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    Abstract     Stressful stimuli abound in modern society and have shaped evolution 
through altering reproductive development, behavior, and physiology. The recent 
identifi cation of kisspeptin as an important component of the hypothalamic regula-
tory circuits involved in reproductive homeostasis sparked a great deal of research 
interest that subsequently implicated kisspeptin signaling in the relay of metabolic, 
environmental, and physiological cues to the hypothalamo–pituitary–gonadal axis. 
However, although it is widely recognized that exposure to stress profoundly 
impacts on reproductive function, the roles of kisspeptin within the complex mecha-
nisms underlying stress regulation of reproduction remain poorly understood. We 
and others have recently demonstrated that a variety of experimental stress para-
digms downregulate the expression of kisspeptin ligand and receptor within the 
reproductive brain. Coincidently, these stressors also inhibit gonadotropin secretion 
and delay pubertal onset—processes that rely on kisspeptin signaling. However, a 
modest literature is inconsistent with an exclusively suppressive infl uence of stress 
on the reproductive axis and suggests that complicated neural interactions and sig-
naling mechanisms translate the stress response into reproductive perturbations. 
The purpose of this chapter is to review the evidence for a novel role of kisspeptin 
signaling in the modulation of reproductive function by stress and to broaden the 
understanding of this timely phenomenon.  

    Chapter 20   
 Stress Regulation of Kisspeptin 
in the Modulation of Reproductive Function 

             Pasha     Grachev    ,     Xiao     Feng     Li    , and     Kevin     O’Byrne    

    P.   Grachev    •    X.  F.   Li   
  Division of Women’s Health ,  School of Medicine, 
King’s College London ,   London ,  UK
e-mail: pasha.grachev@kcl.ac.uk   

   K.   O’Byrne    (*)
  Division of Women’s Health ,  King’s College London ,   
2.92 W Hodgkin Building, Guy’s Campus ,  London   SE1 1UL ,  UK  
 e-mail:   kevin.obyrne@kcl.ac.uk       



432

        Introduction 

 Kisspeptin has been widely recognized as a key regulator of the hypothalamo–
pituitary–gonadal (HPG) axis, and thus reproductive development and function. 
The roles of kisspeptin in the control of sexual differentiation, puberty, surge and 
pulsatile modes of gonadotropin secretion, gonadal steroid hormone feedback, 
pregnancy, lactation, and reproductive senescence have been well studied in a 
wide variety of clinical and animal models, as well as in vitro. However, the dis-
covery of kisspeptin was associated with research on metastasis suppression 
mechanisms in malignant melanoma cells [ 1 ], and kisspeptin has been implicated 
in several peripheral, as well as central, processes, both physiological and patho-
logical, that have little direct relevance to reproduction, including hippocampal 
seizures [ 2 ], cardiovascular vasoconstriction [ 3 ], renal fl uid homeostasis [ 4 ], and 
pancreatic glucose- induced insulin secretion [ 5 ]. 

 Although, by far, the most signifi cant populations of kisspeptin-expressing neurons 
are found in the arcuate nucleus (ARC) and preoptic area (including the anteroventral 
periventricular (AVPV) and preoptic periventricular (PeN) nuclei in rodents) of the 
hypothalamus, both chiefl y involved in regulation of reproductive functions, kisspeptin 
fi bers are abundant in the paraventricular nucleus (PVN) of the hypothalamus [ 6 ], where 
perikarya of neurons that secrete corticotropin-releasing factor (CRF, a key neuroendo-
crine mediator of the stress response) and the stress- associated peptide hormones, argi-
nine vasopressin (AVP) and oxytocin, are located [ 7 ]. Furthermore, numerous kisspeptin 
neurons project to limbic structures (namely the bed nucleus of the stria terminalis 
(BNST) and the medial nucleus of the amygdala (MeA)) [ 6 ], which innervate the PVN 
via gamma-aminobutyric acid (GABA)ergic inputs [ 8 ]. Therefore mammalian neuro-
anatomy potentially permits an intimate interaction between the HPG and stress axes, 
within which kisspeptin signaling may play a key role. 

 Experimental interventions commonly used so simulate a range of stressful situ-
ations and evoke a physiological stress response are referred to as stress paradigms. 
Administration of the  Escherichia coli  endotoxin, lipopolysaccharide (LPS), elicits 
reproducible acute infl ammation that serves as a paradigm of immunological stress. 
Restraint of experimental animals is a well-defi ned acute psychological stress 
model. Social isolation has been used to replicate the effects of psychosocial stress, 
and is considered a mild stressor. Social status or rank refl ects a more complex and 
chronic psychosocial stressor. The paradigms of metabolic stress are comparatively 
more diverse: nutritional disbalance, short-term fasting, chronic malnutrition, 
insulin- induced hypoglycemia and exercise are all considered to exert physiological 
stress on individuals, although perhaps through different mechanisms. These have 
been extensively reviewed in the context of pubertal onset [ 9 ,  10 ] and reproductive 
function in adults [ 11 ]. Numerous other stress paradigms are routinely employed in 
research, and many share overlapping effects on the stress response and reproduc-
tive processes; a comprehensive review of each is beyond the scope of this chapter. 
Therefore we focused our discussion on the restraint, LPS,  insulin- induced hypo-
glycemia and social isolation experimental stress paradigms.  
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    Puberty, Stress and Kisspeptin 

 One major facet of reproductive research that concerns the effects of both kisspeptin 
and stress is puberty. Characterized as the transition from juvenile to adult state of 
reproductive development, growth, and adrenal maturation, pubertal timing in 
mammals (including man) is controlled by a multiplicity of complex interactions 
between genetic and environmental factors, with the latter providing fi ne tuning to 
maximize reproductive potential to fi t the prevailing or predicted environment. 
There is unequivocal evidence that chronic stress exposure suppresses the activity 
of the HPG axis and delays puberty. However, less well recognized is the advance-
ment of puberty by environmental factors, such as psychosocial stress within the 
family domain, including absence of father, as well as parental and mother–daughter 
confl ict [ 12 ], with striking parallels in an animal model of weak parent–offspring 
bonding [ 13 ]. The age at which girls are reaching puberty has been trending down-
wards in recent decades, coincident with the increasing prevalence of overweight 
and obesity;    this is in keeping with evidence that overnutrition advances puberty 
[ 14 ] and body fatness and a rapid elevation in BMI are predictors of earlier onset of 
puberty. However, recent studies reveal that this downward trend is evident irrespec-
tive of BMI, suggesting that other factors are involved [ 14 ,  15 ]. Animal models of 
delayed puberty (e.g., intrauterine growth retardation [ 16 ,  17 ] or neonatal exposure 
to LPS [ 18 ]) or advanced puberty (e.g., low maternal care [ 13 ] or high-fat diet [ 19 ]) 
also fail to show a clear correlation between body weight, body fat, or its central 
signaling biomarker, leptin, and the timing of puberty. 

 Kisspeptin/Kiss1r signaling is a prerequisite for physiological development of 
the reproductive system, since inactivating mutations in  KISS1  [ 20 ] or  KISS1R  
[ 21 ,  22 ] result in pubertal failure and hypogonadotropic hypogonadism in 
humans.     Kiss1 - and  Kiss1r -knockout mouse models largely produce a similar 
reproductive phenotype [ 23 – 25 ], although  Kiss1 -knockdown results in a less 
severe phenotype [ 26 ]. However, a recent report challenged the dogma that kiss-
peptin signaling is required for puberty and adult fertility in mice [ 27 ]. 
Nevertheless, levels of hypothalamic  Kiss1  and  Kiss1r  expression peak at puberty 
(Fig.  20.1 ) [ 18 ,  28 ,  29 ], and kisspeptin administration stimulates precocious 
puberty in rats [ 30 ]. Furthermore, polymorphisms in the  KISS1  gene [ 31 ] and 
activating mutations in  KISS1R  [ 32 ] are associated with central precocious 
puberty in humans. A variety of well-defi ned acute and chronic stress paradigms 
and experimental parameters of pubertal development have facilitated in vivo 
research aiming to elucidate the effects of stress on reproductive maturation. 
However, to this end, few studies have directly addressed the involvement of kiss-
peptin in the alteration of pubertal dynamics in response to stress.

   Exposure to an immune challenge, such as LPS, in the early neonatal period has 
been shown to have profound and long-lasting effects on the stress response 
 throughout later life in the rat, evident through increased CRF gene expression in 
the PVN of the hypothalamus and an increase in the pulse frequency and amplitude 
of corticosterone (CORT) release [ 33 ]. We have shown that neonatal exposure to 
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LPS delays puberty and disrupts estrous cyclicity, concordant with downregulation 
of  Kiss1 , but not  Kiss1r , mRNA expression in the medial preoptic area (mPOA) 
(Fig.  20.1 ) [ 18 ,  34 ]. This decrease in  Kiss1  expression could provide a mechanism 
for the observed delay of puberty. By contrast, the lack of effect of neonatal LPS 
treatment on  Kiss1  or  Kiss1r  expression in the ARC would indicate that kisspeptin/
Kiss1r signaling in this brain region is not an obvious contributing factor to pubertal 
delay. Interestingly, the postponement of LPS treatment from postnatal days 3 and 
5 to postnatal days 7 and 9 failed to delay puberty, suggesting there is a discrete 
developmental time window that is sensitive to immunological challenge [ 18 ]. 

  Fig. 20.1    Effects of neonatal lipopolysaccharide (LPS, 50 μg/kg ip) or saline control given at 
postnatal day (pnd) 3–5 on kisspeptin ( Kiss1 ) mRNA expression in the medial preoptic area 
(mPOA) ( a ) and arcuate nucleus (ARC) ( c ) and on kisspeptin receptor ( Kiss1r ) mRNA expression 
in the mPOA ( b ) and ARC ( d ) in female rats at pnd 14, pnd 32, (the day of vaginal opening (dVO)), 
and at 11 weeks of age (Adult).  Kiss1  and  Kiss1r  mRNA levels were measured in brain micro-
punch samples from the mPOA or ARC using real-time reverse transcriptase–polymerase chain 
reaction. Quantifi cation for  Kiss1 ,  Kiss1r,  and 28S rRNA was carried out on all samples; the values 
are expressed as a ratio of  Kiss1  mRNA and 28S rRNA, or  Kiss1r  mRNA and 28S rRNA 
(mean ± SEM). * P  < 0.05 vs. the respective treatment group at different time points;  #  P  < 0.05 vs. 
saline control at same time point;  n  = 5–9 per group (from Knox AM, Li XF, Kinsey-Jones JS, 
Wilkinson ES, Wu XQ, Cheng YS, et al. Neonatal lipopolysaccharide exposure delays puberty and 
alters hypothalamic Kiss1 and Kiss1r mRNA expression in the female rat. J Neuroendocrinol. 
2009 Aug;21(8):683–9. Reprinted with permission from John Wiley & Sons)       
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 A variety of stressors that suppress GnRH pulse generator frequency, including 
LPS, downregulate hypothalamic  Kiss1  and  Kiss1r  expression in adult rats [ 35 ,  36 ]. 
Although the neural inputs to the mPOA and ARC that mediate the stress-induced 
suppression of  Kiss1  and  Kiss1r  expression within these loci remain to be deter-
mined, CRF is a prime candidate, not only because of its pivotal role in stress- 
induced suppression of the GnRH pulse generator [ 37 – 41 ], but also with respect to 
data showing that intracerebroventricular (icv) administration of CRF profoundly 
decreased  Kiss1  and  Kiss1r  mRNA levels in both the mPOA and ARC [ 35 ]. 
Moreover, we have shown that icv administration of CRF or CRF antagonist delays 
or advances puberty, respectively, without altering the circulating levels of CORT, 
suggestive of CRF regulation of kisspeptin at puberty in the female rat [ 42 ]. Indeed, 
the delay in puberty consequent to administration of CRF was associated with a 
marked reduction in  Kiss1  mRNA expression in the mPOA, but not the ARC [ 42 ]. 
Interestingly, we have shown a reduction in  CRF , CRF receptor type 1 ( CRF - R1 ), 
and CRF receptor type 2 ( CRF - R2 ) mRNA expression in the PVN, the core regulatory 
component of the HPA axis, across pubertal transition in female rats (Fig.  20.2 ) [ 42 ]. 
Since bilateral lesions of the PVN do not alter the response of the HPG axis to stress 
in adult rats [ 43 ], the site and mechanism of action of the endogenous CRF tone that 
plays a critical role in the timing of puberty remain elusive. In the Japanese quail, 
genetic selection for high or low HPA axis stress responsivity delays or advances 
puberty, respectively [ 44 ]. A decrease in  CRF  and  CRF - R1  expression was observed 
also in the mPOA, with no change in the ARC, across the pubertal transition in the 
rat (Fig.  20.2 ) [ 42 ]. However, possible interaction between CRF and kisspeptin sig-
naling systems in the mPOA remains to be examined.

   The importance of the limbic brain, in particular the amygdaloid complex, in 
the control of reproductive function and stress responsivity is well recognized 
[ 8 ,  45 ]. Overexpression of CRF in the central nucleus of the amygdala (CeA) 
disrupts estrous cyclicity and reduces GnRH expression [ 46 ]. Further, there is 
upregulation of CRF in the CeA with delayed puberty in neonatally LPS-treated 
female rats (Li XF and O’Byrne KT; unpublished observation). The MeA is also 
a major regulator of the HPG and HPA axes [ 47 ], and there are extensive recip-
rocal connections between the MeA and CeA [ 48 ,  49 ]. Stimulation and ablation 
studies in prepubertal rats have revealed a critical role for the MeA in the timing 
of puberty, with lesions advancing puberty [ 50 ] and stimulation delaying 
puberty [ 51 ]. Moreover, we have shown that intra-MeA administration of CRF 
delays puberty in female rats (Li XF and O’Byrne KT; unpublished observa-
tion). Although extensive projections from the MeA to the mPOA [ 49 ] provide 
an anatomical substrate for a potential interaction with kisspeptin signaling sys-
tems that may mediate this inhibitory effect on pubertal timing, their neuro-
chemical phenotype and modus operandi remain unknown. 

 Recent studies have shown that kisspeptin neurons project to many brain loc., 
including the PVN, which are not considered components of the HPG axis [ 6 ]. 
Although kisspeptin administration did not alter glucocorticoid secretion in vivo in 
monkeys [ 52 ] and rats [ 53 ], it did decrease  CRF  mRNA expression in a PVN neural 
cell line, thus raising the possibility of a novel mechanism for the regulation of the 
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HPA axis by kisspeptin, as proposed by Rao and colleagues [ 53 ]. Indeed, the inverse 
relationship between PVN CRF and mPOA  Kiss1  expression across the pubertal 
transition in the female rat (Figs.  20.1  and  20.2 ) is striking, though causality is 
unknown. In conclusion, a variety of stressors impact on pubertal timing, poten-
tially by interfering with hypothalamic kisspeptin/Kiss1r signaling, though further 
research is required to elucidate the neural mechanisms involved in this interaction. 
   The dynamics of pubertal development constitute a powerful correlate of HPG axis 
function vulnerable to stress, and the wealth of evidence for the involvement of 
kisspeptin makes the developing reproductive system a useful tool for the study of 
interactions between stress and kisspeptin signaling.  

  Fig. 20.2    Developmental changes in CRF, CRF-R1, and CRF-R2 across puberty in the medial 
preoptic area (mPOA) ( a – c ), hypothalamic paraventricular nucleus (PVN) ( d – f  respectively), and 
arcuate nucleus (ARC) ( g – i  respectively). Time points include postnatal day 14 (d14), 32 (d32), 
day of vaginal opening (dVO: 40.9 ± 0.9 days, mean ± SEM), and adult (postnatal day 77).  CRF , 
 CRF - R1,  and  CRF - R2  mRNA levels were measured in brain micropunch samples from the mPOA, 
PVN, and ARC using a real-time reverse transcriptase–polymerase chain reaction. Note the peak 
in  CRF  mRNA levels in the mPOA and PVN in the late prepubertal phase that has receded by the 
time of puberty and the gradual decline in  CRF - R1  expression in the mPOA across the pubertal 
transition. Quantifi cation for  CRF ,  CRF - R1 ,  CRF - R2,  and  HPRT1  mRNA was carried out on all 
samples and the values are expressed as a ratio of  CRF ,  CRF - R1,  or  CRF - R2  to  HPRT1  mRNA 
(mean ± SEM). * P  < 0.05 vs. other time points;  #  P  < 0.05 vs. dVO;  $ P < 0.05 vs. adult;  n  = 6–10 per 
group (from Kinsey-Jones JS, Li XF, Knox AM, Lin YS, Milligan SR, Lightman SL, et al. 
Corticotrophin-releasing factor alters the timing of puberty in the female rat. J Neuroendocrinol. 
2010 Feb;22(2):102-9. Reprinted with permission from John Wiley & Sons)       
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    The GnRH Pulse Generator, Stress, and Kisspeptin 

 The dynamics of the pulsatile secretion of GnRH are believed to be controlled by 
a neural construct, probably resident within the mediobasal hypothalamus 
(MBH), termed the “GnRH pulse generator” [ 54 ]. The discovery of kisspeptin as 
a powerful and indispensible GnRH secretagogue, and the ensuing surge of aca-
demic discoveries linked to kisspeptin signaling, provide ample grounds on 
which to base the hypothesis that ARC kisspeptin neurons that coexpress neuro-
kinin B (NKB), dynorphin A (Dyn), and the alpha subtype of the estrogen recep-
tor (ERα) are the substrate of the GnRH pulse generator. These so-called KNDy 
neurons generate stimulatory and inhibitory signals to downstream mediators of 
reproductive function, provide estradiol-sensitive feedback to GnRH neurons, 
and seem to relay a wide variety of physiological and environmental stimuli to 
the HPG axis. Furthermore, the hypophysial GnRH and systemic LH pulses, as 
well as multiple electrophysiological manifestations of the GnRH pulse genera-
tor, serve as components of what can be described as a detailed bioassay for the 
many extrinsic stimuli that infl uence the HPG axis. For this reason, the study of 
the GnRH pulse generator is an indispensible tool for addressing the interactions 
of the stress system and the HPG axis. 

 The regulation of kisspeptin signaling by stress neural networks is evident in 
adult as well as peripubertal animals, despite a decline in ARC and mPOA kiss-
peptin expression following puberty [ 18 ,  55 ]. In adult female rats treated with LPS, 
levels of  Kiss1  and  Kiss1r  mRNAs were decreased in the ARC and mPOA, in asso-
ciation with a suppression of GnRH pulse generator frequency (Figs.  20.3  and  20.4 ) 
[ 35 ]. Administration of kisspeptin reversed the reduction in serum LH levels associ-
ated with acute infl ammation, and the LPS-induced suppression of LH secretion 
and  Kiss1  mRNA expression are blocked by the anti-infl ammatory drug, indometh-
acin [ 56 ]. Adult male rats treated with LPS have less abundant kisspeptin- 
immunoreactive cell bodies in the ARC than saline-injected controls, and the 
LPS-induced reduction in LH and testosterone (T) secretion in this animal model is 
independent of the anorexic effects of infl ammation [ 57 ].

    Adult female rats treated neonatally with LPS show decreased  Kiss1  but elevated 
 Kiss1r  mRNA expression in the mPOA (Fig.  20.1 ) [ 18 ]. The same repercussions are 
observed following acute or chronic CORT administration in adult female rats but with 
identical changes in  Kiss1 / Kiss1r  expression extending to the ARC (Fig.  20.5 ) [ 35 ]. 
Furthermore, such early life stress exposure programs the stress response in adult-
hood by inducing chronic hypercorticosteronemia [ 33 ] and upregulating the mPOA 
expression of  CRF - R1  mRNA in response to acute homotypic stress exposure [ 58 ]. 
Such programming evidently sensitizes the animals to stress exposure in later life, 
with augmented stress-induced CORT secretion [ 33 ], disrupted estrous cyclicity [ 34 ], 
and suppression of the GnRH pulse generator [ 58 ] in rats treated neonatally with 
LPS than in saline-treated controls. On the contrary, neonatal LPS challenge in male 
rat pups attenuated the response to homotypic stress challenge in adulthood by 
restricting the increase in hypothalamic and testicular expression of mRNA encoding 
the proinfl ammatory cytokines TNF-α and IL-1β in response to LPS injection in 
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  Fig. 20.3    Effects of restraint, insulin-induced hypoglycemia (IIH), and lipopolysaccharide (LPS) 
stress on pulsatile LH secretion in ovariectomized estradiol (E 

2
 )-replaced rats. Representative 

examples showing ( a ) normal LH pulses in a rat in the absence of restraint stress, ( b ) restraint (1 h) 
stress-induced interruption of LH pluses, ( c ) normal LH pulses in a rat receiving an intravenous 
injection of vehicle (0.3 mL saline), ( d ) the inhibitory effects of insulin-induced hypoglycemic 
(insulin, 0.25 IU/kg in 0.3 mL saline i.v.) on LH pulses, ( e ) normal LH pulses in a rat receiving an 
intravenous injection of vehicle (0.3 mL saline) for the immunological stress, and ( f ) the inhibitory 
effects of LPS (0.5 μg/kg in 0.3 mL saline i.v.) on LH pulses. ( g ) Summaries showing the effects 
the three different stress paradigms on pulsatile LH secretion. * P  < 0.05 vs. 2-h baseline control 
period within the same treatment group;  n  = 8 per group (from Kinsey-Jones JS, Li XF, Knox AM, 
Lin YS, Milligan SR, Lightman SL, et al. Corticotrophin-releasing factor alters the timing of 
puberty in the female rat. J Neuroendocrinol. 2010 Feb;22(2):102-9. Reprinted with permission 
from John Wiley & Sons)       
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adulthood, and thus preventing infl ammatory suppression of LH secretion [ 59 ]. 
Indeed, the HPA axis is differentially modulated by the male and female gonadal 
steroids: hypothalamic activation of ERα augments the diurnal and stress-induced 
rises in circulating CORT, thus impairing glucocorticoid negative feedback on the 
HPA axis [ 60 ], while T enhances this feedback mechanism by increasing the avail-
ability of bioactive CORT, thereby decreasing circulating glucocorticoid levels [ 61 ]. 
In summary, neonatal LPS challenge modulates kisspeptin/Kiss1r signaling in 
adults and differentially programs responsiveness to stress later in adulthood in 
males and females.

   Intravenous administration of insulin dramatically decreases plasma glucose, 
inducing acute hypoglycemia—a well-established paradigm of metabolic stress. 
Such stress rapidly elevates serum cortisol and suppresses both the endocrine and 
the electrophysiological correlates of the GnRH pulse generator in ovariectomized 

  Fig. 20.4    Effects of restraint, insulin-induced hypoglycemia (IIH), and lipopolysaccharide (LPS) 
stress on kisspeptin ( Kiss1 ) mRNA expression in the medial preoptic area (mPOA) ( a ) and arcuate 
nucleus (ARC) ( b ), and on kisspeptin receptor ( Kiss1r ) mRNA expression in the mPOA ( c ) and 
ARC ( d ) in ovariectomized estradiol (E 

2
 )-replaced rats.  Kiss1  and  Kiss1r  mRNA levels were mea-

sured in brain micropunch samples from the mPOA or ARC using real-time RT-PCR. Quantifi cation 
for  Kiss1 ,  Kiss1r,  and 28S rRNA was carried out on all samples and the values are expressed as a 
ratio of  Kiss1  mRNA and 28S rRNA, or  Kiss1r  mRNA and 28S rRNA (mean ± SEM). * P  < 0.05 vs. 
respective control.  #  P  < 0.05 vs. restraint or LPS controls;  n  = 8 per group (from Kinsey-Jones JS, 
Li XF, Knox AM, Wilkinson ES, Zhu XL, Chaudhary AA, et al. Down-regulation of hypothalamic 
kisspeptin and its receptor, Kiss1r, mRNA expression is associated with stress-induced suppres-
sion of luteinising hormone secretion in the female rat. J Neuroendocrinol. 2009 Jan;21(1):20-9. 
Reprinted with permission from John Wiley & Sons)       
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rhesus monkeys [ 62 ]. The inhibitory effect of insulin-induced hypoglycemia on 
pulsatile secretion of LH in adult female monkey and rats is CRF-dependent [ 38 ,  62 ], 
and involves CRF-R2, but not CRF-R1, at least in the rat [ 40 ]. Like other stressors, 
such as restraint (psychological) and LPS (immunological), hypoglycemia down-
regulates  Kiss1  mRNA expression in the ARC and  Kiss1r  mRNA expression in 
the ARC and mPOA (Figs.  20.3  and  20.4 ) [ 35 ]. However, since kisspeptin expres-
sion is sensitive to metabolic cues [ 10 ], overnight fasting alone was suffi cient to 

  Fig. 20.5    Effects of acute (2 mg/kg, s.c. injection) or chronic (2 × 200 mg 21-day release s.c. pel-
lets) CORT administration on kisspeptin ( Kiss1 ) mRNA expression in the medial preoptic area 
(mPOA) ( a ) and arcuate nucleus (ARC) ( b ), and on  Kiss1r  mRNA expression in the mPOA ( c ) and 
ARC ( d ) in ovariectomized estradiol (E 

2
 )-replaced rats.  Kiss1  and  Kiss1r  mRNA levels were mea-

sured in brain micropunch samples from the mPOA or ARC using real-time RT-PCR. Quantifi cation 
for  Kiss1 ,  Kiss1r,  and 28S rRNA was carried out on all samples and the values are expressed as a 
ratio of  Kiss1  mRNA and 28S rRNA, or  Kiss1r  mRNA and 28S rRNA (mean ± SEM). * P  < 0.05 vs. 
respective controls;  n  = 6–8 per group (from Kinsey-Jones JS, Li XF, Knox AM, Wilkinson ES, 
Zhu XL, Chaudhary AA, et al. Down-regulation of hypothalamic kisspeptin and its receptor, 
Kiss1r, mRNA expression is associated with stress-induced suppression of luteinising hormone 
secretion in the female rat. J Neuroendocrinol. 2009 Jan;21(1):20-9. Reprinted with permission 
from John Wiley & Sons)       
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decrease basal levels of the mPOA  Kiss1  message, an effect that was not amplifi ed 
by insulin administration (Fig.  20.4 ) [ 35 ]. In fact, prolonged (72 h) fasting sup-
presses ARC kisspeptin expression and LH secretion, and prolongs the estrous 
cycle in gonadal intact adult female rats [ 63 ]. In summary, the suppression of the 
ARC kisspeptin expression by acute metabolic deprivation appears responsible for 
the inhibition of pulsatile LH secretion and the subsequent prolongation of the 
estrous cycle, and may be mediated by CRF-R2. 

 Psychological stress is often harder to defi ne than other forms of stress, although 
restraint stress applied to experimental animals has long been employed as a model 
for a range of emotional and behavioral disturbances and psychiatric disorders. 
Clinically relevant psychological stressors stimulate the HPA axis and the sympa-
thetic nervous system, as does acute restraint. Furthermore, this stress paradigm 
effectively suppresses the HPG axis, as is evident from disrupted LH pulsatility and 
downregulation of ARC  Kiss1  and mPOA  Kiss1  and  Kiss1r  mRNA expression fol-
lowing restraint in adult female rats (Figs.  20.3  and  20.4 ) [ 35 ]. However, unlike 
other stressors, restraint has no effect on ARC expression of  Kiss1r  [ 35 ]. The 
restraint-induced suppression of the LH pulse in adult female rats is blocked by 
direct injections of a nonselective CRF antagonist into the locus ceruleus; however, 
such treatment did not affect the hypoglycemic stress-induced suppression of LH 
secretion [ 64 ]. icv administration of either type-specifi c (CRF-R1 or CRF-R2) 
CRF-R antagonists also blocked the inhibitory effects of restraint stress on pulsa-
tile LH secretion in this animal model [ 39 ,  40 ]. Since the ARC and mPOA expres-
sion of  Kiss1  and  Kiss1r  mRNA is robustly downregulated by icv administration of 
CRF [ 35 ], it is logical to hypothesize that the effects of restraint stress on LH secre-
tion are downstream of the CRF-induced suppression of kisspeptin/Kiss1r 
signaling. 

 Isolation has been widely accepted as a mild social stressor. In female mice the 
stress of chronic isolation increases anxiety [ 65 ], undermines the regularity of 
estrous cyclicity, and downregulates mPOA  Kiss1r  expression [ 66 ]. Adult rat 
social isolates display a dysregulated CORT response, with acute stress (predator 
odor) markedly exacerbating the rise in CORT compared to grouped animals—an 
effect that is enhanced with age [ 67 ]. Individual reactivity or vulnerability to 
stress can refl ect differences in dominance status among social animals. Variation 
in basal glucocorticoid levels has been identifi ed to be dependent upon social rank 
in numerous species. Dominant female squirrel monkeys [ 68 ], cynomolgus mon-
keys [ 69 ], and baboons [ 70 ] demonstrate reduced cortisol levels compared with 
subordinates in the same social group, an effect that is also observed in the teleost 
fi sh ( Haplochromis burtoni ) [ 71 ], the naked mole rat ( Heterocephalus glaber ) [ 72 ], 
pig [ 73 ], and horse [ 74 ]. Similarly, subordinate mice [ 75 ] and rats [ 76 ] display 
higher basal CORT release than their dominant counterpart. In response to stress, 
however, subordinate rats displayed a signifi cantly reduced, or even completely 
absent, CORT response as compared to their dominant counterparts [ 76 ]. This out-
come is not uncommon in other species, including primates (e.g., olive baboon) [ 77 ], 
although this phenotype can be markedly modifi ed subject to particular stylistic 
traits of social behavior in primate species [ 77 ]. Thus, subordination may result in 
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changes in both the basal and stress-induced activity of the HPA axis. Generally, 
these facets have been interpreted as refl ecting the chronic stress of social 
subordinance. 

 Social status is important in determining reproductive function in addition to 
stress reactivity in a wide variety of species. The common marmoset is a well- 
studied primate model of socially mediated infertility, in which subordinate 
females display impaired hypothalamic GnRH secretion and anovulation [ 78 ], 
and receipt of aggression from female conspecifi cs reduces LH pulse frequency 
[ 79 ]. The role of kisspeptin signaling in socially induced infertility in the common 
marmoset or other primates has not been reported. However, subordination in 
other species, including the naked mole rat, which exhibit extreme socially 
induced suppression of the HPG axis [ 80 ] displays downregulated kisspeptin in 
the AVPV [ 81 ]. Similarly, in the teleost fi sh,  Astatotilapia burtoni , reduced  Kiss1r  
expression was observed in whole brain of reproductively suppressed subordinate 
males [ 82 ]. 

 Naturally, there are many caveats in extrapolating these data to humans. 
Nevertheless, it is of note that about 35% of women presenting with secondary 
amenorrhea are diagnosed with functional hypothalamic amenorrhea. In these 
women, effective stress management results in reversal of the extant low LH pulse 
frequency and hypercortisolism, and restoration of fertility in the vast majority [ 83 ]. 
The cynomolgus monkey has proved an exquisite primate model of functional 
hypothalamic amenorrhea, in which CRF-R1 antagonism restores normal GnRH 
pulse generator frequency suppressed by a combination of mild psychosocial and 
metabolic stressors that simulate the stressor indices of functional hypothalamic 
amenorrhea in women [ 84 ,  85 ]. Although the role of kisspeptin signaling has not 
been examined in this primate model, intermittent kisspeptin administration stimu-
lates gonadotropin release in women with hypothalamic amenorrhea [ 86 ]. 
Furthermore, continuous kisspeptin infusion restores pulsatile LH secretion in men 
with hypogonadotropic hypogonadism resulting from loss-of-function mutations in 
NKB ligand and receptor [ 87 ]. 

 A vast body of literature supports the notion that the GnRH pulse generator, as 
well as other reproductive networks within which kisspeptin signaling plays a key 
role, is exquisitely sensitive to changes within the environment, either as a direct 
consequence of perceived stressful stimuli or through autonomic suppression of 
nonessential physiological processes. Kisspeptin has widely been dubbed a central 
gatekeeper of reproductive function; however, such a moniker does not adequately 
befi t the suitor in the context of stress suppression of the HPG axis. Expression of  
Kisspeptin and/or its receptor is downregulated by a variety of stressors and media-
tors of the stress response, “surrendering” gracelessly at the mere sight of “intrud-
ers” and thus allowing the instillation of a suppressive “regime.”    It is perhaps this 
submissive nature of the kisspeptin/Kiss1r system that allows stressful stimuli to 
deregulate reproductive processes and, in some individuals, lets this develop into 
reproductive pathologies. To consolidate the grounds for an interaction between 
kisspeptin signaling and the stress response, we proceed to reviewing recent data 
that suggest potential neural mechanisms for this interaction.  
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    Mechanisms Integrating Stress Networks 
and Kisspeptin Signaling 

 Despite many similarities in which various stressors activate the HPA axis and/or 
the sympathetic nervous system, as well as inhibit the HPG axis, a number of dis-
parities are also evident from current literature. First, the central mediators of the 
stress response are differentially implicated in the suppression of the GnRH pulse 
generator. Consistent with a CRF-dependent mechanism of stress suppression of the 
HPG axis are the fi ndings that, in the female rat, (1) icv administration of CRF [ 38 ] 
or a selective CRF-R2 agonist [ 39 ] prolongs the LH pulse interval; (2) CRF-R2 
antagonism blocks the suppression of pulsatile LH secretion induced by restraint 
[ 39 ], insulin-induced hypoglycemia, and LPS [ 40 ]; and (3) the inhibitory effect of 
restraint stress on LH secretion is blocked by a selective CRF-R1 antagonist [ 40 ]. 
However, blockade of CRF-R1 did not affect the hypoglycemia- and LPS-induced 
suppression of the GnRH pulse generator [ 40 ]. Furthermore, while CRF, insulin- 
induced hypoglycemia, and LPS downregulated the expression of both kisspeptin 
and its receptor in the ARC and mPOA, restraint did not affect the ARC expression 
of  Kiss1r  [ 35 ]. These fi ndings point at the notion that different stressors employ dif-
ferential neural mechanisms for the activation of the stress response and suppres-
sion of the reproductive axis. 

 Second, while various stress paradigms, as well as icv CRF administration, potently 
downregulate  Kiss1  and  Kiss1r  mRNA expression in the ARC and mPOA, concomi-
tant with suppression of pulsatile LH secretion, both acute and chronic administration 
of physiological CORT downregulate  Kiss1 , but upregulate  Kiss1r  expression, with 
no net effect on LH pulses [ 35 ]. Indeed, acute stress-induced CORT release has no 
effect on pulsatile LH secretion in the monkey [ 88 ]. Further, treatment with metyra-
pone, an inhibitor of adrenal steroidogenesis that prevented the CRF-induced rise in 
CORT levels, did not reverse the inhibitory effects of CRF on GnRH pulse generator 
frequency in the rhesus monkey [ 89 ]. The decrease in the ARC expression of  Kiss1  
mRNA following CORT administration has also been shown in male mice, and CORT 
was hypothesized to infl uence kisspeptin neurons directly, in light of the expression of 
glucocorticoid receptors (GR) by these cells [ 36 ], despite previous reports that gonadal 
GR mediate the stress-induced CORT feedback on the HPG axis [ 90 ]. In mice, how-
ever, CORT did decrease LH levels, albeit at a pharmacological dose [ 36 ]. Kisspeptin, 
on the other hand, affects neither CORT nor adrenocorticotropin hormone (ACTH) 
levels under basal or restraint stress conditions, in adult male rats [ 53 ]. It is apparent, 
therefore, that central and peripheral processes of the HPA axis modulate hypotha-
lamic kisspeptin signaling in different ways. It is important to note that components of 
the stress axis do not act in isolation in vivo, and hence multiple parameters of the 
stress response need to be considered when extrapolating conclusions regarding the 
stress feedback to the kisspeptin/Kiss1r system. 

 Third, different neuronal populations appear to mediate the suppressive effects of 
different types of stress. In addition to the aforementioned involvement of  CRF- R1 and 
CRF-R2 in the suppression of pulsatile LH secretion under various stress paradigms, 
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neurons projecting from the locus ceruleus [ 64 ], the BNST [ 41 ], and the amygdala [ 45 ], 
as well as several neuropeptides, including AVP, Dyn, and calcitonin gene-related pep-
tide (CGRP), along with the chiefl y inhibitory amino acid neurotransmitter 
γ-aminobutyric acid (GABA), have all been shown to play key roles in the stress-induced 
suppression of reproductive function. These mechanisms are further discussed below. 
Finally, while stress is commonly known to confer an energetic advantage to an organ-
ism at the expense of its nonessential bodily functions, e.g., reproduction, in some sce-
narios, stressful stimuli may serve to enhance the functions of the HPG axis and, in 
particular, induce premature LH surges and ovulation [ 91 ,  92 ]. These observations hint 
at a complex network of stress-reactive neurons spanning numerous regions of the brain, 
without a clearly identifi ed central mediator of the integration of stress stimuli with 
reproductive function, in the context of kisspeptin signaling. 

 To date, various limbic structures have been differentially implicated in the modu-
lation of the effects of different stressors on the HPA axis [ 8 ]. We have recently shown 
evidence for the involvement of the MeA and CeA in psychogenic and immunological 
stress-induced suppression of the GnRH pulse generator, respectively [ 45 ]. Adult 
female rats in which the MeA was chemically lessoned showed an attenuated restraint-
induced, but  not  hypoglycemia- or LPS-induced, decrease in LH pulse frequency 
[ 45 ]. The extent of the LPS-induced suppression of pulsatile LH secretion was 
strongly reduced in CeA-lesioned animals vs. intact controls, though the CeA lesions 
had  no  effect on the LH pulse following restraint or hypoglycemic stress [ 45 ]. These 
data suggest that these two amygdaloid loci are not involved in mediating the hypo-
glycemic stress-induced suppression of the LH pulse. Indeed, we have previously 
shown that removal of the area postrema of the caudal brainstem prevents insulin-
induced glucoprivic suppression of pulsatile LH secretion [ 93 ]. 

 CRF neurons of the BNST connect the PVN with the amygdala, hippocampus, 
and prefrontal cortex [ 94 ]. Further, non-CRF interneurons project to mPOA GnRH 
perikarya [ 95 ]. When stimulated electrochemically, lateral BNST neurons prevent 
ovulation by abrogating the preovulatory surge of LH, while medial BNST neurons 
advanced the LH surge in proestrus rats [ 96 ]. Administration of CRF directly into 
the dorsolateral BNST of adult female rats dose dependently suppresses pulsatile 
LH secretion and activates GABA neurons in the mPOA [ 41 ]. Furthermore, intra- 
BNST injection of a selective CRF-R2 antagonist blocked the restraint-induced, but 
not IIH-induced, suppression of pulsatile LH secretion [ 41 ]. 

 The brainstem noradrenergic locus ceruleus is innervated by CRF neurons pro-
jecting from CeA [ 97 ], BNST [ 98 ], and PVN [ 99 ]. Bilateral electrolytic lesions of 
the locus ceruleus disrupt both the pulsatile [ 100 ] and surge [ 101 ] modes of LH 
release. Intra-cerulear administration of CRF to adult OVX rats dose dependently 
suppresses pulsatile LH secretion and activates GABA neurons in the mPOA [ 64 ]. 
These effects are amplifi ed by estradiol [ 64 ]. Furthermore, intra-cerulear injection 
of a nonselective CRF receptor antagonist blocked the restraint-induced, but not 
glucoprivic, suppression of pulsatile LH secretion [ 64 ]. 

 Although CRF signaling appears indispensible in mediating stress-induced sup-
pression of the HPG axis, other neuropeptide and amino acid signaling molecules 
have also been implicated in the inhibition of GnRH neurons. AVP and CRF, both 
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expressed by parvocellular neurons of the PVN, act synergistically to stimulate ACTH 
secretion from the anterior pituitary, although different mechanisms are involved in 
regulating AVP and CRF expression in response to acute and chronic stress exposure 
[ 102 ]. AVP neurons of the suprachiasmatic nucleus (SCN) of the hypothalamus inner-
vate the kisspeptin neuron population in the AVPV, and estradiol has been shown to 
increase the number of these monosynaptic connections [ 103 ]. Moreover, icv admin-
istration of kisspeptin increases plasma AVP levels in rats [ 104 ], although without 
altering the fi ring rate of AVP/oxytocin neurons of the supraoptic nucleus of the hypo-
thalamus [ 105 ]. This could suggest that kisspeptin is involved in a feedback mecha-
nism bridging the stress response with reproductive function. 

 CGRP neurons project from the caudal aspect of the organum vasculosum of the 
lamina terminalis (OVLT), via the AVPV, to the medial preoptic nucleus [ 106 ], and 
form direct contacts with CRF neurons of the CeA [ 107 ,  108 ]. Central administra-
tion of CGRP induces c-fos expression in the CeA [ 109 ], mPOA, and PVN [ 110 ]. 
Moreover, CGRP-treated rats demonstrate elevated circulating CORT levels [ 110 , 
 111 ] and GnRH pulse generator inhibition [ 110 ,  112 ], effects that are dependent on 
CRF-R1 signaling [ 109 ]. Administered intra-mPOA, CGRP dose dependently sup-
pressed LH pulse frequency [ 112 ], while intra-PVN administration of CGRP stimu-
lates ACTH and CORT release [ 111 ]. A GnRH cell line expresses CGRP receptors, 
and CGRP dose dependently suppresses GnRH release in vitro [ 113 ]. These data 
strongly implicate hypothalamic CGRP signaling in the inhibition of the GnRH 
pulse generator in response to HPA axis activation. 

 The endogenous opioid peptide, Dyn, is coexpressed with kisspeptin and NKB 
in ARC KNDy neurons that project to GnRH neurons [ 114 ,  115 ]. Central adminis-
tration of a Dyn analog, selective for the kappa-subtype of the opioid receptor 
(KOR), suppresses pulsatile LH secretion in female rats [ 116 ], and KOR antago-
nism blocks the CGRP- and NKB-mediated suppression of pulsatile LH secretion 
[ 116 ,  117 ]. Because endogenous opioid peptides play an important role in stress- 
induced suppression of the reproductive axis, and since KNDy neurons express 
KOR, Dyn might inhibit the GnRH pulse generator through autocrine inhibition of 
the kisspeptin tone. 

 RF-amide-related peptide type-3 (RFRP-3), a member of the same RF-amine 
superfamily as kisspeptin and a mammalian ortholog of avian gonadotropin- 
inhibitory hormone (GnIH), is inhibitory to both GnRH neuron fi ring [ 118 ,  119 ] 
and LH secretion [ 120 ,  121 ], while RFRP receptor antagonists are stimulatory to 
LH secretion [ 122 ,  123 ]. In addition to the widespread distribution of RFRP-3 neu-
ron fi bers in the hypothalamus, with abundant close appositions to GnRH cells 
[ 124 ], these fi bers are also present in the hypothalamic PVN and limbic areas, 
including the BNST and MeA [ 120 ,  125 ]. Taken together, these data provide an 
anatomical substrate for the hypothesis that stress-induced suppression of the HPG 
axis is mediated, in part, by RFRP-3. 

 Indeed, there are numerous PVN CRF neurons with close RFRP-3 fi ber apposi-
tions [ 126 ] and there is abundant expression of  GPR147  mRNA, encoding the puta-
tive RFRP receptor, in the PVN [ 127 ]. Further, central administration of RFRP-3 
evokes c-fos expression in the PVN, increases ACTH release, and induces anxiety 
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in the rat [ 127 ]. It has also been suggested that RFRP-3 plays a key role in stress- 
induced suppression of gonadotropin secretion, since an increase in hypothalamic 
 RFRP  mRNA expression was associated with reduced LH secretion in response to 
immobilization stress in the rat [ 128 ]. In addition, hypothalamic RFRP-3 neurons 
express CRF-R1 and GR [ 128 ], and CRF per se increased  GPR147  mRNA expres-
sion, concomitant with reduced  GNRH1  mRNA levels in the GnRH-expressing N39 
cells in vitro [ 129 ]. Moreover, RFRP-3 blocks kisspeptin-induced activation of 
GnRH neurons [ 119 ]. It is conceivable that functional interactions between the 
excitatory kisspeptin and inhibitory GnIH signaling pathways fi ne-tune the response 
of the GnRH neural system to stressors, thus minimizing reproductive dysfunction. 

 GABAergic transmission underlies a signifi cant proportion of inhibitory stimuli 
in the brain, including those at GnRH neurons [ 130 ,  131 ]. Activity of GABA neu-
rons in the mPOA is stimulated by central CRF administration [ 41 ,  64 ], as well as 
by a range of stress paradigms [ 45 ,  132 – 134 ]. We have recently shown mPOA 
GABA receptors (GABA 

A
 R and GABA 

B
 R) to be differentially involved in mediat-

ing the suppressive effects of immunological and psychological stress on LH secre-
tion, respectively [ 135 ]. Furthermore, both GABA 

A
 R and GABA 

B
 R antagonists 

block the inhibition of the LH pulse by CRF [ 135 ]. Therefore, the CRF neurons 
projecting to the mPOA seem to mediate the GABA receptor-dependent effects of 
stress on the GnRH neural system. Since AVPV kisspeptin neurons are predomi-
nantly GABAergic [ 136 ] and GABA 

A
 R antagonism potently induces kisspeptin 

secretion in the stalk-median eminence of prepubertal monkeys [ 137 ], the balance 
between stimulatory kisspeptin and inhibitory GABA inputs appears to govern 
marked changes in the pattern of GnRH neurosecretion. Indeed, the pubertal 
increase in GnRH release is preceded by a reduction in GABAergic inhibition, and 
disinhibition of GnRH secretion through GABA 

A
 R antagonism induces precocious 

puberty in juvenile monkeys [ 138 ]. Thus, it is probable that stress-induced suppres-
sion of GnRH secretion is secondary to the inhibition of kisspeptin and/or GnRH 
neurons by GABA.  

    Conclusion 

 The complexity of the neural networks and signaling mechanisms involved in the 
translation of sensory stimuli into a stress response, complicated further by periph-
eral feedback mechanisms (CORT and ACTH), as well as evidence for the conver-
gence of multiple stimulatory and inhibitory neuronal populations, makes a 
reductionist approach to the interpretation of the interactions between stress and 
reproduction suboptimal. Direct neural pathways are not a prerequisite for stress 
suppression of kisspeptin signaling. Synaptic transmission through interneurons 
[ 139 ], and/or paracrine volume transmission of neuropeptidergic signals [ 140 ], may 
also be involved in the regulation of GnRH neurosecretion by signaling systems 
associated with the stress response. Hypotheses arising through anatomical obser-
vations must be consolidated by functional data; however, intracellular events 
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should also be taken into consideration. While considerable effort has been made to 
untangle the individual neural pathways that may contribute to the stress suppres-
sion of reproductive function, revealing the true complexity of the networks in ques-
tion, a meaningful model of the complex interaction between stress and reproduction 
is warranted. Perhaps future mathematical modeling will aid the assembly of the 
components of the stress and reproductive systems brought to light to date and, 
ultimately, provide a better understanding of the neural connectivity and signaling 
mechanisms involved. In summary, kisspeptin signaling is a novel component of the 
stress neurocircuitry implicated in the perturbation of reproductive development 
and function under stress conditions.      
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