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Peripheral administration of SB223412, a selective neurokinin-3 
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Abstract.  Accumulating evidence suggests that KNDy neurons located in the hypothalamic arcuate nucleus (ARC), which 
are reported to express kisspeptin, neurokinin B, and dynorphin A, are indispensable for the gonadotropin-releasing hormone 
(GnRH) pulse generation that results in rhythmic GnRH secretion. The aims of the present study were to investigate the 
effects of peripheral administration of the neurokinin 3 receptor (NK3R/TACR3, a receptor for neurokinin B) antagonist, 
SB223412, on GnRH pulse-generating activity and pulsatile luteinizing hormone (LH) secretion in ovariectomized Shiba 
goats treated with luteal phase levels of estrogen. The NK3R antagonist was infused intravenously for 4 h {0.16 or 1.6 mg/
(kg body weight [BW]·4 h)} during which multiple unit activity (MUA) in the ARC was recorded, an electrophysiological 
technique commonly employed to monitor GnRH pulse generator activity. In a separate experiment, the NK3R antagonist 
(40 or 200 mg/[kg BW·day]) was administered orally for 7 days to determine whether the NK3R antagonist could modulate 
pulsatile LH secretion when administered via the oral route. Intravenous infusion of the NK3R antagonist significantly 
increased the interval of episodic bursts of MUA compared with that of the controls. Oral administration of the antagonist for 
7 days also significantly prolonged the interpulse interval of LH pulses. The results of this study demonstrate that peripheral 
administration of an NK3R antagonist suppresses pulsatile LH secretion by acting on the GnRH pulse generator, suggesting 
that NK3R antagonist administration could be used to modulate reproductive functions in ruminants.
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Mammalian reproductive function is regulated by the hypothal-
amus-pituitary-gonadal axis. Pulsatile gonadotropin-releasing 

hormone (GnRH) secretion from the hypothalamus at a physiological 
frequency stimulates gonadotropin release from the pituitary to 
enhance gametogenesis and steroidogenesis in mammals of both 
sexes [1]. The hypothalamic GnRH pulse generator, a neuronal 

network located in the mediobasal hypothalamus, has been proposed 
to regulate pulsatile GnRH/gonadotropin secretion [2]. A group of 
kisspeptin neurons is considered to be a master regulator of mammalian 
reproduction via the direct stimulation of GnRH secretion, because 
mutation or knockout of the genes encoding kisspeptin (KISS1) or 
its receptor (KISS1R) leads to hypogonadotropic hypogonadism and 
subsequent loss of reproductive function in humans [3, 4] and mice 
[5, 6]. Accumulating evidence has suggested that the kisspeptin 
neurons located in the hypothalamic arcuate nucleus (ARC), which 
co-express neurokinin B (NKB) and dynorphin A in rodents [7, 8] and 
ruminants [9–11], and are, therefore, referred to as KNDy neurons 
[12], would be responsible for GnRH pulse generation [13]. Thus, 
the neurons are proposed to be a component of the GnRH pulse 
generator [14]. Indeed, rhythmic increases in multiple unit activity 
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(MUA) were synchronized with luteinizing hormone (LH) pulses 
in goats when an electrode was placed near the KNDy neurons in 
the ARC [9, 15]. KNDy neuropeptides like NKB and dynorphin A, 
as well as their respective agonists and antagonists, have attracted 
considerable interest as pharmacological regulators for use in the 
artificial control of reproductive functions. Previous studies have 
demonstrated that agonists and antagonists of KNDy neuropeptide 
affect gonadotropin and gonadal steroid secretion in mammals, 
including domestic animals like cattle, goats, and sheep [16–22].

NKB, encoded by the tachykinin precursor 3 (TAC3) gene, is a 
decapeptide belonging to the tachykinin family of peptides that show 
a high affinity for the neurokinin 3 receptor (NK3R; encoded by 
TACR3) [23, 24]. NKB is suggested to be critical for the generation 
of pulsatile GnRH secretion, owing to the reported association 
between loss-of-function mutations in either TAC3 or TACR3 and 
hypogonadal hypogonadism stemming from impaired gonadotropin 
secretion in humans [25, 26]. In goats, NKB intracerebroventricular 
injection led to a rise in the frequency of episodic increases in MUA 
(MUA volley), an electrophysiological manifestation of GnRH pulse 
generator activity [27], indicating that NKB stimulates GnRH pulse 
generator activity [9]. Furthermore, bilateral NKB microimplants in 
the ARC were shown to stimulate pulsatile LH secretion in sheep 
[28], while intravenous injection of NKB or senktide, an NK3R 
agonist, stimulated pulsatile LH secretion in monkeys [29]. These 
observations indicate that NKB/NK3R signaling has a stimulatory 
effect on GnRH pulse generator activity, which in turn stimulates 
reproductive functions.

Considering the stimulatory role of NKB/NK3R signaling in GnRH 
pulse generation, antagonism of NK3R could be a useful strategy for 
contraception in wild animals such as wild deer or wild boar, and 
thereby reduce their population sizes. To achieve this, the effects of 
peripheral administration of NK3R antagonists on reproduction and 
mechanism mediating the effect should first be clarified. Previous 
studies have demonstrated that oral administration of SB223412, a 
selective NK3R antagonist, suppresses testosterone secretion in male 
dogs [21] and guinea pigs [20]. Peripherally administered ESN234, 
another NK3R antagonist, was also indicated to suppress pulsatile 
LH secretion in ovariectomized (OVX) ewes and decrease plasma 
estrogen levels, both in female monkeys [22] and in women [30]. These 
results imply that NK3R antagonist administered via the peripheral 
route may be capable of suppressing GnRH pulse generator activity. 
Interestingly, intracerebroventricular administration of SB223412 
failed to suppress pulsatile LH secretion in female rats [31], thus, 
it is possible that the effect of NK3R antagonism on reproduction 
may differ among mammalian species.

In this study, using female goats as a ruminant model, we examined 
the effects of intravenous infusion of SB223412, an NK3R antagonist, 
on GnRH pulse generator activity. For this, we recorded MUA in OVX 
female Shiba goats treated with luteal phase levels of estradiol to test 
if peripheral administration of SB223412 would affect GnRH pulse 
generator activity. We also examined the effect of oral administration 
of the NK3R antagonist on pulsatile LH secretion in estrogen-treated 
OVX goats to test whether an NK3R antagonist administered via 
the oral route was capable of modulating the endocrine mechanisms 
that regulate reproductive functions in ruminants.

Materials and Methods

Animals
Adult (2–6 years old) female Shiba goats (Capra hircus) with 

body weight (BW) of 29.4–34.3 kg were used for the experiments 
(Experiment 1, n = 3; Experiment 2, n = 4). Goats were loosely tied 
to a stanchion in a room with a controlled environment (23°C and 
50% relative humidity) and under a 12-h light/dark cycle. Goats were 
fed twice a day with a standard pelleted diet and hay and had free 
access to water and supplemental minerals. GnRH pulse generator 
activity is known to be considerably affected by ovarian steroid 
hormones such as estrogen and progesterone [32]. Therefore, goats 
were ovariectomized and treated with levels of estradiol sufficient to 
induce negative feedback to avoid the influence of endogenous ovarian 
steroids. Silicone tubing (inner diameter, 3 mm; outer diameter, 5 mm; 
length, 20 mm) filled with crystalline estradiol (E2, Sigma-Aldrich, 
St. Louis, MO, USA) was subcutaneously implanted in each OVX 
goat at least 2 weeks before the experiments to produce plasma E2 
levels similar to those found in the luteal phase (4–8 pg/ml) [33]. 
All the animal experiments were approved by the Committee for 
the Care and Use of Experimental Animals of the Graduate School 
of Bioagricultural Sciences, Nagoya University.

Experiment 1: Intravenous infusion of SB223412
The NK3R antagonist, SB223412, was purchased from ChemShuttle 

(Hayward, CA, USA). A solution of SB223412 (0.16 or 1.6 mg 
SB223412/kg BW in 40 ml of 1% dimethyl sulfoxide [DMSO] in 
distilled water) or 1% DMSO in distilled water was infused intra-
venously for 4 h through a jugular catheter using a syringe pump 
with the infusion flow rate set at 10 ml/h. Doses of the antagonist 
were determined by referring to the following studies: a half-life 
of the NK3R antagonist in plasma after intravenous administration 
(1 mg/kg BW) was 404 ± 22 min in dogs [34]; a single intravenous 
injection (5 mg per goat) of SB222220, an NK3R antagonist with 
similar bioactivity and physicochemical properties to SB223412, 
blocked the occurrence of the pheromone-induced MUA volley in 
OVX goats [35]. Bilateral 18-gauge jugular catheters (Medicut; 
Nippon Sherwood Medical Industries, Tokyo, Japan) were inserted 
in the animals, one for NK3R antagonist infusion and the other 
for blood sampling, at least 1 day before the experiment. MUA 
was recorded throughout the experimental period. The methods 
employed for the bilateral implantation of the electrode array into 
the ARC and to record MUA have been described elsewhere [15]. 
Blood samples were collected every 6 min for 8 h before and after 
the start of the infusion of the drug or vehicle. Plasma was separated 
from the blood samples by centrifugation and stored at −20°C until 
measurement of LH.

Experiment 2: Oral administration of SB223412
The NK3R antagonist, SB223412, was purchased from AstaTech 

Biopharmaceutical Corp. (Chengdu, China), and a custom ordered 
pelleted diet containing 10 or 50 mg/g of SB223412 was provided 
by Oriental Yeast (Tokyo, Japan). Animals were fed with 4 g/[kg 
BW·day] of the pelleted diet containing the NK3R antagonist twice a 
day (0800 and 2000 h) for 7 days. Thus, two doses (40 and 200 mg/
[kg BW·day]) of SB223412 were employed, and a diet without the 
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NK3R antagonist was used as a control. Doses of the antagonist were 
determined according to the results of our preliminary study in which 
oral administration of the NK3R antagonist (20 mg/[kg BW·day]) 
failed to change pulsatile LH secretion in estrogen-treated OVX 
female goats (data not shown). The first day of oral administration 
was designated as Day 1. For blood sampling, an 18-gauge catheter 
was inserted unilaterally into the jugular vein of the animals at least 
1 day before the experiment. Blood samples were collected every 6 
min for 4 h (1200–1600 h) on Days 0 (the day before administration), 
2, 4, 7, and 9 for the LH assay and daily at 1400 h from Day 0 to 
Day 9 to measure plasma SB223412 concentrations. Plasma was 
separated and then stored at −20°C until used for the assays.

Assays
Plasma LH concentrations were determined by a double-antibody 

radioimmunoassay, as previously described [18]. For 50-µl plasma 
samples, the lowest detectable LH concentration was 0.098 ng/ml, 
and the intra- and inter-assay coefficients of variation were 6.2% at 
3.14 ng/ml and 7.3% at 3.11 ng/ml, respectively. Plasma SB223412 
concentrations were determined by liquid chromatography–mass 
spectrometry using a previously described method [20].

Data analysis
In each experiment, peaks of LH pulses were identified using 

PULSAR computer program [36]. In Experiment 1, the MUA volley 
interval was used to evaluate GnRH pulse generator activity. When 
the difference between the values of two consecutive points exceeded 
twice the standard deviation calculated during the baseline period 
before starting the blood collection, the point was designated as the 
beginning of an MUA volley [18]. The mean MUA volley interval was 
calculated for each animal, and then each group in each treatment. 
Each parameter of pulsatile LH secretion during a 4-h period before 
and after infusion of the NK3R antagonist or vehicle was calculated 
for each animal, and then each group. In Experiment 2, for each 
day, each parameter of pulsatile LH secretion during a 4-h period 
was calculated for each animal, and then each group. For statistical 
analysis and data presentation, MUA volley interval values and 
those for each parameter of pulsatile LH secretion were expressed 
as percentages of pretreatment values (Experiment 1, vs. 4-h periods 
before infusion; Experiment 2, vs. Day 0). Significant differences 
between groups were analyzed using one-way ANOVA followed by 
the Bonferroni’s test for multiple comparisons, or two-way ANOVA 
for repeated measures (between = treatment, within = day) followed 
by a contrast test for multiple comparisons (JMP 7, SAS Institute 
Japan, Tokyo, Japan).

Results

Effects of intravenous administration of the NK3R antagonist 
on GnRH pulse generator activity and pulsatile LH secretion 
(Experiment 1)

Plasma LH, MUA, and MUA volley interval profiles in a representa-
tive animal intravenously administered vehicle or SB223412 (0.16 
and 1.6 mg/kg BW) are shown in Fig. 1A. MUA volley intervals 
were significantly increased in animals treated with 1.6 mg/kg BW 
of the NK3R antagonist compared with those of vehicle-treated 

controls (P < 0.05, Fig. 1B). The interpulse interval of LH pulses 
in the animals administered the higher dose of the antagonist was 
significantly increased compared with that of the vehicle-treated group 
or the group treated with the lower dose of the NK3R antagonist (P < 
0.05, Fig. 1C). No significant difference was found between groups 
in the number and amplitude of LH pulses, or mean and baseline 
concentrations of plasma LH (Fig. 1D–G).

Effects of oral administration of the NK3R antagonist on 
pulsatile LH secretion (Experiment 2)

All goats consumed the pelleted diet (containing the NK3R an-
tagonist or control) completely. The amount of food was comparable 
between the treatment and control groups. Plasma concentrations 
of SB223412 increased dose-dependently after the start of oral 
administration, and then decreased after the termination of administra-
tion (P < 0.05, Fig. 2A). The area under the curve (AUC) of plasma 
SB223412 concentrations increased dose-dependently during the 
oral administration period (P < 0.05, Fig. 2B).

Profiles of plasma LH concentrations in a representative animal fed 
either a control diet or a pelleted diet containing the NK3R antagonist 
(40 and 200 mg/[kg BW·day]) are shown in Fig. 3. The interpulse 
intervals in animals administered the NK3R antagonist (40 and 200 
mg/[kg BW·day]) tended to be prolonged on Days 2 and 4, and were 
significantly increased on Day 7 compared with those in animals fed 
the control diet (P < 0.05, Fig. 4A). No significant difference was 
found between groups in the number and amplitude of LH pulses, 
or mean and baseline concentrations of plasma LH (Fig. 4B–E).

Discussion

In the present study, we demonstrated that intravenous infusion 
or oral administration of SB223412, a selective NK3R antagonist, 
exerts a suppressive effect on GnRH pulse generator activity in 
E2-treated OVX goats. Intravenous infusion of the NK3R antagonist 
led to an increase in intervals of MUA volley, an electrophysi-
ological manifestation of GnRH pulse generator activity, as well as 
interpulse intervals of LH pulses. The results suggest that peripheral 
administration of the NK3R antagonist suppressed pulsatile LH 
secretion by acting on the GnRH pulse generator. The results also 
suggest that endogenous NKB signaling has a facilitatory role in 
GnRH pulse generation, and is consistent with previous studies 
showing that NK3R activation by central administration of NKB 
[9] or intravenous injection of senktide, a selective NK3R agonist 
[37], increases MUA volley frequency, which reflects GnRH pulse 
generator activity.

The NK3R antagonist used in this study likely acted directly on 
KNDy neurons, the most likely candidates to be the GnRH pulse 
generator, because expression of NK3R mRNA and/or protein can 
be clearly detected in KNDy neurons in mice [7], rats [38], sheep 
[39], and monkeys [29]. Electrophysiological studies on brain slices 
obtained from male mice have indicated that exogenous NKB treat-
ment stimulates KNDy neuron activity [40], while central NKB 
injection increases MUA volley frequency in the goat ARC [9]. 
In our previous in vitro study, we also demonstrated that primary 
cultured mice KNDy neurons, which express NK3R, were activated 
by incubation with senktide [41]. These studies indicate that NKB 
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would act directly on KNDy neurons through NK3R and elicit pulsatile 
activation of KNDy neurons to stimulate GnRH neurons. Furthermore, 
SB223412 can be detected in rat brain tissue following intravenous 
administration, suggesting that SB223412 can cross the blood-brain 
barrier [34]. This suggests that SB223412 administered into peripheral 
circulation penetrates the blood-brain barrier, and acts directly on 

KNDy neurons to suppress GnRH pulse generation and, consequently, 
pulsatile GnRH secretion. Additionally, because NK3R expression 
was clearly detected in a mouse pituitary gonadotroph cell line [42], 
it is possible that peripherally administered NK3R antagonists may 
act not only on the hypothalamic GnRH pulse generator, but also 
on the pituitary gonadotroph to suppress LH secretion.

Fig. 1. Effects of intravenous infusion of the neurokinin 3 receptor (NK3R) antagonists, SB223412, on gonadotropin-releasing hormone (GnRH) pulse 
generator activity and pulsatile luteinizing hormone (LH) secretion. (A) Profiles of multiple unit activity (MUA), MUA volley intervals, and 
plasma concentrations of LH in a representative goat receiving intravenous infusion of vehicle [1% dimethyl sulfoxide (DMSO)] or SB223412 
(0.16 or 1.6 mg/kg BW). The shaded area represents the period of intravenous infusion. (B–G) Percent changes (means ± SEM) in MUA volley 
intervals (B), interpulse intervals (C), number of pulses (D), peak amplitude (E), mean LH concentration (F), and mean baseline LH concentration 
(G). Values are expressed as percent changes compared with before administration. Groups with different letters on the bars differ significantly (P 
< 0.05, one-way ANOVA followed by Bonferroni’s test).
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Because SB223412 has been reported to be active when admin-
istered orally [34], we examined the effect of oral administration 
of SB223412 on pulsatile LH secretion in goats. Plasma SB223412 
concentrations increased during the periods of oral administration in 
a dose-dependent manner, suggesting that orally administered NK3R 
antagonist was successfully transferred into peripheral circulation. 
The result is consistent with a previous report, indicating that the 
SB223412 shows high bioavailability, therefore most of the orally 
administered SB223412 was transferred into peripheral circulation 
in dogs and rats [34]. In the present study, 7-day treatment with the 
NK3R antagonist slightly, but significantly, increased the interpulse 
intervals of LH pulses. Previous studies have demonstrated that oral 
administration of NK3R antagonist suppresses testosterone secretion 
in male dogs [21] and male guinea pigs [20], and decreases plasma 
E2 levels in cyclic female monkeys [22] and women [30]. Combined, 

the present results indicate that the endocrine mechanisms regulating 
reproductive functions in ruminants, as well as other mammalian 
species, could be modulated through oral administration of NK3R 
antagonists such as SB223412. However, the present study suggests 
that, as there was no significant difference in interpulse intervals 
of LH pulses between the two doses of orally administered NK3R 
antagonist, a much higher blood concentration of NK3R antagonist 
is needed to suppress GnRH pulse generator activity and pulsatile 
LH secretion in goats. Further studies are required to determine the 
optimal dosage and period for NK3R antagonist treatment for the 
development of practical regimens.

In the present study, both intravenous and oral administration of 
NK3R antagonist decreased MUA volley frequency but failed to 
completely abolish the GnRH pulse generator activity and pulsatile 
LH secretion. This result is consistent with a previous study showing 

Fig. 2. Effect of daily oral administration of SB223412 on plasma SB223412 concentrations. (A) Changes in plasma SB223412 concentrations in 
estradiol-treated, ovariectomized goats receiving daily oral administration of an SB223412-containing diet (40 or 200 mg/[kg BW·day]) or 
control diet. The shaded area represents the period of oral administration (Day 1 to Day 7). Values are means ± SEM. Values with different letters 
differ significantly (P < 0.05, two-way ANOVA for repeated measures followed by a contrast test for multiple comparisons). (B) Mean (± SEM) 
area under the curve (AUC) of plasma SB223412 concentrations with daily oral administration (Day 1 to Day 7). Values with different letters 
differ significantly (P < 0.05, one-way ANOVA followed by Bonferroni’s test).

Fig. 3. Profiles of plasma concentrations of luteinizing hormone (LH) in a representative goat receiving daily oral administration of an SB223412-
containing diet (40 or 200 mg/[kg BW·day]) or control diet. The shaded area represents the period of oral administration of an SB223412-
containing diet (Day 1 to Day 7). Arrowheads indicate the peaks of LH pulses identified using PULSAR computer program.
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that administration of another NK3R antagonist, SB222200, into 
the ARC prolonged the interpulse intervals of LH pulses but failed 
to abolish the pulsatility of LH secretion in OVX ewes [28]. We 
previously reported that intracerebral administration of SB223412 
in rats failed to suppress pulsatile LH secretion, whereas CS-003, a 
triple antagonist for three neurokinin receptors, namely neurokinin 
1 receptor (NK1R), neurokinin 2 receptor (NK2R) and NK3R, could 
suppress it [31]. Moreover, antagonism of the triple neurokinin 
receptors was required to abolish the stimulatory effect of NKB on the 
electrophysiological activity of KNDy neurons in mouse brain slices 
[40]. A previous study in goats demonstrated that pharmacological 
activation of NK1R and NK2R was able to induce MUA volley, 
albeit with a much lower efficacy than that of NK3R [37]. These 
studies suggest that NK1R and NK2R complementarily mediate the 
stimulatory effect of NKB on the GnRH pulse generator activity when 
NK3R is pharmacologically blocked, and thus, prolonged intervals 
of GnRH pulse generation by pharmacological blockade of NK3R 
could be due to delayed NKB stimulation to induce synchronized 
firing of KNDy neurons [23]. Improved knowledge of the localization 
of neurokinin receptors in the central nervous system and the effects 
of antagonists of the three neurokinin receptors on GnRH pulse 
generator activity is required to effectively suppress reproductive 
functions in goats.

In conclusion, we demonstrated that peripheral administration of 
SB223412, an NK3R antagonist, suppressed pulsatile LH secretion 
by acting on the GnRH pulse generator in female goats. The results 
of the present study suggest that peripheral and/or oral administra-
tion of NK3R antagonists could be used to modulate reproductive 
functions in ruminants.
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