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 Examination of the Influence of Leptin and Acute 
Metabolic Challenge on RFRP-3 Neurons of Mice 
in Development and Adulthood 

 Matthew C. Poling    a, b     Morris P. Shieh    a     Nagambika Munaganuru    a     Elena Luo    a     

Alexander S. Kauffman    a   

  a    Department of Reproductive Medicine and  b    Biomedical Sciences Graduate Program, University of California, 
San Diego,  La Jolla, Calif. , USA 

circuit development. However, the dramatic developmental 
changes in juvenile  Rfrp  expression did not appear to be 
leptin driven, as the pattern and timing of  Rfrp  neuron de-
velopment were unaltered in Ob juveniles.  Conclusion:  
Leptin status modulates RFRP-3 expression in adulthood, 
but is not required for normal development of the RFRP-3 
system. Leptin’s regulation of adult RFRP-3   neurons likely 
occurs primarily via indirect signaling, and may be second-
ary to obesity, as only a small subset of RFRP-3 neurons ex-
press the long form of the leptin receptor (LepRb). 

 © 2014 S. Karger AG, Basel 

 Introduction 

 Neuronal networks of the hypothalamus integrate pe-
ripheral endocrine and metabolic signals to regulate go-
nadotropin-releasing hormone (GnRH) neurons, which 
in turn stimulate the reproductive axis. In most cases, 
hormonal and metabolic information are transmitted to 
GnRH neurons indirectly via upstream reproductive 
neural circuitry. One possible intermediary neuropeptide 
is RFamide-related peptide 3 (RFRP-3), the mammalian 
ortholog of avian gonadotropin-inhibiting hormone  [1, 
2] . In rodents, RFRP-3 treatment inhibits both GnRH 
neuronal activity and luteinizing hormone (LH) secre-
tion through central GnRH-dependent mechanisms  [3–
6] . In mice and rats, some GnRH neurons are apposed by 
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 Abstract 

  Background:  The neuropeptide RFamide-related peptide-3 
(RFRP-3; mammalian ortholog to gonadotropin-inhibiting 
hormone) can inhibit luteinizing hormone (LH) release and 
increases feeding, but the regulation and development of 
RFRP-3 neurons remains poorly characterized, especially in 
mice.  Methods and Results:  We first confirmed that periph-
eral injections of murine RFRP-3 peptide could markedly 
suppress LH secretion in adult mice, as in other species. Sec-
ond, given RFRP-3’s reported orexigenic properties, we per-
formed double-label in situ hybridization for metabolic 
genes in  Rfrp  neurons of mice. While  Rfrp  neurons did not 
readily coexpress neuropeptide Y, thyrotropin-releasing 
hormone, or MC4R, a small subset of  Rfrp  neurons did ex-
press the leptin receptor in both sexes. Surprisingly, we 
identified no changes in  Rfrp  expression or neuronal activa-
tion in adult mice after acute fasting. However, we deter-
mined that  Rfrp  mRNA levels in the dorsal-medial nucleus 
were significantly reduced in adult obese (Ob) mice of both 
sexes. Given the lower  Rfrp  levels observed in adult Ob mice, 
we asked whether leptin might also regulate RFRP-3 neuron 
development.  Rfrp  gene expression changed markedly over 
juvenile development, correlating with the timing of the ju-
venile ‘leptin surge’ known to govern hypothalamic feeding 
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RFRP-3 axonal fibers  [2, 7, 8] , and a subset of GnRH neu-
rons express Gpr147  [8, 9] , a high-affinity receptor for 
RFRP-3  [10, 11] . In rodents, RFRP-3-producing neurons 
reside in a scattered pattern solely within and just ventral 
to the dorsal-medial nucleus of the hypothalamus (col-
lectively abbreviated as DMN)  [2, 12] . Likewise, the ro-
dent  Rfrp  gene, encoding RFRP-3, is expressed in a scat-
tered pattern exclusively in the DMN and, to a much less-
er extent, ventrally in the neighboring area just dorsal of 
the VMN  [2, 9, 10] . The DMN is known to regulate as-
pects of energy balance, feeding behavior, and thermo-
regulation  [13–15] . However, the precise role(s) of RFRP-
3 neurons in the DMN is unclear, in part due to a lack of 
knowledge of both the neuropeptides and receptors coex-
pressed in RFRP-3 neurons and the identity of regulatory 
factors that govern RFRP-3 synthesis and secretion. 

 Leptin, a hormone secreted from adipocytes, has 
strong effects on hypothalamic regulation of satiety, en-
ergy expenditure, and body weight, not to mention a 
stimulatory (permissive) role in reproductive function. 
Obese mice (Ob) have a nonfunctional leptin gene and 
are overweight, hyperphagic, have low LH levels, and are 
infertile  [16, 17] , illustrating the importance of leptin in 
maintenance of both energy homeostasis and reproduc-
tion. Leptin does not directly regulate GnRH neurons, as 
the long form of the leptin receptor (LepRb), which is re-
sponsible for signal transduction, is not expressed in 
GnRH neurons  [18, 19] . Rather, leptin acts on GnRH 
neurons indirectly, through upstream intermediates 
which have yet to be fully identified. RFRP-3 neurons 
may be one potential relay system through which leptin 
signals are mediated, as the DMN (where RFRP-3 neu-
rons reside) is a leptin-responsive brain region  [20–22] . 
Central injections of RFRP-3 not only inhibit LH secre-
tion, but also stimulate feeding behavior  [23, 24] . More-
over, RFRP-3 neurons are activated by chronic mild food 
restriction in hamsters  [25] , and RFRP-3’s receptor, 
Gpr147, is required in mice to suppress LH secretion after 
acute food deprivation (FD)  [26] , suggesting that RFRP-3 
plays a role in both energy balance and reproduction, as 
does leptin  [27] . Thus, leptin might inhibit the produc-
tion and/or secretion of RFRP-3 in order to facilitate re-
productive function and/or suppress feeding behavior. 

  In addition to its roles in adulthood, leptin has impor-
tant developmental effects on the hypothalamus. During 
the second week of postnatal life, serum leptin levels in-
crease drastically and transiently in a postnatal leptin 
‘surge’  [28] . This temporary increase in juvenile leptin 
levels regulates the development of axonal projections 
from the arcuate nucleus to the DMN, as well as other 

brain regions  [29, 30] . We previously demonstrated that 
DMN  Rfrp  expression, as measured by cell number and 
 Rfrp  mRNA levels per cell, is dramatically higher in juve-
niles on postnatal day (PND) 10 than at birth  [9] , but 
whether this developmental difference is caused, fully or 
in part, by the juvenile leptin surge is unknown. 

  In this study, we addressed whether neural  Rfrp  ex-
pression is regulated by metabolic manipulations, such 
as leptin deficiency seen in Ob animals or short-term 
FD. We also ascertained whether the developmental 
maturation of the neural  Rfrp  system is leptin depen-
dent, owing to the developmental surge in leptin secre-
tion during the juvenile period. Specifically, we deter-
mined whether (1) the mouse RFRP-3 peptide suppress-
es LH secretion, as reported for the rat RFRP-3 peptide 
variant in other species, (2)  Rfrp  neurons coexpress im-
portant metabolic genes, including  LepRb , that are 
known to be expressed in the DMN, (3)  Rfrp  expression 
and/or neuronal activation is enhanced during FD or 
altered in adult Ob mice, and (4) the developmental pat-
tern of  Rfrp  expression in postnatal mice parallels devel-
opmental leptin secretion (the juvenile leptin surge), 
and if so, whether normal  Rfrp  development is depen-
dent on leptin signaling.

  Materials and Methods 

 Animals, Gonadectomies, and Tissue Collection 
 Experiments utilized either C57BL6 mice or mice from the Ob 

strain [wild-type (WT) and Ob]. Mice from the Ob line were pur-
chased from Harlan Laboratories and maintained on a C57BL6 
background in the lab. All animals were housed on a 12-:12-hour 
light-dark cycle, with food and water available ad libitum (ad lib), 
except where indicated in experiment 3. All experiments were con-
ducted in accordance with the NIH Animal Care and Use Guide-
lines and with approval of the Animal Care and Use Committee of 
the University of California, San Diego, Calif., USA.

  For adult C57BL6 mice, 7- to 9-week-old female (diestrous) or 
male mice were anesthetized with isoflurane, weighed, blood was 
collected via retro-orbital bleeding, and then they were rapidly de-
capitated. Prior to RFRP-3 injections and for the FD experiment, 
all C57BL6 mice were bilaterally gonadectomized (GDX), as previ-
ously described  [9] . Gonadectomy was implemented to promote 
high levels of circulating LH for RFRP-3 or food restriction to in-
hibit, and to simultaneously control for differences in sex steroids 
between individuals since estradiol and testosterone can both 
mildly suppress  Rfrp  levels in mice of both sexes  [9, 31] . For adult 
Ob mice, 7- to 8-week-old female or male WT or Ob mice were 
GDX (again, to control for sex steroids between genotypes and al-
low for maximal  Rfrp  expression levels in the absence of steroid 
inhibition) and then sacrificed 7 days later for blood and tissue 
collection.

  For developmental experiments, infantile and juvenile pups 
were generated by C57BL6 breeder pairs or heterozygous Ob 
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breeder pairs (producing WT, Ob and heterozygous littermates). 
The date of birth was designated as PND 1. Newborn and juvenile 
pups of various ages were anesthetized with isoflurane, weighed, 
and rapidly decapitated. Trunk blood was collected from each an-
imal to measure serum leptin levels. For mice of the Ob strain, tail 
samples were taken postmortem to determine the Ob genotype. 
Note that the obesity phenotype in Ob mice is not present until 
4 weeks of age or later  [16, 17] .

  Brains from all animals were collected at sacrifice, frozen on dry 
ice, stored at –80   °   C, and then sectioned on a cryostat into five 
coronal series of 20-μm brain sections which were thaw-mounted 
onto Superfrost-plus slides. Slides were stored at –80   °   C until use 
for in situ hybridization (ISH). 

  Hormone Assays 
 Blood from adult animals was collected by retro-orbital bleed. 

Blood from juvenile animals was collected via trunk blood. Serum 
LH was measured by the UVA Ligand Core (range: 0.04–37.4 ng/
ml). Serum leptin was measured using the Quantikine Mouse 
Leptin ELISA Kit (R&D Systems) following the manufacturer’s 
protocol (range: 1.25–80 ng/ml).

  Single-Label and Double-Label ISH 
 The  Rfrp ,  c-fos, Trh,  and  LepRb  cRNA ISH riboprobes have 

been described and validated previously  [9, 32–34] . Neuropep-
tide Y  (Npy)  and melanocortin receptor 4  (Mc4r)  were cloned 
from mouse hypothalamic RNA into pBluescript SK-plasmid 
and transcribed using T7 polymerase. The probes correspond to 
the following bases of their respective murine mRNAs:  Npy,   bases 
7–468 (NM_023456);  Trh,  bases 308–572 (NM_009426);  LepRb,  
bases 3,379–3,912 (NM_146146), and  Mc4r,  bases 589–1,442 
(NM_016977).

  Single-label   ISH was performed as previously described  [9, 35] . 
Briefly, for each assay, slide-mounted brain sections encompassing 
the entire DMN from 1 of the 5 sets of serial brain sections were 
fixed in 4% paraformaldehyde, pretreated with acetic anhydride, 
rinsed in 2X SSC (sodium citrate, sodium chloride), delipidated in 
chloroform, dehydrated in ethanol, and air-dried. Radiolabeled 
( 33 P)  Rfrp  antisense riboprobe (0.04 pmol/ml) was combined with 
tRNA, heat-denatured, added to hybridization buffer, and applied 
to each slide (100 μl/slide). Slides were cover-slipped and placed in 
a 55   °   C humidity chamber overnight. The slides were then washed 
in 4X SSC and placed into RNAse A treatment for 30 min at 37   °   C, 
then in RNAse buffer without RNase at 37   °   C for 30 min. After 
washing in 2X SSC at room temperature, slides were washed in 
0.1X SSC at 62   °   C for 1 h, dehydrated in ethanols, and air-dried. 
Slides were then dipped in Kodak NTB emulsion, air-dried, and 
stored at 4   °   C for 3–4 days (depending on the assay) before being 
developed and cover-slipped. 

  Double-label   ISH was performed as previously described  [35, 
36] . Briefly, one set of slide-mounted brain sections encompass-
ing the entire DMN was fixed in 4% paraformaldehyde, pretreat-
ed with acetic anhydride, rinsed in 2X SSC (sodium citrate, so-
dium chloride), delipidated in chloroform, dehydrated in etha-
nols, and air-dried. Radio-labeled ( 33 P) antisense  Npy ,  Trh , 
 LepRb , or  Mc4r  (0.05 pmol/ml) were combined with digoxigenin 
(DIG)-labeled  Rfrp  riboprobes (Roche DIG labeling kit, 1:   500) 
along with tRNA, denatured by boiling, and dissolved together in 
hybridization buffer. The probe mix was then applied to slides 
and hybridized at 55   °   C overnight. The slides were then washed 

in 4X SSC and placed into RNAse A treatment for 30 min at 37   °   C, 
then in RNAse buffer without RNAse at 37   °   C for 30 min. After 
washing in 2X SSC at room temperature, slides were washed in 
0.1X SSC at 62   °   C for 1 h. Slides were then incubated in 2X SSC 
with 0.05% Triton X-100 and 3% sheep serum (NSS) for 75 min 
at room temperature, and then incubated overnight at room tem-
perature with anti-DIG antibody conjugated to alkaline phos-
phatase (Roche; diluted 1:   500 in buffer 1 containing 1% NSS and 
0.3% Triton X-100). The next day, slides were washed with buffer 
1 and then incubated with Vector Red alkaline phosphatase sub-
strate (Vector Labs) for 1 h at room temperature. The slides were 
then air-dried, dipped in Kodak NTB emulsion, stored at 4   °   C, 
and developed and cover-slipped 3–9 days later, depending on 
the assay.

  ISH slides were analyzed with an automated image processing 
system (Dr. Don Clifton, University of Washington) by a person 
blinded to the treatment group  [37] . For single-label  Rfrp  experi-
ments, the software counted the number of ISH silver grain clus-
ters representing  Rfrp  cells as well as the number of silver grains 
over each cell (which provides a semiquantitative index of  Rfrp  
mRNA expressed per cell)  [38–40] . Cells were considered  Rfrp 
 positive when the number of silver grains in a cluster exceeded that 
of background by 3-fold. We have previously described two obvi-
ous  Rfrp  cell populations interspersed within the DMN that dra-
matically differ in silver grain (i.e. mRNA) expression. Therefore, 
as in previous studies, we divided  Rfrp  cells into two categories 
based on their  Rfrp  mRNA expression level; ‘high expressing’ (HE) 
cells have a silver grain cluster diameter greater than >20 μm, 
whereas ‘low expressing’ (LE) cell have a silver grain cluster less 
than <20 μm. Previous studies have determined that silver grain 
number and silver grain cell area are highly dependent, representa-
tive of mRNA differences, and not due to morphological cell size 
differences  [9] . All  Rfrp  cells from one set of serial sections were 
quantified in each animal. For double-label ISH assays, all red flu-
orescent DIG-containing cells ( Rfrp  cells) from one set of serial 
brain sections were identified under fluorescence microscopy and 
the grain-counting software was used to quantify silver grains 
(representing either  LepRb, Npy, Trh,  or  Mc4r  mRNA) overlying 
each DIG cell. Signal-to-background ratios for individual cells 
were calculated, and a cell was considered double-labeled if its ra-
tio was >3  [35, 36, 41, 42] .

  Statistical Analysis 
 All data are expressed as means ± SEM for each group. In all 

experiments, differences were analyzed by Student’s t test, 
 ANOVA, or 2-way ANOVA (for age and genotype), followed by 
post hoc comparisons for individual age/genotype groups via Fish-
er’s (protected) LSD. Statistical significance was set at p < 0.05. All 
analyses were performed in StatView 5.0.1 (SAS Institute, Cary, 
N.C., USA).

  Experiment 1: Does RFRP-3 Inhibit LH Secretion in Mice? 
 The conserved role of RFRP-3 in the inhibition of LH secretion 

is assumed to be true in mice, but, surprisingly, data demonstrat-
ing this has not yet been reported. In order to test if the mouse 
RFRP-3 peptide is functionally able to suppress LH secretion in 
mice, as occurs with other RFRP-3 variants in other species, adult 
ovariectomized mice were subjected to either 100 ng or 500 ng of 
the murine RFRP-3 peptide (VNMEAGTRSHFPSLPQRF-NH 2 , 
Genscript USA Inc.) dissolved in 100 μl of saline or saline vehicle. 
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Twenty minutes after intraperitoneal injection, blood was collect-
ed by retro-orbital bleed and the serum was assayed for LH (n = 
7–8 per treatment group).

  Experiment 2: What Metabolic Neuropeptides and Receptors 
Are Expressed in Rfrp Neurons? 
 The phenotypic identity of  Rfrp  neurons is virtually unknown. 

Besides estrogen and glucocorticoid receptors, other receptors or 
secreted cofactors, such as neurotransmitters or neuropeptides, 
have not been identified in  Rfrp  neurons. Any number of meta-
bolic genes expressed in the DMN region may colocalize with  Rfrp , 
and if so, would give insight to the regulation and potential meta-
bolic functions of RFRP-3 neurons. We therefore examined 
whether transcripts of important metabolic genes already known 
to be expressed in the DMN specifically colocalize with  Rfrp . Adult 
C57BL6 mice of both sexes (females in diestrous) were sacrificed 
and their brains collected for double-label ISH analyses. Using al-
ternate series of coronal brain sections (encompassing the entire 
rostral to caudal span of the DMN) from each mouse, we examined 
in 4 separate assays the coexpression of neuropeptide Y  (Npy)   [43–
45] ,  Thr   [34, 46] ,  LepRb   [47] , and melanocortin receptor 4  (Mc4r)  
 [48]  in  Rfrp  neurons (n = 4–6 per sex).

  Experiment 3: Is Rfrp Expression or Neuron Activity 
Responsive to Short-Term Metabolic Challenge? 
 Given that RFRP-3 treatment increases food intake  [7, 49]  and 

that a subset of  Rfrp  neurons express the leptin receptor (experi-
ment 2), it is possible that transiently diminished serum leptin lev-
els achieved via short-term FD may alter  Rfrp  expression and/or 
 Rfrp  neuronal activation. Furthermore, a recent report demon-
strated that LH secretion is not suppressed after 12 h of FD in 
Gpr147 knockout mice, suggesting RFRP-3 is essential during 
acute FD to suppress LH  [26] . To further examine this, adult 
C57BL6 female mice were first GDX (to equate sex steroids be-
tween groups since E 2  can inhibit  Rfrp  levels) and were then later 
subjected to short-term (12-hour) FD or kept on ad lib feeding 
(controls) (n = 7 per group). All food was removed from FD ani-
mals at lights off (18:   00 h) and all animals were sacrificed 12 h 
later at lights on (06:   00 h) the following morning. Cages of ad lib 
control mice were opened, but food was not removed. Brains and 
blood were collected immediately at the end of the 12-hour FD or 
ad lib feeding period.  Rfrp  expression in the DMN was analyzed by 
single-label ISH and, in an alternate set of brain sections from the 
same animals, double-label ISH was performed for  Rfrp  and  c-fos, 
 a marker of neuronal activation. Blood serum collected at the time 
of sacrifice was assayed for circulating LH and leptin.

  Experiment 4: Is Rfrp Expression Altered in Adult Ob Animals? 
 Since experiment 2 found that a subset of  Rfrp  neurons express 

 LepRb,  we hypothesized that  Rfrp  expression may be leptin regu-
lated. To determine if  Rfrp  levels are altered with chronic leptin 
deprivation, we measured  Rfrp  neuron numbers and cellular  Rfrp  
expression levels using single-label ISH in adult male and female 
GDX Ob mice (leptin deficient) and their WT GDX littermates 
(n = 5–7 animals per genotype per sex).

  Experiment 5: Does Rfrp Expression during Postnatal 
Development Coincide with Serum Leptin Levels? 
 Experiment 4 demonstrated that adult Ob mice display al-

tered  Rfrp  expression, suggesting that leptin may regulate RFRP-

3 neurons. In development, there is a large transient rise in serum 
leptin that occurs during the second week of life in mice. Around 
this same age,  Rfrp  expression is significantly higher than on the 
day of birth  [9] . In order to see if the juvenile leptin surge coin-
cides with developmental changes in  Rfrp  neurons, C57BL6 pups 
were sacrificed by rapid decapitation on PND 1, 3, 6, 8, 10, 12, 14, 
and 16 (n = 5–9 animals per age, per sex). Only litters of 4–8 pups 
were used. Trunk blood was collected for serum hormone analy-
sis, and brains were collected and frozen on dry ice. For each sex, 
brain slices containing the entire DMN were assayed and ana-
lyzed for  Rfrp  expression by single-label ISH, using the HE and 
LE  Rfrp  cell criteria described previously (see the section ‘Single-
label and Double-Label ISH’   above)  [36] ; each sex was assayed 
independently. Serum leptin was measured by ELISA. Along with 
the postnatal mice, cohorts of control adult diestrous female or 
male mice were simultaneously assayed for  Rfrp  expression and 
serum leptin levels. 

  In a complementary experiment, to determine if the long-
form leptin receptor is expressed in juvenile  Rfrp  neurons at 
different developmental stages, an alternate set of brain slides 
from female PND 1, 10, and 12 mice (along with adult diestrous 
female controls) was assayed for  LepRb  coexpression in  Rfrp  
neurons using double-label ISH (n  = 6–7 animals per age 
group).

  Experiment 6: Are the Juvenile Changes in Rfrp Expression 
during Development Dependent on Leptin? 
 Given the synchronous developmental changes in juvenile 

 Rfrp  expression and postnatal leptin secretion observed in ex-
periment 5, we hypothesized that the developmental changes in 
 Rfrp  neurons may be leptin dependent. To test this, we repeated 
experiment 5 using heterozygous Ob breeding pairs to produce 
WT, Ob, and heterozygous pups. Brains, trunk blood, and tail 
snips for genotyping were collected on PND 1, 6, 10, 12, and 16. 
Only litters of 4–8 pups were used. Brains from WT and Ob 
males of these various postnatal ages were analyzed for  Rfrp  
mRNA expression levels via single-label ISH (n = 5–9 animals 
per age per genotype). Serum leptin for each animal was mea-
sured via ELISA to confirm the presence or absence of circulat-
ing leptin. 

  Results 

 Experiment 1: The Murine RFRP-3 Peptide Inhibits 
LH Secretion in Adult Female Mice 
 To determine if peripherally administered murine 

RFRP-3 peptide can suppress LH secretion in mice, as oc-
curs with other RFRP-3 variants in other species, 100 ng 
or 500 ng of RFRP-3 or saline was injected i.p. in adult 
GDX female mice. Both the 100-ng and 500-ng doses of 
murine RFRP-3 were able to significantly suppress LH 
secretion, by nearly 70% ( fig. 1 ; p < 0.05). There was no 
difference in the efficacy of the two doses of murine 
RFRP-3 on LH suppression.
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  Experiment 2: A Subset of Rfrp Neurons Express 
LepRb mRNA 
 Double-label ISH was performed for energy balance-

related genes known to be expressed in the DMN  [34, 
43–48]  to determine if they are coexpressed in  Rfrp  neu-

rons of adult male or female mice. We found that virtu-
ally no  Rfrp  neurons coexpressed  Npy  or  Trh , despite no-
table  Npy  and  Trh  expression in the same DMN region, 
often near  Rfrp  neurons ( fig. 2 ;  table 1 ). Next, to assess 
the  possibility that metabolic hormones/neuropeptides 

0

0.25

0.50

0.75

1.00

1.25
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2.25

LH
 (n
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m
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Saline 100 ng
RFRP-3

500 ng
RFRP-3

* *

NPY/Rfrp TRH/Rfrp

LepRb/Rfrp Mc4r/Rfrp

  Fig. 2.  Expression of hypothalamic energy 
balance genes in the dorsal-medial hypo-
thalamus. Representative photomicro-
graphs of double-label ISH of neuropep-
tide Y ( NPY ),  TRH ,  LepRb , or  Mc4r  (silver 
grains) in  Rfrp  neurons   (red fluorescence). 
Single-labeled  Rfrp  neurons are identified 
with blue arrows and single-labeled  NPY , 
 TRH ,  LepRb , and  Mc4r  neurons are marked 
with yellow arrows. Double-labeled  LepRb/
Rfrp  and double-labeled  Mc4r/Rfrp  neu-
rons are marked with green arrowheads. 

  Fig. 1.  Effect of peripheral murine RFRP-3 
injection on LH secretion in mice. Adult 
GDX female mice were injected i.p. with 
100 ng or 500 ng of murine RFRP-3 dis-
solved in 100 μl of saline, or 100 μl of saline 
alone, and bled 20 min later. RFRP-3 sig-
nificantly suppressed LH secretion in GDX 
mice at both doses (p < 0.05). 
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might directly regulate the RFRP-3 system, we looked for 
coexpression of several metabolic signaling factor recep-
tors in  Rfrp  neurons.  LepRb  mRNA was found to be no-
tably coexpressed in a subset of  Rfrp  neurons, suggesting 
that a proportion of adult  Rfrp  neurons may be leptin re-
sponsive. The degree of  LepRb-Rfrp  coexpression was 
similar in both sexes ( ∼ 15%). An even smaller subset of 
 Rfrp  neurons ( ∼ 8%) in both sexes was found to coexpress 
the primary melanocortin receptor,  Mc4r . A summary of 
the coexpression levels for each gene with  Rfrp  is in 
  table 1 .

  Experiment 3: Rfrp Neurons in Mice Appear 
Unresponsive to 12-Hour FD 
 To test if energetic challenge induced by short-term 

FD modifies  Rfrp  mRNA expression levels or the activity 
of RFRP-3 neurons, adult female mice were subjected to 
short-term (12-hour) FD. Demonstrating the effective-
ness of the energetic challenge, 12-hour FD mice had a 
significant decrease in body weight (5.3%; p < 0.05) and 
significant decreases in serum LH and leptin relative to ad 
lib control females ( fig. 3 a–c; p < 0.05). However, despite 
this negative impact of 12-hour FD on body weight and 
endocrine physiology, there were no significant differ-
ences in either the total number of  Rfrp  neurons or the 
total  Rfrp  mRNA between ad lib and FD animals ( fig. 3 d–
f). Moreover, when  Rfrp  neurons were categorized as ei-
ther HE or LE, there were no statistical differences be-
tween ad lib and FD animals (data not shown). 

  In addition to mRNA levels, we also used double-label 
ISH to examine alterations in neuronal activation of 
RFRP-3 neurons in 12-hour FD mice. As with the single-
label assay, the total number of  Rfrp  cells in this double-
label assay did not differ between 12-hour FD and ad lib 
mice (117 ± 8 cells vs. 121 ± 8 cells, respectively). More-

over, there was no group difference in the percent of  Rfrp  
neurons demonstrating recent neuronal activation, as 
measured by  c-fos  mRNA coexpression in  Rfrp  neurons 
( fig. 3 g, h). 

  Experiment 4: Rfrp Expression Is Decreased in Adult 
Ob Mice of Both Sexes 
 This experiment assessed whether there are notable 

differences in  Rfrp  expression in adult Ob (leptin defi-
cient) and WT mice that were all GDX beforehand to re-
move any masking effects of circulating E 2  (which mod-
erately decreases  Rfrp  expression). As expected, Ob ani-
mals of both sexes were significantly heavier, weighing 
almost twice as much than their WT counterparts (p < 
0.05, data not shown). In the brain, the total number of 
detectable  Rfrp  neurons was not significantly different 
between Ob and WT mice in either sex ( fig. 4 a, b). How-
ever, using the HE and LE  Rfrp  cell criteria, there was a 
significant decrease in the number of HE  Rfrp  neurons in 
female Ob mice compared to female WTs ( fig.  4 a; p  < 
0.05), with no significant differences in the number of LE 
 Rfrp  cells between genotypes. Likewise, a similar reduc-
tion in the number of HE  Rfrp  neurons was detected in 
male Ob mice compared to WT male littermates ( fig. 4 b; 
p < 0.05). In addition to these changes in cell number, the 
total level of  Rfrp  mRNA in the DMN was significantly 
lower in both male and female Ob mice compared to their 
WT littermate controls ( fig. 4 a, b; p < 0.05). 

  Experiment 5: Changes in Rfrp Expression over 
Postnatal Development Correlate with the Leptin 
Surge 
 We previously reported that  Rfrp  levels in the brain 

are dramatically higher in juvenile mice (on PND 10) 
compared to birth. Since experiment 4 demonstrated 
that  Rfrp  expression is significantly altered in adult Ob 
animals of both sexes, we hypothesized that the juvenile 
leptin surge  [28]  might govern the developmental chang-
es in  Rfrp  expression. We first determined whether there 
was a correlation between juvenile leptin levels and post-
natal developmental changes in  Rfrp  expression. C57BL6 
mice of both sexes were sacrificed on PND 1, 3, 6, 8, 10, 
12, 14, and 16, and their brains were assayed for  Rfrp  ex-
pression ( fig. 5 ) and compared to serum leptin levels at 
each age. The total number of detectable  Rfrp  neurons 
was highest at birth and was significantly lower at later 
postnatal ages, with the lowest number of  Rfrp  neurons 
in adulthood (diestrous stage for females;  fig. 6 a). How-
ever, the amount of  Rfrp  expressed per cell was lowest at 
birth and increased substantially with age. Indeed, the 

 Table 1.  Summary of four double-label ISH assays for metabolic-
related genes in the DMN coexpressed with Rfrp neurons

Intact males DE females

NPY/Rfrp 1.5±0.7% 3.0±1.5%
TRH/Rfrp 1.1±0.5% 1.6±0.8%
LepRb/Rfrp 16.9±1.6% 13.0±1.6%
Mc4r/Rfrp 6.9±1.0% 8.7±0.7%

Adult diestrous (DE) females and intact male mice were as-
sayed for neuropeptide Y (NPY), TRH, LepRb, or Mc4r mRNA in 
Rfrp cells in the DMN. Values are average percent coexpression ± 
SEM. n = 4–6 animals per sex.
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  Fig. 3.  Effects of short-term food deprivation on  Rfrp  expression 
and  Rfrp  neuron activation in GDX female mice.  a  12-hour FD had 
a significant effect on the change in body weight (p < 0.05) with 
deprived animals losing almost 6% of body weight on average. 
 b  Serum LH is significantly less in 12-hour FD GDX animals than 
ad lib animals (p < 0.05).  c  Serum leptin is significantly less in 12-
hour FD GDX animals than ad lib animals (p < 0.05).  d  Represen-
tative photomicrographs of single-label ISH for  Rfrp  mRNA in ad 
lib and 12-hour FD female GDX mice. 3V = Third ventricle.  e  The 
total number of  Rfrp  neurons is not significantly different between 

ad lib and 12-hour FD animals.  f  The total number of  Rfrp  mRNA 
is not significantly different between ad lib and 12-hour FD ani-
mals.  g  Representative photomicrographs of double-label ISH for 
 c-fos  and  Rfrp  mRNAs in ad lib and 12-hour FD female GDX mice. 
Double-labeled  c-fos  and  Rfrp  (green arrowhead), single-labeled 
 c-fos  cells (yellow arrow), and single-labeled  Rfrp  neurons (blue 
arrow) are shown.  h  Quantification of percent  c-fos  and  Rfrp  coex-
pression in ad lib and 12-hour FD animals showed no significant 
difference between the two groups. 
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  Fig. 4.   Rfrp  expression in adult Ob male and female GDX mice. 
   a   Representative photomicrographs of single-label ISH for        Rfrp  
mRNA in WT and Ob female GDX mice. 3V = Third ventricle. 
 b  Quantification of total  Rfrp  neurons, HE  Rfrp  neurons, LE  Rfrp  
neurons, and total  Rfrp  mRNA from single-label ISH in female 
GDX mice. The number of HE cells and the total  Rfrp  mRNA was 
significantly less in Ob females than WT littermates (p  < 0.05). 

There were no significant differences between the total number of 
 Rfrp  neurons or number of LE cells.  c  Quantification of total  Rfrp  
neurons, HE  Rfrp  neurons, LE  Rfrp  neurons, and total  Rfrp  mRNA 
from single-label ISH in male GDX mice. The number of HE cells 
and the total  Rfrp  mRNA was significantly less in Ob males than 
WT littermates (p < 0.05). There were no significant differences 
between the total number of  Rfrp  neurons or number of LE cells. 
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total amount of  Rfrp  mRNA in the DMN increased with 
postnatal development, beginning to rise around PND 6 
and peaking at PND 12 before dropping again at subse-
quent older ages ( fig. 6 b; p < 0.05). This robust increase 
in total  Rfrp  mRNA during the 2nd week of postnatal life 
appears to reflect a large increase in the number of HE 
 Rfrp  cells, which are virtually absent at birth, but substan-
tially increase in abundance around PND 6 and peak at 
maximal levels at PND 12 before dropping slightly at 
subsequent older ages ( fig. 6 c; p < 0.05). Unlike HE  Rfrp  
cells, the number of LE cells decreases slowly and steadi-
ly throughout these postnatal ages, with the lowest num-
ber of LE cells in adulthood ( fig. 6 d; p < 0.05). Virtually 
identical results were found in similarly aged male mice 
(data not shown).

  Serum leptin levels were measured in each animal to 
see if they correlated with  Rfrp  levels. For both sexes, 
mean serum leptin levels were essentially undetectable at 
birth (PND 1) and on PND 3, and were first readily de-
tectable at PND 6. Leptin levels increased robustly dur-

ing the second week of life, peaking at PND 10 and 12 
(the leptin surge), and subsequently began to fall on 
PND 14 and 16, being low again in adult animals ( fig. 6 e; 
p  < 0.05). Leptin levels were significantly higher than 
adult female (diestrous) levels at all postnatal ages exam-
ined, except for PND 1 and 3 (p < 0.05). Interestingly, 
these postnatal changes in leptin levels correlated well 
with the observed increases in the number of HE  Rfrp  
cells and total  Rfrp  mRNA, with each starting to increase 
around PND 6 and reaching maximal levels around 
PND 10 and 12 ( fig. 6 ).

  Experiment 6: Juvenile Rfrp Expression Is Not 
Dependent on Leptin during Development 
 The dramatic developmental increase in HE  Rfrp  neu-

rons and total  Rfrp  mRNA observed around PND 10 and 
12 correlates with the zenith of the juvenile leptin surge 
(experiment 5), suggesting that the two events may be re-
lated. To test this possibility, we determined whether  Rfrp 
 neurons coexpress  LepRb  during specific postnatal ages 

PND 1 PND 3

3V 3V 3V

PND 8

PND 10 PND 12

3V

3V 3V

PND 16

  Fig. 5.  Rfrp   expression over the first 16 days of postnatal life. Representative photomicrographs of single-label 
ISH for  Rfrp  mRNA on PND 1, 3, 6, 8, 10, 12, 14, and 16 in female mice. Day of birth is designated PND 1. 3V = 
Third ventricle. 
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and whether the normal developmental pattern and levels 
of  Rfrp  expression are altered in juvenile mice lacking 
leptin. In postnatal brains examined for  Rfrp / LepRb  coex-
pression, a subset of  Rfrp  cells clearly coexpressed notable 
 LepRb  mRNA ( fig. 7 a); the degree of coexpression did not 
vary with age, being 15–20% from birth through adult-
hood ( fig. 7 b). 

  To determine if leptin signaling is required, directly or 
indirectly, for the normal pattern of  Rfrp  neuron develop-
ment in juveniles, female Ob and WT brains were ana-
lyzed for  Rfrp  expression on PND 1, 6, 10, 12, and 16 
( fig. 8 ,  9 ). Despite the strong correlation between devel-
opmental  Rfrp  and leptin changes observed in normal 
mice, there were no significant differences in the number 
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  Fig. 6.  Summary of changes in  Rfrp  expression over the first 16 
days of postnatal life in female mice from single-label ISH.  a  Quan-
tification of total number of        Rfrp  neurons during the first 2 weeks 
of life. Different letters indicate significantly different groups (p < 
0.05).  b  Quantification of total  Rfrp  mRNA during the first 2 weeks 
of life. Different letters indicate significantly different groups (p < 
0.05).            c  Quantification of the number of HE  Rfrp  neurons during 

the first 2 weeks of life. Different letters indicate significantly dif-
ferent groups (p < 0.05).            d  Quantification of the number of LE  Rfrp  
neurons during the first 2 weeks of life. Different letters indicate 
significantly different groups (p < 0.05).            e  Average serum leptin 
levels of mice sacrificed across development and in a cohort of di-
estrous female adult mice. Different letters indicate significantly 
different groups (p < 0.05).     
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of  Rfrp  neurons, total amount of  Rfrp  mRNA, or the num-
ber of HE and LE  Rfrp  cells between Ob and WT mice at 
any developmental age ( fig.  9 a–d). The same develop-
mental pattern in  Rfrp  expression seen in experiment 5 
was observed in both genotypes, with identical magni-
tude increases detected in total  Rfrp  mRNA and the num-
ber of HE cells. Moreover, all  Rfrp  expression increases 
occurred at the same specific postnatal ages, regardless of 
genotype. Confirming the genotypes and leptin milieu, 
serum leptin was significantly elevated between PND 6 
and 12 (representing the leptin surge), and lower on PND 
16 than 12 in WT animals (p < 0.05), but remained unde-
tectable in Ob animals at all ages ( fig. 9 e).

  Discussion 

 The physiological roles RFRP-3 plays and how the hy-
pothalamic RFRP-3 system develops and is regulated are 
still poorly understood. In addition to providing the first 

demonstration of the ability of peripherally administered 
RFRP-3 to potently inhibit LH secretion in vivo in mice, 
our current findings also show that a subset of RFRP-3 
neurons express the long form of the leptin receptor 
and  that  Rfrp  mRNA expression is diminished in Ob 
(leptin-deficient) animals of both sexes. We also demon-
strate that  Rfrp  expression changes in a dramatic manner 
in postnatal development, mirroring age-specific juvenile 
changes in serum leptin. However, examination of the de-
velopmental maturation of  Rfrp  neurons in Ob pups re-
vealed that neither the timing nor magnitude of these de-
velopmental changes in  Rfrp  expression are dependent on 
leptin.

  Despite the reported effect of the rat variant of RFRP-
3 to inhibit LH secretion in many species, including ro-
dents (rats and hamsters), the effect of the murine variant 
of RFRP-3 on LH has not been reported in any species, 
including mice themselves. As the RFRP-3 field moves 
towards transgenic and knockout animals  [26, 50] , mouse 
models will become increasingly important and under-
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  Fig. 7.   LepRb  expression in some  Rfrp  neu-
rons during postnatal life.  a  Left: represen-
tative photomicrographs of double-label 
ISH for        LepRb  (silver grains) in  Rfrp  neu-
rons   (red fluorescence) in the DMN. A sin-
gle-labeled  Rfrp  neuron is identified with a 
blue arrow and a single-labeled   LepRb  neu-
ron is marked with a yellow arrow. Double-
labeled  LepRb / Rfrp  is marked with a green 
arrowhead. Right: strong   LepRb  mRNA 
staining in the ARC nucleus (left side of 
nucleus shown) in the same double-label 
 LepRb / Rfrp  assay. 3V  = Third ventricle. 
 b  Quantification of the percent coexpres-
sion of  LepRb  and  Rfrp  during postnatal de-
velopment. No significant differences were 
seen between ages. The leptin surge peaked 
around PND 10 and 12, as indicated by the 
horizontal red bar. 
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standing murine RFRP-3 pharmacology and physiology 
is essential. Our present finding of markedly suppressed 
LH secretion 20 min after peripheral injection of two dos-
es of murine RFRP-3 in adult female mice matches the 
results found in rats, hamsters, and sheep using the rat 
RFRP-3 peptide  [2, 51–54] . Until just recently, RFPR-3 of 
any variant had surprisingly never been administered to 
mice. León et al.  [26]  reported that a truncated rat RFRP-
3 peptide given via intracerebroventricular injection 
modestly decreased serum LH (by  ∼ 25%) in WT GDX 
female mice. That reduction in LH was considerably less 
than the suppressive effects of peripheral murine RFRP-3 
observed in the present study, in which we found  ∼ 70% 
decrease in serum LH after peripheral murine RFRP-3 
injections at two different doses. Besides potential species 
differences in murine versus rat RFRP-3 peptide efficacy, 
the difference in magnitude of effect might be due to dos-
ing or the route of administration. Interestingly, the 100- 
and 500-ng doses were equally effective in suppressing 
LH secretion, suggesting that the suppressive effect of 

RFRP-3 may already be maximal near the 100-ng dose. 
As our RFRP-3 was administered peripherally, we cannot 
discern at what level(s) of the HPG axis the lowered LH 
secretion is attributable to. However, most data in ro-
dents suggests that RFRP-3’s effects on LH are induced in 
the brain, via diminished GnRH signaling, rather than at 
the pituitary  [8] . Yet, one study recently described in vitro 
effects of RFRP-3 on the pituitary in murine gonadotrope 
LβT2 cells  [55] . 

  Several studies have demonstrated an orexigenic effect 
of RFRP-3  [7, 24, 49] , suggesting that RFRP-3 may be in-
volved in receiving and/or transmitting energy balance 
signals. Both neuropeptide Y and thyrotropin-releasing 
hormone (TRH) are neuropeptide cell populations that 
reside in the DMN, and are even expressed in a similar 
pattern as  Rfrp   [34, 45] . However,  Rfrp  did not colocalize 
with either of these neuropeptides, demonstrating that it 
is a unique neuropeptide population with. We also exam-
ined two metabolic hormone receptors, the long-form 
leptin receptor,  LepRb , and a melanocortin receptor, 

WT

PND 10PND 1

3V

3V 3V
3V

3V 3V

PND 12

Ob

  Fig. 8.   Rfrp  expression over postnatal life in female Ob and WT littermates. Representative photomicrographs of 
single-label ISH for  Rfrp  mRNA on PND 1, 10, and 12 are shown. 3V = Third ventricle. 
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 Mc4r,  which are also expressed in the DMN. A small sub-
set of  Rfrp  neurons expressed each of these receptors, with 
the leptin receptor being the more prominently expressed, 
suggesting that some  Rfrp  neurons may be a direct target 
of leptin signaling. However, most  Rfrp  neurons did not 
express LepR, suggesting that any major effects of leptin 

signaling – or its absence – on  Rfrp  neurons may in fact 
be indirect.

  Ob mice are infertile due to a lack of gonadotropin se-
cretion  [27] , and since RFRP-3 is known to inhibit LH se-
cretion, and some  Rfrp  neurons express the leptin receptor, 
we hypothesized that  Rfrp  expression would be higher in 
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  Fig. 9.  Summary of changes in  Rfrp  expression on PND 1, 6, 10, 12, 
and 16 in female Ob and WT animals.    a  Quantification of total 
number of        Rfrp  neurons during the leptin surge. There were no 
significant changes between genotypes.                    b  Quantification of total 
 Rfrp  mRNA during the leptin surge.  Rfrp  expression is significant-
ly higher on PND 10, 12, and 16 than on PND 1 or 6 (p < 0.05). 
         c   Quantification of the number of HE  Rfrp  neurons during the 
leptin surge. The number of  Rfrp  neurons is significantly higher on 
PND 10, 12, and 16 than on PND 1 or 6 (p < 0.05).          d  Quantifica-

tion of the number of LE  Rfrp  neurons during the leptin surge. 
Different letters indicate significantly different groups (p < 0.05). 
           e  Serum leptin concentration in Ob and WT female mice as mea-
sured by ELISA. Leptin is highest on PND 10 and 12, dropping on 
16, demonstrating the postnatal leptin surge. Leptin concentration 
in WT mice were significantly elevated between PND 6 and 16, 
peaking around PND 12 (p < 0.05). Leptin was not detectable on 
the day of birth in WT mice or in Ob animals at any age.     
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Ob mice. However, using GDX adult Ob males and fe-
males, we found the opposite outcome:  Rfrp  expression is 
lower in adult Ob mice than their WT littermates. This was 
true for both sexes. During the writing of this manuscript, 
Rizwan et al.  [56]  published data suggesting that RFRP-3 
neurons are not regulated by leptin. That study’s immuno-
histochemical data showed no difference between the 
number of RFRP-3-immunoreactive neurons in GDX, E 2 -
replaced Ob mice and WT littermates, and minimal phos-
phorylation of signal transducer and activator of transcrip-
tion 3 in RFRP-3 neurons after leptin injections. Those re-
sults suggest that RFRP-3 neurons are not directly 
regulated by leptin and that RFRP-3-immunoreactive lev-
els are unaffected by leptin deficiency, differing from our 
present results in which  Rfrp  levels were significantly di-
minished in Ob mice. It is possible that the exogenous E 2  
replacement in the Rizwan study may have masked differ-
ences between WT and Ob animals, as E 2  moderately re-
presses  Rfrp   [9, 31] , and may have done so similarly in both 
genotypes. Our present data quantifying gene expression 
(rather than protein) levels demonstrates that total  Rfrp  
mRNA levels are significantly repressed in GDX Ob ani-
mals (no E 2  given, so  Rfrp  expression is not being inhibited 
by sex steroids). Additionally, in our Ob mice, we identi-
fied a primary deficit in  Rfrp  expression specifically in the 
HE  Rfrp  cell population, which is a cellular distinction that 
has not yet been analyzed using immunohistochemical 
data. The functional significance of the lower  Rfrp  levels in 
Ob mice is not yet known; RFRP-3 has proposed roles in 
several other physiological/behavioral systems beyond re-
production, such as feeding, stress, and anxiety, and the 
observed decreases in  Rfrp  levels in Ob mice may reflect 
RFRP-3’s involvement in these processes rather than the 
reproductive impairments of these animals.

  Although we show a notable decrease in overall  Rfrp  
levels in adult Ob mice of both sexes, it remains unclear 
if this is due to changes in direct or indirect leptin signal-
ing to RFRP-3 cells. Rizwan et al.  [56]  showed minimal 
phosphorylation of signal transducer and activator of 
transcription 3 in RFRP-3 neurons after leptin treatment, 
ranging from  ∼ 3% in mice to 7–13% in rats, suggesting 
that any effects of leptin would likely be indirect. In the 
present study, using double-label techniques, we found 
direct anatomical evidence for a slightly higher degree of 
 LepRb  expression in  Rfrp  neurons, 15–20% in female and 
male mice, suggesting that some effects of leptin could in 
fact be directly on a subset of  Rfrp  neurons. Yet, based on 
the overall low-to-moderate percentage of total  Rfrp  neu-
rons expressing  LepRb , we concur with Rizwan et al., that 
the majority of RFRP-3 neurons in rodents are likely not 

directly responsive to leptin signaling. If so, the dimin-
ished  Rfrp  levels observed in Ob mice may reflect any of 
the following: (1) direct leptin signaling in only a small 
subset ( ∼ 15–20%) of  Rfrp  cells, causing only those cells to 
change gene expression, (2) indirect leptin signaling on 
upstream leptin-responsive circuits that themselves di-
rectly regulate RFRP-3 neurons, and (3) influence of non-
leptin metabolic signals that are secondarily altered in the 
obese state of Ob mice. This last possibility seems likely 
since  Rfrp  expression was normal in young juvenile Ob 
mice, in which leptin signaling is absent but obesity has 
yet to emerge. Of note, despite the observed low-to-mod-
erate levels of  LepR-Rfrp  coexpression, very strong LepR 
expression was observed in the ARC and other areas of 
the same brain sections, demonstrating the robustness of 
LepR probe staining in our assays.

  Central injections of RFRP-3 reportedly stimulate 
food intake  [23, 24] , and RFRP-3 neurons are activated 
by chronic mild (20%) food restriction in hamsters  [25] . 
Moreover, a recent report demonstrated that LH secre-
tion is not suppressed after 12 h of FD in Gpr147 knock-
out mice (lacking the RFRP-3 receptor), suggesting that 
RFRP-3 is involved in the metabolic regulation of LH 
 [26] . We therefore examined whether  Rfrp  expression 
levels or  Rfrp  neuronal activation is altered in adult fe-
male mice subjected to 12-hour FD. This short-term FD 
had no effect on  Rfrp  expression or  Rfrp  neuronal activa-
tion. These results are surprising, as body weight and LH 
levels were significantly lower after FD, reflecting effec-
tive metabolic challenge and inhibition of the reproduc-
tive system. Thus, the lower LH levels observed in our 
metabolically challenged females, which we hypothesized 
to be a direct or indirect effect of enhanced RFRP-3, ap-
pear to be decreased by some other mechanism. The pre-
viously observed increase in  Rfrp  neuronal activation in 
hamsters that were food restricted to 80% of normal diet 
for much longer periods of time (8 days or more  [25] ) 
may suggest that metabolic alteration of  Rfrp  neurons 
may be a part of either chronic or mild nutritional stress, 
rather than acute, severe changes in energy availability, as 
in our 12-hour FD paradigm. 

  Over the course of postnatal development, there are 
drastic age-specific changes in neural  Rfrp  expression, es-
pecially in the late infantile and juvenile phases. Previ-
ously, we demonstrated that both the number of HE  Rfrp  
cells and the total amount of  Rfrp  mRNA per cell are con-
siderably lower at birth than on PND 10, at which time 
the number of LE  Rfrp  cells is lower than at birth  [9] . 
Here, we determined a more detailed time-line during the 
first 2 weeks of life. In normal C57BL6 mice, the develop-
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mental increase in HE  Rfrp  cells and total  Rfrp  mRNA 
appears around PND 6–8, with a peak in these measures 
around PND 12. This was in striking synchronous align-
ment with the occurrence of the postnatal leptin surge. 
However, using Ob mice, we found that neither the tim-
ing nor magnitude of this developmental pattern of the 
 Rfrp  population is leptin dependent. The developmental 
changes observed in  Rfrp  expression may be due to other 
metabolic hormones, such as ghrelin or insulin  [57–59] , 
or reproductive hormones from maturing gonads  [60–
63] , all of which have been shown to modify gene expres-
sion in the developing hypothalamus. Identifying the 
cause of the dramatic  Rfrp  changes during development, 
and just as importantly, their functional significance, will 
be an important avenue of future inquiry.

  In conclusion, the data presented here provide further 
insight into the regulation and development of RFRP-3 
neurons in mice. We show for the first time that peripher-
ally administered murine RFRP-3 peptide can strongly in-
hibit LH secretion in adult female mice, consistent with 
reports for other RFRP-3 variants in other species. We also 
show that although  Rfrp  neurons do not express neuro-
peptide Y or TRH, there does appear to be a small subpop-
ulation of  Rfrp  neurons that coexpress  LepRb , allowing for 
the possibility of direct leptin signaling in these cells. This 
finding is extended by the novel observation that adult Ob 
animals have less  Rfrp  expression than their WT litter-
mates, though whether this decrease in  Rfrp  expression is 
due to direct or indirect effect of leptin signaling, or other 

metabolic cues associated with obesity, remains to be de-
termined. Additionally, we demonstrate that  Rfrp  expres-
sion in female mice is resistant to short-term FD, despite 
previous reports demonstrating effects of long-term mild 
food restriction on RFRP-3 neurons in other species. Thus, 
the observed decrease in LH after short-term FD in mice 
is unlikely to be due to changes in RFRP-3 neurons. Lastly, 
we characterize the detailed developmental pattern of  Rfrp  
expression in the rodent brain during infantile and juve-
nile life, and though this pattern correlates with leptin lev-
els, we find it is independent of leptin signaling. The mech-
anism and physiological significance of these dramatic 
 Rfrp  changes during juvenile development remains to be 
determined.
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