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Effects of Exposure to Male Goat Hair Extracts on Luteinizing Hormone Secretion
and Neuronal Activation in Seasonally Anestrous Ewes
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ABsTRACT. In sheep and goats, exposure of seasonally anestrous females to males or their fleece/hair activates the gonadotropin-releasing
hormone (GnRH) pulse generator leading to pulsatile luteinizing hormone (LH) secretion. Pheromones emitted by sexually mature males
are thought to play a prominent role in this male effect. In the present study, we first aimed to clarify whether the male goat pheromone is
effective in ewes. Seasonally anestrous St. Croix ewes were exposed to hair extracts derived from either intact or castrated (control) male
Shiba goats. The male goat-hair extract significantly increased LH secretion compared to the control, suggesting that an interspecies action
of the male pheromone occurs between sheep and goats. Using the male goat-hair extract as the pheromone source, we then aimed to clarify
the neural pathway involved in the signal transduction of the male pheromone. Ewes were exposed to either the goat-hair extract or the
control and sacrificed 2 hr after the exposure. Expression of c-Fos, a marker of neuronal activation, was immunohistochemically examined.
The male goat-hair extract significantly increased the c-Fos expression compared to the control in regions of the vomeronasal system,
such as the accessory olfactory bulb and medial amygdala, and the arcuate nucleus. The main olfactory bulb did not exhibit any significant
increase in the c-Fos expression by the male goat-hair extract. This result suggests that the neural signal of the male pheromone is conveyed

to the GnRH pulse generator through the activated regions in ewes.
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In seasonal breeders, reproductive status during the non-
breeding period is characterized by the infrequent discharge
of gonadotropins from the pituitary, gonadal quiescence
and behavioral anestrus. Interestingly, the introduction of
a mature male into a flock of seasonally anestrous females
eventually induces an ovulation in sheep and goats [47, 48];
a phenomenon called the male effect [4, 9, 12, 29]. Although
several factors, such as visual cues and learning, seem to be
involved [9, 11, 12], it is generally accepted that the olfac-
tory signal, the pheromone, plays a dominant role in the male
effect, since the effect is seen when the presence of the male
is replaced by its fleece/hairs [6, 24] or their extracts [6, 14,
25].

The gonadotropin-releasing hormone (GnRH) pulse gen-
erator in the hypothalamus governs pulsatile GnRH secretion
and thereby regulates pulsatile luteinizing hormone (LH)
secretion from the pituitary [20, 23, 28]. Because the initial
endocrine event following the reception of the male phero-
mone in the anestrous female is an abrupt increase in the
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frequency of pulsatile LH secretion [12, 29, 30], it has been
generally accepted that the central target of the male phero-
mone is the GnRH pulse generator [9, 29, 39]. It has been
demonstrated that the exposure to male goat hairs promptly
stimulates the GnRH pulse generator in female goats [15,
17, 32, 33] using an electrophysiological technique that
monitors neural activity of the neural substrate [31, 35]. This
is a striking contrast to other mammalian pheromones, for
which the neural mechanisms underlying pheromone actions
are scarcely known. Thus, the male effect would serve as a
unique model to investigate the neural pathways participat-
ing in the pheromone signal transduction.

Neural regions involved in the signal transduction path-
ways of pheromonal cues have been investigated by analyz-
ing the expression of c-Fos, a marker protein for neuronal
activation [16], in several species. In rodents, it has been
demonstrated that the exposure of the vaginal fluid of the
female golden hamster [10] or the urine of the female rat
[3] to conspecific male animals increased the number of
c-Fos-immunoreactive (-ir) cells in regions of the vomero-
nasal system, such as the accessory olfactory bulb (AOB),
medial amygdala (MeA) and bed nucleus of the stria ter-
minalis (BNST), but had little effect on the expression of
c-Fos-ir cells in the main olfactory system including the
main olfactory bulb (MOB), posterior lateral cortical amyg-
dala (PLCo) and piriform cortex (PYR). On the other hand,
Gelez and Fabre-Nys [13] have shown that the presence of
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a ram significantly increased the number of c-Fos-ir cells in
several regions of anestrous ewes, which include the MOB,
PLCo, PYR and dentate gyrus as well as the AOB, posterior
medial cortical amygdala (PMCo) and ventromedial hypo-
thalamic nucleus (VMH). This result suggests that both the
main olfactory and vomeronasal systems participate in the
central mechanism of the male effect in the ewe. However, it
should be noted that the ewe might have received a variety of
stimuli from the ram, such as visual and auditory signals and
odor of the urine, in addition to the male pheromone. There-
fore, those c-Fos-ir cells may represent neural substrates that
process not only the male pheromone but also other signals
relating social interactions between sexes or individuals in
sheep.

Pheromones are defined as chemicals that act within
conspecifics [19]. However, Over et al. [42] demonstrated
that a mixture of male goat hairs of the Alpine, Saanen and
Bunte deutsche Edelziege breeds significantly increased LH
pulse frequency in ewes of the Merino d’Arles and Ile-de
France breeds during the non-breeding season. If this is a
universal phenomenon between sheep and goats, the bio-
logical impacts, except for pheromone activity, of male goat
hairs on ewes would be lower compared to the presence of
a ram or its fleece and can therefore be used to investigate
the neural pathway involved in the stimulation of the GnRH
pulse generator by the male pheromone in ewes.

In the present study, we investigated whether the interspe-
cies action of the male pheromone occurs between St. Croix
ewes and male Shiba goats, a combination of the sheep and
goat breeds different from that in the previous study [42].
Since it has been demonstrated that an acidic fraction of the
male goat hair extract exhibits pheromone activity in female
goats [6, 14, 42], this partially purified fraction was used as
the pheromone source to reduce unwanted stimuli to a greater
extent. After confirming the interspecies action of the male
pheromone in our experimental model, we then investigated
the neural pathway participated in the signal transduction of
the male pheromone using the goat extract to stimulate brain
regions of the ewe.

MATERIALS AND METHODS

Animals: Eight mature St. Croix ewes (Body weight, 50—
60 kg) maintained in the Animal Resource Science Center of
the University of Tokyo were used. They were isolated from
rams for at least 3 months and were kept in a pen under natu-
ral photoperiod. They were fed with a soybean meal and roll
bale silage and had free access to water and supplemental
minerals. Experiments were conducted from June to July, the
non-breeding season of this species. Prior to the experiment,
the ewes were habituated to a manipulation of the sample ex-
posure by inserting the muzzle into an empty plastic cup for
a few min at least once a day for one week. All experiments
were approved by the Board for the Care and Use of Animals
of the Graduate School of Agricultural and Life Sciences of
the University of Tokyo, Tokyo, Japan.

Preparation of the pheromone source: Adult male Shiba
goats were used for the pheromone source. Hairs were taken

from the parietal and shoulder regions of either sexually
intact or castrated male goats [18]. Hairs collected from 4-6
goats were combined in each preparation and subjected to
the following fractionation. First, lipid components of the
hair were extracted by supercritical CO, fluid extraction and
were dissolved in diethyl ether. Then, they were separated
into acidic, neutral and basic fractions by the counter-current
distribution method, using sodium hydroxide and hydrochlo-
ric acid. The acidic fraction was divided into small aliquots
corresponding to 2 mg of the lipid component and stored at
—20°C until used.

Prior to the start of the experiment in the ewes, male
pheromone activity in each hair preparation was examined
in goats by the electrophysiological method previously
described [15, 17, 32, 33]. The result confirmed that the
preparation from the intact male goats exhibited the male
pheromone activity while that from the castrated goats did
not. The former was termed “goat pheromone”, while the
latter was termed “control” in the present study.

Pheromone exposure: Immediately before the exposure,
the preparation was absorbed on a small piece of wiping
paper, and the paper was allowed to dry for a few min. It was
put between two plastic cups, of which the bottom of the
inner cup was replaced with a mesh [17]. Upon exposure, the
ewe’s muzzle was inserted into the cup and kept there for 2
min. This manipulation was repeated 3 times with a 10-min
interval between the start of each exposure.

Experiment 1: Effects of the goat pheromone on LH secre-
tion in ewes: On the day of the experiment, a catheter was
inserted in the jugular vein of the ewes. Blood samples were
collected through the catheter every 10 min for 4 hr. Two hr
after the start of blood sampling, the ewes were subjected
to the sample exposure. Four ewes were exposed to the
goat pheromone, and the remaining 4 ewes were exposed
to the control. With one-hr interval period, the experimental
protocol was repeated, adopting a crossover design. Blood
samples were centrifuged at 3,000 rpm for 15 min, and
plasma was stored at —20°C until the determination of LH
concentrations.

Experiment 2: Effects of the goat pheromone on c-Fos
expression in the central nervous system of ewes: Two weeks
after Experiment 1, the ewes were randomly divided into the
pheromone (n=4) and control (n=3) groups, and exposed
to the goat pheromone or control, respectively, in the same
manner as in Experiment 1. One ewe was not included in this
experiment due to a health problem. Two hr after the first
2-min exposure, the ewes were sacrificed by an overdose
of pentobarbital (Dainippon Pharmaceutical Corporation,
Osaka, Japan, 300 mg/kg), and the head of the ewe was
perfused bilaterally through the carotid arteries with 5 / of
10 mM phosphate buffered saline (PBS) containing 3,000
U heparin// and 0.7% sodium nitrite, followed by 5  of 4%
paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4.
The brain was removed, and tissue blocks containing the ol-
factory bulb, amygdala and hypothalamus were immersed in
the same fixative overnight at 4°C and then in 20% sucrose
in 0.1 M PB at 4°C until they sank.

LH Assays: Plasma LH concentrations were measured in
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duplicate by a double-antibody radioimmunoassay using
rabbit anti-ovine LH serum (YM #18) [37] and expressed
in terms of the ovine LH standard (NIDDK-oLH-I-4). Goat
anti-rabbit immunoglobulin serum (IPGKROO01, Shibayagi,
Shibukawa, Japan) was used as a secondary antibody. The
least detectable LH concentration was 0.098 ng/m/ for 200-
ul plasma samples, and the intra-and inter-assay coefficients
of variation were 5.1% at 3.82 ng/m/ and 6.5% at 3.55 ng/
ml, respectively.

Tissue preparation: The block containing the olfactory
bulb was cut sagittally, while the other blocks were cut fron-
tally. Serial sections (50-um-thick) were cut on a freezing
microtome and kept in the cryoprotectant solution [51] at
—20°C. First, every sixth section of each brain structure was
stained with 0.2% cresyl violet to allow histological identi-
fication of the brain areas by referring to atlases of the Shiba
goat [52] and rat [43].

Immunohistochemistry for c-Fos was carried out in
seven areas of the main olfactory system: the mitral and
granule cell layers of the MOB, anterior and posterior parts
of PYR, basal amygdala (BA), anterior cortical amygdala
(ACo) and PLCo; eight areas of the vomeronasal olfactory
system: the mitral/tufted and granule cell layers of the AOB,
MeA, PMCo, anterior and posterior parts of BNST, medial
preoptic area (MPOA) and VMH; and other five areas of
the limbic system and hypothalamus; the central amyg-
dala (CeA), vascular organ of the lamina terminalis (OVLT),
paraventricular nucleus (PVN), supraoptic nucleus (SON)
and arcuate nucleus (ARC). Sections were carefully matched
across ewes according to the morphological structures and
were selected so that three representative sections from the
medial, median and lateral portions of each layer were in-
cluded for the AOB and MOB or three representative ones
from anterior, middle and posterior portions were included
for the other brain areas.

Immunohistochemistry: Sections of the pheromone group
and those of the control group were always stained in parallel.
Free-floating sections were rinsed with PBS containing 0.5%
Triton X-100 (PBST) and treated with 3% H,O, in methanol
for 15 min. After extensive washing with PBST, they were
successively incubated with 5% normal goat serum (Vector
Laboratories, Burlingame, CA, U.S.A.) in PBST containing
2% Block Ace (Dainippon Pharmaceutical Corporation) for
1 hr and then with a rabbit polyclonal antibody against the
Fos protein (Ab-5, Oncogene Science Products, Cambridge,
MA, U.S.A., diluted 1:10,000 in PBST containing 0.5%
Block Ace and 2% normal goat serum) for 48 hr at 4°C.
Following three 15-min rinses with PBST, sections were
incubated with a goat anti-rabbit 1gG (Vector Laboratories,
diluted 1:400 in PBST containing 0.5% Block Ace and
2% normal goat serum) for 3 hr and with an avidin-biotin
complex solution (Vector Laboratories, elite kit, diluted 1:50
in PBST) for 1 hr. Each step was followed by three 15-min
washes with PBST. After the last wash, sections were im-
mersed in 50 mM Tris-HCI, pH 7.6, then reacted with chro-
mogen solution consisting of 0.04% 3,3’-diaminobenzidine
(Sigma Chemical, St. Louis, MO, U.S.A.), 0.03% H,0,,
0.5% nickel ammonium sulfate and 0.01% cobalt chloride

in 50 mM Tris-HCI for 8 min. The reaction was terminated
by several washes with 50 mM Tris-HCI. All reactions were
performed at room temperature unless otherwise stated. The
sections were mounted on gelatinized glass slides, dried and
then briefly counterstained with 0.1% cresyl violet to delimit
the nucleus. They were dehydrated and cover-slipped.

Use of the anti-c-Fos antibody preabsorbed with human
c-Fos peptide (Oncogene) or omission of the secondary an-
tibody during the immunohistochemical procedure resulted
in the complete elimination of the positive signal (data not
shown).

Count of c-Fos-ir cells: The number of c-Fos-ir cells was
counted in each area on the right side of the brain. Sections
were photographed using an Eclipse ES00M microscope
(Nikon, Tokyo, Japan) with a FDX-35 camera (Nikon), and a
square was drawn on photomicrographs at the center of each
area. For the MOB, three squares were drawn at the center
of the dorsal, rostral and ventral parts of each layer. The size
of the square (the exact size on the tissue section) was as
follows: the mitral (0.03 mm?) and granule (0.03 mm?) cell
layers of the MOB, the anterior (1 mm?) and posterior (1
mm?) parts of PYR, BA (1 mm?), ACo (1 mm?), PLCo (1
mm?), the mitral/tufted (0.03 mm?) and granule (0.03 mm?)
cell layers of the AOB, MeA (1 mm?), PMCo (1 mm?), the
anterior (0.4 mm?) and posterior (0.3 mm?) parts of BNST,
MPOA (1.3 mm?), VMH (1 mm?), CeA (1 mm?), OVLT
(0.05 mm?), PVN (0.3 mm?), SON (0.3 mm?) and ARC (0.7
mm?). A person who knew neither the experimental group
nor the brain area counted the number of clearly stained c-
Fos positive signals in the square. For the MOB, the number
in three squares was totaled. In each area, the number of
positive signals was divided by the size of the square and
presented as the count per mm?.

Data analysis: To evaluate the effect of the goat phero-
mone on the LH secretion in the ewe, the mean value of
LH concentrations at each time point was calculated in the
pheromone and control treatments, and they were analyzed
statistically by Student’s z-tests. A statistical comparison of
the number of Fos-ir neurons between the pheromone and
control groups was performed by Mann-Whitney U-test. The
levels of significance were P<0.05. All values are expressed
as mean + SEM.

RESULTS

Experiment 1: Effects of the goat pheromone on LH secre-
tion in ewes: Individual profiles of the LH response to the
goat pheromone and control, as well as mean group values
during the 4-hr sampling period, are shown in Fig. 1. During
the pre-treatment period (0—120 min), temporal increases
in LH concentrations were observed in the both treatments,
indicating that spontaneous pulsatile LH secretion occurred,
although its frequency seemed to be low. In the control
group, LH secretion increased slightly after the first expo-
sure in one ewe and with a relatively high magnitude after
the second exposure in two ewes (Fig. 1A). The remaining
five ewes did not show any apparent changes in LH secretion
after the exposure. In the goat pheromone group, LH secre-
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Fig. 1.  Effects of the goat pheromone exposure on LH secretion in

seasonally anestrous ewes. A, individual profiles (n=8) of LH con-
centrations in the control (the hair extract of castrated male goats)
exposure. B, individual profiles (n=8) of LH concentrations in the
goat pheromone (the hair extract of intact male goats) exposure.
Lines with the same color in A and B indicate the results of the
same individual. C, the mean + SEM of LH concentrations in each
treatment. Open circles, the control exposure. Solid circles, the
goat pheromone exposure. Arrows indicate timing of exposure.
*, significantly different (P<0.05, Student’s #-tests) compared to
the corresponding control value.

tion increased after the first exposure in 4 ewes and after
the second exposure in 3 ewes (Fig. 1B). In the ewes that
responded to the first exposure, it appeared that the second
exposure also stimulated LH secretion in 3 ewes, because
elevated LH concentrations were observed at two successive
time points (130 and 140 min). Statistical analysis of the

group values revealed that the goat pheromone significantly
increased LH secretion compared with the control (P<0.05)
in the seasonally anestrous ewes (Fig. 1C).

Experiment 2: Effects of the goat pheromone on c-Fos
expression in the central nervous system of ewes: The effect
of the goat pheromone on cellular activation was analyzed
in 20 brain areas schematically shown in Fig. 2, including
those in the olfactory bulb (Fig. 2A), the hypothalamus (Fig.
2B-2E) and the amygdaloid complex (Fig. 2C and 2D).
Representative photomicrographs of a pair of sections of the
control- and goat pheromone-treated ewes are shown in Fig.
3. The c-Fos positive signals were characterized as small
round or oval products in the cell nuclei. The mean numbers
of c-Fos-ir cells in the areas examined are summarized in
Table 1.

Although c-Fos positive signals were observed to be scat-
tered throughout the mitral and granule cell layers of the
MOB (Fig. 3A), the numbers of those signals in the goat
pheromone group were comparable to those in the control
group. Similarly, goat pheromone exposure had no effect on
the c-Fos expression in the other areas of the main olfactory
system, except in the PYR. The number of c-Fos-ir cells was
slightly, but significantly, higher in the posterior portion of
the PYR (Fig. 3B). In contrast to the main olfactory system,
goat pheromone exposure affected c-Fos expression in a ma-
jority of the areas of the vomeronasal system. The number of
c-Fos-ir cells in the goat pheromone group was significantly
higher than that in the control group in the mitral/tufted and
granule cell layers of the AOB (Fig. 3C), MeA (Fig. 3D),
PMCo, anterior portion of the BNST (Fig. 3E), MPOA and
OVLT. In the VMH, although the number of c-Fos-ir cells
tended to be higher in the goat pheromone group than the
control group, the difference was not statistically significant.
In the hypothalamus, a significant increase in c-Fos immu-
noreactivity caused by goat pheromone exposure was seen in
the ARC (Fig. 3F), but not in the PVN and SON.

DISCUSSION

The present study demonstrated that exposure to the ma-
ture male goat hair extract significantly increased LH secre-
tion and activated a majority of the areas in the vomeronasal
olfactory system and the ARC in seasonally anestrous ewes.
The results suggest that the brain areas activated by the goat
hair extract are involved in the signal transduction of the
male effect pheromone.

Although spontaneous LH pulses were occasionally ob-
served during the 4-hr period in both goat pheromone and
control groups, pulsatile increases in LH secretion occurred
coincidentally in seven of eight ewes and the mean LH con-
centrations were significantly higher in the ewes exposed
to the goat pheromone than the control ewes (Fig. 1). The
result clearly indicates that the goat pheromone stimulates
LH secretion in the seasonally anestrous ewes, confirming
the results of a previous study [42]. The consistent result
between the two studies, using a completely different com-
bination of sheep and goat breeds, suggests that buckhairs
stimulate LH secretion in ewes, regardless of the breed of
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Fig. 2.

Schematic illustrations of brain regions. A, a sagittal view of the olfactory bulb. B-E, coronal views of

the hypothalamus and the amygdaloid complex (the rostro-caudal order). Gray squares schematically show the
areas in which the number of c-Fos positive cells was counted in each brain region. AAA, anterior amygdaloid
area; ACo, anterior cortical amygdala; AHA, anterior hypothalamic area; AOB, accessory olfactory bulb;
ARC, arcuate nucleus; BA, basal amygdala, BNSTa, anterior part of the bed nucleus of the stria terminalis;
BNSTp, posterior part of the bed nucleus of the stria terminalis; CA, caudate nucleus; CeA, central amygdala;
DMH, dorsomedial hypothalamic nucleus; En, endopiriform nucleus; LA, lateral amygdala; LHA, lateral
hypothalamic area; MeA, medial amygdala; MOB, main olfactory bulb; MPOA, medial preoptic area; OVLT,
vascular organ of the lamina terminalis; PMCo, posterior medial cortical amygdala; PLCo, posterior lateral
cortical amygdala; POA, preoptic area; PUT, putamen; PVN, paraventricular nucleus of the hypothalamus;
PYR, piriform cortex; Sch, suprachiasmatic nucleus; SON, supraoptic nucleus; VMH, ventromedial hypo-
thalamic nucleus, GL, glomerular layer; GRL, granule cell layer; ML, mitral cell layer; MTL, mitral/tufted
cell layer; ac, anterior commissure; fx, fornix; och, optic chiasm; oz, optic tract; st, stria terminalis; stm, stria

medullaris of the thalamus; LV, lateral ventricle; ME, median eminence; 3V, third ventricle.

each species. Likewise, it has been demonstrated that expo-
sure of the female Shiba goat to ram (the Corriedale breed)
wool stimulates the GnRH pulse generator and pulsatile LH
secretion [17]. Moreover, the putative pheromone receptor
(VIR) homologue genes are remarkably conserved between
sheep and goats [36]. These lines of evidence imply that very
similar, if not identical, molecules are released from male
sheep and goats, and represent the pheromone activity in the
females of both species, although the biological significance
of such interspecies action of the male pheromone remains
unclear.

We demonstrated that exposure to the goat pheromone
prominently activated the vomeronasal system, but had few
effects on the main olfactory system, though it did affect the
PYR in the ewes (Table 1), which is consistent with the find-
ings in rodents [3, 10]. The present results are also partially
comparable, in terms of the activation of the vomeronasal
system, to previous studies in sheep [8, 13], in which the
ram was introduced to the ewe’s pen. However, there are
several discrepancies between the present results and those

of previous studies, regardless of the fact that both the male
goat hair extract and presence of the ram similarly facilitated
pulsatile LH secretion in seasonally anestrous ewes.

The ram introduction activated the mitral and granule lay-
ers of the MOB and the basal and cortical amygdala [13],
whereas the goat pheromone exposure did not. This might
be due to the ram-related odors that are detected by the ol-
factory epithelium and activate the main olfactory system.
Although the male goat hair extract used in the present study
may also contain several odorous substances, their amounts
are presumed to be remarkably small. Therefore, the present
analytical method could not detect the significant effect in
the main olfactory system, except in the PYR. On the other
hand, the activation of the vomeronasal system was similar
in both studies, implicating that the male pheromone signal
is processed exclusively through the vomeronasal system.
However, this is unlikely, since it has been reported that
ewes subjected to the destruction of the vomeronasal organ
or the section of the vomeronasal nerve still exhibited LH
response to the ram [7]. It is, therefore, plausible to propose
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Fig. 3. Photomicrographs of c-Fos-ir cells in several brain regions
in seasonally anestrous ewes exposed to the control (left column)
or goat pheromone (right column). A, main olfactory bulb (MOB).
B, piriform cortex (PYR). C, accessory olfactory bulb (AOB). D,
medial amygdala (MeA). E, anterior part of the bed nucleus of the
stria terminalis (BNSTa). F, arcuate nucleus (ARC). Sections were
briefly counter-stained for Nissl. Arrowheads indicate representa-
tive c-Fos-ir materials. GL, glomerular layer; GRL, granule cell
layer; ML, mitral cell layer; MTL, mitral/tufted cell layer, LV,
lateral ventricle; 3V, third ventricle. Scale bars, 100 um.

that the male pheromone of sheep and goats is a mixture of
several substances, one detected and processed through the
vomeronasal system and the other through the main olfac-
tory system. This hypothesis is supported by the fact that
all goat VIRs identified till date are expressed in both the
vomeronasal organ and olfactory epithelium [36]. It has also
been demonstrated that the neutral fraction and the acidic
fraction of buckhair extracts retain the pheromone activity
[6]. Furthermore, 4-ethyloctanal—which has recently been
shown to potently stimulate the GnRH pulse generator and
is thus considered as a likely male pheromone candidate in
goats—is a chemical included in the neutral components of
male goat headspace volatiles [32]. An interesting issue to
be examined in future studies is whether the main olfactory
system of ewes (or female goats) is activated by exposure to
the neutral fraction of buckhair extracts or 4-ethyloctanal.

The present study found that exposure of ewes to the goat
pheromone activates the ARC (Table 1), which was not dem-
onstrated by the ram introduction [13]. It is unclear whether
this inconsistency is due to the difference in the stimuli, be-
cause another study reported an increase in c-Fos expression
in the ARC following the ram introduction [8]. The activa-
tion of the ARC is of particular significance. Several lines
of evidence suggest that a population of kisspeptin neurons
in the ARC participates in the male effect. First, kisspeptin
neurons in the ARC have been proposed to be an intrinsic
source of neural activity of the GnRH pulse generator [26,
34, 40, 44] that is the central target of the male pheromone
[9, 29, 39]. Second, ARC kisspeptin neurons receive di-
rect efferent projections from the MeA in goats [45]. The
MeA is considered to be a key neural substrate that relays
pheromone signals to target nuclei in the hypothalamus [2,
21, 27] and was activated by the goat pheromone (Table 1)
and the ram introduction [13]. Third, the c-Fos expression in
ARC kisspeptin neurons of ewes was significantly increased
by the ram introduction [8]. Fourth, electrodes positioned
close vicinity of ARC kisspeptin neurons [38, 50] showed
that exposure of female goats to male goat hairs [32, 33,
45] or 4-ethyoctanal [32] immediately evoked GnRH pulse
generator activity. Fifth, administration of an antagonist for
kisspeptin abrogated the LH response to the ram introduc-
tion in ewes [8], and exposure to male goat hairs failed to
induce GnRH pulse generator activity when female goats
were pretreated with an antagonist for neurokinin B [45],
a substance co-expressed in ARC kisspeptin neurons that
plays a pivotal role in GnRH pulse generation [40, 50]. Thus,
it is plausible to postulate that the signal of the male phero-
mone is transmitted via the MeA to ARC kisspeptin neurons
and thereby induces the GnRH/LH pulse [39]. Although the
chemical identity of the c-Fos-ir cells was not examined in
the present study, these c-Fos-ir cells (Fig. 3F) may at least
in part be kisspeptin neurons.

The VMH receives massive projections from the MeA
[22, 45, 46, 49] and is thought to be one of key hypotha-
lamic nuclei for the pheromone signal processing [2, 21]. In
concert, the previous studies demonstrated that the ram in-
troduction activated the VMH [8, 13]. On the other hand, the
number of c-Fos-ir cells in the VMH was not significantly
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Table 1.  Effects of the goat pheromone exposure on the c-Fos expression in ewes
Treatment
Brain regions Control Goat Pheromone
(n=3)» (n=4)"
Main olfactory system
Main Olfactory bulb (MOB)
Mitral cell layer (ML) 951.7+127.9 1,160.3 £99.0
Granule cell layer (GRL) 426.9 +82.1 475.0 £49.1
Piriform cortex (PYR)
anterior part 1923 +£22.4 147.3 £24.0
posterior part 99.3+164 149.8 £ 19.7*
Amygdala
Basal amygdala (BA) 82.3+33.8 1053 £10.6
Anterior cortical amygdala (ACo) 79.7 £26.6 102.8 £21.1
Posterior lateral cortical amygdala (PLCo) 112.0+ 344 114.8+28.3
Vomeronasal olfactory system
Accessory olfactory bulb (AOB)
Mitral/Tufted cell layer (MTL) 14.0+4.2 41.0 £ 12.2*
Granule cell layer (GRL) 14.0+£4.9 52.5+14.1*
Amygdala
Medial amygdala (MeA) 113.7+19.7 194.3 £ 15.3*
Posterior medial cortical amygdala (PMCo) 56.0 + 14.1 150.5 +40.2*
Bed nucleus of the stria terminals
anterior part 61.3+11.8 112.3 £ 13.5%
posterior part 72.7+23.7 59.5+12.5
Medial preoptic area (MPOA) 64.0 £27.9 256.5 +120.8*
Vascular organ of the lamina terminals (OVLT) 14.7+£2.7 33.0 +4.7*
Ventromedial hypothalamic nucleus (VMH) 142.0 £41.1 255.8£58.0
Limbic system
Central amygdala (CeA) 103.3+£19.5 125.5+10.1
Hypothalamus
Arcuate nucleus (ARC) 189.7 +28.3 403.3 + 82.4*
Paraventricular nucleus (PVN) 110.7 + 38.5 197.5+£72.1
Supraoptic nucleus (SON) 553+84 84.3+16.3

a) The number of ewes. Data are expressed as the mean + SEM of the density of Fos-ir cells (the
number of Fos-ir cells per mm?) in each brain region. *, significantly different (P<0.05, Mann-
Whitney U test) compared to the corresponding control value.

different between the goat pheromone and control exposure
in the present study (Table 1). These results suggest that
the olfactory signals emitted by the ram consist of at least
two kinds of signal; one transmitted to the VMH and the
other to the GnRH pulse generator located outside the VMH
(perhaps in the ARC, as discussed above) of ewes. The male
goat hair extract appears to lack the former. The activation
of the VMH by the ram introduction may represent other
aspects of the male effect than the stimulation of GnRH/LH
secretion, such as the modulation of sexual behavior in the
female [1, 5, 41].

In conclusion, by employing a different combination of
the goat and sheep breeds from the previous study [42],
we demonstrated in this study that exposure of seasonally
anestrous ewes to the male goat hair extract stimulates LH
secretion, implicating that the interspecies action of the male
pheromone is a universal phenomenon in these animals. The
present study also showed that the exposure of the buckhair
extract activated several specific areas, including the AOB,

MeA, and ARC, but not the nuclei in the main olfactory
system except in the PYR. The results suggest that the male
pheromone signal can be transmitted solely through the
vomeronasal system to the GnRH pulse generator, which
may be located at the ARC, although the participation of the
main olfactory system in this pathway is highly likely.
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