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Hypothalamic control of the male
neonatal testosterone surge

Jenny Clarkson and Allan E. Herbison

Centre for Neuroendocrinology and Department of Physiology, School of Medical Sciences, University of Otago,
Dunedin 9054, New Zealand

Sex differences in brain neuroanatomy and neurophysiology underpin con-

siderable physiological and behavioural differences between females and

males. Sexual differentiation of the brain is regulated by testosterone secreted

by the testes predominantly during embryogenesis in humans and the neonatal

period in rodents. Despite huge advances in understanding how testosterone,

and its metabolite oestradiol, sexually differentiate the brain, little is known

about the mechanism that actually generates the male-specific neonatal

testosterone surge. This review examines the evidence for the role of the

hypothalamus, and particularly the gonadotropin-releasing hormone (GnRH)

neurons, in generating the neonatal testosterone surge in rodents and primates.

Kisspeptin–GPR54 signalling is well established as a potent and critical regula-

tor of GnRH neuron activity during puberty and adulthood, and we argue here

for an equally important role at birth in driving the male-specific neonatal

testosterone surge in rodents. The presence of a male-specific population of pre-

optic area kisspeptin neurons that appear transiently in the perinatal period

provide one possible source of kisspeptin drive to neonatal GnRH neurons in

the mouse.
1. Introduction
Sexually differentiated brain circuits are a feature of the central nervous system of

many species from Drosophila to humans [1–3] and are important for the proper

expression of sexually differentiated physiological processes and behaviours. The

field of sexual differentiation arose from experiments by Pfeiffer in the 1930s [4]

and Phoenix et al. in the 1950s [5]. The work of Pfeiffer demonstrated that trans-

planted ovaries could exhibit cyclical activity in adult male rats that were

castrated in the neonatal period, but not in those castrated as adults [4]. Phoenix

et al., on the other hand, demonstrated that sexually differentiated sex behaviours

of female guinea pigs were irreversibly masculinized and defeminized following

the administration of testosterone during the neonatal period [5]. These results

and many since have demonstrated that testosterone secreted from the testes

during the early postnatal period is critical for establishing sexually dimorphic

gonadotropin secretion and reproductive behaviour in rodents.

The neonatal testosterone surge is one of several significant elevations in

testosterone that occur throughout life in male mammals (figure 1a). During

embryogenesis, the Leydig cells of the testis secrete testosterone shortly after

differentiation to help ensure, alongside other testicular hormones, that the repro-

ductive organs undergo complete sexual differentiation and growth [7]. This

begins around embryonic day (E) 13 in mice and the seventh week of gestation

in humans, and gradually declines leading up to birth (figure 1a). The neonatal

testosterone surge occurs in the hours following birth, and is responsible for

establishing sexually dimorphic brain circuitry that controls sexually differen-

tiated behaviours and reproductive physiological processes in several species

[8]. Following the neonatal testosterone surge, circulating testosterone levels

drop to low levels, where they remain until the onset of puberty [9] (figure 1a).

At puberty, circulating testosterone levels rise again causing the development

of secondary sex characteristics and subsequently regulate reproductive function

throughout adulthood.

http://crossmark.crossref.org/dialog/?doi=10.1098/rstb.2015.0115&domain=pdf&date_stamp=2016-02-01
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Figure 1. Changes in testosterone concentrations throughout embryonic, neonatal and postnatal life. (a) Schematic of plasma testosterone levels in males during
embryonic and postnatal life. (b) The mean serum testosterone levels obtained from male and female rat pups sampled at different hours following birth. 0 in
(utero) represents data from rats delivered by caesarean section immediately after the appearance of the first spontaneously delivered pup. 0 ex (utero) represents
data from pups collected immediately after spontaneous delivery. (c) The mean serum testosterone levels obtained from male and female mouse pups at different
hours following birth. (d ) The mean serum testosterone levels from human newborns of both sexes at different hours following birth. Data modified from Corbier
et al. [6].

rstb.royalsocietypublishing.org
Phil.Trans.R.Soc.B

371:20150115

2

The profile of the neonatal testosterone surge has

been characterized in several different species including rat

(figure 1b), mouse (figure 1c), horse, sheep, primates and

humans (figure 1d) [6,10–13]. In most species, the testosterone

surge is relatively transient with levels declining within hours

[6]; however, in some species such as non-human primates and

humans, the elevations in testosterone may persist for many

hours to weeks following birth [6,10,11]. The elevation in

plasma testosterone quickly increases testosterone levels in

the hypothalamus [14,15]. In rats, castration shortly after

birth prevents the elevation of testosterone levels in the hypo-

thalamus, indicating that the testes are the primary source of

the rise in plasma testosterone [14]. Through the aromatization

of testosterone by the enzyme P450 aromatase (CYP19A1), oes-

tradiol levels within the hypothalamus are elevated [15]. As

such, it is the testosterone metabolite, oestradiol, which exerts

its actions within the brain to cause sexual differentiation of

structure and function [16].

In rodents it is very clear that the neonatal testosterone

surge is responsible for establishing brain sexual dimorphisms

that underpin sexually dimorphic physiology and behaviour

[8]. However, in primates, including humans, the role of the

neonatal testosterone surge in the establishment of brain

sexual dimorphism is less straightforward. Evidence suggests

that the majority of brain sexual differentiation in primates is

established by exposure to androgens prenatally rather than

neonatally, though this differs among primates. Neonatal cas-

tration or blockade of the neonatal testosterone surge has

little effect on the expression of sex behaviours in rhesus

monkeys [17,18], but results in decreased aggression and

decreased mounting behaviour in tamarins and marmosets

[19–21]. It has also been noted that blockade of the neonatal
testosterone surge in male rhesus monkeys can delay puberty

onset and alter the response of the central nervous system to

glutamate receptor activation [22]. This suggests that the

neonatal surge permanently differentiates the neural circuitry

underlying the hypothalamic-pituitary-gonadal (HPG) axis in

monkeys. In humans, the neonatal testosterone surge is often

referred to as ‘mini-puberty’ in male babies and while its func-

tion is unknown, it could conceivably be involved in some

aspects of brain sexual differentiation. For example, certain

sex differences in the human brain do not become apparent

until after birth [23]. Furthermore, recent investigations correl-

ating neonatal levels of testosterone with behaviour suggest

that the neonatal activation of the HPG axis may be associated

with gender-linked social development [24], though causal

relationships are difficult to establish in human studies. In

this context, it is interesting to note that males with congenital

hypogonadotropic hypogonadism that do not have a neonatal

testosterone surge experience significant psychosexual dis-

orders despite treatment with testosterone as adults [25].

Thus, although fetal testosterone secretion is critical for gener-

ating sex differences in human brain function, there is some

indirect evidence that the neonatal testosterone surge may

also have a role in primates.

Following the discovery that neonatal exposure to testos-

terone and its metabolite oestradiol cause permanent and

irreversible changes to the rodent central nervous system,

considerable effort has been devoted to investigating the mol-

ecular and cellular mechanisms through which these

hormones act to organize the sexual differentiation of the

brain [26,27]. Other authors within this special issue will

address several of the mechanisms by which testosterone

and oestradiol sexually differentiate the brain. While not an
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Figure 2. Schematic of the proposed neonatal kisspeptin – GnRH neuron signalling mechanism controlling the male-specific testosterone surge that initiates the
sexual differentiation of the brain.
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exhaustive list, cell death, cell survival, glial cell regulation

and epigenetic changes have all been shown to play a role

in the establishment of sex differences in the brain [28–33].

With the importance of sex differences in the biology and

treatment of disease coming to the fore [34,35], it is somewhat

surprising that relatively little is known about the mechanism

that actually generates the neonatal testosterone surge. Scattered

evidence in recent decades has implicated various components

of the HPG axis in the generation of the neonatal testosterone

surge. Findings from the work of others and ourselves has

led us to propose the existence of a male-specific neonatal

kisspeptin! GnRH neuron signalling mechanism that drives

the neonatal testosterone surge, which initiates sexual differen-

tiation of the rodent brain (figure 2). This review will examine, in

turn, the evidence for the role of gonadotropins, GnRH neurons

and kisspeptin neurons in the generation of the male-specific

neonatal testosterone surge.
2. Gonadotropin involvement in the generation
of the neonatal testosterone surge

The first hint that gonadotropins may be involved in generating

the neonatal testosterone surge came from the observation that

the testes of fetal rats could be stimulated to produce testoster-

one by the application of luteinizing hormone (LH) in an organ

culture model [36]. LH was able to stimulate the synthesis

and secretion of testosterone from rat testes as young as E14.5.

Cultured testes from E18 mice also increase testosterone

secretion in response to LH application; moreover, co-culture
of the testes with pituitary glands increased testosterone

secretion [37]. Furthermore, the pituitary glands of male but

not female rats were shown to have elevated concentrations of

LH between E17 and E20 [38]. This evidence that LH can stimu-

late the testes of late embryonic rodents to secrete testosterone,

alongside male-specific elevations in pituitary gland LH con-

tent, suggested a role for gonadotropins in the generation of

the neonatal testosterone surge in rodents.

In humans, much of the evidence that implicates the role of

gonadotropins in the generation of the neonatal testosterone

surge is correlative with positive associations between LH

and testosterone elevations in the neonatal period. The levels

of LH in the hours following birth are elevated only in male

babies and this occurs at a similar time to the rising levels of

testosterone [11,39]. However, the same correlation appears

less consistent in the male rat. While Corbier et al. [40]

showed a strong temporal relationship between the neonatal

testosterone surge and the rise in serum LH levels, others

have reported plasma LH levels to be higher in female than

male rat pups in the hours–days following birth [41,42].

Studies in transgenic and knockout mice have also been

helpful but, again, are not entirely consistent. Male mice

lacking a pituitary gland due to a deletion of the thyroid-

specific enhancer binding protein (T/ebp/Nkx2.1), exhibit

very reduced levels of intratesticular testosterone compared

with wild-type littermates on E18.5 [43]. Nevertheless, conflict-

ing results originate from different groups studying mice

lacking the LH receptor (LuRKO mice). O’Shaughnessy et al.
[44] observed that intratesticular levels of testosterone are

markedly reduced in the LuRKO mice on postnatal day 1
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compared with the wild-type controls. By contrast, Zhang et al.
[45] report that intratesticular testosterone levels were compar-

able with wild-type controls in 1-day-old mice [45]. While the

reasons for discrepancies between these different groups are

not known, the timing of testes collection following birth will

dramatically affect the levels of testosterone (figure 1c). For

example, it is not clear from either study how long after birth

samples were collected, or even the relationship of ‘postnatal

day 1’ to the day of birth.

A study in rats using an antiserum against the LH recep-

tor to interfere with LH receptor signalling around the time of

birth has produced equivocal results. Goldman et al. [46]

administered an LH antibody to male rat pups on days 1, 3

and 5 of life and examined the expression of sexually differ-

entiated behaviours in adulthood, and the ability of ovarian

grafts to ovulate. This treatment regimen resulted in sex beha-

viours that were neither masculinized nor defeminized,

indicating that the neural circuits controlling sex behaviours

had probably not been exposed to androgens during the

early neonatal period. The ovarian grafts implanted within

the males were not able to support corpus luteum formation

indicating that the neural circuits controlling ovarian function

had not been fully feminized either. However, the authors

suggest that a small amount of androgen may have been

produced following birth and that this could have

masculinized the circuitry controlling ovarian function.

Nevertheless, the authors conclude that pituitary function is

important for the sexual differentiation of neuroendocrine

control processes.

Considering the data at hand across different species, there

appears to be sufficient positive evidence supporting a role for

gonadotropins in generating the neonatal testosterone surge.

(i) The neonatal testis is able to respond to LH stimulation by

secreting testosterone, (ii) there is a positive relationship

between LH levels and the neonatal testosterone surge,

(iii) mice lacking a pituitary gland or LH receptors can fail to

show an elevation in testosterone after birth, and (iv) interfer-

ing with LH receptor signalling after birth can disrupt sexual

differentiation of sex behaviour and control of ovulation.
3. The role of gonadotropin-releasing
hormone neurons in driving the neonatal
testosterone surge

Studies in several species, including primates, indicate that

the GnRH neurons begin to control pituitary gonadotropin

secretion from mid- to late-embryogenesis [47,48]. As such, it

is not surprising that GnRH neurons control the postnatal

testosterone surge in primates. Experiments in monkeys

using a GnRH receptor antagonist to block endogenous

GnRH-dependent gonadotropin secretion clearly demonstrate

that the neonatal testosterone surge is dependent on GnRH

signalling. In non-human primates, the neonatal elevation in

plasma testosterone levels persists for approximately three

months. Peripheral administration of the GnRH receptor

antagonist, Antide, on days 0, 3, 7, and then weekly from

birth to 98 days of age in male marmoset monkeys completely

abolished the neonatal rise in testosterone [10]. Furthermore, in

humans, male babies with defective or absent GnRH secretion

fail to exhibit the postnatal testosterone rise [47].
Investigations in mice demonstrate that communication

between the hypothalamus and pituitary gland is active during

the later stages of embryonic development. Using an organ cul-

ture technique, Pointis & Mahoudeau [49] demonstrated that

pituitary glands from E18 mice respond to GnRH treatment by

secreting LH. Furthermore Wen et al. [50] used genetically

manipulated mice to show that gonadotropes in the anterior pitu-

itary gland express GnRH receptors by E16.5, and that GnRH

signalling at this time not only occurs, but is necessary for the

proper development of the gonadotropes in the male mouse

[50]. Taken together, these data support the idea that the GnRH

neurons are active and can stimulate gonadotropes to secrete

LH in the late embryonic male mouse.

However, one study using GnRH receptor antagonists to

probe the role of GnRH signalling in the neonatal testosterone

surge has suggested no strong relationship between plasma

LH levels and testosterone levels [51]. Treatment of male rat

pups 5 min after birth with a GnRH receptor antagonist had

little effect on the neonatal testosterone surge observed

120 min following birth. The GnRH receptor antagonist

caused a modest approximately 25% reduction in LH levels

60 min following birth compared with controls; however, this

reduction was relatively short-lived with LH levels returning

to normal 60 min later. It is not known whether this moderate

level of suppression of LH secretion is sufficient to interfere

with the neonatal testosterone surge. Studies in male mice

have demonstrated that normal fertility can be achieved with

as few as 12% of the normal number of GnRH neurons [52], indi-

cating that the HPG axis has a significant safety margin before

function becomes compromised. Taking this into account, it is

possible that a transient 25% reduction in LH levels would not

be sufficient to perturb the neonatal testosterone surge.

Investigations in the hypogonadal (hpg) mouse, which

lacks GnRH peptide, also demonstrate that GnRH is a critical

regulator of pituitary and gonadal function around the time

of birth in mice [53]. During late embryogenesis, the levels of

LH in the pituitary gland increase, and this increase is mark-

edly reduced in the hpg mice. The levels of intratesticular

testosterone are similar between control and hpg mice through

late embryogenesis; however, on the day of birth there is a

trend towards lower levels in the hpg mice, and this difference

in testosterone level reaches significance by day 5. The exact

time at which Leydig cell regulation switches from being inde-

pendent to dependent upon circulating gonadotropins is not

clear from this work, but indicates that it is proximate to

birth. Moreover, the data show a decline in mRNA levels for

important steroidogenic enzymes, particularly P450scc and

P45017, prior to or on the day of birth, which supports the

hypothesis that around the time of birth, Leydig cell activity

and steroid production are dependent on gonadotropins.

A very recent study has demonstrated that GnRH neurons

are activated in male but not female mice shortly after birth

[54]. We exploited the fact that GnRH neurons only express

cFos after periods of intense activation, such as during the

preovulatory LH surge in females [55], to examine whether

the GnRH neurons are active around the time of the neonatal

testosterone surge in mice. Using wild-type mice collected 2–

3 h after birth (at the time of the neonatal testosterone surge),

we found a male-specific activation of the preoptic area

GnRH neurons. Approximately 13% of GnRH neurons were

activated in males in the hour following the neonatal testos-

terone surge, whereas virtually none of the GnRH neurons

were active in female littermates [54]. These results differ
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Figure 3. Disrupted sexual differentiation of the RP3V kisspeptin neurons in
the hpg mouse. Quantification of the number of kisspeptin neurons per
section in the RP3V of female and male wild-type and hpg mice at 45
days of age. WT, wild-type; hpg, hypogonadal; RP3V, rostral periventricular
area of the third ventricle. Modified with permission from Gill et al. [59].
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from a previous report, which failed to detect a sex difference

in cFos mRNA expression by GnRH neurons [56] using a

wider sampling period and dual-label in situ hybridization.

Taken together, these studies in primates and rodents

indicate that GnRH neurons regulate gonadotrope function-

ing during late embryonic and early postnatal life, with

testosterone synthesis at the time of birth being dependent

on GnRH neuron activity. If GnRH neurons are indeed

required for the testosterone surge and sexual differentiation

of the rodent brain, then manipulations affecting these neur-

ons should generate abnormal sexually dimorphic features.

In this vein, studies in the hpg mouse have been very insight-

ful. Livne et al. [57] first demonstrated that the brains of the

hpg mice are not fully masculinized during the neonatal

period. The implantation of fetal hypothalamic tissue into

the brains of male hpg mice was able to support normal

reproductive behaviours in adulthood only when mice had

been treated with testosterone to masculinize their brains

on postnatal day 2. A similar rescue of male sex behaviour

was obtained in hpg mice following testosterone treatment

on postnatal day 2 [58]. This absence of sexually differen-

tiated sex behaviours, and rescue by neonatal testosterone

treatment in hpg mice, provide strong support for GnRH

neurons in the generation of the neonatal testosterone

surge. Subsequent studies by Gill et al. [59] have demon-

strated that the sexual differentiation of kisspeptin neurons

in the rostral periventricular area of the third ventricle

(RP3V) is disrupted in the hpg mouse (figure 3). Normally,

neonatal testosterone exposure acts to reduce the number of

kisspeptin-expressing neurons in the RP3V of the male to

approximately 10% of that observed in females [60,61]. In

the hpg mouse, the number of kisspeptin neurons in the

male RP3V is not masculinized, with a greater number of

neurons compared with wild-type (figure 3), resulting in

similar numbers of kisspeptin neurons in the RP3V of male

and female hpg mice. Using in situ hybridization, Kim et al.
[62] have also found a disruption of RP3V Kiss1 mRNA

sexual differentiation. These studies clearly show that loss

of GnRH signalling results in abnormal sexual differentiation

of the RP3V kisspeptin neurons. Mice lacking the GnRH

receptor have also been used to examine the role of GnRH

signalling in establishing brain sexual differentiation [63].

As GnRH receptor knockout mice do not go through puberty

and are hypogonadotropic, mice were gonadectomized
around the time of puberty and supplemented with testoster-

one to ensure that post-pubertal steroid levels were

normalized across all experimental groups. Under these con-

ditions, the sexual differentiation of both the vasopressin

innervation of the lateral septum and number of RP3V tyro-

sine hydroxylase (TH) neurons was disrupted, being

female-like in male GnRH receptor-deleted mice [54].

The disrupted brain sexual differentiation in the male

mice lacking GnRH or GnRH receptors, combined with the

male-specific activation of the GnRH neurons around the

time of the neonatal testosterone surge, provides strong

support for the notion that GnRH neurons play an important

role in the generation of the neonatal testosterone surge. One

obvious question that emerges from these findings is ‘What is

responsible for activating the GnRH neurons at the time

of birth?’
4. Kisspeptin neurons as orchestrators of the
neonatal testosterone surge

Kisspeptin signalling through its receptor GPR54 is critical for

puberty and adult fertility [64–68]. We became interested in a

potential role for kisspeptin neurons in the neonatal

testosterone surge because of the growing evidence that

kisspeptin neurons may regulate the activity of the GnRH neur-

ons prior to birth. Embryonic GnRH neurons express GPR54

[69,70] and can respond to kisspeptin [69,71], and kisspeptin

neurons project to GnRH neurons in embryonic male and

female mice [72,73]. Moreover, a male-biased sex difference

in the percentage of GnRH neurons expressing GPR54 is pres-

ent on the day of birth in mice [74]. In addition, studies by

Kauffman et al. [75] using a global GPR54 knockout mouse

demonstrated that the GPR54 is necessary for normal sexual

differentiation of the male brain and behaviour. Male mice lack-

ing the kisspeptin receptor had a greater number of TH-

immunoreactive, and Kiss1 mRNA expressing cells in the

RP3V than wild-type littermates, and had a feminized number

of neurons in the spinal nucleus of the bulbocavernosus.

Additionally, the sexually differentiated olfactory preference

index was feminized in the male mice lacking GPR54. The fact

that the sexual differentiation of brain and behaviour was

disrupted in mice lacking GPR54 suggests that kisspeptin–

GPR54 signalling plays an important role in this process.

In order to determine if kisspeptin–GPR54 signalling at the

GnRH neuron itself was important in driving the neonatal tes-

tosterone surge in and sexual differentiation of the brain, we

recently generated a mouse model in which GPR54 is deleted

only from GnRH neurons [67]. As the GnRH–GPR54 knockout

mice do not go through puberty and are hypogonadotropic,

mice were gonadectomized around puberty and post-pubertal

steroid levels were normalized across experimental groups

using testosterone. This revealed that the vasopressin inner-

vation of the lateral septum and the number of neurons

expressing TH in the RP3V was feminized in the males lacking

GPR54 in their GnRH neurons [54]. To confirm a role for

GPR54 signalling in GnRH neurons in the generation of the

neonatal testosterone surge plasma, testosterone was assayed

in GnRH–GPR54 knockout mouse pups 1–2 h following

their birth. We found that the GnRH–GPR54 knockout males

had a greatly attenuated neonatal testosterone surge compared

with the male wild-type littermates, and these levels were not

statistically different from those of the female littermates of



0.8

0.6

0.4

te
st

os
te

ro
ne

 (
ng

m
l–1

)

0.2

0
wild-type GnRH-Gpr54KO

male

female

Figure 4. Kisspeptin – GPR54 signalling at the GnRH neuron is necessary for
the perinatal testosterone surge. Quantitative analysis of the level of plasma
testosterone 1 – 2 h after birth in male and female wild-type and GnRH –
Gpr54KO mice.

male
2.5

2.0

1.5

1.0

0.5

20

15

10

5

0

0–1 1–2
time after birth (h)

E17 E19 P0 P1 P5

(days)
2–3 3–4 P2 P7

female

te
st

os
te

ro
ne

 (
ng

m
l–1

)
ki

ss
pe

pt
in

 n
eu

ro
ns

/R
P3

V

(a)

(b)

Figure 5. The neonatal testosterone surge correlates with the sexually
dimorphic expression of kisspeptin in the RP3V. (a) Plasma testosterone
levels in male and female mice killed at hourly intervals after birth on P0
and on P2 and P7. (b) Kisspeptin expression in the RP3V is sexually dimorphic
in perinatal mice. Quantitative analyses of the number of kisspeptin immuno-
reactive neurons in the RP3V in male and female mice from E17 to P5. All
values for females are zero. RP3V, rostral periventricular area of the third
ventricle; P, postnatal day; E, embryonic day.

rstb.royalsocietypublishing.org
Phil.Trans.R.Soc.B

371:20150115

6

either genotype (figure 4). These observations differed, how-

ever, from a study in the global GPR54 knockout mouse,

which showed no change in testosterone levels compared

with wild-type animals when samples were collected any

time between 0 and 4 h following birth [56]. As noted above

(figures 1c and 5a), the neonatal testosterone surge is relatively

brief in the mouse (1–3 h) and the timing of blood collection is

critical. As such, we precisely determined the time of birth and

took samples at 1–2 h following birth. This narrower sampling

window afforded us a greater opportunity to capture the peak

elevation in testosterone levels, producing an approximate six-

fold sex difference in testosterone levels (figure 5a), very similar

to previous results in the mouse [6]. This may explain the

discrepancy with the global GPR54 knockout study in which

a much smaller sex difference in testosterone levels (approx.

1.5-fold) was detected, probably due to the wide sampling

window employed in that study.

With kisspeptin–GPR54 signalling at the GnRH neuron

playing an important role in the generation of the neonatal

testosterone surge, it becomes important to establish where

the kisspeptin innervation originates from. Given the sexually

dimorphic nature of GnRH neuron activation at birth, it

seemed that a sexually differentiated population of kisspeptin

neurons might be involved. Kisspeptin peptide or Kiss1
mRNA is present in the arcuate nucleus (ARN) from E11.5

in the rat [76] and E13 in the mouse [70,72,73]; however, no

consistent sex difference has been detected in this population

at any age [70,76,77]. The other kisspeptin population in the

RP3V is sexually differentiated but only begins to appear in

the second postnatal week [78]. Hence, we made the decision

to carefully re-characterize kisspeptin peptide expression in

the neonatal mouse brain and, surprisingly, detected a small

population of RP3V kisspeptin neurons only in the perinatal

male mouse brain. These neurons were first detected on E17,

increasing in number over E19 to reach a peak on the day of

birth before declining to zero on postnatal day 5 (figure 5b). It

is possible that a similar population may also exist in the

embryonic rat brain [76].

We next asked what might be driving the expression of

kisspeptin in the RP3V neurons prior to birth. In postnatal

life, the RP3V kisspeptin neurons are positively regulated

by gonadal steroids [79–82], and there is evidence of gonado-

tropin-independent secretion of testosterone during mid–late

embryogenesis (figure 1a) in the rodent [37,53,83]. We there-

fore hypothesized that the transient expression of kisspeptin
in the male RP3V may be driven by testosterone secretion

during mid–late embryogenesis. We found that testosterone

(but not dihydrotestosterone) given to pregnant dams on

E18 induced the appearance of kisspeptin neurons in the

RP3V of female pups. This indicates that following aromati-

zation to oestradiol, embryonic testosterone acts to induce

kisspeptin peptide expression in a small population of

RP3V neurons just prior to birth [54].

The data obtained to date provide tantalizing evidence

that male-specific elevations in embryonic testosterone

levels give rise to RP3V kisspeptin neurons that then activate

GnRH neurons to evoke the neonatal testosterone surge and,

hence, brain sexual differentiation (figure 2). The weakest link

in this scenario is evidence that it is indeed the neonatal RP3V

kisspeptin neurons that innervate and activate GnRH neur-

ons. Although inputs from the RP3V to GnRH neurons are

established prior to birth [84], we cannot be sure that they

are kisspeptinergic in nature. If not the RP3V kisspeptin neur-

ons, then the only other possibility is that the kisspeptin input

arises from the ARN kisspeptin population, and this is

entirely possible. Despite the number of ARN kisspeptin

neurons and embryonic innervation of GnRH neurons

being the same in males and females [72,73], sex differences

may well exist in their neuronal activity, as has been found

in adults [85]. It has previously been speculated that the
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postnatal activation of GnRH neurons may arise from

the sudden removal of placental gonadal steroid negative

feedback at birth [86]. Whether sex differences exist in the

steroid sensitivity of newborn ARN kisspeptin neurons

is unknown.

Another interesting aspect of this proposed pathway is that

it effectively results in male neonatal RP3V kisspeptin neurons

sealing their own demise through a ‘kiss of death’. The neo-

natal testosterone surge drives programmed cell death [31] to

generate the sexual dimorphic features of the RP3V. Thus, in

generating the testosterone surge, the neonatal RP3V kisspep-

tin neurons initiate a sequence of events that leads to their

own demise as potential kisspeptin neurons are killed in the

male to generate the 10-fold female-dominant number of

kisspeptin neurons within the RP3V [61,78].

5. Conclusion
Male-specific testosterone secretion drives a variety of genetic

and epigenetic mechanisms to sexually differentiate the brain
[35,87,88]. While embryonic testosterone is the predominant

influence in primates, the neonatal testosterone surge is the

key sexually differentiating event in rodents. Although conflict-

ing data exist, the consensus of evidence indicates that GnRH

neurons are responsible for generating the postnatal testoster-

one surge in all species examined, including both rodents

and primates. The mechanisms through which GnRH neurons

become activated at the time of birth are not established

but kisspeptin–GPR54 signalling is critical, at least in mice.

A newly discovered population of sexually dimorphic kisspep-

tin neurons that appear over the perinatal period in male mice

may provide the kisspeptin input necessary for GnRH neuron

activation at this time (figure 2). The importance of this

kisspeptin! GnRH neuron! neonatal testosterone secretion

pathway in other species awaits investigation.
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