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Abstract 28 
RF-amide related peptide 3 (RFRP-3) is a neuropeptide thought to inhibit central regulation of 29 

fertility. We investigated whether alterations in RFRP neuronal activity led to changes in puberty 30 

onset, fertility and stress responses, including stress and glucocorticoid-induced suppression of 31 

pulsatile luteinizing hormone secretion. We first validated a novel RFRP-Cre mouse line which we 32 

then used in combination with Cre-dependent neuronal ablation and DREADD technology to 33 

selectively ablate, stimulate and inhibit RFRP neurons in order to interrogate their physiological roles 34 

in the regulation of fertility and stress responses. Chronic RFRP neuronal activation delayed male 35 

puberty onset and female reproductive cycle progression, but RFRP-activated and ablated mice 36 

exhibited apparently normal fertility. When subjected to either restraint- or glucocorticoid-induced 37 

stress paradigms. however, we observed a critical sex-specific role for RFRP neurons in mediating 38 

acute and chronic stress-induced reproductive suppression. Female mice exhibiting RFRP neuron 39 

ablation or silencing did not exhibit the stress-induced suppression in pulsatile luteinizing hormone 40 

secretion observed in control mice. Furthermore, RFRP neuronal activation markedly stimulated 41 

glucocorticoid secretion, demonstrating a feedback loop whereby stressful stimuli activate RFRP 42 

neurons, which in turn further activate of the stress axis. These data provide evidence for a neuronal 43 

link between the stress and reproductive axes.    44 

 45 

Significance statement 46 
The neuronal pathways whereby psychosocial stress leads to suppression of reproduction 47 

remain poorly understood, however the neurons that drive the reproductive axis are thought to be 48 

indirectly influenced by stress steroids and neuropeptides in a sex-specific manner. We used in vivo 49 

testing in combination with Cre-dependent neuronal ablation and DREADD technology to 50 

demonstrate a physiological necessity of hypothalamic RFRP neurons as mediators of stress-induced 51 

suppression of pulsatile reproductive hormone secretion. This effect was specific to females. We also 52 

reveal a causative link between RFRP neuronal function and the hormonal stress axis. Our findings 53 

suggest that pharmacological blockade of the receptors acted on by RFRP neuronal secretions could 54 

be used to overcome clinical infertility associated with stress or affective disorders.  55 
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Introduction 57 
Reproductive function is regulated by the hypothalamo-pituitary-gonadal (HPG) hormonal axis. 58 

Hypothalamic gonadotropin-releasing hormone (GnRH) neurons are the cumulative endpoint of 59 

inputs from a complex afferent neuronal system that integrates appropriate inhibitory and stimulatory 60 

signals to maintain optimal pituitary gonadotrophin (LH and FSH) secretion and reproductive 61 

function. Estrogens are the primary feedback signal to this neuronal network from the gonads, but 62 

other reproductive modulators also transmit key information centrally to regulate the HPG axis. For 63 

example, it is well established that both acute and chronic stress influence fertility, almost always 64 

negatively, in humans and animals (Ferin, 1999; Geraghty and Kaufer, 2015), although empirical 65 

clinical evidence for this is scarce. While acute stress responses may serve to delay reproduction until 66 

a more appropriate time, chronic stress exposure may lead to persistent infertility. Stress-induced 67 

reproductive dysfunction is often associated with increased activation of the hypothalamic-pituitary-68 

adrenal (HPA) axis and sustained glucocorticoid release, yet the precise mechanism(s) whereby 69 

increased glucocorticoid levels suppress GnRH/LH secretion remain to be fully elucidated.  70 

GnRH neurons themselves do not appear to be major targets of either corticotropin-releasing 71 

hormone (CRH; the neuropeptide governing the HPA axis) or glucocorticoids, as only a small fraction 72 

of GnRH cells contain CRH (Jasoni et al., 2005) or glucocorticoid receptors (Dufourny and Skinner, 73 

2002). RFamide-related peptide-3 (RFRP-3) is a peptide secreted by RFRP neurons that project from 74 

the rodent dorsomedial hypothalamus (DMH), and is mostly (but not exclusively) inhibitory to GnRH 75 

activity (Ducret et al., 2009; Rizwan et al., 2009; Wu et al., 2009; Ancel et al., 2017). Interestingly, 76 

acute restraint stress was shown to suppress LH pulsatility while concomitantly increasing RFRP 77 

neuronal activation in male mice (Yang et al., 2018), and the activity of RFRP neurons was also 78 

upregulated by restraint stress in male rats (Kirby et al., 2009), suggesting RFRP neurons may play a 79 

role in mediating the suppressive effects of stress on the HPG axis. Furthermore, around half of RFRP 80 

neurons express glucocorticoid receptors, and the effect of restraint stress on Rfrp gene expression 81 

was blocked by adrenalectomy (Kirby et al., 2009), suggesting that adrenal glucocorticoids activate 82 

RFRP neurons in stressful situations. Together with the established role of RFRP-3 in reproductive 83 

suppression, these findings position RFRP neurons as possible mediators of stress-induced 84 
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suppression of the HPG axis, either by acting as conduits for glucocorticoid signals or by directly 85 

responding to stressful situations.  86 

In the present study, we first validated and characterized a novel RFRP-Cre mouse line, which 87 

we then used to investigate the stress and reproductive effects of both stimulating and silencing RFRP 88 

neurons in vivo. We did this by generating male and female mice expressing RFRP-specific excitatory 89 

or inhibitory DREADDs (designer receptor exclusively activated by designer drugs) and also by 90 

ablating RFRP neurons using specifically targeted diphtheria toxin treatment. We then characterized 91 

different parameters of the stress and reproductive axes in response to acute and/or chronic RFRP 92 

neuronal activation to determine whether RFRP neurons play a key modulatory role on either axis. 93 

The effects of an acute restraint stress or chronic corticosterone exposure on LH pulsatility were 94 

examined in RFRP neuron-silenced or -ablated mice, while acute RFRP neuronal activation was used 95 

to test whether these neurons drive the HPA axis. The results highlight the importance of RFRP 96 

neurons for appropriate modulation of both the HPG and HPA axes functionality. 97 

98 
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Methods 99 
 100 
Animals 101 

All mice were obtained from the University of Otago animal breeding facility. They were group 102 

housed in individually ventilated cages and maintained on a 12 h:12 h light:dark cycle (lights on at 103 

0600 h) at a constant temperature (21±1 oC), with ad libitum access to food and water. All mouse 104 

lines used were of C57BL/6 background strain. For hormonal sampling experiments, all mice were 105 

habituated to the handling daily for at least one week prior to blood collection, and for LH sampling 106 

female mice were sampled on the day of diestrus of the reproductive cycle (determined by daily 107 

vaginal cytology). Samples were collected in the morning (first half of the light phase), except 108 

following acute oral clozapine-n-oxide (CNO) administration, where the drug was fed at the 109 

beginning of the dark phase to encourage immediate consumption. The University of Otago Animal 110 

Ethics Committee approved all animal protocols.  111 

Generation of RFRP-Cre mouse 112 
Rfrp-IRES-Cre conditional knock-in mice were generated using homologous recombination in 113 

mouse embryonic stem cells (Beglopoulos and Shen, 2004) by Ozgene (Western Australia), so that 114 

the knock-in allele produced a bicistronic Npvf (the gene encoding RFRP peptides) and Cre mRNA. 115 

The targeting vector consisted of 5' and 3' arms (~4 and ~6 kb in length respectively) of sequence 116 

homologous to the Npvf gene, an internal ribosomal entry sequence (IRES) linked to Cre recombinase 117 

and a FRT-flanked neomycin resistance gene. The IRES and Cre sequence was targeted into the 3’ 118 

untranslated region immediately downstream of the termination codon within the Npvf gene (NCBI 119 

database Gene ID: 60531; Ensembl gene report ID: ENSMUSG00000029831) (Figure 1A). Correct 120 

targeting of the IRES-Cre was confirmed by Southern blotting using 5′- and 3′-probes located outside 121 

the targeting vector. DNA was extracted using lysis buffer containing proteinase K. Following 122 

extraction, genomic DNA was digested overnight with ScaI and run on an agarose gel, transferred to a 123 

nylon membrane by capillary transfer and screened by hybridization of a probe complementary to 124 

sequences located on the 5’ homology arm of the targeting construct. Probe hybridization produced a 125 

18.8 kb band from the wildtype allele, while the correctly targeted allele generates a 9.0 kb band 126 

(Figure 1B). Completed constructs were electroporated into Bruce4 C57BL/6 embryonic stem cells, 127 
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and then chimeric mice were generated using blastocyst manipulation techniques. Chimeric mice 128 

were bred to C57BL/6 mice to identify germ-line transmission of the targeted gene, and then FLPe-129 

deleter mice used to remove the FRT-flanked neomycin selection cassette. FLP-mediated excision of 130 

the selection cassette was verified by PCR analysis (Figure 1C).  131 

Validation of RFRP-Cre mouse 132 
To confirm Cre expression was targeted appropriately to RFRP cells, homozygous Rfrp-IRES-133 

Cre mice were crossed with homozygous Cre-dependent Tau-GFP (ROSA26-CAGS-τGFP; Mayer et 134 

al., 2010) ‘reporter’ mice to generate mice exhibiting endogenous tau-GFP exclusively in Cre-135 

expressing cells.  136 

Endogenous tau-GFP-expressing cells were then compared to RFRP-3-expressing cells using 137 

immunohistochemistry. To this end, male and female RFRP-tau-GFP mice (n=6 per group) were 138 

anaesthetized with 250 mg/kg sodium pentobarbital and perfused through the heart with 4% 139 

paraformaldehyde in 0.1 M phosphate buffered saline (pH 7.4). Brains were removed, postfixed in 140 

paraformaldehyde and cryoprotected in 30% sucrose solution. Coronal (30 m thick) sections from 141 

the DMH were cut from each brain on a sliding microtome with a freezing stage to provide three sets 142 

of consecutive sections (90 m apart). One series of brain tissue from each animal was then used to 143 

dual-label for GFP- and RFRP-3-immunoreactive cells using fluorescent immunohistochemistry. 144 

Generation and validation of RFRP-hM3Dq knock-in mice 145 
We crossed RFRP-Cre mice with Cre-dependent hM3Dq DREADD mice (hM3Dq-DREADD 146 

mice, Jax strain 026220) to generate mice with RFRP-dependent expression of the activating hM3Dq 147 

receptor. Following Cre-mediated removal of the polyA STOP cassette, expression of hM3Dq, a 148 

yellow fluorescent reporter protein (mCitrine) and hemagglutinin (HA) is observed. Binding of the 149 

hM3Dq receptor by the synthetic molecule clozapine-N-oxide (CNO) induces the canonical 150 

Gq pathway; leading to RFRP neuronal activity/neuronal firing. Offspring expressing both an RFRP-151 

Cre and an hM3Dq-DREADD allele became the ‘knock-in’ treatment (RFRP-hM3Dq) mice, while 152 

Cre-positive, hM3Dq-DREADD-negative (males, n=8; females, n=6) and Cre-negative, hM3Dq-153 

DREADD-positive (males, n=11; females, n=14) mice were used as control animals.   154 
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To confirm RFRP neuron-specific expression of hM3Dq receptors in RFRP-hM3Dq mice, dual 155 

label fluorescence immunohistochemistry for RFRP-3 and GFP (to label citrine) was performed in the 156 

DMH of male and female RFRP-hM3Dq and control mice. To confirm that CNO was able to activate 157 

RFRP neurons, cFos was colocalised with either RFRP-3 or HA using chromagenic dual label 158 

immunohistochemistry in RFRP-hM3Dq and control mice perfused 1 h after treatment with CNO 159 

(1 mg/kg s.c.).  160 

Stimulation of glucocorticoid secretion by acute RFRP neuronal activation 161 
Male RFRP-hM3Dq or control mice were acutely treated with CNO (either 1-2 mg/kg s.c. or 5 162 

mg/kg p.o.) to investigate the effects of RFRP neuronal activation on corticosterone release, as central 163 

RFRP-3 injections have been shown to stimulate corticosterone release (Kim et al, 2015). The oral 164 

route was designed to eliminate handling stress which can mask treatment effects on circulating 165 

glucocorticoid levels, even in habituated mice. For this, the mice were individually housed and trained 166 

to eat a bolus of hazelnut spread (Nutella) within 1 minute. On the day of the experiment, they were 167 

given CNO either p.o. in 20 mg Nutella or s.c. in 0.2 mL saline, and a single tail-tip blood sample 168 

(~25 L) collected after 90 min using a heparinized capillary tube. Plasma was harvested and stored 169 

at -20 °C for corticosterone analysis. 170 

Reproductive effects of chronic RFRP neuronal activation 171 
To determine the effects of RFRP-3 neuronal activation on puberty onset, male and female 172 

RFRP-hM3Dq or control mice were chronically treated with CNO in their drinking water 173 

(0.025 mg/mL p.o., which equates to approximately 0.125 mg CNO daily) from post-natal day (PND) 174 

26-35. Age at vaginal opening and first estrus were used as markers of puberty onset in females, and 175 

puberty onset in males was determined as the age that preputial separation occurred.  176 

To determine the impact of chronic RFRP-3 neuronal activation on the age that males became 177 

reproductively competent, male mice were again treated with CNO in their drinking water from PND 178 

43-52 and paired with a reproductively experienced wild-type female and the age of the first 179 

successful mating was determined based on the date of the first litter, assuming a gestation of 20 days.  180 
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To determine the impact of chronic RFRP-3 neuronal activation on estrous cyclicity, 7-week-181 

old female mice were habituated to vaginal smearing for at least one week. After 7 days of daily 182 

vaginal smearing and cycle stage recording under normal conditions, all mice were treated with CNO 183 

in their drinking water (0.025 mg/mL p.o.) for a further seven days, during which period daily vaginal 184 

smearing and cycle stage recording continued. Cycle length was calculated as the number of days 185 

between estrus occurrences (not counting any uninterrupted successive days). Where only one estrus 186 

occurrence was seen during the CNO administration period, an estrus from the day prior was used to 187 

enable calculation of cycle length. In one case where no estrus events occurred during CNO 188 

administration, a cycle length of 7 days was assigned for the purposes of data analysis. 189 

Lastly, to determine the effect of RFRP-3 neuronal activation on female fertility, 10-week-old 190 

mice were treated with CNO in their drinking water for seven days. On day four of CNO treatment, 191 

females were individually paired with sexually mature wild-type males. The time taken to 192 

successfully mate was determined using the date of birth of the first litter assuming a gestation of 20 193 

days. The number of pups per litter was also recorded.  194 

Generation and validation of RFRP-3 neuron-ablated mice 195 
For experiments involving ablation of RFRP neurons, heterozygous Rfrp-IRES-Cre mice were 196 

crossed with mice homozygous for Cre-dependent diphtheria toxin receptor expression 197 

(Gt(ROSA)26Sortm1(HBEGF)Awai/J, The Jackson Laboratory Stock No. 7900) (Buch et al., 2005). In these 198 

mice the gene for simian diphtheria toxin receptor is ubiquitously present, but in normal 199 

circumstances is silenced by an upstream transcriptional blocker sequence that is flanked by two loxP 200 

sites. Cre recombinase in RFRP cells catalyzes loxP recombination, resulting in the excision of the 201 

stop sequence and diphtheria toxin receptor expression exclusively in RFRP neurons. Offspring that 202 

inherited a Rfrp-IRES-Cre allele were used as RFRP ablated experimental animals, and littermates 203 

with wild type RFRP alleles served as controls.  204 

To induce RFRP neuronal ablation, adult mice around 8-10 weeks of age received a single 205 

injection of diphtheria toxin (0.05 mg/kg sc in 200 l saline) and allowed 4 weeks for sufficient 206 

neuronal ablation to take place. This dose was based on a pilot study in which 0.05, 0.1 or 1.5 mg/kg 207 
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sc diphtheria toxin all caused pronounced ablation of RFRP neurons compared to Cre-negative 208 

controls three weeks post-treatment (0.04 ± 0.04 vs. 12.8 ± 1.1 RFRP-3 immunoreactive 209 

neurons/brain section respectively; P < 0.01). Because the highest dose caused some adverse health 210 

effects, we selected the 0.05 mg/kg dose for future experiments.  211 

To confirm successful RFRP-3 neuronal ablation in diptheria toxin-treated RFRP-Cre-positive 212 

mice, chromagen immunohistochemistry for RFRP-3 was performed in 30 μm-thick coronal brain 213 

tissue sections from diptheria-treated Cre-positive and Cre-negative male and female mice (n=7-9 214 

mice per group) that were transcardially perfused with 4% paraformaldehyde, as described previously 215 

(with nickel-enhanced diaminobenzidine labelling). To confirm neuronal ablation was specific to 216 

RFRP-Cre-expressing cells, a second series of brain tissue sections from 5 mice per group was used 217 

for tyrosine hydroxylase (TH) immunohistochemistry to visualize dopaminergic neurons in the zona 218 

inserta (A13 population), which neighbor the RFRP-3 neuronal populations.  219 

Modulation of acute restraint stress effects on glucocorticoid and LH secretion by ablation 220 
of RFRP neurons  221 

To assess HPA activation in response to an acute restrain stress, we measured circulating 222 

glucocorticoid concentrations in tail-tip blood samples that were collected in a heparinised capillary 223 

tube before and immediately after a 30 min restraint stress in a plastic restraint cone (Decapicome; 224 

Braintree Scientific) in both male and female RFRP-ablated and intact mice. Plasma concentrations of 225 

corticosterone were then measured using a commercial ELISA. 226 

To determine whether RFRP neurons play a role in mediating the suppressive effects of acute 227 

restraint stress on LH pulsatility, RFRP-ablated and intact male and female mice were restrained for 228 

30 min in a plastic restraint cone (Decapicone; Braintree Scientific) and LH pulsatility was assessed 229 

before, during and after the restraint from tail tip blood samples (4 μL blood diluted in 50 μL PBS and 230 

immediately frozen on dry ice) taken every 6 minutes, starting 90 min before restraint (baseline, time 231 

0-90), during the 30 min restraint period (time 90-120), and for an additional 45 min post-restraint 232 

(time 120-165). LH blood sampling was performed in the morning, and during diestrus in females. 233 
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Reproductive characterization of RFRP-ablated mice 234 
To determine the impact of RFRP ablation on reproductive parameters, vaginal cytology was 235 

used to monitor estrous cyclicity in RFRP-ablated (n=8) and control (n=10) females, as described 236 

previously. Additionally, at the time of sacrifice, paired seminal vesicle weights were measured in 237 

males (control: n = 11; RFRP-ablated: n = 13) and uterine weights were measured in females (control: 238 

n = 10; RFRP-ablated: n = 8). 239 

Generation and validation of RFRP-hM4Di knock-in mice 240 
We crossed RFRP-Cre mice with Cre-dependent hM4Di DREADD mice (hM4Di-DREADD 241 

mice, Jax strain 026219) to generate mice with RFRP-dependent expression of the silencing hM4Di 242 

receptor. Following Cre-mediated removal of the polyA STOP cassette, expression of hM4Di is 243 

observed. Binding of the hM4Di receptor by CNO induces the canonical Gi pathway; leading to 244 

RFRP silencing of neuronal activity. Offspring expressing both an RFRP-Cre and an hM4Di-245 

DREADD allele became the ‘knock-in’ treatment (RFRP-hM4Di) mice, while Cre-positive, hM4Di-246 

DREADD-negative (males, n=3; females, n=4) and Cre-negative, hM4Di-DREADD-positive (males, 247 

n=5; females, n=4) mice were used as control animals. 248 

To confirm that CNO was able to silence RFRP neurons, dual label immunohistochemistry for 249 

fos-related antigens (FRA, a marker of tonic neuronal activity (Lehman et al., 1996; Szawka et al., 250 

2010)) and RFRP-3 was performed in brain sections from CNO-treated mice. All mice with chronic 251 

corticosterone implants were treated with CNO (2 mg/kg sc) 5 h prior to brain collection.  252 

Modulation of glucocorticoid-induced suppression of pulsatile LH secretion by RFRP 253 
neuronal silencing  254 

The previous experiment demonstrated the role for RFRP neurons in mediating acute stress-255 

induced pulsatile LH suppression. Since stress often leads to elevated circulating glucocorticoid 256 

levels, and this elevation is able to disrupt LH pulses in female mice (Kreisman et al., 2019), we next 257 

sought to determine if RFRP neurons could also mediate chronic glucocorticoid-induced LH pulse 258 

suppression. Furthermore, we tested if acute silencing of RFRP neuronal activity (using hM4Di-259 

induced silencing following CNO injection) would be sufficient to restore normal LH pulsatility in 260 

glucocorticoid-treated mice. For chronic glucocorticoid treatment, corticosterone implants were 261 
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constructed based on a modification of a previously-described design (Luo et al., 2016). Silicone 262 

rubber tubing (50 mm lengths, 2.16 mm outer diameter, filled with silicone rubber adhesive) were 263 

coated with a mixture of molten corticosterone (Santa Cruz Biotechnology, Inc) and cholesterol 264 

(Sigma) (85:15 ratio respectively; ~100 mg of steroid per implant). 265 

Male and female RFRP-hM4Di or control mice were all injected with CNO (2 mg/kg) and then 266 

sampled for LH pulsatility every 6 minutes for 3 h as described previously, beginning 30 minutes 267 

after the CNO injection. After the final sample, all mice were surgically implanted with a chronic 268 

subcutaneous corticosterone implant for at least 4 days (occasionally mice needed to be left 1-2 days 269 

longer so that the subsequent sampling could be conducted during diestrus). They were then injected 270 

with CNO and frequently blood sampled as before in the presence of the corticosterone implant. At 271 

the completion of the second frequent sampling period, they were perfused with 4% 272 

paraformaldehyde for immunohistochemical brain section analysis of RFRP-3 and FRA. LH blood 273 

sampling was performed in the morning, and during diestrus in females. Blood samples were 274 

collected before and 3-5 d after corticosteroid implantation to measure serum corticosterone. 275 

Genotyping 276 
All mice were genotyped from tail tip DNA. The Rfrp-IRES-Cre line was genotyped using 277 

generic Cre primers (forward: 5’-CCT GGA AAA TGC TTC TGT CCG-3’; reverse: 5’-CAG GGT 278 

GTT ATA AGC AAT CCC-3’; annealing temperature 55 °C; product size indicating the Cre allele: 279 

392 bp). Transgenic mice expressing tau-GFP were genotyped using the primers 5’-CGA AGT CGC 280 

TCT GAG TTG TTA TC-3’, 5’-GCA GAT GGA GCG GGA GAA AT-3’ and 5’-GCT CCT ATT 281 

GGC GTT ACT ATG-3’; annealing temperature 50 °C; product size indicating the floxed and wild-282 

types alleles: 400 and 600 bp respectively. hM3Dq-DREADD mice were identified using the 283 

following PCR primer sets and annealing temperatures: flox primers, 5’-AAG GGA GCT GCA GTG 284 

GAG TA-3’ (wild-type forward primer), 5’- CCG AAA ATC TGT GGG AAG TC-3’ (wild-type 285 

reverse primer), 5’- ATG TCT GGA TCC CCA TCA AG-3’ (mutant forward primer) and 5’-GAT 286 

GTT GCC GAT GAT GGT CAC-3’ (mutant reverse primer) ; annealing temperature 55 °C; product 287 

size indicating the floxed and wild-types alleles: 440 and 300 bp respectively. Floxed diphtheria toxin 288 

receptor mice were identified using the following primers, 5’-AAA GTC GCT CTG AGT TGT TAT-289 
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3’ (common forward primer), 5’- GGA GCG GGA GAA ATG GAT ATG-3’ (wild-type reverse 290 

primer) and 5’-CAT CAA GGA AAC CCT GGA CTA CTG-3’ (mutant reverse primer); annealing 291 

temperature 61 °C; product size indicating the floxed and wild-types alleles: 603 and 242 bp 292 

respectively. hM4Di-DREADD mice were identified using the following PCR primer sets and 293 

annealing temperatures: flox primers, 5’- ATG TCT GGA TCC CCA TCA AG -3’ (forward primer), 294 

5’- GAA GGC GCC TAT GAT GAG ATC-3’ (reverse primer); annealing temperature 55 °C; product 295 

size indicating the floxed and wild-types alleles: 440 and 300 bp respectively.  296 

Immunohistochemistry 297 
All immunohistochemistry steps were performed at room temperature unless noted otherwise, 298 

and were separated by 4 washes in 0.05 M Tris-buffered saline (TBS).  All sections were first blocked 299 

in 0.25% bovine serum albumin made up in TBS containing 0.5% Triton-X (TBS-TX-BSA) for 20 300 

minutes. Once stained, the sections were mounted on slides and cover-slipped using Vectashield 301 

mounting medium (Vector Laboratories) (fluorescent labels) or dehydrated and cover-slipped using 302 

DPX mounting medium (immunoperoxidase with diaminobenzidine label). All hypothalamic soma 303 

from at least 4 sections per animal were examined at 200x magnification using an Olympus BX45 304 

microscope. 305 

tau-GFP or mCitrine + RFRP-3, tau-GFP + tyrosine hydroxylase (TH) and tau-GFP + oxytocin dual 306 

immunoflourescence 307 

To dual label for endogenous tau-GFP or mCitrine and RFRP-3, TH or oxytocin, the sections 308 

were incubated for 24-48 hours at 4oC in either polyclonal rabbit anti-sparrow GnIH (an RFRP-3 309 

orthologue) (PAC 123a, kindly provided by Dr George Bentley, University of California, Berkeley; 310 

1:5000 dilution; RRID: AB_2531898) (Tsutsui et al., 2000; Kriegsfeld et al., 2006; Gibson et al., 311 

2008; Henningsen et al., 2016), monoclonal mouse anti-TH (MAB318; Millipore; 1:10,000 dilution; 312 

RRID: AB_2201528) (Witkovsky et al., 2008) or monoclonal mouse anti-oxytocin (clone 4G11, 313 

Millipore MAB5296; 1:5000 dilution; RRID:AB_2157626) (Liu et al., 2002) and chicken anti-GFP 314 

(Aves labs GFP-1010; 1:5000 dilution; RRID: AB_2307313; also labels mCitrine) (Volkmann et al., 315 

2010; Marques-Lopes et al., 2014) in TBS-TX-BSA containing 2% normal goat serum. Sections were 316 



 

 14 

then incubated in Alexa Fluor 568 goat anti-rabbit or anti-mouse IgG (1:500 dilution; Invitrogen, 317 

Thermo Fisher Scientific) and Alexa Fluor 488 goat anti-chicken for 60 min.  318 

RFRP-3 + cFos, RFRP-3+FRA and HA + cFos dual immunoperoxidase 319 

cFos or FRA was colocalised with either RFRP-3 or HA using chromagenic dual label 320 

immunohistochemistry. To label RFRP-3 or HA, sections were incubated in either 1:5,000 rabbit anti-321 

GnIH (PAC123a) or 1:500 rabbit anti-HA-Tag (C29F4) (Cell Signalling #3724; RRID: AB_1549585) 322 

(Kriz et al., 2017) in TBS-TX-BSA containing 2% normal goat serum for 24-48 hours. This was 323 

followed by incubation in 1:1000 biotinylated goat anti-rabbit (Vector Laboratories) for 1 hour, in 324 

Vector Elite avidin-biotin complex (ABC) solution (Vector Laboratories) for 1 hour and in 0.5% 325 

diaminobenzidine and hydrogen peroxide solution (Sigma-Aldrich) for 5-7 minutes until a light 326 

brown stain was visible. Sections were then co-labeled with either 1:5000 rabbit anti-cFos (Santa 327 

Cruz Biotechnology sc-52; RRID: AB_2106783) (Howorth et al., 2009) or 1:2000 rabbit anti-FRA 328 

(Santa Cruz Biotechnology K-25; RRID:AB_2231996) (Spirovski et al., 2012) for 24-48 h. The cFos 329 

labelling was then directly revealed using horseradish peroxidase-conjugated goat anti-rabbit IgG 330 

(1:500; Dako Corporation) and nickel-enhanced diaminobenzidine and hydrogen peroxide solution 331 

until a blue–black nuclear staining was observed. 332 

Tyrosine hydroxylase (TH) single label immunoperoxidase 333 

The same protocol for RFRP-3 immunohistochemistry was used to stain for TH, however the 334 

primary antibody used was mouse anti-TH (MAB318; 1:10,000 dilution), and the secondary antibody 335 

used was biotinylated goat anti-mouse (Vector Laboratories; 1:1000). 336 

Hormone assays and pulse analysis 337 

Luteinizing hormone 338 

Whole blood LH concentrations were assessed in unicate 50 L aliquots using a sensitive in-339 

house sandwich ELISA, as previously described (Steyn et al., 2013). The assay sensitivity averaged 340 

0.1 ng/ml, and the inter- and intra-assay coefficients of variation were < 10%. The diluted blood 341 

samples were snap frozen on dry ice and at the end of the experiment, they were stored in -20°C 342 
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freezer. Basic criteria for identifying a pulse were: (i) peaks of pulses must exceed both the preceding 343 

and following nadir concentrations (except where a clear peak was evident at the first sample, which 344 

were included to avoid pulse frequency under-estimation); (ii) a pulse must peak within two samples 345 

of the preceding nadir, and (iii) the amplitude (peak concentration minus preceding nadir 346 

concentration) must be at least double the assay sensitivity, and the peak concentration must be at 347 

least 1.5 times the preceding nadir.  348 

Corticosterone 349 

Plasma corticosterone was measured using a commercially available kit (Arbor Assays DetectX 350 

EIA #K014-H5). The assay sensitivity was 20 pg/mL, equating to a sample concentration of 2 ng/ml 351 

after correcting for sample dilution in the assay, and the inter- and intra-assay coefficients of variation 352 

were < 10%. 353 

Statistics 354 
Results are presented as mean ± SEM, and a value of P < 0.05 was considered to be significant. 355 

Statistical analyses were performed by using unpaired Student’s t tests to compare single time point 356 

differences between two groups and one-way ANOVA to compare single time point differences 357 

among more than two groups. To compare group differences in response to treatment, repeated 358 

measures two-way ANOVA were used whereby CNO, corticosterone and/or genotype were the 359 

factors for comparison. If a significant main effect or interaction was found, Holm-Sidak multiple 360 

comparisons post hoc testing was used to identify where the difference(s) occurred. The effects of 361 

restraint stress on LH pulse frequency were analysed using the Friedman test, followed by Dunn’s 362 

multiple comparison test, since the limited time windows available for pulse analysis yielded non-363 

parametric data. GraphPad Prism Software 8.0 was used for all analyses.   364 
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Results 365 
Validation of RFRP-Cre mice 366 

For these studies, we first validated and characterized a novel RFRP-Cre mouse by crossing the 367 

it with a tau-GFP reporter mouse. RFRP-Cre-GFP expression closely matched previously reported 368 

Rfrp gene and RFRP-3 peptide expression in mice, (e.g. (Poling et al., 2012) and (Gospodarska et al., 369 

2019)). RFRP-Cre-GFP soma were almost entirely confined to the DMH and the region between the 370 

DMH and the ventromedial hypothalamus. The rostral boundary of this population extended to the 371 

posterior region of the anterior hypothalamus, and the caudal boundary extended to the 372 

dorsotuberomammillary nucleus. Occasional cells were also seen in the arcuate nucleus. RFRP-Cre-373 

GFP fibers were scattered throughout the brain; hypothalamic regions receiving prominent 374 

innervation included the anterior hypothalamic area, paraventricular, periventricular, dorsomedial 375 

hypothalamic, arcuate and dorsotuberomammillary nuclei. Occasional fibers were visible in the 376 

internal zone of the median eminence (Figure 1D). We confirmed the specificity of Cre expressionby 377 

performing dual-label immunohistochemistry to demonstrate that endogenous RFRP-3 peptide 378 

expression co-labels with the RFRP-Cre GFP expression. As seen in Figure 1E-H, approximately 379 

80% of GFP-expressing cells co-expressed RFRP-3 labeling in both male and female mice, and a 380 

similar percentage of RFRP-3 cells expressed GFP. Consistent with previously-described Rfrp tissue 381 

distribution (Hinuma et al., 2000), minimal RFRP-Cre-GFP expression was seen in testis, ovary and 382 

kidney tissue (Figure 1I-K), but in the retina, occasional strongly-labelled cells were apparent in the 383 

photo receptor and inner nuclear layers (Figure 1L). In dual immunofluorescent staining with tyrosine 384 

hydroxylase or oxytocin, the distribution of RFRP-Cre GFP neurons bordered and slightly overlapped 385 

with the A13/zona incerta dopamine and PVN oxytocin neuronal populations, but no cells were 386 

colocalized (2 males and 2 females analysed; data not shown).     387 

Validation of RFRP-hM3Dq knock-in mice 388 
Exogenous RFRP-3 has been shown to elicit stress and reproductive responses, but whether 389 

RFRP neurons are themselves capable of generating these responses is unknown. To determine this, 390 

we crossed the RFRP-Cre mice with hM3Dq-coupled DREADD (designer receptors exclusively 391 

activated by designer drugs) mice to investigate the effects of chronically activating RFRP neurons on 392 
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glucocorticoid secretion, puberty onset and estrous cyclicity. To validate these RFRP-hM3Dq mice, 393 

we first confirmed that the hM3Dq receptor was expressed in RFRP-3 neurons (Figure 2A-C). 394 

Similarly to the.RFRP-3 and tauGFP co-expression described above, 90.2±1.6% RFRP-3 neurons co-395 

expressed the hM3Dq tag mCitrine (n=5). The distribution of mCitrine was confined to the DMH and 396 

the region between the DMH and the ventromedial hypothalamus as described above for tauGFP, but 397 

only 40.0±7.3% of all mCitrine-labeled cells co-expressed RFRP-3; this is consistent with the 398 

previously-described loss of Rfrp expression in some cells during pre-pubertal development (Poling et 399 

al., 2012). We next confirmed that an injection of clozapine-N-oxide (CNO), which is the designer 400 

drug that activates the designer receptors, did indeed activate RFRP neurons by using 401 

immunohistochemistry to dual label for either RFRP-3 or the DREADD-coupled hemagglutinin 402 

epitope (HA) and cFos, which is an indirect marker for neuronal activity. As seen in Figure 2D and G, 403 

a significant 4-5-fold increase in RFRP + cFos co-expression was observed in CNO-treated RFRP-404 

hM3Dq mice compared with saline-treated RFRP-hM3Dq mice (t(8)=5.273, P=0.0023) and CNO-405 

treated control mice (t(8)=4.807, P=0.0027). Similarly, a significant 8-fold increase in HA + cFos co-406 

expression was observed in CNO-treated RFRP-hM3Dq mice compared with saline-treated RFRP-407 

hM3Dq mice (Figure 2E and H; t(8)=8.631, P<0.0001). There was no co-expression of HA + cFos in 408 

CNO-treated control mice as these mice did not exhibit any DREADD-coupled HA expression. In the 409 

same tissues, a pronounced cFos induction was evident in the paraventricular nucleus (PVN) where 410 

CRH neurons are located in CNO-treated RFRP-hM3Dq mice compared with saline-treated RFRP-411 

hM3Dq mice (t(7)=5.338, P=0.0032) and CNO-treated control mice (t(7)=3.299, P=0.0261) (Figure 412 

2F and I). 413 

Stimulation of glucocorticoid secretion by acute RFRP neuronal activation 414 
Acute activation of RFRP neurons in response to orally-administered CNO (5 mg/kg) resulted 415 

in a significant ~four-fold increase in circulating corticosterone concertation after 90 minutes (Figure 416 

3A; t(15)=6.866, P<0.0001), showing that RFRP neurons can drive glucocorticoid release. The same 417 

effect was evident in response to s.c. CNO injection, where a significant effect was observed in 418 

response to the 2 mg/kg CNO dose (Figure 3B; t(23)=12.96, P<0.0001). Handling appeared to 419 

increase basal corticosterone levels in s.c. injected mice relative to orally-dosed animals. 420 
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Reproductive impairment by chronic RFRP neuronal activation 421 
We were next interested in determining the effect of chronic RFRP neuronal activation on 422 

different reproductive parameters. In males, chronic RFRP neuronal activation caused a delay in 423 

puberty onset, as measured by the age at which preputial separation occurred (Figure 4A). In females, 424 

RFRP neuronal activation did not significantly affect puberty onset, as measured by the age of first 425 

estrus (Figure 4B; t(40)=0.712, P=0.481). However, activating RFRP neurons significantly impaired 426 

estrous cyclicity. The CNO-treated RFRP-hM3Dq females exhibited significantly longer estrus cycles 427 

(Figure 4D; t(22)=2.211, P=0.038), which was due to increased time spent in metestrus and diestrus 428 

(Figure 4C; t(15.56)=2.701). With regards to fertility, both male and female mice were completely 429 

fertile. No differences were observed in the age at which male control vs. RFRP-hM3Dq mice first 430 

successfully mated (resulting in a litter) (Figure 4E; t(21)=1.25, P=0.225). Similarly, no differences 431 

were observed in female mice in either the time taken to birth their first litter after being paired with a 432 

fertile mate (t(26)=0.243, P=0.810), or in litter size (t(26)=0.876, P=0.389) (Figure 4F).  433 

Validation of RFRP-ablated mice 434 
As seen in Figure 5A, we confirmed successful RFRP-3 neuronal ablation in diptheria toxin-435 

treated RFRP-Cre-positive mice expressing the Cre-dependent diphtheria toxin receptor (RFRP-436 

ablated mice) by demonstrating a complete absence of RFRP-3 immunolabeling in RFRP-ablated 437 

males and females (8 of each sex), compared with 12.7 ± 1.1 neurons per section in controls (8 of 438 

each sex). To confirm the neuronal ablation was restricted to RFRP neurons, we examined prescence 439 

of neighboring tyrosine hydroxylase (TH) neurons and showed no changes in TH protein expression 440 

(Figure 5B). 441 

Modulation of acute restraint stress effects on glucocorticoid and LH secretion by ablation 442 
of RFRP neurons  443 

In male and female mice, ablation of RFRP neurons did not affect either the basal (females: 444 

t(26)=0.553; males: t(30)=0.692) or restraint-induced circulating concentration of corticosterone 445 

females: t(26)=1.984; males: t(30)=0.305) (Figure 5C and D), indicating that these neurons are not 446 

required for robust glucocorticoid secretory responses. 447 



 

 19 

Before investigating the role of RFRP neurons as mediators of stress-induced reproductive 448 

suppression, we first investigated whether RFRP ablation alone had any impact on estrous cyclicity in 449 

female mice. Under non-stressed conditions, no differences in the proportion of time spent in each 450 

cycle stage was observed between control vs. RFRP-ablated mice (t(16)=0.949-1.804, P>0.05). We 451 

also investigated whether RFRP neuronal ablation impacted the weight of seminal vesicles in males 452 

and uteri in females, as these organ weights can be used as proxy indicators of testosterone and 453 

estradiol levels, respectively. We found no differences in paired seminal vesicle weight between 454 

controls and RFRP-ablated mice (9.8 ± 0.4 vs. 9.5 ± 0.3 mg/kg BW; t(22)=0.702, P>0.05) or uterine 455 

weight in control vs. RFRP-ablated mice (4.8 ± 1.2 vs. 2.7 ± 0.02 mg/kg BW; t(16)=1.555, P>0.05). 456 

We were next interested in determining whether RFRP neurons are critical mediators of stress-457 

induced suppression of LH pulsatility. LH concentration and pulsatility were monitored in control and 458 

RFRP-ablated mice during a 90 min baseline period, 30 min restraint stress, and 45 min post-stress 459 

period. Females exhibited a significant interaction (group x time) in LH concentration (F(2,24)=5.6, 460 

P=0.010) and LH pulsatility (F(2,24)=3.6, P=0.042). Post hoc testing revealed control mice exhibited 461 

a trend towards a stress-induced suppression of LH concentration compared to the pre-stress period 462 

(t(24)=1.197, P=0.074), which became significant (t(24)=4.199, P=0.001) compared to the post-stress 463 

condition. Furthermore, they exhibited a stress-induced suppression of LH pulse frequency compared 464 

to the pre-stress (z(24)=2.405, P=0.048) and post-stress condition (z(24)=3.207, P=0.004) (Figure 6A-465 

C). In marked contrast, RFRP-ablated females did not exhibit any stress-induced reduction in either 466 

LH concentration (vs. pre-stress: t(24)=2.154, P=0.089; vs. post-stress: t(24)=0.144, P=0.886) or LH 467 

pulse frequency (vs. pre-stress: z(24)=0.534, P>0.999; vs. post-stress: z(24)=0.134, P>0.999) (Figure 468 

6A,B,D). During the restraint period, LH concentration was significantly lower in control females 469 

than in RFRP-ablated mice (t(36)=4.486, P=0.0002). Similarly, control male mice (t(24)=6.645, 470 

P<0.0001), but not RFRP-ablated mice (t(24)=1.750, P=0.253), exhibited the expected stress-induced 471 

suppression in LH concentration compared to the pre-stress condition (Figure 6E). However, neither 472 

control (z(24)=1.336, P=0.544) nor RFRP-ablated (z(24)=0.802, P>0.999) male mice exhibited a 473 

significant reduction in LH pulse frequency in response to acute restraint stress compared to the pre-474 
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stress condition (Figure 6F-H). When compared across groups over all time periods, mean LH 475 

concentration was significantly lower in the RFRP-ablated male mice (main treatment group effect: 476 

F(1, 12) = 46.39, P<0.0001). No such differences were seen in females, or for pulse frequency in 477 

either sex. 478 

Validation of RFRP-hM4Di mice 479 
We used dual label immunohistochemistry for RFRP-3 and FRA to confirm that an injection of 480 

CNO reduced the activity of RFRP neurons. As seen in Figure 7A-D, a significant decrease in RFRP 481 

+ FRA co-expression was observed in CNO + corticosterone-treated RFRP-hM4Di mice compared 482 

with CNO + corticosterone-treated control mice (males: t(17)=5.838, P<0.0001; females: t(18)=4.197, 483 

P=0.002). Furthermore, CNO + corticosterone-treated RFRP-hM4Di male mice also showed a 484 

significant decrease in RFRP + FRA co-expression compared to control mice that were not treated 485 

with corticosterone (t(17)=2.309, P=0.034).  486 

Modulation of glucocorticoid-induced suppression pulsatile LH secretion by RFRP 487 
neuronal silencing  488 

Since chronic glucocorticoid treatment is able to disrupt LH pulses in female mice (Kreisman et 489 

al., 2019), we next sought to determine if acute silencing of RFRP neurons could overcome chronic 490 

glucocorticoid-induced LH pulse suppression. As seen in Figure 7E and F, the corticosteroid implants 491 

produced a circulating corticosterone concentration of 610.4  18.5 ng/ml and 450.1  17.3 ng/ml in 492 

males and females, respectively, after 4 d of implant insertion (non-implanted male and female mice 493 

had a circulating corticosterone concentration of 65.5  1.1 ng/ml and 80.4  14.4 ng/ml, 494 

respectively). As expected, control females exhibited a significant corticosterone-induced suppression 495 

of LH concentration (t(15)=4.132, P=0.002) and LH pulse frequency (t(15)=8.475, P<0.0001) (Figure 496 

8A-D). In contrast to this, but in striking similarity to restraint-stressed RFRP-ablated females, RFRP-497 

hM4Di females did not exhibit any reduction in either LH concentration (t(15)=0.125, P=0.902) or 498 

LH pulse frequency (t(15)=1.648, P=0.120) in response to corticosterone (Figure 8A,B,E,F). Unlike 499 

females, both control and RFRP-hM4Di male mice exhibited a significant corticosterone-induced 500 

suppression of LH concentration (controls: t(13)=2.176, P=0.049; RFRP-hM4Di: t(13)=2.541, 501 
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P=0.049) and pulse frequency (controls: t(13)=2.788, P=0.030; RFRP-hM4Di: t(13)=2.438, P=0.030) 502 

(Figure 9A-F). 503 

  504 
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Discussion 505 
The ability of RFRP neurons to modulate stress and reproductive outcomes remains unclear, 506 

since animal models that enable experimental manipulation of their activity have not previously been 507 

developed. Here we describe new acute and chronic mouse models of RFRP neuronal activation, 508 

silencing and ablation, which we have used to clarify these roles. We first characterized and validated 509 

a novel RFRP-Cre mouse, in which endogenous RFRP-3 protein was closely co-expressed with Cre-510 

driven GFP immunolabeling. The RFRP-Cre mouse allowed us to investigate for the first time the 511 

reproductive and stress response effects of stimulating, silencing and ablating RFRP neurons.  512 

The declining pattern of Rfrp mRNA expression during the postnatal/prepubertal 513 

developmental period raises the possibility that RFRP neurons may play a role in the mechanism that 514 

restrains activation of the reproductive axis before puberty (Poling et al., 2012). Therefore, we 515 

hypothesized that chronically activating RFRP neurons during the pre-/peri-pubertal window would 516 

cause a delay in puberty onset. In support of this hypothesis, we show that chronic activation of RFRP 517 

neurons causes a delay in male puberty onset. However, we saw no difference in the age of first estrus 518 

between control and RFRP-hM3Dq mice, even though both Rfrp expression and Rfrp + c-Fos co-519 

expression decrease significantly in female mice during the pre-pubertal stage (Poling et al., 2012). In 520 

general agreement with this male-specific puberty effect, mice that were null for the RFRP-3 receptor, 521 

GPR147, displayed a male-specific elevation of LH levels before and during puberty (Leon et al., 522 

2014), suggesting that males might be more sensitive to this neuropeptide at this time. Chronic 523 

activation of RFRP neurons does appear to prolong estrous cyclicity, without significantly impacting 524 

fertility in either sex. RFRP neuronal activation decreases at the time of the preovulatory LH surge 525 

(Gibson et al., 2008; Semaan and Kauffman, 2015), suggesting endogenous RFRP tone plays a role in 526 

controlling the time of the surge. At other times of the reproductive cycle, a high RFRP tone may 527 

have a minimal effect on the already low gonadotrophin output (Ancel et al., 2017), which is 528 

restrained by steroid negative feedback. Therefore, activating the RFRP neurons even further during 529 

the peri-pubertal period may not have a significant impact on the timing of female puberty, but may 530 

instead subtly influence the timing and magnitude of the LH surge. Furthermore, it is likely that the 531 

overwhelming reproductive drive supplied by the pubertal maturation of kisspeptin neurons 532 
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overpowers the inhibitory effects of RFRP activation. Lastly, the magnitude of CNO-induced RFRP 533 

neuronal activation relative to physiological norms is unknown; it may have been excessive for males 534 

but moderate (compared to normal cyclic fluctuations) in females. Nevertheless, these data show for 535 

the first time that RFRP neurons are able to balance reproductive drive, at least in some situations and 536 

in a sex-specific manner. 537 

The HPA axis is governed by CRH neurons in the hypothalamic paraventricular nucleus. CRH 538 

stimulates the release of adrenocorticotropic hormone from the anterior pituitary gland, which in turn 539 

stimulates the production of adrenal glucocorticoids (Vale et al., 1981). The afferent inputs that 540 

modulate CRH neuronal activity are poorly characterized, but the dense expression of GPR147 in the 541 

paraventricular nucleus and projections of RFRP-3 fibers to this region highlight RFRP neurons as a 542 

possible modulatory input (Rizwan et al., 2012). We have previously shown that central RFRP-3 543 

infusion activates the HPA axis and causes the release of corticosterone in mice (Kim et al., 2015), 544 

and the current data build on this by demonstrating in RFRP-hM3Dq mice that acute activation of 545 

RFRP neurons causes a pronounced, dose-responsive release of corticosterone. This effect was 546 

pronounced under experimental conditions that were completely free of the confounding effects of 547 

handling stress. This proposed action of RFRP-3 on the HPA axis at the level of the PVN was further 548 

supported by the induction of cFos in this region in response to RFRP neuronal activation. Whether or 549 

not endogenous RFRP neuronal activation is also able to induce affective states associated with HPA 550 

axis hyperactivation such as anxiety, as has been shown in response to central RFRP-3 infusions (Kim 551 

et al., 2015), remains to be tested. Nevertheless, our data suggest RFRP-3 may be a part of a positive 552 

feedback loop whereby stress activates the release of RFRP-3, which in turn further activates the HPA 553 

axis.  554 

Although chronic activation of RFRP neurons does not appear to act as a strong ‘brake’ on 555 

fertility under normal conditions, RFRP neurons have been proposed to play a key modulatory role in 556 

certain situations, such as during times of stress (Kirby et al., 2009) when reproductive function is 557 

often thought to be impaired. Empirical evidence linking stress and human fertility is very limited, but 558 

perceived psychological distress and levels of the salivary stress biomarker α-amylase have been 559 
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negatively associated with female fecundity (Hjollund et al., 1999; Louis et al., 2011) and in vitro 560 

fertilization outcomes (Klonoff-Cohen et al., 2001). In female (Yang et al., 2017) and male (Yang et 561 

al., 2018) mice, psychosocial stress significantly reduced LH pulsatility and basal LH levels while 562 

concomitantly increasing Rfrp expression and Rfrp + cfos coexpression. Therefore, it may be that 563 

stress-induced RFRP activity acts in concert with other stress-induced neuropeptides and hormones, 564 

such as CRH and glucocorticoids, to dampen the HPG axis. To test whether RFRP neurons play a 565 

critical role in the mechanism whereby acute stress suppresses LH pulsatility, we generated RFRP-566 

ablated mice and subjected them to an acute restraint stress. Remarkably, we demonstrate that female 567 

RFRP-ablated mice did not exhibit the stress-induced reduction in either LH concentration or pulse 568 

frequency that is observed in control mice. These data demonstrate that RFRP neurons play a critical 569 

role in mediating stress-induced LH suppression.  570 

Interestingly, circulating LH concentration in males, but not females, was lower in RFRP-571 

ablated mice compared to controls. While the significance of this is unclear, it is interesting to note 572 

that male-specific stimulation of LH secretion in response to infusion of RFRP-3 has been noted in 573 

hamsters (Ancel et al., 2012; Ubuka et al., 2012) and mice (Ancel et al., 2017), so lack of RFRP 574 

signaling could potentially reduce LH concentration. Nevertheless, seminal vesicle mass was not 575 

affected by RFRP neuronal ablation, implying that circulating androgen levels and therefore HPG axis 576 

function were within the normal range. 577 

It remains unclear from this experiment whether RFRP neurons suppress reproductive function 578 

in direct response to the stressor or indirectly in response to HPA axis-induced glucocorticoid 579 

secretion. It should be noted that the period of restraint was limited to 30 minutes, and stress-induced 580 

glucocorticoid release probably only began to occur towards the end of this brief time period (Yang et 581 

al., 2018). Therefore, RFRP neurons may activate in direct response to the stressor and interact with 582 

GnRH neurons to suppress pulse frequency independently of glucocorticoid levels, on a time scale of 583 

minutes. The rapid activation of RFRP neurons in response to restraint stress (Yang et al., 2018), 584 

presence of Gpr147 mRNA and contacts by RFRP neuronal processes on GnRH neurons (Rizwan et 585 

al., 2012), as well as responsiveness of GnRH neuronal firing frequency to RFRP-3 (Ducret et al., 586 
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2009), are consistent with this. On the other hand, RFRP neuronal activation (FRA colabeling) in 587 

response to corticosterone treatment (present results), glucocorticoid receptor presence on RFRP 588 

neurons and a requirement of the adrenal glands for chronic stress-induced Rfrp mRNA elevation 589 

(Kirby et al., 2009) all provide support for an indirect effect that occurs via HPA axis-induced 590 

glucocorticoid secretion. Both pathways seem likely to occur, with the direct RFRP response rapidly 591 

inhibiting GnRH/LH pulses and glucocorticoid-mediated effects prolonging and amplifying the 592 

response.  593 

In order to provide further support for the requirement of RFRP neuronal activity for stress-594 

induced HPG axis suppression, while focusing specifically on glucocorticoid-induced suppression, we 595 

next investigated whether silencing RFRP neuronal activity during chronic glucocorticoid treatment 596 

restores HPG axis function. We first demonstrated that chronic glucocorticoid treatment caused a 597 

significant increase in cFos/FRA in RFRP neurons, and suppression of these levels in mice which had 598 

a few hours of RFRP-silencing prior to perfusion. These data reinforce previous studies showing that 599 

FRA expression can reliably be used as a marker of baseline neuronal activity (e.g. (Lehman et al., 600 

1996), (Szawka et al., 2010)). We next demonstrated that, as expected (Kreisman et al., 2019), in both 601 

male and female control mice, chronic glucocorticoid treatment caused a significant suppression of 602 

both LH concentration and LH pulsatility. Remarkably, female RFRP-hM4Di mice did not exhibit 603 

glucocorticoid-induced suppression of LH concentration or LH pulsatility. In contrast, male RFRP-604 

hM4Di mice did show a significant suppression in LH concentration and pulsatility in response to 605 

glucocorticoid treatment. These data highlight the requirement of RFRP neurons in mediating 606 

glucocorticoid-induced HPG axis suppression (which is a common feature of the two stress paradigms 607 

we utilised), and suggest that this effect is most evident in females. It should also be noted that one 608 

other study has demonstrated a comparable requirement of Rfrp gene expression for stress-induced 609 

fertility suppression, also in female rodents (Geraghty et al., 2015). The fact that ablation or silencing 610 

of RFRP neurons overcame the effects of multiple models of stress in female mice greatly strengthens 611 

the case for a critical, sex-specific role of these neurons. The reason that this role of RFRP neurons is 612 

more evident in females is currently unknown, but it is noteworthy that estrogens are able to influence 613 
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both RFRP and CRH neurons directly via estrogen receptor isoforms, whereas neither of these cell 614 

types express androgen receptors (Handa et al., 2009; Poling et al., 2012).  615 

Taken together, our data demonstrate that chronic RFRP neuronal activation can independently 616 

influence estrous cyclicity and male puberty onset, without significantly affecting fertility under 617 

normal conditions. However, we show that RFRP neurons do appear to be an essential component for 618 

stress-induced female reproductive hormone suppression. Our results build on previous findings that 619 

RFRP neurons are activated in response to stressful situations (Kirby et al., 2009; Yang et al., 2018) 620 

by demonstrating RFRP neurons are in fact required for both acute restraint stress- and chronic 621 

glucocorticoid-induced HPG axis suppression. Whether they play a similar role for other types of 622 

stress-induced HPG axis suppression (such as immune stress, which is not glucocorticoid-dependent 623 

(Debus et al., 2002)) remains to be tested. Additionally, our data show that RFRP neuronal activation 624 

causes further HPA activation and glucocorticoid release, thereby demonstrating a positive feedback 625 

loop exists whereby stressful stimuli activate RFRP neurons, which in turn cause further activation of 626 

the HPA axis.     627 

  628 
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Figure legends 782 
 783 
Figure 1. Generation and validation of a novel RFRP-Cre mouse line. (A) Schematic diagram of the 784 

knock-in strategy used for generating RFRP-Cre mouse line. (B) Southern blot showing correct 785 

targeting of the mutant (9.0 kb) allele. (C) Polymerase chain reaction gel confirming removal of the 786 

neomycin cassette (absence of 411 bp band in Neo- lane). (D) Representative images from female 787 

mice showing RFRP-Cre-GFP expression throughout the dorsal medial nucleus of the hypothalamus 788 

(DMH). (E-G) Representative images from female mice showing RFRP-3 (D, red) and RFRP-Cre-789 

GFP (E, green) co-expression (F, yellow) in the DMH. (H) Quantification of RFRP-Cre-GFP 790 

immunolabeled neurons co-expressing RFRP-3 protein (n=6 per group) in the dorsal, lateral and 791 

ventral DMH, respectively, which are depicted by the red circles in the schematic. Representative 792 

images showing non-brain RFRP-Cre-GFP expression in (I) testis, (J) ovary, and a male (K) kidney 793 

and (L) retina. Data represent mean  SEM. UTR, untranslated region; IRES, internal ribosome entry 794 

site; PGK, phosphoglycerate kinase I promoter; Neo, neomycin resistance gene; pA, polyadenylation 795 

site; FRT, flippase recognition target; 3V, third ventricle; PVN, paraventricular nucleus; AHA, 796 

anterior hypothalamic area; RCH, retrochiasmatic nucleus; ARC, arcuate nucleus; VMH, ventral 797 

medial nucleus; PMv, ventral premammillary nucleus; PMd, dorsal premammillary nucleus. Scale 798 

bars, 50μm. 799 

Figure 2. RFRP neurons co-label with RFRP-Cre-hM3Dq DREADD, revealed by mCitrine reporter 800 

expression, and CNO treatment activates RFRP neurons in male and female RFRP-hM3Dq mice. 801 

Representative images from a female mouse showing RFRP-3 (A, red) and RFRP-Cre-mCitrine (B, 802 

green). (C) Co-expression of RFRP-3 and RFRP-Cre mCitrine immulabeling is shown in yellow. 803 

RFRP-Cre mCitrine-labeled neurons not expressing RFRP-3 are identified by red arrows. (D) CNO-804 

treated RFRP-hM3Dq mice (2 males, 3 females) exhibit significantly increased RFRP-3 + cFos co-805 

expression compared to CNO-treated control mice (1 male, 1 female) (P=0.0034) and saline-treated 806 

RFRP-hM3Dq mice (2 males, 2 females) (P=0.0019, one-way ANOVA). Furthermore, (E) CNO-807 

treated RFRP-hM3Dq mice exhibit significantly increased Cre-linked HA + cFos co-expression 808 

compared to CNO-treated control mice (P<0.0001) and saline-treated RFRP-hM3Dq mice (P<0.0001, 809 
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one-way ANOVA). (F) CNO treatment also significantly increased cFos expression in the PVN of 810 

RFRP-hM3Dq mice compared to CBO-treated control mice and saline-treated RFRP-hM3Dq mice   811 

(P=0.0029, one-way ANOVA). (G) Representative image showing RFRP-3 (brown labeling) + cFos 812 

(dark purple labeling) co-expression (example indicated by black arrow) in an RFRP-hM3Dq female 813 

in the dorsomedial nucleus in response to CNO treatment. (H) Representative image showing HA 814 

(brown labeling) + cFos (dark purple labeling) co-expression in an RFRP-hM3Dq female in the 815 

dorsomedial nucleus in response to CNO treatment. (I) Representative image showing cFos 816 

immunolabeling in the PVN in an RFRP-hM3Dq female in response to CNO treatment. Data 817 

represent mean  SEM. Scale bar 50 m. CNO was injected at a dose of 1 mg/kg sc, 1 h prior to 818 

perfusion and brain collection. 819 

Figure 3. RFRP-hM3Dq neuronal activation stimulates corticosterone release. (A) In response to an 820 

acute p.o. dose of CNO (5 mg/kg), male mice exhibited a significant increase in circulating 821 

corticosterone levels (n=7-10 mice per group; unpaired t test, P<0.0001). (B) In response to an acute 822 

s.c. injection of CNO (1-2 mg/kg), male mice exhibited a dose-responsive increase in circulating 823 

corticosterone levels (n=5-10 mice per group; one-way ANOVA with Holm-Sidak’s multiple 824 

comparisons test, P=0.073 and P<0.0001 compared to vehicle-treated controls). Data represent 825 

mean  SEM. Note that the data for the two CNO doses in B were obtained in different runs, and the 826 

vehicle control data for these runs pooled. Blood samples were collected 90 min after CNO 827 

administration. 828 

Figure 4. RFRP-hM3Dq neuronal activation delays male puberty onset and extends female cycle 829 

length. When chronically treated with CNO in their drinking water (0.025 mg/mL p.o) for 7 days 830 

from post-natal day (PND) 26-35, (A) male RFRP-hM3Dq mice (n=12) exhibited a significant delay 831 

in the age of preputial separation compared with control mice (n=19) (unpaired t test, P=0.003). (B) 832 

No differences in the age of first estrus were observed between female RFRP-hM3Dq (n=22) and 833 

control (n=20) mice (unpaired t test, P=0.481), however; (C) RFRP-hM3Dq mice (n=11) spent 834 

significantly longer in met/diestrus than control mice (n=14) (two-way ANOVA with Holm-Sidak’s 835 

multiple comparisons test, P=0.047) and therefore (D) had significantly longer cycle lengths 836 



 

 33 

(unpaired t test, P=0.038) during another 7 days of post-pubertal CNO treatment and cycle 837 

monitoring. Representative estrous cycles for a control (E) and RFRP-hM3Dq (F) female over the 14-838 

day monitoring period, with the 7-day period of CNO treatment depicted by grey shading. No 839 

differences were observed in fertility in (G) male or (H) female RFRP-hM3Dq mice compared with 840 

controls in response to another 7 days CNO treatment (n=10-16 per group). Data represent 841 

mean  SEM. 842 

Figure 5. RFRP-ablated mice exhibit a complete loss of RFRP-3 immunolabeling. (A) Diptheria 843 

toxin-treated female and male RFRP-ablated mice do not exhibit any RFRP-3 immunoreactive cells in 844 

the dorsomedial nucleus, (B) yet maintain normal tyrosine hydroxylase (TH) immunoreactivity in the 845 

adjacent zona incerta/A13 dopamine population (n=7-9 per group). (C-D) In response to an acute 846 

restraint stress, all mice exhibited a significant increase in circulating corticosterone concentration 847 

(two-way ANOVA, P<0.001) without any differences observed between male or female RFRP-848 

ablated and control mice (Holm-Sidak’s multiple comparisons test, P>0.05; n=7-9 per group). Data 849 

represent mean  SEM. 3V, third ventricle. 850 

Figure 6. RFRP neuronal ablation prevents acute stress-induced LH suppression. (A-B) In response 851 

to a 30 min restraint stress, female control mice, but not RFRP-ablated mice, exhibited a strong trend 852 

towards stress-induced suppression in average circulating LH concentration (P=0.074 vs the 90 min 853 

pre-restraint period, and P=0.001 vs the 45 min post-restraint period) and a significant suppression in 854 

LH pulse frequency (P=0.048 vs the pre-restraint period, and 0.004 vs the post-restraint period) (n=7 855 

per group). During restraint, LH concentration was significantly lower in control females than in 856 

RFRP-ablated mice (P=0.0002). (C-D) Representative examples of LH profiles in a control and 857 

RFRP-ablated female mouse. The 30 min restraint stress is depicted by the grey shaded bars. (E) 858 

Control male mice exhibited a significant stress-induced suppression in basal LH (P<0.0001) that was 859 

not observed in RFRP-ablated mice (P=0.072), yet (F) neither control nor RFRP-ablated male mice 860 

showed a stress-induced change in LH pulse frequency (n=7 per group). (G-H) Representative 861 

examples of LH profiles in a control and RFRP-ablated male mouse. Two-way ANOVA and Holm-862 

Sidak’s multiple comparisons tests were used for analysis of LH concentration, while effects of 863 
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restraint stress on LH pulse frequency were analysed using the Friedman test followed by Dunn’s 864 

multiple comparison test. Data represent mean  SEM. Black circles represent pulse peaks. 865 

Figure 7. RFRP-silencing reduces corticosterone-induced RFRP neuronal activity. (A) In male mice 866 

treated with sc corticosterone implants for 4-6 days, neuronal silencing (induced with 2 mg/kg CNO 867 

90 min prior to perfusion) reduced RFRP+FRA co-expression in RFRP-hM4Di mice relative to 868 

controls (P<0.0001). RFRP+FRA co-expression was also reduced relative to a separate cohort of mice 869 

with no corticosterone implants (P=0.034) (n=6-7 mice per group). (B) In female corticosterone 870 

implanted mice, neuronal silencing with CNO reduced RFRP+FRA co-expression in RFRP-hM4Di 871 

mice relative to controls (P<0.002). RFRP+FRA co-expression trended towards being reduced 872 

relative to a separate cohort of mice with no corticosterone implants (P=0.073) (n=6-9 mice per 873 

group). One-way ANOVA and Holm-Sidak’s multiple comparisons tests were used to analyse co-874 

expression data. (C-D) Representative examples of RFRP-3+FRA immunohistochemical 875 

colocalization (black arrow) and RFRP neurons not colocalised with FRA (red arrow) in the 876 

dorsomedial nucleus. (E-F) All male and female mice showed a significant increase in serum 877 

corticosterone concentration 3-5 d after receiving corticosterone implants compared to basal levels 878 

(P<0.0001). Data represent mean  SEM. Two-way ANOVA and Holm-Sidak’s multiple 879 

comparisons tests were used for all corticosterone analyses. Scale bar 50 m. 880 

Figure 8. RFRP neuronal silencing prevents acute glucocorticoid-induced LH suppression in females. 881 

(A-B) In response to at least 4 days of corticosterone treatment, female control mice, but not RFRP-882 

hM4Di mice, exhibited a significant suppression in average circulating LH concentration (P=0.0018) 883 

and LH pulse frequency (P< 0.0001) (n=8-9 per group). Two-way ANOVA and Holm-Sidak’s 884 

multiple comparisons tests were used for all analyses of LH data. (C-F) Representative examples of 885 

LH profiles in control and RFRP-hM4Di female mice under basal conditions and in response to 886 

corticosterone treatment. Data represent mean  SEM. Black circles represent pulse peaks. CNO (2 887 

mg/kg sc) was injected 30 minutes prior to the beginning of LH pulse sampling. 888 

Figure 9. RFRP neuronal silencing does not prevent acute glucocorticoid-induced suppression of LH 889 

pulsatility in males. (A) In response to 4 days of corticosterone treatment, male control mice and 890 
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RFRP-hM4Di mice (n=7-8 per group) both exhibited a significant suppression in average circulating 891 

LH concentration (P=0.049). (B) Similarly, male control and RFRP-hM4Di mice both exhibited a 892 

significant suppression in LH pulse frequency (P=0.030). Data represent mean  SEM. Two-way 893 

ANOVA and Holm-Sidak’s multiple comparisons tests were used for all analyses of LH data. (C-F) 894 

Representative examples of LH profiles in control and RFRP-hM4Di male mice under basal 895 

conditions and in response to corticosterone treatment. Black circles represent pulse peaks. CNO (2 896 

mg/kg sc) was injected 30 minutes prior to the beginning of LH pulse sampling. 897 
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