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Pheromones induce sexually dimorphic neuroendocrine responses, such as LH secretion. However,
the neuronal network by which pheromones are converted into signals that will initiate and
modulate endocrine changes remains unclear. We asked whether 2 sexually dimorphic populations
in the anteroventral periventricular and periventricular nuclei that express kisspeptin and tyrosine
hydroxylase (TH) are potential candidates that will transduce the olfactory signal to the neuroen-
docrine system. Furthermore, we assessed whether this transduction is sensitive to perinatal actions
of estradiol by using female mice deficient in �-fetoprotein (AfpKO), which lack the protective
actions of Afp against maternal estradiol. Wild-type (WT) and AfpKO male and female mice were
exposed to same- versus opposite-sex odors and the expression of Fos (the protein product of the
immediate early gene c-Fos) was analyzed along the olfactory projection pathways as well as
whether kisspeptin, TH, and GnRH neurons are responsive to opposite-sex odors. Male odors
induced a female-typical Fos expression in target forebrain sites of olfactory inputs involved in
reproduction in WT, but not in AfpKO females, whereas female odors induced a male-typical Fos
expression in males of both genotypes. In WT females, opposite-sex odors induced Fos in kisspeptin
and TH neurons, whereas in AfpKO females and WT males, only a lower, but still significant, Fos
expression was observed in TH but not in kisspeptin neurons. Finally, opposite-sex odors did not
induce any significant Fos expression in GnRH neurons of both sexes or genotypes. Our results
strongly suggest a role for fetal estrogen in the sexual differentiation of neural responses to
sex-related olfactory cues. (Endocrinology 156: 2595–2607, 2015)

GnRH neurons are at the core of hypothalamic control
of reproduction. GnRH triggers the release of gonad-

otropins (LH and FSH) from the pituitary, which in turn
regulate steroidogenesis, gametogenesis, puberty onset,
and estrous cycling. GnRH neurons integrate a variety of
internal and external factors that affect reproductive be-
havior and are considered to be the central target of sex-

ually relevant odors (pheromones). In rodents, phero-
mones have been shown to influence the onset of puberty
(1), to modulate GnRH neuronal activity (2), and LH re-
lease in a sex-dependent manner (3–6) and to sex-depend-
ently activate regions of the hypothalamus involved in
reproduction (7–9). Thus, these sex-specific neuroendo-
crine responses are likely to reflect sex differences in how
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Abbreviations: ABC, avidin-biotin complex; ACo, anterior cortical amygdaloid nucleus;
AfpKO, �-fetoprotein deficiency; AOB, accessory olfactory bulb; AVPV, anteroventral
periventricular nucleus; BSTpm, bed nucleus of the stria terminalis, posteromedial part;
dGrA, GrA layer of the MOB, dorsal part; E2, 17�-estradiol; GrA, granular; ir, immunore-
active; MeA, anterior part of the medial amygdala; MePD, postero-dorsal part of the medial
amygdala; MePV, postero-ventral part of the medial amygdala; MiA, mitral; MOB, main
olfactory bulb; mPOA, medial POA; NGS, normal goat serum; P, progesterone; PeN,
periventricular nucleus; POA, preoptic area; rPOA, rostral POA; TBS, Tris buffer 0.05M-
saline 0.9%; pH 7.6; TBST, TBS-0.1% Triton X-100; TH, tyrosine hydroxylase; vGrA, GrA
part of the MOB, ventral part; VMHvl, ventromedial hypothalamic nucleus, ventrolateral
part; WT, wild type.
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pheromones are detected and processed by the neuroen-
docrine brain. The olfactory pathway that relay sensory
input to GnRH neurons was recently clarified by 2 inde-
pendent transneuronal tracer studies (2, 10) showing that
both the main and the accessory olfactory systems project
to and activate GnRH neurons in the preoptic area (POA).
Boehm et al (10) also showed that some of these neural
projections are sexually dimorphic, suggesting that they
may play a sex-specific role in integrating pheromones
into the GnRH system. We recently observed that oppo-
site-sex odors activated the sexually dimorphic popula-
tion of kisspeptin neurons in the anteroventral periven-
tricular nucleus (AVPV)/periventricular nucleus (PeN)
(11). Kisspeptin has been recognized as an upstream key
regulator of GnRH release (12). These results suggest that
kisspeptin neurons in the AVPV/PeN may relay informa-
tion from the olfactory bulbs to GnRH neurons in the POA
in a sex-specific manner.

Here, we asked whether 2 sexually dimorphic neuronal
populations in the AVPV/PeN that express kisspeptin (13)
and tyrosine hydroxylase (TH) (14) are potential candi-
dates that will transduce the olfactory signal to the neu-
roendocrine system (GnRH) and whether this transduc-
tion is sensitive to perinatal actions of estradiol. Indeed, as
many other dimorphic traits, it is likely that these sex-
specific neuroendocrine responses to pheromones differ-
entiate as a result of perinatal actions of sex steroid hor-
mones (15). In order to analyze the role of prenatal
estradiol on the sexually dimorphic processing of phero-
mones, we used female mice deficient in �-fetoprotein (Af-
pKO), which lack the protective actions of Afp against
maternal estradiol. AfpKO females are clearly defemi-
nized with regards to their sexual behavior, ie, lordosis
behavior (16) and male-directed mate preference (17) as
well as their GnRH/kisspeptin system, ie, no hormonally
induced LH surges (18, 19). Because olfaction plays a piv-
otal role in mate recognition in mice (20), the reproductive
deficit observed in AfpKO females might thus reflect an
inability to respond to male odors and/or an inadequate
processing by the neuroendocrine system.

In the present study, we first compared Fos (the protein
product of the immediate early gene c-Fos) protein ex-
pression profiles between wild-type (WT) and AfpKO
male and female mice after exposure to bedding soiled by
opposite and same sex conspecifics. Next, we determined
whether exposure to opposite-sex odors induced Fos ex-
pression in GnRH neurons as well as in kisspeptin and TH
neurons in the AVPV/PeN.

Materials and Methods

Animals and hormonal treatment
All breeding and genotyping were performed at the Groupe

Interdisciplinaire de Génoprotéomique Appliquée Neurosci-

ences. Mice heterozygous for the allele Afptm1lbmm (in the CD1
background strain) (21) were bred to generate WT and homozy-
gous-null (AfpKO) offspring. Mice were genotyped by PCR anal-
ysis of tail DNA. Subjects were weaned at 21 days and housed in
same-sex groups, but mixed genotypes, under a reversed light-
dark cycle (12 h light, 12 h dark; 8 PM lights on). Food and water
were available ad libitum. Only females were gonadectomized
(at 3 months of age) in order to control for their estrous cycle and
to assure equivalent levels of pituitary gonadotropins and sex
steroids in both genotypes throughout the experiment. Indeed, it
has been previously reported that the levels of pituitary gonad-
otropins in AfpKO females are altered compared with WT
females (21). At the same time, they were implanted with 17�-
estradiol (E2) (E8875; Sigma) (see Ref. 16 for a detailed descrip-
tion). The estradiol replacement after gonadectomy leads to es-
trous levels of estradiol (�130 pg/mL) (22). Because AfpKO
males have a normal phenotype (ie, no anomalies in reproductive
functioning) (18, 21), we decided to keep WT and AfpKO males
gonadally intact in order to test the animals under the most nat-
ural hormonal conditions. After gonadectomy, mice of both
sexes and genotypes were placed into individual cages. Experi-
mental animals were randomized to 3 groups: mice exposed to
intact male soiled-bedding (WT, 9 males and 9 females; AfpKO,
6 females and 7 males), estrous female soiled-bedding (WT, 9
males and 8 females; AfpKO, 8 females and 8 males), and clean
bedding as control (WT, 8 males and 8 females; AfpKO, 8 males
and 7 females).

Preparation of odor stimuli, fresh soiled bedding
Two groups of females (n � 5, each) that were gonadecto-

mized and treated with E2 and progesterone (P) (500 �g) to
induce behavioral estrus and 2 groups of gonadally intact males
(n � 5, each) were placed in clean cages containing fresh sawdust.
Bedding was collected 12 hours later and directly used as olfac-
tory stimulus for experimental animals.

Bedding exposure
Thirty-six hours before bedding exposure, males and females

were placed on clean sawdust in 2 separate housing units (same
sex per units but mixed genotype) to minimize their exposure to
opposite-sex odors. On the day of testing (between 8:30 and 10
AM), females were injected with P (500 �g) to induce behavioral
estrus. This hormonal treatment made the experimental females
behaviorally receptive at the time of odor exposure. Three hours
after P injection (ie, between 11:30 AM and 1 PM), 15 gr of fresh
male-soiled, female-soiled, or clean bedding was placed into the
subject’s own cage. Ninety minutes after bedding exposure,
brains were collected (between 1 PM and 3 PM).

Histology
Mice were decapitated and the brain was immediately dis-

sected out of the skull. The brains were placed in acrolein (5% in
Tris buffer 0.05M-saline 0.9%; pH 7.6 [TBS]) for 2.5 hours,
washed twice in TBS (30 min) and cryoprotected in 30% sucrose
for 24 hours at 4°C. The brains were then frozen on dry ice and
stored at �80°C until used. Olfactory bulbs and forebrains were
cut in the coronal plane in 4 series of 30-�m-thick sections. One
series of olfactory bulb and forebrain sections was stained by
immunohistochemistry for the protein Fos and the remaining
forebrain series were double-stained for GnRH/Fos, TH/Fos,
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and kisspeptin/Fos, respectively. All incubations were carried
out at room temperature, unless otherwise mentioned, and all
washings were carried out using TBS. The characteristics of the
primary antibodies used are shown in Table 1.

Single-labeling Fos immunohistochemistry
Sections were incubated sequentially in NaBH4 (15 min),

H2O2 (0.9%; 20 min), 5% normal goat serum (NGS) (1 h) in
TBS-0.1% Triton X-100 (TBST), and overnight at 4°C in a rab-
bit polyclonal anti-c-Fos antibody (sc-52, Santa Cruz Biotech-
nology, Inc; 1:2000 in TBST � 5% NGS). They were then in-
cubated for 1 hour in a goat antirabbit biotinylated antibody
(1:1000 in TBST; Dako Cytomation) followed by 1 hour in avi-
din-biotin complex (ABC) (1:800, kit ABC Vectastain Elite PK-
6100; Vector Laboratories PLC). Finally, the peroxidase was
visualized with diaminobenzidine (0.04%) containing NiSO4

(0.26%) in TBS. Sections were mounted on microscope slides,
dried overnight and coverslipped using Eukitt (Sigma).

Double-labeling GnRH/Fos, TH/Fos, and
kisspeptin/Fos immunohistochemistry

Sections were incubated sequentially in NaBH4, H2O2

(0.9%), 5% normal donkey serum (1 h) in TBST, and 2� over-
night at 4°C in a goat polyclonal anti-c-Fos antibody (sg-52,
Santa Cruz Biotechnology, Inc; 1:2000 in TBST � 5% normal
donkey serum). They were then incubated for 1 hour in a donkey
antigoat biotinylated antibody (1:1000 in TBST; Dako Cytoma-
tion) followed by ABC for 1 hour. The peroxidase was visualized
with diaminobenzidine to give a brown precipitate. Then the
residual peroxydase activity was blocked in H2O2 (0.9%), fol-
lowed by a 1-hour incubation in 5% NGS in TBST. Sections were
incubated in the correspondent diluted primary antibody from
24 hours (rabbit polyclonal anti-GnRH1 antibody; 1:1000;
Santa Cruz Biotechnology, Inc; FL-92 or a rabbit polyclonal
anti-TH antibody; 1:2000; 657012; Calbiochem) to 48 hours
(rabbit polyclonal antikisspeptin-10 antibody; 1:5000; AB9754;
Millipore). They were then incubated in a goat antirabbit bio-
tinylated antibody (1:1000 in TBST for 1 h; Dako Cytomation)
followed by ABC for 1 hour, and the peroxidase was visualized
by the Vector SG substrate kit for peroxidase, to give a blue

precipitate. Sections were mounted on microscope slides, dried
overnight, and coverslipped using Eukitt.

Antibody characterization

c-Fos
The anti-c-Fos polyclonal rabbit and goat antibody was

raised against a N-terminal peptide from human c-Fos (amino
acids 3–16). This antibody recognized a 62-kDa protein on
Western blotting corresponding to the expected molecular
weight of c-Fos (manufacturer’s technical datasheet). The spec-
ificity of this antibody has also been verified by the lack of im-
munoreactivity in fos�/� cells (23). Specificity of this antibody
has been confirmed with preadsorption of synthetic c-Fos pep-
tide, abolishing immunoreactivity in rat (24). Moreover, Fos
immunoreactivity was rarely seen in unstimulated tissue in the
present study.

GnRH1
The anti-GnRH1 polyclonal rabbit antibody was raised

against a synthetic peptide epitope corresponding to amino acids
1–92 representing full-length Progonadoliberin I precursor of
human origin. The antibody produces a strong positive labeling
of GnRH in well-established neuroanatomical localization, ie, at
the level of the rostral POA (rPOA; cell bodies) and the median
eminence (fibers). Moreover, no immunoreactivity was observed
in mice lacking a functional GnRH1 gene.

Kisspeptin
The Millipore rabbit anti-kisspeptin-10 antibody used in the

present study was initially characterized, validated and distrib-
uted by Dr Alan Caraty (25).

Tyrosine hydroxylase
The Calbiochem anti-TH antibody used was affinity-purified

rabbit polyclonal antibody raised against sodium dodecyl sul-
fate-denatured, native rat TH, which has been shown to recog-
nize essentially all mammalian TH isoforms (26, 27). This
antibody produced a strong labeling that corresponded to the

Table 1. Antibody Table

Peptide/Protein
Target

Antigen Sequence (if
known)

Name of
Antibody

Manufacturer, Catalog
No., and/or Name of
Individual Providing the
Antibody

Species Raised
in; Monoclonal
or Polyclonal

Dilution
Used

c-Fos Epitope mapping at the N
terminus of c-Fos of human
origin

c-Fos antibody Santa Cruz Biotechnology,
Inc, sc-52

Rabbit polyclonal 1:2000

c-Fos Epitope mapping at the N
terminus of c-Fos of human
origin

c-Fos antibody Santa Cruz Biotechnology,
Inc, sg-52

Goat polyclonal 1:2000

GnRH Epitope corresponding to amino
acids 1–92 representing full-
length Progonadoliberin I
precursor of human origin

GnRH I antibody Santa Cruz Biotechnology,
Inc, FI-92

Rabbit polyclonal 1:1000

TH TH antibody Calbiochem, 657012 Rabbit polyclonal 1:2000
Kisspeptin Peptide from mouse kisspeptin

10
Kisspeptin 10

antibody
Millipore, AB9754 Rabbit polyclonal 1:5000
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well-described rostral periventricular
and arcuate hypothalamic groups.

Data analysis

Fos quantification
Number of Fos-immunoreactive (ir)

cells was counted in several brain areas
implicated in olfactory processing, both
the accessory and the main olfactory
pathways and their downstream targets
implicated in the control of sexual be-
havior (see Figure 1 for drawings of the
specific sites where Fos-ir cells were
counted in each of these brain regions).
Number of Fos-ir cells was quantified bi-
laterally in 1 representative section and
summed by an experimenter (M.T.) who
was blind to the experimental treatment
using computer-assisted image analysis.
Sections were digitized through a video
camera attached to the microscope (�40
objective for olfactory bulb areas, �20
objective for all other brain areas), and
Fos-ir cells were counted with a Macin-
tosh based image analysis system using
the particle counting protocol of the NIH
Image program (1.64). Digital images
were made binary and manual threshold
was used for discriminating the labeled
material from the background. Pixels in
the image whose value lies in this range
were converted to black; pixels with val-
ues outside this range are converted to
white. At �20 objective, exclusion
thresholds were set at 20 (low threshold)
and 200 (high threshold) pixels to re-
move from the counts dark objects that
did not have the size of a cell nucleus
(thresholds at 50 and 500, respectively,
for the �40 objective used for analyzing
sections through the olfactory bulbs).
Brain structures were identified based on
the mouse brain atlas (28), and Fos-ir
cells were measured in 1 or 2 entire fields
(computer screen; length: 0.536 mm;
height: 0.360 mm � 0.193 mm2; field
placed in landscape position in each case)
that was placed in a standardized manner
based on predefined anatomical land-
marks in the sections (eg, edge of ventri-
cles or prominent fiber tracts).

GnRH/Fos, TH/Fos, and kisspep-
tin/Fos quantifications

GnRH/Fos double-labeling quantifi-
cation was limited to GnRH-ir neurons
located within the rPOA (interaural,
4.30–4.06 mm and bregma, 0.50–0.26;
according to Ref. 28). Both hemispheres

Figure 1. Schematic drawings of coronal sections through the mouse brain showing the
areas in which Fos expression was quantified (hatched areas). Sections A–I are shown in a
rostral to caudal order. aca, anterior commissure, anterior part; acp, anterior commissure,
posterior nerve; Arc, arcuate nucleus; BSTv, bed nucleus of the stria terminalis, ventral part;
CxA, cortex-amygdala transition; DMd, dorsomedial hypothalamic nucleus, dorsal part; DMc,
dorsomedial hypothalamic nucleus, central part; DMv, dorsomedial hypothalamic nucleus,
ventral part; f, fornix; ic, internal capsule; LV, lateral ventricle; opt, optic tract; ox, optic
chiasm; PLCo, posterolateral cortical amygdala; sox, supraoptic decussation; vGrA; VMHc,
ventromedial hypothalamic nucleus, central part; VMHdm, ventromedial hypothalamic
nucleus, dorsomedial part; IIIV, third ventricle. The coordinates below each schematic
section represent its interaural (I) and bregma (B) positions according to the mouse brain
atlas (28).
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of 4 sections (120 �m between 2 successive sections) were
counted. The number of kisspeptin-ir and TH-ir cells expressing
Fos was quantified along the AVPV/PeN continuum (interaural,
4.06–3.82 mm and bregma, 0.26–0.02 mm).Bothhemispheresof
3 sections were quantified. Coexpression of GnRH-ir, TH-ir, or kiss-
peptin-ir neurons with Fos was examined under the �63 (GnRH) or
�100 (TH and kisspeptin) objective using oil.

Statistical analysis
Because experimental male and female mice were not in the

same hormonal condition at the time of odor exposure (intact vs
gonadectomized�E2�P, respectively), data on Fos expression
were analyzed by two-way ANOVAs with genotype (WT vs Af-
pKO) and bedding (clean vs male vs female) as independent fac-
tors and the number of Fos-ir cells as the dependent measure for
each sex separately. Because a differential Fos response was ob-
served between WT and AfpKO females exposed to male odors,
Fos expression in GnRH-ir, kisspeptin-ir and TH-ir neurons was
analyzed only in females by two-way ANOVAs with genotype
(WT vs AfpKO) and bedding (clean vs male) as independent
factors and the percentage of GnRH-ir, kisspeptin-ir, and TH-ir
neurons expressing Fos as the dependent measures. For reasons
of comparison, Fos expression in GnRH-ir, kisspeptin-ir and
TH-ir neurons was also assessed in male WT exposed to clean or
female bedding by one-way ANOVAs. When appropriate, all
ANOVAs were followed by Fisher least significant difference
post hoc comparisons.

Results

Fos quantification

EffectofbeddingexposureonFosexpression inthemain
olfactory bulb (MOB) and accessory olfactory bulb (AOB)
Females. Exposure to male bedding induced significantly
more Fos-ir cells in both the granular (GrA) and the mitral

(MiA) cell layers of the AOB than exposure to clean or
female bedding (Table 2 and Figure 2).This induction
seemed to be quite similar in WT and AfpKO females. This
was confirmed by two-way ANOVAs revealing a signifi-
cant bedding effect in both cell layers (GrA: F(2,34) �

13.01, P � .0001; MiA: F(2,34) � 4.32, P � .05). Post hoc
analysis indicated that exposure to male bedding induced
a significant Fos expression compared with clean bedding
in the GrA and MiA and compared with female bedding in
the GrA only (all P � .05). By contrast, no significant effect
of bedding exposure or genotype was observed in the ven-
tral or dorsal part of the GrA layer of the MOB.

Males. In males of both genotypes, exposure to male and
female bedding induced Fos expression in both the GrA and
MiA of the AOB (Table 3 and Figure 2). Indeed, the effect of
bedding was significant in both layers (GrA: F(2,46) � 57.88,
P � .000001; MiA: F(2,46) � 15.26, P � .00001). Post hoc
analysis revealed that exposure to male and female bedding
induced a significant Fos expression in the GrA and the MiA
compared with clean bedding (all P � .05) and exposure to
female bedding induced a higher Fos expression compared
with male bedding (P � .01). By contrast, in the MOB, two-
way ANOVAs revealed a significant genotype by bedding
interaction in the GrA part of the MOB, ventral part (vGrA)
(F(2,46) � 5.10, P � .05) and GrA layer of the MOB, dorsal
part (dGrA) (F(2,45) � 7.20, P � .01). Post hoc analysis
showed that male odors induced significantly higher Fos-ir
cells in the vGrA and dGrA of WT males compared with the
other groups (all P � .05). However, in the dGrA, female
odors induced a greater Fos expression in both genotypes
compared with males exposed to clean bedding.

Table 2. Mean Number (�SEM) of Fos-ir Cells Detected in WT and AfpKO Female Mice After Exposure to Either
Clean, Male, or Female Bedding in the 13 Brain Regions Analyzed and the Corresponding Two-Way ANOVA Analysis

Females

Clean Bedding Male Bedding Female Bedding F(df1,df2); P Value

WT AfpKO WT AfpKO WT AfpKO Genotype Effect Bedding Effect Genotype * Bedding

GrA 5.3 � 2.9 2.4 � 2.4 22.8 � 5.1a,b 31.6 � 9.3a,b 4.4 � 3.7 2.6 � 0.7 F(1,34) � 0.09; P � .77 F(2,34) � 13.00; P � .0001 F(2,34) � 0.74; P � .47
MiA 7.6 � 3.1 3.6 � 0.7 17.0 � 5.1a 24.1 � 8.4a 13.6 � 5.8 6.8 � 2.7 F(1,34) � 0.07; P � .79 F(2,34) � 4.32; P � .01 F(2,34) � 0.95; P � .39
vGrA 3.0 � 1.2 6.0 � 5.3 9.9 � 3.8 7.3 � 3.4 9.8 � 4.3 4.8 � 2.0 F(1,30) � 0.26; P � .62 F(2,30) � 0.70; P � .50 F(2,30) � 0.58; P � .57
dGrA 2.8 � 1.9 6.5 � 4.8 15.9 � 6.9 17.0 � 8.8 15.0 � 4.2 2.0 � 1.4 F(1,31) � 0.25; P � .62 F(2,31) � 1.96; P � .16 F(2,31) � 0.81; P � .45
MeA 7.9 � 2.5 8.8 � 2.7 22.8 � 10.0 21.0 � 6.5 14.0 � 2.9 15.8 � 4.8 F(1,42) � 0.004; P � .95 F(2,42) � 2.29; P � .11 F(2,42) � 0.05; P � .96
MePV 5.6 � 1.7 2.4 � 2.1 38.9 � 10.9a,b 26.9 � 7.5a,b 14.6 � 2.3 9.6 � 2.8 F(1,42) � 1.59; P � .21 F(2,42) � 10.41; P � .001 F(2,42) � 0.26; P � .77
MePD 7.3 � 2.5 7.3 � 4.2 34.3 � 12.3a,b 32.9 � 12.5a,b 16.4 � 2.9 10.1 � 3.9 F(1,42) � 0.16; P � .69 F(2,42) � 6.05; P � .01 F(2,42) � 0.09; P � .92
ACo 9.9 � 3.0 9.4 � 1.6 21.6 � 7.0 17.7 � 5.2 29.9 � 10.1 22.0 � 5.5 F(1,42) � 0.61; P � .44 F(2,42) � 3.21; P � .05 F(2,42) � 0.17; P � .85
AVPV 1.1 � 0.8 1.3 � 0.7 19.3 � 5.5c 0.7 � 0.7 2.0 � 1.4 1.3 � 0.6 F(1,41) � 6.67; P � .05 F(2,41) � 5.26; P � .01 F(2,41) � 6.02; P � .01
PeN 2.5 � 0.7 2.0 � 0.6 51.2 � 8.7c 5.7 � 1.2 5.4 � 1.4 1.5 � 0.4 F(1,42) � 19.5; P � .0001 F(2,42) � 21.08; P � .0001 F(2,42) � 15.09; P � .0001
mPOA 32.8 � 7.7 32.1 � 4.8 163.8 � 29.5c 72.4 � 1.2 43.5 � 10.0 32.2 � 6.4 F(1,42) � 5.60; p� .05 F(2,42) � 14.80; P � .0001 F(2,42) � 3.95; P � .05
BSTpm 7.8 � 2.4 4.4 � 1.5 40.9 � 4.0c 22.7 � 4.5 7.3 � 0.8 6.3 � 1.7 F(1,42) � 9.71; P � .01 F(2,42) � 50.48; P � .0001 F(2,42) � 5.13; P � .05
VMHvl 5.3 � 1.8 1.6 � 0.9 46.2 � 11.0a 17.1 � 4.1a 11.6 � 6.2 7.4 � 2.1 F(1,41) � 6.10; P � .05 F(2,41) � 11.81; P � .0001 F(2,41) � 2.82; P � .07

a P � .01 vs subjects exposed to clean bedding (post hoc analysis on the bedding effect).
b P � .01 vs subjects exposed to female bedding (post hoc analysis on the bedding effect).
c P � .05 vs all other groups (post hoc analysis on the genotype by bedding interaction).
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Effect of bedding exposure on Fos expression in the
amygdaloid complex
Females. Overall, in females of both genotypes, exposure
to male bedding induced a significant Fos expression in
several subdivisions of the amygdala compared with clean
bedding (Table 2 and Figure 2). The effect of bedding was
significant in 2 amygdaloid nuclei quantified (postero-
ventral part of the medial amygdala [MePV]: F(2,42) �

10.41, P � .001 and postero-dorsal part of the medial
amygdala [MePD]: F(2,41) � 6.05, P � .01). Post hoc anal-
ysis showed that Fos responses to male bedding in these
nuclei are significantly higher compared with clean or fe-
male bedding (all P � .01).

Males. Overall, exposure to male and female bedding in-
duced significant Fos responses in the 4 amygdaloid nuclei

Figure 2. Graphic representation of the brain structures activated after same and opposite sex odor exposure in WT and AfpKO individuals of
both sexes: WT and AfpKO females exposed to either intact male (A) or estrous female (B) soiled bedding; WT and AfpKO males exposed to either
estrous female (C) or intact male (D) soiled bedding. Regions in dark gray showed increased Fos expression after bedding exposure (compared with
control stimulation), whereas areas in light gray did not.

2600 Taziaux and Bakker Prenatal Estrogen and Pheromone Processing Endocrinology, July 2015, 156(7):2595–2607

Downloaded from https://academic.oup.com/endo/article-abstract/156/7/2595/2423119
by guest
on 24 January 2018



quantified compared with clean bedding in both geno-
types (Table 3 and Figure 2). Indeed, two-way ANOVAs
confirmed a significant bedding effect in the anterior part
of the medial amygdala (MeA) (F(2,47) � 16.77, P �
.00001), MePV (F(2,47) � 19.04, P � .00001), MePD
(F(2,42) � 15.19, P � .00001), and anterior cortical amyg-
daloid nucleus (ACo) (F(2,47) � 20.70, P � .00001). Post
hoc analysis confirmed that exposure to male and female
bedding induced significantly more Fos expression than
clean bedding in the MeA, MePD, MePV, and ACo (all
P � .05). The analysis showed also that Fos responses in
the MePD after exposure to female odors are significantly
higher compared with male odors (P � .01).

Effect of bedding exposure on Fos expression in
target forebrain sites of olfactory inputs involved in
reproduction
Females. In WT females, exposure to male, but not female,
bedding induced significant Fos responses in several fore-
brain regions involved in reproduction receiving inputs from
the olfactory bulbs (Table 2 and Figure 2). Although, the
effectofbeddingexposurewas significant in theAVPV,PeN,
medial POA (mPOA), bed nucleus of the stria terminalis,
posteromedial part (BSTpm), and ventromedial hypotha-
lamic nucleus, ventrolateral part (VMHvl), Fos expression in
response to male odors was decreased (mPOA and BSTpm) or
almost absent (PeN and AVPV) in AfpKO females compared
with WT females as shown by the genotype by bedding inter-
action in the mPOA (F(2,42) � 3.95, P � .05), BSTpm (F(2,42) �
5.13, P � .05), PeN (F(2,42) � 15.09, P � .0001), and AVPV
(F(2,42) � 6.02, P � .01). This was confirmed by post hoc anal-
ysis showing that Fos responses to male bedding in these nuclei
are significantly higher in WT females compared with AfpKO
females (all P � .001) (see Figure 3 for representative pho-

tomicrographs of Fos expression in the mPOA). Although
Fos responses in the PeN, AVPV, and mPOA of AfpKO fe-
males exposed to male odors are similar to those observed in
AfpKO females exposed to female or clean bedding, Fos re-
sponses in the BSTpm were significantly higher compared
with female and clean bedding (all P � .0001).

Males. Overall, exposure to male or female bedding induced
significant Fos responses in forebrain areas involved in re-
production receiving afferents from the olfactory bulb in
both genotypes (Table 3 and Figure 2). Two-way ANOVAs
on the number of Fos-ir cells quantified in the different brain
regions revealed a significant bedding effect in the PeN
(F(2,47)�24.53,P� .00001),AVPV(F(2,47)�7.87,P� .01),
mPOA (F(2,47) � 9.54, P � .001), BSTpm (F(2,42) � 13.41,
P� .0001), andVMHvl (F(2,46) �10.29,P� .001).Posthoc
analysisconfirmedthatexposuretomaleandfemalebedding
induced significantly more Fos expression than clean bed-
ding in the mPOA, BSTpm, and VMHvl (all P � .05). The
analysis also showed that Fos responses in the BSTpm is
significantlyhigherafter exposure to femaleodorscompared
with male odors (P � .01). Finally, only exposure to female
bedding induced a significant Fos expression in the PeN and
AVPV compared with male and clean bedding (all P � .01).
A genotype effect was only observed in the VMHvl (F(2,46) �
4.34, P � .05), revealing that AfpKO males had a decreased
Fos expression compared with WT males, irrespective of the
olfactory stimulation.

Pheromonal activation of the neuroendocrine
system

Effect of bedding exposure on Fos expression in
GnRH-ir neurons
Females. After exposure to male bedding, approximately
5% of GnRH-ir neurons showed Fos expression in WT

Table 3. Mean Number (�SEM) of Fos-ir Cells Detected in WT and AfpKO Male Mice After Exposure to Either
Clean, Male, or Female Bedding in the 13 Brain Regions Analyzed and the Corresponding Two-Way ANOVA Analysis

Males

Clean Bedding Male Bedding Female Bedding F(df1,df2); P Value

WT AfpKO WT AfpKO WT AfpKO Genotype Effect Bedding Effect Genotype * Bedding

GrA 0.7 � 0.2 1.9 � 0.9 24.6 � 4.4a 11.8 � 3.3a 56.8 � 9.7a,b 67.3 � 8.1a,b F(1,46) � 0.01; P � .92 F(2,46) � 57.88; P � .0001 F(2,46) � 1.91; P � .16
MiA 6.6 � 3.3 1.9 � 0.9 24.0 � 4.6a 11.3 � 3.8a 29.8 � 6.8ab 30.6 � 4.2a,b F(1,46) � 1.54; P � .22 F(2,46) � 15.26; P � .0001 F(2,46) � 1.15; P � .32
vGrA 5.2 � 1.5 7.9 � 2.5 27.3 � 4.3a,c 11.9 � 4.0a 11.4 � 3.0 11.5 � 2.5 F(1,46) � 3.05; P � .09 F(2,46) � 9.30; P � .001 F(2,46) � 5.09; P � .05
dGrA 3.5 � 1.0 4.6 � 1.5 36.7 � 7.9a,c 11.1 � 3.3a 16.1 � 2.7a 20.9 � 6.3a F(1,45) � 3.58; P � .06 F(2,45) � 11.43; P � .0001 F(2,45) � 7.16; P � .01
MeA 8.5 � 2.1 8.1 � 3.0 38.3 � 8.5a 42.1 � 10.5a 50.7 � 8.1a 39.4 � 7.7a F(1,47) � 0.20; P � .65 F(2,47) � 16.77; P � .0001 F(2,47) � 0.61; P � .55
MePV 1.8 � 0.7 3.9 � 0.9 20.3 � 5.7a 24.8 � 5.4a 32.4 � 7.4a 31.4 � 5.8a F(1,47) � 0.21; P � .65 F(2,47) � 19.04; P � .0001 F(2,47) � 0.15; P � .85
MePD 5.0 � 0.9 5.9 � 1.5 26.5 � 6.9a 22.7 � 5.9a 45.4 � 10.7a,b 35.1 � 7.8a,b F(1,46) � 0.68; P � .41 F(2,46) � 15.19; P � .0001 F(2,46) � 0.39; P � .68
ACo 10.9 � 1.9 10.0 � 2.5 43.6 � 9.3a 51.9 � 9.4a 59.2 � 9.8a 59.8 � 11.4a F(1,47) � 0.16; P � .69 F(2,47) � 20.70; P � .0001 F(2,47) � 0.18; P � .84
AVPV 0.2 � 0.1 0.4 � 0.3 1.9 � 0.8 0.8 � 0.4 5.0 � 2.1a,b 4.0 � 1.4a,b F(1,47) � 0.49; P � .49 F(2,47) � 7.87; P � .01 F(2,47) � 0.21; P � .81
PeN 1.0 � 0.4 1.3 � 0.6 2.1 � 0.8 1.8 � 0.6 11.6 � 1.7a,b 11.1 � 3.3a,b F(1,47) � 0.02; P � .89 F(2,47) � 24.53; P � .0001 F(2,47) � 0.03; P � .97
mPOA 12.8 � 2.7 12.0 � 1.9 46.8 � 17.6a 38.1 � 6.2a 62.0 � 10.1a 45.1 � 8.9a F(1,47) � 1.41; P � .24 F(2,47) � 11.58; P � .0001 F(2,47) � 0.41; P � .66
BSTpm 2.1 � 0.9 3.3 � 1.4 13.3 � 3.4a 7.1 � 1.6a 21.9 � 5.5a,b 18.3 � 4.9a,b F(1,47) � 1.01; P � .32 F(2,47) � 13.41; P � .0001 F(2,47) � 0.57; P � .57
VMHvl 1.5 � 1.1 3.8 � 1.3 29.5 � 9.5a 14.6 � 6.6a 32.4 � 8.2a 17.2 � 3.8a F(1,46) � 4.33; P � .05 F(2,46) � 10.30; P � .001 F(2,46) � 1.74; P � .19

a P � .01 vs subjects exposed to clean bedding (post hoc analysis on the bedding effect).
b P � .01 vs subjects exposed to male bedding (post hoc analysis on the bedding effect).
c P � .05 vs all other groups (post hoc analysis on the genotype by bedding interaction).

doi: 10.1210/en.2015-1062 press.endocrine.org/journal/endo 2601

Downloaded from https://academic.oup.com/endo/article-abstract/156/7/2595/2423119
by guest
on 24 January 2018



females, whereas less than 1% were activated in AfpKO
females (Table 5). However, a two-way ANOVA failed to
show any significant effect. When performing a two-way
ANOVA on the number of GnRH-ir neurons in the rPOA,
a significant bedding effect was observed (F(1,28) � 4.75,
P � .05). Post hoc analysis revealed that the number of
GnRH-ir neurons in the rPOA is reduced after exposure to
male bedding compared with clean bedding, irrespective
of the bedding (Table 4).

Males. Neither the percentage of GnRH-ir neurons ex-
pressing Fos nor the number of GnRH-ir neurons (see
Tables 6 and 7) in the rPOA were affected after exposure
to female bedding compared with clean bedding.)

Effect of bedding exposure on Fos expression in
kisspeptin neurons
Females. As previously demonstrated (19), the number of
kisspeptin-ir neurons in the AVPV/PeN of AfpKO female

mice was dramatically reduced compared with their WT
littermates (Table 4 and comparison of Figure 4, A–C, for
illustration). This was confirmed by a two-way ANOVA
revealing a significant effect of genotype (F(1,27) �

107.9116, P � .0001), bedding (F(1,27) � 15.0107, P �

.001), and a nearly significant interaction between these 2
factors (F(1,27) � 4.1683, P � .0511). Post hoc analysis on
these effects confirmed that WT females had significantly
more kisspeptin-ir neurons than AfpKO females (P �

.0001) and that the number of kisspeptin-ir neurons in the
AVPV/PeN is significantly greater after exposure to male
bedding compared with clean bedding (P � .001). Expo-
sure to male bedding activated an average of 29.3 � 1.3%
(mean � SEM) of kisspeptin-ir neurons in the AVPV/PeN
of WT females (Table 5), whereas only an average of 4.5 �

1.8% (mean � SEM) of kisspeptin-ir neurons was acti-
vated after exposure to clean bedding. This pattern of ac-
tivation by male odors was strongly reduced in AfpKO

Figure 3. Effect of bedding exposure on Fos expression in the mPOA. Representative photomicrographs illustrating Fos expression in the mPOA of
WT and AfpKO females that were exposed to either clean (A and D), male (B and E), or female (C and F) bedding. The box (dashed lines) in each
panel shows the same area at a higher magnification (�20 objectives; upper right corner of each panel). aca, anterior commissure, anterior part;
ox, optic chiasm; IIIV, third ventricle. Scale bars, 500 �m (A–F) and 100 �m (insets).

Table 4. Mean Number (�SEM) of GnRH-ir, Kisspeptin-ir and TH-ir Neurons Detected in WT and AfpKO Females
When Exposed to Clean or Male Bedding

WT Females AfpKO Females F(df1,df2); P Value

Clean No. Male Bedding No. Clean No. Male Bedding No. Genotype Effect Bedding Effect Genotype * Bedding

GnRH 75.7 � 4.8 8 63.5 � 6.1 10 68.3 � 3.8 7 59.9 � 5.2 7 F(1,28) � 1.05; P � .31 F(1,28) � 4.75; P � .05 F(1,28) � 0.12; P � .73
Kisspeptin 73.4 � 10.0 8 121.3 � 9.9 9 5.7 � 2.6 7 20.6 � 3.4 7 F(1,27) � 107.91; P � .0001 F(1,27) � 15.01; P � .001 F(1,27) � 4.17; P � .051
TH 143.5 � 21.1 4 122.3 � 16.2 6 84.7 � 8.1 4 118.0 � 15.1 4 F(1,14) � 4.9888; P � .05 F(1,14) � 0.13; P � .72 F(1,14) � 2.69; P � .12
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females, where only 2% of kisspeptin-ir neurons were co-
labeled with Fos. A two-way ANOVA confirmed a signif-
icant genotype effect (F(1,27) � 109.68, P � .0001), a sig-
nificant bedding effect (F(1,27) � 77,78, P � .0001), and a
significant interaction between these 2 factors (F(1,27) �
56.34, P � .0001). Post hoc analysis of the interaction
confirmed that only WT females exposed to male bedding
showed a significant induction of Fos in kisspeptin-ir neu-
rons (all P � .0001), as illustrated in Figure 4, A–D.

Males. Neither the percentage of kisspeptin-ir neurons ex-
pressing Fos (Table 7) nor the number of kisspeptin-ir
neurons (Table 6) in the AVPV/PeN was affected after
exposure to female bedding compared with clean bedding.

Effect of bedding exposure on Fos expression in TH
neurons
Females. Regarding the number of TH-ir neurons in the
AVPV/PeN, a two-way ANOVA revealed only a signifi-
cant genotype effect (F(1,14) � 4.99, P � .05). Post hoc
analysis showed that the number of TH-ir neurons is sig-
nificantly reduced in AfpKO female compared with WT
female mice (P � .05) (Table 4). Exposure to male bedding
activated an average of 28.5 � 2.2% (mean � SEM) of
TH-ir neurons in the AVPV/PeN of WT females (Table 5),
whereas an average of 12.3 � 1.2% (mean � SEM) of
TH-ir neurons was activated after exposure to clean bed-
ding. This pattern of activation by male odors was reduced
in AfpKO females, in which 16.5% of TH-ir neurons were
colabeled with Fos. Two-way ANOVA confirmed a sig-
nificant genotype effect (F(1,14) � 17.91, P � .001), a sig-
nificant bedding effect (F(1,14) � 35.68, P � .0001) but
failed to show a significant genotype by bedding interac-
tion (F(1,14) � 0.61, P � .45). Post hoc analysis revealed

that, regardless of the genotype, exposure to male bedding
induced a higher Fos expression in TH-ir neurons com-
pared with clean bedding (P � .001) and that a higher
percentage of TH-ir neurons expressing Fos was also ob-
served in WT females compared with AfpKO females (P �
.001), irrespective of the olfactory stimulation.

Males.Exposure to femalebeddingactivatedanaverageof
20.2 � 2.8% (mean � SEM) of TH-ir neurons in the AVPV/
PeN of WT males (Table 7), whereas an average of 6.9 �
0.8% (mean � SEM) of TH-ir neurons was activated after
exposure to clean bedding. One-way ANOVA revealed a
significantbeddingeffect (F(1,7) �16.70,P� .01), indicating
that the percentage of double-labeled TH/Fos neurons is
higher after exposure to female compared with clean bed-
ding. However, no effect of bedding exposure was observed
on the number of TH-ir neurons in the AVPV/PeN (Table 6).

Discussion

In the present study, we showed first that the female-typical
neuronal responses to male odors by several forebrain areas
involved in reproduction were strongly reduced in AfpKO
females. These results complement previous findings dem-
onstrating that exposure to prenatal estrogens completely
defeminized thepotential to showlordosisbehavior (16)and
mate preference (17) in adulthood. Secondly, we demon-
strated a potential role for the AVPV/PeN in coordinating
neuroendocrine signaling of sex-related odors. We con-
firmed that kisspeptin-expressing neurons in the female
mouse AVPV/PeN are responsive to male odors as initially
reported by our group (11). Moreover, we showed that the
transduction of male odors by kisspeptin neurons in the

Table 6. Mean Number (�SEM) of GnRH-ir, Kisspeptin-ir, and TH-ir Neurons Detected in WT Males When Exposed
to Clean or Female Bedding

WT Males F(df1,df2); P Value

Clean No. Female Bedding No. Bedding Effect

GnRH 83.0 � 4.1 11 71.7 � 6.0 9 F(1,19) � 2.52; P � .13
Kisspeptin 1.1 � 0.3 11 1.5 � 0.6 9 F(1,18) � 0.49; P � .49
TH 138.5 � 23.6 4 139.0 � 15.9 5 F(1,7) � 0.0003; P � .99

Table 5. Mean Percentage (�SEM) of Fos Double-Labeled GnRH-ir, Kisspeptin-ir, and TH-ir Neurons Detected in
WT and AfpKO Females When Exposed to Clean or Male Bedding

WT Females AfpKO Females F(df1,df2); P Value

Clean No. Male Bedding No. Clean No. Male Bedding No. Genotype Effect Bedding Effect Genotype * Bedding

Fos/GnRH 0.63 � 0.3 8 4.69 � 2.3 10 0.51 � 0.5 7 0.51 � 0.3 7 F(1,28) � 2.00; P � .17 F(1,28) � 1.79; P � 0.19 F(1,28) � 1.79; P �.19
Fos/Kisspeptin 4.50 � 1.8 8 29.25 � 1.8a 9 0.0 � 0.0 7 1.99 � 1.3 7 F(1,27) � 109.68; P � .0001 F(1,27) � 77.78; P � .0001 F(1,27) � 56.34; P � .0001
Fos/TH 12.3 � 1.2 4 28.48 � 2.2 6 4.03 � 1.8 4 16.47 � 3.4 4 F(1,14) � 17.91; P � .001 F(1,14) � 35.68; P � .0001 F(1,14) � 0.61; P � .44

a P � .05 vs all other groups (post hoc analysis on the genotype by bedding interaction).
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AVPV/PeN is strongly reduced in AfpKO females. Finally,
we showed that TH-expressing neurons in the AVPV/PeN
are responsive to opposite-sex odors in both sexes. Overall,
these results strongly suggest that 1) kisspeptin and TH-ex-
pressing neurons might be part of the neural circuitry that
relays sex-related olfactory cues from the olfactory system to
the neuroendocrine system; and that 2) prenatal estrogen
influences the sexual differentiation of neural responses to
sex-related olfactory cues.

Central Fos responses to sex-related odors and
effect of prenatal estrogen

In line with earlier studies (7, 9, 29–31), WT female
mice displayed a female-typical Fos expression to sex-re-
lated odors: male, but not female odors, activated the
MePV, MePD, mPOA, BSTpm, and VMHvl, which are
target sites of olfactory inputs and play an important role

in female reproductive behavior. Interestingly, after ex-
posure to male but not female odors, we observed a strong
Fos expression in the AVPV and PeN, which are important
reproductive brain regions involved in the control of the
preovulatory LH surge in female rodents (32). On the
other hand, significantly more Fos-ir cells were found in
the male MeA, MePD, MePV, ACo, AVPV, PeN, BSTpm,
and VMHvl after exposure to female odors as opposed to
male odors. These sex-specific Fos responses to opposite-
sex odors are likely to reflect the hypothalamic activation
that precedes the reflexive LH surge observed in male and
female mice when exposed to opposite-sex odors from
conspecifics (3–6). When females were exposed to in-
creased concentrations of estradiol in utero, due to the
absence of AFP, a normal female-typical detection of sex-
related olfactory cues was observed in the peripheral ol-

Figure 4. Fos expression in kisspeptin-ir neurons in the AVPV/PeN. A–D, Representative photomicrographs illustrating Fos (brown chromogen)
induction in kisspeptin-ir neurons (blue chromogen) after exposure to either clean (A and C) or male (B and D) bedding in WT (upper
photomicrographs) and AfpKO (lower photomicrographs) females. The box (dashed lines) in A–D shows the same area at a higher magnification
(insets a, b, c, and d, respectively). aca, anterior commissure, anterior part; ox, optic chiasm; IIIV, third ventricle. Scale bars, 500 �m (A–D) and 10
�m (inset).

Table 7. Mean Percentage (�SEM) of Fos Double-Labeled GnRH-ir, Kisspeptin-ir, and TH-ir Neurons Detected in
WT Males When Exposed to Clean or Female Bedding

WT Males F(df1,df2); P Value

Clean No. Female Bedding No. Bedding Effect

GnRH/Fos 0.12 � 0.12 11 0.24 � 0.6 9 F(1,19) � 0.40; P � .54
Kisspeptin/Fos 3.0 � 3.0 11 2.2 � 2.2 9 F(1,18) � 0.04; P � .84
TH/Fos 6.94 � 0.8 4 20.23 � 2.8a 5 F(1,7) � 16.7; P � .01

a P � .01 vs males exposed to clean bedding.
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factory areas (MOB and AOB) as well as in the amygda-
loid complex (MeA, MePV, MePD, and ACo). By
contrast, AfpKO females did not show a female-typical
Fos response to male odors in forebrain areas involved in
reproduction (AVPV, PeN, mPOA, and BSTpm), suggest-
ing that the processing of sex-related olfactory cues is de-
feminized in AfpKO females. These results fully support
previous findings showing that exposure to prenatal es-
tradiol defeminized the potential to show lordosis behav-
ior (16), male-directed mate preferences (17), and the abil-
ity to show a steroid-induced preovulatory LH surge (19)
in adulthood. Our results suggest that these deficits might
reflect an inability to transduce adequately sex-related ol-
factory cues into signals that will initiate and modulate
reproductive behavioral and/or endocrine changes.

Although AfpKO males are presumably overexposed
to estrogen as well and therefore possibly hypermasculin-
ized, overall, they displayed normal, male-typical Fos re-
sponses to sex-related olfactory cues, which is in agree-
ment with a fertile phenotype (21). However, AfpKO
males showed a weaker Fos expression in the olfactory
bulbs (although not statistically significant in the AOB)
after exposure to male, but not female, bedding compared
with WT males. However, a male-typical Fos expression
was observed in the amygdaloid complex, which is con-
stituted of direct olfactory relays from the AOB (MeA) and
MOB (MeA and ACo). Thus, it is very unlikely that the
weaker olfactory responses to male odors observed in Af-
pKO males reflect an inability to detect sex-related olfac-
tory cues but might simply reflect a weaker investigation
of the bedding placed in the cage during the Fos induction
period.

Finally, our results are in contrast with a previous study
in our lab evaluating the central responses of female Af-
pKO after exposure to male urine (33). In the Brock et al
study (33), a normal, female-typical Fos response to male
odors was observed in the main and accessory olfactory
pathways of AfpKO females. The type of olfactory stim-
ulation used might explain the discrepancy between the
previous (33) and the current study. Brock et al (33) ap-
plied urine (from intact male or estrous female) directly
onto the nose, whereas in the present study, we exposed
the experimental subjects to bedding soiled by intact males
or estrous females. Although mouse urine seemed to be the
major source of pheromones in mice, other natural sources
of pheromones exist, such as the extraorbital lacrimal
gland, which secrete and release potential pheromonal
compounds in tears (34). Therefore, soiled bedding of con-
specifics might represent the most complete olfactory sig-
nature of an individual and might be of more physiological
relevance.

Transduction of sexually relevant odors by the
GnRH system and upstream targets

In the present study, the percentage of GnRH neurons
expressing Fos after exposure to male odors in WT females
was relatively small (�5%) and not significantly higher
compared with AfpKO females (�1%). However, there is
evidence showing that few GnRH neurons are needed to
support pituitary LH secretion and reproductive develop-
ment (35–37). Because Fos represents 1 tool among others
for analyzing neuronal activation, it is likely that other
signaling pathways are also activated in female mice after
exposure to male odors. For instance, it has been demon-
strated in male mice that female odors significantly in-
creased the percentage of activated GnRH neurons (in-
dexed by the phosphorylation of MAPK) (2) and that
exposure to female bedding rapidly induced MAPK phos-
phorylation in the accessory olfactory projection pathway
in male mice (38). Unexpectedly, we observed a decrease
in the number of GnRH neurons after exposure to oppo-
site-sex bedding. In male mice, it has been shown that a
female pheromone-induced LH surge is not accompanied
by any changes in GnRH gene expression (39), suggesting
that if GnRH neurons are sensitive to female pheromones,
this may occur at the level of GnRH release. It can be
postulated that the diminished number of GnRH neurons
after exposure to male odors in females likely reflects a
release of the decapeptide.

Kisspeptin has been recognized as a key regulator of
GnRH secretion. In adulthood, the kisspeptin population
in the AVPV/PeN is sexually dimorphic (female 	 male)
and it has been proposed to regulate the estrogen-medi-
ated positive feedback control of GnRH secretion in fe-
males (13, 40). Importantly, it has been previously shown
that male odors activated kisspeptin neurons in the AVPV/
PeN in female mice (11) and that the kisspeptin neuronal
system in the AVPV/PeN is defeminized in AfpKO females
(19). In the present study, we confirmed first that kisspep-
tin is activated by male odors in female mice. Second, we
confirmed that prenatal exposure to estrogen defeminized
the AVPV/PeN kisspeptin neuronal population in female
mice. Third, we showed that male odors did not induce Fos
expression in kisspeptin neurons in AfpKO females, sug-
gesting that prenatal exposure to estrogen defeminized the
potential to show a pheromonal activation of the kisspep-
tin system by male pheromones. Contrary to what was
observed regarding GnRH neurons, exposure to male bed-
ding significantly increased the total number of kisspeptin
neurons in the AVPV/PeN compared with clean bedding.
Although one might expect a similar pattern of expression
in kisspeptin and GnRH neurons after olfactory stimula-
tion, this apparent discrepancy might just reflect different
time points of release of both peptides.
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The number of kisspeptin-ir neurons in the present study
is lower (average number of kisspeptin-ir cells per section,
24.5) than what has been previously reported by others in
mice (see for example (19); average number of kisspeptin-ir
cells per section, 64.2). This lower number of kisspeptin-ir
cells might be attributed to the fixative used (present study,
acrolein; Ref. 19, paraformaldehyde) and by our concern of
includingonlykisspeptinneuronswithawell-delineatedand
intensely labeled cell body in the counting.

Another sexually dimorphic neuronal phenotype in the
AVPV/PeN comprises the population of neurons that ex-
press TH, the rate-limiting enzyme in catecholamine syn-
thesis (14, 41), which also project to GnRH cell bodies in
the POA (42). Many studies have shown that cathe-
cholamines affect the release of GnRH, and subsequently
the secretion of LH (reviewed in Ref. 43). Recent studies
have indicated that a subpopulation of kisspeptin neurons
in the female mouse AVPV/PeN coexpresses TH (�50%)
(44, 45) and more importantly, it has been shown that
approximately 75% of kisspeptin neurons within the
AVPV that project to GnRH neurons express TH (45).
Others have shown in the rat that Fos-ir is augmented in
TH neurons at the time of the preovulatory LH surge in the
A2 cell group (46, 47). It appears thus likely that 1 role of
the AVPV/PeN dopamine neurons involves the sexually
differentiated regulation of GnRH neurons. In addition,
female AfpKO mice had decreased, male-like numbers of
TH neurons in the AVPV/PeN (16). Here, we confirmed
that AVPV/PeN TH neuronal population is defeminized in
AfpKO females and we showed for the first time in mice
that exposure to opposite-sex odors induced Fos expres-
sion in AVPV/PeN TH neurons in both sexes. Moreover,
in females, exposure to male odors induced Fos expression
in AVPV/PeN TH neurons in both genotypes. These re-
sults indicate that the processing of sexually relevant odors
by TH neurons is not affected after overexposure to pre-
natal estrogen in female AfpKO. Our observation that the
processing of male odors by kisspeptin neurons, but not
TH neurons, seems to be defeminized in AfpKO females
suggest that these neurons are most likely not part of the
same neuronal population in the AVPV/PeN. Future tri-
ple-labeling for kisspeptin/TH/Fos immunohistochemis-
try after exposure to male odors should address this ques-
tion. However, we can hypothesize that the input from
AVPV/PeN TH neurons to the neuroendocrine system af-
ter exposure to male odors is not sufficient by itself to
induce an appropriate behavioral response in AfpKO fe-
males. Although our results suggest that TH neurons in the
AVPV/PeN might be part of the neuronal circuitry relay-
ing olfactory cues from the olfactory system to the neu-
roendocrine system, the exact role of catecholamines and

their potential interactions with kisspeptin in the regula-
tion of GnRH release are still unknown.
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