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    Abstract     Reproductive function is tightly regulated by an intricate network of 
central and peripheral factors; however, the precise mechanism triggering critical 
reproductive events, such as puberty onset, remains largely unknown. Recently, the 
neuropeptides kisspeptin (encoded by  Kiss1 ) and neurokinin B (NKB, encoded by 
 TAC3  in humans and  Tac2  in rodents) have been placed as essential gatekeepers of 
puberty. Studies in humans and rodents have revealed that loss-of-function muta-
tions in the genes encoding either kisspeptin and NKB or their receptors, Kiss1r and 
neurokinin 3 receptor (NK3R), lead to impaired sexual maturation and infertility. 
Kisspeptin, NKB, and dynorphin A are co-expressed in neurons of the arcuate 
nucleus (ARC), so-called  K isspeptin/ N KB/ Dy n (KNDy) neurons. Importantly, these 
neurons also co-express NK3R. Compelling evidence suggests a stimulatory role of 
NKB (or the NK3R agonist, senktide) on LH release in a number of species. This 
effect is likely mediated by autosynaptic inputs of NKB on KNDy neurons to induce 
the secretion of gonadotropin-releasing hormone (GnRH) in a kisspeptin- dependent 
manner, with the coordinated actions of other neuroendocrine factors, such as dyn-
orphin, glutamate, or GABA. Thus, we have proposed a model in which NKB feeds 
back to the KNDy neuron to shape the pulsatile release of kisspeptin, and hence 
GnRH, in a mechanism also dependent on the sex steroid level. Additionally, NKB 
may contribute to the regulation of the reproductive function by metabolic cues. 
Investigating how NKB and kisspeptin interact to regulate the gonadotropic axis 
will offer new insights into the control of GnRH release during puberty onset and 
the maintenance of the reproductive function in adulthood, offering a platform for 
the understanding and treatment of a number of reproductive disorders.  
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        Introduction (Why Study Neurokinin B in a Kisspeptin Setting?) 

 Perpetuation of the species is an essential, but extremely energy costly, endeavor for 
most animals—especially for mammals [ 1 ,  2 ]. For this reason, it is not surprising that 
a vast array of neurotransmitters and endocrine factors are devoted to the precise con-
trol of the gonadotropic axis and, hence, translate the information of environmental and 
internal cues into a specifi c timing and pattern of gonadotropin-releasing hormone 
(GnRH) release. A key aspect that deserves to be emphasized is the incapability of 
GnRH neurons to show a direct response to some important modulators of reproduc-
tive function, e.g., the negative feedback of sex steroids [ 3 ,  4 ]. In recent years,  Kiss1  
neurons have been shown to be—directly or indirectly—receptive to numerous regula-
tory cues, including sex steroids and metabolic and circadian factors [ 5 ]. This has 
placed kisspeptin in the spotlight to play a major role as a regulator of GnRH release. 
Yet, it is conceivable that such a critical function for the species as reproduction cannot 
rely exclusively on a single molecule (kisspeptin) and, hence, a number of essential 
“fi ne-tuners” and “fail-safes” might exist to ensure reproductive success. Indeed, in 
2009, the endocrine community witnessed the emergence of neurokinin B (NKB) as a 
critical player in the control of gonadotropin release [ 6 ]. In another example of reverse 
translational research—suitably called “from bedside to benchside”—human genetic 
studies revealed that patients bearing inactivating mutations in the gene encoding NKB 
( TAC3 ) or its receptor, neurokinin 3 receptor (NK3R, encoded by  TACR3 ), displayed 
hypogonadotropic hypogonadism and closely resembled the phenotype of patients 
with loss-of-function mutations in the genes that encode kisspeptin ( KISS1 ) and the 
kisspeptin receptor ( KISS1R , also known as  GPR54 ) [ 6 – 13 ]. Some of these fi ndings 
have also been partially recapitulated in  Tacr3  null mice [ 14 ], indicating that the NKB/
NK3R system plays a role in the control of gonadotropin secretion in different species. 
Altogether, given the clear parallelism in the reproductive phenotype of humans (and 
mice) suffering from congenital inactivation of the kisspeptin/Kiss1r or the NKB/
NK3R systems, it is conceivable that the actions of these two neuroendocrine systems 
interact to control GnRH release. As a result, signifi cant efforts in the fi eld have been 
recently devoted to puzzle out this interaction in what may constitute a nodal regula-
tory center in the control of reproductive function. This chapter intends to offer a con-
cise overview of the latest achievements in the characterization of the reproductive 
facet of the NKB/NK3R system, with attention paid to the implications for the central 
mechanisms that govern GnRH release.  

    The NKB/NK3R System: Structure and Distribution 
in the Brain 

    Neurokinin B 

 NKB belongs to the tachykinin family of peptides that initially included the neuro-
peptides substance P (SP), neurokinin A (NKA), and NKB and more recently, endo-
kinins and hemokinins [ 15 ]. Tachykinins are peptides comprised of 10–11 amino 
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acid residues in length that share a common carboxy-terminal amino acid sequence 
(Phe-X-Gly-Leu-Met-NH 

2
 ), where X corresponds to an aliphatic (NKA and NKB) 

or an aromatic (SP) residue [ 16 ]. The gene-encoding NKB ( TAC3  in higher primates 
and  Tac2  in rodents) is divided into seven exons, fi ve of which encode the precursor 
preprotachykinin B [ 16 – 18 ]. Following proteolytic cleavage, this precursor leads to, 
fi rst, proneurokinin B, and then NKB (initially contained in exon 5) (Fig.  15.1 ) [ 16 ].

   The expression of NKB mRNA and protein displays a dispersed distribution in 
the brain of all studied species to date. In humans, prominent populations of  TAC3 - 
positive  neurons have been identifi ed in the infundibular nucleus, anterior hypotha-
lamic area, septal region, diagonal band of Broca, bed nucleus of the stria terminalis, 
amygdala, and neocortex [ 19 ,  20 ]. In the rat,  Tac2  expression has been found in the 
cerebral cortex, hippocampus, amygdaloid complex, bed nucleus of the stria termi-
nalis, ventral pallidum, habenula, olfactory bulb, dorsomedial nucleus, ventrome-
dial nucleus, lateral hypothalamic area (LHA), caudate-putamen, medial preoptic 
area, arcuate nucleus (ARC), lateral mammillary bodies, superior colliculus, central 
gray, and dorsal horn of the spinal cord (Fig.  15.2 ) [ 21 – 23 ]. Of note, mice display a 
roughly similar distribution of  Tac2  mRNA, although, unlike rats, mice express 
 Tac2  neither in the hippocampus nor in the nucleus of the lateral olfactory tract [ 24 ]. 
Immunohistochemistry studies depicting the distribution of NKB closely parallel 
the neuroanatomical mapping of the gene transcript, and importantly, also offer 
conclusive information on the localization of NKB fi bers, thus pointing to potential 
areas of NKB action [ 25 – 31 ]. Focusing on the population of NKB neurons in the 
ARC, projections from this nucleus have been described through a combination of 
tract tracing and double labeling techniques with specifi c known co-transmitters of 
NKB in this neuronal site (e.g., dynorphin and kisspeptin) [ 25 ,  27 ,  28 ,  30 – 32 ]. NKB 
fi bers have been found to form a dense network within the ARC and the median 
eminence. From the ARC of the rat, NKB neurons branch to innervate rostral brain 
areas, such as the magnocellular and parvocellular nucleus, the anteroventral peri-
ventricular nucleus (AVPV), preoptic area, septal nuclei, and the bed nucleus of the 
stria terminalis [ 30 ,  33 ]. In addition, NKB neurons have been shown to project 
dorsally to the dorsomedial nucleus, periventricular nucleus, ventromedial nucleus, 
and LHA, and also may extend caudally to the ventral premammillary nucleus [ 30 ].

       Neurokinin 3 Receptor 

 Tachykinins bind a family of G-protein-coupled receptors (GPCRs)—including 
neurokinin receptor 1 (NK1R), NK2R, and NK3R—to mediate their biological 
effect. Although interactions of the three initial tachykinins with each of these 

  Fig. 15.1    Schematic representation of the  TAC3  gene depicting the exon encoding NKB       
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receptors have been described previously, their potency of affi nity varies as follows: 
NK1R, SP > NKA > NKB; NK2R, NKA > NKB > SP; and NK3R, NKB > NKA > SP 
[ 34 ,  35 ]. Within the context of this review, it is conceivable that this affi nity of NKB 
for other tachykinin receptors, even though marginal, might compromise the inter-
pretation of the studies using NKB itself to decipher its putative roles in reproduc-
tive control. Thus, in order to overcome this limitation, the synthetic peptide 
senktide, a highly selective and potent agonist of NK3R [ 16 ,  34 ], has been system-
atically used in the majority of the experimental studies. 

  Fig. 15.2    Schematic representation of a coronal section of a rat brain at the arcuate level depicting 
 Tac2  and  Tacr3  expression.  SON  supraoptic nucleus;  BLAa  basolateral nucleus of the amygdala; 
 BMAa  basomedial nucleus of the amygdala;  MH  medial habenular nucleus;  LHA  lateral hypothala-
mus;  ZI  zona incerta;  VMH  ventromedial hypothalamic nucleus;  PVH  paraventricular hypotha-
lamic nucleus;  ARC  arcuate nucleus;  3V  third ventricle       
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 All three tachykinin receptors are encoded by genes divided into fi ve exons with 
identical distribution of intronic sequences. NK3R, encoded by  TACR3  in humans 
and  Tacr3  in rodents, leads to a longer amino acid sequence than NK1R or NK2R, 
with a slight difference in length between species (465 and 452 residues in humans 
and rats, respectively) [ 16 ]. 

 NK3R is mainly located in the central nervous system (CNS) and the spinal cord 
[ 15 ,  16 ,  36 ], although it has been also described in uterus, mesenteric vein, gut neu-
rons, and placenta [ 37 ,  38 ]. Within the CNS of the rat,  Tacr3  mRNA is detected in 
the olfactory bulb, cortex, amygdala, hippocampus, medial habenula, zona incerta, 
substantia nigra, ventral tegmental area, interpeduncular nucleus, raphe nuclei, dor-
sal tegmental nucleus, nucleus of the solitary tract, striatum, dentate gyrus and 
subiculum, medial septum, diagonal band of Broca, ventral pallidum, globus palli-
dus, bed nucleus of the stria terminalis, ARC, paraventricular and supraoptic nuclei 
of the hypothalamus, dorsal and lateral regions of the posterior hypothalamus, pre-
mammillary and mammillary nuclei, midbrain central gray, cerebellum, parabra-
chial nuclei, nucleus of the spinal trigeminal tract, dorsal horn of the spinal cord, 
and the retina (Fig.  15.2 ) [ 22 ,  29 ,  39 – 41 ]. Of note,  Tacr3  shows a maturational 
process in the distribution of the expression of the gene along postnatal develop-
ment. Thus, prepubertal animals show more abundant expression in the amygdala 
(basolateral amygdalar nucleus and basomedial amygdalar nucleus) and LHA than 
peripubertal animals [ 40 ]. At the protein level, immunohistochemistry studies 
depicting the distribution of NK3R resemble the brain areas where the  Tacr3  mes-
senger is detected [ 25 ,  29 ,  42 – 45 ].   

    Regulation of the NKB/NK3R System by Sex Steroids 

 It is well established that gonadal steroids, i.e., estrogens and testosterone, feed 
back to the CNS to exert a key role in the central control of the reproductive axis 
by regulating the tonic release of GnRH (negative feedback) and the preovulatory 
surge-like release of GnRH in females (positive feedback) [ 46 ]. In spite of this, 
neurons that synthesize GnRH cannot respond directly to the homeostatic feed-
back of sex steroids, i.e., GnRH cells express neither estrogen receptor alpha 
(ERα) nor androgen receptor (AR) [ 47 ,  48 ] and only a subset express ERβ [ 49 , 
 50 ]. However, the action of ERβ in GnRH neurons, while not yet well character-
ized, does not seem to be critical for, at least, the negative feedback control of sex 
steroids upon GnRH release although, of note, it may participate in the regulation 
of the excitability of GnRH neurons [ 51 ]. In this context, it is tenable that the 
actions of sex steroid hormones on the reproductive axis must target upstream 
modulators of GnRH neurons, such us (probably) NKB neurons in the ARC. 
Thus, in keeping with this proposed role, this population of NKB neurons may 
directly sense circulating levels of estradiol (E 

2
 ) and testosterone (T) through the 

expression of ERα [ 22 ,  52 – 56 ] and AR [ 57 ,  58 ]. A number of studies in adult 
mammals have demonstrated that, indeed, these ARC neurons exhibit a robust 
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inhibition of  TAC3 / Tac2  mRNA and NKB protein levels in the presence of E 
2
  or 

T [ 22 ,  40 ,  52 – 56 ,  59 ,  60 ] and, consequently, the opposite (i.e., stimulation) is true 
in E 

2
 /T-deprived situations, such as the postmenopausal stage or post-gonadectomy 

[ 22 ,  28 ,  52 ,  53 ,  56 ,  59 ,  61 – 63 ]. Importantly, not only NKB but also its receptor, 
NK3R, is subjected to regulation by sex steroids. Thus,  Tacr3  mRNA expression 
is inhibited in the presence of E 

2
  [ 22 ,  56 ]. Of note, this is reminiscent of the regu-

lation of  Kiss1  mRNA expression in the ARC by sex steroids [ 64 ,  65 ], which 
indicates that the  Kiss1  and NKB systems likely control GnRH release in the 
same direction in critical regulatory pathways, such as sex steroid negative feed-
back, through interactions that yet remain to be fully understood. In this sense, an 
elegant study published recently by Mittelman-Smith and collaborators demon-
strated that ablation of  K isspeptin/ N KB/ Dy n (KNDy) neurons impairs the com-
pensatory rise of LH after gonadectomy, i.e., the removal of steroid negative 
feedback, thus adding further support to the critical role of these ARC neurons in 
the control of GnRH release [ 66 ]. 

 It is striking, nonetheless, that not all NKB neuronal populations in the hypo-
thalamus behave similarly to circulating levels of estradiol. Thus, estrogens signifi -
cantly inhibit NKB neurons in the ARC, as mentioned previously, while other 
populations of NKB neurons may display diametrically different regulation. In this 
vein, NKB neurons in the LHA exhibit remarkable stimulation of  Tac2  expression 
in the presence of E 

2
  [ 67 ]. Again, this fact evokes comparisons with the  Kiss1  sys-

tem, recalling the dual regulation by sex steroids that  Kiss1  expression undergoes 
when comparing ARC vs. AVPV populations [ 64 ]. The LHA is known to hold neu-
ral centers that control metabolism and, therefore, indirectly, reproductive function 
[ 68 ,  69 ]; however, whether the NKB/NK3R system in the LHA exercises a role in 
this control remains to be assessed. 

 The regulation of the NKB system by circulating levels of sex steroids—at least 
in the ARC—is not restricted to adult individuals. Studies in mice have depicted a 
striking sexual dimorphism of prepubertal animals in the sensitivity of  Tac2  expres-
sion (in the ARC) to E 

2
 . Thus, in the absence of E 

2
  after gonadectomy, juvenile 

female mice respond with the expected compensatory rise of ARC  Tac2  expression 
[ 70 ], which is accompanied by the rise in ARC  Kiss1  mRNA and plasma LH levels, 
just as adult animals would respond [ 64 ]. However, their male counterparts appear 
indisposed to exhibit similar responses, unlike their adult male equivalents [ 70 ]. 
This fact not only suggests a clear sexual dimorphism in the physiology of the 
Kiss1/NKB neurons in the ARC prepubertally, but may also hold key aspects for the 
differential timing in puberty onset (later in males), which also needs to be 
 investigated in more detail. An important phenomenon that may help to understand 
the contribution of the NKB system to puberty onset may rely in the apparent dif-
ferential sensitivity to the negative feedback of sex steroids on the NKB system 
compared to the  Kiss1  system. Whereas both genes ( Kiss1  and  Tac2 ) are susceptible 
to regulation by E 

2
  prepubertally,  Tac2  expression seems to be less sensitive to the 

rising levels of gonadal steroids than  Kiss1 . This may account for a sex steroid- 
independent increase in NKB levels that could, possibly, contribute to the activation 
of the Kiss1/GnRH axis prepubertally [ 71 ]. 
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 Finally, it is worth mentioning that the NKB system may be susceptible to the 
organizing effects of sex steroids during the critical period of sexual differentiation 
of the brain, i.e., perinatally. Under a physiologic sex steroid environment, the popu-
lation of NKB neurons in the ARC is larger in females than in males [ 28 ,  55 ,  67 , 
 72 ]; however, supraphysiological doses of E 

2
  or T in both sexes during this critical 

period leads to a signifi cant reduction in the number of NKB neurons in the ARC 
that persists throughout the animal’s life span [ 55 ,  67 ]. Given the exceedingly high 
hormone doses used in these studies, it remains unclear if normal physiological 
levels of perinatal sex steroids similarly modulate NKB neuron development. 

 On the whole, such a modulation of the NKB/NK3R system by sex steroids from 
early developmental stages to adulthood further unveils a potential role for this sys-
tem in the central control of the reproductive axis.  

    Identifi cation of the Hypothalamic KNDy Neuron 

 The emerging interest to decipher the role of NKB in the central control of repro-
duction arose, as mentioned above, in 2009 when human genetic studies docu-
mented hypogonadotropic hypogonadism in patients bearing loss-of-function 
mutations in  TAC3  and  TAC3R  genes [ 6 ]. Admittedly, however, the potential role 
of NKB as modulator of GnRH release had been previously recognized in 
humans, primates, rodents, and sheep [ 25 – 27 ,  29 ,  32 ,  52 ,  53 ,  55 ,  57 ,  58 ,  60 ,  61 , 
 63 ,  73 – 75 ]. Nonetheless, the concept of NKB as a regulator of reproductive 
function has recently advanced to now being considered part of an intricate net-
work of central factors that govern the acquisition and maintenance of reproduc-
tive function. In this vein, despite the fact that NKB (transcript and protein) has 
been described in the hypothalamus for decades, the manner in which NKB 
interacts with other hypothalamic factors is only starting to be deciphered. Initial 
studies in sheep and rats documented, by immunohistochemistry, a high degree 
of co-localization of NKB with the endogenous opioid peptide, dynorphin A 
(Dyn), in the ARC [ 25 ,  27 ]. These fi ndings paved the way for a seminal study by 
Goodman and collaborators who showed that NKB/Dyn neurons in the ARC of 
ewes are also kisspeptin neurons [ 32 ]. Thereafter, the co-expression of these 
three neuropeptides was confi rmed in mice, goats, and monkeys at the levels of 
mRNA by in situ hybridization and protein by immunohistochemistry (Fig.  15.3 ) 
[ 31 ,  56 ,  76 ], suggesting high physiological relevance for this phenomenon, 
which, otherwise, would not have been maintained throughout evolution. This 
conserved co-expression has spurred the scientifi c community to rename this 
population of neurons as KNDy neurons [ 77 ]. In addition, of great signifi cance 
for the role of NKB in reproductive biology is the fact that virtually all KNDy 
neurons also co-express NK3R [ 25 ,  29 ,  42 ,  43 ,  56 ]. Interestingly, studies in mice 
and sheep have revealed that the unambiguous co-expression of kisspeptin with 
NKB, dynorphin, and NK3R is exclusive to the population of  Kiss1  neurons in 
the ARC, while the other major population of  Kiss1  neurons located in the AVPV 
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and the preoptic area (in mice and sheep, respectively) is virtually devoid of 
these kisspeptin co-transmitters [ 42 ,  43 ,  56 ]. Consequently, it is reasonable to 
infer that the role of NKB in the central control of reproductive function must be 
related to the role of kisspeptin in the ARC, for example, in the negative feed-
back of sex steroids upon the gonadotropic axis.

   An additional aspect in the physiology of NKB neurons that merits special atten-
tion is the identifi cation of the neuronal linage that generates the ARC population. 
Recent work in male mice indicates that while the vast majority of  Kiss1  neurons in 
the ARC seem to form a homogeneous population and collectively express  Tac2  
[ 56 ], only approximately half of  Tac2  neurons in the ARC (at least in the male 
mouse) appear to co-express  Kiss1  [ 59 ]. This fact demonstrates a subdivision of this 
neuronal group with possible functional differences that yet remain to be unfolded. 
To note, this phenomenon is in keeping with a previous description of two popula-
tions of NKB fi bers (with and without kisspeptin co-expression) in the median emi-
nence of female rats [ 78 ].  

  Fig. 15.3    Representative photomicrographs of mouse ARC illustrating the co-expression of  Kiss1  
(labeled in  red  with digoxigenin coupled to  vector red ) and NKB ( Tac2 ), NK3R ( Tacr3 ), dynor-
phin A ( Pdyn ), and KOR ( Oprk1 ) represented by  silver grains . Scale bars = 50 μm       
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    Gonadotropin Responses to NKB 

 The initial characterization of the action of NKB upon gonadotropin release has 
been controversial. The fi rst studies documented null, or even inhibitory, actions of 
NKB or the selective NK3R agonist, senktide, on LH release. A study by Sandoval- 
Guzmán and Rance showed that ovariectomized and estradiol-replaced rats exhib-
ited a substantial decrease in circulating LH levels after senktide treatment [ 74 ]. To 
note, these animals failed to display the expected phenotype subsequent to estradiol 
replacement, i.e., lowering of the postcastration rise of LH, and, therefore, they 
should be considered as ovariectomized and sham-replaced animals. In the same 
vein, the latter rationale could also apply to a recent study by Kinsey-Jones et al. 
[ 79 ]. As a consequence, considering this limitation, the above observations would 
essentially be in keeping with previous reports documenting inhibitory actions of 
senktide (or NKB) in gonadectomized mice, rats, and goats [ 22 ,  56 ,  76 ]. These 
results, in fact, were clearly contradictory to the initially predicted stimulation of 
LH release by NKB on the basis of the human studies, in which patients suffering 
constitutive defi ciency in the NKB system exhibited hypogonadotropic hypogonad-
ism [ 6 ,  8 – 10 ,  13 ]. Interestingly, this defi ciency in humans seemed to be exclusively 
restricted to LH release, since FSH levels appeared relatively normal [ 8 ]. This fea-
ture of NKB-null patients suggests a residual low-frequency release of GnRH 
(NKB-independent), which may result as a consequence of the action of high vs. 
low pulses of GnRH in the discrimination of LH or FSH release, respectively [ 80 , 
 81 ]. Despite the above observations, the overall literature on this topic substantiates 
a remarkable discrepancy in the response to NKB or senktide in different physiolog-
ical settings. However, a growing number of studies are offering irrefutable demon-
strations of the robust stimulatory action of NKB upon gonadotropin release in a 
number of species [ 22 ,  31 ,  40 ,  43 ,  59 ,  76 ,  82 ,  83 ]. In this sense, while further inves-
tigation is needed to fully understand this paradox (stimulation or inhibition of LH 
release after senktide treatment), studies in gonadectomized and sham-replaced vs. 
E 

2
 -replaced animals strongly suggest the need of physiological levels of circulating 

sex steroids (acting on ERα, most likely, in KNDy neurons) to allow the stimulation 
of LH release by NKB. This is also in line with the stimulatory action of senktide 
on LH secretion in the follicular, but not luteal, phase in sheep [ 43 ]. Of note, con-
tinuous stimulation of NK3R with senktide leads to desensitization of the receptor 
[ 83 ], which might, hypothetically, imply that under the elevated levels of kisspeptin 
and NKB reached in gonadectomized animals, the additional stimulation of NK3R 
by senktide could account for the observed decrease of LH release in E 

2
 -deprived 

animals. Admittedly, a recent publication indicates that, in this scenario, dynorphin 
may be hyperstimulated by senktide and, consequently, mediate this inhibition [ 79 ]. 
This inhibitory action, however, remains to be carefully explored. 

 Notwithstanding the important role of NKB upon GnRH release, NKB’s charac-
terization initially focused on the female. Intriguingly, subsequent studies in the 
male are now suggesting a more complex regulation of the NKB system than previ-
ously anticipated. In this sense, initial studies in male mice pointed to a likely sexual 
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dimorphism in the response to senktide. Corander et al. fi rst documented the absence 
of LH release after NKB administration in intact adult male mice [ 84 ]; however, 
shortly after, in a study performed in adult male mice, we reported a positive 
response to senktide administration, with a robust increase in LH release and also, 
to a lesser extent, FSH [ 59 ]. Although speculative, this discrepancy might be due to 
different effi cacy in the activation of NK3R after administration of senktide [ 59 ] vs. 
NKB itself [ 84 ] or, purportedly, to the delivery method, i.e., limitation of NKB to 
dissolve into solution in saline vehicles [ 84 ]. 

 Recently, we have expanded our knowledge of the actions of senktide on LH 
release in male and female rats along postnatal development. Intact female rats at 
every assessed developmental stage (i.e., infantile, juvenile, prepubertal, pubertal, 
and adult in diestrus) display conspicuous stimulation of LH secretion after senktide 
treatment [ 22 ,  67 ]. Male rats, however, progress from being responsive to senktide 
prepubertally to becoming irresponsive from puberty onwards, dissociating them-
selves from adult female rats and male mice [ 67 ]. These data unveil a striking sexual 
dimorphism in the rat as well as important differences in otherwise closely related 
species, i.e., mice and rats. The precise mechanisms underlying these differences 
require further investigation in order to clarify the role of NKB in the control of 
gonadotropin secretion.  

     Kiss1  Neurons as Primary Targets of NKB Action 

 As described previously, KNDy neurons express NK3R [ 25 ,  26 ], which supports 
the possibility of autosynaptic loops within the network of NKB/kisspeptin fi bers 
surrounding KNDy neurons in the ARC [ 25 ,  30 ,  33 ]. The following evidence sup-
ports the contention that NKB acts upstream of, or immediately on,  Kiss1  neurons 
in the ARC: (a) senktide and NKB strongly depolarize  Kiss1  neurons in the mouse, 
and this effect is prevented by the NKB antagonist SB222200 [ 59 ]; (b) central 
administration of senktide to gonadectomized and estradiol-replaced (OVX + E 

2
 ) 

female rats induces  c - fos  mRNA expression in  Kiss1  neurons [ 22 ]; (c) goats treated 
centrally with NKB exhibit a clear increase in the frequency and amplitude of mul-
tiunit activity (MUA) volleys in the ARC, which are invariably mirrored by LH 
pulses [ 76 ], yet the administration of kisspeptin modifi es LH pulses without modi-
fying MUA volleys [ 85 ]. 

  Kiss1  neurons, however, express a number of other co-transmitters (e.g., 
 dynorphin and glutamate). For this reason, any action of NKB upon GnRH release, 
evoked by the activation of ARC  Kiss1  neurons, could not be entirely attributed to 
the release of kisspeptin. For instance, these kisspeptin neurons have been also 
shown to innervate the tuberoinfundibular dopaminergic (TIDA) neurons in the 
ARC [ 86 ]. Yet, compelling evidence indicates that kisspeptin release is, indeed, nec-
essary for the reproductive role of NKB given the following data: (a) mice bearing 
nonfunctional kisspeptin receptors ( Kiss1r  KO mice) are irresponsive to the central 
administration of senktide in terms of LH release [ 82 ]; (b) juvenile monkeys  showing 
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blunted LH responses due to NK3R desensitization still respond to  kisspeptin; 
 however, monkeys subjected to Kiss1r desensitization showed a signifi cant reduc-
tion in their response to senktide treatment [ 31 ,  83 ], although, admittedly, they did 
present a marginal (perhaps kisspeptin-independent) stimulation of LH release. 

 On the whole, these data strongly suggest a putative action of NKB upon ARC 
 Kiss1  neurons; however, at the same time, we cannot rule out any additional action 
of this peptide on other brain areas or even different neuronal populations within the 
ARC. Along these lines, several studies document the expression of NK3R in GnRH 
terminals of rats [ 25 ,  29 ] and  Tacr3  mRNA in GnRH neurons in the mouse [ 87 ] as 
well as in the immortalized GT1-7 cell line—a model of differentiated GnRH neu-
rons—[ 88 ]; however, a call of caution should be added since immortalized cell lines 
do not always resemble in vivo models. Despite the latter observations, recent stud-
ies document the absence of NK3R immuno-localization and  Tacr3  mRNA in 
GnRH neurons of sheep [ 42 ] and mice [ 59 ], respectively, adding further contro-
versy to the role of NKB in the control of GnRH secretion. Indeed, mounting evi-
dence seems to further support the contention that GnRH neurons are devoid—or 
only present marginal expression—of NK3R and therefore should not be consid-
ered as the primary site of action of NKB to regulate GnRH release. For example, 
GnRH neurons coupled to green fl uorescent protein (GnRH-GFP) and subjected to 
whole-cell recordings do not display signs of activation after senktide treatment in 
the mouse [ 59 ]. This latter study, nonetheless, shows lack of activity at the level of 
the GnRH cell body, but does not rule out the presence of NK3R at the level of 
GnRH terminals. In this sense, Corander and colleagues demonstrated that, unlike 
kisspeptin [ 89 ], addition of NKB to hypothalamic explants from male rats (devoid 
of GnRH cell bodies) did not evoke any effect on GnRH release, which, initially, 
would preclude any direct action at the level of these GnRH fi ber terminals [ 84 ].  

    The Roles of NKB/Kisspeptin Interactions in the Control 
of Reproductive Function 

    Generation of GnRH Pulses 

 Although this book includes a specifi c chapter devoted to this topic, it is, however, 
worth highlighting the potential implications for reproductive physiology that 
 interactions of NKB and kisspeptin (and dynorphin) may have for the normal func-
tioning of the gonadotropic axis. There is convincing evidence to conclude that 
kisspeptin release is pulsatile and that those pulses correlate with GnRH/LH pulses, 
based on studies in monkeys and goats [ 76 ,  90 ,  91 ]. Consequently, we have proposed 
a model whereby NKB from KNDy neurons acts autosynaptically on the NK3R of 
the same neuron, through recurrent collaterals, as well as on other neighboring 
KNDy neurons (Fig.  15.4 ) [ 56 ,  76 ,  92 ,  93 ]. This action of NKB would evoke a syn-
chronized release of kisspeptin within the ARC, a fact of critical importance in order 
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to present a unique GnRH pulse after every kisspeptin pulse. This possibility is in 
keeping with the dense network of NKB fi bers surrounding KNDy neurons in the 
ARC [ 25 ,  30 ,  33 ]. Next in this model, kisspeptin would reach the kisspeptin receptor 
at the GnRH terminals to induce GnRH release to the median eminence. Of note, 
there is no direct evidence of the presence of Kiss1r at the level of GnRH terminals; 
however, this could be inferred based on the observations that (a) kisspeptin can 
elicit GnRH secretion from explants of the mediobasal hypothalamus, which con-
tains few, if any, GnRH cell bodies [ 89 ,  94 – 96 ] and (b) kisspeptin fi bers form close 
appositions at the GnRH fi ber terminals [ 97 – 99 ]. At the same time, dynorphin (an 
endogenous opioid peptide with known inhibitory action upon gonadotropin release 
[ 100 ,  101 ]), would act mainly on yet unknown intermediate neurons to eventually 
shut down NKB and kisspeptin release, therefore creating a kisspeptin pulse. 
Noteworthy, each neuropeptide released from KNDy neurons seems to target a dif-
ferent set of neurons. Thus, (a) kisspeptins act mainly on GnRH neurons, since 
KNDy neurons themselves in the ARC are devoid of Kiss1 receptor [ 94 ] and do not 
respond to kisspeptin [ 59 ]; (b) NKB seems to primarily activate KNDy neurons, 
since GnRH neurons (at least in mice and sheep) do not express detectable levels of 
NK3R [ 43 ,  59 ]; (c) GnRH neurons do not express the dynorphin receptor (κ-opioid 

  Fig. 15.4    Schematic representation of a KNDy neuron depicting possible autoregulatory loops 
and interactions with GnRH neurons       
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receptor, KOR) [ 102 ,  103 ], and its expression in KNDy neurons seems to be  marginal 
[ 56 ,  59 ]. These fi ndings allude to intermediate neurons as the primary site of action 
of dynorphin in the context of kisspeptin release, which, allegedly, would play a 
substantial role by increasing the turnaround time of the inhibitory signal before act-
ing back on KNDy neurons, therefore allowing for the appearance of a kisspeptin 
pulse. Of note, as research on the characterization of KNDy neurons advances, new 
co-transmitters emerge, which, in the near future, may make the descriptive term 
“KNDy” obsolete. In this vein, glutamate and glutamate receptors, also described in 
KNDy neurons [ 104 ], may constitute additional autosynaptic regulatory loops [ 82 , 
 104 ,  105 ] to “fi ne-tune” kisspeptin release (Fig.  15.4 ). It has been speculated that 
this or a similar mechanism may be involved in the attenuation of the severe repro-
ductive phenotype of  Tacr3  null mice compared to humans described recently by 
Yang and colleagues [ 14 ,  106 ]. Moreover, recent studies also suggest an action 
(direct and indirect) of GnRH itself on KNDy neurons to, eventually, modulate 
GnRH release [ 107 ]; however, this contention requires further research. For instance, 
the presence of the GnRH receptor in KNDy neurons has yet to be demonstrated.

       Control of Puberty Onset 

 GnRH release undergoes a series of developmental changes, progressing from an 
activated neonatal period, followed by a dormant stage during the infantile and juve-
nile ages, to puberty onset, which is characterized by the appearance of GnRH 
pulses with increasing amplitude and frequency. A number of central and peripheral 
factors have been posed to mediate this awakening of the reproductive axis; how-
ever, exactly what triggers puberty onset remains elusive. 

 In recent years, hypothalamic kisspeptin has become a likely candidate to serve 
as a gatekeeper of puberty onset. Kisspeptin is the most potent secretagogue of 
GnRH described to date [ 5 ], and compelling evidence shows that  Kiss1  expression 
and synaptic contacts between Kiss1 neurons in the hypothalamus increase at the 
time of puberty onset in rodents [ 92 ,  108 ,  109 ], suggesting that hypothalamic  Kiss1  
neurons play an important role during this maturational process [ 110 ]. Furthermore, 
chronic administration of kisspeptin to prepubertal female rats advances puberty 
onset [ 111 ], which is prevented in the presence of a kisspeptin antagonist [ 112 ]. In 
this context, if we assume that NKB has a role in the control of kisspeptin release at 
the onset of puberty, we could expect that impairments in the NKB/NK3R system 
would directly translate into disorders in the timing of puberty. Indeed, as men-
tioned previously, a number of studies have documented impuberism associated 
with hypogonadotropic hypogonadism (HH) in humans bearing inactivating muta-
tions in the genes encoding NKB and NK3R, which has been partially recapitulated 
in  Tacr3  knockout mice. To note,  Tac2 / Tacr3  expression in the hypothalamus of rats 
(and markedly  Tacr3  in the ARC) increases prior to puberty onset [ 22 ,  40 ], appar-
ently anticipating the increase of kisspeptin immunoreactivity reported in the rostral 
periventricular area of the hypothalamus in prepubertal female mice [ 113 ]. 
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Importantly, despite the documented sensitivity of  Tac2  expression to the negative 
feedback of sex steroids prepubertally in the mouse [ 70 ], the major regulatory path-
way that drives the stimulation of  Tac2  expression prior to puberty onset seems to 
be independent and, seemingly, dominates over the rising levels of gonadal steroids 
that occur during puberty onset [ 40 ,  71 ,  114 ]. 

 Additionally, in line with a role for NKB in the timing of puberty, senktide 
induces strong secretory responses of LH in juvenile monkeys [ 31 ], prepubertal 
male and female rats [ 67 ] and prepubertal ewes [ 115 ], suggesting that the gonado-
tropic axis is responsive to NKB stimulation before puberty onset. On the whole, 
these observations, along with recent clinical observations suggesting that the stim-
ulatory action NKB on the gonadotropic axis may be more prominent during early 
stages of sexual maturation [ 10 ], are in line with an eventual stimulatory role of 
NKB upon  Kiss1  expression during pubertal maturation. 

 Moreover, studies of chronic blockade of NKB signaling using the NK3R antag-
onist, SB222200, to prepubertal female rats induce a slight delay in the timing of 
puberty onset (Fig.  15.5 ) [ 40 ]. The effect of this antagonist to block pubertal pro-
gression is, however, not as effective as the chronic administration of a kisspeptin 
antagonist, which results in a marked suppression of vaginal opening (Fig.  15.5 ) 
and gonadal weights—as indirect markers of the rise of circulating sex steroids dur-
ing puberty onset [ 112 ]. In sum, based on the above observations, it is reasonable to 
deduce a stimulatory role of NKB in the timing of puberty, an effect which may be 
dependent on kisspeptin signaling.

       NKB as a Signaling System of the Metabolic Status 

 Reproduction is an extremely energy-demanding function and, as such, subjected to 
regulation by metabolic cues that eventually contribute to the regulation of GnRH 
release [ 1 ,  116 ]. Mounting data during the last few years suggest that Kiss1 neurons 
in the ARC play a critical role conveying metabolic information onto the hypotha-
lamic centers that control the attainment and maintenance of reproductive function. 
For instance, models of metabolic stress, such as acute fasting, impinge a signifi cant 

  Fig. 15.5    Percentage of 
vaginal opening (V.O.) in 
peripubertal female rats 
treated chronically with 
central injections of vehicle, 
the NKB antagonist 
SB222200 or the kisspeptin 
antagonist p234. 
Figure composed based on 
the original data presented in 
refs. [ 40 ,  112 ]       
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restraint on the hypothalamic expression of  Kiss1 /kisspeptins in pubertal animals, 
which can be reverted by exogenous kisspeptin [ 117 ]. Given the fact that the NKB/
NK3R system is also present in the metabolic conveyor that KNDy neurons in the 
ARC constitute, it was reasonable to assume that the action of NKB is also subjected 
to metabolic regulation during (and after) puberty. In this sense, a recent study docu-
mented the sensitivity of this system to metabolic cues [ 118 ]. In more detail, a later 
study in pubertal female rats demonstrates a signifi cant suppression of  Tacr3 , and to 
a lesser extent  Tac2 , in the ARC after 48-h fasting [ 40 ], replicating the previously 
described expression profi le of  Kiss1  in both the ARC and AVPV [ 117 ]. Moreover, 
in this study, LH responses to senktide administration in pubertal (36-d) rats are not 
only preserved but even augmented in fasting conditions, suggesting a possible sen-
sitization of its stimulatory effects under conditions of negative energy balance—
again, resembling previous fi ndings on the gonadotropin-releasing actions of 
kisspeptins [ 117 ,  119 ]. Additionally, chronic administration of senktide to prepuber-
tal female rats subjected to caloric restriction was suffi cient to partially rescue mark-
ers of puberty onset, e.g., vaginal opening and LH secretion [ 40 ], as previously 
reported for kisspeptin [ 117 ]. On the other hand, situations of exceedingly high 
caloric intake, such as rats subjected to high fat diet prepubertally, exhibited preco-
cious puberty that correlates with the advancement in the timing of  Kiss1  and  Tac2  
expression that, in turn, was associated with the advancement in LH pulsatility [ 120 ]. 

 Altogether, the above observations suggest that the NKB system is subjected to 
modulation by metabolic cues, at least during pubertal progression, probably facili-
tating the transmission of the energy status of the organism on to the  Kiss1  system, 
most likely, at the level of the ARC. However, kisspeptin-independent pathways for 
the stimulatory effects of NKB on the gonadotropic axis at puberty cannot be 
excluded—which remains to be explored. Noteworthy, recent studies associate 
KNDy neurons in the ARC with the regulatory (inhibition) effect that estrogens 
exert on body weight [ 66 ]. This fi nding poses the KNDy neuron as a nodal regula-
tory center for the integration of reproductive axis and energy balance; however, the 
mechanisms underlying this effect need to be deciphered.   

    Conclusion and Future Perspectives 

 Our knowledge of the neuronal interactions that potentially impinge the accurate 
functioning of the endocrine system is rapidly evolving. Particularly, in recent years, 
reproductive neuroendocrinologists are witnessing the appearance of a constellation 
of central factors that signifi cantly contribute to the modulation of GnRH release. In 
this context, since 2003, the scientifi c community has enthusiastically welcomed 
 Kiss1  neurons as key elements to answer remaining open questions in the physiol-
ogy of GnRH release. More recently, the NKB system has added a new level of 
complexity to  Kiss1  neurons. Compelling evidence suggests that NKB plays a criti-
cal role in the control of kisspeptin release, at least at the level of the ARC. Not only 
is NKB able to modulate gonadotropin release through, according to recent studies, 
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its action on  Kiss1  neurons but, also, serves as a conveyor of additional regulatory 
factors, e.g., developmental and metabolic, to  Kiss1  neurons, thus contributing to 
the exquisite regulation of kisspeptin release. 

 Many aspects of the physiology of the NKB/NK3R system in the context of 
reproduction remain to be fully characterized. For instance, a vivid debate is cur-
rently ongoing in the fi eld regarding the putative target/s of NKB, with evidence on 
both  Kiss1  and GnRH neurons that may only refl ect species differences or, perhaps, 
residual levels of redundancy that, under constitutive absence of one or another, 
may lead to potential compensation. Additionally, important aspects regarding the 
sexual differentiation of the response of gonadotropins to NKB (or senktide), as 
recently observed in the rat, constitute a mystery that demands to be resolved. 
Indeed, reconciliation of the results in male mice and rats, and a detailed compari-
son between both sexes, to determine which one better resembles the human pheno-
type would clearly help the scientifi c community to establish a working model with 
translational potential to humans. Overall, elucidating how the brain triggers the 
neuroendocrine events that lead to the attainment and maintenance of reproductive 
function will provide the intellectual platform for understanding certain disorders of 
reproduction, including delayed or precocious puberty—and perhaps guide us 
toward improved therapies for their treatment.      
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