in turn further activate the stress axis. These data provide evidence for a neuronal link between the
stress and reproductive axes.
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Significance Statement

The neuronal pathways whereby psychosocial stress leads to suppression of reproduction remain poorly understood; however,
the neurons that drive the reproductive axis are thought to be indirectly influenced by stress steroids and neuropeptides in a
sex-specific manner. We used in vivo testing in combination with Cre-dependent neuronal ablation and DREADD technology
to demonstrate a physiological necessity of hypothalamic RF-amide related peptide (RFRP) neurons as mediators of stress-
induced suppression of pulsatile reproductive hormone secretion. This effect was specific to females. We also reveal a causa-
tive link between RFRP neuronal function and the hormonal stress axis. Our findings suggest that pharmacological blockade
of the receptors acted on by RFRP neuronal secretions could be used to overcome clinical infertility associated with stress or
affective disorders.

Introduction
Reproductive function is regulated by the hypothalamo-pitui-
tary-gonadal (HPG) hormonal axis. Hypothalamic gonadotro-
pin-releasing hormone (GnRH) neurons are the cumulative
endpoint of inputs from a complex afferent neuronal system that
integrates appropriate inhibitory and stimulatory signals to

maintain optimal pituitary gonadotrophin (luteinizing hor-
mone [LH] and follicle-stimulating hormone) secretion and
reproductive function. Estrogens are the primary feedback
signal to this neuronal network from the gonads, but other
reproductive modulators also transmit key information cen-
trally to regulate the HPG axis. For example, it is well estab-
lished that both acute and chronic stress influence fertility,
almost always negatively, in humans and animals (Ferin,
1999; Geraghty and Kaufer, 2015), although empirical clini-
cal evidence for this is scarce. While acute stress responses
may serve to delay reproduction until a more appropriate
time, chronic stress exposure may lead to persistent infertil-
ity. Stress-induced reproductive dysfunction is often associ-
ated with increased activation of the hypothalamic-pituitary-
adrenal (HPA) axis and sustained glucocorticoid release, yet
the precise mechanism(s) whereby increased glucocorticoid
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levels suppress GnRH/LH secretion remain to be fully
elucidated.

GnRH neurons themselves do not appear to be major targets
of either corticotropin-releasing hormone (CRH; the neuropep-
tide governing the HPA axis) or glucocorticoids, as only a small
fraction of GnRH cells contain CRH (Jasoni et al., 2005) or glu-
cocorticoid receptors (Dufourny and Skinner, 2002). RFamide-
related peptide-3 (RFRP-3) is a peptide secreted by RFRP neu-
rons that project from the rodent dorsomedial hypothalamus
(DMH), and is mostly (but not exclusively) inhibitory to GnRH
activity (Ducret et al., 2009; Rizwan et al., 2009; Wu et al., 2009;
Ancel et al., 2017). Interestingly, acute restraint stress was shown
to suppress LH pulsatility while concomitantly increasing RFRP
neuronal activation in male mice (Yang et al., 2018), and the ac-
tivity of RFRP neurons was also upregulated by restraint stress in
male rats (Kirby et al., 2009), suggesting that RFRP neurons may
play a role in mediating the suppressive effects of stress on the
HPG axis. Furthermore, approximately half of RFRP neurons
express glucocorticoid receptors, and the effect of restraint stress
on Rfrp gene expression was blocked by adrenalectomy (Kirby et
al., 2009), suggesting that adrenal glucocorticoids activate RFRP
neurons in stressful situations. Together with the established role
of RFRP-3 in reproductive suppression, these findings position
RFRP neurons as possible mediators of stress-induced suppres-
sion of the HPG axis, either by acting as conduits for glucocorti-
coid signals or by directly responding to stressful situations.

In the present study, we first validated and characterized a
novel RFRP-Cre mouse line, which we then used to investigate
the stress and reproductive effects of both stimulating and silenc-
ing RFRP neurons in vivo. We did this by generating male and
female mice expressing RFRP-specific excitatory or inhibitory
DREADDs (designer receptor exclusively activated by designer
drugs) and also by ablating RFRP neurons using specifically tar-
geted diphtheria toxin treatment. We then characterized differ-
ent parameters of the stress and reproductive axes in response to
acute and/or chronic RFRP neuronal activation to determine
whether RFRP neurons play a key modulatory role on either
axis. The effects of an acute restraint stress or chronic corticos-
terone exposure on LH pulsatility were examined in RFRP neu-
ron-silenced or -ablated mice, while acute RFRP neuronal
activation was used to test whether these neurons drive the HPA
axis. The results highlight the importance of RFRP neurons for
appropriate modulation of both the HPG and HPA axes
functionality.

Materials and Methods
Animals
All mice were obtained from the University of Otago animal breeding fa-
cility. They were group housed in individually ventilated cages and
maintained on a 12 h:12 h light:dark cycle (lights on at 0600 h) at a con-
stant temperature (216 1°C), with ad libitum access to food and water.
All mouse lines used were of C57BL/6 background strain. For hormonal
sampling experiments, all mice were habituated to the handling daily for
at least 1 week before blood collection, and for LH sampling female mice
were sampled on the day of diestrus of the reproductive cycle (deter-
mined by daily vaginal cytology). Samples were collected in the morning
(first half of the light phase), except following acute oral clozapine-N-ox-
ide (CNO) administration, where the drug was fed at the beginning of
the dark phase to encourage immediate consumption. The University of
Otago Animal Ethics Committee approved all animal protocols.

Generation of RFRP-Cre mouse
Rfrp-IRES-Cre conditional knock-in mice were generated using homolo-
gous recombination in mouse embryonic stem cells (Beglopoulos and

Shen, 2004) by Ozgene, so that the knock-in allele produced a bicistronic
Npvf (the gene encoding RFRP peptides) and Cre mRNA. The targeting
vector consisted of 59 and 39 arms (;4 and;6 kb in length, respectively)
of sequence homologous to the Npvf gene, an internal ribosomal entry
sequence (IRES) linked to Cre recombinase and an FRT-flanked neomy-
cin resistance gene. The IRES and Cre sequence was targeted into the 39
untranslated region immediately downstream of the termination codon
within the Npvf gene (NCBI database Gene ID: 60531; Ensembl gene
report ID: ENSMUSG00000029831) (see Fig. 1A). Correct targeting of
the IRES-Cre was confirmed by Southern blotting using 59- and 39-
probes located outside the targeting vector. DNA was extracted using
lysis buffer containing proteinase K. Following extraction, genomic
DNA was digested overnight with ScaI and run on an agarose gel, trans-
ferred to a nylon membrane by capillary transfer and screened by
hybridization of a probe complementary to sequences located on the 59
homology arm of the targeting construct. Probe hybridization produced
an 18.8 kb band from theWT allele, while the correctly targeted allele gen-
erates a 9.0 kb band (see Fig. 1B). Completed constructs were electropo-
rated into Bruce4 C57BL/6 embryonic stem cells, and then chimeric mice
were generated using blastocyst manipulation techniques. Chimeric mice
were bred to C57BL/6 mice to identify germline transmission of the tar-
geted gene, and then FLPe-deleter mice used to remove the FRT-flanked
neomycin selection cassette. FLP-mediated excision of the selection cas-
sette was verified by PCR analysis (see Fig. 1C).

Validation of RFRP-Cre mouse
To confirm Cre expression was targeted appropriately to RFRP cells,
homozygous Rfrp-IRES-Cre mice were crossed with homozygous Cre-
dependent Tau-GFP (ROSA26-CAGS-tGFP) (Mayer et al., 2010) re-
porter mice to generate mice exhibiting endogenous tau-GFP exclusively
in Cre-expressing cells.

Endogenous tau-GFP-expressing cells were then compared with
RFRP-3-expressing cells using immunohistochemistry. To this end,
male and female RFRP-tau-GFP mice (n= 6 per group) were anesthe-
tized with 250mg/kg sodium pentobarbital and perfused through the
heart with 4% PFA in 0.1 M PBS, pH 7.4. Brains were removed, postfixed
in PFA, and cryoprotected in 30% sucrose solution. Coronal (30-mm-
thick) sections from the DMH were cut from each brain on a sliding
microtome with a freezing stage to provide three sets of consecutive sec-
tions (90mm apart). One series of brain tissue from each animal was
then used to dual-label for GFP- and RFRP-3-immunoreactive cells
using fluorescent immunohistochemistry.

Generation and validation of RFRP-hM3Dq knock-in mice
We crossed RFRP-Cre mice with Cre-dependent hM3Dq DREADD mice
(hM3Dq-DREADD mice, Jax strain 026220) to generate mice with RFRP-
dependent expression of the activating hM3Dq receptor. Following Cre-
mediated removal of the poly A STOP cassette, expression of hM3Dq, a yel-
low fluorescent reporter protein (mCitrine) and hemagglutinin (HA), is
observed. Binding of the hM3Dq receptor by the synthetic molecule CNO
induces the canonical Gq pathway, leading to RFRP neuronal activity/neu-
ronal firing. Offspring expressing both an RFRP-Cre and an hM3Dq-
DREADD allele became the “knock-in” treatment (RFRP-hM3Dq) mice,
whereas Cre-positive, hM3Dq-DREADD-negative (males, n=8; females,
n=6) and Cre-negative, hM3Dq-DREADD-positive (males, n=11; females,
n=14) mice were used as control animals.

To confirm RFRP neuron-specific expression of hM3Dq receptors in
RFRP-hM3Dq mice, dual-label fluorescence immunohistochemistry for
RFRP-3 and GFP (to label citrine) was performed in the DMH of male
and female RFRP-hM3Dq and control mice. To confirm that CNO was
able to activate RFRP neurons, cFos was colocalized with either RFRP-3
or HA using chromagenic dual-label immunohistochemistry in RFRP-
hM3Dq and control mice perfused 1 h after treatment with CNO (1mg/
kg s.c.).

Stimulation of glucocorticoid secretion by acute RFRP neuronal
activation
Male RFRP-hM3Dq or control mice were acutely treated with CNO (ei-
ther 1-2mg/kg s.c. or 5mg/kg p.o.) to investigate the effects of RFRP
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neuronal activation on corticosterone release,
as central RFRP-3 injections have been shown
to stimulate corticosterone release (Kim et al.,
2015). The oral route was designed to elimi-
nate handling stress, which can mask treat-
ment effects on circulating glucocorticoid
levels, even in habituated mice. For this, the
mice were individually housed and trained to
eat a bolus of hazelnut spread (Nutella) within
1min. On the day of the experiment, they were
given CNO either p.o. in 20mg Nutella or sub-
cutaneously in 0.2 ml saline, and a single tail-tip
blood sample (;25ml) collected after 90min
using a heparinized capillary tube. Plasma was
harvested and stored at �20°C for corticoster-
one analysis.

Reproductive effects of chronic RFRP neuro-
nal activation
To determine the effects of RFRP-3 neuro-
nal activation on puberty onset, male and
female RFRP-hM3Dq or control mice were
chronically treated with CNO in their
drinking water (0.025mg/ml p.o., which
equates to ;0.125mg CNO daily) from
postnatal day (PND) 26-35. Age at vaginal
opening and first estrus were used as
markers of puberty onset in females, and
puberty onset in males was determined as
the age that preputial separation occurred.

To determine the impact of chronic
RFRP-3 neuronal activation on the age that
males became reproductively competent,
male mice were again treated with CNO in
their drinking water from PND 43-52 and
paired with a reproductively experienced WT
female and the age of the first successful mat-
ing was determined based on the date of the
first litter, assuming a gestation of 20d.

To determine the impact of chronic
RFRP-3 neuronal activation on estrous cyclic-
ity, 7-week-old female mice were habituated
to vaginal smearing for at least 1 week. After
7 d of daily vaginal smearing and cycle stage
recording under normal conditions, all mice
were treated with CNO in their drinking
water (0.025mg/ml p.o.) for a further 7 d,
during which period daily vaginal smearing
and cycle stage recording continued. Cycle
length was calculated as the number of days
between estrus occurrences (not counting any
uninterrupted successive days). Where only
one estrus occurrence was seen during the
CNO administration period, an estrus from
the day prior was used to enable calculation
of cycle length. In one case where no estrus
events occurred during CNO administration,
a cycle length of 7 d was assigned for the pur-
poses of data analysis.

Last, to determine the effect of RFRP-3
neuronal activation on female fertility, 10-
week-old mice were treated with CNO in
their drinking water for 7 d. On day 4 of
CNO treatment, females were individually
paired with sexually mature WT males. The
time taken to successfully mate was deter-
mined using the date of birth of the first litter
assuming a gestation of 20d. The number of
pups per litter was also recorded.

Figure 1. Generation and validation of a novel RFRP-Cre mouse line. A, Schematic diagram of the knock-in strategy used for gen-
erating RFRP-Cre mouse line. B, Southern blot showing correct targeting of the mutant (9.0 kb) allele. C, PCR gel confirming removal
of the neomycin cassette (absence of 411 bp band in Neo- lane). D, Representative images from female mice showing RFRP-Cre-GFP
expression throughout the DMH. E–G, Representative images from female mice showing RFRP-3 (D, red) and RFRP-Cre-GFP (E, green)
coexpression (F, yellow) in the DMH. H, Quantification of RFRP-Cre-GFP-immunolabeled neurons coexpressing RFRP-3 protein (n=6
per group) in the dorsal, lateral, and ventral DMH, respectively, which are depicted by the red circles in the schematic. Representative
images showing nonbrain RFRP-Cre-GFP expression in (I) testis, (J) ovary, and a male (K) kidney and (L) retina. Data are mean 6
SEM. UTR, Untranslated region; PGK, phosphoglycerate kinase I promoter; Neo, neomycin resistance gene; pA, polyadenylation site;
FRT, flippase recognition target; 3V, third ventricle; AHA, anterior hypothalamic area; RCH, retrochiasmatic nucleus; ARC, arcuate nu-
cleus; VMH, ventral medial nucleus; PMv, ventral premammillary nucleus; PMd, dorsal premammillary nucleus. Scale bars, 50mm.
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Generation and validation of RFRP-3 neuron-ablated mice
For experiments involving ablation of RFRP neurons, heterozygous
Rfrp-IRES-Cre mice were crossed with mice homozygous for Cre-de-
pendent diphtheria toxin receptor expression (Gt(ROSA)26Sortm1

(HBEGF)Awai/J, The Jackson Laboratory, stock #7900) (Buch et al., 2005).
In these mice, the gene for simian diphtheria toxin receptor is ubiqui-
tously present, but in normal circumstances is silenced by an upstream
transcriptional blocker sequence that is flanked by two loxP sites. Cre
recombinase in RFRP cells catalyzes loxP recombination, resulting in the
excision of the stop sequence and diphtheria toxin receptor expression
exclusively in RFRP neurons. Offspring that inherited a Rfrp-IRES-Cre
allele were used as RFRP-ablated experimental animals, and littermates
withWT RFRP alleles served as controls.

To induce RFRP neuronal ablation, adult mice at;8-10weeks of age
received a single injection of diphtheria toxin (0.05mg/kg s.c. in 200ml
saline) and allowed 4weeks for sufficient neuronal ablation to take place.
This dose was based on a pilot study in which 0.05, 0.1, or 1.5mg/kg sub-
cutaneous diphtheria toxin all caused pronounced ablation of RFRP
neurons compared with Cre-negative controls 3 weeks after treatment
(0.046 0.04 vs 12.86 1.1 RFRP-3-immunoreactive neurons/brain sec-
tion respectively; p, 0.01). Because the highest dose caused some
adverse health effects, we selected the 0.05mg/kg dose for future
experiments.

To confirm successful RFRP-3 neuronal ablation in diphtheria toxin-
treated RFRP-Cre-positive mice, chromagen immunohistochemistry for
RFRP-3 was performed in 30-mm-thick coronal brain tissue sections
from diphtheria-treated Cre-positive and Cre-negative male and female
mice (n=7-9 mice per group) that were transcardially perfused with 4%
PFA, as described previously (with nickel-enhanced DAB labeling). To
confirm neuronal ablation was specific to RFRP-Cre-expressing cells, a
second series of brain tissue sections from 5 mice per group was used for
TH immunohistochemistry to visualize dopaminergic neurons in the
zona inserta (A13 population), which neighbor the RFRP-3 neuronal
populations.

Modulation of acute restraint stress effects on glucocorticoid and LH
secretion by ablation of RFRP neurons
To assess HPA activation in response to an acute restrain stress, we meas-
ured circulating glucocorticoid concentrations in tail-tip blood samples that
were collected in a heparinized capillary tube before and immediately after a
30min restraint stress in a plastic restraint cone (Decapicome; Braintree
Scientific) in both male and female RFRP-ablated and intact mice. Plasma
concentrations of corticosterone were then measured using a commercial
ELISA.

To determine whether RFRP neurons play a role in mediating the
suppressive effects of acute restraint stress on LH pulsatility, RFRP-
ablated and intact male and female mice were restrained for 30min in a
plastic restraint cone (Decapicone; Braintree Scientific), and LH pulsatil-
ity was assessed before, during, and after the restraint from tail tip blood
samples (4ml blood diluted in 50ml PBS and immediately frozen on dry
ice) taken every 6min, starting 90min before restraint (baseline, time 0-
90), during the 30min restraint period (time 90-120), and for an addi-
tional 45min post-restraint (time 120-165). LH blood sampling was per-
formed in the morning, and during diestrus in females.

Reproductive characterization of RFRP-ablated mice
To determine the impact of RFRP ablation on reproductive parameters,
vaginal cytology was used to monitor estrous cyclicity in RFRP-ablated
(n=8) and control (n=10) females, as described previously. Additionally,
at the time of death, paired seminal vesicle weights were measured in males
(control: n=11; RFRP-ablated: n=13) and uterine weights were measured
in females (control: n=10; RFRP-ablated: n=8).

Generation and validation of RFRP-hM4Di knock-in mice
We crossed RFRP-Cre mice with Cre-dependent hM4Di DREADDmice
(hM4Di-DREADD mice, Jax strain #026219) to generate mice with RFRP-
dependent expression of the silencing hM4Di receptor. Following Cre-
mediated removal of the poly A STOP cassette, expression of hM4Di is
observed. Binding of the hM4Di receptor by CNO induces the canonical Gi

pathway, leading to RFRP silencing of neuronal activity. Offspring express-
ing both an RFRP-Cre and an hM4Di-DREADD allele became the “knock-
in” treatment (RFRP-hM4Di) mice, while Cre-positive, hM4Di-DREADD-
negative (males, n=3; females, n=4) and Cre-negative, hM4Di-DREADD-
positive (males, n=5; females, n=4) mice were used as control animals.

To confirm that CNO was able to silence RFRP neurons, dual-label
immunohistochemistry for fos-related antigens (FRAs, a marker of tonic
neuronal activity) (Lehman et al., 1996; Szawka et al., 2010) and RFRP-3
was performed in brain sections from CNO-treated mice. All mice with
chronic corticosterone implants were treated with CNO (2mg/kg s.c.) 5
h before brain collection.

Modulation of glucocorticoid-induced suppression of pulsatile LH secre-
tion by RFRP neuronal silencing
The previous experiment demonstrated the role for RFRP neurons in
mediating acute stress-induced pulsatile LH suppression. Since stress of-
ten leads to elevated circulating glucocorticoid levels, and this elevation
is able to disrupt LH pulses in female mice (Kreisman et al., 2020), we
next sought to determine whether RFRP neurons could also mediate
chronic glucocorticoid-induced LH pulse suppression. Furthermore, we
tested whether acute silencing of RFRP neuronal activity (using hM4Di-
induced silencing following CNO injection) would be sufficient to
restore normal LH pulsatility in glucocorticoid-treated mice. For chronic
glucocorticoid treatment, corticosterone implants were constructed
based on a modification of a previously described design (Luo et al.,
2016). Silicone rubber tubing (50 mm lengths, 2.16 mm outer diameter,
filled with silicone rubber adhesive) was coated with a mixture of
molten corticosterone (Santa Cruz Biotechnology) and cholesterol
(Sigma Millipore; 85:15 ratio, respectively; ;100mg of steroid per
implant).

Male and female RFRP-hM4Di or control mice were all injected with
CNO (2mg/kg) and then sampled for LH pulsatility every 6min for 3 h,
as described previously, beginning 30min after the CNO injection. After
the final sample, all mice were surgically implanted with a chronic sub-
cutaneous corticosterone implant for at least 4 d (occasionally mice
needed to be left 1-2 d longer so that the subsequent sampling could be
conducted during diestrus). They were then injected with CNO and fre-
quently blood sampled as before in the presence of the corticosterone
implant. At the completion of the second frequent sampling period, they
were perfused with 4% PFA for immunohistochemical brain section
analysis of RFRP-3 and FRA. LH blood sampling was performed in the
morning, and during diestrus in females. Blood samples were collected
before and 3-5 d after corticosteroid implantation to measure serum
corticosterone.

Genotyping
All mice were genotyped from tail tip DNA. The Rfrp-IRES-Cre line was
genotyped using generic Cre primers (forward: 59-CCT GGA AAA TGC
TTC TGT CCG-39; reverse: 59-CAG GGT GTT ATA AGC AAT CCC-
39; annealing temperature 55°C; product size indicating the Cre allele:
392 bp). Transgenic mice expressing tau-GFP were genotyped using the
primers 59-CGA AGT CGC TCT GAG TTG TTA TC-39, 59-GCA GAT
GGA GCG GGA GAA AT-39, and 59-GCT CCT ATT GGC GTT ACT
ATG-39; annealing temperature 50°C; product size indicating the floxed
and WTs alleles: 400 and 600 bp, respectively. hM3Dq-DREADD mice
were identified using the following PCR primer sets and annealing tem-
peratures: flox primers, 59-AAG GGA GCT GCA GTG GAG TA-39
(WT forward primer), 59-CCG AAA ATC TGT GGG AAG TC-39 (WT
reverse primer), 59-ATG TCT GGA TCC CCA TCA AG-39 (mutant for-
ward primer), and 59-GAT GTT GCC GAT GAT GGT CAC-39 (mutant
reverse primer); annealing temperature 55°C; product size indicating the
floxed and WTs alleles: 440 and 300 bp, respectively. Floxed diphtheria
toxin receptor mice were identified using the following primers, 59-AAA
GTC GCT CTG AGT TGT TAT-39 (common forward primer), 59-GGA
GCG GGA GAA ATG GAT ATG-39 (WT reverse primer), and 59-CAT
CAA GGA AAC CCT GGA CTA CTG-39 (mutant reverse primer);
annealing temperature 61°C; product size indicating the floxed and WTs
alleles: 603 and 242 bp, respectively. hM4Di-DREADDmice were identi-
fied using the following PCR primer sets and annealing temperatures:
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flox primers, 59-ATG TCT GGA TCC CCA TCA AG -39 (forward
primer), 59-GAA GGC GCC TAT GAT GAG ATC-39 (reverse primer);
annealing temperature 55°C; product size indicating the floxed and WTs
alleles: 440 and 300 bp, respectively.

Immunohistochemistry
All immunohistochemistry steps were performed at room temperature
unless noted otherwise, and were separated by 4 washes in 0.05 M TBS.
All sections were first blocked in 0.25% BSA made up in TBS containing
0.5% Triton-X for 20min. Once stained, the sections were mounted on
slides and coverslipped using Vectashield mounting medium (Vector
Laboratories) (fluorescent labels) or dehydrated and coverslipped using
DPX mounting medium (immunoperoxidase with DAB label). All hypo-
thalamic soma from at least four sections per animal were examined at
200�magnification using an Olympus BX45 microscope.

Tau – GFP or mCitrine 1 RFRP – 3, tau – GFP 1 TH, and tau –
GFP 1 oxytocin dual immunofluorescence. To dual-label for endoge-
nous tau-GFP or mCitrine and RFRP-3, TH or oxytocin, the sections
were incubated for 24-48 h at 4°C in polyclonal rabbit anti-sparrow
GnIH (an RFRP-3 ortholog) (PAC 123a, kindly provided by Dr George
Bentley, University of California Berkeley; 1:5000 dilution; RRID:AB_
2531898) (Tsutsui et al., 2000; Kriegsfeld et al., 2006; Gibson et al., 2008;
Henningsen et al., 2016), monoclonal mouse anti-TH (MAB318;
Millipore; 1:10,000 dilution; RRID:AB_2201528) (Witkovsky et al.,
2008), or monoclonal mouse anti-oxytocin (clone 4G11, Millipore
MAB5296; 1:5000 dilution; RRID:AB_2157626) (Liu et al., 2002), and
chicken anti-GFP (Aves Labs, GFP-1010; 1:5000 dilution; RRID:AB_
2307313; also labels mCitrine) (Volkmann et al., 2010; Marques-Lopes et
al., 2014) in TBS-Triton-X-BSA containing 2% normal goat serum.
Sections were then incubated in AlexaFluor-568 goat anti-rabbit or anti-
mouse IgG (1:500 dilution; Invitrogen, Thermo Fisher Scientific) and
AlexaFluor-488 goat anti-chicken for 60min.

RFRP – 3 1 cFos, RFRP – 3 1 FRA, and HA 1 cFos dual immuno-
peroxidase. cFos or FRA was colocalized with either RFRP-3 or HA
using chromagenic dual-label immunohistochemistry. To label RFRP-3
or HA, sections were incubated in either 1:5000 rabbit anti-GnIH
(PAC123a) or 1:500 rabbit anti-HA-Tag (C29F4) (Cell Signaling, #3724;
RRID:AB_1549585) (Kriz et al., 2017) in TBS-Triton-X-BSA containing
2% normal goat serum for 24-48 h. This was followed by incubation in
1:1000 biotinylated goat anti-rabbit (Vector Laboratories) for 1 h, in
Vector Elite avidin-biotin complex solution (Vector Laboratories) for 1
h and in 0.5% DAB and hydrogen peroxide solution (Sigma Millipore)
for 5-7min until a light brown stain was visible. Sections were then cola-
beled with either 1:5000 rabbit anti-cFos (Santa Cruz Biotechnology, sc-
52; RRID:AB_2106783) (Howorth et al., 2009) or 1:2000 rabbit anti-FRA
(Santa Cruz Biotechnology, K-25; RRID:AB_2231996) (Spirovski et
al., 2012) for 24-48 h. The cFos labeling was then directly revealed
using HRP-conjugated goat anti-rabbit IgG (1:500, Dako) and
nickel-enhanced DAB and hydrogen peroxide solution until a blue-
black nuclear staining was observed.

TH single-label immunoperoxidase. The same protocol for RFRP-3
immunohistochemistry was used to stain for TH; however, the primary
antibody used was mouse anti-TH (MAB318; 1:10,000 dilution), and the
secondary antibody used was biotinylated goat anti-mouse (Vector
Laboratories, 1:1000).

Hormone assays and pulse analysis
LH. Whole-blood LH concentrations were assessed in unicate 50ml

aliquots using a sensitive in-house sandwich ELISA, as previously
described (Steyn et al., 2013). The assay sensitivity averaged 0.1 ng/ml,
and the interassay and intra-assay coefficients of variation were, 10%.
The diluted blood samples were snap frozen on dry ice; and at the end of
the experiment, they were stored in �20°C freezer. Basic criteria for
identifying a pulse were as follows: (1) peaks of pulses must exceed both
the preceding and following nadir concentrations (except where a clear
peak was evident at the first sample, which were included to avoid pulse
frequency underestimation); (2) a pulse must peak within two samples
of the preceding nadir; and (3) the amplitude (peak concentration minus
preceding nadir concentration) must be at least double the assay

sensitivity, and the peak concentration must be at least 1.5 times the pre-
ceding nadir.

Corticosterone. Plasma corticosterone was measured using a com-
mercially available kit (Arbor Assays, DetectX EIA #K014-H5). The
assay sensitivity was 20pg/ml, equating to a sample concentration of
2 ng/ml after correcting for sample dilution in the assay, and the interas-
say and intra-assay coefficients of variation were, 10%.

Statistics
Results are presented as mean6 SEM, and a value of p, 0.05 was con-
sidered to be significant. Statistical analyses were performed by using
unpaired Student’s t tests to compare single time point differences
between two groups and one-way ANOVA to compare single time point
differences among more than two groups. To compare group differences
in response to treatment, repeated-measures two-way ANOVA was used
whereby CNO, corticosterone, and/or genotype were the factors for
comparison. If a significant main effect or interaction was found, Holm-
Sidak multiple-comparisons post hoc testing was used to identify where
the difference(s) occurred. The effects of restraint stress on LH pulse fre-
quency were analyzed using the Friedman test, followed by Dunn’s mul-
tiple comparison test, since the limited time windows available for pulse
analysis yielded nonparametric data. GraphPad Prism Software 8.0 was
used for all analyses.

Results
Validation of RFRP-Cre mice
For these studies, we first validated and characterized a novel
RFRP-Cre mouse by crossing the it with a tau-GFP reporter
mouse. RFRP-Cre-GFP expression closely matched previously
reported Rfrp gene and RFRP-3 peptide expression in mice (e.g.,
Poling et al., 2012; Gospodarska et al., 2019). RFRP-Cre-GFP
soma were almost entirely confined to the DMH and the region
between the DMH and the ventromedial hypothalamus. The ros-
tral boundary of this population extended to the posterior region
of the anterior hypothalamus, and the caudal boundary extended
to the dorsotuberomammillary nucleus. Occasional cells were
also seen in the arcuate nucleus. RFRP-Cre-GFP fibers were scat-
tered throughout the brain; hypothalamic regions receiving
prominent innervation included the anterior hypothalamic area,
paraventricular, periventricular, dorsomedial hypothalamic, ar-
cuate, and dorsotuberomammillary nuclei. Occasional fibers
were visible in the internal zone of the median eminence (Fig.
1D). We confirmed the specificity of Cre expression by perform-
ing dual-label immunohistochemistry to demonstrate that en-
dogenous RFRP-3 peptide expression colabels with the RFRP-
Cre GFP expression. As seen in Figure 1E–H, ;80% of GFP-
expressing cells coexpressed RFRP-3 labeling in both male and
female mice, and a similar percentage of RFRP-3 cells expressed
GFP. Consistent with previously described Rfrp tissue distribu-
tion (Hinuma et al., 2000), minimal RFRP-Cre-GFP expression
was seen in testis, ovary, and kidney tissue (Fig. 1I–K), but in the
retina, occasional strongly labeled cells were apparent in the pho-
tograph receptor and inner nuclear layers (Fig. 1L). In dual im-
munofluorescent staining with TH or oxytocin, the distribution
of RFRP-Cre GFP neurons bordered and slightly overlapped
with the A13/zona incerta dopamine and paraventricular nucleus
(PVN) oxytocin neuronal populations, but no cells were colocal-
ized (2 males and 2 females analyzed; data not shown).

Validation of RFRP-hM3Dq knock-in mice
Exogenous RFRP-3 has been shown to elicit stress and reproduc-
tive responses, but whether RFRP neurons are themselves capa-
ble of generating these responses is unknown. To determine this,
we crossed the RFRP-Cre mice with hM3Dq-coupled DREADDs
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mice to investigate the effects of chronically activating RFRP neu-
rons on glucocorticoid secretion, puberty onset, and estrous cyclic-
ity. To validate these RFRP-hM3Dq mice, we first confirmed
that the hM3Dq receptor was expressed in RFRP-3 neurons (Fig.
2A–C). Similar to the RFRP-3 and tauGFP coexpression described
above, 90.26 1.6% RFRP-3 neurons coexpressed the hM3Dq
tag mCitrine (n= 5). The distribution of mCitrine was con-
fined to the DMH and the region between the DMH and the
ventromedial hypothalamus as described above for tauGFP,
but only 40.06 7.3% of all mCitrine-labeled cells coexpressed
RFRP-3; this is consistent with the previously described loss
of Rfrp expression in some cells during prepubertal deve-
lopment (Poling et al., 2012). We next confirmed that an injec-
tion of CNO, which is the designer drug that activates the
designer receptors, did indeed activate RFRP neurons by using

immunohistochemistry to dual-label for either RFRP-3 or the
DREADD-coupled HA epitope and cFos, which is an indirect
marker for neuronal activity. As seen in Figure 2D, G, a signif-
icant 4- to 5-fold increase in RFRP 1 cFos coexpression was
observed in CNO-treated RFRP-hM3Dq mice compared with
saline-treated RFRP-hM3Dq mice (t(8) = 5.273, p = 0.0023)
and CNO-treated control mice (t(8) = 4.807, p=0.0027). Similarly,
a significant 8-fold increase in HA 1 cFos coexpression was
observed in CNO-treated RFRP-hM3Dq mice compared with
saline-treated RFRP-hM3Dq mice (Fig. 2E,H; t(8) = 8.631,
p, 0.0001). There was no coexpression of HA 1 cFos in
CNO-treated control mice as these mice did not exhibit any
DREADD-coupled HA expression. In the same tissues, a pro-
nounced cFos induction was evident in the PVN where CRH
neurons are located in CNO-treated RFRP-hM3Dq mice

Figure 2. RFRP neurons colabel with RFRP-Cre-hM3Dq DREADD, revealed by mCitrine reporter expression, and CNO treatment activates RFRP neurons in male and female RFRP-hM3Dq mice.
Representative images from a female mouse showing RFRP-3 (A, red) and RFRP-Cre-mCitrine (B, green). C, Yellow represents coexpression of RFRP-3 and RFRP-Cre mCitrine immunolabeling.
RFRP-Cre mCitrine-labeled neurons not expressing RFRP-3 are identified by red arrows. D, CNO-treated RFRP-hM3Dq mice (2 males, 3 females) exhibit significantly increased RFRP-31 cFos
coexpression compared with CNO-treated control mice (1 male, 1 female) (p= 0.0034) and saline-treated RFRP-hM3Dq mice (2 males, 2 females) (p= 0.0019, one-way ANOVA). Furthermore,
(E) CNO-treated RFRP-hM3Dq mice exhibit significantly increased Cre-linked HA 1 cFos coexpression compared with CNO-treated control mice (p, 0.0001) and saline-treated RFRP-hM3Dq
mice (p, 0.0001, one-way ANOVA). F, CNO treatment also significantly increased cFos expression in the PVN of RFRP-hM3Dq mice compared with CBO-treated control mice and saline-treated
RFRP-hM3Dq mice (p= 0.0029, one-way ANOVA). G, Representative image showing RFRP-3 (brown labeling)1 cFos (dark purple labeling) coexpression (example indicated by black arrow) in
an RFRP-hM3Dq female in the dorsomedial nucleus in response to CNO treatment. H, Representative image showing HA (brown labeling) 1 cFos (dark purple labeling) coexpression in an
RFRP-hM3Dq female in the dorsomedial nucleus in response to CNO treatment. I, Representative image showing cFos immunolabeling in the PVN in an RFRP-hM3Dq female in response to
CNO treatment. Data are mean6 SEM. Scale bar, 50mm. CNO was injected at a dose of 1 mg/kg subcutaneously, 1 h before perfusion and brain collection.
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compared with saline-treated RFRP-hM3Dq mice (t(7) =
5.338, p = 0.0032) and CNO-treated control mice (t(7) = 3.299,
p = 0.0261) (Fig. 2F,I).

Stimulation of glucocorticoid secretion by acute RFRP
neuronal activation
Acute activation of RFRP neurons in response to orally adminis-
tered CNO (5mg/kg) resulted in a significant ;4-fold increase
in circulating corticosterone concertation after 90min (Fig. 3A;
t(15) = 6.866, p, 0.0001), showing that RFRP neurons can drive
glucocorticoid release. The same effect was evident in response
to subcutaneous CNO injection, where a significant effect was
observed in response to the 2mg/kg CNO dose (Fig. 3B; t(23) =
12.96, p, 0.0001). Handling appeared to increase basal corticos-
terone levels in subcutaneously injected mice relative to orally
dosed animals.

Reproductive impairment by chronic RFRP neuronal
activation
We were next interested in determining the effect of chronic
RFRP neuronal activation on different reproductive parame-
ters. In males, chronic RFRP neuronal activation caused a
delay in puberty onset, as measured by the age at which prepu-
tial separation occurred (Fig. 4A). In females, RFRP neuronal
activation did not significantly affect puberty onset, as measured
by the age of first estrus (Fig. 4B; t(40) = 0.712, p=0.481).
However, activating RFRP neurons significantly impaired estrous
cyclicity. The CNO-treated RFRP-hM3Dq females exhibited sig-
nificantly longer estrus cycles (Fig. 4D; t(22) = 2.211, p=0.038),
which was because of increased time spent in metestrus and dies-
trus (Fig. 4C; t(15.56) = 2.701). With regards to fertility, both male
and female mice were completely fertile. No differences were
observed in the age at which male control versus RFRP-hM3Dq
mice first successfully mated (resulting in a litter) (Fig. 4E; t(21) =
1.25, p=0.225). Similarly, no differences were observed in female
mice in either the time taken to birth their first litter after being
paired with a fertile mate (t(26) = 0.243, p=0.810) or in litter size
(t(26) = 0.876, p=0.389) (Fig. 4F).

Validation of RFRP-ablated mice
As seen in Figure 5A, we confirmed successful RFRP-3 neuronal
ablation in diphtheria toxin-treated RFRP-Cre-positive mice
expressing the Cre-dependent diphtheria toxin receptor (RFRP-
ablated mice) by demonstrating a complete absence of RFRP-3
immunolabeling in RFRP-ablated males and females (8 of each
sex), compared with 12.76 1.1 neurons per section in controls
(8 of each sex). To confirm the neuronal ablation was re-
stricted to RFRP neurons, we examined the presence of neigh-
boring TH neurons and showed no changes in TH protein
expression (Fig. 5B).

Modulation of acute restraint stress effects on glucocorticoid
and LH secretion by ablation of RFRP neurons
In male and female mice, ablation of RFRP neurons did not
affect either the basal (females: t(26) = 0.553; males: t(30) = 0.692)
or restraint-induced circulating concentration of corticosterone
females: t(26) = 1.984; males: t(30) = 0.305) (Fig. 5C,D), indicating
that these neurons are not required for robust glucocorticoid se-
cretory responses.

Before investigating the role of RFRP neurons as mediators of
stress-induced reproductive suppression, we first investigated
whether RFRP ablation alone had any impact on estrous cyclicity
in female mice. Under nonstressed conditions, no differences in
the proportion of time spent in each cycle stage were observed
between control versus RFRP-ablated mice (t(16) = 0.949-1.804,
p. 0.05). We also investigated whether RFRP neuronal ablation
impacted the weight of seminal vesicles in males and uteri in
females, as these organ weights can be used as proxy indicators
of testosterone and estradiol levels, respectively. We found no
differences in paired seminal vesicle weight between controls and
RFRP-ablated mice (9.86 0.4 vs 9.56 0.3mg/kg BW; t(22) =
0.702, p. 0.05) or uterine weight in control versus RFRP-ablated
mice (4.86 1.2 vs 2.76 0.02mg/kg BW; t(16) = 1.555, p. 0.05).

We were next interested in determining whether RFRP neu-
rons are critical mediators of stress-induced suppression of LH
pulsatility. LH concentration and pulsatility were monitored in

Figure 3. RFRP-hM3Dq neuronal activation stimulates corticosterone release. A, In response to an acute p.o. dose of CNO (5 mg/kg), male mice exhibited a significant increase in circulating
corticosterone levels (n= 7-10 mice per group; unpaired t test, p, 0.0001). B, In response to an acute subcutaneous injection of CNO (1-2mg/kg), male mice exhibited a dose-responsive
increase in circulating corticosterone levels (n= 5-10 mice per group; one-way ANOVA with Holm-Sidak’s multiple comparisons test, p= 0.073, p, 0.0001 compared with vehicle-treated con-
trols). Data are mean6 SEM. The data for the two CNO doses in B were obtained in different runs, and the vehicle control data for these runs pooled. Blood samples were collected 90min af-
ter CNO administration.
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control and RFRP-ablated mice during a 90min baseline period,
30min restraint stress, and 45min post-stress period. Females
exhibited a significant interaction (group � time) in LH concen-
tration (F(2,24) = 5.6, p=0.010) and LH pulsatility (F(2,24) = 3.6,
p=0.042). Post hoc testing revealed that control mice exhibited a
trend toward a stress-induced suppression of LH concentration

compared with the pre-stress period (t(24) = 1.197, p=0.074),
which became significant (t(24) = 4.199, p = 0.001) compared
with the post-stress condition. Furthermore, they exhibited a
stress-induced suppression of LH pulse frequency compared with
the pre-stress (z(24) = 2.405, p=0.048) and post-stress condition
(z(24) = 3.207, p=0.004) (Fig. 6A–C). In marked contrast, RFRP-

Figure 4. RFRP-hM3Dq neuronal activation delays male puberty onset and extends female cycle length. When chronically treated with CNO in their drinking water (0.025 mg/ml p.o.) for
7 d from PND 26-35, (A) male RFRP-hM3Dq mice (n= 12) exhibited a significant delay in the age of preputial separation compared with control mice (n= 19) (unpaired t test, p= 0.003). B,
No differences in the age of first estrus were observed between female RFRP-hM3Dq (n= 22) and control (n= 20) mice (unpaired t test, p= 0.481), however; (C) RFRP-hM3Dq mice (n= 11)
spent significantly longer in met/diestrus than control mice (n= 14) (two-way ANOVA with Holm-Sidak’s multiple comparisons test, p= 0.047) and therefore (D) had significantly longer cycle
lengths (unpaired t test, p= 0.038) during another 7 d of postpubertal CNO treatment and cycle monitoring. Representative estrous cycles for a control (E) and RFRP-hM3Dq (F) female over
the 14 d monitoring period, with the 7 d period of CNO treatment represented by gray shading. No differences were observed in fertility in (G) male or (H) female RFRP-hM3Dq mice compared
with controls in response to another 7 d CNO treatment (n= 10-16 per group). Data are mean6 SEM.
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ablated females did not exhibit any stress-induced reduction in ei-
ther LH concentration (vs pre-stress: t(24) = 2.154, p=0.089; vs post-
stress: t(24) = 0.144, p = 0.886) or LH pulse frequency (vs pre-
stress: z(24) = 0.534, p. 0.999; vs post-stress: z(24) = 0.134,
p. 0.999) (Fig. 6A,B,D). During the restraint period, LH con-
centration was significantly lower in control females than in
RFRP-ablated mice (t(36) = 4.486, p=0.0002). Similarly, control
male mice (t(24) = 6.645, p, 0.0001), but not RFRP-ablated mice
(t(24) = 1.750, p=0.253), exhibited the expected stress-induced sup-
pression in LH concentration compared with the pre-stress condi-
tion (Fig. 6E). However, neither control (z(24) = 1.336, p=0.544) nor
RFRP-ablated (z(24) = 0.802, p. 0.999) male mice exhibited a signifi-
cant reduction in LH pulse frequency in response to acute restraint
stress compared with the pre-stress condition (Fig. 6F-H). When
compared across groups over all time periods, mean LH concentra-
tion was significantly lower in the RFRP-ablated male mice (main
treatment group effect: F(1,12) =46.39, p, 0.0001). No such differen-
ces were seen in females, or for pulse frequency in either sex.

Validation of RFRP-hM4Di mice
We used dual-label immunohistochemistry for RFRP-3 and FRA
to confirm that an injection of CNO reduced the activity of RFRP
neurons. As seen in Figure 7A-D, a significant decrease in RFRP1
FRA coexpression was observed in CNO 1 corticosterone-treated
RFRP-hM4Di mice compared with CNO 1 corticosterone-treated
control mice (males: t(17) = 5.838, p, 0.0001; females: t(18) = 4.197,
p=0.002). Furthermore, CNO 1 corticosterone-treated RFRP-
hM4Di male mice also showed a significant decrease in RFRP 1
FRA coexpression compared with control mice that were not
treated with corticosterone (t(17) = 2.309, p=0.034).

Modulation of glucocorticoid-induced suppression pulsatile
LH secretion by RFRP neuronal silencing
Since chronic glucocorticoid treatment is able to disrupt LH
pulses in female mice (Kreisman et al., 2020), we next sought to

determine whether acute silencing of RFRP neurons could over-
come chronic glucocorticoid-induced LH pulse suppression. As
seen in Figure 7E, F, the corticosteroid implants produced a cir-
culating corticosterone concentration of 610.4 6 18.5 ng/ml and
450.1 6 17.3 ng/ml in males and females, respectively, after 4 d
of implant insertion (nonimplanted male and female mice had a
circulating corticosterone concentration of 65.5 6 1.1 ng/ml and
80.4 6 14.4 ng/ml, respectively). As expected, control females
exhibited a significant corticosterone-induced suppression of LH
concentration (t(15) = 4.132, p=0.002) and LH pulse frequency
(t(15) = 8.475, p, 0.0001) (Fig. 8A-D). In contrast to this, but in
striking similarity to restraint-stressed RFRP-ablated females,
RFRP-hM4Di females did not exhibit any reduction in either LH
concentration (t(15) = 0.125, p= 0.902) or LH pulse frequency
(t(15) = 1.648, p= 0.120) in response to corticosterone (Fig. 8A,B,
E,F). Unlike females, both control and RFRP-hM4Di male mice
exhibited a significant corticosterone-induced suppression of LH
concentration (controls: t(13) = 2.176, p= 0.049; RFRP-hM4Di:
t(13) = 2.541, p= 0.049) and pulse frequency (controls: t(13) =
2.788, p=0.030; RFRP-hM4Di: t(13) = 2.438, p=0.030) (Fig. 9A-F).

Discussion
The ability of RFRP neurons to modulate stress and reproductive
outcomes remains unclear, since animal models that enable ex-
perimental manipulation of their activity have not previously
been developed. Here we describe new acute and chronic mouse
models of RFRP neuronal activation, silencing and ablation,
which we have used to clarify these roles. We first characterized
and validated a novel RFRP-Cre mouse, in which endogenous
RFRP-3 protein was closely coexpressed with Cre-driven GFP
immunolabeling. The RFRP-Cre mouse allowed us to investigate,
for the first time, the reproductive and stress response effects of
stimulating, silencing, and ablating RFRP neurons.

Figure 5. RFRP-ablated mice exhibit a complete loss of RFRP-3 immunolabeling. A, Diphtheria toxin-treated female and male RFRP-ablated mice do not exhibit any RFRP-3-immunoreactive
cells in the dorsomedial nucleus, (B) yet maintain normal TH immunoreactivity in the adjacent zona incerta/A13 dopamine population (n= 7-9 per group). C, D, In response to an acute
restraint stress, all mice exhibited a significant increase in circulating corticosterone concentration (two-way ANOVA, p, 0.001) without any differences observed between male or female
RFRP-ablated and control mice (Holm-Sidak’s multiple comparisons test, p. 0.05; n= 7-9 per group). Data are mean6 SEM. 3V, Third ventricle.
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The declining pattern of Rfrp mRNA expression during the
postnatal/prepubertal developmental period raises the possibility
that RFRP neurons may play a role in the mechanism that
restrains activation of the reproductive axis before puberty
(Poling et al., 2012). Therefore, we hypothesized that chronically
activating RFRP neurons during the prepubertal/peripubertal

window would cause a delay in puberty onset. In support of this
hypothesis, we show that chronic activation of RFRP neurons
causes a delay in male puberty onset. However, we saw no differ-
ence in the age of first estrus between control and RFRP-hM3Dq
mice, although both Rfrp expression and Rfrp 1 c-Fos coexpres-
sion decrease significantly in female mice during the prepubertal

Figure 6. RFRP neuronal ablation prevents acute stress-induced LH suppression. A, B, In response to a 30min restraint stress, female control mice, but not RFRP-ablated mice, exhibited a
strong trend toward stress-induced suppression in average circulating LH concentration (p= 0.074 vs the 90min pre-restraint period, and p= 0.001 vs the 45min post-restraint period) and a
significant suppression in LH pulse frequency (p= 0.048 vs the pre-restraint period, and 0.004 vs the post-restraint period) (n= 7 per group). During restraint, LH concentration was significantly
lower in control females than in RFRP-ablated mice (p= 0.0002). C, D, Representative examples of LH profiles in a control and RFRP-ablated female mouse. Gray shaded bars represent the
30min restraint stress. E, Control male mice exhibited a significant stress-induced suppression in basal LH (p, 0.0001) that was not observed in RFRP-ablated mice (p= 0.072), yet (F) neither
control nor RFRP-ablated male mice showed a stress-induced change in LH pulse frequency (n= 7 per group). G, H, Representative examples of LH profiles in a control and RFRP-ablated male
mouse. Two-way ANOVA and Holm-Sidak’s multiple comparisons tests were used for analysis of LH concentration, while effects of restraint stress on LH pulse frequency were analyzed using
the Friedman test followed by Dunn’s multiple comparison test. Data are mean6 SEM. Black circles represent pulse peaks.
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stage (Poling et al., 2012). In general agreement with this male-
specific puberty effect, mice that were null for the RFRP-3 recep-
tor, GPR147, displayed a male-specific elevation of LH levels
before and during puberty (León et al., 2014), suggesting that
males might be more sensitive to this neuropeptide at this time.
Chronic activation of RFRP neurons does appear to prolong
estrous cyclicity, without significantly impacting fertility in either
sex. RFRP neuronal activation decreases at the time of the preo-
vulatory LH surge (Gibson et al., 2008; Semaan and Kauffman,
2015), suggesting that endogenous RFRP tone plays a role in
controlling the time of the surge. At other times of the

reproductive cycle, a high RFRP tone may have a minimal effect
on the already low gonadotrophin output (Ancel et al., 2017),
which is restrained by steroid negative feedback. Therefore, acti-
vating the RFRP neurons even further during the peripubertal
period may not have a significant impact on the timing of female
puberty, but may instead subtly influence the timing and magni-
tude of the LH surge. Furthermore, it is likely that the over-
whelming reproductive drive supplied by the pubertal
maturation of kisspeptin neurons overpowers the inhibitory
effects of RFRP activation. Last, the magnitude of CNO-induced
RFRP neuronal activation relative to physiological norms is

Figure 7. RFRP silencing reduces corticosterone-induced RFRP neuronal activity. A, In male mice treated with subcutaneous corticosterone implants for 4-6 d, neuronal silencing (induced
with 2 mg/kg CNO 90min before perfusion) reduced RFRP1FRA coexpression in RFRP-hM4Di mice relative to controls (p, 0.0001). RFRP1FRA coexpression was also reduced relative to a
separate cohort of mice with no corticosterone implants (p= 0.034) (n= 6 or 7 mice per group). B, In female corticosterone-implanted mice, neuronal silencing with CNO reduced RFRP1FRA
coexpression in RFRP-hM4Di mice relative to controls (p, 0.002). RFRP1FRA coexpression trended toward being reduced relative to a separate cohort of mice with no corticosterone implants
(p= 0.073) (n= 6-9 mice per group). One-way ANOVA and Holm-Sidak’s multiple comparisons tests were used to analyze coexpression data. C, D, Representative examples of RFRP-31FRA
immunohistochemical colocalization (black arrow) and RFRP neurons not colocalized with FRA (red arrow) in the dorsomedial nucleus. E, F, All male and female mice showed a significant
increase in serum corticosterone concentration 3-5 d after receiving corticosterone implants compared with basal levels (p, 0.0001). Data are mean 6 SEM. Two-way ANOVA and Holm-
Sidak’s multiple comparisons tests were used for all corticosterone analyses. Scale bar, 50mm.
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unknown; it may have been excessive for males but moderate
(compared with normal cyclic fluctuations) in females.
Nevertheless, these data show, for the first time, that RFRP neu-
rons are able to balance reproductive drive, at least in some situa-
tions and in a sex-specific manner.

The HPA axis is governed by CRH neurons in the hypothala-
mic PVN. CRH stimulates the release of adrenocorticotropic
hormone from the anterior pituitary gland, which in turn

stimulates the production of adrenal glucocorticoids (Vale et al.,
1981). The afferent inputs that modulate CRH neuronal activity
are poorly characterized, but the dense expression of GPR147 in
the PVN and projections of RFRP-3 fibers to this region high-
light RFRP neurons as a possible modulatory input (Rizwan et
al., 2012). We have previously shown that central RFRP-3 infu-
sion activates the HPA axis and causes the release of corticoster-
one in mice (Kim et al., 2015), and the current data build on this

A B

C D

E F

Figure 8. RFRP neuronal silencing prevents acute glucocorticoid-induced LH suppression in females. A, B, In response to at least 4 d of corticosterone treatment, female control mice, but
not RFRP-hM4Di mice, exhibited a significant suppression in average circulating LH concentration (p= 0.0018) and LH pulse frequency (p, 0.0001) (n= 8 or 9 per group). Two-way ANOVA
and Holm-Sidak’s multiple comparisons tests were used for all analyses of LH data. C–F, Representative examples of LH profiles in control and RFRP-hM4Di female mice under basal conditions
and in response to corticosterone treatment. Data are mean6 SEM. Black circles represent pulse peaks. CNO (2 mg/kg s.c.) was injected 30 min before the beginning of LH pulse sampling.
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by demonstrating in RFRP-hM3Dq mice that acute activation of
RFRP neurons causes a pronounced, dose-responsive release of
corticosterone. This effect was pronounced under experimental
conditions that were completely free of the confounding effects
of handling stress. This proposed action of RFRP-3 on the HPA
axis at the level of the PVN was further supported by the induc-
tion of cFos in this region in response to RFRP neuronal activa-
tion. Whether or not endogenous RFRP neuronal activation is
also able to induce affective states associated with HPA axis
hyperactivation, such as anxiety, as has been shown in response
to central RFRP-3 infusions (Kim et al., 2015), remains to be
tested. Nevertheless, our data suggest that RFRP-3 may be a part
of a positive feedback loop whereby stress activates the release of
RFRP-3, which in turn further activates the HPA axis.

Although chronic activation of RFRP neurons does not
appear to act as a strong “brake” on fertility under normal condi-
tions, RFRP neurons have been proposed to play a key modula-
tory role in certain situations, such as during times of stress
(Kirby et al., 2009) when reproductive function is often thought
to be impaired. Empirical evidence linking stress and human fer-
tility is very limited, but perceived psychological distress and lev-
els of the salivary stress biomarker a-amylase have been
negatively associated with female fecundity (Hjollund et al.,
1999; Louis et al., 2011) and in vitro fertilization outcomes
(Klonoff-Cohen et al., 2001). In female (Yang et al., 2017) and
male (Yang et al., 2018) mice, psychosocial stress significantly
reduced LH pulsatility and basal LH levels while concomitantly
increasing Rfrp expression and Rfrp 1 cfos coexpression.

Figure 9. RFRP neuronal silencing does not prevent acute glucocorticoid-induced suppression of LH pulsatility in males. A, In response to 4 d of corticosterone treatment, male control mice
and RFRP-hM4Di mice (n= 7 or 8 per group) both exhibited a significant suppression in average circulating LH concentration (p= 0.049). B, Similarly, male control and RFRP-hM4Di mice both
exhibited a significant suppression in LH pulse frequency (p= 0.030). Data are mean6 SEM. Two-way ANOVA and Holm-Sidak’s multiple comparisons tests were used for all analyses of LH
data. C–F, Representative examples of LH profiles in control and RFRP-hM4Di male mice under basal conditions and in response to corticosterone treatment. Black circles represent pulse peaks.
CNO (2 mg/kg s.c.) was injected 30 min before the beginning of LH pulse sampling.
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Therefore, it may be that stress-induced RFRP activity acts in
concert with other stress-induced neuropeptides and hor-
mones, such as CRH and glucocorticoids, to dampen the HPG
axis. To test whether RFRP neurons play a critical role in the
mechanism whereby acute stress suppresses LH pulsatility, we
generated RFRP-ablated mice and subjected them to an acute
restraint stress. Remarkably, we demonstrate that female RFRP-
ablated mice did not exhibit the stress-induced reduction in ei-
ther LH concentration or pulse frequency that is observed in
control mice. These data demonstrate that RFRP neurons play
a critical role in mediating stress-induced LH suppression.

Interestingly, circulating LH concentration in males, but not
females, was lower in RFRP-ablated mice compared with con-
trols. While the significance of this is unclear, it is interesting to
note that male-specific stimulation of LH secretion in response
to infusion of RFRP-3 has been noted in hamsters (Ancel et al.,
2012; Ubuka et al., 2012) and mice (Ancel et al., 2017), so lack of
RFRP signaling could potentially reduce LH concentration.
Nevertheless, seminal vesicle mass was not affected by RFRP
neuronal ablation, implying that circulating androgen levels and
therefore HPG axis function were within the normal range.

It remains unclear from this experiment whether RFRP neu-
rons suppress reproductive function in direct response to the
stressor or indirectly in response to HPA axis-induced glucocor-
ticoid secretion. It should be noted that the period of restraint
was limited to 30min, and stress-induced glucocorticoid release
probably only began to occur toward the end of this brief time
period (Yang et al., 2018). Therefore, RFRP neurons may activate
in direct response to the stressor and interact with GnRH neu-
rons to suppress pulse frequency independently of glucocorticoid
levels, on a time scale of minutes. The rapid activation of RFRP
neurons in response to restraint stress (Yang et al., 2018), pres-
ence of Gpr147mRNA and contacts by RFRP neuronal processes
on GnRH neurons (Rizwan et al., 2012), as well as responsiveness
of GnRH neuronal firing frequency to RFRP-3 (Ducret et al.,
2009) are consistent with this. On the other hand, RFRP neuro-
nal activation (FRA colabeling) in response to corticosterone
treatment (present results), glucocorticoid receptor presence on
RFRP neurons and a requirement of the adrenal glands for
chronic stress-induced Rfrp mRNA elevation (Kirby et al., 2009)
all provide support for an indirect effect that occurs via HPA
axis-induced glucocorticoid secretion. Both pathways seem likely
to occur, with the direct RFRP response rapidly inhibiting
GnRH/LH pulses and glucocorticoid-mediated effects prolong-
ing and amplifying the response.

In order to provide further support for the requirement of
RFRP neuronal activity for stress-induced HPG axis suppression,
while focusing specifically on glucocorticoid-induced suppres-
sion, we next investigated whether silencing RFRP neuronal ac-
tivity during chronic glucocorticoid treatment restores HPG
axis function. We first demonstrated that chronic glucocorti-
coid treatment caused a significant increase in cFos/FRA in
RFRP neurons, and suppression of these levels in mice, which
had a few hours of RFRP silencing before perfusion. These data
reinforce previous studies showing that FRA expression can
reliably be used as a marker of baseline neuronal activity (e.g.,
Lehman et al., 1996; Szawka et al., 2010). We next demon-
strated that, as expected (Kreisman et al., 2020), in both male
and female control mice, chronic glucocorticoid treatment
caused a significant suppression of both LH concentration and
LH pulsatility. Remarkably, female RFRP-hM4Di mice did not
exhibit glucocorticoid-induced suppression of LH concentra-
tion or LH pulsatility. In contrast, male RFRP-hM4Di mice did

show a significant suppression in LH concentration and pul-
satility in response to glucocorticoid treatment. These data
highlight the requirement of RFRP neurons in mediating
glucocorticoid-induced HPG axis suppression (which is a
common feature of the two stress paradigms we used), and
suggest that this effect is most evident in females. It should
also be noted that one other study has demonstrated a compara-
ble requirement of Rfrp gene expression for stress-induced fertility
suppression, also in female rodents (Geraghty et al., 2015). The
fact that ablation or silencing of RFRP neurons overcame the
effects of multiple models of stress in female mice greatly strength-
ens the case for a critical, sex-specific role of these neurons. The
reason that this role of RFRP neurons is more evident in females
is currently unknown, but it is noteworthy that estrogens are able
to influence both RFRP and CRH neurons directly via estrogen re-
ceptor isoforms, whereas neither of these cell types expresses
androgen receptors (Handa et al., 2009; Poling et al., 2012).

In conclusion, our data demonstrate that chronic RFRP neu-
ronal activation can independently influence estrous cyclicity
and male puberty onset, without significantly affecting fertility
under normal conditions. However, we show that RFRP neurons
do appear to be an essential component for stress-induced female
reproductive hormone suppression. Our results build on previ-
ous findings that RFRP neurons are activated in response to
stressful situations (Kirby et al., 2009; Yang et al., 2018) by dem-
onstrating that RFRP neurons are indeed required for both acute
restraint stress- and chronic glucocorticoid-induced HPG axis
suppression. Whether they play a similar role for other types of
stress-induced HPG axis suppression (e.g., immune stress, which
is not glucocorticoid-dependent) (Debus et al., 2002) remains to
be tested. Additionally, our data show that RFRP neuronal acti-
vation causes further HPA activation and glucocorticoid release,
thereby demonstrating that a positive feedback loop exists
whereby stressful stimuli activate RFRP neurons, which in turn
cause further activation of the HPA axis.
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