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Central d/k opioid receptor signaling pathways mediate chronic and/or
acute suckling-induced LH suppression in rats during late lactation
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Abstract. In mammals, secretion of tonic (pulsatile) gonadotropin-releasing hormone (GnRH)/luteinizing hormone
(LH) is often suppressed during lactation. Suppression of GnRH/LH pulses in lactating dams is assumed to be
caused by suckling stimuli and a chronic negative energy balance due to milk production. The present study aimed
to investigate whether the central enkephalin-d opioid receptor (DOR) signaling mediated the suppression of LH
secretion by acute suckling stimuli and/or chronic negative energy balance due to milk production in rats during late
lactation when dams were under a heavy energy demand. On postpartum day 16, the number of Penk (enkephalin
mRNA)-expressing cells in the arcuate nucleus was significantly higher in lactating rats than in non-lactating control
rats. Pulsatile LH secretion was suppressed in rats with chronic suckling or acute 1-h suckling stimuli 6 h after pup
removal on day 16 of lactation. Central DOR antagonism significantly increased the mean LH concentrations and
the baseline of LH pulses in rats with chronic suckling but not with acute suckling stimuli on day 16 of lactation.
Besides, central k opioid receptor (KOR) antagonism increased the amplitude of LH pulses in rats with the acute
suckling stimuli on day 16 of lactation. These results suggest that central DOR signaling mediates the suppression
of LH secretion caused by a negative energy balance in rats receiving chronic suckling during late lactation. On the
other hand, central KOR signaling likely mediates acute suckling stimuli-induced suppression of LH secretion in rats

during late lactation.

During lactation, ovarian functions, such as follicular development
and subsequent ovulation, are often inhibited in mammals,
such as rodents [1-4], ruminants [5, 6], and primates including
humans [7-11]. Lactational inhibition of ovarian function has been
suggested to be mainly caused by the suppression of tonic (pulsatile)
gonadotropin-releasing hormone (GnRH)/luteinizing hormone (LH)
secretion in rodents [ 12—22], ruminants [23—25], and primates [26-30].
The suppression of pulsatile GnRH/LH secretion is presumed to be
primarily triggered by the suckling stimulus of their pups because
the discontinuation of suckling by the removal of pups restores LH
pulses within a few hours after the removal in lactating rats [14,
18, 31]. In addition, a chronic negative energy balance from milk
production may be involved in suppressing GnRH/LH secretion
in rats during late lactation [2, 32]. Indeed, food intake levels of
lactating rats increase progressively throughout the lactation period
to 3—4 times that during pregnancy [33], suggesting that energy
demand increases as lactation progresses. Furthermore, our previous
study showed that the blockade of milk production by peripheral
administration of bromocriptine, which blocks lactogenic prolactin
secretion from the anterior pituitary gland, further increased plasma
LH levels in ovariectomized (OVX) rats during the late, but not
early, lactation period [15]. These findings suggest that suckling
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stimuli are the key determinant of lactational suppression of LH
secretion in rats throughout the lactation period and that the negative
energy balance due to milk production may be largely responsible
for lactational suppression of LH secretion in rats during the late
lactation period. To the best of our knowledge, no previous study
has demonstrated the neural pathways underlying the suppression
of GnRH/LH secretion caused by acute suckling stimuli or chronic
suckling during late lactation in rats.

Previous studies have demonstrated that LH suppression in lactat-
ing rats and mice is caused by the suppression of Kiss//kisspeptin
expression in the hypothalamic arcuate nucleus (ARC) [34-43], in
which kisspeptin neurons act as the GnRH pulse generator in mam-
mals, including rodents and ruminants [44—49]. Notably, the central
mechanism underlying the lactational suppression of ARC Kiss1/
kisspeptin expression and LH secretion appears to differ in terms of
estrogen dependence between the early (estrogen-independent) and
late (estrogen-dependent) lactation periods in rats [34, 35]. Estrogen
dependency appears to be a common characteristic of the suppression
of LH secretion in female rats during late lactation and malnutrition.
Indeed, 48-h fasting suppressed pulsatile LH secretion in diestrous
levels of estradiol-17f-treated OVX (OVX + E2) rats, but not in
OVXrats [50, 51]. We previously demonstrated that central opioids
and their three receptor signaling pathways mediate lactational and/
or malnutritional suppression of LH secretion in female rats [52-57].
Specifically, a central administration of nor-binaltorphimine (nor-BNI,
a selective k opioid receptor [KOR] antagonist) blocked suppression
of LH pulses in OVX + E2 rats during late lactation [54] and in
OVX + E2 rats bearing glucoprivation by a peripheral administration
of 2-deoxy-D-glucose (2DG), an inhibitor of glucose utilization
[53]. Importantly, selective p opioid receptor (MOR) antagonism
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blocked the 2DG-induced suppression of LH pulses in OVX + E2
female rats [52], but the same MOR antagonism failed to block the
suppression of LH pulses in OVX + E2 rats during late lactation
[54], suggesting that the mechanisms underlying the suppression
of LH secretion during late lactation and malnutrition might not
be identical. Besides, central administration of naltrindole (NTI, a
selective  opioid receptor [DOR] antagonist) blocked the suppression
of LH pulses in ovariectomized (OVX) lactating rats during early
lactation [56] and in 2DG-treated glucoprived OVX + E2 rats [55].
Therefore, we hypothesized that DOR and/or KOR signaling mediates
the suppression of GnRH/LH secretion triggered by acute suckling
stimuli and/or chronic suckling causing a negative energy balance due
to milk production during late lactation. Our previous study showed
that the number of Penk (enkephalin mRNA)-expressing cells in the
ARC was significantly higher in OVX lactating rats during early
lactation than in non-lactating control rats that were deprived of their
pups a day after parturition [56]. Furthermore, 1-h of re-suckling 24 h
after pup removal increased the number of activated (fos-expressing)
Pdyn (dynorphin mRNA)-expressing neurons in the hypothalamic
paraventricular nucleus (PVN) and supraoptic nucleus (SON) in
OVX + E2 lactating rats during late lactation [54].

This study aimed to reveal the opioidergic pathways underlying
the suppression of GnRH/LH secretion by acute suckling stimuli and/
or chronic suckling in rats during late lactation. We first investigated
Penk expression in the ARC, PVN, and hypothalamic ventromedial
nucleus (VMH) of OVX + E2 rats with chronic suckling during late
lactation. Next, we investigated whether central administration of
NTI, a DOR antagonist, blocked the suppression of LH secretion
in OVX + E2 rats with chronic suckling during late lactation. In
addition, we investigated whether acute suckling suppressed LH
secretion and activated ARC Penk-expressing cells in OVX + E2
rats during late lactation. Finally, we investigated whether central
administration of NTI or nor-BNI, a KOR antagonist, blocked acute
suckling-induced suppression of LH secretion in OVX + E2 lactating
rats during late lactation.

Materials and Methods

Animals

Wistar-Imamichi strain female and male rats were kept at 22 +
2°C under a 14-h light and 10-h dark cycle (lights on at 0500 h) with
free access to food (CE-2; CLEA Japan, Tokyo, Japan) and water.
Female rats (8—10 weeks old) with at least two consecutive regular
4-day estrus cycles were mated overnight with stud males on the
day of proestrus, and pregnant females were housed individually.
The day a newborn litter was found at noon was designated day 0 of
lactation. The litter size of dams assigned to the lactating group was
adjusted to eight on day 1, whereas dams assigned to the non-lactating
group were deprived of their pups from day 1. All animals were OVX
and subcutaneously implanted with Silastic tubing (inner diameter
1.5 mm; outer diameter 3.0 mm; length 25 mm; Dow Corning,
Midland, MI, USA) containing E2 dissolved in peanut oil (20 pg/
ml; Sigma-Aldrich, St Louis, MO, USA) on day 2 under anesthesia
with an intraperitoneal injection of a mixture of ketamine (26.7 mg/
kg; Fujita Pharmaceutical, Tokyo, Japan) and xylazine (5.3 mg/kg;
Bayer, Leverkusen, Germany), and then inhalant 1-3% isoflurane
(Pfizer Japan, Tokyo, Japan). The E2 tube was replaced with a new
tube on day 9 under anesthesia with isoflurane inhalation (without
brain surgery) or with an intraperitoneal injection of a mixture of
medetomidine (0.375 mg/kg; ZENOAQ, Koriyama, Japan), midazolam
(2 mg/kg; SANDOZ, Tokyo, Japan), and butorphanol (2.5 mg/kg;

Meiji Animal Health, Kumamoto, Japan) (with brain surgery; see
below for details). The E2 treatment has been confirmed to suppress
LH secretion during lactation, as shown in intact lactating rats [34].
OVX + E2 lactating rats were assigned to the groups of pup-removal,
acute suckling, or chronic suckling. In the pup-removal group, OVX
+ E2 lactating rats were deprived of their pups for 6 h immediately
before blood or brain sampling (see below for details) on day 16 of
lactation. In the acute suckling group, OVX + E2 lactating rats were
deprived of their pups for 6 h and received them for 1 h immediately
before blood or brain sampling on day 16 of lactation. In the chronic
suckling group, OVX + E2 lactating rats were housed with their pups
throughout the experimental period, except during surgery. This
study was approved by the Committee on Animal Experiments of
the Graduate School of Bioagricultural Sciences, Nagoya University.

Brain sampling to determine the effect of suckling stimuli on
hypothalamic Penk expression

OVX + E2 rats in the lactating (n = 3) and non-lactating (n = 3)
groups were subjected to brain sampling on postpartum day 16, as
previously described [34]. Briefly, the rats were deeply anesthetized
with sodium pentobarbital (40 mg/kg; Tokyo Chemical Industry,
Tokyo, Japan) and perfused with 4% paraformaldehyde (Sigma-
Aldrich) in 0.05 M phosphate buffer. The brains were immediately
removed, post-fixed overnight at 4°C in the same fixative, and
immersed in 30% sucrose in 0.05 M phosphate buffer at 4°C until
the brains sank. Frozen frontal sections (50 pm thickness) containing
the ARC, PVN, and VMH were prepared using a cryostat (CM 1800,
Leica Biosystems, Wetzlar, Germany). Sections were subjected to
in situ hybridization (ISH) for Penk mRNA.

Brain sampling to determine the effect of acute suckling
stimuli on ARC Penk expression and activation of ARC Penk-
expressing neurons

OVX + E2 rats in the pup-removal (n = 3) and acute suckling (n
= 4) groups were subjected to brain sampling on postpartum day 16,
as described above. Sections containing the ARC were subjected to
double ISH for Penk and fos (a marker of neuronal activation) mRNA.

ISH for Penk in the ARC, PVN, and VMH and Penk/fos in the
ARC

Free-floating ISH for Penk mRNA was performed using every
fourth frontal section (including the ARC, PVN, and VMH) obtained
from OVX + E2 rats in the lactating and non-lactating groups, as
described previously [56]. A Penk-specific digoxigenin (DIG)-labeled
complementary RNA (cRNA) probe (position 447-1256; GenBank
accession number NM_017139) was designed and synthesized from
whole rat hypothalamic cDNA using a DIG-labeling kit (Roche
Diagnostics, Basel, Switzerland). The brain sections were hybridized
with the antisense Penk cRNA probe (1 pg/ml) overnight at 60°C.
The hybridized DIG-labeled probe was detected with an alkaline
phosphatase-conjugated sheep anti-DIG antibody (1:1000, RRID:
AB _2734716; Roche Diagnostics) and a chromogen solution (338
png/ml 4-nitroblue tetrazolium chloride and 175 pg/ml 5-bromo-
4-chloro-3-indoyl-phosphate; Roche Diagnostics). The sections
were mounted on glass slides, and the number of Penk-expressing
cells in the ARC (every 200 pm, from 1.72 to 4.36 mm posterior
to the bregma, 13 sections in total) and PVN (every 200 pm, from
0.96 to 1.92 mm posterior to the bregma, four sections in total) was
unilaterally counted twice by one of the authors under an optical
microscope (BX53; Olympus, Tokyo, Japan), and the average was
calculated. The examined areas were identified based on a rat brain
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atlas [58]. Note that the number of Penk-expressing cells in the VMH
(every 200 um, from 2.04 to 3.36 mm posterior to the bregma, six
sections in total) could not be counted because Penk-expressing cells
overlapped each other in the VMH; thus, each Penk-expressing cell
was not distinguishable. Consequently, the intensity of Penk mRNA
signals in digital photographs of the ARC, PVN, and VMH was
also quantitatively analyzed using Fiji software (ImagelJ2, version
2.3.0/1.53f), as previously described [56].

Free-floating double ISH for Penk and fos mRNA was performed
using every fourth ARC section obtained from OVX + E2 rats in
the pup-removal and acute suckling groups, as previously described
[55]. The fos-specific DIG-labeled cRNA probe (position 573-1193;
GenBank accession number NM_022197) and Penk-specific fluo-
rescein isothiocyanate (FITC)-labeled cRNA probe were designed
and synthesized from whole rat hypothalamic cDNA using DIG- and
FITC-labeling kits (Roche Diagnostics), respectively. The brain
sections were hybridized with the antisense Penk and fos cRNA
probes (1 pg/ml each) overnight at 60°C. The hybridized FITC-labeled
Penk probe was detected using a peroxidase (POD)-conjugated sheep
anti-FITC antibody (1:1000, RRID: AB_840257; Roche Diagnostics)
and a tyramide signal amplification (TSA) Plus FITC Kit (1:100;
Perkin Elmer, Waltham, MA). After the inactivation of POD on the
anti-FITC antibody by incubating the sections in 0.1 N hydrochloric
acid for 30 min, the hybridized DIG-labeled fos probe was detected
using a POD-conjugated sheep anti-DIG antibody (1:1000, RRID:
AB _514500; Roche Diagnostics), a TSA plus Biotin kit (1:100;
Perkin Elmer), and DyLight 594-conjugated streptavidin (Thermo
Fisher Scientific, Waltham, MA, USA). Fluorescence images were
obtained on an ApoTome.2 fluorescence microscope (Carl Zeiss,
Oberkochen, Germany), and Penk-expressing and fos-positive Penk-
expressing cells were counted using Fiji software unilaterally in the
ARC (every 200 um, from 1.72 to 4.36 mm posterior to the bregma,
13 sections in total).

Brain surgery and blood sampling to determine the effects of
central DOR and KOR antagonism on the suppression of LH
secretion in dams with chronic and acute suckling during late
lactation

A stainless-steel guide cannula (22G; P1 Technologies, Roanoke,
VA, USA) was stereotaxically implanted into the third cerebroventricle
(3V) of OVX + E2 lactating rats, according to the rat brain atlas
[58]. The coordinates were as follows: 0.8 mm posterior and 7.5 mm
ventral to the bregma and at the midline. Surgery was performed on
day 9 of lactation under anesthesia with an intraperitoneal injection
of a mixture of medetomidine, midazolam, and butorphanol. After
surgery, anesthesia was immediately reversed with an intraperitoneal
injection of atipamezole (0.75 mg/kg; ZENOAQ).

Free-moving conscious rats in the chronic (n = 4) and acute
(n = 6) suckling groups were administered NTI (a selective DOR
antagonist, 22.175 nmol/ul; Sigma-Aldrich) into the 3V at a flow
rate of 1 pl/min for 2 min using a microsyringe pump (EICOM,
Kyoto, Japan) through an internal cannula (28G; P1 Technologies)
immediately after the first blood collection at 1300 h on day 16 of
lactation. Blood samples (100 pl) were collected at 6-min intervals
for 3 h via the atrial silicon cannula (inner diameter, 0.5 mm; outer
diameter, 1.0 mm; Shin-Etsu Polymer, Tokyo, Japan), which was
inserted through the jugular vein on the day before blood sampling
(the surgery was performed under anesthesia with the mixture of
ketamine and xylazine and then inhalant 1-3% isoflurane). Red
blood cells, taken from donor rats and washed with heparinized
saline, were replaced at each blood collection to maintain a constant

hematocrit level. The dose of NTI (22.175 nmol/ul) was selected
according to our previous studies, which showed that the dose of
NTI blocked lactational suppression of LH pulses in OVX rats
during early lactation [56] and malnutritional suppression of LH
pulses in OVX + E2 rats treated with 2DG [55]. In addition, other
free-moving conscious rats in the acute suckling group (n = 6) were
administered nor-BNI (a selective KOR antagonist, 13.61 nmol/
ul; Sigma-Aldrich) in the same manner. The dose of nor-BNI was
selected according to our previous studies, which showed that it
blocked lactational suppression of LH pulses in OVX + E2 rats
during late lactation [54], malnutritional suppression of LH pulses
in OVX + E2 rats treated with 2DG [53], and negative feedback
action of E2 on LH pulses in OVX rats [59]. Ultrapure water was
injected into the 3V of vehicle-treated control rats in the acute (n
= 7) and chronic (n = 8) suckling groups. Plasma samples (50 pl)
were obtained by immediate centrifugation and stored at —20°C until
assayed for plasma LH concentrations.

Atthe end of blood sampling, the animals were deeply anesthetized
with sodium pentobarbital and injected with 2 pl of 3% brilliant blue
solution at the same flow rate as NTI/nor-BNI injection. The brain
was removed, and the placement of the 3V cannula was verified
by visual inspection of the brilliant blue solution. All animals were
confirmed to have the right cannula placement.

Blood sampling to determine the effects of acute suckling
stimuli on pulsatile LH secretion in OVX + E2 dams during
late lactation

Blood samples (100 pl) were collected from free-moving conscious
rats via the atrial silicon cannula, which was inserted on the day
before blood sampling, in the acute suckling (n = 4) and control
(pup removal, n = 5) groups at 6-min intervals for 3 h, starting at
1300 h on day 16 of lactation. Plasma samples (50 pl) were obtained
and stored at —20°C until assayed for plasma LH concentrations.

Radioimmunoassay for plasma LH concentrations and LH
pulse analysis

Plasma LH concentrations were measured by double-antibody
radioimmunoassay (RIA) using a rat LH-RIA kit, including rabbit
anti-rat LH antiserum (AFP240580; RRID: AB_2665533), provided
by the National Hormone and Peptide Program (Harbor-UCLA
Medical Center, Torrance, CA, USA), as previously described [56].
The concentrations were expressed in terms of rat LH-RP-3 (National
Institute of Diabetes and Digestive and Kidney Diseases). The least
detectable level was 0.078 ng/ml in 50 pl plasma samples. The
intra- and inter-assay coefficients of variation were 6.1% and 4.8% at
1.61 ng/ml, respectively. LH pulses were identified using the PULSAR
computer program [60], as described previously [52]. The mean LH
concentrations and the baseline, frequency, and amplitude of LH
pulses were calculated for each individual and then for the groups.

Statistical analysis

Statistical differences in the number of Penk-expressing cells
throughout the ARC between lactating and non-lactating rats were
determined using two-way repeated measures ANOVA (groups and
localization as main effects). Statistical differences in the total number
of Penk-expressing cells and/or the intensity of Penk mRNA signals
in the ARC, PVN, and VMH between lactating and non-lactating
rats; the number of ARC Penk-expressing cells and fos-positive
Penk-expressing cells between the pup-removal and acute suckling
groups; and the LH pulse parameters (the mean LH concentrations
and the baseline, frequency, and amplitude of LH pulses) between
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NTI- and vehicle-injected lactating rats with chronic suckling or
between the pup-removal and acute suckling groups were determined
using Student’s #-test. Statistical differences in the LH pulse parameters
between NTI-, nor-BNI-, and vehicle-injected lactating rats with
acute suckling stimuli were determined using a one-way ANOVA
followed by Dunnett’s test. All analyses were performed using SAS
OnDemand for Academics (https://welcome.oda.sas.com).

Results

Chronic suckling increased the number of ARC Penk-
expressing cells in OVX + E2 rats during late lactation

Figure 1A shows Penk-expressing cells in the rostral (upper
images) and caudal (lower images) parts of the ARC of representative
OVX + E2 lactating rats with chronic suckling (right images) and
non-lactating control rats (deprived of their pups from day 1; left
images) on postpartum day 16. Many Penk-expressing cells were
found throughout the ARC and abundantly localized in the caudal
ARC in lactating and non-lactating rats (n = 3 per group, Fig. 1B).
Two-way repeated-measures ANOVA revealed significant main
effects (group, F[1,4] =9.14, P=0.039; and localization, F[12,48] =
32.66, P <0.001) on the number of ARC Penk-expressing cells. No
significant interaction effect was observed between the main effects
(F[12,48] = 0.46, P = 0.927). The total number of Penk-expressing
cells throughout the ARC was significantly higher in lactating rats
than in non-lactating control rats (¥, P=0.039, Student’s r-test; Fig.
1C). The intensity of Penk mRNA signals in the ARC was comparable
between groups (Fig. 1D).

Figure 1E shows Penk-expressing cells in the PVN of representative
OVX + E2 lactating rats with chronic suckling and non-lactating
control rats on postpartum day 16. Many Penk-expressing cells were
found in the PVN. The number of Penk-expressing cells (Fig. 1F)
and the intensity of Penk mRNA signals (Fig. 1G) in the PVN were
comparable between groups. Many Penk-expressing cells were also
found in the VMH of OVX + E2 lactating and non-lactating rats on
postpartum day 16 (Fig. 1H). The intensity of VMH Penk mRNA
signals was comparable between the lactating and non-lactating

groups (Fig. 11).

Central DOR antagonism blocked the suppression of LH
secretion in OVX + E2 rats in the chronic suckling group
during late lactation

The effects of central DOR antagonism on the suppression of
LH secretion during late lactation were investigated in OVX + E2
rats with chronic suckling, where the animals were housed with
their pups throughout the lactation period (Fig. 2A). Figure 2B
shows the plasma LH profiles of representative chronically suckled
OVX + E2 rats administered NTI (a selective DOR antagonist) or
vehicle into the 3V on day 16 of lactation. Pulsatile LH secretion
was suppressed in most vehicle-injected lactating dams (n = 8),
whereas plasma LH levels increased in all NTI-injected lactating
dams (n = 4). The mean LH concentrations (*, P =0.020, Student’s
t-test) and baseline of LH pulses (*, P = 0.010, Student’s #-test) in
NTl-injected dams with chronic suckling were significantly higher
than those in vehicle-injected control dams with chronic suckling
(Fig. 2C). No significant difference was observed in the frequency
of LH pulses between the groups. Statistical analysis did not apply
to the amplitude of LH pulses because of the small sample size (only
two NTI-injected rats showed LH pulses).

Acute 1-h suckling stimuli suppressed pulsatile LH secretion
in OVX + E2 rats deprived of their pups for 6 h during late
lactation

The effects of pup removal and acute suckling on pulsatile LH
secretion were investigated in OVX + E2 rats during late lactation.
Blood samples were collected from free-moving conscious rats
in the pup-removal (animals were deprived of their pups for 6 h
immediately before blood sampling, n = 5) and acute suckling groups
(animals were deprived of their pups for 6 h and then received their
pups for 1 h immediately before blood sampling, n = 4) on day 16
of lactation (Fig. 3A). Figure 3B shows the plasma LH profiles of
representative OVX + E2 rats in the pup-removal and acute suckling
groups on day 16 of lactation. Apparent LH pulses were observed in
OVX + E2 rats in the pup-removal group, whereas LH pulses were
suppressed in OVX + E2 rats in the acute suckling group. The mean
LH concentrations (*, P = 0.003, Student’s z-test) and the baseline
(*, P=0.006, Student’s t-test), frequency (*, P < 0.001, Student’s
t-test), and amplitude (*, P = 0.007, Student’s ¢-test) of LH pulses
were significantly lower in the acute suckling group than in the
pup-removal group (Fig. 3C).

Acute 1-h suckling stimuli failed to activate ARC enkephalin
neurons in OVX + E2 rats deprived of their pups for 6 h
during late lactation

The effects of acute 1-h suckling stimuli on fos (a marker of
neuronal activation) expression in ARC enkephalin neurons were
investigated in OVX + E2 lactating rats that were deprived of their
pups for 6 h on day 16 of lactation (Fig. 4A). Many fos-positive cells
were found in the ARC of the acute suckling group (right images,
Fig. 4B). In contrast, few fos-positive Penk-expressing cells were
found in the ARC in both the pup-removal (left images) and acute
suckling (right images) groups. No significant differences were
observed in the number of ARC Penk-expressing and fos-positive
Penk-expressing cells between the pup-removal (n = 3) and acute
suckling (n = 4) groups (Fig. 4C).

Central KOR, but not DOR, antagonism blocked the
suppression of LH secretion in OVX + E2 rats in the acute
suckling group during late lactation

The effects of central DOR or KOR antagonism on the suppression
of LH secretion during late lactation were investigated in OVX +
E2 rats, in which animals received acute suckling stimuli from their
pups for 1 h after 6 h of pup removal on day 16 of lactation (Fig. 5A).
Figure 5B shows the plasma LH profiles in representative OVX + E2
rats in the acute suckling group administered NTI (a selective DOR
antagonist), nor-BNI (a selective KOR antagonist), or vehicle into
the 3V on day 16 of lactation. Pulsatile LH secretion was suppressed
in most vehicle- (n = 7) and NTI- (n = 6) injected dams exposed to
acute suckling stimuli. In contrast, regular LH pulses were observed
in most nor-BNI-injected dams exposed to acute suckling stimuli (n=
6). One-way ANOVA revealed that antagonist treatment significantly
increased the mean LH concentrations (F[2,16] = 3.69, P = 0.048)
and the amplitude of LH pulses (F[2,16] = 5.67, P = 0.014), and
tended to increase the baseline of LH pulses (F[2,16] =2.89, P =
0.085) in dams with acute suckling stimuli. Specifically, the mean
LH concentrations (*, P = 0.042, Dunnett’s test) and the amplitude
of LH pulses (*, P=0.032, Dunnett’s test) in nor-BNI-injected dams
with acute suckling stimuli were significantly higher than those in
vehicle-injected dams with acute suckling stimuli (Fig. 5C). In addition,
the baseline of LH pulses in nor-BNI-injected dams with acute suckling
stimuli tended to be higher than those in vehicle-injected dams with
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Fig. 1. Chronic suckling increased the number of Penk (enkephalin gene)-expressing cells in the arcuate nucleus (ARC) of estradiol-17B-treated
ovariectomized (OVX + E2) lactating rats during late lactation. (A) Penk-expressing cells in the rostral (upper images) and caudal (lower images)
parts of ARC of representative OVX + E2 lactating and non-lactating control rats. The insets indicate magnified images of Penk-expressing cells
(arrowheads). 3V, third cerebroventricle. Scale bars, 100 pm. (B) Distribution of ARC Penk-expressing cells throughout the ARC (from the rostral
to caudal region) of OVX + E2 lactating and non-lactating control rats. The x-axis represents brain sections 1 through 13 (corresponding to 1.72
to 4.36 mm [every 200 pm] posterior to the bregma). Many Penk-expressing cells were found throughout the ARC and abundantly localized in
the caudal part of ARC in lactating and non-lactating rats. The number of Penk-expressing cells was higher in OVX + E2 lactating rats than in
OVX + E2 non-lactating rats (P < 0.05, two-way repeated measures ANOVA). (C) The total number of Penk-expressing cells throughout the ARC
was significantly higher in OVX + E2 lactating rats than in OVX + E2 non-lactating rats (*, P < 0.05, Student’s #-test). (D) The intensity of Penk
mRNA signals in the ARC was comparable between groups. (E) Penk-expressing cells in the hypothalamic paraventricular nucleus (PVN) of
representative OVX + E2 lactating and non-lactating control rats. The number of Penk-expressing cells (F) and the intensity of Penk mRNA signals
(G) in the PVN were comparable between groups. (H) Penk-expressing cells in the hypothalamic ventromedial nucleus (VMH) of representative
OVX + E2 lactating and non-lactating control rats. (I) The intensity of VMH Penk mRNA signals was comparable between groups. Values in charts
are means + SEMs. Open circles on the bar chart indicate the individual values. The number in each column indicates the number of animals used.
Non-lac, non-lactation; Lac, lactation.
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Fig. 2. Central administration of naltrindole (NTI), a selective  opioid receptor (DOR) antagonist, blocked the suppression of luteinizing hormone (LH)
secretion in OVX + E2 lactating rats with chronic suckling during late lactation. (A) Schematic illustration of experimental schedule: Blood
samples were collected from free-moving conscious rats in the chronic suckling group (animals always housed with their pups throughout the
experimental period) on day 16 of lactation. (B) Plasma LH profiles of representative OVX + E2 lactating rats that were administered with NTI
or a vehicle on day 16 of lactation. Blood samples were collected every 6 min for 3 h. Immediately after the first blood collection, NTI or vehicle
(arrows) was injected into the 3V. Arrowheads indicate the peaks of LH pulses identified by the PULSAR computer program. (C) The mean
LH concentrations and the baseline of LH pulses were significantly higher in NTI-injected rats than in vehicle-injected control rats on day 16
of lactation (*, P < 0.05, Student’s #-test). No significant difference was observed in the frequency of LH pulses between the groups. Statistical
analysis did not apply to the amplitude of LH pulses because of the small sample size. LH pulses were detected in two of four NTI-injected rats and
five of eight vehicle-injected control rats. Values in bar charts are means + SEMs or means. Open circles on the bar chart indicate the individual
values. The number in each column indicates the number of animals used.

acute suckling stimuli (#, P = 0.068, Dunnett’s test; Fig. 5C). No
significant difference was observed in the frequency of LH pulses
between nor-BNI-injected dams and vehicle-injected control dams
in the acute suckling group. Besides, no significant differences were
observed in the mean LH concentrations and the baseline, frequency,
and amplitude of LH pulses between NTI- and vehicle-injected dams
in the acute suckling group (Fig. 5C).

Discussion

The present study suggests that enkephalin-DOR signaling at least
partially mediates the suppression of LH secretion in lactating rats
during late lactation because central DOR antagonism significantly
increased the mean LH concentrations and the baseline of LH pulses
in OVX + E2 lactating rats with chronic suckling on day 16 of
lactation (late lactation). Furthermore, the present study showed an
increase in the number of Penk-expressing cells in the ARC, but not
in the PVN or VMH, of OVX + E2 lactating rats compared to OVX
+ E2 non-lactating control rats on postpartum day 16. These findings
suggest that chronic suckling enhances ARC enkephalin expression,
consequently causing chronic suckling-induced suppression of LH
secretion in female rats during late lactation. The involvement of
enkephalin-DOR signaling in chronic suckling-induced LH suppression

is largely consistent with the results of our previous study, which
showed that DOR signaling mediates LH suppression during early
lactation (day 8 of lactation) in rats [56]. Notably, the current study
showed that treatment with the same central DOR antagonist failed
to recover LH pulse parameters in lactating rats exposed to acute
suckling stimuli on day 16 of lactation. In addition, acute suckling
stimuli failed to increase or activate ARC enkephalin neurons in
OVX + E2 dams that were deprived of their pups for 6 h during late
lactation. Therefore, enkephalin-DOR signaling is unlikely to be
involved in acute suckling-induced LH suppression in lactating rats
during late lactation. In contrast, central KOR antagonism increased
the mean LH concentrations and the amplitude of LH pulses and
tended to increase the baseline of LH pulses in lactating rats bearing
acute suckling stimuli. Collectively, as shown in Fig. 6, these results
suggest that enkephalin-DOR signaling mediates chronic suckling-
induced LH suppression throughout the lactating period in rats and
that dynorphin-KOR signaling, but not enkephalin-DOR signaling,
mediates acute suckling-induced LH suppression in rats during late
lactation. To the best of our knowledge, this is the first study that
shows that the KOR and DOR signaling pathways separately mediate
the suppression of LH pulses caused by acute and chronic suckling
stimuli, respectively, in rats during late lactation.

The current study showed that the number of Penk-expressing
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Fig. 3. Acute 1-h suckling stimuli suppressed pulsatile LH secretion in OVX + E2 dams deprived of their pups for 6 h during late lactation. (A) Schematic
illustration of experimental schedule to investigate effects of pup removal and acute suckling on pulsatile LH secretion in OVX + E2 dams on day
16 of lactation. Blood samples were collected from free-moving conscious rats in the pup removal and acute suckling groups. Animals assigned to
the pup removal group were deprived of their pups for 6 h immediately before the blood sampling on day 16 of lactation, and animals assigned to
the acute suckling group received their pups for 1 h after the 6-h pup removal period immediately before the blood sampling on day 16 of lactation.
(B) Plasma LH profiles of representative OVX + E2 dams in the pup removal and acute suckling groups. Blood samples were collected every 6
min for 3 h. Arrowheads indicate the peaks of LH pulses identified by the PULSAR computer program. (C) The mean LH concentrations, and the
baseline, frequency, and amplitude of LH pulses were significantly lower in the acute suckling group than in the pup removal group (*, P < 0.05,
Student’s #-test). Values in bar charts are means = SEMs. Open circles on the bar chart indicate the individual values. The number in each column

indicates the number of animals used.

cells in the ARC was higher in dams receiving chronic suckling than
in non-lactating control rats, which were deprived of their pups from
day 1 of lactation, on day 16 (late lactation). This result is largely
consistent with that of our previous study [56], which showed that
the number of Penk-expressing cells in the ARC was significantly
higher in OVX lactating rats with chronic suckling than in OVX
non-lactating control rats on postpartum day 8 (early lactation).
The lactational increase in the number of ARC enkephalin neurons
might be caused by the functional alteration of a sub-population
of tuberoinfundibular dopamine (TIDA) neurons; Yip ef al. [61]
showed that TIDA neurons altered the synthesis and secretion
of enkephalin rather than dopamine, an endogenous inhibitor of
lactogenic prolactin secretion, in mice during lactation. Regarding
dynorphin-KOR signaling, our previous study showed that acute
1-h suckling increased the number of activated (fos-expressing)
Pdyn-expressing neurons in the PVN and SON, but not in the ARC,
in lactating rats 24 h after pup removal on day 16 of lactation [54].
These results suggest that PVN and SON dynorphin neurons primarily
mediate acute suckling stimuli-induced LH suppression in lactating
rats during late lactation. Notably, our previous studies showed that
central KOR antagonism blocked the suppression of LH secretion
in lactating rats with chronic suckling on day 16 of lactation [54]

and in glucoprived female rats [53], suggesting that KOR signaling
also mediates chronic suckling-induced LH suppression during late
lactation in rats facing a severely negative energy balance due to
milk production (Fig. 6).

The present study also suggests the possibility that the targets of
inhibitory dynorphin-KOR and enkephalin-DOR signaling pathways
on GnRH/LH pulse generation differed from each other. Specifically,
the target of dynorphin-KOR signaling appears to be the amplitude of
LH pulses because KOR antagonism mainly increased the amplitude
of LH pulses in lactating rats exposed to acute suckling stimuli. In
contrast, the target of enkephalin-DOR signaling appears to be the
baseline of LH pulses because DOR antagonism mainly increased
the baseline LH pulses and then mean LH levels in lactating rats
undergoing chronic suckling. We envision that the lactational sup-
pression of GnRH/LH pulses is triggered by the suppression of the
amplitude of LH pulses caused by acute suckling stimuli-induced
dynorphin-KOR signaling and then enhanced by the suppression
of the baseline of LH pulses caused by chronic suckling-induced
enkephalin-DOR signaling in female rats during late lactation. On the
other hand, DOR and KOR antagonists failed to restore the frequency
of LH pulses in lactating rats to levels observed in non-lactating
control rats. Further studies are needed to clarify the mechanism
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Fig. 4. Acute 1-h suckling stimuli failed to activate ARC enkephalin neurons in OVX + E2 rats deprived of their pups for 6 h during late lactation. (A)
Schematic illustration of experimental schedule to investigate effects of acute suckling on ARC enkephalin neurons in OVX + E2 dams on day 16
of lactation. Animals assigned to the pup removal group were deprived of their pups for 6 h immediately before the brain sampling on day 16 of
lactation, and animals assigned to the acute suckling group received their pups for 1 h after the 6-h pup removal period immediately before brain
sampling on day 16 of lactation. (B) Penk (green)- and fos (magenta)-expressing cells in the ARC of representative OVX + E2 dams in the pup
removal and acute suckling groups. The insets indicate magnified images of Penk- or fos-expressing cells (arrowheads). 3V, third cerebroventricle.
Scale bars, 100 pm. (C) The number of ARC Penk-expressing cells (green) and fos-positive Penk-expressing cells (green and magenta striped)
were comparable between the groups. Values in bar charts are means + SEMs. Circles on the bar chart indicate the individual values of Penk-
expressing cells (white) and fos-positive Penk-expressing cells (magenta). The number in each column indicates the number of animals used.

underlying the suppression of the frequency of GnRH/LH pulses
in lactating rats during late lactation.

Dynorphin possibly directly suppresses ARC kisspeptin neurons,
which serve as the GnRH pulse generator [45-47], during lactation
(Fig. 6) because KOR was found in most ARC kisspeptin neurons
in female rats [53, 62] and mice [63]. Supporting this notion, de
Croft et al. [64] and Ruka et al. [65] showed that dynorphin or a
KOR agonist decreased the firing frequency of GFP-tagged ARC
kisspeptin neurons in male mice. In addition, conditional Kiss/
deletion in KOR-expressing kisspeptin neurons caused LH pulse

disruption in OVX rats in an estrogen-dependent manner [62]. In
contrast, the inhibitory action site(s) of enkephalin in suppressing
pulsatile LH secretion in lactating rats remains unclear, as a previous
study reported that DOR was rarely expressed in the ARC of rats
[66]. Further studies are needed to clarify the enkephalin action
site(s) involved in lactational suppression of LH secretion in rats.
In conclusion, the present study suggests that central DOR signaling
partly mediates the suppression of LH secretion during the late
lactation period, during which dams suffer from a chronic negative
energy balance due to milk production. Furthermore, the present
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Fig. 5. Central administration of nor-binaltorphimine (nor-BN], a selective «k opioid receptor (KOR) antagonist), but not NTI (a selective DOR antagonist)
blocked the suppression of LH secretion in OVX + E2 lactating rats with acute suckling stimuli during late lactation. (A) Schematic illustration of
experimental schedule: Blood samples were collected from free-moving conscious rats in the acute suckling group, in which animals received their
pups for 1 h after the 6-h pup removal period immediately before blood sampling on day 16 of lactation. (B) Plasma LH profiles of representative
OVX + E2 lactating rats administered with NTI, nor-BNI, or vehicle on day 16 of lactation. Blood samples were collected every 6 min for 3 h.
Immediately after the first blood collection, NTI, nor-BNI, or vehicle (arrows) was injected into the 3V. Arrowheads indicate the peaks of LH
pulses identified by the PULSAR computer program. (C) The mean LH concentrations and the amplitude of LH pulses were significantly higher
in nor-BNI-injected rats than in vehicle-injected rats with acute suckling stimuli on day 16 of lactation (¥, P < 0.05, one-way ANOVA followed
by Dunnett’s test). In addition, the baseline of LH pulses tended to be higher in nor-BNI-injected rats than in vehicle-injected control rats (#, P =
0.068, one-way ANOVA followed by Dunnett’s test). No significant difference was observed in the frequency of LH pulses between nor-BNI- and
vehicle-injected lactating rats. Besides, no significant differences were observed in the mean LH concentrations and the baseline, frequency, and
amplitude of LH pulses between the NTI- and vehicle-injected dams. Values in bar charts are means + SEMs. Open circles on the bar chart indicate
the individual values. The number in each column indicates the number of animals used.
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Fig. 6. Schematic illustration showing the involvement of opioidergic pathways suppressing gonadotropin-releasing hormone (GnRH)/LH pulses in
lactating rats based on our current and previous studies [54]. Enkephalin (Enk) neurons in the ARC may, at least partially, mediate chronic
suckling stimuli-induced GnRH/LH suppression during late lactation, in which the dams suffer from chronic negative energy balance due to milk
production. Further studies are needed to clarify the action site of Enk to suppress GnRH/LH pulses. Dynorphin (Dyn) neurons in the PVN and
supraoptic nucleus (SON) may, at least partially, mediate acute and chronic suckling stimuli-induced GnRH/LH suppression via direct suppression
of KNDy neurons, namely the GnRH pulse generator, through KOR in the neurons.
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study suggests that central KOR signaling, but not DOR signaling,
mediates the suppression of LH secretion induced by acute suckling
stimuli in lactating rats during late lactation.
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