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ABSTRACT

Hypothalamic neurons, which produce the kisspeptin family
of peptide hormones (Kp), are critical for initiating puberty and
maintaining estrous cyclicity by stimulating gonadotropin-
releasing hormone (GnRH) release. Conversely, RFamide-related
peptide-3 (RFRP3) neurons inhibit GnRH activity. It has
previously been shown that neonatal exposure to bisphenol A
(BPA) can alter the timing of female pubertal onset and induce
irregular estrous cycles or premature anestrus. Here we tested
the hypothesis that disrupted ontogeny of RFamide signaling
pathways may be a mechanism underlying advanced puberty. To
test this, we used a transgenic strain of Wistar rats whose GnRH
neurons express enhanced green fluorescent protein. Pups were
exposed by daily subcutaneous injection to vehicle, 17beta-
estradiol (E2), 50 lg/kg BPA, or 50 mg/kg BPA, from Postnatal
Day (PND) 0 through PND 3, and then cohorts were euthanized
on PNDs 17, 21, 24, 28, and 33 (5–8 animals per age per
exposure; males were collected on PNDs 21 and 33). Vaginal
opening was advanced by E2 and 50 lg/kg BPA. On PND 28,
females exposed to E2 and 50 lg/kg BPA had decreased RFRP-3
fiber density and contacts on GnRH neurons. RFRP3 perikarya
were also decreased in females exposed to 50 lg/kg BPA. Data
suggest that BPA-induced premature puberty results from
decreased inhibition of GnRH neurons.

endocrine disruptor, kisspeptin, puberty, RFRP

INTRODUCTION

In female rodents, neonatal exposure to bisphenol A (BPA)
advances puberty, compromises fertility, and induces irregular
estrous cycles or persistent estrus [1–3]. Although these effects
are indicative of disruption within the hypothalamic-pituitary-
gonadal (HPG) axis, the specific cellular and molecular
mechanisms underlying these effects remain poorly understood
[4]. Hence, the potential risks associated with human BPA
exposure are difficult to evaluate [5, 6]. Hypothalamic neurons
which produce the kisspeptin family of peptide hormones (Kp)
are critical for initiating puberty and maintaining estrous
cyclicity by stimulating gonadotropin-releasing hormone

(GnRH) release [7]. Conversely, RFamide-related peptide-3
(RFRP3) neurons inhibit GnRH release [8, 9]; both have been
shown to play central but opposing regulatory roles in pubertal
maturation, reproductive physiology, and energy balance [8–
12]. Thus, the disrupted ontogeny of either could underlie the
pubertal advancement and estrous cycle disruption observed in
BPA-exposed females. We hypothesized that neonatal BPA
exposure would alter the peripubertal ontogeny of RFamide-
signaling pathways in the female rat and that this disrupted
development would be associated with early onset of puberty.
Collectively, the primary goal was to determine whether
advanced puberty is accompanied by accelerated maturation of
the Kp system or the premature release of RFRP3 inhibition of
GnRH neurons.

BPA is a chemical building block of polycarbonate plastics
and epoxy resins that readily leaches from food packaging
containers into the contents [13–15], resulting in nearly
ubiquitous human exposure [16–18]. BPA has been detected
in umbilical cord blood and fetal plasma [5, 19], demonstrating
that human BPA exposure begins in utero. Developmental
exposure is of particular concern because endocrine disruption
during this critical period could induce permanent effects [20–
22]. BPA has been recognized as having estrogenic activity
since the 1930s [23], but its potential for inducing health
effects in humans, particularly at low doses, remains
controversial. Although it has been hypothesized that exposure
to BPA or other endocrine-disrupting compounds (EDCs) may
contribute to the rapid advancement of puberty in girls [22, 24],
the specific mechanisms underlying this phenomenon remain
elusive. Evidence for disruption within RFamide-signaling
cascades could give further insight into the cause of premature
puberty and related outcomes including irregular cyclicity and
metabolic disease [11].

The RFamide protein family is highly conserved across
species [9, 10, 25–27], suggesting that effects observed within
this system in rodents may be indicative of vulnerability in
humans. The Ks proteins (previously called metastins) and
their receptor, Kiss1r (formerly known as GPR54), were
initially discovered in hypogonadal patients [28] and later
characterized in other species, including rodents, sheep, and
nonhuman primates [29–31]. RFRP3 is a related RFamide first
identified as gonadotropin-inhibiting hormone (GnIH) in birds
and now recognized as present in mammals [25, 26, 32, 33].
Kp is critical for the initiation of puberty, as mutations to
Kiss1r result in hypogonadism [7, 28], and Kp administration
is sufficient to initiate pubertal development in laboratory
animals [34–36]. Conversely, RFRP3 administration has been
shown to inhibit GnRH synthesis and release [32, 33, 37], but
its role on pubertal timing remains controversial due to
conflicting data [10, 38]. Generally, it is postulated that Kp,
acting as the ‘‘accelerator,’’ and RFRP3, acting as the ‘‘brake,’’
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work in tandem to orchestrate the timing of pubertal onset and
regulate GnRH activity [8]. Both RFamides are frequently
colocalized with steroid hormone receptors in hypothalamic
neurons, suggesting that they are hormone-responsive through-
out development [10, 39, 40] and thus potentially vulnerable to
endocrine disruption.

There are two distinct hypothalamic populations of Kp
neurons in the rodents, one within and posterior to the
anteroventral periventricular nucleus (AVPV; a region now
defined as the rostral periventricular area of the third ventricle
[RP3V] [41]) and one in the arcuate nucleus (ARC). Beginning
just prior to the second week of life, the RP3V population
becomes sexually dimorphic, with females having substantially
more Kiss1 expression and Kp-immunoreactive (Kp-ir)
neurons and projections than males [40, 42–45]. ARC Kp
expression is sexually dimorphic neonatally [46, 47] but not
subsequently [44, 48]. As sexual maturity approaches, the
number of RP3V Kp neurons increases, as does the density of
terminal fibers, making putative contacts on GnRH neurons in
the anterior hypothalamus [42, 49]. Although its ontogeny
across the pubertal transition appears to be less dynamic, the
ARC population hypothetically may also play a role in pubertal
development [50]. Thus, we hypothesized that BPA-induced
early puberty could result from accelerated maturation of Kp
pathways, either in the RP3V or the ARC or both.

RFRP3-ir perikarya are primarily confined to the dorsal
medial nucleus (DMN) and send efferents throughout the brain,
including the anterior hypothalamus [51]. RFRP3 neurons form
synapses with GnRH neurons, but specifically how RFRP3
neurons communicate with GnRH neurons is not well
characterized. GnRH neurons express the putative RFRP3
receptor (GPR147; also called Npffr1), but it has recently been
shown that RFRP3 can also act through GPR74 (also called
Npffr2), leaving open the possibility that RFRP3 influences
GnRH activity through multiple mechanisms [52–54]. In
rodents, RFRP3 mRNA and the number of DMN-ir RFRP3
neurons increase across neonatal development, decline at
pubertal onset, and then rise with advanced age [55–57].
RFRP3 neurons play a role in energy balance [58, 59] and
neuroendocrine stress responses [12], suggesting that RFRP3
activity could alter the timing of puberty both directly, through
action on GnRH neurons, or indirectly, through other
influencing pathways. We hypothesized that an accelerated
decline in RFRP3 input on GnRH neurons at peripuberty could
be associated with BPA-induced advanced puberty.

Collectively, the primary goal of the present studies was to
determine whether advanced puberty following early life
exposure to BPA was accompanied by accelerated maturation
of the Kp system or the premature removal of RFRP3
inhibition on GnRH neurons. Determining the specific
mechanisms by which BPA alters the tempo of reproductive
development is necessary to help establish whether similar
effects are plausible in humans. In addition to exploring a
potential new avenue for endocrine disruption in the hypothal-
amus, the present study contributes important, fundamental
information regarding RFRP3 neuroanatomy. Although the
peripubertal ontogeny of Kp pathways has been well
characterized in numerous species [40, 42–46, 60, 61],
comparatively less is known about the ontogeny of RFRP3
pathways in juvenile female rats. Here we addressed these data
gap by quantifying RFRP3 cell numbers and the density of
efferent projections to preoptic GnRH neurons in peripubertal
rats.

MATERIALS AND METHODS

Animals

A transgenic strain of enhanced green fluorescent protein (EGFP)-GnRH
Wistar rats was used. These animals, which express EGFP driven by the GnRH
promoter were generated and previously characterized by Fujioka et al. [62]
and Kato et al. [63] from Nippon Medical School, Tokyo, Japan. Our colony
was established from a kind gift from founder Susan Smith at the Oregon
National Primate Research Center, Beaverton, OR [64]. Animal care and
maintenance were conducted in accordance with the applicable portions of the
Animal Welfare Act and the U.S. Department of Health and Human Services
publication Guide for the Care and Use of Laboratory Animals and was
approved by the North Carolina State University (NCSU) Institutional Animal
Care and Use Committee. All litters were born to animals bred in-house. The
sire was removed on the day of birth (defined as Postnatal Day zero [PND 0]).
Dams (n¼17) were maintained on a 12L:12D light cycle (lights on from 700 to
1900 h) at 238C and 50% average relative humidity at the Biological Resource
Facility at NCSU and maintained on a semipurified, phytoestrogen-free diet ad
libitum for the duration of the study (product no. AIN-93G; Test Diet) in
thoroughly washed polysulfone caging with glass water bottles (rubber stoppers
and metal sippers) and woodchip bedding to minimize exposure to exogenous
EDCs [65]. On PND 21, all pups were weaned into same-sex littermate groups
of up to 4 and housed under the same conditions as the dams.

Neonatal Exposure and Tissue Collection

All compounds were dissolved in 100% ethanol (EtOH; Pharmaco) and
then sesame oil (Sigma) at a 10% EtOH:90% oil ratio as we have done
previously [2, 48]. Starting on the day of birth, we injected pups s.c. with 0.05
ml of vehicle (oil), 10 lg of 17b-estradiol (E2; Sigma), and 50 lg/kg body
weight (bw) BPA (low BPA; Sigma) or 50 mg/kg bw BPA (high BPA). The
high dose corresponds to the lowest observed adverse effect level for chronic
oral exposure, and the low dose corresponds to the ‘‘safe,’’ or reference dose,
for human oral exposure. Injections were administered every 24 h for 4 days
(PND 0–3). E2 was used as a positive control, at a dose sufficient to induce
hypothalamic masculinization, as we have done previously [66]. Although we
recognize that injection does not model a typical human oral exposure, this
route was selected for the purposes of these largely mechanistic studies to
ensure that every animal received an identical dose. Injection likely results in a
higher internal dose than oral exposure [67], although at least one study has
shown that this difference is not significant in neonatal mice [68]. Based on that
previous work, we estimated that the average plasma concentration over a 24-h
period would be approximately 0.3 ng/ml for the low BPA group and 330 ng/
ml for the high BPA group [68].

Female pups were euthanized on PNDs 17, 21, 24, 28, or 33 and males on
PND 21 or 33 at between 0930 and 1400 h by transcardial perfusion as
described previously [48]. To experimentally control for potential litter effects,
we used no more than two pups per litter in each age group. Therefore, within
each age group, pups came from a minimum of three dams. At the time they
were euthanized, females were weighed and checked for vaginal opening, a
hallmark of pubertal onset in the rat (occurring on PND 32–36 in unexposed
animals) [69]. Vaginal lavage confirmed that none of the animals had started
their estrous cycle. Plasma was extracted from trunk blood by centrifugation
and stored at �808C.

Immunohistochemistry

Perfused brains were sliced into 35-lm coronal sections and stored free
floating in antifreeze (20% glycerol, 30% ethylene glycol in potassium
phosphate buffer solution) at �208C [70]. Two sets of hypothalamic sections,
one containing the organum vasculosum of the lamina terminalis (OVLT)
through the caudal border of the medial preoptic area (MPOA), and the other
consisting of the rostral borders of the ARC were immunolabeled for Kp, using
immunohistochemistry techniques detailed previously [43, 48].

Two more sets of sections (from PND 28 and PND 33 animals only), one
containing the OVLT through the caudal border of the MPOA and the other
comprising the rostral-to-caudal borders of the DMN, were immunolabeled for
RFRP3, using immunohistochemistry techniques similar to those used for Kp
labeling. RFRP3 was detected using a rabbit-derived GnIH antibody (1:4000
dilution), a generous gift from Kazuyoshi Tsutsui, Waseda University [26, 71].
Limited quantities of primary antibody required us to restrict our analysis of
RFRP3-ir to two time points. We chose PND 28 and 33 because they most
closely corresponded to time points at which the low BPA group and the
controls underwent vaginal opening, respectively.
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Quantification of Kp-ir Fiber Density in the AVPV and ARC

In the rat, RP3V Kp perikarya are not labeled without colchicine
administration [72], a procedure that would have compromised these studies.
Thus, we quantified Kp-ir localized within extended lengths of fibers
throughout the RP3V, as previously described [43, 73]. We have shown that
sex difference in RP3V Kp-ir fiber density emerges at approximately the same
age and with similar magnitude as Kiss1 mRNA expression [48]. Three
anatomically matched AVPV sections per animal, consisting of the caudal,
medial, and rostral regions, were selected. Fiber density was also quantified in
the ARC as we have done previously [43, 73]. Here the perikarya were labeled,
but the dense plexus of fibers made them difficult to resolve and quantify [42,
45, 48]. In the peripubertal rat, the fiber plexus is sexually dimorphic (and
masculinized by neonatal E2 administration), but cell numbers and mRNA
expression are not [40, 43, 44, 73]. Thus, we quantified fiber density,
hypothesizing that only the sexually dimorphic feature of ARC Kp-ir would be
vulnerable to endocrine disruption. Three sections per animal, encompassing
the caudal, medial, and rostral ARC regions, were selected and quantified.

The tissue was visualized with a Leica model TCS SPE confocal
microscope using a 403 corrective objective lens. Image stacks (z-step distance
of 1 lm) were analyzed using Image J software (National Institutes of Health,
Bethesda, MD), as detailed previously [43, 73], to obtain the average number of
immunoreactive voxels within the region of interest. The quantification process
was completed independently by two people, both blind to the exposure groups.
The values obtained by each were then averaged to create the data set used for
analysis [43, 73].

Quantification of RFRP3-ir Perikarya and Fiber Density

To quantify RFRP3-ir perikarya, 1–2 sections containing the DMN were
selected from PND 28 females and PND 33 males and females. A set of serial
image planes (z-step distance of 3.5 lm) was collected with confocal
microscopy at a magnification of 403. Image stacks were visualized using
ImageJ software, and the number of RFRP3-ir perikarya were manually
counted by two people, and results were averaged across observers. RFRP3-ir
fibers were quantified in PND 28 females, and PND 33 males and females,
using the same methods applied for Kp-ir fiber density (detailed above). For
this analysis, 2–4 sections containing the OVLT were selected based on the
presence of EGFP-positive GnRH neurons in the area of interest.

Quantification of Putative RFamide Contacts on GnRH
Neurons

Putative contacts on OVLT GnRH neurons by Kp-ir fibers (PND 33
animals) and RFRP3-ir fibers (PND 28 and 33 animals) were evaluated using
confocal microscopy. For every animal, 5–6 GnRH neurons were scanned at
340 magnification, using a 2.53 digital zoom and a 1.5-lm-step distance, and
were assessed for close appositions of RFamide fibers. The percentage of
GnRH neurons with contacts was calculated for every group and recorded.

Assessment of Serum Hormone Levels

Serum luteinizing hormone (LH) levels for PND 28 and 33 females (n¼ 4–
7 per group) were assessed in collaboration with Jerome Goldman and Ashley
Murr at the U.S. Environmental Protection Agency. LH levels were determined
using iodination preparation I-10, reference preparation RP-3, and antisera S-
11, all supplied by the National Institute of Diabetes and Digestive and Kidney
Diseases. Iodination materials were radiolabeled with iodine-125 (125I; New
England Nuclear), using the chloramine-T method [74], and labeled hormone
was separated from unreacted iodide by using a P-60 gel column. Assays were
carried out according to recommendations provided in the kit, with an increase
in sensitivity due to a 24-h incubation of sample and first antibody prior to the
addition of 125I-labeled tracer. Goat anti-rabbit gamma globulin (Calbiochem)
was used as the second antibody [75]. Assay sensitivity was 0.115 ng/tube, and
all samples were run in duplicate with an intra-assay coefficient of variation of
7.75%. Serum levels of total E2 for PND 17, 21, 24, 28, and 33 females (n¼4–
6) were quantified in-house by radioimmunoassay using the Coat-A-Count
estradiol kit (Siemens). All samples were run in duplicate, and the intra-assay
coefficient of variation was 6.50%. An insufficient volume of blood was
available from PND 28 vehicle control females, so they were not included in
the analysis.

Statistical Analysis

Statistical analysis followed established guidelines for low-dose endocrine
disruptor exposure [76]. Generally, AVOVA was used to compare effects

between groups of females, and t-tests were used to explore sex differences.
Bodyweight, estrogen levels, and Kp-ir fiber densities in the AVPV and ARC
were analyzed first by three-way ANOVA with litter, age, and exposure as
factors. No main effects of litter nor any significant interactions with litter were
identified, hence, data were subsequently analyzed by two-way ANOVA with
age and exposure as factors. This was followed with a one-way ANOVA for
each age examined and Fisher least significant difference (LSD) post hoc test
when ANOVA was significant. On PND 21 and 33, a t-test comparing males to
control females was conducted to confirm the expected sex difference. RFRP3
fiber density was analyzed at PND 28 and PND 33 by one-way ANOVA (for
PND 33, males were included because it was not known whether a sex
difference existed) and then followed with a Fisher LSD post hoc test. LH
levels were analyzed by one-way ANOVA for each age group, as only two ages
were examined. Percentages of GnRH neurons with Kp contacts, RFRP3 cell
numbers, and percentages of GnRH neurons with RFRP3 contacts were
analyzed with a hypothesis-driven (based on fiber density results) one-tailed
Dunnett test [76]. We hypothesized that Kp contacts on GnRH neurons would
be upregulated, while RFRP3 cell numbers and contacts on GnRH neurons
would be downregulated.

RESULTS

Vaginal Opening, Body Weight, and Circulating
Hormone Levels

Consistent with our previous observations [2] and those of
others [1, 3, 77–79], vaginal opening occurred earlier in the
low BPA and E2 groups than in controls. All E2-exposed
females and 50% of the low BPA females displayed vaginal
opening on PND 28, compared to 14% of the high BPA
females and 12% of the vehicle controls. By PND 33, 85% of
the low BPA animals, high BPA animals, and vehicle control
females were open (Fig. 1A). Advanced puberty was not
associated with increased bw (Fig. 1B). A significant effect of
exposure on bw was present only on PND 33 (F[3,123] ¼
3.220; P � 0.03). At this age, high BPA and E2-exposed
animals were significantly heavier than controls (n ¼ 7, P �
0.01; and n¼ 5, P � 0.02, respectively). No significant effect
of exposure or age on serum E2 (Fig. 1C) or LH level was
observed (Fig. 1, D and E).

Peripubertal Kp-ir Fiber Density and GnRH Contacts

Main effects of exposure and age on female AVPV Kp-ir
fiber density were identified (F[3,103]¼ 6.403, P � 0.001; and
F[4,103]¼ 2.565, P � 0.04, respectively). As anticipated, Kp-
ir fiber density increased with age in the vehicle control group,
becoming sexually dimorphic by PND 33 (Fig. 2, A and G)
[42, 45, 48]. Kp-ir fiber density in the E2-exposed animals,
however, remained relatively low and flat and thus more
reminiscent of the male pattern (Fig. 2G). No significant effect
of BPA exposure was detected.

There was a significant effect of exposure (F[3, 113] ¼
14.977; P � 0.001) but not age, on Kp-ir fiber density in the
ARC (Fig. 2, D and H). Consistent with our what we have
reported previously [48], Kp-ir fiber density in the ARC was
sexually dimorphic (P � 0.001), with females having a denser
plexus (Fig. 2H). A significant effect of exposure was present
on all 5 days examined (P � 0.05). E2-exposed females had
fewer Kp-ir fibers than vehicle controls (P � 0.05 on all days
except PND 24, where P � 0.07), with levels remaining
relatively low and flat across peripuberty (Fig. 2H) and
statistically indistinct from male levels. No significant effect of
low BPA exposure was observed. By PND 33, high BPA-
exposed females had Kp-ir levels in between those of control
females (P � 0.05) and males (P � 0.03) (Fig. 2H). Prior work
from our laboratory demonstrated that this effect persists into
adulthood [43].
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Kp appositions on GnRH neurons (Fig. 2I) were readily
distinguishable from situations where the two were in close
proximity but not actually in contact (Fig. 2J). As expected, the
percentage of GnRH neurons in close apposition to Kp-ir fibers
was sexually dimorphic on PND 33, with males having fewer
contacts than females (P � 0.02) [42]. Results of the Dunnett
test comparing control females to exposed females revealed no
significant effect of exposure (Fig. 2K), demonstrating that this
aspect of the Kp/GnRH signaling pathway is resistant to
disruption by BPA but also by E2.

RFRP3 Fiber Density, Cell Numbers, and GnRH Contacts

In females, a main effect of exposure on RFRP3 fiber
density was detected on PNDs 28 and 33 (F[3,17]¼4.976, P �
0.02; and F[4,16] ¼ 3.447, P � 0.03, respectively) (Fig 3, A–
C) with low BPA and E2-exposed animals having significantly
fewer fibers than controls (P � 0.05). Similarly, low BPA-
exposed animals had significantly fewer RFRP3-ir cells on
PNDs 28 and 33 (P � 0.001 and P � 0.05, respectively) (Fig.
3, D–F) than unexposed controls. On PND 28, a main effect of
exposure on the percentage of GnRH with putative RFRP3
contacts was detected (F[3,15]¼ 7.464, P � 0.003) (Fig. 3, G
and H), but this did not persist to PND 33 (Fig. 3I). The
percenage of GnRH neurons with RFRP3 appositions on PND
28 was significantly lower in the low BPA and E2-exposed
animals than the control females (P � 0.03 and P � 0.01,
respectively). None of these features was sexually dimorphic in
peripuberty (Fig. 3, C, F, and I).

DISCUSSION

Advanced vaginal opening and compromised estrous
cyclicity following estrogen or low-dose perinatal BPA
exposure has been reported numerously by our group and
others [1–3, 77–79], but the mechanisms underlying these
effects remain elusive. Collectively, our data indicate that
accelerated female pubertal onset following neonatal exposure
to low dose BPA may result from decreased inhibition of
GnRH activity by RFRP3 neurons. The alternative hypothesis
stating that neonatal BPA exposure accelerates the ontogeny of
Kp projections to GnRH neurons was not supported by the
data. Instead, evidence for masculinization at the high dose of
BPA was observed in the ARC, an effect which may contribute
to irregular or persistent estrus. These data provide evidence
that low dose BPA can alter the organizational tempo and
sexual differentiation of RFamide pathways in the female rat
and suggest a novel mechanism by which the timing of
pubertal onset and female reproductive physiology may be
altered by early life exposure to EDCs.

The nonmonotonic effect on pubertal maturation by BPA
reported here replicates our prior observation [2] and is typical
for BPA and other endocrine disruptors [5, 22, 80]. Low dose
BPA has been shown to advance vaginal opening [1, 79], while
higher doses have no effect or delay it [81]. Estrogen can also
generate biphasic effects in hormone-sensitive tissues. For
example, nonmonotonic effects of estradiol on terminal end
bud formation in the mammary gland and prostate hyperplasia
have been described previously [82, 83]. A definitive
mechanism to explain this phenomenon is lacking, but several
hypotheses have been suggested, including the overlap of two

FIG. 1. A) Percentage of females displaying vaginal opening on PNDs 28 and 33. Low BPA and E2 animals opened earlier than control or high BPA
females. B) Female bw at time of death. Weight was higher in high BPA and E2-exposed animals than control females by PND 33. C) Plasma E2 levels at
time of death revealed no significant effect of exposure. An insufficient volume of blood was available for the PND 28 oil females, so they were excluded
from analysis. D–E) Plasma LH levels at time of death on PNDs 28 and 33 were not significantly altered by exposure. Data are means 6 SEM; *P � 0.05
compared to oil controls.
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distinct mechanisms of action and the downregulation of
hormone receptors at high doses [80, 84].

Although neonatal exposure to low BPA resulted in fewer
RFRP3 cell numbers on PND 28 and 33, neonatal E2 exposure
did not. One possible explanation is that vaginal opening
occurred a few days earlier in the E2-exposed group, and thus
appreciable differences in cell numbers occurred at a younger
age. Prior studies have found conflicting effects of E2,
depending on the timing and context of administration. For
example, E2 has been shown to downregulate prepro-RFRP
mRNA expression in ovariectomized adult mice [85], but a
recent RT-PCR study revealed that peripubertal E2 adminis-
tration increases RFRP3 mRNA levels within the whole
hypothalamus of female rats [56]. We surmise that the
sensitivity of RFRP3 neurons to E2 and, by extension, EDCs
depends on dose, exposure window, and duration of exposure.
This differential sensitivity could underlie the biphasic effect of
BPA on RFRP3 cell numbers and the density of OVLT
efferents. An alternative possibility is that the BPA effect is not

classically ‘‘estrogenic’’ and that two different mechanisms
drive early vaginal opening in BPA and E2-exposed females.
In addition to a change in cell numbers, we also found that
neonatal low BPA exposure resulted in a decreased percentage
of GnRH neurons with RFRP3 appositions on PND 28, a
difference that was recapitulated by E2 exposure. By PND 33,
this difference was no longer statistically significant, suggest-
ing that it is a transient effect accompanying vaginal opening.
These results could reflect a lower density of RFRP3
projections to GnRH neurons or reduced protein content within
these projections at the time of vaginal opening. Collectively,
these data reveal a novel mechanism by which EDC exposure
may modulate the tempo of reproductive development.

Information about the neuroanatomical organization of
female peripubertal RFRP3 signaling pathways is sparse but
rapidly emerging, and the observations reported here are
consistent with those of prior work revealing the fact that these
pathways are dynamic and hormone sensitive but not sexually
dimorphic in peripuberty [57]. A recent study reported that in

FIG. 2. Diagrammatic (A) and representative (D) confocal images (single image planes) show Kp-ir labeling in the female AVPV (B and C) and ARC (E
and F). Labeling was readily observed within extended lengths of fibers in both regions. G) AVPV Kp-ir fiber density was significantly lower in E2-exposed
females than in control females on PNDs 28 and 33 and was equivalent to male levels. H) Kp-ir fiber density in the ARC was significantly lower in E2-
exposed females at all time points except PND 24. High BPA exposure resulted in significantly reduced Kp-ir fiber density in the ARC by PND 33. These
levels were statistically between those of control females and E2-exposed females or males. I) Confocal image shows Kp-ir (red) appositions on an EFGP-
labeled GnRH neuron (green). J) Confocal image shows a Kp-ir fiber in close proximity to but not making contact with a GnRH neuron. K) Percentage of
GnRH neurons with Kp-ir appositions was sexually dimorphic, with males having fewer than females. This dimorphism was not significantly altered by
exposure. Data are means 6 SEM; �P � 0.07, *P � 0.05. 3V, third ventricle. Bar¼ 50 lm.
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female rats, hypothalamic RFRP3 expression increased with
age but remained relatively flat between PNDs 28 and 35 [56].
Similarly, hypothalamic expression levels of the putative
RFRP3 receptor GPR147 also increased as puberty approached
and then declined. Because these assessments were made using
the whole hypothalamus, it is unclear whether a similar
expression pattern occurs specifically in GnRH neurons. In the
present study, RFRP3 fiber density in the vicinity of GnRH
neurons rose with age, an effect that is consistent with RFRP3
expression data. A notable caveat, however, is that the fiber
density data obtained from the two time points cannot be
statistically compared because they were not processed
simultaneously.

Here we report for the first time that 60%–80% of GnRH
neurons have RFRP3 appositions as early as PND 28 in female
rats, an observation which suggests that most GnRH neurons in
this region respond to RFRP3. This finding conflicts with that
of a prior study reporting that only 15% of GnRH neurons
express GPR147 [57], a discrepancy that could simply be age-

dependent. The present study focused on juveniles, while the
prior study characterized expression only in adults. GnRH
neuron responsiveness to RFRP3 appears to be age, dose, and
cycle dependent [37, 86], suggesting that GPR147 mRNA
expression varies with age and hormonal milieu. Moreover, it
has recently been shown that RFRP3 can also act through
GPR74 (also called Npffr2), leaving open the possibility that
RFRP3 influences GnRH activity via multiple mechanisms
[52–54]. It is not yet known how the relative expression of
each putative RFRP3 receptor in GnRH neurons varies with
age or sex.

In contrast to RFRP3, BPA exposure had only minimal
effects on Kp-ir fiber density in either of the examined regions.
As expected, neonatal E2 exposure had a masculinizing effect,
resulting in RP3V and ARC Kp-ir levels more typical of males
[43, 48, 73, 87]. The percentage of OVLT GnRH neurons with
Kp fiber appositions was sexually dimorphic on PND 33, with
females having more than males, an observation consistent
with prior work in mice [42]. This difference was not altered by

FIG. 3. A, D, and G) Representative confocal images show the plexus of OVLT RFRP3-ir fibers, RFRP3-ir perikarya in the DMN, and RFRP3-ir appositions
on EGFP-labeled GnRH neurons. Bar¼ 50 lm. B and C) RFRP3-ir fiber density was significantly lower in low BPA and E2-exposed females compared to
oil controls on PND 28 and 33. E and F) RFRP3-ir neuron numbers were significantly decreased in the low BPA group on PND 28 and 33. H) The
percentage of GnRH neurons with RFRP3-ir appositions was significantly decreased in low BPA and E2-exposed females compared to that in oil controls
on PND 28. I) The percentage of GnRH neurons with RFRP3-ir appositions was not sexually dimorphic or significantly affected by exposure on PND 33.
Data are means 6 SEM; *P � 0.05.
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neonatal exposure to BPA or, unexpectedly, by exposure to E2.
Either the neonatal window is not the critical period for
masculinization of this aspect of the pathway or the system is
able to compensate and the percentage of GnRH neurons
receiving Kp-ir appositions remains unaltered, even though
there are fewer total Kp-ir fibers.

In the ARC, the highest dose of BPA resulted in decreased
ARC Kp-ir fiber density by PND 33. This difference persists
into adulthood, is associated with irregular estrous cycles [87],
and is indicative of masculinization (rather than an accelerated
tempo of development). In contrast to the AVPV population,
sex differences in ARC fiber density are not accompanied by
sexually dimorphic Kiss1 expression or cell numbers, either
perinatally [48] or in adulthood [44]. Most likely, this sex
difference in ARC Kp-ir fiber density results from sex-specific
differences in the density of projections originating from the
RP3V. It has recently been shown that the RP3V population
sends numerous efferents to the ARC and, ultimately, the
median eminence (ME), where they form synapses with GnRH
dendrites [88, 89]. These ME fibers may be critical regulators
of GnRH release, but the peripubertal ontogeny of this synaptic
network has not yet been delineated. Thus, we hypothesize that
the decreased density of ARC Kp-ir fibers following E2 or high
BPA exposure is likely indicative of decreased efferents from
the RP3V population of Kp neurons projecting to the ARC and,
ultimately, the ME. Future studies quantifying the density of
Kp contacts on GnRH terminals in this region are needed to
determine if there are sex differences and/or vulnerabilities to
EDC exposure.

Circulating LH and E2 levels did not significantly differ
between groups, an observation consistent with previous work
showing that serum gonadotropins remain largely unchanged
prior to the first preovulatory surge [90]. LH levels on PND 33
were slightly higher in the two groups displaying early vaginal
opening, an effect which is in accord with prior work showing
that neonatal BPA exposure advances puberty and alters GnRH
pulsatility [91]. Although single time point LH assessments
may not give a comprehensive picture of LH release amplitude
and frequency [69], collectively these data support the
hypothesis that exposure to E2 or low dose BPA can release
GnRH neurons from RFRP3 inhibition thereby resulting in
enhanced LH release. Equivalent endogenous estrogen levels
across exposure groups, however, suggest that LH levels have
not increased to the degree required to appreciably elevate
ovarian steroid hormone production. Early vaginal opening,
however, may be initiated by more localized factors including
increased sensitivity to estrogen and increased aromatase
expression [90, 92].

Finally, it has been suggested that increased bw could be a
contributing factor for early puberty in humans and rodents [1,
93, 94], but it does not appear to have played a significant role
here. Only the high dose of BPA resulted in significantly
increased bw, and this effect did not manifest until PND 33.
While this suggests that increased bw is not driving advanced
vaginal opening, it could indicate that energy balance is
disrupted. It has previously been shown that RFamides,
including Kp and RFRP3, play an important role in energy
balance and metabolism [58, 59]. In addition to the effects of
RFamides on GnRH release, they also have opposing effects on
pro-opiomelanocortin (POMC) cells, with Kp being stimula-
tory and RFRP3 being inhibitory on these anorexigenic
neurons [95]. Therefore, disruption of these signaling pathways
could be a contributing factor for the observed changes in
energy balance and bw following EDC exposure.

Overall, data indicate that early vaginal opening following
neonatal low dose BPA exposure results from the premature

release of GnRH neurons from RFRP3 inhibition rather than
from premature stimulation from Kp neurons. Considering that
the RFamide system is highly conserved across species [96],
these findings may give further insight into the neuroendocrine
systems that coordinate pubertal timing and maintenance of
normal estrous cyclicity in all mammalian species, including
humans. Numerous xenoestrogens have been reported to affect
pubertal timing [65, 97–99]. Understanding the mechanisms by
which these compounds can alter the tempo of pubertal
development is fundamental for making predications about
how exposure to these compounds may impact human
reproductive health.
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