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Abstract.  Hindbrain ependymocytes are postulated to have a glucose-sensing role in regulating gonadal functions. Previous 
studies have suggested that malnutrition-induced suppression of gonadotropin secretion is mediated by noradrenergic inputs 
from the A2 region in the solitary tract nucleus to the paraventricular nucleus (PVN), and by corticotropin-releasing hormone 
(CRH) release in the hypothalamus. However, no morphological evidence to indicate the neural pathway from the hindbrain 
ependymocytes to hypothalamic kisspeptin neurons, a center for reproductive function in mammals, currently exists. The 
present study aimed to examine the existence of a neuronal pathway from the hindbrain ependymocytes to kisspeptin neurons 
in the arcuate nucleus (ARC) and anteroventral periventricular nucleus (AVPV). To determine this, wheat-germ agglutinin 
(WGA), a trans-synaptic tracer, was injected into the fourth ventricle (4V) in heterozygous Kiss1-tandem dimer Tomato 
(tdTomato) rats, where kisspeptin neurons were visualized by tdTomato fluorescence. 48 h after the WGA injection, brain 
sections were taken from the forebrain, midbrain and hindbrain and subjected to double immunohistochemistry for WGA and 
dopamine β-hydroxylase (DBH) or CRH. WGA immunoreactivities were found in vimentin-immunopositive ependymocytes 
of the 4V and the central canal (CC), but not in the third ventricle. The WGA immunoreactivities were detected in some 
tdTomato-expressing cells in the ARC and AVPV, DBH-immunopositive cells in the A1–A7 noradrenergic nuclei, and CRH-
immunopositive cells in the PVN. These results suggest that the hindbrain ependymocytes have neuronal connections with the 
kisspeptin neurons, most probably via hindbrain noradrenergic and CRH neurons to relay low energetic signals for regulation 
of reproduction.
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Energetic condition is one of the critical factors for regulating 
reproductive functions in mammals. Chronic food restriction 

delays the onset of puberty and causes cessation of the reproductive 
cycles in female mammals [1]. Experimentally, short-term food 
restriction suppresses pulsatile secretion of luteinizing hormone 
(LH) [2] and the steroid-induced LH surge in female rats [3, 4]. 
These studies suggest that low energetic signals suppress gonadal 
functions via inhibition of gonadotropin-releasing hormone (GnRH)/
LH secretion.

The ependymocytes of the hindbrain have been proposed to be 
able to sense glucose availability for controlling GnRH/LH secretion. 
Pancreatic glucokinase (GK), a rate-limiting enzyme for glucose 
metabolism, and phosphorylated AMP-activated protein kinase 
(AMPK), an active form of AMPK, are evident in the ependymocytes 
of the wall of the central canal (CC) and the fourth cerebral ventricle 
(4V) [5, 6]. This pancreatic glucosensing mechanism is suggested to 
be GK- and AMPK-dependent [7]. Thus, the central glucosensing 

mechanism could share a similar molecular cascade with pancreatic 
β cells. The ependymocytes taken from rat CC show an in vitro 
increase in intracellular Ca2+ concentrations in response to low 
extracellular glucose [8] and to AMPK activator (AICAR) [6]. 
Further, an injection of alloxan, a GK inhibitor, or AICAR, into the 
4V suppresses in vivo pulsatile secretion of LH in female rats [6, 9]. 
An injection of 5-thioglucose, a glucose metabolism inhibitor, into 
the 4V suppressed the steroid-induced LH surge [10]. These studies 
imply that the ependymocytes of the hindbrain could play a role as 
one of the energy-sensing cells through the GK/AMPK cascade to 
control GnRH/LH pulse and surge.

It is likely that noradrenergic neurons and/or corticotropin-
releasing hormone (CRH) neurons mediate the mechanisms relaying 
the low energetic signals to kisspeptin neurons in the hypothalamic 
arcuate nucleus (ARC) and anteroventral-periventricular nucleus 
(AVPV) to regulate GnRH/LH pulse and surge. The ARC kisspeptin 
neurons, co-expressing neurokinin B (NKB) and dynorphin A, 
are referred to as KNDy neurons, and are postulated to play an 
essential role in GnRH/LH pulsatile secretion [11–14]; AVPV kis-
speptin neurons are thought to regulate the preovulatory GnRH/
LH surge [15–17]. Acute fasting suppressed Kiss1 gene (encoding 
kisspeptin) expression in the ARC [18], AVPV [19], attenuated LH 
pulses [20], and surge [3] in female rats. These results suggest that 
low energetic signals are relayed to the ARC and AVPV kisspeptin 
neurons to suppress the GnRH/LH pulse and surge. A lesion of the 
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brainstem noradrenergic neurons with saporin-conjugated dopamine 
β-hydroxylase (DBH) antibody (DSAP) prevented the suppression 
of estrous cyclicity induced by administration of 2-deoxy-D-glucose 
(2DG), a glucose metabolic inhibitor, in female rats [21]. Destruction 
of the A6 noradrenergic nucleus attenuated the preovulatory LH 
surge [22]. Notably, a local administration of α-methyl-p-tyrosine, 
a catecholamine synthesis inhibitor, into the PVN rescued LH pulses 
suppressed by fasting [20] or peripheral administration of 2DG [23]. 
Further, fasting-induced suppression of LH pulses was blocked by a 
central administration of CRH antagonist [20] and expression of CRH 
receptor proteins were observed in the ARC and AVPV kisspeptin 
neurons [24]. Thus, the noradrenergic and/or CRH neuronal pathways 
seem to contribute in relaying energetic signals from energy sensor 
cells in the hindbrain to the hypothalamic kisspeptin neurons to 
control GnRH/LH secretion. However, no morphological analysis 
to show the neuronal pathway from the hindbrain ependymocytes to 
the hypothalamic kisspeptin neurons has been provided yet.

The present study, thus, aims to provide morphological evidence for 
the neuronal pathway originating from the hindbrain ependymocytes 
to the kisspeptin neurons in the ARC and AVPV via noradrenergic 
and/or CRH neurons. To determine this, wheat-germ agglutinin 
(WGA), a trans-synaptic tracer, was injected into the 4V of female 
heterozygous Kiss1-tandem dimer Tomato (tdTomato) rats, in which 
kisspeptin neurons are visualized by tdTomato fluorescence. Then 
rat brain sections including the hypothalamus and brainstem were 
subjected to double immunohistochemistry to visualize WGA and 
several peptides, such as vimentin, a marker of ependymocyte, DBH, 
a noradrenergic neuronal marker, or CRH.

Materials and Methods

Animals
Three adult female heterozygous Kiss1-tdTomato rats (8 weeks old, 

197–214 g) were used in which kisspeptin neurons were visualized by 
tdTomato fluorescence. The colocalization of tdTomato reporter protein 
and kisspeptin in the ARC and AVPV were previously described in 
[25]. The normal reproductive function of the female heterozygous 
Kiss1-tdTomato rat was also confirmed. The animals were housed 
under a controlled environment (14 h light and 10 h darkness; light 
on at 0500 h; temperature, 24 ± 2ºC) with free access to food (CE-2, 
Clear Japan, Tokyo, Japan) and water. Animals having shown at least 
2 consecutive 4-day estrous cycles were bilaterally ovariectomized 
(OVX) and immediately received a subcutaneous Silastic implant 
(inner diameter, 1.5 mm; outer diameter, 3.0 mm; length 25.0 mm; Dow 
corning, Midland, MI) containing estradiol-17β (E2; Sigma-Aldrich, 
St. Louis, MO) dissolved in peanut oil at 20 μg/ml, 7 days before 
brain sampling. Animals treated with the E2 implant were previously 
confirmed to display a diestrous level of plasma E2 [2]. The OVX+low 
E2 model was chosen because fasting- or glucoprivation-induced 
suppression of LH pluses was evident in the presence of diestrous 
level E2 in OVX rats and was able to visualize both AVPV and 
ARC kisspeptin neurons by tdTomato fluorescence. The Committee 
on Animal Experiments of the Graduate School of Bioagricultural 
Sciences, Nagoya University, approved the present study.

WGA injection into the fourth ventricle
Biotinylated WGA was purchased from vector laboratories, Inc. 

(B-1025; Burlingame, CA). A guide cannula (23 G, Plastics one, 
Roanoke, VA) for WGA administration was stereotaxically implanted 
into the 4V under the anesthesia with intraperitoneal (ip) injection of 
ketamine (27 mg/kg, Sankyo, Tokyo, Japan) and xylazine (5.3 mg/kg, 
Bayer Yakuhin, Tokyo, Japan) cocktail. The cannula tip was placed 
at 12.5 mm posterior and 8.3 mm ventral to the bregma at midline 
according to a rat brain atlas [26]. 0.5% WGA (2 μl/head) dissolved 
in ultrapure water according to a previous paper [27] was injected 
into the 4V (n = 3) at the rate of 0.5 μl/min with a microinjection 
pump (EICOM, Kyoto, Japan) through the inner cannula attached 
to the guide cannula.

Immunohistochemistry
48 h after the 4V WGA injection, the animals were perfused with 

0.05 M phosphate buffered-saline (PBS, pH 7.5) followed by 4% 
paraformaldehyde in 0.05 M PB under the deep anesthesia by ip 
pentobarbital (40 mg/kg) injection. After perfusion, the brain was 
immediately removed, postfixed in the same fixative overnight at 
4ºC and then immersed in a 30% sucrose-0.05 M PB for 3–5 days 
at 4ºC. The coronal sections at 50 μm thicknesses were collected in 
four consecutive series with a cryostat, and were stored at –20ºC in 
cryoprotectant until further use for immunohistochemistry. A series of 
the sections were subjected to double-immunohistochemistry for WGA 
and either vimentin, an ependymal marker, DBH, a noradrenergic 
neuronal marker, or CRH. The antibodies used in the present study 
were as follows: rabbit polyclonal anti-WGA (1:10000, Sigma-Aldrich 
T4144, RRID: AB_261669), chicken polyclonal anti-vimentin (1:2000, 
Millipore AB5733, RRID: AB_11212377), mouse monoclonal 
anti-DBH (1:1000, Millipore MAB308, RRID: AB_2245740) and 
guinea pig anti-CRH (1:5000, Peninsula Laboratories T-5007, RRID: 
AB_518256). Alexa 488-conjugated anti-rabbit IgG (1:800, Thermo 
Fisher Scientific A-11008, RRID: AB_143165), Alexa 594-conju-
gated anti-chicken IgG (1:800, Molecular Probes A-11042, RRID: 
AB_142803), Alexa 594-conjugated anti-mouse IgG (1:800, Molecular 
Probes A-21203, RRID: AB_141633) or Alexa 594-conjugated anti-
guinea pig IgG (1:800, Jackson ImmunoResearch Labs 106-585-003, 
RRID: AB_2337442) were used for second anti-bodies to visualize 
the immunoreactivities. Briefly, free-floating brain sections were 
rinsed 3 times in 0.05 M PBS containing 0.1% NaN3 and 0.3% 
Triton-X (PBST) at room temperature between each step. After a 90 
min incubation in 10% normal goat serum (NGS) in 0.05 M PBST 
for blocking nonspecific binding, the sections were incubated with 
primary antibodies for 2 days for detection of combination of WGA 
and vimentin and for 7 days for detection of combination of WGA 
and DBH or combination of WGA and CRH at 4ºC. They were 
further incubated in a mixture of each secondary antibody solution 
in 10% NGS blocking buffer for 2 h at room temperature. Finally, 
sections were mounted onto gelatin-coated glass slides with a drop of 
Prolong Gold (Life Technologies, Tokyo, Japan), an antifade regent. 
The sections were examined under a fluorescence microscope with 
the ApoTome optical sectioning (Carl Zeiss, Oberkochen, Germany).
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Quantification of WGA-immunopositive noradrenergic, CRH 
or kisspeptin neurons

The number of DBH-immunopositive, CRH-immunopositive or 
tdTomato-positive cells with or without co-expression of WGA was 
quantified in a series of coronal sections at 200 μm intervals in female 
heterozygous Kiss1-tdTomato rats injected with WGA into the 4V 
(n = 3). The number of WGA-immunopositive cells was counted in 
sections at approximately from 2.28 mm anterior to bregma to 15.96 
mm posterior to the bregma. The number of DBH-immunopositive 
neurons were counted in the hindbrain noradrenergic nuclei (A1–A7) 
and the area postrema in the coronal sections: A7, from 8.16 mm 
to 8.76 mm; A6, from 9.36 mm to 10.32 mm; A5, from 9.36 mm to 
11.04 mm; A4 from 10.68 mm to 10.92 mm; A3, from 11.16 mm to 
11.88 mm; A2, from 13.80 mm to 15.96 mm; A1, from 13.92 mm to 
15.96 mm; area postrema, from 13.80 mm to 14.28 mm posterior to 
the bregma. The number of CRH-immunopositive cells were counted 
in the PVN and supraoptic nucleus (SON) in the hypothalamus on the 
sections: PVN, from 1.56 mm to 1.92 mm; SON, from 0.60 mm to 
1.72 mm posterior to the bregma. The number of tdTomato-positive 
cells were counted in the ARC and AVPV in the brain sections: ARC, 
from 1.72 mm to 4.20 mm posterior to the bregma; AVPV, from 
0.12 mm anterior to the bregma to 0.48 mm posterior to the bregma.

Results

Distribution of WGA-immunopositive ependymocytes 
surrounding the cerebroventricles of female rats

Figure 1 shows vimentin- and WGA-immunopositive cells in 
representative heterozygous Kiss1-tdTomato female rats injected with 
WGA into the 4V. Vimentin-immunopositive cells were found in the 
wall of the cerebral lumen including the lateral ventricle (LV), third 
ventricle (3V), aqueduct (AQ), 4V and CC (Fig. 1). The granular-like 
WGA immunoreactivities were found in cell bodies of the vimentin-
immunopositive ependymocytes surrounding the CC and 4V (Figs. 1A 
and 1B) in the all animals. However, few WGA immunoreactivities 
were found in the vimentin-positive ependymocytes of the wall of 
the AQ, 3V and LV (Figs. 1C, 1D and 1E).

Distribution of WGA-immunopositive cells in the forebrain, 
midbrain and hindbrain

Figure 2 shows schematic illustrations indicating the distribution 
of WGA-immunopositive cells in the brain of female rats injected 
with WGA into the 4V. WGA-immunopositive cell bodies were 
widely distributed in the thalamus, hypothalamus, pons and medulla 
oblongata (Fig. 2). Among these regions, WGA-immunopositive 
cell bodies abundantly found in the AVPV (Fig. 2A), PVN (Fig. 
2B), SON (Fig. 2B), ARC (Fig. 2C), ventromedial hypothalamus 
(VMH, Fig. 2C), lateral-mammillary nucleus (LM, Fig. 2D), locus 
coeruleus (Fig. 2F), hypoglossal nucleus (12N, Fig. 2G), and the 
solitary tract nucleus (Fig. 2G).

Colocalization of WGA and tdTomato in the ARC and AVPV 
of female rats

Figure 3 shows tdTomato fluorescence and WGA-immunopositive 
cells in representative heterozygous Kiss1-tdTomato female rats 
injected with WGA into the 4V. The tdTomato-positive cells were 

found in the ARC and AVPV in the hypothalamus, but not in other 
brain regions. The distribution of the tdTomato-positive cells was 
consistent with previous studies, in which kisspeptin and tdTomato 
were colocalized in these nuclei [25]. Co-expression of WGA and 
tdTomato was found in the both ARC and AVPV of female rats. WGA 
immunoreactivities were found in 40% of tdTomato-positive cells in 
the ARC (142 cells out of 352 cells, in mean, n = 3) (Fig. 3A, right 
graph), and were found in 73% of tdTomato-expressing cells in the 
AVPV (147 cells out of 203 cells) (Fig. 3B, right graph). In the ARC 
and AVPV regions, some cells showed only WGA immunoreactivity 
without tdTomato fluorescence.

Fig. 1. Localization of vimentin and wheat-germ agglutinin (WGA) 
immunoreactivities in the brain of a representative female rat 
injected with WGA into the fourth ventricle (4V). Vimentin 
immunoreactivity was used as a marker of ependymocytes. 
Vimentin (red, left panels) and WGA (green, middle panels) were 
visualized by immunohistochemistry and merged cells are shown 
in the right panels. Scale bars = 50 μm; CC, central canal; AQ, 
aqueduct; 3V, third ventricle; LV, lateral ventricle.
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Localization of WGA immunoreactivity in the DBH-
immunopositive cells of the noradrenergic regions and area 
postrema

Figure 4 shows WGA- and DBH-immunopositive cells in represen-
tative heterozygous Kiss1-tdTomato female rats injected with WGA 
into the 4V, and Fig. 5 shows the number of DBH-immunopositive 
cells with or without WGA signals in the A1–A7 regions and area 
postrema. DBH immunoreactivity was found in cells in the A1–A7 
regions (Figs. 4A–4H). Especially, WGA immunoreactivities were 
detected in most of DBH-positive cells of the A2 region in the 
solitary tract nucleus (77%; 87 out of 113 cells, in mean, n = 3) and 
A6 region in the locus coeruleus (73%; 187 out of 258 cells). In 
the A1, A3–A5 regions, approximately half of DBH-positive cells 

showed WGA immunoreactivity: A1 (41%; 26 out of 44 cells); A3 
(41%; 8 out of 19 cells); A4 (60%; 79 out of 131 cells); A5 (59%; 9 
out of 15 cells). The WGA immunoreactivity was also found in the 
DBH-immunopositive cells in the A7 region (27%; 6 out of 22 cells), 
however, a few DBH-positive cells showed WGA immunoreactivity 
in the area postrema (5%; 4 out of 84 cells). Note that the number of 
DBH-positive cells greatly varied depending on the nuclei.

Localization of WGA immunoreactivity in the CRH-positive 
cells in the PVN and SON

Figure 6 shows WGA- and CRH-immunopositive cells in the 
PVN and SON in representative female rats injected with WGA into 
the 4V. CRH-immunopositive cells were found in the parvocellular 

Fig. 2. Schematic illustrations of WGA-immunopositive cells in the brainstem frontal sections of a representative female rat injected with WGA into 
the 4V. The distribution of the cell bodies containing WGA (green dots) are shown in A–G. A dot indicates 20 cells. AVPV, the anteroventral-
periventricular nucleus; PVN, the paraventricular nucleus; SON, supraoptic nucleus; ARC, the arcuate nucleus; VMH, the ventromedial 
hypothalamus; LM, the lateral-mammillary nucleus; LC, the locus coeruleus;12N, hypoglossal nucleus; NTS, the solitary tract nucleus.
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Fig. 3. Localization of WGA immunoreactivity and tandem dimer Tomato (tdTomato)-expressing kisspeptin neurons of the ARC and AVPV in a 
heterozygous Kiss1-tdTomato female rat injected with WGA into the 4V. Representative photomicrographs of the brain sections including ARC 
(A) or AVPV (B) visualized by immunohistochemistry for WGA (green) and tdTomato fluorescence (red). Right columns indicate the number of 
tdTomato-expressing cells with (gray) or without WGA immunoreactivity (open). Values are indicated as means ± SEM. Scale bars = 100 μm.

Fig. 4. Localization of WGA immunoreactivity and dopamine 
β-hydroxylase (DBH)-immunopositive cells in A1–A7 regions 
and the area postrema (AP). Photomicrographs of sections 
including A1–A7 noradrenergic regions and AP stained for DBH 
(red) and WGA (green) shown in A–H. Scale bars = 100 μm.

Fig. 5. Quantitative analysis of co-expression of WGA in the DBH-
immunopositive cells of the A1–A7 regions and the area postrema 
(AP). Columns indicate the number of DBH-immunopositive 
cells with (gray) or without WGA (open). Values are indicated as 
means ± SEM.

Fig. 4.
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cellular region of the PVN (Fig. 6A) and throughout the SON (Fig. 
6B). WGA-immunopositive cells were also mainly found in the 
parvocellular region, while few were found in the magnocellular 
region in the PVN (Fig. 6A) and throughout the SON (Fig. 6B). A 
large population of the CRH-positive cells showed WGA signals 
in the PVN (57%; 463 out of 806 cells, in mean, n = 3) and SON 
(73%; 228 out of 312 cells).

Localization of ependymal fibers and DBH-immunopositive 
cells in the A2 region

Figure 7 shows vimentin- and DBH-immunopositive cell bodies 
and fibers in representative E2-treated OVX rats. Some vimentin-
immunopositive ependymal fibers were closely located with the 

DBH-immunopositive cell bodies.

Discussion

The present study provides evidence of the neuronal pathway origi-
nating from the hindbrain ependymocytes to the kisspeptin neurons 
located in the ARC and AVPV, because WGA immunoreactivities 
were found in the tdTomato-expressing kisspeptin neurons in the ARC 
and AVPV in the female rats injected with WGA into the 4V. To our 
knowledge, this is the first report to show morphological evidence 
of the neuronal connection between the hindbrain ependymocytes 
and hypothalamic kisspeptin neurons. It should be noted that WGA-
immunoreactivities were found in the vimentin-immunopositive 

Fig. 6. Localization of WGA immunoreactivity and corticotropin-releasing hormone (CRH)-immunopositive cells in the PVN and SON. Photomicrographs 
of sections including the PVN and SON stained by immunohistochemistry for CRH (red) and WGA (green) shown in A and B. Right columns 
indicate the number of CRH-immunopositive cells with (gray) or without WGA (open). Values are indicated as means ± SEM. Scale bars = 100 μm.

Fig. 7. Localization of vimentin and DBH immunoreactivities in the brainstem. Representative photomicrographs of sections showing DBH-
immunopositive (red) and vimentin-immunopositive (green) cells and fibers in the brainstem including the A2 region of NTS and the central 
canal (A). High magnification of photomicrographs is shown in B. Scale bars = 50 μm.
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ependymocytes surrounding the 4V and CC, but not in the 3V and 
LV in female rats bearing the 4V WGA injection, suggesting that 
WGA was only taken into the hindbrain ependymocytes not the 
hypothalamic ones. Previous studies have suggested that the 4V 
ependymocytes contribute to sensing lower energy availability to 
control LH release. In vitro intracellular Ca2+ concentration of rat 4V 
ependymocytes increases in response to low extracellular glucose 
levels and 4V injection of 2DG suppresses pulsatile LH release in 
female rats [8, 28]. Taken together, the present results suggest that 
lowered glucose availability sensed by the hindbrain ependymocytes 
is conveyed to the hypothalamic kisspeptin neuron, a key player for 
GnRH secretion in mammals, to suppress LH release.

The present results suggest that hindbrain ependymocytes con-
vey low energy availability signals to kisspeptin neurons via the 
brainstem noradrenergic neurons and/or the hypothalamic CRH 
neurons, because WGA-immunoreactivities were found in many of 
the A1–A6 noradrenergic neurons as well as the PVN/SON CRH 
neurons. This notion is largely consistent with previous studies 
showing that the A2 noradrenergic neurons projecting to the PVN 
and endogenous CRH mediate the fasting-induced suppression 
of LH pulses in female rats [20, 29, 30]. Further, 4V injection of 
2DG or 48-h fasting suppresses LH pulses in rats [2, 20, 28]. The 
4V or central canal ependymocytes may have a direct connection 
with A2 noradrenergic neurons, because the current study showed 
that ependymal fibers were closely located with the cell bodies 
and fibers of A2 DBH-immunopositive noradrenergic neurons. 
Thus, taken together, the low energetic signals sensed by hindbrain 
ependymocytes may activate A2 noradrenergic neurons and then 
PVN CRH neurons, consequently suppressing the activities of the 
ARC kisspeptin neuron, which is suggested to be a key regulator for 
pulsatile GnRH/LH secretion [11, 12]. Interestingly, WGA signals were 
found in approximately half of ARC kisspeptin neurons, suggesting 
that a part of ARC kisspeptin neurons receive energetic signals from 
the hindbrain ependymocytes. It was suggested that activity of ARC 
kisspeptin neurons, referred to as KNDy neurons, synchronize with 
each other by both neuron-glia and neuron-neuron communications 
via gap junctions and NKB-NKB receptor signaling [31]. Thus, it 
is speculated that the energetic signals conveyed to a part of ARC 
kisspeptin neurons from the hindbrain ependymocytes may affect 
ARC kisspeptin population as a whole to control pulsatile GnRH/
LH secretion. The hindbrain ependymocytes-A2 noradrenergic 
neurons-PVN pathway may be also involved in the induction of 
feeding: indeed, 4V injection of 2DG increased food intake in male 
rats [28], and PVN injection of noradrenergic agonists stimulated 
feeding behavior [32].

In the present study, WGA immunoreactivities were found in the A6 
noradrenergic neurons. The A6 noradrenergic neurons are suggested 
to be involved in the GnRH/LH surge system, because electrolytic 
or DSAP-induced lesion of the A6 noradrenergic neurons attenuated 
the preovulatory GnRH/LH surge [22, 33]. AVPV kisspeptin neurons, 
most of which were WGA-immunopositive in the current study, are 
recognized to be responsible for the GnRH/LH surge generation: 
kisspeptin expression in the AVPV is upregulated by a preovulatory 
increase in circulating estrogen [34–36] and electrolytic lesion of 
the AVPV inhibited the LH surge [37, 38]. Further, acute fasting or 
peripheral 2DG injection suppresses steroid-induced GnRH/LH surge 

in female rats [3, 39]. Interestingly, a larger percentage of AVPV 
tdTomato-positive kisspeptin neurons showed WGA signals than in 
the ARC tdTomato-positive cells. This may imply that the AVPV 
kisspeptin neurons could be more sensitive than the ARC kisspeptin 
neurons. Further, it was reported that AVPV kisspeptin neurons 
expressed CRH receptor and received CRH immunoreactive fibers 
[24]: A tracing study suggested that AVPV region receives a projection 
from PVN neurons [40]. Thus, it is also possible that the PVN CRH 
neurons may directly project to the AVPV kisspeptin neurons to affect 
the AVPV kisspeptin neuron activity and consequently GnRH/LH 
release. Taken together, these results can be interpreted as follows: 
low energetic signals sensed by the hindbrain ependymocytes would 
be conveyed to the AVPV kisspeptin neurons via A6 noradrenergic 
neurons and/or the PVN CRH neurons, consequently resulting in 
suppression of GnRH/LH surge, and then ovulation. It should be 
noted that many neuronal fibers from the A6 project to the preoptic 
area in adult female rats [43], where GnRH neurons were located. 
This suggests that GnRH neurons may be also projected by A6 
noradrenergic neurons directly.

To date, the physiological role of the SON CRH neurons in regula-
tion of hypothalamic kisspeptin neurons and/or gonadotropin release 
is unclear. Previous studies reported that A1, A2 and A6 noradrenergic 
neurons project to the SON [41] and kisspeptin immunoreactive fibers 
were found in the SON [42], suggesting that hindbrain ependymocytes 
may have a connection with the SON via these noradrenergic and/
or kisspeptin neuronal pathways.

The noradrenergic neurons in the A1, A5 and A7 regions, showing 
WGA immunoreactivities in the present study, may be involved in 
the control of feeding behavior. These noradrenergic neurons might 
mediate satiety signals sensed by 4V ependymocytes, because the 
chemical and electrolytic lesion of the ventral noradrenergic bundle, 
derived from A1, A5 and A7 cell groups, induced hyperphagia in 
female rats [44]. In the current study, WGA immunoreactivities were 
observed in CRH-immunopositive neurons in the PVN and SON, sug-
gesting that the hindbrain ependymocytes have a neuronal connection 
with the CRH neurons in these nuclei. The CRH neurons could be 
involved in feeding and metabolism, since it has been reported that 
3V injection of CRH reduced food intake and body weight in male 
rats [45]. Interestingly, few WGA immunoreactivities were found 
in the area postrema. This suggests that ependymocytes have few 
connections with the area postrema and that WGA injected into the 
4V was unlikely taken into the area postrema cells. It was reported 
that the area postrema has a role in the regulation of feeding behavior, 
because that lesion of the area postrema blocked glutamate-induced 
feeding [46]. The area postrema has been also suggested to mediate 
the suppressive effect of insulin-induced glucoprivation on pulsatile 
LH secretion [47]. Thus, the area postrema cells may connect to 
hypothalamic kisspeptin neurons via an independent pathway from 
the hindbrain ependymocytes.

In the present study, WGA immunoreactivities were found in 
the lateral ventral part of the VMH. In the VMH, expression of 
mRNA of receptors for orexin and leptin, major regulators of food 
intake, were reported [48, 49]. Energetic signals sensed by the 4V 
ependymocytes may modulate the role of these receptors: indeed, 
acute fasting induced an increase in their mRNA expression [50, 
51]. We also found WGA immunoreactivities in non-kisspeptin 
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neurons in the ARC. In the ARC, several orexigenic peptides, such as 
neuropeptide Y, agouti-related protein, and an anorexigenic peptide, 
such as α-melanocyte-stimulating hormone, are distributed [52]. Future 
studies are needed to clarify the connection between the hindbrain 
ependymocytes and these ARC orexigenic and anorexigenic neurons 
or VMH leptin and orexin receptive neurons. WGA-immunopositive 
cell bodies were also found in other brain regions, such as A3 and A4 
noradrenergic nuclei, LM and 12N. Since few reports are available 
to show the physiological roles of these nuclei, future studies are 
required to investigate the role of the interaction between these 
nuclei and the hindbrain ependymocytes.

In conclusion, the present study suggests that the hindbrain 
ependymocytes have neuronal connections with the ARC and 
AVPV kisspeptin neurons through the brainstem adrenergic and/or 
hypothalamic CRH neurons: most probably, the A2 noradrenergic 
and then hypothalamic CRH neurons relay the pathway to the ARC 
kisspeptin neurons to convey the low energetic signals to suppress 
GnRH/gonadotropin pulses, while A6 noradrenergic neurons may 
have a role to convey low energetic signals to the AVPV from the 
ependymocytes to suppress GnRH/gonadotropin surge in mammals.
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