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Introduction

Puberty and adolescence are key developmental processes occurring in the transi-

tion period between childhood and adulthood. They involve profound physical and

behavioral changes that share dependency on maturational events in the central

nervous system (CNS). The neurobiology of puberty and adolescence has made

important progress during the past decade through finely tuned studies on behavior,

CNS imaging, and molecular neurobiology.

The aim of the symposium on which these proceedings are based was to provide

the attendants with a pathophysiological perspective on the role of CNS in puberty

and adolescence, starting from genetic/molecular aspects, going through structural/

imaging changes, and leading to physical/behavioral characteristics. Renowned

investigators involved in both animal and human research convened and shared

with the participants their recent data as well as overall appraisals of relevant

questions around CNS control of puberty and adolescence.

Among other findings, some contributors have underscored that adolescence is a

critical phase for risk of addiction and mental illnesses in adulthood. Such a critical

period may be longer than commonly expected, since brain imaging studies indi-

cate that the final maturational changes associated with adolescence can occur as

late as between 25 and 30 years.

Others have emphasized the importance of the prepubertal period that is crucial

for the effect of testosterone on male sexual behavior, the gender dimorphic

androgen effects on executive functioning, the epigenetic control of transcriptional

repression of the neuroendocrine regulators of the onset of puberty, and the

interactions between leptin- and kisspeptidergic-permissive effects on the onset of

puberty.

Finally, some factors arising in the fetal and perinatal periods have emerged as

possible new players in the early control of the onset of puberty. They involve

microRNAs, rabconnectin-3alpha, and endocrine-disrupting chemicals.

xiii



No doubt the present book will inspire those involved in either scientific research

or clinical practice or both in the fascinating field of puberty and adolescence.

Liège, Belgium Jean-Pierre Bourguignon

Paris, France Jean-Claude Carel

Boulogne-Billancourt, France Yves Christen
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Drugs and the Adolescent Brain

Anne L. Wheeler and Paul W. Frankland

Abstract Adolescence is a developmental stage that is associated with increased

risk-taking, novelty-seeking and greater vulnerability to peer pressure. Given this, it

is perhaps not surprising that adolescence is also a time that is associated with drug

experimentation. In some cases, drug experimentation progresses to drug depen-

dence, a state commonly referred to as addiction. As the adolescent brain is still

developing, how does drug dependence impact brain development? Imaging studies

suggest that cocaine dependence is associated with abnormalities in brain structure

in humans. However, it is unclear whether these differences in brain structure

predispose an individual to drug use or are a result of cocaine’s action on the

brain. We have addressed this issue by studying the impact of chronic cocaine

exposure on brain structure and drug-related behavior in mice. In our studies, mice

were exposed to cocaine at two developmental time periods: adolescence (27–46

days-old) and young adulthood (60–79 days-old). Following 30 days of abstinence,

either fixed brain T2 weighted MRIs were acquired on a 7T scanner at 32 μm
isotropic voxel dimensions or mice were assessed for sensitization to the locomotor

stimulant effects of cocaine. Three automated techniques (deformation-based mor-

phometry, striatum shape analysis and cortical thickness assessment) were used to

identify population differences in brain structure in cocaine vs. saline-exposed

mice. We found that cocaine induced changes in brain structure, and these were

most pronounced in mice exposed to cocaine during adolescence. Many of these

changes occurred in brain regions previously implicated in addiction, including the

nucleus accumbens, striatum, insular cortex, orbital frontal cortex and medial

forebrain bundle. Furthermore, exposure to the same cocaine regimen caused

sensitization to the locomotor stimulant effects of cocaine, and these effects were

again more pronounced in mice exposed to cocaine during adolescence. These

results suggest that altered brain structure following one month of abstinence may
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contribute to these persistent drug-related behaviors and may identify cocaine

exposure as the cause of these morphological changes.

Introduction

An estimated 205million people in the world use illicit drugs, and around 25 million

of these can be described as having a drug use disorder (UNODC 2009). Of course,

these numbers balloon if legal drugs such as alcohol and nicotine are additionally

considered. At the outset, people take these drugs of abuse to benefit from their

short-term effects, which include pleasurable sensation, the alteration of mental

state and, in some instances, improved performance (Volkow and Li 2004). These

acute effects are mediated by relatively short-lived changes in brain chemistry and

physiology that are largely related to the molecular pharmacology of the drugs

themselves (Nestler 2005). While the five major classes of abused drugs –

psychostimulants, opiates, alcohol, cannabinoids and nicotine – have different

mechanisms of action in the brain, ultimately they all act either directly or indirectly

on dopamine function in the mesolimbic pathway. The mesolimbic circuitry con-

sists of dopaminergic neurons that project from the ventral tegmental area (VTA) in

the midbrain to the limbic system via the nucleus accumbens (NAc) to produce

reinforcing effects (Pierce and Kumaresan 2006).

A portion of individuals who take drugs will progress to a pattern of repeated

drug use that is typified by an intense desire for the drug and impaired ability to

control urges to take that drug, even at the expense of serious adverse health and

social consequences. This state is known as substance dependence and is often

referred to as addiction. Substance dependence is not due solely to the physical

dependence that underlies the withdrawal symptoms following cessation of drug

use because, even after withdrawal symptoms subside, the risk of relapse remains

very high (Milton and Everitt 2012). This increased relapse risk suggests that

repeated drug use permanently alters the brain, producing persistent changes in

brain circuits that favor learned drug-associated behaviors at the expense of adap-

tive responding for natural rewards (Kalivas and O’Brien 2008).

Repeated Drug Use Has a Long-Term Impact on Brain

Circuitry

How do drugs of abuse permanently alter the brain? Pre-clinical and clinical

research suggest that repeated use of drugs changes the brain of the user at the

molecular, cellular and circuit organizational levels. These changes likely underlie

a shift toward behaviors that are more reflexive and, consequently, much less

2 A.L. Wheeler and P.W. Frankland



amenable to cognitive interference. Brain alterations have been studied in most

detail in the neurocircuits responsible for reward, motivation, cognitive control and

memory. These circuits are directly or indirectly modulated by dopamine and are

highly connected to each other through glutamatergic and GABA-ergic projections

that allow them to interact to generate behavioral output in response to reinforcing

stimuli (Baler and Volkow 2006).

The rewarding properties of drugs are mediated by dopamine, and enduring

alterations in dopaminergic signaling following repeated drug use are thought to

contribute to drug dependence (Diana 2011). For example, dopamine release in the

NAc is decreased in drug-dependent rodents (Diana et al. 1999; Rossetti

et al. 1992), and human imaging studies have shown a reduction in dopamine

receptors (Volkow et al. 1996) accompanied by reduced release of endogenous

dopamine in the ventral striatum of drug-dependent subjects (Martinez et al. 2005).

Motivation is thought to be regulated by the orbital frontal cortex (OFC), which

is responsible for processing the motivational value of rewarding stimuli (Tremblay

and Schultz 1999). For example, the OFC is activated upon presentation of cocaine-

associated stimuli in humans (Garavan et al. 2000) and rodents (Thomas

et al. 2003). Furthermore, OFC dysfunction persists even following long periods

of drug abstinence in drug-dependent individuals (Goldstein and Volkow 2002).

The frontal cortex is responsible for cognitive control. The compromised ability

of cocaine users to reign in uncontrollable urges has been linked to reduced activity

in the anterior cingulate gyrus (ACG) and in the prefrontal cortex (PFC; Hester and

Garavan 2004). Additionally, a significant aspect of drug dependence is the path-

ological narrowing of goal selection to those that are drug-related. The representa-

tion of goals, assignment of value to them, and selection of actions based on the

resulting valuation depend on the PFC (Hyman 2005).

Neuroadaptations in learning and memory processes have been proposed to play

an essential role in drug dependence as they can account for its persistence. First,

chronic drug exposure causes strong associations to develop between drugs and the

environmental stimuli and contexts in which they are encountered. Exposure to

these drug-associated cues often precedes drug relapse even after long periods of

abstinence (Torregrossa et al. 2011). This is consistent with drug-associated cues

producing limbic activation and craving (Childress et al. 1999), with associated

dopamine release (Volkow et al. 2006) in cocaine addicts. Second, changes in the

dorsal striatum underlie the learning of specific motor actions to receive rewards

that are linked to the rituals of drug consumption (Porrino et al. 2004). Shifting from

voluntary drug use to more habitual and compulsive drug use represents a transition

at the neural level from prefrontal cortical to striatal control over drug-seeking and

drug-taking behavior, as well as a progression from ventral to more dorsal domains

of the striatum (Everitt and Robbins 2005).

Drugs and the Adolescent Brain 3



Initiation of Drug Use Often Occurs During Adolescence,

Which May Increase Vulnerability to Drug Dependence

The onset of drug use often occurs during adolescence, a developmental transition

from childhood to adulthood during which the brain continues to develop and

change. Indeed, in Canada, 60 % of illicit drug users are between the ages of

15 and 24 (Statistics Canada 2003). Adolescence is thought of as a period when

risk-taking and novelty-seeking are typical and individuals are hyper-responsive to

peer pressure (Spear 2000); clearly, these factors may contribute to a propensity to

experiment with drugs during adolescence, a prerequisite for drug dependence.

The effects of drugs on behavior may also differ in adolescence. For example,

preclinical studies have shown that adolescent rodents are less sensitive than adult

animals to many of the negative effects of alcohol such as alcohol-induced sedation

and motor impairment (Little et al. 1996), as well as alcohol withdrawal-induced

social depression and anxiety (Varlinskaya and Spear 2004). Additionally, adoles-

cent rodents are subject to greater reinforcing properties of alcohol (Pautassi

et al. 2008) and have increased sensitivity to its social-facilitation effects compared

to adult animals (Varlinskaya and Spear 2002). Similar studies have demonstrated

that adolescent rodents show increased sensitivity to the rewarding effects of

nicotine (Natividad et al. 2013). This ‘enhanced’ sensitivity may lead to prolonged

periods of drug experimentation during adolescence and promote excessive con-

sumption. Epidemiological studies indicate that, when drug use is initiated during

adolescence (rather than during adulthood), there are higher lifetime rates of drug

use and faster progression to dependency (Anthony and Petronis 1995; Grant and

Dawson 1998; O’Brien and Anthony 2005). Together these data suggest that the

adolescent brain may contribute to drug experimentation and excessive consump-

tion and, at the same time, drug experimentation and excessive consumption at this

age likely impact ongoing development of the brain.

Brain Development Throughout Adolescence

and Its Susceptibility to the Effects of Drug Use

The structural and functional development of the brain is remarkably complex

during infancy and childhood and continues on a dynamic trajectory throughout

adolescence. Magnetic resonance imaging (MRI) studies indicate that white matter

volume increases into the third decade of life whereas the volume of gray matter in

the brain follows an inverted U-shaped trajectory, peaking in late childhood and

decreasing through adolescence (Giedd et al. 1999; Giedd 2008). The increase in

white matter volume may be associated with continued myelination of white matter

tracts or increases in the caliber of axons (Paus et al. 2008). The decline in gray

matter is thought to reflect the reorganization and refinement of synaptic connec-

tions through the process of synaptic pruning (Petanjek et al. 2011), or it may be

4 A.L. Wheeler and P.W. Frankland



a result of the intracortical myelination and increased axonal caliber causing less

tissue to be classified as gray matter in MRI scans (Blakemore 2012). Sensory and

motor regions mature before frontal and temporal regions in terms of gray matter

density (Gogtay et al. 2004) and cortical thickness (Shaw et al. 2008).

Does the continued development of the adolescent brain make it more vulner-

able to environmental factors such as drug exposure? If so, then differences in the

age of first encounter with psychoactive compounds may influence the subsequent

trajectory of brain development, which may, in turn, affect patterns of drug-related

behavior. For example, positive associations between hippocampal volumes and

age of first alcohol use suggest that early adolescence may be a period of heightened

risk for the neurotoxic effects of alcohol (De Bellis et al. 2000). Similarly, abnormal

white matter microstructure in neocortical association pathways as well as in

projection and thalamic pathways is found in adolescents with substance-use

disorder (Baker et al. 2013). Finally, alcohol use disorder has been associated

with increased volume of the PFC in adolescent males and decreased volume of

the PFC in adolescent females compared to healthy controls (Medina et al. 2008).

Neural Substrates of Adolescent-Specific Drug-Related

Behaviors

What is unique about the adolescent brain that promotes experimentation and

excessive consumption of drugs? The differing developmental trajectories of two

of the key regions implicated in drug dependence – the PFC and the striatum – are

thought to contribute to the increased propensity to take drugs during adolescence

(Casey et al. 2000). The PFC, known to be important for cognitive control,

undergoes delayed maturation and continues to develop through the adolescent

years. In contrast, the striatum, which is critical for detecting and learning about

rewarding cues in the environment, develops sooner and is already mature in

adolescence.

Post-mortem analyses (Bourgeois et al 1994; Huttenlocher 1979; Rakic

et al. 1994) and in vivo MRI studies (Gogtay et al. 2004; Shaw et al. 2008) indicate

that PFC structure continues to change throughout adolescence. At the molecular

level, there are also developmental differences in the density of D1 and D2

dopamine receptors. In the striatum, D1/D2 density peaks early in adolescence,

followed by a loss of these receptors by young adulthood in humans (Seeman

et al. 1987) and in rats (Tarazi and Baldessarini 2000). In contrast, in the PFC,

D1 and D2 receptor density does not peak until late adolescence and young

adulthood in humans (Weickert et al. 2007) and in rats (Andersen et al. 2000).

These differences in maturation may also be revealed at the functional level: when

comparing adolescents to either children or adults, functional imaging studies

demonstrate exaggerated ventral striatum activity, relative to PFC activity in

response to reward manipulation (Galvan et al. 2006).

Drugs and the Adolescent Brain 5



This imbalance in prefrontal and striatal systems in the brain has been proposed

to underlie adolescent-specific behaviors that include (1) an increased propensity to

take drugs and (2) an increased impact of drugs on behavior. Increased experimen-

tation with drugs may result because mature striatal projections are sensitive to

motivational stimuli and promote drug consumption; at the same time, drug con-

sumption is left unchecked because delayed PFCmaturation leads to poor top-down

cognitive control and an impaired ability to manage drug consumption (Casey and

Jones 2010). Drug-taking during the period of adolescence may exacerbate an

already enhanced ventral striatum response, resulting in heightened reinforcing

properties of the drug-impacting drug-induced behaviours.

Cocaine Use Is Associated with Structural Differences

in the Brains of Adults as Detected by MRI

Repeated exposure to drugs of abuse can result in structural changes in the brain

that can be probed in vivo with MRI. Advances in MRI technologies have allowed

the detailed, noninvasive and safe assessment of human brain structure and func-

tion. Furthermore, the recent increase in availability of high-resolution clinical

scanners allows for the collection of large samples of brain imaging data from

drug-addicted individuals. These subjects have rich case histories that can be

collected alongside the brain scans, which may allow for the identification of

associations between these factors and imaging phenotypes. However because

these subjects and their experiences are so distinct from one another, a large amount

of heterogeneity is present in these studies.

Approximately 1 % (Bucello et al. 2010) of the 21 million users of cocaine

worldwide (UNODC 2011) are considered to develop cocaine drug dependence.

Cocaine is a psychostimulant and its mechanism of action is to directly increase

dopamine in the reward centers of the brain by inhibiting dopamine reuptake.

Though dependence on drugs of abuse other than cocaine is more common, other

drugs typically modulate dopamine cell firing through their effects on other types of

receptors. Thus cocaine is a good drug to study in terms of direct effects of long-

term use on the reward systems of the brain.

There is a large collection of MRI studies that have investigated the effects

of cocaine use on brain structure. Graymatter reductions in the frontal cortex (Franklin

et al. 2002; Matochik et al. 2003) and temporal lobe (Bartzokis et al. 2000; Franklin

et al. 2002) have been reported. Subcortical alterations include reduced amygdala

volume (Makris et al. 2004) and increased (Ersche et al. 2011; Jacobsen et al. 2001)

as well as decreased (Barros-Loscertales et al. 2011; Hanlon et al. 2011) caudate and

putamen volumes in cocaine-dependent subjects. White matter alterations include

lower fractional anisotropy – an index of white matter microstructure –in inferior

frontal white matter (Lim et al. 2008), greater severity of white matter signal

hyperintensities on MRI (Lyoo et al. 2004), less frontal white-matter volume
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percentage than controls (Schlaepfer et al. 2006) and absence of age-related expan-

sion in white matter volume in frontal and temporal lobe (Bartzokis et al. 2002) in

cocaine-dependent subjects compared to controls.

Whether or not these morphological differences predated the onset of drug use or

are a consequence of drug use is less clear. In the studies cited above, there were

no associations between these imaging phenotypes and measures of drug use,

suggesting that these morphological differences could be developmental in nature,

potentially predisposing individuals to drug use. Consistent with this view, a recent

study reported volumetric alterations in several gray matter regions, including the

striatum and insular cortex in human cocaine addicts and their non-stimulant-

dependent siblings, suggesting that certain brain abnormalities precede drug use

and predispose these individuals to drug dependence (Ersche et al. 2012).

In contrast, some more recent studies have reported these types of associations

between imaging phenotypes and measures of drug use, suggesting that these

alterations may be a result of the drug use on the brain. For example, duration of

cocaine use was negatively correlated with cerebellar gray matter volume (Sim

et al. 2007), as well as with the volume of the bilateral middle frontal gyrus, left

superior frontal gyrus, parahippocampus, posterior cingulate, amygdala, insula, and

right middle temporal gyrus (Barros-Loscertales et al. 2011). Greater duration of

cocaine dependence was correlated with greater gray matter volume reduction in

orbitofrontal, cingulate and insular cortex (Ersche et al. 2011), and a thinner cortex

was correlated with cocaine use in some regions (Makris et al. 2008). It seems as

though morphological differences associated with cocaine dependence reflect both

pre-existing abnormalities (that perhaps predispose individuals towards depen-

dence) and the consequences of exposure to cocaine itself.

Limitations to Human Brain Imaging Studies

That Investigate the Associations Between Drug Use

and Brain Structure

What is clear from the human MRI literature is that cocaine dependence is associ-

ated with abnormalities in brain structure in humans. However, in addition to

difficulties in teasing out which brain structural alterations predispose individuals

to drug use and which are results of drug use, there are several inherent challenges

associated with isolating the impact of cocaine on brain structure in these human

imaging studies. First, alcohol, nicotine and caffeine consumption are characteristic

of chronic drug users (Compton et al. 2007), so concurrent drug use or other

lifestyle factors may contribute to structural variability in the brain. Second,

comorbid diagnoses of mood, anxiety and disruptive behavior disorders are com-

mon in cocaine-dependent subjects (Swendsen et al. 2010), making it difficult to

attribute morphological differences to cocaine use specifically. Third, typically

there is variability in subjects’ history of cocaine exposure (e.g., pattern and

Drugs and the Adolescent Brain 7



duration of cocaine use, drug quality, route of administration, periods of abstinence

and total lifetime intake) and in the accuracy of self-reports concerning these

factors. Additionally, in human studies it is often challenging to isolate the effect

of age of onset of drug use on brain structure while controlling for total amount of

drug exposure in an individual. Given these limitations, there are some advantages

in using experimental animals to address how drugs of abuse impact the developing

and adult brain.

Describing Age Related Effects of Cocaine Exposure

in the Mouse Brain with MRI

The impact of cocaine exposure on brain structure can be assessed under controlled

conditions with experimental animal models, which allows for careful control of the

dose and timing of drug exposure while keeping variability in genetic and environ-

mental influences to a minimum. Previous studies have used this approach to

investigate cocaine-related changes in receptor distribution (Wolf 2010) and brain

structure at the microscopic level (Robinson and Kolb 2004). Using a similar

approach to the human imaging studies, we scanned mouse brains with high

resolution mouse MRI (Nieman et al. 2007) to assess cocaine-associated changes

in brain structure at the macroscopic level (Wheeler et al. 2013). As drug use is

often initiated during adolescence, which is a period of potentially increased

vulnerability to drug-induced alterations in structure and function, we compared

the impact of daily cocaine exposure during adolescence (27–46 days old) and

young adulthood (60–79 days old). Following 30 days of abstinence, fixed brain T2

weighted MRIs were acquired on a 7T scanner at 32 μm isotropic voxel dimensions.

Population differences in brain structure in cocaine- vs. saline-exposed mice were

identified with three automated MRI analysis techniques: deformation-based mor-

phometry, striatum shape analysis and cortical thickness assessment. Additionally,

separate groups of mice underwent the same treatment regimen and were then

assessed for sensitization to the locomotor stimulant effects of cocaine.

The imaging results indicated that exposure to cocaine-induced changes in brain

structure, and these alterations were most pronounced in mice exposed to cocaine

during adolescence. Many of these changes occurred in brain regions previously

implicated in drug dependence and involved in mediating cocaine’s acute and

chronic effects associated with reward and sensitization (Table 1; Fig. 1). Compo-

nents of the mesolimbic dopaminergic pathway – nucleus accumbens, ventral

pallidum and medial forebrain bundle – were reduced in volume, consistent with

cocaine’s primary action on this system. Long-term alterations within this system

likely contribute to locomotor sensitization (Vanderschuren and Pierce 2010). In

addition, cocaine exposure caused a decrease in the volume of the cortical amyg-

daloid area and anterior cingulate cortex, regions where decreased metabolic

activity has been associated with cocaine craving in human subjects (Childress

8 A.L. Wheeler and P.W. Frankland



et al. 1999). The insular cortex also showed volume reduction, a region that has

previously been associated with dependence on cocaine in human addicts (Ersche

et al. 2011; Franklin et al. 2002). The substantia nigra, a dopamine-rich area of the

midbrain showed an increase in volume associated with cocaine exposure, as did

Table 1 Mouse brain regions where volumetric differences are observed following cocaine

exposure during adolescence. Direction of changes refers to cocaine-exposed mice relative to

saline-exposed mice. Changes were observed at the voxel level after correcting for multiple

comparisons with 5 % FDR correction

Brain region Direction Hemisphere Region implicated in cocaine dependence

Orbital frontal cortex Increase Right Yes

Striatum (anterior) Increase Right Yes

Striatum (posterior) Decease Bilateral Yes

Nucleus accumbens Decease Bilateral Yes

Anterior cingulate

cortex

Decrease Bilateral Yes

Ventral pallidum Decrease Bilateral Yes

Medial forebrain bundle Decrease Bilateral Yes

Insular cortex Decrease Bilateral Yes

Cortico amygdaloid area Decrease Bilateral Yes

Substantia Nigra Increase Bilateral Yes

Anterior olfactory area Increase Right No

Corpus callosum Increase Bilateral No

Rhinal cortex Decrease Bilateral No

Piriform cortex Decrease Right No

Medulla Increase Bilateral No

Fig. 1 Coronal view of morphological changes in the striatum and cortex induced by cocaine

exposure during adolescence. Surface displacement of the striatum is color coded onto the surface

of the 3D striatum and embedded in the mouse brain (left). Warm colors (red/orange) indicate
inward displacement and cool colors (blues) indicate outward displacement of the striatum surface

in animals treated with cocaine relative to animals treated with saline. Cortical thickness changes

are color coded and superimposed onto the surface of the cortex and embedded in the mouse brain

(right). Regions of the cortex that are thinner in adolescent animals treated with cocaine relative to

saline-treated animals are indicated, with warm colors signifying bigger differences in thickness

than cool colors
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the OFC. Previous imaging studies in humans and rodents implicate orbital frontal

dysfunction in cocaine dependence through its impact on conditioned reinforce-

ment and drug craving (Everitt et al. 2007).

There were two other major categories of morphological change that were most

pronounced following adolescent cocaine exposure. First, we found volume as well

as shape differences in the striatum following cocaine exposure in adolescent mice.

Volume analysis showed that cocaine exposure led to portions of the anterior dorsal

striatum increasing in size and the posterior striatum reducing in size, whereas

shape analysis showed lateral outward displacement and medial inward displace-

ment of the striatum bilaterally following cocaine exposure. Previous discrepant

results from human imaging studies – with some reporting reduced (Barros-

Loscertales et al. 2011; Hanlon et al. 2011) and others increased (Ersche

et al. 2011; Jacobsen et al. 2001) striatal volume in cocaine-dependent subjects –

may be accounted for by these bidirectional changes. Second, we found that

adolescent but not adult cocaine exposure produced significant cortical thinning

in regions of the right hemisphere. A comparison of mice treated with saline and

cocaine during adolescence showed thinning of the cortex in the primary somato-

sensory, rhinal, piriform and insular cortices. Moreover, cocaine exposure caused

locomotor sensitization, and these effects were again enhanced in mice exposed to

cocaine during the adolescent period.

These mouse imaging results identify cocaine exposure as the cause of these

morphological changes rather than being due to pre-existing anatomical differ-

ences, something that is difficult to tease apart in human imaging studies. Because

not everyone who uses drugs goes onto develop a dependence, it is likely that these

cocaine-induced effects may aggravate or interact with pre-existing abnormalities

in brain structure, leading to behaviors related to drug dependence in humans.

Additionally, these results suggest that altered brain structure following one

month of abstinence may contribute to locomotor sensitization, a persistent drug-

related behavior. Finally, the more pronounced alterations observed in adolescent

animals suggest that adolescence is a sensitive period of brain development where

brain structure morphology can be altered by drug exposure. This contributes to

evidence that there is greater vulnerability of adolescents to experimentation with

drugs of abuse and to subsequent drug dependence, supporting prevention of early

exposure as an important strategy to curb drug dependence. Epidemiological

studies show that the prevalence of drug use in adolescents has changed signifi-

cantly over the past 30 years, and some of the decreases seem to be related to

education about the risks of drugs (Volkow and Li 2004). Whole brain MRI for

macroscopic analysis of brain structure in animal models is useful to complement

human MRI results, due to the ability to maintain careful control of experimental

conditions and reduce environmental and genetic influences on outcome measures.
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Gonadal Hormones Organize the Adolescent

Brain and Behavior

Cheryl L. Sisk

Abstract Sexual differentiation of the nervous system and behavior occurs

through organizational effects of gonadal hormones acting during early neural

development and again during puberty. In rodents, a transient elevation in testos-

terone around the time of birth masculinizes and defeminizes the male brain,

creating structural sexual dimorphisms and programming sex-typical responses to

gonadal hormones in adulthood. A second wave of sexual differentiation occurs

when levels of gonadal hormones are elevated at the time of puberty. At this time,

both testicular and ovarian hormones further masculinize and feminize the male and

female brain, respectively, fine-tuning sex differences in adult behavior. To test the

hypothesis that the peripubertal period is a sensitive period for hormone-dependent

sexual differentiation that is separate and distinct from the perinatal period, expo-

sure to testosterone was experimentally manipulated in male Syrian hamsters to

occur either prepubertally, during puberty, or in young adulthood. This experiment

revealed that the perinatal and peripubertal periods of masculinization of male

sexual behavior are not two separate critical periods of sensitivity to organizing

effects of testosterone. Instead, the two periods of masculinization are driven by the

two naturally occurring elevations in gonadal hormones. To explore possible neural

mechanisms of peripubertal organizational effects of gonadal hormones, cell birth-

dating experiments in male and female rats revealed sex differences in the addition

of new cells, including both neurons and glia, to sexually dimorphic cell groups in

the hypothalamus and medial amygdala. These sex differences in cell addition were

positively correlated with sex differences in the volume of these cell groups.

Prepubertal gonadectomy abolished sex differences in the pubertal addition of

new cells. These experiments provide evidence that gonadal hormone-dependent

sex differences in pubertal cytogenesis contribute to the establishment or mainte-

nance of sexual dimorphisms in the adult brain.
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The transition from childhood to adulthood begins with the onset of puberty and the

ensuing rise in sex steroid hormones, and it is completed by the end of adolescence.

This period of development comprises extraordinary gain of function: individuals

acquire the capacity to procreate, function independently within their social realm,

and provide for themselves and their offspring. The metamorphosis of behavior is

the product of a metamorphosis of underlying neural circuits, which necessarily

occurs along different trajectories in females and males. In fact, adolescence can be

regarded as a period of further sexual differentiation of brain and behavior, which is

mediated in part by the actions of sex steroid hormones in the brain. This paper

highlights research from my laboratory that has uncovered roles for gonadal

hormones in shaping sex-specific behavioral and brain development during puberty

and adolescence. I will first review experiments that establish that testicular hor-

mones, acting during puberty, organize neural circuits underlying male social

behaviors. Next I will present evidence that hormonal regulation of pubertal

neuro- and gliogenesis is a potential mechanism for the establishment or mainte-

nance of structural sex differences in the brain during adolescence.

Hormonal Organization of Male Social Behaviors During

Puberty

The 1959 landmark paper by Phoenix et al. first posited the organizational-

activational hypothesis of hormone-driven sex differences in brain and behavior.

Within this framework, a transient rise in testosterone during prenatal or early

postnatal development masculinizes and defeminizes neural circuits in males,

whereas the absence of testosterone in females results in development of a feminine

neural phenotype. Upon gonadal maturation during puberty, testicular and ovarian

hormones act on previously sexually differentiated circuits to facilitate expression of

sex-typical behaviors in particular social contexts. Research in the 1960–1970s

identified a sensitive period for hormone-dependent sexual differentiation that occurs

during late prenatal and early neonatal development (Baum 1979; Wallen and Baum

2002). Thus, the original conception was that gonadal steroid hormones organize

brain structure during an early, developmentally sensitive period and activate behav-

ior during puberty and into adulthood. Our work has refined the organizational-

activational hypothesis to extend organizational effects of testicular hormones to the

pubertal period. This second wave of brain organization builds on and refines the

circuits that were sexually differentiated during early neural development.

Using the Syrian hamster as an animal model, we established that testicular

hormones, acting during puberty and adolescence, organize male social behaviors.

In these studies, we employed an experimental paradigm in which male hamsters

were castrated at weaning, i.e., after the perinatal period of sexual differentiation

and before the onset of puberty. In adulthood, testosterone was replaced and, 1–2

weeks later, social interactions with a receptive female or an intruder male were

studied. The behavior of these hamsters was compared to that of other hamsters that

were similarly treated, except that castration and hormone replacement occurred in
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adulthood, several weeks after the pubertal elevation in testicular hormones. Thus,

the two groups of hamsters differed in when they were deprived of testosterone,

either during the normal time of puberty or in adulthood. This design allowed us to

assess whether the presence of testicular hormones specifically during puberty and

adolescence programmed behavioral responsiveness to testosterone in adulthood.

In these experiments, we found that levels of sexual behavior, aggressive behavior,

and flank-marking were all reduced in males in which testicular hormones were

absent during adolescent brain development (i.e., males castrated before puberty),

as compared to the behavior of males in which endogenous testicular hormones

were present during adolescent brain development (i.e., males castrated after

puberty; Schulz et al. 2004, 2006; Schulz and Sisk 2006). Even a prolonged period

of testosterone replacement in adulthood failed to normalize behavior in males

castrated before puberty. Thus, testicular hormones during puberty enhanced sub-

sequent hormone activation of male social behaviors and masculinize behavioral

responses in adulthood, outcomes similar to those of perinatal exposure to testos-

terone and indicative of organizational effects.

These findings prompted us to propose a two-stage model of behavioral devel-

opment in which the perinatal period of steroid-dependent sexual differentiation is

followed by a second wave of steroid-dependent neural organization during puberty

and adolescence (Sisk et al. 2003; Sisk and Zehr 2005; Schulz and Sisk 2006;

Fig. 1). During the second wave, pubertal hormones first organize neural circuits in

the developing adolescent brain and then facilitate the expression of sex-typical

adult behaviors in specific social contexts by activating those circuits. We view

Fig. 1 Contemporary view of the sexual differentiation of brain and behavior by gonadal

hormones in rodents. Two phases of sexual differentiation occur during natural developmental

elevations in gonadal hormone secretion. The perinatal phase involves the masculinization and

defeminization of the brain by a transient rise in testosterone secretion in males. The ovary is

quiescent at this time. The pubertal phase involves the masculinization and feminization of the

brain by the pubertal rise in gonadal hormones. Testicular and ovarian hormones both play an

active role during this phase of sexual differentiation, which builds on the sex differences that were

created during perinatal development. The transition from gray to black shading depicts the

decreasing ability for gonadal hormones to exert organizational influences on brain and behavior

(Reprinted from Juraska et al. 2013)

Gonadal Hormones Organize the Adolescent Brain and Behavior 17



hormone-driven adolescent organization as a refinement of the sexual differentia-

tion that occurred during perinatal neural development. That is, what occurs during

perinatal brain organization determines the substrate upon which pubertal hor-

mones act during adolescent organization. During the adolescent phase of organi-

zation, steroid-dependent refinement of neural circuits results in long-lasting

structural changes that further program adult behavioral responses to hormones

and socially relevant sensory stimuli.

We next asked whether the perinatal and peripubertal periods of hormone-

dependent organization involve two discrete periods of enhanced sensitivity to

hormones. We know that a window of sensitivity opens in rodents during late

embryonic development to permit the initial sexual differentiation of the brain

organized by testicular hormones (Wallen and Baum 2002). We also know that a

window of developmental sensitivity to hormone-dependent organization closes

(or nearly so) by the end of adolescence, because a prolonged duration of testos-

terone replacement does not reverse or ameliorate the adverse consequences of the

absence of testosterone during puberty on adult social behaviors (Schulz

et al. 2004). What was not clear is the extent to which the perinatal and peripubertal

windows overlap: does the perinatal window close before the peripubertal window

opens, or do the perinatal and peripubertal windows overlap enough to be consid-

ered a single period of sensitivity to hormone-dependent organization of the

nervous system?

To address these questions, we manipulated the time during postnatal develop-

ment that male hamsters were exposed to testosterone. If puberty marks the opening

of a unique sensitive period for testosterone-dependent behavioral organization,

separate from the perinatal sensitive period, then males exposed to testosterone

during the normal time of puberty and adolescence, but not males exposed to

testosterone before or after, should display the full complement of adult-typical

mating behaviors. Male hamsters were castrated after the perinatal window of

sensitivity to organizing influences of testosterone on postnatal day (P; P0¼ day

of birth) 10 and were implanted with testosterone-filled or empty Silastic capsules

on P10, P29, or P63. Capsules remained in place for 19 days and then were removed

on P29, P48, or P82, respectively. Thus, the groups receiving testosterone-filled

capsules were exposed to testosterone either before (P10–29), during (P29–48), or

after (P63–82) the normal time of puberty and adolescence (roughly P30–P50).

Twenty-eight days after the removal of testosterone or blank pellets, when hamsters

in all groups were in young adulthood, all males were implanted with testosterone

pellets to activate mating behavior and were tested with a sexually receptive female

7 days later.

We found that testosterone treatment before and during adolescence, but not

after, facilitated mating behavior in adulthood (Schulz et al. 2009; Fig. 2). In

addition, prepubertal testosterone treatment more effectively facilitated adult mat-

ing behavior than at any other age. These findings extend our knowledge of

neurobehavioral development by demonstrating (1) adolescence is not a sensitive

period for testosterone-dependent behavioral organization distinct or separate

from the neonatal period but rather adolescence is part of a protracted sensitive

period that likely begins perinatally and ends in late adolescence; and (2) the
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timing of testosterone secretion within this postnatal window programs expression

of adult mating behavior, with the earlier exposure to testosterone, the greater

impact on behavior. Thus, these data have prompted us to revise the two-stage

model to include a large postnatal window of decreasing sensitivity to the organi-

zing actions of testosterone (Fig. 3). Importantly, the original two-stage model of

Fig. 2 Effects of periadolescent testosterone exposure on adult reproductive behaviors. Testos-

terone treatments were designed to simulate early, on-time, and late pubertal development, and all

behavior testing occurred in adulthood after a 1-week treatment with testosterone-filled or blank

subcutaneous pellets. Only before- and during-adolescent testosterone treatments facilitated

mounting behavior in response to testosterone in adulthood. The percentage of male hamsters

that showed intromissions was increased only by before-adolescent testosterone treatments. These

data suggest that early testosterone treatments enhance behavioral responsiveness to testosterone

in adulthood. Asterisk indicates a significant difference ( p< 0.05) between groups (Reprinted

from Schulz et al. 2009)

Fig. 3 Illustration depicting the results of our study investigating the effects of early, on-time, and

late adolescent testosterone treatments on adult mating behavior. On the y-axis, the dashed line
approximates testosterone secretion across development, whereas the solid line depicts decreasing
sensitivity to the organizing actions of testosterone across development. Shading approximates the

timing of perinatal, prepubertal, adolescent, and adult periods in the Syrian hamster. Given that

early adolescent testosterone treatment was initiated immediately following the period of sexual

differentiation (postnatal day 10), our data suggest that adolescence is part of a protracted sensitive

period for the organizing actions of testosterone (area under the solid gray curve). In addition,

because early adolescent treatments most effectively organized adult mating behavior, we propose

that sensitivity to the organizing actions of testosterone decreases across postnatal development. If

sensitivity to the organizing actions of testosterone decreases with time, then differences in the

timing of pubertal onset may result in differences in brain development and adult behavior

(Reprinted from Schulz et al. 2009)
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hormone-dependent organization is still relevant, but the stages are not defined

by distinct windows of sensitivity to steroid hormones but instead by the two

periods of elevated hormone secretion within a prolonged postnatal window of

sensitivity to organizational effects of gonadal steroid hormones.

Sexual Differentiation of Brain Structure During

Adolescence

In addition to proposing that sexually differentiated adult behaviors are organized

by testosterone during early development, Phoenix et al. (1959) also correctly

surmised that these early developmental effects of testicular hormones must involve

organizational effects on the structure of the developing nervous system. Over the

three decades following this seminal paper, an enormous literature emerged

describing numerous sexual dimorphisms in the adult nervous system and

uncovering the developmental processes by which these sex differences come to

be. Structural sexual dimorphisms are typically manifested as sex differences in cell

group volume, neuron or glial cell number, soma size, dendritic arborizations,

dendritic spine density, degree of myelination, or some combination of these

features. One principle derived from early studies of developmental mechanisms

of sexual dimorphisms was that testicular hormones drive the perinatal creation of

sexual dimorphisms in nervous system structure. This principle was based in large

part on experiments showing that either pharmacological blockade or surgical

removal of testicular hormone influences during the perinatal period was sufficient

to prevent both masculinization and defeminization of sexually dimorphic hypo-

thalamic regions (reviewed in Cooke et al. 1998). In contrast, removal of the ovaries

immediately after birth did not have robust consequences on sexual differentiation,

which is not surprising given that ovarian hormones are not secreted at this time.

These studies led to the idea that, in the absence of testicular hormones, the default

phenotype is essentially female and ovarian hormones are not actively involved in

early sexual differentiation of the nervous system. Another principle was that the

period of sexual differentiation of the nervous system structure is confined to a

sensitive period during prenatal and early postnatal life, which in rodents consti-

tutes a week bracketing the day of birth. This principle rested on studies in rodents

showing that manipulation of testicular hormones after P7 failed to alter the adult

phenotype of sexually dimorphic hypothalamic regions (reviewed in Cooke

et al. 1998).

Each of these tenets began to be challenged as scientific interest in adolescent

brain development gathered speed in the late twentieth century. Evidence began

accumulating in the 1990s that testicular hormones, acting during puberty, mascu-

linize male social behaviors, including male–female interactions, male-male

20 C.L. Sisk



interactions, and scent-marking (Primus and Kellogg 1990; Bloch et al. 1995;

Romeo et al. 2002; Schulz and Sisk 2006). Then came reports that ovarian hor-

mones, acting during puberty, feminize food-guarding behavior and behavioral

responses to metabolic challenge (Field et al. 2004; Swithers et al. 2008). These

behavioral data encouraged investigations of the potential organizational effects of

gonadal hormones on the masculinization and feminization of behavioral circuits

during puberty and adolescence and a re-examination of the role of pubertal ovarian

hormones in sexual dimorphisms in brain structure (reviewed in Juraska

et al. 2013). Here I will discuss experiments from my laboratory that provide

evidence that (1) ovarian hormones contribute to sexual differentiation of the

brain during puberty, and (2) sex differences in cytogenesis are a potential mech-

anism for establishment or maintenance of structural sexual dimorphisms in the

adolescent brain.

Sexual Differentiation of Hypothalamic Regions During

Adolescence: The Anteroventral Periventricular Nucleus

(AVPV) and Sexually Dimorphic Nucleus of the Preoptic

Area (SDN)

The AVPV and SDN of adult rats are sexually dimorphic, with the AVPV being

larger in females than in males (female-biased) and the SDN being larger in males

(male-biased). The AVPV is essential for the generation of the preovulatory surge

of gonadotropins (Wiegand and Terasawa 1982; Petersen and Barraclough 1989), a

neuroendocrine event displayed by female rats only after puberty and never

displayed by male rats (Hoffman et al. 2005). SDN function is linked to male

sexual behavior, particularly partner preference (Kondo et al. 1990; Baum

et al. 1996). Sex differences in the AVPV and SDN were among the first forebrain

cell groups to be studied with respect to the mechanisms of sexual differentiation. It

was established that the perinatal surge of testosterone secretion in males promotes

survival of SDN cells, while simultaneously promoting death of AVPV cells during

early postnatal development. Conversely, the absence of testosterone in females

favors cell death in the SDN and cell survival in the AVPV (Dohler et al. 1982,

1984; Jacobson et al. 1985; Murakami and Arai 1989; Arai et al. 1994, 1996; Davis

et al. 1996a, b). For both AVPV and SDN, then, adult sexual dimorphisms are

hormonally programmed during perinatal brain development, with testosterone

(or a metabolite) playing the primary role in masculinization and defeminization

of these cell groups.

In spite of the evidence that neonatal testosterone promotes cell death in the

AVPV during the perinatal period, an early investigation of sex differences in

AVPV volume indicated that the female AVPV does not become larger than the

male AVPV until puberty; between P30 and P90, AVPV volume grows in females

but remains stable in males (Davis et al. 1996a). This finding suggests that the
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perinatal programming of sex differences in AVPV volume is not immediately

manifested and that pubertal processes contribute to the sexual dimorphism present

in adulthood. To determine whether the pubertal increase in AVPV volume is due to

the addition of new cells, we used the cell birthdate marker bromo-deoxyuridine

(BrdU) to label cells born during puberty in male and female rats (Ahmed

et al. 2008). BrdU was administered to rats that were at a prepubertal (P20),

early-pubertal (P30), or mid-pubertal (P40) stage, and BrdU-labeled cells were

quantified 3 weeks later, allowing time for the new cells to mature and potentially

differentiate. Across all ages at which BrdU was administered, more BrdU cells

were found in the female than in the male AVPV. Phenotyping studies revealed that

some of these AVPV cells that had been born during puberty had differentiated

3 weeks later into mature neurons (Fig. 4). BrdU-labeled cells were also found in

the SDN, with greater numbers of pubertally born cells in males than in females.

However, in the SDN, there was no evidence for co-labeling of BrdU with either

mature neuron or astrocyte markers, so the phenotype of pubertally added SDN

cells remains unknown. It is possible that 3–4 weeks is insufficient time for these

cells to fully differentiate as mature neurons or glial cells, as reported for cortical

interneurons (Cameron and Dayer 2008). The results of these studies offer a novel

mechanism for establishing and/or maintaining sexual dimorphisms in the hypo-

thalamus during puberty, when new, sex-specific physiological functions and

behaviors are acquired as the transition to adulthood proceeds.

A role for gonadal hormones in the addition of new cells during puberty is

evident from additional experiments showing that prepubertal gonadectomy of

male and female rats completely abolished the sex differences in the pubertal

Fig. 4 Confocal images of cells in male and female rat AVPV. Sections were processed for

double-label BrdU (green) and the mature neuron marker NeuN (red); colocalization is yellow.
Orthogonal views (right) of confocal images verify colocalization of BrdU and NeuN in the female

AVPV of a neuron that was born on P30–32. Scale bars: 10 μm (Reprinted from Ahmed

et al. 2008)
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addition of new cells to the AVPV and SDN (Ahmed et al. 2008; Fig. 5). Prepu-

bertal ovariectomy reduced the volume of the AVPV of females to a volume similar

to males, and this reduction in volume was accompanied by a significant reduction

in stereological estimates of total neuron number to a number similar to that of

males. In contrast, prepubertal gonadectomy had no effect on the volume or

pubertal addition of new cells to the AVPV of males. The effects of prepubertal

castration on cell addition to the SDN paralleled those for the AVPV, but in a

reverse direction. That is, prepubertal gonadectomy of male rats eliminated the sex

difference in the number of BrdU-labeled cells in the SDN, reducing the number of

pubertally added cells in males to the number observed in females. In contrast,

prepubertal ovariectomy did not affect the number of BrdU-labeled cells added to

the female SDN. Thus, ovarian hormones during puberty (or just before) feminize

the AVPV but do not appear to actively feminize the SDN at this time. And,

conversely, testicular hormones further masculinize the SDN during puberty but

do not appear to actively masculinize the AVPV.

Fig. 5 The effect of prepubertal gonadectomy (GDX) on the number of BrdU-labeled cells

depends on sex and brain region. Male and female rats were gonadectomized or sham gonadec-

tomized at 20 days of age (n¼ 8/sex and treatment). A daily injection of BrdU was given on 30–32

days of age and brain tissue was collected at 50 days of age. Prepubertal GDX significantly

decreased the number of BrdU-labeled cells in female but not male AVPV (interaction between

sex and treatment). Prepubertal GDX decreased the number of BrdU-labeled cells in male but not

female SDN and ME (interaction between sex and treatment). Prepubertal GDX did not affect

BrdU-labeled cells in the dentate gyrus (DG) of either males or females. Data are presented as

means� SEM. Asterisks indicate p< 0.05 (post hoc Fisher test between groups) (Reprinted from

Ahmed et al. 2008)
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Sexual Differentiation of the Posterodorsal Medial

Amygdala (MePD) During Adolescence

The rodent MePD evaluates chemosensory stimuli from conspecifics and integrates

this information with the internal hormonal milieu, thereby coordinating the exter-

nal and internal signals that regulate social behaviors. MePD volume is larger in

adult male rats than in female rats, with this sex difference being more pronounced

in the right hemisphere than in the left (Cooke and Woolley 2005; Cooke

et al. 2007; Morris et al. 2008). This adult sexual dimorphism is the product of

two successive phases of masculinization, one during early postnatal life and one

during puberty. At P25, still before the onset of puberty, the rat MePD is already

larger in males than in females (Cooke et al. 2007; Johnson et al. 2008, 2012a).

Between the time of puberty and young adulthood, the sex difference in the MePD

volume becomes even more exaggerated (Johnson et al. 2008, 2012a). BrdU cell

birth dating studies corroborate these findings by showing that, during puberty,

more cells are added to the male than to the female MePD (Ahmed et al. 2008).

Some of these pubertally added cells are neurons and some are astrocytes (Ahmed

et al. 2008), but it is not known at this time whether there are either sex or

hemispheric differences in the pubertal addition of neurons vs astrocytes to the

MePD. It does appear that pubertally born cells in the MePD become functionally

integrated into behavioral circuits, as some pubertally born cells in the male

hamster MePD express the immediate-early gene product fos after a sociosexual

interaction with a receptive female (Mohr and Sisk 2013).

The pubertal phase of sexual differentiation of the MePD appears to involve, at

least in part, testicular hormones acting via androgen receptors. The evidence

comes from comparing the pubertal development of MePD in wildtype (wt) male

and female rats with that of male rats carrying the testicular feminization mutation

(tfm) of the androgen receptor, which confers androgen insensitivity. These studies

show that the pubertal increase in MePD astrocyte number and astrocytic branching

seen in wt male rats does not occur in male tfm rats, indicating that an androgen

receptor-dependent mechanism is normally involved in these pubertal processes

(Johnson et al. 2012a, b). Furthermore, the sex difference in the pubertal addition of

new cells to the MePD is abolished by prepubertal gonadectomy of male rats,

indicating that testicular hormones normally promote proliferation and/or survival

of pubertally added cells in the male MePD (Ahmed et al. 2008). In contrast,

prepubertal ovariectomy does not alter the number of pubertally added cells to

the female MePD (Ahmed et al. 2008). Thus, the MePD provides a solid example of

a region in which sex differences arise during early development but are magnified

during puberty, and in the MePD the sexual differentiation that occurs during

puberty involves a testicular hormone-, androgen receptor-dependent mechanism

that promotes the addition of new neurons and astrocytes and astrocyte branching in

males.
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Future Directions

Our work demonstrates that sexually differentiated social behaviors and their

underlying neural circuits are further masculinized and feminized during puberty

and adolescence by gonadal hormones. Our future work will investigate the mech-

anisms by which the pubertal elevation in testosterone organizes male social

behaviors. For example, are social information processing, social learning, and/or

executive regulation of behavior under the organizational influences of testosterone

during puberty, and if so, what neural circuits and neurotransmitters are involved

and how are they permanently changed by testosterone? What are the roles of

pubertally born neurons and glial cells in the adolescent maturation of sexually

differentiated behaviors? We hope that elucidation of the mechanisms underlying

typical sexual differentiation of the brain and behavior during puberty and adoles-

cence will inform our understanding of the etiology of sex-biased psychopathol-

ogies that emerge during this period of development.
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The Role of Pubertal Hormones

in the Development of Gender Identity: fMRI

Studies

S.M. Burke and J. Bakker

Abstract The present study is the first to demonstrate that sex differences in

hypothalamic activation upon smelling the chemo-signal androstadienone are not

acquired during sexual maturation, under the influence of gonadal hormones during

puberty, but might be considered hard-wired responses, which already can be

observed in prepubertal children. Moreover, the current study is the first to explore

sex-atypical hypothalamic responses to androstadienone in male and female indi-

viduals with GD at two different developmental stages. Our results suggest that

individuals with GD possess certain functional brain characteristics of their expe-

rienced gender and might have undergone atypical neuronal sexual differentiation,

most likely during early brain development and not during puberty. Additional

analyses in other functional (e.g., mental rotation, emotional face matching, resting

state data) and structural (e.g., gray and white matter volumes or diffusion tensor

imaging data) MRI measures, which are in preparation, should corroborate the

present preliminary findings.
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Introduction

Definition

Gender dysphoria (GD) is a condition in which people suffer from an incongruence

between their natal sex and their gender identity, i.e., their experienced gender

(DSM-5; American Psychiatric Association 2013). GD is also referred to as trans-

sexualism (ICD-10; World Health Organization 1992). Although no formal epide-

miological studies exist on the prevalence of GD in children, adolescents, or adults,

severe and persisting GD is relatively rare. Based on studies conducted in clinical

samples (Zucker and Lawrence 2009), the prevalence of GD in adults was esti-

mated to range from 1:7,400 to 1:100,000 in natal males and from 1:30,400 to

1:400,000 in natal females. However, these estimates are based on adults turning to

health services and thus seeking medical treatment. Since individuals might be

hesitant to seek medical care related to GD, these studies probably underestimate

the prevalence of GD. Indeed, a recent Dutch study (Kuyper and Wijsen 2014)

based on self-report showed that 0.6 % of men and 0.2 % of women had ambivalent

and incongruent gender identities, combined with a dislike of their body and a wish

to obtain hormones/surgery.

Etiology

The etiology of GD is still largely unknown, although various hypotheses have been

formulated. It has been hypothesized that psychosocial (vulnerability) factors

(Coates and Person 1985; Coates 1990; Zucker and Bradley 1995), stressful events

during pregnancy (Ward et al. 2002; Seckl and Holmes 2007), or hormonal alter-

ations during critical periods of development (Cohen-Kettenis et al. 1998; Schagen

et al. 2012) might cause GD.

Most of our knowledge of how sex differences emerge in the brain and behavior

is derived from studies in animal models. These studies have clearly shown that

testosterone, secreted by the testes, induces male-typical neural and behavioral

characteristics during perinatal development, whereas female-typical neural and

behavioral characteristics are supposed to develop in the absence of testosterone

(“by default”). A default organization of the female brain and behavior has been

recently challenged by the observation that estradiol feminizes the brain in female

mice over a specific prepubertal period (Brock et al. 2011). Thus, the current view

of the sexual differentiation of the brain is that different critical windows exist for

the development of the male versus the female brain, with the male brain develop-

ing during pre- and early postnatal development under the influence of testosterone

whereas the female brain develops during prepubertal development under the

influence of estradiol (Bakker and Brock 2010). These effects of sex hormones on

the developing brain are also known as “organizational” effects, since they are
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permanent and irreversible. Furthermore, it is important to note that sex hormones

also have activational effects on the brain and behavior. For instance, male sexual

behavior is highly dependent on testosterone. In all mammalian species studied, the

display of mating behavior in adult males is stimulated by testosterone. The

increase in testosterone production at puberty underlies the increase in sexual

activity in maturing males, and if the source of testosterone, the testes, is removed

surgically, sexual activity typically declines. Likewise, in most female species

(with the exception of some primate species and humans), sexual behavior coin-

cides with ovulation and thus with high levels of the ovarian hormones, estradiol

and progesterone. When the ovaries are removed surgically, the female will no

longer be sexually receptive. These effects are thus not permanent and reversible

and are therefore referred to as “activational”.

Similar to what is seen in non-human animals, sex hormones have been proposed

to affect the sexual differentiation of the human brain. Clinical observations have

suggested that testosterone indeed induces male-typical psychosexual differentia-

tion in men prenatally (Baum 2006; Swaab 2007). The strongest clinical evidence

derives from a syndrome in genetic males (46, XY) with complete androgen

insensitivity (CAIS). These individuals carry a mutation in the androgen receptor;

as a consequence, all tissues, including the brain, are insensitive to testosterone.

They are born with external female genitalia, since the development of the external

genitalia entirely depends on testosterone action, but they have testes and internal

male genitalia, because these develop independently of testosterone action during

embryonic development (genetic factors and anti-müllerian hormone). CAIS is

often discovered at puberty because of amenorrhea. Most remarkably, individuals

with CAIS have a female gender identity and gender role and they are sexually

attracted to men, thereby providing strong evidence that, in the absence of testoster-

one, a female-typical gender identity develops. Additional evidence for a role of

testosterone in the development of male-typical characteristics comes from genetic

women (46, XX) with congenital adrenal hyperplasia (CAH). These women have

been exposed prenatally to excessive amounts of androgen due to a mutation in the

gene encoding 21-hydroxylase, which is responsible for the conversion of proges-

terone into deoxycorticosterone and that of 17-dehydroxyprogesterone into 11,

deoxycortisol in the adrenal glands. Since the biosynthetic pathway to aldosterone

and cortisol is blocked, all progesterone will be converted into androgens by the

adrenal glands. Furthermore, the absence of negative feedback by cortisol on the

pituitary will lead to increased production and release of ACTH, which will stimulate

the adrenal glands to produce even more androgens. These women are often born

with clearly virilized external genitalia (to various degrees, depending on the amount

of androgen exposure). Furthermore, they show a masculinization in certain behav-

iors, such as toy preferences (Hines 2010), as well as an increased incidence of

bisexual orientation and GD (Meyer-Bahlburg et al. 2008). However, the majority of

these CAH women do not suffer from GD, indicating that there is no direct relation-

ship between testosterone exposure and developing a male-typical gender identity.

At present, there is only evidence for a role of testosterone in the sexual

differentiation of the human brain and no clear evidence for a feminizing role of
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estradiol, as has been suggested by recent studies using mouse models (Bakker and

Brock 2010). However, several studies (Downey et al. 1989; Rolstad et al. 2007;

Shaeffer et al. 2008) have shown that women with Turner Syndrome (TS), a

disorder in which all or part of the X chromosome is missing and with ovarian

dysgenesis as one of several morphological consequences, reported significantly

lower heterosexual function (e.g., ever engaging in genital petting or sexual inter-

course, ever having a boyfriend) than control women. Furthermore, Ross

et al. (1998) reported some beneficial effects of prepubertal low-dose estrogen

treatment on cognitive function. Twenty-four TS girls exhibited a significant

improvement in their motor function and nonverbal processing speed after estradiol

treatment when compared to their TS peers who received a placebo treatment.

Interestingly, CAIS individuals who are insensitive to testosterone are not insensi-

tive to estradiol (testosterone is converted into estradiol by the enzyme aromatase);

thus it might be postulated that estrogens induce a female-typical gender identity in

these individuals. Clearly more research is needed to determine whether estradiol

feminizes the brain in humans.

Based on the important role of testosterone in the development of gender

identity, i.e., inducing a male-typical gender identity, the leading hypothesis on

the etiology of GD involves a sex-atypical cerebral programming that diverges

from the sexual differentiation of the rest of the body (Cohen-Kettenis and Gooren

1999; van Goozen et al. 2002; Gooren 2006; Hines 2010; Savic et al. 2010; Bao and

Swaab 2011). It should be noted that the primary sexual differentiation of the

genitals and the brain take place during different periods of fetal development,

thereby allowing a time window for a potential divergence of the in utero endocrine

climate driving the sexual differentiation of these organs. Some twin studies

(Coolidge et al. 2002; Heylens et al. 2012) suggested a role for genetic factors in

the development of GD, potentially involving polymorphisms in genes encoding

elements of the sex steroid signaling or metabolic pathways, such as the androgen

receptor (Hare et al. 2009), the estrogen receptor (Henningsson et al. 2005;

Fernández et al. 2013), and aromatase (Bentz et al. 2008). However, these latter

studies still await replication.

Neural Correlates

Postmortem studies investigating the brain of individuals with GD have observed a

reduced volume and number of neurons in the central subdivision of the sexually

dimorphic bed nucleus of the stria terminalis and the third interstitial nucleus of the

anterior hypothalamus (INAH3) in males-to-females (MFs) in comparison to their

natal sex controls (Zhou et al. 1995; Kruijver et al. 2000; Garcia-Falgueras and

Swaab 2008). A female-typical expression of neurokinin B, an important regulator

of GnRH release and thus reproductive functioning, has also been detected in the

hypothalamus of MFs (Taziaux et al. 2012). In a female-to-male (FM) individual,
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on the other hand, an INAH3 neuronal number in the male range was observed

(Garcia-Falgueras and Swaab 2008).

More recently, the introduction of neuroimaging techniques has allowed in vivo

assessment of the brain, thus enabling larger-scale projects involving more sub-

stantial subject samples and a more flexible study design. Several imaging studies

have investigated the brains of individuals with GD. Studies using functional

magnetic resonance imaging (fMRI) examining brain activation during a task of

mental spatial rotation in MFs showed a divergence from the natal sex in the

recruitment of parietal regions subserving this function (Carrillo et al. 2010;

Schöning et al. 2010). Accordingly, a female-like pattern of brain activation was

observed in MFs while viewing erotic stimuli (Gizewski et al. 2009). Exposure to

4,16-androstadien-3-one (AND), a steroid compound with postulated pheromonal

properties, also elicited a female-like hypothalamic response in MF adults

(Berglund et al. 2008). However, unlike in women, the hypothalamus of MFs

also responded to estra-1,3,5(10),16-tetraen-3-ol (EST), a putative female chemo-

signal (Berglund et al. 2008).

Several imaging studies have also examined the structure of the brain in indi-

viduals with GD. MRI studies examining white matter tracts using diffusion tensor

imaging have shown deviations from the natal sex in white matter microstructure in

both FMs and MFs (Rametti et al. 2011a, b) . To date, five neuroimaging studies

have investigated gray matter (GM) in individuals with GD, observing brain

volumes largely concordant with the natal sex, although subtle signs of a

sex-atypical sexual differentiation of the brain were also detected (Luders

et al. 2009; Savic and Arver 2011; Zubiaurre-Elorza et al. 2013, 2014). A recent

study by Zubiaurre-Elorza et al. (2013) was the first to examine GM in FMs.

Interestingly, they observed signs of subcortical masculinization in FM adults and

of cortical feminization in MF adults, providing the first insights into the develop-

mental processes underlying GD in both sexes. Taken together, these findings

provide a strong suggestion of an atypical sexual differentiation of the brain in

individuals suffering from GD. However, all the above-mentioned studies exam-

ined individuals in adulthood, when both organizational and activational steroid

hormone effects have already sculpted the brain into a sex-specific configuration.

Objectives

GD often shows up at early pre-pubertal ages. In general, sex reassignment for

individuals with GD was met with a great deal of skepticism, and this is even more

evident when it comes to the treatment of young people. Thus, no irreversible

interventions such as hormonal and surgical treatments were allowed before adult-

hood. However, this policy has changed over the years, particularly since early

hormonal treatment of GD individuals has led to positive results (Gooren and

Delemarre-van de Waal 1996; Cohen-Kettenis and van Goozen 1998). According

to the new Dutch protocol established by Cohen-Kettenis and Delemarre-van de
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Waal, adolescents who have experienced severe GD since early childhood are

allowed, after a careful psychological diagnostic procedure, to start using GnRH

agonists to suppress pubertal maturation (Kreukels and Cohen-Kettenis 2011; de

Vries and Cohen-Kettenis 2012). A minimum age of 12 years and at least Tanner

Stage 2/3 should be reached before any medical treatment is started. Several

advantages of this treatment are that further development of the secondary sex

characteristics is suppressed, the psychological well-being of adolescents improves

(stress relief), the adolescent can take his/her time to weigh the possibilities of an

actual sex reassignment procedure and, finally, arresting the development of the

secondary sex characteristics positively influences later physical appearance.

From the age of 16 years on, as a first step in the actual sex reassignment,

adolescents with persisting GD may receive cross-sex hormones (testosterone for

natal girls and estradiol for natal boys), in addition to their treatment with GnRH

agonists, in order to develop secondary sex characteristics of their experienced

gender (Delemarre-van de Waal and Cohen-Kettenis 2006; Hembree et al. 2009).

However, empirical evidence for the favorable effects of this protocol is needed to

counter critics who raise ethical considerations about medical interventions in

minors. It has been argued that experiencing all stages of (physical) puberty and

having age-appropriate (socio-) sexual experiences are crucial for psychological

(cognitive and emotional) maturation (Meyenburg 1999; Spriggs 2004; Korte

et al. 2008). Others have pointed out that inhibition of endogenous sex hormone

functioning might have detrimental effects on bone maturation and growth (Viner

et al. 2005; Houk and Lee 2006). Finally, several studies, although only conducted

in animal species so far, have suggested that puberty might reflect a second

organizational period in brain development (Sisk et al. 2003).

Therefore, the first aim of our studies was to determine whether sex-related brain

functions and sex differences in brain structures are already established during early

development and thus would be present in prepubertal children, or whether

sex-specific characteristics of the brain emerge during puberty, as a second orga-

nizational period in the sexual differentiation of the brain. The second aim was to

determine whether individuals with GD might have undergone a sex-atypical

sexual differentiation, and thus whether their neurobiological characteristics reflect

and match their experienced gender rather than their natal sex. In this review, we

focus on one small part of these rather extensive studies, i.e., the study in which

prepubertal children and adolescents, both GD and controls, were exposed to the

putative male chemo-signal 4,16-androstadien-3-one (AND). As mentioned above,

studies by the group of Savic et al. (2001) using positron emission topography

(PET) have shown sex differences in hypothalamic activation upon exposure to this

odorous steroid, with a significant activation in the hypothalamus of heterosexual

women but not in heterosexual men. We recently replicated this sex difference in

groups of adult men and women by using functional MRI, since PET is considered

to be too invasive in pediatric populations (Burke et al. 2012).
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Methods

Subjects

All subjects diagnosed with GD were recruited via the Center of Expertise on

Gender Dysphoria at the VU University Medical Center in Amsterdam. The control

participants were recruited via several primary and secondary schools in The

Netherlands and by inviting friends and relatives of the participants with GD.

The children’s sample consisted of 19 control girls [mean (�SD) years of

age¼ 9.7� 0.9], 20 control boys (9.5� 1.1), 17 girls with GD (9.6� 1.1), and

19 boys with GD (10.4� 0.9). All children underwent a short physical examination

by a pediatric endocrinologist to ascertain their prepubertal status (Tanner stage 1;

Marshall and Tanner 1969, 1970).

The adolescent groups consisted of 21 control girls (16.3� 0.9), 20 control boys

(15.0� 0.6), 21 girls with GD (16.1� 0.8), and 17 boys with GD (15.3� 1.2). The

adolescent participants diagnosed with GD had been treated monthly with 3.75 mg

of Triptorelin (Decapeptyl-CR®, Ferring, Hoofddorp, The Netherlands), a GnRH

agonist, by injection for on average 24 months (range 2–48 months), resulting in

complete suppression of gonadal hormone production. Female adolescent controls

were tested randomly according to their menstrual cycle, and 11 of 21 control girls

reported using hormonal contraception. All subjects and their legal guardians gave

their informed consent according to the Declaration of Helsinki, and the study was

approved by the Ethics Committee of the VU University Medical Center Amster-

dam (application number NL31283.029.10).

Olfactory Function and Stimulation

First, normal olfactory function was ascertained by means of an extended version of

the “Sniffin’ Sticks” test battery (32-item odor identification test and olfactory

threshold measurement; Kobal et al. 1996, 2000; Hummel et al. 2007). Then

participants were asked to report the perceived intensity of a 10 mM

androstadienone solution (on a scale from 0 to 10). For the olfactory stimulation

in the MRI, androstadienone (Steraloids Inc., Newport, RI 02840, US) was diluted

in propylene glycol (Sigma) to a concentration of 10 mM, according to the “high”

concentration used in our previous study (Burke et al. 2012). The volume of the

solution used during the fMRI experiments was 20 ml. Olfactory stimuli were

delivered through a tubing system to the subjects’ nostrils by means of a custom-

built air-dilution olfactometer (for details of the olfactometer set-up and procedure

see Burke et al. 2012). With a total air flow of about 1 l per minute, during “ON”

periods the odor was delivered every 2 s for 1 s, whereas during “OFF” periods

subjects received odorless air.
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Image Acquisition and Processing

Scans were performed on a 3.0 T GE Signa HDxt scanner (General Electric,

Milwaukee, WI, USA). A gradient echo echoplanar imaging sequence was used

for functional imaging (19.2 cm2 field of view, TR of 1950 ms, TE of 25 ms, an 80�

flip angle, isotropic voxels of 3 mm, and 36 slices). Before each imaging session, a

local high-order shimming technique was used to reduce susceptibility artefacts. A

scanning session consisted of six alternating ON-OFF cycles over 108 volumes in a

classical block design (one block consisted of nine volumes), lasting 3.6 min. For

co-registration with the functional images, a T1-weighted scan was obtained

(3D FSPGR sequence, 25 cm2 field of view, TR of 7.8 ms, TE of 3.0 ms; slice

thickness of 1 mm, and 176 slices).

Data analysis was performed with SPM8 software (Statistical Parametric Map-

ping; Wellcome Department of Imaging Neuroscience, Institute of Neurology at the

University College London, UK) implemented in Matlab R2009b (Math Works

Inc., Natick, MA, USA). Functional images were slice-timed and realigned to the

mean image, followed by unwarp. Applying the ‘New Segment’ and ‘Create

Template’ options of the DARTEL (Diffeomorphic Anatomical Registration

Through Exponentiated Lie algebra) toolbox, structural images were segmented.

Then, gray matter and white matter images were used for creating age group-

specific templates (one each for the children and the adolescents samples), regis-

tered in Montreal Neurological Institute (MNI) space. Functional images were

spatially normalized to their respective group-template, applying each individual’s

DARTEL flow field and, finally, images were smoothed by means of a 5 mm full

width half maximum (FWHM) isotropic Gaussian kernel.

Individual image data were analyzed using boxcar regressors convolved with a

synthetic hemodynamic response function and a first-order time modulation

(TM) regressor to test for possible effects of adaptation/sensitization to

androstadienone. To account for assumed late “wash-out” effects during OFF

blocks and an early peak response to the odor stimulation during ON blocks, first-

level contrast images were built by subtracting the second half (b) of the OFF

blocks (four volumes) from the first part (a) of the ON blocks (four volumes).

Accordingly, this was done with the associated TM regressor blocks. Further, based

on the image realignment process, individual head jerks were identified (>1 mm

displacement; Lemieux et al. 2007). Together with the six motion parameters, these

so-called scan nulling regressors were included in every first-level design matrix to

account for the effects of excessive head motion.

Statistical Analyses

First, to test whether the sex difference in response to androstadienone was present

in the control groups (i.e., prepubertal and adolescent), and whether a potential sex
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difference in responsiveness varied as a function of adaptation/sensitization to the

odor, we conducted a sex (control boys, control girls) by odor stimulation ANOVA
for both the prepubertal and the adolescent control groups. The factor odor stimu-
lation consisted of two levels, a regressor modeling the condition ONa – OFFb
effect, i.e., the hypothesized hypothalamic response to the odor, and a first order

parametric modulation TM ONa–TM OFFb regressor, which indicates how well the

hypothalamic response correlates with changes over time, thus modeling possible

effects of adaptation or sensitization.

Second, by means of four gender by odor stimulation ANOVAs separately for

the prepubertal and the adolescent groups, we tested whether boys and girls

diagnosed with GD differed significantly in response to the steroid odor in com-

parison to their respective natal sex or their experienced gender control group.

Analyses were restricted to the hypothalamus area as region of interest (ROI),

defined (with Marsbar; Brett et al. 2002) as a sphere (centered at MNI coordinates

x¼ 0, y¼�10, z¼�7; with a 7 mm radius), and based on anatomical demarca-

tions following Makris et al. (2013) and Baroncini et al. (2012). The threshold for

statistical significance was set at p< 0.05 family-wise error (FWE)-corrected for

the extent of the hypothalamus ROI.

Results

Sex Difference in Control Groups

Prepubertal girls and boys did not differ in terms of general hypothalamic respon-

siveness (condition effect ON>OFF) to androstadienone, but directional t-tests
showed that the sex difference (girls> boys) was significantly modulated by the

effect of the TM regressor (t¼ 3.33; p¼ 0.033), indicating that hypothalamic

activation in boys differed from that of the girls during the course of the scanning

session and thus suggesting differences in adaptation and/or sensitization to the

odor between groups (Fig. 1). Accordingly, similar comparisons were done in the

adolescent groups. Again, the sex difference in hypothalamic activation

(girls> boys) was significantly dependent on the factor time (t¼ 3.52; p¼ 0.019;

Fig. 1). Visual inspection of the data revealed that activation increased in girls with

repeated exposure to androstadienone (sensitization), particularly towards the end

of the session, whereas the responsiveness to the steroid odor seemed relatively

stable in boys, showing a slight decrease in activation over the course of

stimulation.
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Responses in Girls Diagnosed with GD

Prepubertal girls with GD differed significantly from neither their experienced

(control boys) nor from their natal sex (control girls) in terms of hypothalamic

activation when smelling androstadienone. None of the comparisons between

prepubertal control girls and prepubertal girls with GD revealed any differences

in hypothalamic activation upon smelling androstadienone. However, no

sex-typical effects (i.e., a female-typical hypothalamus response), when compared

to control boys, could be confirmed. In contrast, the activation in adolescent girls

with GD was very similar to that in adolescent control boys, i.e., remaining stable

over the course of stimulation, whereas control girls showed a significantly stronger

hypothalamic response to androstadienone over time as described earlier (Fig. 2).

Thus the comparison of adolescent control girls to girls diagnosed with GD

revealed a significant effect of gender (control girls> girls with GD), which was

mainly explained by the effect of the TM regressor (t¼ 4.3; p¼ 0.002).

Responses in Boys Diagnosed with GD

Prepubertal boys with GD showed a pattern of hypothalamic activation that was

similar to that of the prepubertal control boys. However, when adolescent boys with

GD were compared to adolescent control boys, a significant effect of condition

(ON>OFF) was observed (Fig. 2). Thus, adolescent boys with GD showed a

significantly stronger, thus sex-atypical response, to androstadienone compared to

Fig. 1 Sex differences in hypothalamic activation in both the (a) adolescent and the (b) prepu-

bertal control groups. Irrespective of their pubertal status, girls compared with boys (directional

t-contrast) showed a stronger hypothalamic activation in response to smelling the chemo-signal

androstadienone. The color bar indicates the t statistic
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control boys, irrespective of the factor time, which indicates that adolescent boys

with GD showed female-typical hypothalamic responses upon smelling

androstadienone without, however, any effects due to sensitization.

Discussion

Sex differences in hypothalamic activation upon smelling androstadienone are

already present before puberty: both prepubertal and adolescent control girls

showed a stronger hypothalamic activation compared to boys. This sex difference

seemed to be crucially modulated by effects of sensitization to androstadienone. So,

in answer to the first aim, sex differences in hypothalamic responses to

androstadienone seemed to have developed during early brain development, at

least before puberty. Furthermore, adolescents with GD, both natal boys and

girls, showed hypothalamic responses that were in line with their experienced

gender, suggesting that they might indeed have undergone an atypical sexual

differentiation of the brain. However, the hypothalamic response was not observed

in the prepubertal subjects with GD, although girls with GD showed neither a male-

nor a female-typical hypothalamic response. By contrast, prepubertal boys with GD

showed similar responses as control boys.

The absence of a clear effect in the prepubertal sample of GD suggests that

pubertal hormones might somehow be involved in the development of

GD. However, it should be noted that the prepubertal groups with GD constitute

rather heterogeneous groups with respect to future-persisting GD. It has been shown

Fig. 2 Sex-atypical hypothalamic responses in the (a) natal boys with Gender Dysphoria

(GD) and (b) natal girls with GD. Adolescent natal boys showed a similar hypothalamic activation

as control girls when smelling androstadienone, whereas adolescent natal girls with GD showed a

male-typical response pattern. The color bar indicates the t statistic
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that only about 20 % of the childhood GD cases will eventually lead to adult GD

(Steensma et al. 2011), although overall women present early-onset cases more

often (Nieder et al. 2011) and girls show higher persistency rates of GD into

adolescence compared to boys (Steensma et al. 2013). Thus, our finding of prepu-

bertal girls with GD showing neither a clear-cut female- nor male-typical response

to androstadienone awaits confirmation in the future, when it will be known who of

our participants showed persisting GD into adolescence and adulthood. Regarding

the prepubertal boys with GD, who were similar to control boys in their hypotha-

lamic responses, the same argument probably holds, i.e., they present a heteroge-

neous group with respect to future-persisting GD and further confirmation is

needed, especially since the adolescent boys with GD showed female-typical

hypothalamic activations.
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Pubertal Timing, Exploratory Behavior

and Mental Health: A View from a Clinician

and Public Health Practitioner

P.-A. Michaud

Abstract The potential impact of early versus late pubertal timing on adolescent

psychological and behavioral development and adjustment has led to interesting but

conflicting results. Early- and late-maturing adolescents engage in exploratory/risk

behavior differently, as compared with their “on time” peers. This impact is not the

same among males and females and probably varies within different environmental

contexts. Moreover, we do not clearly understand the origin of such a phenomenon:

recent publications tend to indicate that one’s self image representation may have

an effect on the behavior of early-maturing females, whereas others suggest that

poor psychosocial adjustment may antedate the appearance of puberty among early-

maturing adolescents of both sexes. The meaning of these pieces of research should

be integrated into the everyday care of adolescents and in the public health area.

Introduction

Human puberty is a very puzzling and sophisticated process. According to Bogin

(1994) and Gluckman (2005; (Gluckman and Hanson 2006), humans are the only

mammalian species that undergo a second growth spurt after a first period of rapid

growth following birth. In an ontogenic perspective, this may be seen as a way to

allow for a more important growth of the brain as compared with other species, such

as apes. This is all the more understandable when we take into account what we

know from recent research, that the development of the adolescent brain lasts until

late adolescence or early adulthood (Giedd 2008), as is discussed in other chapters

of this volume. Another rather interesting phenomenon in the human species is the

secular trend in the reduction of the age at which puberty starts, a phenomenon that

is not totally understood but that, at least partly, relates to secular trends in the

nutritional state of pregnant women as well as the presence in the environment of
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endocrine disruptors (Parent et al. 2003; Bellis et al. 2006; Gluckman and Hanson

2006; Bourguignon et al. 2010, 2013). A major consequence of an earlier puberty in

the human species is that the period separating the attainment of biologic maturity

and social maturity is enlarging. This kind of mismatch, or so-called maturational

gap (Moffitt 1993; Waylen and Wolke 2004; Gluckman and Hanson 2006), has a

profound developmental impact on individuals who are neither children nor adults

for several years. A third singularity of human puberty is the wide span between

those individuals who mature earlier and those who mature later. Since the seminal

work of Tanner (1962), we know that a period of around five years separates early-

and late-maturing adolescents, with a mean difference of one year between girls and

boys, the former being the ones who enter puberty first.

It is important to stress the difference between premature/precocious puberty

and early puberty, as well as between late and delayed puberty: both early- and late-

maturing individuals are in the normal range of pubertal timing, whereas precocious

and delayed puberty usually command clinical and laboratory investigations.

Although, once the process of puberty begins, it tends to follow a fairly strict

sequence of events (Tanner 1962), the question arises as to whether young people

who mature earlier or later exhibit differences in their health status or their

psychosocial development. There is an extensive literature available on this issue,

which stresses both the impact of early or late maturation among girls as well as

boys (Graber et al. 1997, 2004; Kaltiala-Heino et al. 2003a, b; Ostovich and Sabini

2005; Patton and Viner 2007).

Before discussing in detail the impact of pubertal timing on the health and

development of young people, and especially on behavior, a few general comments

are needed.

Conceptual Comments

The relationship between pubertal timing and the mental health and behavioral

conduct of adolescents has often been based on cross-sectional studies, whereas

more recent longitudinal publications have drawn attention to the fact that, on one

hand, some factors may precede the occurrence of puberty and explain some of

these relationships (Graber et al. 2010; Bleil et al. 2013), and, on the other hand,

such correlations may be observed well beyond the period of puberty itself

(Michaud et al. 2006). Given the emerging evidence that we have of the role of

hormones and brain development in determining adolescent behavior, such issues

should be kept in mind. Also, the measurement of pubertal timing is often difficult,

as many if not most of the published literature focuses on a self-evaluation of

pubertal stage by the adolescents themselves and not on an actual clinical assess-

ment or a dosage of hormones. While the developmental staging in five clinically

observable steps proposed by Tanner (1962) is largely used by clinicians and

represents a good appreciation of the progress of puberty, a fairly large literature

has used self-reported measures of puberty, using questions or drawings or
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comparisons with peers, without any clinical examination. These studies show that

both girls’ and boys’ reports tend to be biased by their own individual representa-

tions, with some subjects overestimating or underestimating the progress of their

own puberty (Brooks-Gunn et al. 1987; Berg-Kelly and Erdes 1997; Bond

et al. 2006).

Another area of conceptual discussion is that of so-called “risk behaviors”

(Jessor 1991); the literature, especially that of Anglo-Saxon origin, is filled with

papers pertaining to risky behaviors or risk-taking behavior. As of November 2013,

Medline provided around 34,000 references on this topic. There are several reasons

why this wording should be used cautiously:

1. Many studies tend to confuse risk factors and risk behaviors, which are two

distinct aspects of the general concept of risk;

2. Conduct that is considered risky is often not well defined. Indeed, while it is

clear that unprotected sex can potentially result in the risk of transmission of

sexually transmitted infections or unintended pregnancy, sexual activity per se

should not be considered a risk-taking behavior; and

3. Confusion often exists between the behaviors and the individuals, inducing a

kind of “labeling” of individuals as risk-taking teenagers. This amalgam ignores

the fact that many behaviors during adolescence are transitory. Moreover, it is

stigmatizing and unfair to individuals who actually adopt deviant behavior not so

much because of their personality but as a consequence of an unfavorable

environment.

For these reasons, we have repeatedly suggested the use of expressions such as

experimental or exploratory behavior instead (Michaud et al. 1998; Michaud 2006),

underscoring the fact that a process of “try and retry” is part of the adolescent

developmental process (as it is for children). For extreme behavior that potentially

exposes individuals to short- and long-term consequences, the expression “health-

compromising behavior” is also probably more appropriate and less stigmatizing

than risk-taking behavior.

Pubertal Timing, Physical and Mental Health, Exploratory

Behavior

It is now recognized that precocious puberty is linked with several physical

disorders, such as polycystic ovary syndrome (PCOS) or a higher risk for breast

cancer, probably due to exposure to environmental toxic agents (Buck Louis

et al. 2008; Golub et al. 2008). Early puberty may also be linked with a higher

risk for the persistence of asthma into adulthood (Varraso et al. 2005). Still other

studies suggest that early puberty is linked with a higher rate of somatic burden,

such as muscular disorders or headaches (Rhee 2005; Patton and Viner 2007).
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Mental health problems and diseases occur earlier and at a higher rate among

early maturers, especially among girls (Kaltiala-Heino et al. 2003b; Graber

et al. 2004, 2010; Johansson and Ritzen 2005; Mendle et al. 2007; DeRose

et al. 2011; Oldehinkel et al. 2011), including a higher risk for deliberate self

harm and suicidal conduct (Wichstrom 2000; Michaud et al. 2006). However, the

relationship is far from clear, as one study found a higher risk for self harm among

late-maturing girls (Patton et al. 2007). An interesting question is whether the fact

that the rate of depression is higher among girls than among boys is linked to

gender/sex issues or to the fact that puberty begins earlier among females (Wade

et al. 2002). It should be stressed, however, that early puberty among boys may also

in some instances be linked with a higher risk for mental health problems (Mendle

et al. 2012). Also, it is well known that schizophrenia and psychotic disorders often

appear during adolescence, although the relationships between the increase in

psychotic disorders, the surge of hormones and the development of the brain are

still not well understood (Cohen et al. 1999).

Early puberty among girls and delayed puberty among boys have both been

showed to be correlated with lower self image and self esteem, with a higher risk for

eating disorders (Striegel-Moore et al. 2001; McCabe and Ricciardelli 2004; Zehr

et al. 2007; Graber et al. 2010). In a cross-sectional study involving 16–20 years

adolescents of both sexes, we have shown that such a correlation is still observable

beyond the period of puberty until late adolescence (Michaud et al. 2006). Much of

the available literature focuses on the correlations between early puberty and risk/

exploratory behaviors, such as early unprotected sexual intercourse or substance

use and misuse or antisocial behavior. The effect of early puberty on sexual

behavior, both among girls and boys, is well documented. In all studies focusing

on this issue, the rate of teenagers engaging in active sexual relations is higher

among early maturers and that this correlation persists into early adulthood (Lam

et al. 2002; Kaltiala-Heino et al. 2003a; Parent et al. 2003; Johansson and Ritzen

2005; Michaud et al. 2006). To some extent, the correlation may be higher among

boys than among girls (Ostovich and Sabini 2005). In most of these publications, it

has also been shown that late maturers of both sex conversely engage in an active

sexual life at a lower pace/later. The age and rate at which young people engage in

the use/misuse of psychotropic drugs is also linked with pubertal timing (Dick

et al. 2000; Lanza and Collins 2002; Patton et al. 2004; Michaud et al. 2006); both

early maturing boys and girls engage in the consumption of substances (e.g.,

cigarette, alcohol and illegal drugs) at a higher rate, with the difference persisting

into young adulthood. Conversely, delayed puberty may constitute a protective

factor against substance use and misuse (Orr and Ingersoll 1995; Waylen and

Wolke 2004).

In summary, among girls, the relationship between early versus late puberty is

fairly uniform, e.g., early maturing girls display a lower self image, a higher rate of

mental health problems and a higher and more precocious rate of exploratory

behavior than their mates of similar chronological age but who mature slower.

Among boys, the relationship is more complex; for example, in the field of mental

health, the relationship is U-curved, that is, both early- and late-maturing boys
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suffer from mental health problems and low self esteem at a higher rate, whereas the

correlation, as far as experimental/health-compromising behavior is concerned, is

similar to that of the girls (Michaud et al. 2006).

Hypotheses

As shown in Fig. 1, the interplay between pubertal timing and mental/behavioral

outcomes is extremely complex and probably still not well understood, involving

genetic and epigenetic factors, the hormonal climate, brain development, and the

influence of education, peers, and so on. Two examples of this complexity can be

provided. Eating disorders have been shown to be more prevalent among early-

maturing girls (Cooley and Toray 2001; Striegel-Moore et al. 2001; Zehr

et al. 2007; McNicholas et al. 2012). Is this linked with the fact that puberty has a

physiological impact on the amount of fat in body composition, or is it mainly

linked with the fact that these girls feel ashamed of their growing body as compared

to their mate? Or is the phenomenon linked directly with the hormones in the brain,

or is eating behavior mediated by modifications of the brain structure and func-

tioning, or are all these factors contributing, directly or indirectly ? In the field of

substance use, one author elaborated some years ago two hypotheses to explain the

higher rate of substance use among early maturers (Tschann et al. 1994): the

maturational-deviance hypothesis was used to explain why early-maturing girls

and late-maturing boys experienced heightened emotional distress, which in turn

influenced initiation and use of substances. Alternatively, an early-maturation

hypothesis was suggested as a cause for early-maturing girls to engage in more

substance use than all other groups, independent of any emotional distress.

PUBERTAL TIMING

Genetic factors Environmental factors
Disruptors..

Epigenetic factors

Family functioning
Educational style

ECOLOGICAL FRAME (ENVIRONMENT, SOCIO ECONOMIC SITUATION, ETC

OUTCOMES
Self  image

Mental health
Expl. behaviors

Brain structure/functions

Hormonal environment

Fig. 1 The interplay between pubertal timing and mental and behavioral outcomes
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In the same perspective, another question that has to be addressed is whether it is

the actual pubertal stage that impacts on one’s behavior or rather the image that an

adolescent has of his pubertal stage that influences his self image and behavior. Two

articles have focused on this question and have indeed shown that it is the percep-

tion that adolescents have of their pubertal stage rather than their actual stage that

may impact on their behavior (Bratberg et al. 2007; Deppen et al. 2012). In the

Bratberg paper, the authors found that perceived early maturation was associated, in

both genders, with increased involvement in binge drinking and cigarette use.

Interestingly, among late-maturing boys cigarette smoking was also more preva-

lent, as compared with “on time” maturers. In other words, the relationship between

cigarette smoking and pubertal timing among boys again displays a U-curved

aspect. The Deppen paper focused on a different issue among girls only, that is,

assessing the relationship between girls who have objectively an ‘on-time’ pubertal

status and who feel on time with those who are objectively on time but feel as early

maturers. The authors found that a perception of pubertal precocity was associated

with early sexual intercourse (before age 16) and early use of illegal drugs other

than cannabis, as compared with those who felt on time. Conversely, girls perceiv-

ing their puberty as late are less likely to report intercourse before age 16, as

compared with those who are and feel on time. These two papers suggest that,

among the factors that explain the differences in exploratory behaviors found

between early, on time, and late-maturing adolescents, the role of perceived

pubertal stage is critical.

Another set of researchers focused on developmental pathways that antedate the

start of puberty. In a recent publication (Mensah et al. 2013), an Australian team

investigating prospectively a cohort of children that were followed from the age of

4–5. They found that those who had already entered their puberty by age 8–9 had

experienced poor social adjustment (using a Pediatric Quality of Life Inventory)

already at an earlier age, that is, as they were 4–5 years old. Moreover, among boys,

behavioral difficulties at an earlier age also predicted early puberty. In other words,

this study suggests that children experiencing stressful situations as children may

mature at an earlier age, as compared with those who do not. The authors conclude

that “at least in part, the association between early-onset puberty and poor mental

health appears to result from processes under way,” and not the reverse. This

correlation between stressful experiences during early childhood and pubertal

timing has also been found by other authors (Bleil et al. 2013), but another study

has found the reverse, that is that depressive symptoms during the childhood among

girls may predict late pubertal timing (Black and Klein 2012). The differences

found between these different investigations may well be linked not only to the

design of the studies but also to the context in which adolescents live. It can be

hypothesized that the human environment directly impacts on the kind of relation-

ship found: indeed, in a cohort study published in December 2013, White

et al. (2013) found that the impact of early puberty on both externalizing and

internalizing symptoms of Mexican-origin boys differed, depending on the ethnic-

ity of their neighborhood; that is, environments providing a high number of peers of

similar ethnicity seemed to buffer the effect of early pubertal timing (White

50 P.-A. Michaud



et al. 2013). More epidemiological and neuroendocrinological studies will be

needed to elucidate the complex relationships between environment, hormonal

changes, brain development and mental health and behavior (Romeo et al. 2002;

Sisk and Foster 2004; Sisk and Zehr 2005; Natsuaki 2013).

Implications for Clinical Practice

From the preceding sections, it can be understood that the relationships between

pubertal timing and both mental health and experimental behaviors are complex

and probably imply bidirectional causality, e.g., the impact of pubertal timing on

development and the impact of developmental issues on pubertal timing, as tenta-

tively described in Fig. 1. What can be done to address the issue of mental health

and experimental behaviors in the clinical care of adolescents and how should these

developmental issues be accounted for?

The World Health Organization, along with other UN agencies, has developed a

conceptual framework that should inspire health professionals in their approach to

adolescent health, as shown in Fig. 2 (World Health Organization 1989). Although

somehow arbitrary, the developmental process of adolescence can be divided into

three main phases, which are early (e.g., ~10–13 years), middle (e.g., ~14–16 or

Development Early 
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adolescence

Late
adolescence

Biological pubertal 
development

increase in 
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breaking
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lack of control
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one’s future
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sexual orientation

Acquiring autonomy

Social
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going out
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(sex/drugs..)
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Intimate 
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Fig. 2 A grid assisting professionals to tailor their interventions in adolescents’ developmental

stages
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17 years) and late adolescence (e.g., ~17–19 or 20 years), with each phase charac-

terized by specific aspects along the biological, cognitive/emotional and social

dimensions. While for many individuals the three dimension stages of the adoles-

cent process are more or less synchronized, it can be understood from the preceding

section that the three dimensions overlap, especially among teenagers who start

their puberty early or late.

Health professionals who deliver health care to adolescents have to take into

account these developmental stages: for instance, the physiological changes linked

with the surge in growth has a clear impact on hepatic function and the metabolism

of drugs and medicine, so that what is often suspected as poor adherence or weak

effect of the treatment is just linked with too low doses of medication. Similarly, it

is often not relevant to warn young adolescents with a chronic disease (e.g., cystic

fibrosis or diabetes) about the long-term effects of poor adherence as they lack the

cognitive capacity to analyze the long-term consequences of their behavior. What-

ever her chronological age, the investigation of abdominal pain in a female ado-

lescent will all depend on whether she has started puberty and may potentially be

pregnant or whether she has not yet had any pubertal symptoms. We also know

from epidemiological research that young people who have engaged in the use of

psychotropic drugs (cigarette, alcohol, cannabis. . .) early, that is before the age of
14 or 15 years, have a higher risk of becoming dependent (Ellickson et al. 2004;

Swift et al. 2008), which may be linked with the immaturity of the adolescent brain

during early adolescence. Both cross-sectional and longitudinal studies have con-

firmed this phenomenon (Tschann et al. 1994; Patton et al. 2004; Michaud

et al. 2006; Westling et al. 2008), and it seems as if not only individuals with

early puberty but also those with perceived early puberty engage at an earlier age in

the use of legal and illegal drugs (Arbeau et al. 2007; Deppen et al. 2012; Cance

et al. 2013). It thus can be easily understood that practitioners must take into

account the actual and perceived pubertal stage in assessing their young patients’

lifestyles, and deliver proper responses to situations that threaten their patients’

health and development: substance use and other exploratory/health-compromising

behavior should be assessed systematically among early-maturing adolescents (and

older adolescents as well).

Implications in the Field of Public Health

In a fairly recent paper, Steinberg reviews the extent to which neuroscience and

research on the adolescent brain inform decision makers in the field of public health

(Steinberg 2009). It does indeed make sense to consider that policies and preventive

strategies should be developmentally appropriate, and we have learned from both

behavioral and neuro-developmental studies that younger adolescents tend to lack

specific control of their emotional arousals and sensation-seeking situations (Giedd

2008, 2012). It can be thus understood how an individual who matures early finds

himself in the position of a 1,000 cm3 motorcycle driver who has not learned how to
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use a brake: in other words, one can hypothesize that the adolescent brain does not

necessarily mature at the same pace as the endocrine system does, so that early

maturers are particularly at risk of not being able to measure the short- and long-

term impacts of their exploratory behavior. This overlap of pubertal maturation

paces within groups of the same chronological age raises several issues: for

instance, physical education courses at school and training sessions with young

people on sports team must be tailored to the size and strength of the participants,

which is difficult in team sports activities that gather individuals of the same

chronological age. Another issue is the one of school sexual education: by age

13, educators find themselves in front of a mixed audience of pre-pubertal boys who

have little interest in sex and mature girls who may have already had sexual

intercourse.

In the fields of health education, prevention and health promotion, many pro-

grams attempt to shape adolescent behaviors; for example, programs such as those

pertaining to the prevention of injuries, unintended pregnancy, and substance

misuse are driven by the assumption that teaching teenagers how to adopt healthy

lifestyles is enough and efficient. Health education – providing young people with

information about the risks linked with various life experiences – is useful, but

certainly not enough. Expecting adolescents to simply learn from adults (parents,

teachers, educators, etc.) is unreasonable and incorrect for at least two reasons.

First, it disregards the impact of the emotional context of such experiences and it

often overlooks the influence of peer pressure (Steinberg 2008). Second, it is

ethically unacceptable, as it ignores the influence of the environment (Michaud

2006): in a world filled with medications for every mood and difficulty that adults

may experience, why should we expect teenagers to refrain from experimenting

with drugs? In a society that promotes sensation seeking and praises fast cars, why

should we ask young people to be careful while driving their mopeds? In other

words, when adolescents fail to take into account our warnings and end up in the

hospital, many adults and health care professionals see the etiology as a function of

their risk-taking behavior rather than a consequence of the social background in

which we live. Indeed, their language is one of victim-blaming rather than

reflecting collective responsibility. On an individual basis, most of the so-called

risk-taking behaviors should be understood as normative behaviors and considered

as experimental conduct that inspires the adolescent’s psychosocial maturation. As

such, they should be assessed by taking into account the maturational stage of the

individual (Goldenring and Rosen 2004). On a societal level, prevention strategies

should attempt to create safe environments, a concept that is largely supported by

the World Health Organization (2009). Such an environment is one in which young

people are offered attractive leisure activities to deter them from drug misuse, in

which the organization of the traffic is pedestrian- or cyclist-friendly and in which

communities provide safe public transportation late in the night, or in which

adolescents have easy access to contraception and protection instead of the “just

say no” useless message. In other words, recent endocrinological and neurodeve-

lopmental research should inform the activities and decisions of both health pro-

fessionals and policy makers.
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Puberty, the Brain and Mental Health

in Adolescence

Russell Viner

Abstract There is increasing evidence that puberty influences mental health and

emotional well-being in humans in multiple ways. These effects begin with

adrenarche in late childhood and continue with gonadarche in early adolescence.

Puberty itself is associated with increased behavioral problems in boys and

increased social anxiety, depression and self-harm in girls. It is also associated

with a lower sense of well-being and with increased reports of fatigue, irritability

and somatic complaints.

The mechanisms by which puberty influences mental health are unclear, and

likely encompass biological and sociological pathways. Pubertal timing appears to

have effects that are separate from the processes of puberty itself, although it is

uncertain whether those with earlier puberty simply enter this risk period earlier

than peers. Developmental mismatch may be a key mechanism for the effects of

early puberty, i.e., a mismatch between emotional challenges and the cognitive

capacities of young adolescents. Hyperactivation of HPA stress responses with

puberty may play a role in mediating these associations.

However, it is also possible that early puberty and adolescent mental health

problems share a range of common risk factors. These may include stressful family

environments, early childhood adversity, sexual abuse and lack of parental invest-

ment or warmth. In support of this possibility are recent findings that children with

early puberty can be identified as having increased psychosocial problems in early

childhood before puberty (Mensah et al. J Adolesc Health 53:118–124, 2013).

Others have found that higher levels of mental health problems are associated

with early puberty only in those with high family risk. This finding has led to

hypotheses that early puberty may be an evolutionary response to early-life adver-

sities and, in turn, may be linked to a suite of risk-taking behaviors linked with early

reproduction.

Life-course studies of the associations of early puberty and mental health have

not been undertaken. I present findings from two British Birth Cohort studies (1958

and 1970 birth cohorts) that examined the associations between childhood adversity
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and mental health in adult life. I also discuss a new Australian cohort study, the

Childhood to Adolescence Transition Study (CATS; Mundy et al. BMC Pediatr

13:160, 2013) that was set up to examine the effects of early life experience and the

earliest changes of adrenarche and gonadarche on mental health, behavior and well-

being in Australian children.

Introduction

There is increasing recognition of the importance of mental health in adolescence

for mental health and well-being across the life-course, driven by recognition that

adolescence is a key period of onset of mental disorders and spurred by rapid

advances in the neuroscience of the developing brain. In US samples, it is estimated

that three-quarters of all lifetime mental health disorders (with the exception of

dementia) onset by age 24 years (Kessler et al. 2005).

Mental health problems among young people have increased in the past four

decades, including both emotional and behavioral problems (Nuffield Foundation

2009), in both the USA (Achenbach et al. 2003) and UK (Collishaw et al. 2004).

While a large part of adolescent mental health problems can be attributed to the

social transitions inherent in adolescent development, processes that were exacer-

bated by rapid social change over the past three decades (Nuffield Foundation

2009), there is increasing evidence that biological mechanisms may also be

responsible.

Dramatic advances in adolescent neuroscience have shown the rapid develop-

ment of both cortical and sub-cortical structures continuing through adolescence.

There is increasing evidence that abnormalities of adolescent neural developmental

processes are related to the typical onset of conditions such as psychotic disorders

(Holtzman et al. 2013), eating disorders (Frank and Kaye 2012) and Attention

Deficit Hyperactivity Disorder (ADHD; Frodl and Skokauskas 2012).

Increasing evidence of the actions of sex steroids in the risk for mental disorder,

particularly in psychoses (Trotman et al. 2013), and recent evidence that puberty

influences brain developmental trajectories (Goddings et al. 2012), has focused

attention on puberty as a potential modifier of the impacts of adolescent

neurocognitive and sociological development on mental health risk.

In this chapter, I will review the evidence and mechanisms for an association

between puberty and mental health in adolescence and across the life-course and

will present novel findings from a large-scale longitudinal examination of this

association.
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Puberty and Turbulence

Puberty has long been seen as a turbulent time in human life. William Shakespeare

famously declared, in The Winter’s Tale, “I would there were no age between

sixteen and three-and-twenty, or that youth would sleep out the rest; for there is

nothing in the between but getting wenches with child, wronging the ancientry,

stealing, fighting”(Shakespeare 1623). Similar quotations can be found dating back

to Roman and Greek times. The idea of adolescence as a time of Sturm und Drang

(storm and stress) was common from the late eighteenth century and, throughout

much of the modern period, Goethe’s Young Werther symbolized the difficult

struggles of young people becoming adults within the constraints of conventional

society.

By the early twentieth century, such ideas were being incorporated into scientific

theories of adolescence. The American psychologist G. Stanley Hall, following

Ernst Haeckel in believing that ‘ontogeny recapitulates phylogeny,’ saw adoles-

cence as a naturally turbulent period recapitulating in each individual the ‘savage’

stage of human evolution (Hall 1904). Sigmund Freud and his disciples added to the

perception of puberty as a difficult period, understanding it to result from the need

for individuals to come to terms with their hitherto-suppressed sexual urges (Holder

2005).

There have been, of course, a number of counter-arguments suggesting that the

apparent turbulence of puberty is a Western social construction. Margaret Mead

claimed, in Coming of Age in Samoa (1928), that young people in Samoa experi-

enced no additional problems during adolescence, and she concluded that the

rebelliousness and emotional or behavioral problems increasingly seen in US

adolescents were the products of culture rather than biology (Scheper-Hughes

1984). This notion of adolescence as almost entirely a social construction still

retains some currency today (Mayall 2002).

Yet there is increasing evidence cross-culturally that the timing of puberty

influences the risk of a range of mental health problems in young people.

Secular Trends

First it is worthwhile noting that there have been notable trends in mental health

among young people as well as the well-known ‘secular trend’ in pubertal timing.

Michael Rutter and others showed in the 1990s that there had been concerning

increases in adolescent mental health problems across the middle and end of the

twentieth century in many countries (Rutter and Smith 1995). In-depth studies have

shown that mental health disorders increased in young people over the past 30 years

in the UK (Collishaw et al. 2004, 2010; Nuffield Foundation 2009), the USA

(Achenbach et al. 2003) and even in developing countries such as China (Xin

et al. 2012).
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The secular trend for the falling age of puberty is well described, particularly in

girls, and is largely thought to relate to improved nutrition. The secular trend was

largely complete by the 1950s in high income Western countries (Eveleth 1998),

although it remains controversial whether there have been further falls in the onset

of puberty over the past 20 years (Viner 2002; Parent et al. 2003; Sorensen

et al. 2012). The evidence suggests that there have been no real changes in age at

menarche or in age of gonadotropin and sex steroid surges in Western populations

(Viner 2002; Sorensen et al. 2012), although there may be increasing numbers with

early gonadotropin-independent thelarche (Sorensen et al. 2012). The vast majority

of data on secular trends in puberty relate to age of menarche in girls, as pubertal

events in boys are less amenable to study in large populations. An interesting

approach to studying pubertal trends in boys has been the study of changes in

injury mortality, given assumptions that puberty drives much of the rise in risky

behaviors seen in early to mid-adolescent males. Injury mortality creates an appre-

ciable ‘hump’ in male mortality during adolescence, and the age of onset of this

hump has been shown to have fallen steadily since 1750 through to the

mid-twentieth century, with stabilization after 1950 (Goldstein 2011).

Given the differences in timing of the respective secular trends in puberty and in

adolescent mental health, it is unlikely that changes in the timing of puberty

contribute significantly to increases in adolescent mental health problems.

Evidence for the Association of Puberty and Mental Health

Problems in Adolescence

There is increasing evidence that puberty influences mental health and emotional

well-being in humans in multiple ways. These effects begin with adrenarche in late

childhood and continue with gonadarche in early adolescence.

Studies of Adrenarche

The impact of adrenarche on mental health has been little studied. Existing studies

are uniformly small and of variable quality. Studies also largely focus on those with

premature adrenarche, and little is known about the effects of normal adrenarcheal

timing on mental health and well-being. Girls with premature adrenarche have been

reported to have more behavioral disorders and higher symptom counts for anxiety

and mood problems (Dorn et al. 2008). A number of very small studies have found

that children who are early into adrenarche reported higher externalizing, depres-

sion and anxiety symptoms and somatic complaints compared to on-time children

(Dorn et al. 1999; Sontag-Padilla et al. 2012).
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Others have found that levels of adrenal androgens such as dehydroepiandros-

tenedione (DHEA) are related to depression in children and adolescents and

postulate that adrenal androgens may modulate the actions of cortisol in

predisposing to depression (Goodyer et al. 1996, 2001).

Aggression and Violence

Aggressive behaviors, including bullying and violence, increase dramatically and

peak in mid adolescence, coincident with mid to late puberty (Krug et al. 2002;

Patton and Viner 2007). This finding, together with the known effects of testoster-

one on aggression in experimental animals and in humans (Archer 1991), focused

early attention on the relationship of puberty and aggression in males (Olweus

et al. 1988). However, there is also good evidence from large-scale studies that

increasing pubertal stage is associated with a two- to three-fold increase in risk of

violence and relational aggression in boys, compared with earlier pubertal stages.

There is a dose-response across puberty, with violence/aggression increasing from

early to mid to late puberty (Hemphill et al. 2010).

Depressive Disorders

There is considerable evidence that early puberty increases the risk of depression in

girls (Hayward et al. 1997; Kaltiala-Heino et al. 2003a, b; Mendle et al. 2007).

Concerns about an association between puberty and emotional problems in adoles-

cence gained greater prominence when Angold and colleagues (1998) showed that

pubertal stage predicted risk of major depression in adolescents better than age.

Rates of depression are higher in boys than girls before puberty, but adult females

have two- to three-fold higher rates than adult males. Angold et al. found that it

appeared to be in stage 3 puberty that girls began to transition towards female

preponderance in depression. There was also a suggestion that puberty may actually

reduce the prevalence of depression in males (Angold et al. 1998).

Anxiety

Adolescence is a time when anxiety disorders markedly increase in both sexes,

suggesting an association with puberty. However, the evidence for an association

between anxiety and pubertal timing is much less clear than for depression.

A recent review of over 45 empirical studies found that there is only moderate

quality evidence in girls that both earlier timing and more advanced pubertal stage

increase anxiety scores or symptoms after adjusting for age. Findings for boys are less
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robust (Reardon et al. 2009). There is little evidence of anxiety disorders per se.

While one study reported a 2.3-fold increase (OR 2.3) in the likelihood of having had

a panic attack for each greater Tanner stage of puberty (Hayward et al. 1992), others

have found no association between anxiety disorders and pubertal timing in boys or

girls (Graber et al. 1997).

Deliberate Self-Harm

Deliberate self-harm (DSH), a major risk factor for suicide, is another problem that

rises sharply in early adolescence. In young women, DSH appears to peak around

15–16 years of age and prevalence falls thereafter (Hawton et al. 2002; Madge

et al. 2008). The literature on DSH and puberty is much smaller than that for

depression or anxiety. In a large population-based study, apparent strong associa-

tions between DSH and pubertal stage (adjusted for age) were attenuated when

models were adjusted for depressive symptoms, showing that this association was

largely or entirely mediated by depression (Patton et al. 2007).

Eating Disorders

There is strong evidence of an association between puberty and eating disorders, at

least in girls. A recent systematic review showed that more than 40 studies identi-

fied advanced pubertal status and/or early pubertal timing as a risk factor for eating

disorders or disordered eating in girls; similar results were seen in over 20 studies in

boys. Early maturing girls and boys have a higher risk of a range of eating

problems, including anorexia nervosa, bulimia nervosa and eating disorder symp-

toms, including body dissatisfaction and weight and shape concerns (Klump 2013).

However, a number of studies found no association between eating disorders and

puberty, particularly in boys, and others have reported that early or advanced

puberty was associated with improved body image (McCabe et al. 2001).

Mechanisms for the Association of Puberty and Mental

Health

The evidence is robust that early pubertal timing increases the risk for psychopa-

thology during adolescence in girls (Mendle et al. 2007), with good but less robust

evidence for the same association in boys (Mendle and Ferrero 2012). However,

evidence that late pubertal maturation is also associated with some psychological

problems in boys (Huddleston and Ge 2003) suggests that it may be off-time
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maturation that is the source of problems in boys. There is little evidence that this is

the case in girls.

The mechanisms suggested fall into three broad categories:

(A) Psychosocial mechanisms

1. Psychosocial impact of differentiation from peers

2. Early adoption of more adult roles. The stage-termination hypothesis sug-

gests that earlier maturers face the adolescent transition before they have

successfully completed prior developmental tasks and developed the skills

necessary to cope with the challenges of adolescence (Caspi and Moffitt

1991).

3. Early limiting of adult educational trajectories. Early maturation may also

orient girls toward early motherhood, with limited educational and occupa-

tional prospects, increasing their risk for select psychiatric outcomes (e.g.,

emotional and substance-related).

(B) Biological mechanisms

1. Direct effects of pubertal hormones on the CNS

2. Genetic mechanisms

(i) Hormonal activation of genetic influences

(ii) Common genetic factors responsible for both early puberty and

psychopathology

(C) Bio-psycho-social mechanisms related to stress

Early childhood stress is well established as a key factor for psychopathology

across the life-course. (Grant et al. 2003). It is postulated that early developmental

experience plays a role in calibrating the response dynamics of central neuroendo-

crine systems, with early adversity resulting in a profile of heightened or prolonged

reactivity to stressors. This response conventionally has been seen as an atavistic

and pathogenic legacy of an evolutionary past in which threats to survival were

more prevalent and severe (Boyce and Ellis 2005). Alternatively, the developmen-

tal plasticity of the stress response systems can be understood as evolved mecha-

nisms that monitor childhood environments as a way of calibrating the development

of stress response systems to best match those environments (Boyce and Ellis

2005). Vulnerable young people exposed to childhood adversity may later be

particularly sensitive to stress sensitization during disruptive periods such as

puberty (Rudolph and Flynn 2007).

Obesity and the Metabolic Syndrome

One potential additional mechanism that has not been examined is potential medi-

ation through obesity. There is strong evidence that early puberty is associated with
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later obesity in adolescence and in later adult life, particularly in women (Prentice

and Viner 2013). There is some evidence that this association is causal, i.e., it

persists after adjustment for childhood body mass index (Prentice and Viner 2013).

However, obesity and the metabolic syndrome are associated with psychological

disorders in adulthood through psychological as well as potentially biological

mechanisms (Shefer et al. 2013). It is possible that the association between early

puberty and adult psychopathology is, in fact, mediated by obesity. This has not yet

adequately examined.

Depression

Angold et al. (1998) found that it was pubertal stage rather than the timing of

puberty – found (no association with early menarche) or a transition into a new

stage that was important, i.e., that prevalence of depression was not associated with

recentness of transition between stages (Angold et al. 1998).

Alternatively, the stress of the transition through puberty may activate stress-

sensitization processes linked to depression. This is particularly likely in girls,

given the evidence of gender differences in stress sensitization (Rudolph and

Flynn 2007). Imaging studies suggest that there are unique pubertal influences on

white matter volumes and structures in a sexually dimorphic fashion that are

independent of age, although data are limited (Ladouceur 2012). Given other data

suggesting that the development of white matter tracts influences the risk for

depression, it is plausible that pubertal influences on white matter development

help explain the female rise of depression during adolescence (Ladouceur

et al. 2012).

Anxiety

Potential reverse causality has been examined in a small number of studies, (i.e.,

does childhood anxiety lead to earlier puberty onset?) There is weak evidence from

small studies that higher childhood anxiety may delay the onset of puberty in girls

(Reardon et al. 2009). This is likely to relate to earlier stressors. . ..
Evidence that pubertal hormones are associated with anxiety is weak, with

inconsistent findings from very small studies (Reardon et al. 2009).

Behavioral Disorders

It is widely believed that increases in testosterone in boys during puberty explain

the increase seen in aggression and violence during adolescence. However,
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evidence that aggression and behavioral disorders are directly related to testoster-

one in humans is inconclusive. Indeed, the relationship may be reverse-causal, as

there is evidence from animal studies that behaviors may also modulate testosterone

levels (Archer 1991).

Suggested other mechanisms for the association of higher pubertal stage and

aggression or violence range from simple capacity issues, i.e., the increase in

physical size and strength at puberty allows greater capacity for violence, to

psychosocial factors, including conflict with parents, school disengagement and

increased substance use seen in puberty, to peer factors. Asynchrony between brain

maturation and emotional and behavioral regulation within a body rapidly devel-

oping greater strength may also increase risk for aggression.

Other mechanisms have focused on stress – acknowledging the increased stress

of growth, development and social role transitions during puberty (Stroud

et al. 2009) – but also the increasing evidence that biological stress responses are

exaggerated during puberty. There is a growing literature examining the role of

variations in stress responses, e.g., hypo- or hyper-arousal of the HPA axis, on the

association of puberty and aggressive behaviors; however, findings are contradic-

tory (Susman et al. 2010).

Further, it is possible that common genetic factors predispose to both aggression

and early puberty – evolutionary ideas. . .. – (Harden 2012)

There is evidence that links between puberty and violence/aggression are stron-

ger in boys with more anti-social friends, suggesting that puberty produces either a

change in peer group or greater susceptibility to peer influence (Patton and Viner

2007).

Other mechanisms may operate through associations of puberty with other

mental health problems, e.g., with anxiety, as this may increase aggression, partic-

ularly in males (Susman et al. 2010).

Eating Disorders

For eating disorders, mechanisms have focused on the association of puberty with

body dissatisfaction, a strong risk factor for eating disorders in girls. The physical

changes associated with puberty in girls, such as increased weight and fat deposi-

tion on the thighs and bust, are postulated to increase body dissatisfaction and,

therefore, disorder risk. Girls with early puberty are thought to be at particular risk,

as they may experience even more body dissatisfaction than their developmentally

on-time counterparts (Klump 2013). In boys, mechanisms are less clear, but it has

been postulated that eating disorders may relate to fear of adulthood. Significant

weight loss results in gonadotrophin suppression and pubertal arrest or delay,

probably mediated by adipose mass sensing systems.

There is also considerable evidence for hormonal and genetic effects. Twin

studies provide strong support for puberty as a period of significant genetic risk

for eating disorders, with evidence suggesting that genetic factors become
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“activated” during puberty to increase risk. Heritability of eating disorders in girls

is 0 % before puberty but rises to 50 % during and after puberty, whereas herita-

bility in boys is around 50 % before and during puberty (Klump et al. 2012). There

is also evidence that rises in estrogen during puberty may increase eating disorder

risk, potentially through effects on modification of genetic risk (Klump et al. 2010).

When girls in a pilot study of 99 female twin pairs aged 10–15 years were

dichotomized into low or high estradiol pairs, based upon salivary estradiol,

correlations in eating disorder scores were similar (around 0.5) for monozygotic

(MZ) and dizygotic (DZ) twins in the low estradiol group, suggesting that genetic

factors played little role. In contrast, twin correlations were high and significant

(0.47) in the MZ group but low and non-significant (0.04) in the DZ group,

indicating the presence of genetic effects (Klump et al. 2010). As heritability in

boys is not related to puberty (i.e., is stable across pre-puberty, mid and late

puberty), this finding adds weight to the hypothesis that rises in estrogen somehow

activate genetic risk (Klump et al. 2012).

Problems with Adjustment for Age

Nearly all studies adjusted models for both puberty and age and did not discuss

issues of co-linearity between puberty and age.

Long-Term Effects of Puberty on Mental Health

Despite the wealth of data on puberty and psychological function in adolescence,

very few studies have examined whether these associations persist across the life-

course. While puberty may be important for mental health during the brief years of

adolescence, it is its effects across the life-course that will determine whether

pubertal timing is of major developmental and public health importance.

While a number of studies of adults have retrospectively collected data on

pubertal timing, few prospective studies have examined the effects of pubertal

timing on function after the age of 20 years.

In a follow-up of Angold’s seminal study, Copeland et al. (2010) found that, at

age 19–21 years, the majority of associations found between puberty and psycho-

logical function in adolescence were attenuated, with the exception of depression in

girls with earlier conduct disorder. They found that early puberty ceased to be a risk

factor for depression in the wider group, and for crime, substance use and educa-

tional and employment outcomes (Copeland et al. 2010).
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A follow-up of young people from the Oregon Depression project at age 24 years

found that early maturing girls were more likely to have significant depression.

However, young men who had been late maturers had higher rates of disruptive

behavior and substance use disorders during the transition to adulthood (Graber

et al. 2004).

However, no studies have examined outcomes into middle adulthood. Further-

more, no studies have examined whether the effects of early puberty on later

psychopathology are mediated through obesity or, in fact, reflect common factors

causing both early puberty and psychopathology, such as early adversity.

Findings from the 1970 British Birth Cohort

We examined longitudinal outcomes of pubertal timing in individuals from the

1970 British Birth cohort, a nationally representative birth cohort that initially

recruited over 16,000 individuals born in one week in April of 1970. A total of

16,567 babies were enrolled, with follow-up at 5 years (N¼ 13,135), 10 years

(N¼ 14,875), 16 years (N¼ 11,622), 30 years (N¼ 11,261) and 34 years

(N¼ 9,665). We used data from the birth survey and the 5-, 10-, 16- and 34-year

follow-ups (Butler and Golding 1986; Butler et al. 2000; Bynner et al. 2002).

Data on puberty were taken from the 10-year survey (N¼ 12,981) when children

were examined by a school medical officer and physical signs of puberty were

noted between age 10 and 11 years. Signs of puberty for girls were defined as

significant breast, pubic hair or axillary hair development or a report from the child

or mother of having achieved menarche. Data on age of menarche were combined

from the 16-year survey (when girls and mothers both reported on age at menarche)

and the 10-year survey.

At 10 years, data on pubertal status were available on 6,296 girls, with 25.9 %

(N¼ 1,696) recorded as having any signs of puberty. This finding accords well with

expectations for age 10 years according to British normative data (see Table 1). We

were unable to stage puberty accurately at age 10 years as data were only recorded

as present or absent. We therefore defined those girls who had any signs of puberty

at age 10 as having early puberty, representing the earliest quartile of pubertal

timing.

Data on age at menarche were available on 5,123 girls. Mean age of menarche in

this sample was 13.0 years, with a standard deviation of 1.0 years, which accords

very well with contemporary British reference data (mean age of menarche, 13.2

years, SD 1.0 year). We defined early menarche as achieving menarche before the

11th birthday, as this indicates that Tanner stage 3 to 4 had been attained by this

time. This group included 17.5 % (N¼ 895) of the girls.
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Analyses

Analyses were undertaken in Stata 12. We first examined differences in proportions

of adult outcomes in those in early or normal/late puberty groups. We then

calculated odds ratios for adult outcomes related to early puberty, adjusting for

the likely confounders of socioeconomic status in childhood and adulthood, mater-

nal educational status, childhood height and adult body mass index.

Findings

Data on frequency of signs of early puberty and age at menarche are given in

Table 1. Table 2 shows associations of early puberty (any signs of puberty at

10 years) with adult outcomes. Table 3 shows associations of early menarche

(menarche <11 years) with adult outcomes.

We found that early puberty was associated with higher risk of serious mental

health problems at age 34 years.

Table 1 Frequency of signs of puberty at 10 years and age at menarche compared with contem-

porary UK reference data

Frequency in

cohort % (N)

Expected frequency from UK

reference data %

Signs of puberty at 10 years N¼ 6,296

Breast 23 (144) 25

Pubic hair 8 (514) 9

Axillary hair 3 (177) –

Menarche 0.4 (25) 0.04

Any signs of puberty 27 (1,696) –

Age at menarche reported at 16 years N¼ 5,123

<11th birthday 18 (895) 2

11 years 13 (641) 13

12 years 22 (1,126) 35

13 years 25 (1,290) 35

14 years 15 (770) 13

�15 years or not yet started 8 (401) 2
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Table 2 Associations of pubertal status at age 10 years with outcomes at age 34 years

Adult outcome

variables at

age 34 years

Proportions with adult outcome by pubertal

timing Adjusted OR

(95 % CI) pEarly puberty Normal/later puberty

Low life satisfaction

(lowest quartile)

24.2 (278) 21.5 (659) 1.1 (0.9, 1.4) 0.16

Psychological disorder

(Malaise Inventory

high scorer, indicating

likely depression)

19.8 (17.6, 22.2) 17.6 (16.3, 19.02) 1.2 (1.0, 1.4) 0.11

Serious mental illness

(Kessler 6 inventory

high score)

5.6 (4.4, 7.1) 4.0 (3.4, 4.8) 1.4 (1.1, 1.9) 0.03

Alcohol misuse or

dependency (CAGE

high scorer)

13.6 (11.7, 15.8) 13.2 (12.0, 14.5) 1.1 (0.9, 1.3) 0.7

Cautioned or criminal

conviction

1.5 (1.0, 2.4) 1.7 (1.3, 2.3) 0.8 (0.5, 1.5) 0.6

Unemployed and seek-

ing work

0.9 (0.5, 1.6) 1.8 (1.3, 2.3) 0.5 (0.2, 0.9) 0.04

OR, Odds ratios adjusted for social class at 10 and 34 years and body mass index (BMI) at 34 years

p-values for differences between proportions with adult outcome by pubertal timing, Fishers exact

test *p< 0.05, **p< 0.01, ***p< 0.001

Table 3 Associations of early menarche with outcomes at age 34 years

Adult outcome

variables at

age 34 years

Proportions with adult outcome by

menarcheal timing Adjusted OR

(95 % CI) pEarly menarche Normal/later menarche

Low life satisfaction

(lowest quartile)

22.4 (19.3, 25.9) 22.4 (20.9, 23.9) 1.0 (0.8, 1.2) 0.7

Psychological disorder

(Malaise Inventory

high scorer, indicating

likely depression)

18.5 (15.6, 21.8) 17.8 (16.5, 19.2) 1.0 (0.8, 1.3) 0.9

Serious mental illness

(Kessler 6 inventory

high score)

5.0 (3.6, 7.2) 4.3 (3.6, 5.1) 1.3 (0.8, 1.9) 0.3

Alcohol misuse or

dependency (CAGE

high scorer)

13.6 (11.1, 16.7) 13.8 (12.6, 15.1) 1.0 (0.8, 1.4) 0.8

Cautioned or criminal

conviction

2.3 (1.4, 3.9) 1.3 (1.0, 1.8) 1.8 (0.9, 3.4) 0.09

Unemployed and seek-

ing work

1.5 (0.8, 2.8) 1.1 (0.9, 1.1) 1.3 (0.6, 3.0) 0.5

Odds ratios adjusted for social class at 10 and 34 years and body mass index (BMI) at 34 years

p-values for differences between proportions with adult outcome by pubertal timing, Fishers exact

test *p< 0.05, **p< 0.01, ***p< 0.001
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Conclusions and Future Directions

There is strong evidence that early puberty in girls is associated with poorer

psychological function and increased risk of a range of psychiatric disorders during

adolescence. The evidence for boys is notably weaker, and there is some evidence

that late pubertal maturation similarly increases risk.

While the literature on the long-term effects of puberty on psychological func-

tion is sparse, and there is some evidence of limited persistent effects on psycho-

pathology in females, data suggest that the effects of puberty on psychological,

social and educational function are predominantly limited to adolescence. This

argues for psychosocial rather than biological factors being the predominant mech-

anisms by which early puberty influences psychological function. We did not find

evidence to support childhood adversity as a common factor underlying early

puberty and later psychological function.
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The Role of Puberty in Human Adolescent

Brain Development

Anne-Lise Goddings

Abstract Many of the physical, social and behavioural changes associated with

adolescence are linked with puberty, the physiological process resulting in repro-

ductive competence. Recent research has demonstrated that the human brain

undergoes significant change during adolescence, but little is known about the

role of puberty in this process. This review summarises findings from current

human imaging studies regarding the relationship between both structural and

functional brain development and pubertal maturation, and it explores how these

occur in the context of changing chronological age and pubertal status. The findings

across these structural and functional MRI studies are consistent with the hypoth-

esis that pubertal hormones interact with the neuroanatomical and neurocognitive

changes seen during puberty (Blakemore et al., Hum Brain Map 31:926–933, 2010;

Sisk and Foster, Nat Neurosci 7:1040–1047, 2004) and that some aspects of brain

development in adolescence might be more closely linked to the physical and

hormonal changes of puberty than to chronological age.

Introduction

Adolescence is a key stage in human development, incorporating physical, social,

and psychological changes and culminating in the attainment of a stable adult role.

During adolescence, new behaviours are laid down, educational, socioeconomic

and relationship trajectories are canalized, and a new epidemiology of disease

burden emerges (Patton and Viner 2007). Many of these changes have been linked

with puberty, the biological process that culminates in reproductive competence

and a defining event of adolescence (Sisk and Foster 2004). Research has demon-

strated that the human brain undergoes significant change during adolescence, as

determined by age, but little is known about how puberty influences the develop-

ment of the human brain.
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Since there is a normal variation of four to five years in the timing of onset of

puberty in healthy humans (Parent et al. 2003), pubertal development is partially

dissociable from chronological age. Nevertheless, puberty and age are inevitably

highly correlated when considered over the whole age range of adolescence. Most

developmental studies have not tried to dissect these two differing developmental

variables, either inferring pubertal effects using age-based studies (e.g. Giedd

et al. 1999) or focussing on puberty effects in a wide age range (e.g., Peper

et al. 2009). Where studies have attempted to dissociate age from pubertal devel-

opment, different techniques have been employed. One method involves limiting

the age range studied to a sufficiently narrow range that puberty is no longer

correlated with age (e.g., Forbes et al. 2010). An alternative approach is to statis-

tically incorporate age as a confounding variable within an analysis looking at

pubertal stage (e.g., Op de Macks et al. 2011). Different methods may be best suited

to different types of study, e.g., size of sample and cross-sectional vs. longitudinal.

This review summarises the findings from current human imaging studies

regarding the relationship between both structural and functional brain develop-

ment and pubertal maturation, and it explores how these occur in the context of

changing chronological age and pubertal status.

Structural Brain Development and Puberty

The past 20 years have seen a major expansion in research on the structural

development of the human adolescent brain, based largely on the results of cross-

sectional and longitudinal magnetic resonance imaging (MRI) studies (Brain

Development Cooperative Group 2012; Raznahan et al. 2011; Sowell

et al. 2002). To date, studies of brain growth trajectories over adolescence have

predominantly considered growth in relation to chronological age, with few excep-

tions (Paus et al. 2010; Raznahan et al. 2010). It has been hypothesised that the

brain restructuring and development seen in adolescence might be specifically

related to the hormonal influences that control the onset of and progression through

puberty (Giedd et al. 1999; Lenroot et al. 2007; Peper et al. 2011; Sowell

et al. 2002). Sex steroids such as testosterone (an androgen) and oestradiol

(an oestrogen) have been shown to be capable of inducing both synaptogenesis

and synaptic pruning in rats and non-human primates (Ahmed et al. 2008; Hajszan

et al. 2008; Sato et al. 2008), with differential effects of androgens and oestrogens

on different brain areas, which might be related to hormone receptor distribution

(Clark et al. 1988; Sholl and Kim 1989). These differential effects across brain

areas might provide an explanation for the diverging growth trajectories of partic-

ular brain structures between males and females that has been documented across

studies and the resultant increasing sexual dimorphism in adolescence reported in

some regions (Brain Development Cooperative Group 2012; Lenroot et al. 2007;

Neufang et al. 2009; Sowell et al. 2002).
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An early cross-sectional study by De Bellis and colleagues (2001) found signif-

icant correlations between Tanner stage (Marshall and Tanner 1969, 1970), a

marker of physical pubertal development, and changes in grey matter

(GM) volume, white matter (WM) volume and corpus callosum (CC) area in a

sample of 118 children and adolescents aged 6.9–17 years. They reported a Tanner

stage by age interaction in development and hypothesised that this might relate to

differential hormone exposure in males and females in puberty (De Bellis

et al. 2001). Subsequent cross-sectional studies have investigated pubertal devel-

opment by considering both the physical changes of puberty and by measuring sex

steroid hormone levels. A study looking at cortical GM and pubertal measures

found region-specific correlations between GM density and both pubertal stage and

oestradiol concentration in girls (Peper et al. 2009). Neufang and colleagues (2009)

studied a sample of 46 healthy participants aged between 8 and 15 years of age,

focussing on the association between brain volumes and both pubertal stage

(n¼ 46) and testosterone concentration (n¼ 30). They found that males and

females in later stages of puberty, and with higher circulating testosterone concen-

tration, had larger amygdala volumes and smaller hippocampal volumes than their

less well-developed peers (Neufang et al. 2009). A second study (n¼ 80; 10.75–

13.48 years) investigating puberty and pubertal hormone correlations with GM

volume again showed larger amygdala volumes in more pubertally mature males

than in their less mature counterparts but showed the opposite trend in females, with

decreasing amygdala volume with increasing testosterone levels (Bramen

et al. 2011). They also studied other brain regions, including the hippocampus,

thalamus, caudate and cortex, and reported significant decreases in volume in the

right hippocampus and cerebral cortex in females, but no significant changes in

males. The discrepant findings between these two latter papers could result from the

relatively small sample sizes or the differing age ranges of the two studies, which

also used different methods to extract the volumes of interest (Neufang et al. 2009:

voxel-based morphometry; Bramen et al. 2011: surface-based reconstruction). This

final study conducted multiple regression analyses incorporating both age and

puberty measurements to study the relative contributions of both variables to the

changing brain structure seen (Bramen et al. 2011). Puberty and age are highly

correlated when considering adolescence as a whole, since puberty is a progressive

process that usually begins during early-mid adolescence and develops over time.

However, since there is a four- to five-year normal variation in the timing of onset

of puberty (Parent et al. 2003), careful study design, appropriate age ranges of

participants, and suitable analytical tools can allow puberty and age to be teased

apart so that the differing contributions of each variable to development can be

studied.

These studies have limited power due to relatively small sample sizes, which

constrain our ability to attribute causality to this association or to investigate the

effect of sex steroids on brain developmental trajectories during adolescence.

Longitudinal analysis allows comparison of brain volumes both between partici-

pants and also within each participant over time and, therefore, can provide a

measure not just of brain volume at a particular time point but also of
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developmental trajectories for each of these subcortical regions by following what

happens to each participant. This approach is particularly advantageous when

looking at brain volumes, which vary substantially between individuals (Brain

Development Cooperative Group 2012; Lenroot et al. 2007; Tamnes et al. 2013).

We recently conducted a study using longitudinal data to address some of these

issues and to further explore the relationship between structural brain development

and the correlated but physiologically distinct variables of chronological age and

pubertal stage. This study included 275 individuals aged between 7 and 20 years,

each of whom was scanned at least twice, with a total of 711 scans used in the study

(Goddings et al. 2013). We focussed on the developmental trajectories of subcor-

tical regions across adolescence, and we used multi-level modelling analyses to

tease apart the effects of pubertal status (measured by Tanner stage) and chrono-

logical age. In this study, we found that the development of all regions examined

was associated with pubertal maturation (Fig. 1; Goddings et al. 2013), and for

many structures (females: amygdala, hippocampus, caudate, putamen; males:

amygdala, putamen), models including both Tanner stage and age best described

volume change over adolescence. Despite the close proximity of the subcortical

structures explored, there were clear differences in their structural development

during adolescence. These results might reflect the different mechanisms that

influence macroscopic volume changes between structures, with varying influences
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Fig. 1 Growth trajectories (in terms of % volume change) for subcortical regions in females and

males across puberty. For each structure, the percentage volume was calculated for each pubertal

stage as a proportion of prepubertal volume (at Tanner stage 1). This allows comparison between

structures for relative changes in volume across puberty. For both sexes, the amygdala and

hippocampus increased in volume over puberty, while the nucleus accumbens, caudate, putamen

and globus pallidus decreased in volume (From Goddings et al. 2013)
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of age and puberty between regions. Alternatively, the regions might undergo

similar growth patterns but do so at different chronological time points.

These studies provide evidence for a role for puberty in the development of the

human adolescent brain. Further large longitudinal studies incorporating both

hormonal and physical indicators of puberty are needed to further explore this

relationship and to tease apart puberty and age effects on structural brain

maturation.

Functional Brain Development in Puberty

In addition to assisting in the investigation of changing brain structure over

adolescence, MRI techniques can be used to assess changing brain function with

development. Functional MRI (fMRI) techniques have allowed researchers to

investigate the patterns of neural activation in subjects, as measured by recording

blood-oxygen-level dependent (BOLD) signal changes while they perform specific

tasks within the scanner, and to establish how these patterns develop from child-

hood to adulthood. Only a small number of functional neuroimaging studies of the

adolescent brain have included puberty measures. These studies have focussed on a

range of different behavioural tasks pertinent to adolescent development.

Two fMRI studies have been published assessing changes in face processing

with puberty. Reading emotions from faces is an important skill for perceiving

emotional states in others and is, therefore, likely to be of particular importance

during adolescence (Dahl and Gunnar 2009). Both studies showed differential

patterns of neural activation across puberty within the network of regions known

to be involved in perception and reaction to emotional expressions. One study

showed evidence of increased BOLD signal in the amygdala and ventrolateral

prefrontal cortex to threatening faces in a pre/early puberty group compared with

a mid/late puberty group (aged 11–13; Forbes et al. 2011). In a different study, with

10 and 13 year olds, Moore and colleagues (2012) found that participants in later

stages of pubertal development showed increased signal in face processing regions

when looking at affective facial expressions.. These studies reported some discrep-

ant findings, which might reflect the use of different methods of assessing pubertal

development or the administration of different tasks (Moore et al. 2012; Op de

Macks et al. 2011).

A further aspect of emotional development that is likely to be important during

adolescence is the ability to process social emotions. Social emotions require an

individual to understand that other people have different mental states to their own

and to be able to represent those mental states, a process known as mentalising.

Examples of social emotions include ‘guilt’ and ‘embarrassment’. In contrast, basic

emotions, e.g., ‘disgust’ and ‘fear,’ do not require this mentalising ability (Burnett

et al. 2009). A network of regions involved in mentalising has been robustly

demonstrated across a range of fMRI studies (see Blakemore 2012, for review),

and the ongoing structural and functional development of this mentalising network
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has been shown to continue across adolescence, as determined by chronological age

(Mills et al. 2014). We conducted an fMRI study to explore whether the processing

of social emotions by this mentalising network changes with puberty in adoles-

cence. The study showed that girls (aged 11 to 13 years) with higher levels of

pubertal hormones had increased activation of the anterior temporal cortex - one of

the regions of the mentalising network - than their age-matched peers with lower

levels of pubertal hormones (Fig. 2; Goddings et al. 2012). In contrast, activation in

the prefrontal cortex, which is also involved in mentalising, showed no correlation

with pubertal status but showed decreasing activation with increasing chronological

age (Goddings et al. 2012), a finding that has been replicated in a number of studies

(e.g., Burnett et al. 2009; see Blakemore 2012 for review).

Fig. 2 There was a positive association between level of puberty hormones and BOLD signal in

the anterior temporal cortex during a Social>Basic emotion condition of an emotion task (From

Goddings et al. 2012) The graphs on the right show the positive correlation at the peak voxel

between each puberty hormone and adjusted BOLD signal in the Social>Basic contrast in the left

anterior temporal cortex
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A different aspect of adolescent cognitive development that has been studied

from the perspective of pubertal changes is that of reward processing. Two studies

have tackled this topic, with both showing significant differences in patterns of

neural activation with advancing puberty. One fMRI study demonstrated differ-

ences in caudate and rostral medial prefrontal BOLD signal between early and late

puberty groups (aged 11-13) when processing reward outcome in a gambling task,

and a correlation between testosterone level and caudate BOLD signal (Forbes

et al. 2010). A second fMRI study investigating reward and pubertal hormonal

concentration showed a significant correlation between testosterone level and

activation in the ventral striatum (caudate in girls and putamen in both genders;

Op de Macks et al. 2011). Both of these studies focussed on risk-taking tasks with a

binary choice (risky option vs. safer option) and found significant patterns of

activation and change with puberty, adding to the evidence for an underlying role

of puberty in functional brain development.

Summary

The findings across these structural and functional MRI studies are consistent with

the hypothesis that pubertal hormones interact with the neuroanatomical and

neurocognitive changes seen during puberty (Blakemore et al. 2010; Sisk and

Foster 2004) and that aspects of brain development in adolescence might be more

closely linked to the physical and hormonal changes of puberty than to chronolog-

ical age. Further work is needed to understand these complex relationships. The

current set of findings suggests that changes during adolescence in brain structure

and activity are not under the control of a single system. Instead, these changes may

be differentially related to the effects of age and puberty and could have multiply-

specified biological and environmental drivers. Sex hormone receptors are found

throughout the brain, with differing concentrations across regions. Thus, the

increase in sex hormones at puberty might have direct effects on structural devel-

opment and on activation of specific brain regions during cognitive tasks. A second

potential mechanism to explain differing patterns of neural activation could be that

increases in pubertal hormones cause a developmental shift in cognitive strategy,

which is then measured as changing patterns of BOLD signals during the task.

Ongoing work testing these theories using different methods and paradigms will

help to further ascertain the precise role of puberty in ongoing brain development

during adolescence.
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The Adolescent Brain: Insights from

Neuroimaging

Jay N. Giedd and Alexander H. Denker

Abstract Adolescence is a time of dramatic changes in body, behavior, and brain.

Although the adolescent brain has different features than those of a child or mature

adult, it is not broken or defective. The changes in the teen brain have been

exquisitely forged by evolution to facilitate the survival of our species. During

the second decade of life the brain does not mature by becoming larger; it matures

by becoming more specialized and its subcomponents becoming more “inter-

connected.” Recent advances in neuroimaging and the application of graph theo-

retical methods of analysis are enabling scientists to characterize these changes in

connectivity and how they vary by age, sex, health/illness, and other cognitive or

behavioral measures.

Introduction

Adolescence is the transition from our caregiver-dependent childhood to indepen-

dent functioning as an adult; thus it is defined by both biological and social factors.

The timing of this transition may vary across individuals and cultures but in general

is thought to begin around the onset of puberty and encompasses the teenage years.

Adolescence is a time of change, both physical and psychological. The path to

independence is usually accompanied by behaviors and attitudes that are different

from their parents, and often these differences are ridiculed as evidence that the

teenage brain is “broken” or “defective.” Although adolescence is a peak time for

the emergence of psychopathology, the many dynamic brain changes occurring

during the second decade are also part of the pattern of healthy development and are

integral to our success as a species.

In this chapter, we will review aspects of adolescent brain changes derived from

our ongoing longitudinal magnetic resonance imaging (MRI) study of brain devel-

opment that has been conducted since 1989 at the Child Psychiatry Branch of the
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National Institute of Mental Health. The data set encompasses approximately 8,000

images from 3,000 subjects (longitudinal data acquired at approximately 2-year

intervals): ¼ from healthy singletons, ¼ from healthy twins, and ½ from one of

25 clinical populations (e.g., autism, ADHD, childhood-onset schizophrenia). Our

focus on this data set is not meant to slight the many other excellent studies but to

provide one perspective from a single, fairly large project that has used standard-

ized methods of image acquisition and analysis.

The organization of the chapter is to first describe the developmental trajectories

of specific brain regions during typical childhood and adolescence and then to

discuss the implications of the findings for clinicians, teachers, parents, and the

youth themselves.

Total Cerebral Volume

In the NIMH Child Psychiatry Branch study data, total cerebral volume increases

during childhood, reaches a peak at age 10.5 in girls and 14.5 in boys, and

subsequently slightly declines through the second and third decades (Lenroot

et al. 2007). Total brain volume is 95 % of its peak size by age 6. Brain size varies

markedly from person to person, with as much as a two-fold difference among

healthy subjects of the same age. This high variability extends to measures of brain

substructures and has important implications for the interpretation and utility of

brain imaging results.

Group-average brain size is approximately 10 % larger in males (see Fig. 1a).

The magnitude of this difference is relatively stable from birth across the life span.

This difference in brain size should not be interpreted as necessarily imparting any

sort of functional advantage or disadvantage, as large-scale brain measures may not

reflect sexually dimorphic differences in functionally relevant factors such as

neuronal connectivity and receptor density.

The sex difference in total brain volume is not solely attributable to the larger

body size of males. This is especially evident in our pediatric population, where the

brain size difference persists despite little difference in body size. In fact, both in

our sample and according to published normative data from the Centers for Disease

Control, because of an earlier growth spurt, females tend to be slightly taller than

males from ages 10–13 years. Across species there is a relationship between brain

size and body size, but in individual humans the growth trajectories are quite

dissimilar, with body size increasing through approximately age 17.

Total brain size difference between males and females has broad implications

for studies of sexual dimorphism. Many of the reported findings of brain sexual

dimorphism are influenced strongly by whether, or how, the size of subcomponents

of the brain are adjusted for the ~10 % difference in total brain volume. Without

adjustment, the absolute size of most structures is larger in males. If adjustments are

made to subcomponents (via covariation or the use of ratios to total brain volume),
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an entirely different list of structures, varying by sample size and age distribution, is

generated.

The challenge of how best to account for the male/female difference in sub-

components of the brain in light of the total size difference is informed by

allometry, the study of the relationship between size and shape. The size of neurons,

vasculature, and other components of brain anatomy is constrained by metabolic

and physical considerations, which creates the need for brains of different sizes to

have variable enlargement of all parts (Finlay and Darlington 1995). For instance,

in comparisons across and within species, white matter (WM) to gray matter

(GM) ratios increase with enlargement of total brain volume following a 4/3

power law (Zhang and Sejnowski 2000). This phenomenon may account for why

reported differences of greater GM/WM ratios in females (Allen et al. 2003; Gur

et al. 2002) are not nearly as robust when comparing males and females with similar

total brain volumes (Leonard et al. 2008).

Fig. 1 Mean volume by age in years for males (N¼ 475 scans) and females (N¼ 354 scans).

Middle lines in each set of three lines represent mean values, and upper and lower lines represent
upper and lower 95 % confidence intervals. All curves differed significantly in height and shape

with the exception of lateral ventricles, in which only height was different, and mid-sagittal area of

the corpus callosum, in which neither height nor shape was different. (a) Total brain volume, (b)

gray matter volume, (c) white matter volume, and (d) lateral ventricle volume (Adapted from

Lenroot et al. 2007, figure in public domain)
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Cerebellum

The cerebellum is relatively understudied in pediatric neuroimaging studies but has

three features that make it of compelling interest. Of our large-scale measures, the

cerebellum is (1) the most sexually dimorphic; (2) the latest to reach adult volume;

and (3) the least heritable (i.e., most influenced by environment). Although only

about 1/9 the volume of the cerebrum, the cerebellum contains more brain cells than

the cerebrum. The cerebellum has traditionally been conceptualized as being

related to motor control, but it is now commonly accepted that the cerebellum is

also involved in emotional processing and other higher cognitive functions that

mature throughout adolescence (Riva and Giorgi 2000; Schmahmann 2004).

Similar to the cerebrum, developmental curves of total cerebellum size follow an

inverted, U-shaped developmental trajectory, with peak size occurring at 11.3 years

in girls and 15.6 in boys (Tiemeier et al. 2010). The cerebellum is not a unitary

structure but composed of functionally distinct subunits. In cross section, the

anatomy of the cerebellum resembles a butterfly shape, with the central body part

corresponding to the cerebellar vermis and the wings corresponding to the cerebel-

lar hemispheric lobes. In contrast to the evolutionarily more recent cerebellar

hemispheric lobes that followed the inverted, U-shaped developmental trajectory,

cerebellar vermis size did not change across this age span.

Lateral Ventricles

The lateral ventricles are unlike the other structures reported here, as they are

cerebrospinal fluid-filled compartments, not GM or WM. Increased lateral ventricle

volume measures are usually interpreted as an indirect assessment of loss of the

tissue from neighboring structures. Ventricular volume increases during typical

child and adolescent development should be considered when interpreting the many

reports of increased ventricular volumes in a broad range of neuropsychiatric

conditions.

White Matter

Whether brain tissue is classified as GM or WM depends largely on the amount of

myelinated axons. Myelination is the wrapping of oligodendrocytes around axons,

which acts as an electrical insulator, increasing the speed of neuronal signal

transmission. The insulating properties of myelin allow signals to travel at speeds

up to 100� faster than in unmyelinated axons. Additionally, myelination allows ion

pumps to reset the ion gradients only at the nodes between sections of myelin

(called nodes of Ranvier), instead of along the entire expanse of the axons, resulting
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in up to a 30-fold increase in the frequency with which a given neuron can transmit

information. The combination of increased speed (100�) and quicker recovery time

(30�) can yield a 3,000-fold increase in the amount of information transmitted per

second. Myelination does not simply maximize speed of transmission but also

modulates the timing and synchrony of neuronal firing patterns that convey mean-

ing in the brain (Fields 2002). Signal processing plays a central role in develop-

mental changes in the brain’s ability to adapt in response to its environment by

inhibiting axon sprouting and the creation of new synapses (Fields 2008). These

non-subtle impacts of myelin on the brain’s ability to process information may

underlie many of the cognitive abilities associated with our species.

WM volumes increase steadily throughout childhood and adolescence (Fig. 1c),

with similar rates across the major lobes (i.e., the frontal, temporal, and parietal

lobes). However, for smaller regions, the growth rates can be quite dynamic, with as

much as a 50 % change over a 2-year period (Thompson et al. 2000). The most

prominent WM structure is the corpus callosum. It is comprised of approximately

200 million mostly myelinated axons connecting homologous areas of the left and

right cerebral hemispheres. Its developmental trajectory reflects the general

increases in total WM volume.

Increasing WM volumes on anatomic MRI and greater coherence on fMRI,

EEG, and MEG converge to identify a pattern of increased connectivity among

spatially disparate brain regions as a hallmark of adolescent development. Diffu-

sion tensor imaging studies, which assess the directionality of WM, also demon-

strate an increase in WM organization during adolescence. Changes in WM

organization in specific regions correlate with improvements in language (Nagy

et al. 2004), reading (Deutsch et al. 2005), response inhibition ability (Liston

et al. 2006) and memory (Nagy et al. 2004). Characterizing developing neural

circuitry and the changing relationships among disparate brain components is one

of the most active areas of neuroimaging research, utilizing graph theory to quantify

such things as the small world network properties of the brain (Hagmann

et al. 2010).

Gray Matter

Cortical GM

GM is comprised predominantly of cell bodies and dendrites but may also include

axons, glia, blood vessels, and extracellular space (Braitenberg 2001). Despite a

lifelong reciprocal relationship and shared components of neural circuits, GM and

WM have distinctly different developmental trajectories (Fig. 1b). In contrast to the

roughly linear increase of WM, GM developmental trajectories follow an inverted,

U-shaped curve with peak sizes occurring at different times and in different regions.

For example, in the frontal lobes, peak cortical GM volume occurs at 9.5 years in
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girls and 10.5 in boys; at 10.0 in girls and 11.0 in boys in the temporal lobes; and at

7.5 in girls and 9 in boys in the parietal lobes.

Although lobar level GM volumes provide some functional relevance, the

capacity to quantify GM thickness at each of approximately 40,000 voxels on the

brain surface provides a better spatial resolution to discern functionally distinct

regions. By analyzing scans acquired from the same individuals over the course of

development, movies of cortical thickness change can be created. One such anima-

tion derived from scans of 13 subjects who had each undergone scanning four times

at approximately 2-year intervals between the ages of 4 and 22 is available at http://

www.nimh.nih.gov/videos/press/prbrainmaturing.mpeg. Still images of the movie

at different ages are shown in Fig. 2 (Gogtay et al. 2004).

GM peaks earliest in primary sensorimotor areas and latest in higher order

association areas that integrate those primary functions (i.e., dorsolateral prefrontal

cortex, inferior parietal, and superior temporal gyrus). Postmortem studies suggest

that part of the GM changes may be related to synaptic proliferation and pruning

(Huttenlocher 1994). The connection between GM volume reductions, EEG

Fig. 2 Right lateral and top views of the dynamic sequence of GM maturation over the cortical

surface. The side bar shows a color representation in units of GM volume. The initial frames depict

regions of interest in the cortex (Adapted from Gogtay et al. 2004; copyright 2004 by the National

Academy of Sciences)
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changes, and synaptic pruning was also supported by an MRI/quantified EEG study

of 138 healthy subjects from ages 10 to 30 years. It was found that curvilinear

reductions in frontal and parietal GM were matched by similar curvilinear reduc-

tions in the EEG power of the corresponding regions (Whitford et al. 2007).

Because EEG power reflects synaptic activity, the temporally linked EEG power

and GM changes suggest that the GM volume reductions are accompanied by

reductions in the number of synapses. Another consideration is that myelination

may change classification of voxels along the interior cortical border from GM to

WM, resulting in ostensible cortical thinning as assessed by MRI volumetrics, but

would not necessarily entail changes in the number of synapses (Sowell et al. 2001).

Knowledge of the degree to which these and other phenomena may be driving the

MRI changes has profound implications for interpreting the imaging results. Imag-

ing of nonhuman primates with post-mortem validation may help discern the

cellular phenomenon underlying the MRI changes.

Subcortical Gray Matter

Amygdala and Hippocampus

The temporal lobes, amygdala, and hippocampus are also involved in a myriad of

cognitive functions particularly in the realms of emotion, language, and memory

(Nolte 1993). These functions change markedly during adolescence (Diener

et al. 1985; Jerslid 1963; Wechsler 1974), yet the relationship between the devel-

opment of cognitive capacities and transformations in the size or shape of the

temporal lobe structures subserving these functions is poorly understood.

Amygdala volume increases significantly during adolescence only in males, and

hippocampal volume increases significantly only in females (Giedd et al. 1996).

This pattern of gender-specific maturational volumetric changes is consistent with

nonhuman primate studies indicating a relatively high number of androgen recep-

tors in the amygdala (Clark et al. 1988) and a relatively higher number of estrogen

receptors in the hippocampus (Morse et al. 1986).

Basal Ganglia

The basal ganglia are a collection of nuclei (the striatum, pallidum, and thalamus)

lying beneath the cortical surface. They are components of neural circuits involved

in mediating movement but are also critical to diverse, developmentally emergent

higher cognitive functions, attention allocation, and affective control. Basal ganglia

anomalies have been reported for almost all the neuropsychiatric disorders that

have been investigated by neuroimaging (Giedd et al. 2006).
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In a recent study of 1,171 longitudinally acquired MRI scans from 618 typically

developing males and females aged 5–25 years, we showed that the striatum,

pallidum, and thalamus each followed an inverted, U-shaped developmental tra-

jectory (Raznahan et al. 2014).

The striatum and thalamus volumes peak later than cortical volumes and show a

relative delay in males. Analyzing the changing shape of these subcortical struc-

tures over time reveals that striatal, pallidal, and thalamic domains linked to specific

fronto-parietal association cortices contract with age whereas other subcortical

territories expand. Furthermore, each structure has areas of sexual dimorphism

that change dynamically during adolescence (Fig. 3). These differences may have

relevance for sex-biased mental disorders emerging in youth.

Fig. 3 Developmental trajectories for global volume. Plots showing individual-level anatomical

data and best-fit group-level trajectories for bilateral striatal, pallidal, and thalamic volume.

Shaded ribbons around each curve denote 95 % confidence intervals (Adapted from Raznahan

et al. 2014; copyright 2014 by the National Academy of Sciences)
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Discussion

During adolescence the brain does not mature by becoming larger; it matures by

becoming more inter-connected and more specialized. The increased connectivity

is reflected in observed WM volume increases but also by electroencephalographic,

functional MRI, postmortem, and neuropsychological studies. “Connectivity” char-

acterizes several neuroscience concepts. In anatomic studies, connectivity can

mean a physical link between areas of the brain that share common developmental

trajectories. In studies of brain function, connectivity describes the relationship

between different parts of the brain that activate together during a task. In genetics,

it refers to different regions influenced by the same genetic or environmental

factors. All of these types of connectivity increase during adolescence (Power

et al. 2010). The greater communication among disparate brain regions underlies

many of the cognitive advances that occur during the second decade of life. A

tradeoff for the increased connectivity is that myelin releases molecules such as

Nogo-A (Chen et al. 2000; GrandPr et al. 2000), MAG (GrandPr et al. 2000) and

OMgp (McKerracher et al. 1994; Wang et al. 2002) that impede arborization of new

connections (Huang et al. 2005; Schwab and Thoenen 1985) and thus decrease

plasticity (Fields 2008).

The increasing specialization of the brain is reflected by the inverted, U-shaped

GM developmental trajectories of childhood peaks followed by adolescent

declines. This pattern is found not only for GM volumes but also for the number

of synapses (Huttenlocher and Dabholkar 1997; Huttenlocher and de Courten 1987;

Huttenlocher et al. 1982), glucose utilization (Chugani et al. 1987), EEG power

(Thatcher 1991), and neurotransmitter receptor densities (Benes 2001). The pow-

erful process of overproduction followed by selective/competitive elimination that

shapes the developing nervous system in utero seems to continue to refine the brain

throughout adolescent development.

The ability of the brain to change in response to the demands of the environment

is often referred to as “plasticity,” a highly adaptive feature of our species. Brain

plasticity is a life-long process but tends to be most robust in early development.

Compared to other species, humans have a very protracted period of life when they

are dependent upon their parents or other adults for survival. A benefit of this

protracted period of protection is that it allows our brains to stay flexible to

changing demands, even more so than our close genetic kin, the Neanderthals,

whose tool use changed remarkably little in over 1 million years. They were well

suited to deal with the stable, albeit harsh, environment of the time but less facile at

adapting to changing demands (Banks et al. 2008).

Plasticity enables humans to be remarkably adaptable to physical and social

environments alike. In 10,000 years, we have gone from spending the majority of

our time hunting for food and shelter to relying on words and symbols, skills that

are approximately only 5,000-years-old. The adaptability of the adolescent brain is

being put to the test in the modern world, where digital technologies have dramat-

ically changed the way we learn, play, and interact (Giedd 2012).
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The dynamic brain changes of adolescence do confer an increased risk of

psychopathology (Paus et al. 2008), but they also provide an excellent basis for

learning and resilience. We are faced with an important initiative to utilize our

growing knowledge of developmental neurobiology to improve the lives of youth

and their families.
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Gene Networks, Epigenetics and the Control

of Female Puberty

Alejandro Lomniczi, JuanManuel Castellano, Hollis Wright, Basak Selcuk,

Kemal Sonmez, and Sergio R. Ojeda

Abstract Puberty is a major developmental milestone set in motion by the inter-

action of genetic factors and environmental cues. The pubertal process is initiated

by an increased pulsatile release of gonadotropin releasing hormone (GnRH) from

neurosecretory neurons of the hypothalamus. Although single genes have been

identified that are essential for puberty to occur, it appears clear now that many

genes controlling diverse cellular functions contribute to the process. The polygenic

nature of the neuroendocrine complex controlling puberty has prompted two

important questions: are these genes functionally connected and, if they are, is

their activity subject to a dynamic level of control independent of changes in DNA

sequence? In this article we will discuss emerging evidence suggesting that the

onset of puberty is controlled at the transcriptional level by interactive gene

networks subjected to epigenetic regulation. At least two modes of epigenetic

regulation provide coordination and transcriptional plasticity to these networks:

changes in DNA methylation and differential association of histone modifications

to genomic regions controlling gene activity. Architecturally, puberty-controlling

networks are endowed with “activators,” which move the process along by setting

in motion key developmental events, and “repressors,” which play a central role in

preventing the untimely unfolding of these events.

Introduction

Many years of research have been devoted to characterizing the hormonal changes

associated with the initiation of puberty and identifying the neurotransmitter sys-

tems involved in controlling the gonadotropin-releasing hormone (GnRH) neuronal

network during the pubertal transition. Thanks to these efforts, we now have a much

better understanding of the basic biological underpinnings of the pubertal process.
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It was more than 40 years ago that Boyar et al. (1972) demonstrated that the advent

of human puberty is signaled by a nocturnal increase in pulsatile luteinizing

hormone (LH) release. Consistent with this finding, subsequent work established

the concept that an increase in pulsatile release of GnRH is ultimately responsible

for setting in motion the endocrine manifestations of puberty. It also became clear

that GnRH neurons, though essential for puberty to occur, are neither the

primum movens of puberty nor do they temporarily limit its initiation. Instead,

GnRH neurons are controlled by upstream cellular systems consisting of both

neurons and glial cells. While a variety of neurotransmitter/neuromodulatory systems

have been shown to act trans-synaptically to advance or delay the advent of puberty,

the overarching concept emerging from these findings is that puberty is set in motion

by a coordinated reduction in inhibitory influences and an increase in excitatory

inputs to GnRH neurons (Plant and Witchel 2006; Terasawa and Fernandez 2001;

Ojeda and Terasawa 2002). It is also clear that, in addition to a dual neuronal input

(Kordon et al. 1994; Ojeda and Terasawa 2002), GnRH neurons are subjected to

excitatory glial inputs (Ojeda et al. 2008, 2010), provided by growth factors and

small molecules acting in a paracrine fashion within the glial-GnRH neuron interface

(Ojeda and Skinner 2006; Lomniczi and Ojeda 2009).

With the availability of new tools to explore the mammalian genome, attention

has shifted over the last decade towards the identification of the genes involved in

controlling puberty-related changes in trans-synaptic and cell-cell communication

(Ojeda et al. 2006). Importantly, researchers have also taken advantage of examples

of pubertal failure and sexual precocity provided by nature to begin the identifi-

cation of an elite group of genes required for human puberty to occur (Sykiotis

et al. 2010). While several of these genes are now known, it has also become

apparent that puberty is not set in motion by a single gene but instead requires the

contribution of several, functionally related gene sets (Lomniczi et al. 2013b).

In this article we will provide a brief description of the neurobiology of puberty,

review the contribution of genetic networks to the timing of puberty, and discuss the

emerging concept that a central component of the neuroendocrine machinery by

which the brain controls puberty is gene silencing, imposed by transcriptional

repressors and coordinated by changes in epigenetic information.

The Trans-synaptic Regulation of Puberty

Although it has been known for many years that a significant fraction of the

excitatory control of puberty is provided by glutamatergic neurons (Plant and

Witchel 2006; Ojeda and Skinner 2006), more recently it has become clear that

an even stronger stimulatory input derives from neurons producing kisspeptins

(Oakley et al. 2009; d’Anglemont et al. 2010). These powerful stimulators of
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GnRH release (Kauffman et al. 2007; Oakley et al. 2009; Shahab et al. 2005) are

encoded by the KISS1/Kiss1 gene (Ohtaki et al. 2001; Kotani et al. 2001). Loss of

function of either KISS1 or GPR54/KISS1R, the gene encoding the kisspeptin

receptor, results in pubertal failure (Seminara et al. 2003; de Roux et al. 2003;

Lapatto et al. 2007; Topaloglu et al. 2012). In humans and nonhuman primates, a

population of kisspeptin neurons is located in the arcuate nucleus (ARC) of the

medial basal hypothalamus (Shahab et al. 2005; Hrabovszky et al. 2010) and

another, less well-recognized group in the rostral periventricular area (Hrabovszky

et al. 2010). In rodents, this second population of kisspeptin neurons is located in

the periventricular region of the anteroventral periventricular nucleus (AVPV;

Clarkson et al. 2009; Gottsch et al. 2004). Current evidence indicates that ARC

kisspeptin neurons are required for pulsatile GnRH release (Navarro et al. 2011;

Wakabayashi et al. 2010), and that AVPV kisspeptin neurons are needed for

the pre-ovulatory surge of gonadotropins (Khan and Kauffman 2011; Smith

et al. 2006).

No less than three neuronal subsets are responsible for the inhibitory trans-

synaptic circuitry controlling GnRH release. They include GABAergic and

opiatergic neurons (reviewed in Terasawa and Fernandez 2001) and some more

recently recognized neurons that employ RFamide-related peptide (RFRP) to

inhibit GnRH neuronal activity (Ducret et al. 2009; Gibson et al. 2008; Tsutsui

et al. 2010). RFRP is the mammalian ortholog of the peptide gonadotropin-

inhibiting hormone (GnIH), originally described in birds (reviewed in Ebling and

Luckman 2008). RFRP neurons use two peptides for transsynaptic communication

(RFRP1 and RFRP3); they are recognized by a high-affinity receptor termed

GPR147 or NPFFR1 (Hinuma et al. 2000; Tsutsui et al. 2010) and a low-affinity

receptor termed GPR74 or NPFFR2 (Fukusumi et al. 2006). Because GPR147 is

expressed in GnRH neurons (Ducret et al. 2009; Poling et al. 2012), it is thought

that RFRP neurons can directly repress GnRH secretion.

GABAergic neurons can inhibit GnRH secretion by acting on neurons connected

to the GnRH neuronal network (Ojeda and Skinner 2006; Terasawa and Fernandez

2001), but they can also excite GnRH neurons by activating GABAA receptors

located on GnRH neurons themselves (DeFazio et al. 2002; Moenter and DeFazio

2005). Opiatergic neurons, on the other hand, only inhibit GnRH neuronal activity;

they do so using different peptides that act on different receptors (Kordon

et al. 1994) located either on GnRH neurons (Dudas and Merchenthaler 2006) or

on neurons involved in the stimulatory control of GnRH. A prominent example of

this latter synaptic pathway can be found in a subset of ARC neurons, termed KNDy

neurons because they produced Kisspeptins, Neurokinin B (NKB) and Dynorphin.

The latter is an opioid peptide that inhibits GnRH secretion, at least in part, by

repressing kisspeptin release from KNDy neurons (Navarro et al. 2009).
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The Glial Contribution

Astrocytes and tanycytes (ependymoglial cells lining the ventro-lateral surface of

the third ventricle) facilitate GnRH secretion via at least two mechanisms. One of

them involves several growth factors, including transforming growth factor-beta

(TGFβ), recognized by cell-membrane receptors with serine-threonine kinase acti-

vity, and growth factors recognized by receptors with tyrosine kinase activity: the

epidermal growth factor (EGF) family, basic fibroblast growth factor (bFGF), and

insulin-like growth factor 1 (IGF-I; reviewed in Prevot 2002; Mahesh et al. 2006).

Of these, the EGF family is perhaps the most extensively studied, with substantial

evidence showing that EGF-like peptides do not stimulate GnRH neurons directly

but instead facilitate GnRH release by eliciting prostaglandin E2 (PGE2) release

from astroglial cells and tanycytes (Lomniczi and Ojeda 2009; Clasadonte

et al. 2011).

In addition to this mechanism of glia-to-GnRH neuron communication, glial

cells facilitate GnRH neuronal activity via plastic rearrangement in cell adhesive-

ness mediated by different adhesion molecules with signaling capabilities. These

molecules include the sialylated form of the neural cell adhesion molecule NCAM

(PSA-NCAM; Parkash and Kaur 2005; Perera et al. 1993), the synaptic adhesion

molecule Synaptic Cell Adhesion Molecule 1 (SynCAM1); (Sandau et al. 2011a,

b), and the recognition molecule Receptor-like Protein Tyrosine Phosphatase-β
(RPTPβ) which, expressed in astrocytes, signals to GnRH neurons by associating

with contactin, a cell-surface protein expressed in GnRH neurons (Parent

et al. 2007). Because the adhesive proteins used by each of these systems contain

intracellular signaling domains, it is apparent that glial cells regulate GnRH neu-

ronal activity not only by releasing cell-cell signaling molecules (such as growth

factors and PGE2) but also by setting in motion intracellular signaling mechanisms

via direct contact of cell adhesive molecules [reviewed in (Lomniczi and Ojeda

2009)].

Identifying Gene Networks Controlling Puberty

Several monogenic mutations have been shown to cause pubertal failure by

disrupting the function of genes such as GNRHR (Bedecarrats and Kaiser 2007)

encoding the GnRH receptor, KISS1R (Seminara et al. 2003; de Roux et al. 2003)

encoding the kisspeptin receptor, KiSS1 (Lapatto et al. 2007; Topaloglu et al. 2012)
encoding kisspeptins, TAC3 encoding NKB and TAC3R (Topaloglu et al. 2008)

encoding an NKB receptor. Although less information exists about the genetic

mutations underlying familial precocious puberty or idiopathic central precocity,

two mutations with very different underlying biological underpinnings have been

described. One consists of activating mutations of KISS1R (Teles et al. 2008) and

the other – reported very recently – involves inactivating mutations of MKRN3,
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a transcriptional repressor (Abreu et al. 2013). Though very important, the muta-

tions thus far described account for only a small percentage of individuals affected

by pubertal disorders, suggesting the existence of several additional genes not yet

identified. Indeed, genome-wide analyses have revealed that sequence variations in

more than 40 genes are associated with an early age at menarche (Ong et al. 2009;

Perry et al. 2009; Sulem et al. 2009; He et al. 2009; Elks et al. 2010), indicating that,

as predicted by the aforementioned clinical findings, the initiation and completion

of puberty involve the participation of a multiplicity of genes.

This is not in itself all that surprising, because reproductive function – essential

for the continuity of the species – would be expected to be governed by a robust

regulatory system endowed not only with a high degree of redundancy but also with

compensatory mechanisms geared to ensure the functional integrity of the system in

the event of loss of a component. The re-establishment of normal reproductive

function following either early death of kisspeptin neurons (Mayer and Boehm

2011) or loss of Tacr3, the NKB receptor (Yang et al. 2012) is a prominent example

of this safeguard mechanism.

If several genes are involved in the central control of puberty, a certain degree of

functional interconnectivity among them would also be expected. Using bio-

informatics and systems biology tools, coupled with high-throughput approaches,

our group identified a group of genes predicted to be organized into a functional

network that appears to contribute to the systems-wide control of puberty (Ojeda

et al. 2006; Roth et al. 2007). A main characteristic of this gene set is the compo-

sition of the predicted network, which mostly contains genes (referred to as either

tumor suppressor or tumor related genes, TSGs/TRGs) with diverse cellular func-

tions but sharing a common involvement in tumor suppression/tumor formation.

Structural characterization of the network predicted the existence of well-connected

central nodes providing control at a transcriptional level and many peripheral,

subordinate genes acting as portals for network output and perhaps as conduits of

externally derived regulatory inputs (Ojeda et al. 2006; Roth et al. 2007). Subse-

quent studies supported the original model of the network by showing that, of the

five putative central nodes of the network (CDP/CUTL1/CUX1, MAF, p53, YY1,
and USF2), YY1 and an isoform of CDP/CUTL1/CUX1 known as CUX1p120

repress KISS1 transcription, whereas another CUX1 isoform, CUX1p200, acts as a

trans-activator (Mueller et al. 2011).

These and earlier studies provided the bases for the view that mammalian

puberty is controlled by genetic networks that, operating within different cell

contexts in the neuroendocrine brain, coordinate the activity of GnRH neurons at

puberty. A more detailed account of this subject can be found in Lomniczi

et al. (2013b).
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Transcriptional Repression: A Key Regulatory Mechanism

of Prepubertal Development

A much-discussed view proposed to explain the cell-cell communication events

leading to the initiation of puberty states that GnRH neurons are under a tonic

inhibitory trans-synaptic control, which is lifted at the end of juvenile development,

unleashing the pubertal process [reviewed in (Terasawa 1999)]. It has been argued,

however, that lifting an inhibitory tone cannot by itself trigger puberty and that

concurrent activation of excitatory inputs is a sine qua non feature of pubertal

development (Ojeda 1991). The demonstration that activation of kisspeptin neu-

rons, the bona fide prototype of excitatory system controlling GnRH secretion, is

essential for puberty to occur (reviewed in Pinilla et al. 2012) provided strong

support for this latter concept. On the surface, it also appeared to dismiss the idea of

a pubertal “brake,” as it showed that all that is required for puberty to occur is the

activation of a stimulatory system.

New evidence now indicates that an important inhibitory condition does indeed

exist, but it resides at a transcriptional, rather than a trans-synaptic, level. The first

inkling that a transcriptionally repressive regulatory system may be biologically

significant was provided by the realization that at least three central nodes of the

TRG network (YY1, EAP1, CUX1) repress the transcriptional activity of puberty-

related genes (Heger et al. 2007; Mueller et al. 2011, 2012). Very recently, we

identified the Polycomb Group (PcG) as a silencing complex that keeps puberty in

check by repressing the Kiss1 gene in kisspeptin neurons of the ARC (Lomniczi

et al. 2013a). The PcG complex plays a major role in imposing gene silencing at

various developmental stages (Schwartz and Pirrotta 2007; Simon and Kingston

2009; Kohler and Villar 2008). Our findings suggest that a mechanism of transcrip-

tional repression operating within excitatory neurons themselves is an important

component of the so-called “central restraint” that prevents puberty from starting

prematurely.

New studies in our laboratory suggest that the PcG complex is not the only

repressor involved. To search for factors that may inhibit hypothalamic PcG

expression at puberty, we again use a combination of gene expression arrays and

qPCR, in addition to in silico analysis of transcription factor binding sites in PcG

promoter regions. This search identified a subfamily of the BTB POZ-ZF (for Broad

Complex, Tramtrack, Bric-à-brac, poxvirus and Zinc finger) group of transcrip-

tional repressors – known as the POK family (for POZ and Krϋppel; Kelly and

Daniel 2006; Maeda et al. 2005) – as potential regulators of PcG gene activity

(Lomniczi et al., unpublished results). POK genes contribute to controlling a variety

of developmental processes, with alterations of their function resulting in tumori-

genesis and developmental disorders (Dhordain et al. 1997; Lin et al. 1998; David

et al. 1998). We observed that hypothalamic expression of three of these genes

(Zbtb7a/LRF, Bcl6 and Zbtb16/Plzf) increases – instead of decreasing –during

prepubertal development of the female rat. Promoter assays demonstrated that all
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three POK proteins are potent inhibitors of PcG gene expression, suggesting that

they may function as “repressors of repressors.”

Several members of the ZNF superfamily of transcriptional repressors (Urrutia

2003; Vogel et al. 2006; Shannon et al. 1996; Filion et al. 2006) may also contribute

to the transcriptional silencing of puberty, as expression of some of these genes

declines in the primate hypothalamus at the initiation of puberty (Lomniczi

et al. 2013b). The idea that a reduction in ZNF inhibitory output at puberty may

lift an inhibitory influence from puberty-activating genes (i.e., genes involved in the

stimulatory control of puberty) was recently given credence by the finding that a

ZNF gene known as MKRN3/ZNF127 plays a repressive role in human puberty

(Abreu et al. 2013). This report showed that inactivating mutations in the coding

region of MKRN3 are responsible for the sexual precocity observed in several

members of a cohort of 15 families with familial central precocious puberty.

MKRN3 is an intronless, maternally imprinted gene encoding a protein with a

RING finger domain and several zinc finger motifs (Jong et al. 1999) with predicted

ubiquitin ligase-like activity.

MKRN3 may represent a class of genes encoding RING and zinc finger

containing proteins that contribute to the repressive transcriptional control of

puberty, as the structurally similar gene EAP1 (IRF-2BPL) has also been implicated

in the control of puberty and reproductive function (Heger et al. 2007; Dissen

et al. 2012; Lomniczi et al. 2012). Hypothalamic expression of MKRN3 declines

during juvenile development in mice (Abreu et al. 2013), rats and nonhuman

primates (unpublished observations), implying a prepubertal decline in a

MKRN3-dependent inhibitory influence and suggesting that MKRN3 controls

puberty by repressing downstream target genes, instead of activating the GnRH

neuronal network (Lomniczi et al. 2013b). Interestingly, hypothalamic expression

of the POK genes Bcl6, Zbtb7a/LRF and Zbtb16/PLZF mirrors that of MKRN3 in

female rats (unpublished observations), suggesting a causal relationship.

An additional mechanism of repression may be provided by LIN28 proteins

acting post-transcriptionally. This involvement was suggested by the finding that a

single nucleotide polymorphism near the LIN28B gene in human chromosome 6

(q21) is associated with earlier puberty and shorter stature in girls (Perry et al. 2009;

Sulem et al. 2009; Ong et al. 2009). LIN28B encodes a cytoplasmic protein that

controls gene expression post-transcriptionally by binding to miRNAs and

diminishing miRNA-mediated mRNA degradation (Moss et al. 1997; Viswanathan

et al. 2009). Its main target appears to be members of the let-7 family of miRNAs.

LIN28 proteins bind to the terminal loops of let-7 precursors and block their

processing into mature miRNAs (Viswanathan et al. 2008). The hypothalamic

expression of Lin28 and Lin28b decreases substantially during prepubertal devel-

opment in rats and non-human primates with let-7a and let-7b RNA levels showing

an opposite pattern of expression (Sangiao-Alvarellos et al. 2013). These findings

suggest that LIN28 may contribute to controlling the pubertal process by down

regulating miRNAs potentially involved in silencing inhibitors of puberty, i.e.,

acting as a repressor of repressors but at a post-transcriptional level.
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Altogether, the aforementioned observations suggest that the timing of mamma-

lian puberty is controlled by overlapping layers of repressive regulation (Lomniczi

et al. 2013b) (Fig. 1). They are also consistent with the concept recently put forward

by Lomniczi et al. (2013a) that transcriptional repression is a core component of

theneuroendocrine circuitry regulating puberty.

Epigenetic Information: An Integrating Mechanism

of Reproductive Neuroendocrine Development

The discovery of gene networks controlling puberty raises the question as to the

existence of mechanisms able to regulate gene expression in a plastic, dynamic, and

coordinated fashion during pre- and peripubertal development. These mechanisms

are likely epigenetic, because epigenetic information can not only provide gene-

specific gatekeeper functions (Garcia-Bassets et al. 2007) but also has a degree of

plasticity able to transiently change gene expression within hours (Miller and

Sweatt 2007) and even minutes (Kangaspeska et al. 2008; Metivier et al. 2008).

It is now clear that epigenetic information is also essential for a variety of

neural functions, including memory formation (Miller and Sweatt 2007), recovery

of learning and memory (Fischer et al. 2007), dendritic development

(Wu et al. 2007), neuronal and behavioral plasticity (Kumar et al. 2005),

estrogen-induced gene expression (Perillo et al. 2008; Subramanian et al. 2008),

glial-neuronal interactions (Shen et al. 2008), circadian rhythms (Nakahata

et al. 2008), and sexual differentiation of the brain (McCarthy et al. 2009).

Mechanisms of Epigenetic Control

The basic mechanisms of epigenetic information are: (1) DNA methylation and

hydroxymethylation, two covalent modifications found in cytosine residues of the

dinucleotide sequence CpG (Jaenisch and Bird 2003; Bjornsson et al. 2004), and

(2) Chromatin modifications, consisting of post-translational modifications that

alter the N-terminus tails of core histones (H2A, H2B, H3, and H4) in nucleosomes

(Kouzarides 2007; Khorasanizadeh 2004).

While basal DNA methylation (i.e., the addition of a methyl group to position

5 in the cytosine ring to yield 5-methycytosine, 5-mC) is maintained by DNA

methyltransferase1 (DNMT1), de novo methylation is a function of DNMT3a and

DNMT3b, which target unmethylated and hemimethylated DNA with similar

efficiencies (Jaenisch and Bird 2003). Increased DNA methylation is associated

with gene repression; conversely, hypomethylation is associated with trans-

criptional activation. Consistent with the concept that loss of 5-mC is accom-

panied by corresponding increases in 5-hydroxymethycytosine (5-hmC), DNA
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hydroxymethylation is associated with activation of transcription, as evidenced by

the abundance of 5-hmC in euchromatin (i.e., chromatin in the open state) and

promoter regions of active genes (Ficz et al. 2011).

In contrast to this relative simplicity, core histones are subjected to several post-

translational modifications, including acetylation, methylation, phosphorylation,

ubiquitination, and sumoylation (Kouzarides 2007; Jenuwein and Allis 2001).

Among these, acetylation by acetyltransferases (HATs), deacetylation by histone

deacetylases (HDACs), and methylation by methyltransferases (HMTs) are some of

the histone modifications most intimately involved in gene regulation. In general,

acetylation is associated with activation of transcription, whereas deacetylation is a

hallmark of gene silencing (Kouzarides 2007; Dillon 2006). In addition to histone

acetylation, promoter activity is regulated by histones methylated at specific lysine

residues. The most common histone modification associated with active transcrip-

tion is trimethylation of H3 at lysine 4 (H3K4me3; Wang et al. 2008; Berger 2007;

Guttman et al. 2009). In contrast, H3 methylation of lysine 9 and 27 (H3K9me and

H3K27me) is a feature of silenced genes (Wang et al. 2008; Guttman et al. 2009;

Ruthenburg et al. 2007). Adding complexity to this scenario, DNA methylation and

histone modifications work in concert to regulate gene expression (Cameron

et al. 1999; Cedar and Bergman 2009), with H3K4me2/3 preventing DNA methyl-

ation (Ooi et al. 2007; Cedar and Bergman 2009), and H3K9me facilitating

DNMT3a and DNMTb recruitment to target genes (Cedar and Bergman 2009).

Once recruited, DNMTs associate with HDACs to bring about gene silencing

(Rountree et al. 2000; Robertson et al. 2000; Fuks et al. 2000; Burgers

et al. 2002). The dynamic nature of these mechanisms make epigenetic information

ideally suited to provide temporal and spatial cues, not furnished by DNA sequence,

to complex biological processes. The neuroendocrine regulation of puberty is one

such process.

Most, if not all, genes presumed to play a role in the hypothalamic control of

puberty are decorated with epigenetic marks (http://www.epigenome.org/, http://

epigenome.usc.edu/ and http://epigenomegateway.wustl.edu/). Changes in DNA

methylation of the GnRH promoter accompany the increase in GnRH expression

that occur during embryonic development of nonhuman primates (Kurian

et al. 2010), and estrogen-positive feedback results in increases acetylation of

histone 3 in the kiss1 promoter of AVPV kisspeptin neurons (Tomikawa

et al. 2012). Nevertheless, it is only recently that the identification of the PcG

group as a major epigenetic regulator of puberty (Lomniczi et al. 2013a) has shed

light into the potential contribution of epigenetic cues to the neuroendocrine control

of the pubertal process. The PcG system is composed of three types of Pc repressive

complexes (PRCs) working together to bring about gene silencing. They are known

as PRC1, PRC2 and PhoRC (Simon and Kingston 2009; Schwartz and Pirrotta

2007). The PRC1 complex includes a group termed Cbx, because its members

contain a highly conserved chromodomain (Cbx) at their amino terminus (Ren

et al. 2008; Dietrich et al. 2007; Gil et al. 2004; Scott et al. 2007). The mammalian

homologs of Drosophila polycomb proteins are Cbx2, 4, 6, 7, and 8 (Schwartz and

Pirrotta 2007). In different cells, the PRC1 complex may contain different Cbx
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genes (Otte and Kwaks 2003). In mammals, the PRC2 complex includes four core

subunits: enhancer of zeste 1 or 2 (EZH1, EZH2), suppressor of zeste (Suz12), and

theWD40 domain proteins EED and P55 (Schwartz and Pirrotta 2007; Di and Helin

2013). In Droshophila, the PhoRC complex contains two proteins, Pho and its

homologue Phol, which bind directly to DNA (Schwartz and Pirrotta 2007). In

mammals, these proteins are replaced by YY1, which has both repressive and

activating functions (Shrivastava and Calame 1994; Wilkinson et al. 2006; Thomas

and Seto 1999). It is now clear that PcG-mediated gene silencing requires

H3K27me3; while PRC2 initiates silencing by methylating H3 at K27, the Cbx

components of PRC1 maintain the silenced state by binding to H3K27me3 via their

chromodomain (Schwartz and Pirrotta 2007; Otte and Kwaks 2003; Simon and

Kingston 2009) to form a repressive complex (Simon and Kingston 2009; Schwartz

and Pirrotta 2007). Yy1 recruits PRC2 and PRC1 proteins, in addition to

H3K27me3 to gene promoters to silence transcription (Wilkinson et al. 2006;

Woo et al. 2010). A greater complexity of the PcG complex was recently revealed

by studies showing the existence of six different non-canonical PRC1 complexes

that do not contain CBX proteins (Gao et al. 2012). One of them, containing the

protein RYBP (RING1/YY1 binding protein), appears to be critical for PRC1-

dependent monoubiquitination of histone 2A at lysine 119 (Tavares et al. 2012).

H2AK119ub1 plays a central role in suppressing RNA polymerase activity in

bivalent promoters and also appears to prevent H3K4 methylation (Di and Helin

2013), a hallmark of activated genes (Wang et al. 2008; Berger 2007; Guttman

et al. 2009).

Lomniczi and colleagues (2013a) examined the hypothalamus at three develop-

mental phases encompassing the juvenile and peripubertal stages of female rat

reproductive maturation: early juvenile (day 21), late juvenile (day 28), and the day

of the first preovulatory surge of gonadotropins (days 30–36). These ages were

selected because day 21 marks the initiation of the juvenile period (Ojeda and

Urbanski 1994), day 28 signals the beginning of puberty, and the first preovulatory

surge of gonadotropins represents the completion of puberty. In the female rat, the

first neuroendocrine manifestation of puberty can be detected in the form of a

diurnal change in pulsatile LH release at the end of juvenile development (Urbanski

and Ojeda 1985).

Pulsatile GnRH secretion is thought to be driven by KNDy neurons

(Wakabayashi et al. 2010; Navarro et al. 2011) of the ARC (Navarro et al. 2011;

Lehman et al. 2010). KNDy neurons release NKB, which acts on other KNDy

neurons via specific receptors to stimulate kisspeptin release (Wakabayashi

et al. 2010; Navarro et al. 2011). NKB and kisspeptin are released periodically,

and this oscillatory behavior is determined by a phase-delayed inhibitory feedback

of dynorphin on NKB release (Wakabayashi et al. 2010; Navarro et al. 2011).

Because of these characteristics, we consider Kiss1 and Tac2 to be unique members

of a class of “puberty-activating” genes. Using the Kiss1 as the prototype, Lomniczi

et al. (2013a) showed that two core components of the PcG complex (Eed and

Cbx7) are expressed in kisspeptin neurons of the ARC, and their encoded proteins

are associated with the 50 flanking region of the Kiss1 gene. At the end of juvenile
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development, the expression of both Eed and Cbx7 decreases coinciding with

increased methylation of their promoters. As these changes take place, the asso-

ciation of EED and CBX proteins with the Kiss1 promoter is reduced. The chro-

matin status of the Kiss1 promoter also changes at this time, displaying increased

levels of two histone marks (H3K9, 14ac, and H3K4me3) associated with gene

activation. The net outcome of these alterations is activation of Kiss1 transcription,
as evidenced by the increase in Kiss1 expression that occurs at this time. Surpris-

ingly, the content of H3K27me3, a PcG-dependent repressive histone modification

(Wang et al. 2008; Ruthenburg et al. 2007) did not decrease significantly at the

initiation of puberty (i.e., at the end of juvenile development), but it did so later, on

the day of the first preovulatory surge of gonadotropins. This developmental profile

suggests that the association of H3K27me3 and H3K4me3 with the Kiss1 promoter

has the features of bivalent domains (Bernstein et al. 2006), that is, the co-existence

of repressive and activating histone modifications (Young et al. 2011; Bernstein

et al. 2006) in the regulatory region of genes “poised” for activation in response to

incoming inputs (Bernstein et al. 2007).

Importantly, inhibition of DNA methylation with 5-azacytidine prevented not

only the peripubertal decline in Cbx7 and Eed mRNA expression but also the

eviction of CBX7 and EED from the Kiss1 promoter, the association of activating

histone marks with the promoter, and the increase in Kiss1 expression that occurs at
this time of development. It is thus plausible that, when an increase in DNA

methylation of PcG promoters fails to occur, EED/CBX7 occupancy of the Kiss1
promoter persists resulting in diminished accessibility of activating histone marks

to the promoter. The increase in H3K4me3 content at the Kiss1 promoter raises the

possibility that an activating complex is recruited as loss of PcG inhibition unfolds.

Trithorax proteins appear to be particularly well suited to play this role as they are

known to be chromatin-activating factors that antagonize PcG silencing by induc-

ing H3K4 trimethylation and H3 acetylation (Simon and Kingston 2009). As such,

they may play an important role in counteracting the repressive effects of PcG on

puberty-activating genes. The contribution of Trithorax genes to the epigenetic

control of puberty may be significant, especially because mutations in CHD7 have

been associated with hypothalamic hypogonadism in humans (Bianco and Kaiser

2009; Kim et al. 2008). CHD7 is a gene encoding an ATP-dependent chromatin-

remodeling protein that forms part of Trithorax-containing complexes

(Schuettengruber et al. 2011).

That PcG-mediated silencing is intimately involved in restraining puberty was

made evident by experiments in which EED was overexpressed – via lentivirus-

mediated delivery – in the ARC of early juvenile rats to prevent the pubertal decline

in EED availability to kisspeptin neurons. These studies showed that the over-

expressed protein became associated with the Kiss1 promoter, resulting in a

reduced number of immunoreactive kisspeptin neurons, blunted pulsatile GnRH

release, delayed puberty, and disrupted estrous cyclicity. The number of pups

delivered by these animals was severely reduced, indicating that, if the repressive

influence of the PcG complex on kisspeptin neurons is not lifted, fertility is

compromised (Lomniczi et al. 2013a).
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Fig. 1 Hypothetical transcriptional regulatory network controlling the initiation of puberty. (a)

The diagram illustrates the emerging notion that transcriptional repression is a central component

of the mechanism by which the hypothalamus controls the onset of female puberty. According to

this view, puberty-activating genes (Kiss1, Tac2, etc.) are controlled by transcriptional activators

(e.g., TTF1, CUXp200) and by a level of repression provided by at least two silencing systems: the

PcG complex and members of the ZNF gene family, represented by MKRN3. We also envision

that an upstream repressive layer provided by members of the POK family, and perhaps LIN28

(acting postranscriptionally), gives developmental dynamism to the system by repressing the

proximal layer of repressors, i.e., acting as repressors of repressors. (b) Systems-wide coordination

would be achieved by epigenetic cues provided by changes in DNA methylation and the compo-

sition of histone posttranslational modifications at each participating gene locus. The profiles

depicted illustrate hypothetical changes in histone association (blue and red profiles) and DNA

methylation (short vertical lines) around the promoter region of each class of genes. The
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Finally, this study by Lomniczi et al. also showed that estradiol (E2) is not

responsible for the decrease in Eed or Cbx7 expression that antedates the onset of

puberty, because this decrease occurs before the pubertal increase in circulating E2

levels. Although E2 may have activated the transcription of genes repressing PcG

expression via estrogen receptor alpha (ERα)-mediated activation of enhancer RNA

transcription (Li et al. 2013), there are no canonical estrogen responsive elements

(EREs) in the Eed or Cbx promoter. Earlier findings demonstrated that E2 does not

repress but instead induces demethylation of DNA and loss of H3K9me2/3 from

E2-target promoters (Kangaspeska et al. 2008; Metivier et al. 2008; Perillo

et al. 2008). It is likely, however, that some of the epigenetic modifications

affecting puberty-related genes other than PcG genes are caused by E2. In fact,

E2-mediated increases in gene transcription do involve epigenetic modifications,

such as fluctuations in DNA methylation (Kangaspeska et al. 2008; Metivier

et al. 2008), and formation of co-activating complexes containing histone

acetyltransferases and histone methyltransferases (Metivier et al. 2003). Expression

of ERα itself is regulated by DNA methylation (Issa et al. 1994; Westberry

et al. 2008; Belinsky et al. 2002). A seemingly major epigenetic mechanism of

E2 action is the ability of E2-ERα complexes to induce demethylation of the

inhibitory histone mark H3K9me2/3, resulting in enhanced transcription (Perillo

et al. 2008; Garcia-Bassets et al. 2007). Recently, Tomikawa and colleagues

demonstrated that E2 increases acetylated H3 content of the Kiss1 promoter in

the AVPV but reduces acetylated H3 in the ARC (Tomikawa et al. 2012). Further-

more, E2 increased ERα binding to the Kiss1 promoter in the AVPV, but not the

ARC. In harmony with the results of Lomniczi et al. (2013a), Tomikawa et al. did

not detect changes in Kiss1 promoter DNA methylation in either the AVPV or

ARC, suggesting that DNA methylation may not be involved in regulating Kiss1
promoter activity. A finding with potentially important implications for the under-

standing of how puberty-activating genes may be regulated by E2 is the presence of

an estrogen-responsive enhancer in the 30-region of the Kiss1 gene (Tomikawa

et al. 2012). This interaction occurs in the AVPV but not the ARC, consistent with

the lack of ERα recruitment to the Kiss1 locus in the ARC. While these findings

provide a blueprint for the epigentic contribution to E2-positive feeback, they leave

unresolved the critical questions as to the identity and nature of the mechanism

(s) underlying the inhibitory effect of estrogen on ARC Kiss1 expression.

Notwithstanding the biological significance of these observations, it is likely that

changes in epigenetic information affect simultaneously several hierarchically

different components of the gene networks controlling puberty. For instance,

POK proteins, which we believe to be located at a hierarchical level higher than

⁄�

Fig. 1 (continued) transcription start site is denoted by the bent arrow followed by +1. The net

outcome of these changes would be a switch from inhibitory to stimulatory transcriptional control

leading to increased pulsatile GnRH, increased LH secretion, and the initiation of puberty
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the PcG complex, recruit HDACs to a repressor complex to silence gene expression

(Dhordain et al. 1997; Lin et al. 1998; David et al. 1998), and some POZ-ZF

proteins recognize methylated CpG dinucleotides for binding and repression of

gene transcription (Daniel et al. 2002; Prokhortchouk et al. 2001).

Concluding Remarks and Perspectives

Two main concepts emerge from the aforementioned observations: (1) that the

central control of mammalian puberty depends on the interaction of gene sets

organized into functionally connected networks, and (2) that the neuroendocrine

control of female puberty involves the participation of a repressive mechanism of

epigenetic regulation (Fig. 1). We believe that this silencing influence is exerted at

various hierarchical levels within the architecture of gene networks controlling the

pubertal process. A proximal repressive layer is provided by members of the

Polycomb group of transcriptional silencers. They use epigenetic mechanisms to

control downstream “puberty-activating” genes epitomized by the Kiss1 gene, and

their own expression is controlled by changes in DNA methylation. Another set of

transcriptional repressors, perhaps targeting the same downstream genes repressed

by the PcG complex, is provided by members of the ZNF family of transcriptional

silencers, typified by MKRN3, which encodes a RING and zinc-finger containing

protein. Finally, the POK family of transcriptional repressors, which shows a

preference for methylated regions controlling gene expression, may provide

“hard-wiring” to the above networks by acting as both “repressors of repressors”

and repressors of puberty-activating genes (Fig. 1).

While these observations lay out the initial scaffold upon which to build a more

complete understanding of the epigenetic control of puberty, they also raise a

myriad of questions. For instance, do the different neuronal and glial subsets

involved in the control of puberty express a different composition of transcriptional

repressors? Or do all cells, regardless of their position in the chain of command,

express the same repressors – and is the ability of each repressor to interact with

relevant DNA regulatory regions what determines the final outcome? If there are

cell-specific developmental changes in transcriptional repressor expression, what

factors are responsible for those changes? If different puberty-controlling cell

populations in the hypothalamus have their own epigenetic landscape, what deter-

mines this cellular specificity? And how are the developmental changes in epi-

genetic landscape determined? No less important is the identity of the specific

“inlets” conveying environmental inputs as diverse as nutrition, toxins, light, and

social interactions to the hypothalamic epigenome. We envision that future research

will not only provide answers to these and other questions but also lead to the

identification of specific epigenetic defects underlying the human disorders of

idiopathic precocious and delayed puberty.
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Neuroendocrine and Molecular Mechanisms

for the Metabolic Control of Puberty: Recent

Developments

Manuel Tena-Sempere

Abstract Because reproduction is an energy-demanding function, acquisition of

reproductive capacity at puberty, especially in the female, is metabolically gated, as

a means of preventing fertility in conditions of energy insufficiency. On the other

hand, obesity has been shown to also impact the timing of puberty and may be

among the causes for the earlier trends of pubertal age reported in various countries,

especially in girls but probably also in boys. The metabolic control of puberty is the

result of the concerted action of different peripheral hormones and central trans-

mitters that sense the metabolic state of the organism and transmit this information

to the various elements of the reproductive brain, ultimately affecting GnRH

neurons. Much has been learned in recent decades about the important roles of

different neuropeptide pathways that are essential for the control of pulsatile GnRH

secretion at puberty and its modulation by numerous physiological (and eventually

pathological) signals, including metabolic cues. Remarkably, the essential roles of

kisspeptins, the products of the Kiss1 gene that operate through the receptor, Gpr54

(also named Kiss1R), have been recognized in the last few years. In addition, the

involvement of other central transmitters and molecular mediators, which may

interplay with kisspeptins or operate in a kisspeptin-independent manner, has

been unveiled recently by a combination of genetic, neuroanatomical, physiological

and clinical studies. In this chapter, we will discuss some recent advances in our

understanding of the neuroendocrine and molecular bases of the metabolic control

of the onset of puberty. Special emphasis will be paid to summarizing the putative

roles of the hypothalamic Kiss1 system in mediating the metabolic modulation of

puberty, either via direct or (preferentially) indirect pathways, and to present some

of our studies addressing the potential interplay of kisspeptins with other presum-

able metabolic regulators of puberty. In addition, recent progress in the identifica-

tion of central molecular mediators, such as mTOR and AMPK, that are putatively

involved in the metabolic gating of puberty will be reviewed here. We expect that

M. Tena-Sempere (*)

Department of Cell Biology, Physiology and Immunology, University of Córdoba; CIBER
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such information will help to better understand the physiological basis of normal

puberty and its eventual perturbations in conditions of metabolic stress, ranging

from anorexia to morbid obesity.

Introduction: Metabolic Regulation of Puberty:

Physiological and Pathophysiological Implications

Reproduction is an energy-demanding function that, despite being essential for the

perpetuation of the species, is dispensable at the individual level. Hence, in extreme

conditions that challenge energy homeostasis, other body functions are prioritized

while the reproductive axis is suppressed, therefore causing alterations in puberty

and/or fertility problems. In this context, it is well known that the onset of puberty is

influenced by the magnitude of body energy reserves and different nutritional and

metabolic factors (Fernandez-Fernandez et al. 2006; Navarro et al. 2007). Indeed,

critical thresholds of fat reserves are required to attain complete pubertal develop-

ment (Frisch and Revelle 1970), a phenomenon that is especially important in the

female because of the substantial energy demands of pregnancy and lactation

(Casanueva and Dieguez 1999). However, such a tight association likely occurs

in both sexes, and different reports suggest that conditions of metabolic stress can

also perturb puberty onset in males (Tena-Sempere 2008). Furthermore, conditions

of sustained energy excess, such as morbid obesity, are frequently associated with

reproductive alterations, through as yet poorly characterized patho-physiological

mechanisms. All in all, a better understanding of the signals and pathways respon-

sible for the metabolic regulation of puberty will help to define the basis for

perturbations of puberty in humans, whose incidence seems to be increasing and

may have a deleterious impact in health later in life (Lakshman et al. 2009).

Compelling evidence suggests that a substantial component of the mechanisms

for the metabolic regulation of puberty takes place at central levels, ultimately by

the modulation of the secretory activity of GnRH neurons in the hypothalamus

(Elias and Purohit 2012; Navarro and Tena-Sempere 2012; Xu et al. 2012). The

central mode of action of various metabolic regulators of puberty has been illus-

trated by functional genomics analyses, which showed that neuronal elimination of

the receptors for insulin or leptin impaired puberty onset (Bruning et al. 2000;

Quennell et al. 2009). Likewise, different studies have documented the capacity of

leptin, insulin and ghrelin to modulate GnRH secretion in different ex vivo and

in vitro settings (Cunningham et al. 1999; Tena-Sempere 2007; Pralong 2010).

However, the emerging consensus is that the actions of most of the metabolic

hormones influencing puberty are not conducted directly on GnRH neurons but

rather take place through intermediary neuronal pathways.

Thus, GnRH neuron-specific knockout of the leptin receptor did not alter the

timing of puberty in female mice, which displayed preserved fertility as adults
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(Quennell et al. 2009). Similarly, it was recently documented that selective elim-

ination of insulin receptors from GnRH neurons did not cause detectable alterations

in the timing of puberty or adult reproductive function in male and female mice

(Divall et al. 2010). Admittedly, results from congenital knockout mice should be

interpreted with caution because of the possibility of developmental compensatory

mechanisms. Yet, the above findings, together with data from expression and

functional analyses, strongly suggest that leptin or insulin signaling directly in

GnRH neurons is dispensable for pubertal onset, at least in rodents, therefore

pointing out the existence of indirect pathways that would operate as conduits for

the transmission of key metabolic information to GnRH neurons.

Endocrine Control of Puberty and Its Modulation

by Metabolic Cues: Role of Leptin

Since the critical fat mass hypothesis was initially postulated in the 1970s by Frisch

and co-workers (Frisch and Revelle 1970), the mechanisms whereby metabolic

signals and body energy status influence puberty onset and later fertility have been

analyzed thoroughly. Research in this area underwent a complete revolution with the

identification, in 1994, and the subsequent characterization of the major biological

actions, of the adipose hormone, leptin. Indeed, in the last two decades, leptin has

been unanimously recognized not only as a key element in the hormonal control of

body weight and energy homeostasis but also as an essential neuroendocrine inte-

grator, linking the magnitude of body fat stores to different neuroendocrine axes,

including the reproductive system. While detailed recapitulation of the biological

features of leptin is clearly beyond the scope of this chapter, it is important to stress

that, given that leptin is secreted in proportion to the amount of white adipose tissue

and hence fuel reserves, it operates as a signal for the size of body fat stores to

different body systems; thus it is indispensable for proper adjustment of the func-

tioning of numerous physiological systems to changes in metabolic conditions.

Particularly in the context of the reproductive axis, leptin plays a key role in the

metabolic control of puberty and fertility (Casanueva and Dieguez 1999; Ahima

and Flier 2000; Tena-Sempere 2007). Thus, conditions of leptin insufficiency, as

observed in humans with low or null leptin levels as well as in different rodent

models (Fernandez-Fernandez et al. 2006; Tena-Sempere 2007), are often linked to

a delay in or absence of puberty and perturbed fertility (Roa et al. 2010).

Concerning the effects of leptin on puberty onset, there was an initial debate on

whether leptin was a trigger or, instead, a permissive signal for puberty to proceed.

The consensus derived from different observations in humans and model species

indicated that, while threshold leptin levels are required to achieve normal pubertal

development (and to retain reproductive function in adulthood), leptin alone is not

sufficient per se to trigger complete puberty onset. This finding is compatible with a

predominantly permissive function of leptin on puberty, which has been better
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characterized in females. Of note, however, leptin deficiency, such as in ob/ob

mice, has been linked to reproductive defects in males also (Elias and Purohit

2012), whereas leptin replacement can rescue low testosterone and gonadotropin

secretion during short-term fasting in men (Chan et al. 2003). Therefore, it is

tenable that leptin plays a key role in the control of puberty in both sexes, albeit

with some differences in terms of relative importance vs. other metabolic signals. In

any event, recent studies have raised some doubts about the actual roles of leptin in

some aspects of the metabolic control of the gonadotropic axis, e.g., the rescue of

the hypogonadotropic state following the termination of short-term food depriva-

tion can apparently take place in the absence of detectable changes of circulating

leptin levels in rodents and sheep (Szymanski et al. 2007; True et al. 2011).

Nevertheless, to our knowledge, no study has challenged the consensus view that

proper leptin levels are mandatory for puberty to proceed.

Neuroendocrine Control of Puberty and Its Metabolic

Modulation: Role of Kisspeptins

Because of the predominant, if not exclusive, indirect mode of action of metabolic

signals in the regulation of GnRH neurons, much attention have been devoted to

elucidating the mechanisms whereby different hormones, including leptin, regulate

GnRH neurosecretion. Admittedly, different factors are likely to operate via dif-

ferent routes and mechanisms. For the sake of concision, much of the discussion

below will focus on the putative pathways whereby leptin, as the key factor for the

integral control of energy balance and puberty, transmits its regulatory effects to the

elements of the reproductive brain, and how neuronal pathways using kisspeptins as

transmitters may participate in this function.

The identification of kisspeptins as gatekeepers of puberty and fertility, back in

2003, was a major breakthrough that has revolutionized our understanding of the

neuroendocrine mechanisms that control the reproductive axis. A recapitulation of

the major features of kisspeptins, the product of the Kiss1 gene that operate via the

surface receptor, Gpr54 (also termed Kiss1R), is clearly beyond the aims of this

chapter; recent extensive reviews of this topic can be found elsewhere (Pinilla

et al. 2012). In any event, as a means of introduction to the later contents of this

review, some brief account of the major features of kisspeptins as major regulators

of puberty and its modulation by metabolic signals is provided below.

The initial observation that patients or mice with null mutations in Gpr54 or

Kiss1 genes do not undergo puberty already suggested a prominent, indispensable

role of kisspeptin signaling in the control of puberty. This function has now been

substantiated by a wealth of experimental data indicating that, during puberty, the

hypothalamic Kiss1 system undergoes an extensive and complex activational

program that seems to be essential for proper pubertal timing (Roa and Tena-

Sempere 2010; Tena-Sempere 2010). Key aspects of such developmental activation
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during pubertal maturation are (1) a rise in the hypothalamic expression of the Kiss1
gene and kisspeptin content in key hypothalamic areas; (2) an increase in the

sensitivity to the stimulatory effects of kisspeptin in terms of GnRH/LH responses;

(3) an increase in the number of GnRH neurons expressing Gpr54, as well as in

Gpr54 signaling efficiency; and (4) a rise in the number of kisspeptin neurons and of

their projections/appositions to GnRH neurons (Sanchez-Garrido and Tena-

Sempere 2013).

In good agreement with the above evidence, pharmacological analyses demon-

strated that repeated administration of kisspeptins was sufficient to advance the

occurrence of phenotypic or hormonal indices of puberty in rodents and monkeys,

whereas blockade of Gpr54 by means of a specific kisspeptin antagonist caused an

overt delay in puberty onset in female rats (Pineda et al. 2010). Admittedly,

however, recent data have suggested that, under some circumstances, kisspeptin

signaling might be dispensable for puberty onset in rodents. It must be stressed,

however, that the latter experimental data involved the extensive (albeit probably

not complete) congenital ablation of Kiss1 neurons, a condition that is likely to

bring about important developmental compensation (Mayer and Boehm 2011). In

fact, when similar ablation approaches were applied to early juvenile mice, puberty

was overtly altered following selective elimination of Kiss1 cells, confirming that

puberty does indeed require the activational contribution of preserved kisspeptin

signaling to proceed normally.

Because of their paramount importance in the control of the reproductive axis in

general, and of puberty in particular, the possibility that Kiss1 neurons may

participate in the metabolic control of puberty has received quite some attention

in recent years. Expression and functional data do suggest that Kiss1 neurons are

influenced by metabolic cues, a contention that has been mainly documented in

conditions of severe negative energy balance, such as acute fasting, chronic

subnutrition, uncontrolled diabetes and inflammatory challenge (Castellano

et al. 2005, 2006, 2010; Roa et al. 2009). Furthermore, in those conditions,

replacement with pharmacological doses of kisspeptins was sufficient to rescue

many of the reproductive deficits associated with energy insufficiency. Altogether,

these data indirectly support the view that Kiss1 neurons are key sensors of the

metabolic state of the organisms and play a key role in transmitting this informa-

tion, ultimately, to GnRH neurons (Navarro and Tena-Sempere 2012). These

observations also raised the obvious question of which metabolic signals are

responsible for such control of Kiss 1 neurons; due to its essential roles in the

metabolic control of reproduction, leptin was considered to be a tenable candidate

(Sanchez-Garrido and Tena-Sempere 2013).

The possibility that leptin might operate as a regulator of Kiss1 neurons was

initially supported by reports showing the expression of the mRNA encoding the

functional leptin receptor in Kiss1 neurons of the arcuate nucleus (ARC) in the

mouse and sheep (Smith et al. 2006; Backholer et al. 2010); however, only a subset

of Kiss1 neurons, whose abundance varied from <10 % to ~40 depending on the

studies, apparently expressed leptin receptors (LepR) in the mouse (Cravo

et al. 2011). In addition, conditions of defective leptin levels are linked to blunted
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Kiss1 mRNA expression, especially in the ARC (Smith et al. 2006; Quennell

et al. 2011); reduced numbers of kisspeptin neurons in the rostral hypothalamic

area have been also reported in situations of hypoleptinemia (Quennell et al. 2011).

In turn, leptin administration caused an increase in hypothalamic Kiss1 gene

expression in rodent models of leptin deficiency (Castellano et al. 2006; Smith

et al. 2006; Luque et al. 2007; Backholer et al. 2010). In line with these observa-

tions, leptin enhanced Kiss1 mRNA expression in mouse and human neuronal cell

lines (Luque et al. 2007; Morelli et al. 2008), and leptin injections in a sheep model

of low leptin levels and central hypogonadism due to leanness significantly

increased hypothalamic Kiss1 mRNA expression (Backholer et al. 2010). Further-

more, it has recently been shown that leptin can directly activate ARC Kiss1

neurons in the guinea pig (Qiu et al. 2011). Altogether, these data are fully

compatible with (and highly suggestive of) a direct mode of action of leptin in

the control of Kiss1 neurons.

Notwithstanding the above evidence, recent data have questioned the hypothesis

that direct actions of leptin on Kiss1 neurons are indispensable for its role as a

metabolic regulator of puberty and fertility. Thus, congenital elimination of leptin

receptors selectively from Kiss1 cells apparently did not cause alterations in the

timing of puberty or adult fertility (Donato et al. 2011). Caution should be exercised

when interpreting these data, however, as congenital elimination of leptin receptors

from Kiss1 cells might have caused compensatory changes that could mitigate the

phenotypic impact of selective elimination of leptin signalling. Yet, additional

studies in sheep and rodents did support the possibility of a predominantly indirect

mode of action of leptin on Kiss1 neurons. These studies did not find evidence of

the presence of functional leptin receptors in Kiss1 (or GnRH) neurons, except for a

small population of Kiss1 cells in the ARC (Louis et al. 2011). Intriguingly,

however, that work identified a previously unknown neuronal population

expressing leptin receptor, located in the ARC and periventricular areas of the

rostral hypothalamus (globally termed RP3V); they were found in close proximity

to Kiss1 neurons and might contribute to conveying the biological effects of leptin

to Kiss1 (and GnRH) neurons (Louis et al. 2011).

All in all, the latter results suggest that a significant fraction of the effects of

leptin on the hypothalamic Kiss1 system is conducted indirectly and transmitted via

as yet uncharacterized pathways (Louis et al. 2011). These may involve circuits

originating from (or projecting to) the ventral pre-mammillary nucleus (PMV), as

recent evidence has conclusively documented the indispensable role of PMV

pathways in conveying the permissive effects of leptin on puberty onset (Donato

et al. 2009, 2011). In fact, recent data have demonstrated alterations of the Kiss1

system following PMV lesions (Donato et al. 2013), suggesting that leptin-sensitive

pathways originating from the PMV may impinge on Kiss1 circuits for conveying

at least part of the effects of leptin in terms of metabolic gating of puberty. To add

further complexity to this phenomenon, it has been recently suggested that leptin

can carry out direct effects on Kiss1 neurons but only after pubertal maturation

(Cravo et al. 2013); the physiological relevance of this phenomenon in the control

of puberty and later fertility awaits further investigation.
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Neuropeptide Partners of Kisspeptins and Metabolic

Regulation of Puberty: The Role of Neurokinin B

In the last few years, it has been recognized that a group of Kiss1 neurons in the

ARC co-express at least two other relevant transmitters involved in the control of

the gonadotropic axis, namely, neurokinin B (NKB) and dynorphin (Dyn; Lehman

et al. 2010; Pinilla et al. 2012). This subpopulation of ARC Kiss1 neurons has been

termed KNDy to recognize such neuropeptide diversity (Lehman et al. 2010). It

must be stressed, however, that the percentage of ARC Kiss1 neurons that

co-express NKB and/or Dyn seems to vary depending on the species and sex

(Hrabovszky et al. 2012); hence, Kiss1-only (and NKB-only) neurons, which are

not KNDy neurons, likely exist in the ARC. Nonetheless, the importance of NKB

and Dyn as central regulators of the reproductive axis is illustrated not only by their

conserved co-expression with kisspeptins in discrete neuronal populations of the

ARC in several species, including rodents and primates, but also by the fact that

inactivating mutations of the genes encoding NKB (TAC3) or its receptor, NK3R
(TAC3R), in humans are associated with a state of hypogonadotropic hypogonadism

(Topaloglu et al. 2009; Gianetti et al. 2010; Young et al. 2010), similar to that

caused by defects in kisspeptin signaling.

In addition, compelling pharmacological data support the roles of NKB and Dyn

in the central regulation of gonadotropin secretion. Thus, stimulatory actions of the

NKB agonist, senktide, on luteinizing hormone (LH) secretion have been reported

in different species (Billings et al. 2010; Ramaswamy et al. 2010; Navarro

et al. 2011; Garcia-Galiano et al. 2012). In turn, different studies have documented

the effects of Dyn as an inhibitor of GnRH/gonadotropin secretion. These func-

tional data, together with the neuroanatomical features of KNDy neurons, which are

profusely interconnected by numerous collaterals, provided the grounds for the

hypothesis that this neuronal population in the ARC is essential for the generation

of GnRH pulses, due to its capacity to produce a very potent stimulatory output

signal (kisspeptin) to GnRH neurons. The release of kisspeptins, in turn, would be

subjected to the reciprocal control of NKB and Dyn, acting as predominantly

stimulatory and inhibitory modulators, respectively (Navarro et al. 2009; Navarro

and Tena-Sempere 2012). While this model has been widely accepted and explains

the integration of kisspeptins, NKB and Dyn in the dynamic regulation of GnRH/

gonadotropin secretion, important functional aspects of the KNDy neuronal net-

work are yet to be fully elucidated, and species differences in the physiological

relevance of these neurons in the control of GnRH neurons may exist.

Regarding the metabolic modulation of the reproductive axis, recent studies in

models of metabolic challenge, conducted mostly in pubertal rodents, have

documented that, just as previously demonstrated for Kiss1, the NKB system is

also influenced by conditions of negative energy balance. Thus, complete food

deprivation, as a means to induce a profound state of energy deficit, caused a

concomitant suppression of Kiss1 mRNA levels, in the ARC and RP3V, and of

the hypothalamic expression of the genes encoding NKB and its receptor in
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pubertal female rats (Navarro et al. 2012). Of note, in another model of metabolic

stress, such as chronic under-nutrition during the pubertal transition, the delay of

puberty caused by this state of negative energy balance was partially reversed by

chronic injections of the NKB agonist, senktide. Altogether, these findings support

the concept that NKB likely cooperates with kisspeptins in the metabolic control of

puberty (Navarro et al. 2012). This possibility is fully compatible with the proposed

KNDy paradigm, in which NKB would participate in the central regulation of

GnRH secretion by increasing the release of kisspeptins (Navarro and Tena-

Sempere 2012). Also in keeping with a putative role for NKB signaling in the

metabolic regulation of puberty, it was recently shown that high fat diet adminis-

tered to immature female rats from weaning onwards caused a significant advance-

ment of puberty onset and enhanced the expression not only of Kiss1 but also of the
gene encoding NKB in the ARC (Feng Li et al. 2012). To our knowledge, the

physiological roles of the inhibitory signal, Dyn, in the metabolic control of puberty

and fertility remain largely unexplored.

Other Neuropeptide Pathways for the Metabolic Control

of Puberty: The Case of Nesfatin-1

In addition to kisspeptins and NKB, (many) other central transmitters are involved

in the joint control of energy homeostasis, metabolism and the reproductive axis.

One prototypical example is nesfatin-1, one of the peptide products encoded by the

gene Nucleobinding-2 (Nucb2). Nesfatin-1 has been shown to act as an anorectic

signal in the hypothalamus (Oh et al. 2006; Garcia-Galiano et al. 2010a). In fact,

due to its function as a satiety signal in various species and its expression in

hypothalamic areas with key roles in the control of food intake, such as the ARC,

the paraventricular nucleus (PVN) and the LHA, nesfatin-1 has been proposed to

play a role in the regulation of energy homeostasis (Garcia-Galiano et al. 2010a). In

addition, nesfatin-1 has been recently shown to participate in the control of female

puberty in the rat and, therefore, might participate in the central networks respon-

sible for the metabolic control of pubertal maturation.

The experimental evidence supporting such a role in puberty derives from

expression and functional studies. Thus, hypothalamic NUCB2/nesfatin-1 expres-

sion has been shown to increase during pubertal maturation. In contrast, conditions

of negative energy balance that suppress or delay puberty onset, e.g., chronic

sub-nutrition or short-term fasting, are associated with decreased hypothalamic

NUCB2 mRNA and protein levels in pubertal females (Garcia-Galiano

et al. 2010b). In addition, central injections of low (pmol) doses of nesfatin-1

have been reported to induce significant LH secretory responses in peripubertal

female rats (Garcia-Galiano et al. 2010b), whereas suppression of the endogenous

tone of nesfatin-1 in the hypothalamus during the pubertal transition, by means of
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the central infusion of an antisense morfolino oligonucleotide (as-MON) against

NUCB2, delayed the timing of puberty and lowered LH levels and ovarian weights.

Interestingly, studies in adult female rats did not detect gonadotropin responses

to central injection of nesfatin-1 at doses that were effective in peripubertal rats;

neither did infusion of as-MON against NUCB2 affect spontaneous pre-ovulatory

surges of LH and FSH (Garcia-Galiano et al. 2010b). However, recent preliminary

data indicate that, at higher doses, nesfatin-1 can stimulate LH secretion in adult

male rats (Tadross et al. 2010), as well as in adult mice (Navarro et al., unpublished

observations). Altogether, these features strongly suggest that nesfatin-1 might

operate as a putative effector for the metabolic regulation of puberty and gonado-

tropic function (Garcia-Galiano et al. 2010a). In keeping with this view, prelimi-

nary data from my laboratory suggest that blockade of endogenous nesfatin-1 tone,

by the use of as-MON against NUCB2, induces a suppression of Kiss1 gene

expression in the ARC and RP3V in pubertal female rats, whereas absence of

kisspeptin signaling (i.e., in Kiss1r null mice) blocks LH responses to nesfatin-1

(Navarro et al., unpublished observations). The latter finding suggests a putative

interplay between nesfatin-1 and kisspeptin pathways in the central control of the

HPG axis, which may be relevant for its modulation by metabolic cues.

Molecular Mediators for the Metabolic Control of Puberty

Efforts have also been devoted recently to identifying putative molecular mediators

that, acting at central levels, may participate in the metabolic control of puberty.

Admittedly, progress in the field is still limited and is mostly restricted to the

characterization of potential mediators of leptin actions. Just as illustrative exam-

ples, the cases of the energy sensors, mTOR and AMPK, will be briefly summarized

below.

The mammalian target of rapamycin (mTOR) and the downstream elements of

its signaling cascade are known to play a key role as a metabolic gauge of the cell,

linking external (nutrient and hormonal) signals and basic cellular processes

(Schmelzle and Hall 2000; Martin and Hall 2005; Wullschleger et al. 2006; Chiang

and Abraham 2007; Tsang et al. 2007). In addition, mTOR signaling in the

hypothalamus, and specifically the rapamycin-sensitive mTORC1 pathway, has

been shown to participate in the control of energy homeostasis at the whole body

level (Cota et al. 2006; Woods et al. 2008). Thus, leptin has been reported to

modulate the mTOR pathway in the ARC, as an effector mechanism for its

anorectic actions (Cota et al. 2006). Admittedly, the roles of hypothalamic mTOR

signaling in the control of energy balance are more complex and involve nuclei

other than the ARC (Villanueva et al. 2009), where mTOR mediates the metabolic

effects of other key hormones, such as ghrelin (Martins et al. 2012). In fact,

nutritional and metabolic signals seem to modulate the mTORC1 pathway within

the medial basal hypothalamus in a nucleus- and cell-specific manner, with
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different (if not opposite) responses depending on the prevailing metabolic status

(Villanueva et al. 2009).

Besides its role in energy homeostasis and the transduction of metabolic effects

of key factors, such as leptin, hypothalamic mTORC1 signaling seems to play an

important role in the control of puberty onset and in transmitting the positive/

permissive effects of leptin on the reproductive axis (Roa et al. 2009). Thus,

sustained blockade of central mTOR signaling, by means of repeated intracerebral

administration of rapamycin, delayed the timing of puberty in female rats, as

monitored by vaginal opening, reduced ovarian and uterus weights, perturbed

ovarian follicular development and suppressed ovulation. Moreover, central inhi-

bition of mTOR was sufficient to totally block the permissive effects of leptin on

puberty onset in female rats subjected to chronic subnutrition, as a model of low

endogenous leptin levels. In fact, while leptin was able to rescue the ovulatory

failure induced by subnutrition in pubertal females, this effect was completely

prevented by simultaneous administration of the mTOR inhibitor, rapamycin, into

the brain. These observations strongly suggest a positive role for mTOR in the

central control of puberty, which seems to be indispensable for leptin effects on

brain centers driving the onset of puberty. Indeed, activation of central mTOR

signaling, by means of central administration of L-leucine, stimulated LH secretory

responses and partially rescued the state of low gonadotropin levels caused by

chronic subnutrition in pubertal female rats (Roa et al. 2009). The available

evidence strongly suggests that the positive action of mTOR on the HPG axis

stems, at least partially, from its capacity to activate Kiss1 neurons, since persistent

inhibition of central mTOR signaling significantly reduced Kiss1 mRNA expres-

sion levels in the ARC and, to a lesser extent, the RP3V. The molecular and

neuroanatomical basis for this putative leptin-mTOR-Kiss1 pathway is yet to be

fully clarified, and it remains possible that as yet unknown mediators might be

involved in linking mTOR signaling and Kiss1 expression.

Another brain fuel-sensing mechanism that might participate in the central

control of the HPG axis is the one involving the AMP-activated protein kinase

(AMPK), a member of the metabolite-sensing protein kinase family (Naimi

et al. 2009; Canto and Auwerx 2009). AMPK detects changes in the AMP/ATP

ratio and hence in the cellular metabolic state. In conditions of energy deficit, when

ATP is consumed and excess AMP accumulates in the cell, AMPK becomes

activated, thus causing the phosphorylation and inactivation of diverse

ATP-consuming metabolic cascades. As described for the mTOR pathway, brain

AMPK signaling may be a pivotal regulator of energy balance and food intake.

Activation of AMPK stimulates appetite (Kahn et al. 2005; Cota et al. 2007), and

leptin has been shown to suppress hypothalamic AMPK activity, whereas ghrelin

stimulates it (Andersson et al. 2004). Interestingly, AMPK and mTOR are mutually

regulated, e.g., AMPK inactivates mTOR in different cell systems (Inoki

et al. 2003; Tsang et al. 2007), and hence these two metabolic cell sensors have

been proposed to reciprocally cooperate in the central control of energy homeosta-

sis (Cota et al. 2006).
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Whether the above interaction applies also to the metabolic regulation of the

HPG axis is an appealing possibility but yet to be experimentally proven. None-

theless, indirect evidence would support this possibility, as AMPK activation has

been reported to suppress GnRH secretion in murine GT1-7 cells in vitro and to

perturb the estrous cyclicity, as a proxy marker of ovarian cyclic function, in female

rats (Coyral-Castel et al. 2008; Wen et al. 2008). In good agreement, preliminary

data from studies conducted in our group, targeting specifically the roles of central

AMPK in puberty, strongly suggest that activation of central AMPK signaling

delays puberty onset and partially inhibits hypothalamic Kiss1 expression in the

ARC (Roa et al., unpublished observations). Altogether, these observations are

compatible with a predominant inhibitory role for AMPK pathways in the central

control of reproduction, which is in line with its function as a sensor of energy

insufficiency and functional antagonist of mTOR.

Concluding Remarks

Puberty, a major life-changing developmental event with a major impact on growth,

reproduction and metabolic health later in life, has been the subject of active

clinical and experimental investigation over the last decades. Numerous studies

have helped to unveil some of the neuro-hormonal and molecular bases of the close

connection between metabolism and body energy stores on the one hand and

pubertal maturation on the other. Indeed, in recent years, we have learned much

about the reciprocal metabolic and pubertal actions of several peripheral hormones

and central transmitters, and we have begun to elucidate the pathways whereby

these reciprocal connections take place. In this chapter, we aimed to provide a brief

recapitulation of recent developments in the field, with special attention to the

identification and functional characterization of novel neuropeptides and molecular

effectors for the metabolic regulation of puberty. While this review does not include

all of the major recent findings in this area, we believe that the information

summarized here will provide a flavor of some of the most active research lines

in this area and will endow the reader with a deeper understanding of the central

mechanisms that link puberty to the metabolic state of the organism, not only in

health but also in disease conditions ranging from anorexia to early-onset morbid

obesity, whose prevalence is steadily increasing worldwide.
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Prostaglandin E2, Gliotransmission
and the Onset of Puberty

Vincent Prevot and Jerome Clasadonte

Abstract Over the past four decades it has become clear that prostaglandin E2

(PGE2), a phospholipid-derived signaling molecule, plays a fundamental role in

modulating the gonadotropin-releasing hormone (GnRH) neuroendocrine system

and in shaping the hypothalamus. In this chapter, after a brief historical overview,

we highlight studies revealing that PGE2 released by astrocytes is intimately

involved in the active control of GnRH neuronal activity and the acquisition of

reproductive competence.

Introduction

Sexual development, puberty and adult fertility are achieved by events that are

initiated within the central nervous system and require the maturation and function

of a neural network that transmits both homeostatic and external cues to the discrete

hypothalamic neuronal population that releases gonadotropin-releasing hormone

(GnRH) from neuroendocrine terminals within the median eminence into the

pituitary portal vessels to control gonadotropin [luteinizing hormone (LH) and

follicle stimulating hormone (FSH)] secretion (Donato et al. 2011; Herbison and

Neill 2006; Malpaux 2006; Ojeda and Skinner 2006; Plant 2006; Terasawa and

Fernandez 2001). In turn, these gonadotropins act on the ovaries and testis to

regulate the secretion of sex steroids and the production of eggs and sperm.

Accumulating evidence over the past two decades has indicated that, in addition

to neurons, glial cells, and in particular astrocytes, contribute to the neural network

that converges onto GnRH neurons to control reproduction. Both the neuronal and

glial elements of this GnRH neural network are subject to the direct modulatory

influence of gonadal steroids (Bellefontaine et al. 2011; Christian and Moenter
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2010; Garcia-Segura and McCarthy 2004; Mong and Blutstein 2006; Prevot

et al. 2010a; Ronnekleiv and Kelly 2005; Wintermantel et al. 2006). Although

neuronal elements regulate the activity of GnRH neurons through a complex array

of excitatory and inhibitory synaptic inputs, glial cells communicate with GnRH

neurons via the activation of specific growth factor-dependent signaling pathways

(reviewed in Sharif et al. 2013).

The main glial population in the brain consists of astrocytes that ensheathe

synapses and are in contact with blood vessels. They regulate blood flow, provide

much-needed energy to neurons, and supply the building blocks for neurotransmit-

ters at the synapses, in addition to dynamically contributing to information

processing within the central nervous system (Di Castro et al. 2011; Eroglu and

Barres 2010; Halassa and Haydon 2010; Haydon and Carmignoto 2006; Iadecola

and Nedergaard 2007; Martineau et al. 2006; Panatier et al. 2011; Pfrieger 2010),

including the hypothalamus (Gordon et al. 2009; Hatton and Wang 2008; Oliet and

Bonfardin 2010; Panatier 2009; Theodosis et al. 2008). As integrative hubs, astro-

cytes likely play a fundamental role in shaping and regulating the GnRH system.

Here, we will review recent findings that illustrate the remarkable interplay

between glia and neurons within the hypothalamo-hypophyseal-gonadal axis. We

will mainly restrict our focus to the roles of hypothalamic astrocytes subserved by

the release of prostaglandin E2 (PGE2), a molecule that has long been known to

regulate GnRH neuronal function and has recently been identified as a

gliotransmitter.

PGE2 Is Involved in the Hypothalamic Control
of Reproduction

PGE2 is one of a number of prostanoids synthesized from arachidonic acid, which is

produced from membrane phospholipids by a phospholipase A2. Arachidonic acid

is converted to bioactive prostanoids by the cyclooxygenases (COX-1 and COX-2)

and a class of terminal synthases (see for review Bosetti 2007). Several studies

suggest that PGE2 is mainly derived from the COX-2 pathway (Brock et al. 1999;

Sang et al. 2005; Vidensky et al. 2003). PGE2 signaling is propagated by four G-

protein-coupled receptors, EP1-EP4 (see for review Coleman et al. 1994; Fig. 1).

For more than 35 years, PGE2 has been known to play a role in the central

control of reproduction. The first indication that PGE2 was involved in the process

of GnRH secretion was provided by experiments showing that, when PGE2 was

injected into the third ventricle of the rat brain, it induced the release of LH into the

general circulation (Harms et al. 1973) and the release of GnRH into the pituitary

portal blood vessels (Eskay et al. 1975; Ojeda et al. 1975b). A similar stimulatory

effect of PGE2 on GnRH release has been documented using push-pull perfusion in

conscious monkeys (Gearing and Terasawa 1991). To bring about the activation of

the GnRH axis, PGE2 acts at two main hypothalamic sites: the preoptic-anterior
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Fig. 1 Prostaglandin E2 (PGE2) biosynthesis and signaling. Upon its release from plasma

membrane phospholipids by phospholipase A2, arachidonic acid is converted to the unstable

endoperoxide intermediates, prostaglandin G2 (PGG2) and prostaglandin H2 (PGH2), by the

cyclooxygenases (COX-1 and COX-2, encoded by separate genes). Both COX isoforms catalyze

the same reactions, but while COX-1 is constitutively expressed, COX-2 is rapidly and transiently

upregulated by cytokines and growth factors. Terminal synthases convert both PGG2 and PGH2

into prostaglandins [PGE2, PGD2, PGF2α, prostacyclin (PGI2)], and thromboxane (TxA2). Once

synthesized, PGE2 immediately diffuses away and activates its specific E-prostanoid receptors

(EP1-4), which belong to the family of 7-transmembrane G-protein-coupled receptors. EP2 and

EP4 are coupled to Gs and stimulate the adenylyl cyclase (AC)-cyclic adenosine monophosphate

(cAMP)-protein kinase A (PKA) pathway. In contrast, EP3 is coupled to Gi and inhibits AC

activation, resulting in decreased cAMP concentrations. EP1 is thought to be coupled to the
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hypothalamic region in which GnRH cell bodies reside and the tuberal region of the

hypothalamus, which contains the median eminence and GnRH-releasing neuroen-

docrine terminals (Ojeda et al. 1977). The use of COX inhibitors such as indometh-

acin has provided further support for a physiological role of the prostaglandins in

the control of GnRH release. Indomethacin administration suppresses the LH surge

induced by estradiol during anestrus in ewes (Carlson et al. 1974) and during the

early follicular phase in rhesus monkeys (Carlson et al. 1977). In rats, the intraven-

tricular or intrahypothalamic administration of indomethacin inhibits both pulsatile

LH release and the LH discharge induced by ovarian steroids (Ojeda et al. 1975a).

Other studies have demonstrated that the microinjection of either aspirin, a

non-steroidal COX inhibitor, or N-0164, a prostaglandin and thromboxane antag-

onist, into the tuberal region of the rat hypothalamus results in the suppression of

ovulation (Botting et al. 1977; Labhsetwar and Zolovick 1973). Finally, experi-

ments conducted using hypothalamic explants in vitro have revealed that PGE2 is

an effective stimulator of GnRH release from median eminence nerve terminals

(Gallardo and Ramirez 1977; Ojeda et al. 1979, 1986b).

Evidence implicating PGE2 as a physiological component of the GnRH system

during postnatal development arises from findings showing that PGE2 can induce

the release of GnRH long before puberty in both mice and rats (Ojeda et al. 1986a;

Prevot et al. 2003). As puberty approaches, the increasing output of estradiol from

the developing ovaries induces a preovulatory surge of GnRH/LH. Biochemical

analyses at this last phase of sexual maturation have demonstrated that the capacity

of the reproductive hypothalamus to metabolize arachidonic acid through the COX

pathway leads to a specific increase in PGE2 synthesis (Fig. 1), particularly during

the first proestrus (Ojeda and Campbell 1982). This effect appears to be estrogen-

dependent since it is mimicked by the treatment of juvenile animals (early post-

weaning period) with estradiol at doses capable of inducing a preovulatory surge of

LH (Ojeda and Campbell 1982). More recent studies have shown that an estradiol-

induced increase in hypothalamic PGE2 levels can be seen even in newborn rats

(Amateau and McCarthy 2002). Intriguingly, experiments showing that estradiol

treatment upregulates both COX-2 mRNA and protein synthesis in the hypothala-

mus of female rats during postnatal development (Amateau and McCarthy 2004)

raise the possibility that estrogens may act on COX-2 expression to promote PGE2

synthesis at puberty.

Fig. 1 (continued) Gq-phospholipase C (PLC) pathway, leading to an elevation of free cytosolic

calcium concentrations (Milatovic et al. 2011). Notably, an examination of the capacity of the

hypothalamus to metabolize arachidonic acid through the COX pathway has revealed a pubertal

increase in the formation of PGE2, particularly during the first proestrus (Ojeda and Campbell

1982). Intriguingly, the increase in PGE2 synthesis is not associated with changes in the formation

of PGF2α, PGI2, PGD2 or thromboxane A2 from exogenous arachidonic acid, suggesting that it is

a specific event directly associated with the peripubertal activation of the reproductive hypothal-

amus (Ojeda and Campbell 1982). Such a selective synthesis of PGE2 has also been shown to be

triggered by estrogens during early postnatal development (Amateau and McCarthy 2002)
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Astrocytes Appear to Be the Main Source of PGE2

in the GnRH Neuroendocrine System

Although PGE2 was initially postulated to be an intracellular messenger produced

by the binding of neurotransmitters to receptors located on GnRH neurons and

acting within these neurons (Gearing and Terasawa 1991; Ojeda et al. 1982; Rettori

et al. 1992), this concept has been revisited following studies showing that the

actions of PGE2 on GnRH release are initiated by its binding to specific membrane

receptors (Coleman et al. 1994) expressed by GnRH neurons (Rage et al. 1997) and

the recognition that astrocytes represent a major source of PGE2 in the brain (Bezzi

et al. 1998; Hirst et al. 1999; Ma et al. 1997). Two decades ago, seminal studies by

Ojeda and colleagues revealed that the PGE2-mediated activation of GnRH neuro-

nal secretory activity triggered by estrogen at the time of puberty required the

activation of growth factor-dependent glial signaling pathways involving receptor

tyrosine kinases of the erbB family (Junier et al. 1991; Ma et al. 1992; Ojeda

et al. 1990).

Of the four known members of the erbB family (Fig. 2), three – erbB1, erbB3

and erbB4 – bind and are activated by cognate ligands. In contrast, erbB2 has no

known ligand, and functions primarily as a modulator of the other members of the

family (Hynes and Lane 2005). While erbB receptors do not appear to be expressed

Fig. 2 The erbB family of receptors and their ligands. ErbB1 (or EGFR, epidermal growth factor

receptor) and erbB4 are fully functional receptors that possess an extracellular ligand-binding

domain and a cytoplasmic protein tyrosine kinase domain and can function as homo- or

heterodimers. In contrast, erbB2 (or neu), which lacks a ligand-binding domain, and erbB3,

which is defective in its intrinsic tyrosine kinase activity (dashed lines), must heterodimerize

with another member of the erbB family for signal transduction. The different EGF-like growth

factors exhibit different binding specificities for the erbB receptors. While TGFα, EGF,

amphiregulin, epigen, neuregulin-3 and neuregulin-4 are specific for a single member of the

receptor family, the five other EGF-like ligands can bind two or three receptors each. EGF
epidermal growth factor, HB-EGF heparin binding-EGF, TGFα transforming growth factor α
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in GnRH neurons Ma et al. 1994b, 1999; Prevot et al. 2003; Voigt et al. 1996),

erbB1, erbB2 and erbB4, but not erbB3, are expressed in hypothalamic astrocytes,

known to morphologically and physically interact with GnRH cell bodies

(Baroncini et al. 2007; Cashion et al. 2003; Sandau et al. 2011b; Witkin

et al. 1995) both in rodents and humans (Figs 3 and 4; Ma et al. 1999; Prevot

et al. 2003; Sharif et al. 2009). In addition, hypothalamic astrocytes express the

erbB1 ligand, transforming growth factor alpha (TGFα; Fig. 4) and several forms of

the erbB4 ligand, neuregulin (Ma et al. 1992, 1994a, 1999; Sharif et al. 2009).

Importantly, gonadal steroids have been found to induce dramatic increases in the

expression levels of the erbB receptors and their ligands within the hypothalamus at

puberty; no such changes are seen in the cortex or other brain regions unrelated to

reproductive control (Ma et al. 1992, 1994b, 1999).

Fig. 3 Astrocytes morphologically interact with GnRH neurons and express erbB4 receptors in

the tuberal region of the human hypothalamus. (a–c) Photomicrographs showing a GnRH neuronal

cell body (green) to which the processes of glial fibrillary acidic protein (GFAP)-immunoreactive

astrocytes (red, arrows) are abundantly apposed. Cell nuclei are stained with Hoechst (blue)
(Adapted from Baroncini et al. 2007 with permission). (d–f) GFAP-immunoreactive astrocytes

(red) of the tuberal region of the human hypothalamus express erbB4 receptors (green)
(M. Baroncini, V. Prevot, unpublished data). Scale bars¼ 20 μm (c), 10 μm (f)
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Fig. 4 Human hypothalamic astrocytes express the molecular components required for a glia-to-

neuron communication through the erbB-prostaglandin signaling system. Primary cultures of

human hypothalamic astrocytes prepared from 9- to 12-week-old human fetuses (a). The cultures
are composed 98 % of cells immunopositive for the astrocytic markers GFAP (b, green) and the

glutamate-aspartate transporter GLAST (c, red). Note that cells that express GFAP at low to

undetectable levels are nevertheless strongly immunopositive for GLAST (arrows). (d) Human

astrocytes in culture express TGFα protein (red). (e) Western blot analysis of erbB receptor

expression in primary cultures of human cortical and hypothalamic astrocytes. While all four

erbB receptors are expressed in the fetal brain, hypothalamic astrocytes (Hyp astro) express erbB1,

erbB2, and erbB4, but not erbB3, and cortical astrocytes (Ctx astro) express erbB1, erbB2, and

erbB3 but not erbB4 receptors. IB, immunoblot. (f) Human hypothalamic astrocytes in culture are

immunopositive for COX (green). (g–i) EGF ligands induce profound morphological

rearrangements of human hypothalamic astrocytes in vitro. Cell morphology was examined by

visualization of the actin cytoskeleton using Alexafluor 568-conjugated phalloidin (red). Hypo-
thalamic astrocytes exhibit heterogeneous shapes under control conditions, i.e., polygonal cells,

cells with short and thick extensions (asterisk) or long and thin processes (arrow) (g). TGFα
(50 ng/mL for 3 days) stimulates the extension of long and thin processes (arrows) and the

apparition of bipolar cells (double arrows) (h) whereas treatment with the neuregulin-1 HRGβ1
(50 ng/mL for 3 days) increases the number of multipolar cells with thick processes (arrowheads).
(i) Nuclei are counter-stained with Hoechst (b, c, f, g, h, i, blue). Scale bars¼ 3 mm (a), 50 μm (b,
c, f), 20 μm (d), 100 μm (g–i) (Adapted from Sharif et al. 2009 with permission)
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The pharmacological or genetic inhibition of erbB1, ebB2 and/or erbB4 recep-

tors delays the onset of puberty (Apostolakis et al. 2000; Ma et al. 1992; Prevot

et al. 2003, 2005) and alters adult reproductive function in rodents (Prevot

et al. 2005). In vitro studies using either hypothalamic explants or primary cultures

of hypothalamic astrocytes with a GnRH-producing neuronal cell line have shown

that erbB receptor ligands can stimulate GnRH release from the explants or

neuronal cells, but do so indirectly by inducing astrocytes to secrete PGE2

(Ma et al. 1997, 1999; Ojeda et al. 1990; Prevot et al. 2003, 2005). In addition,

ligand activation of erbB receptors has been shown to promote morphological

rearrangements in hypothalamic astrocytes (Fig. 4g–i; Sharif et al. 2009) thus

raising the possibility that erbB signaling may also influence the astrocytic cover-

age of GnRH neurons in vivo (see for review Prevot et al. 2010b).

In vitro experiments suggest that erbB signalling in hypothalamic astrocytes is

functionally connected to the neuronal glutamatergic system, the primary mode of

excitatory transsynaptic communication used by hypothalamic neurons (van den

Pol and Trombley 1993), and one that is known to increase GnRH secretion

(Claypool et al. 2000; Donoso et al. 1990) and accelerate the initiation of puberty

in both rodents and primates (Plant et al. 1989; Urbanski and Ojeda 1987, 1990). In

hypothalamic and non-hypothalamic astrocytes alike (Bezzi et al. 1998; Zonta

et al. 2003a, b), transmitter spillover from nearby synaptic activity results in an

elevation of PGE2 release (Glanowska and Moenter 2011; McCarthy et al. 2008).

For example, neuronally released glutamate can engage biochemical signaling in

astrocytes through the co-activation of AMPA and metabotropic glutamate recep-

tors to cause a ligand-dependent increase in astrocytic erbB signaling and PGE2

release (Dziedzic et al. 2003), which, in turn, signals back to GnRH neurons

(Fig. 5), facilitating neuroendocrine development and adult reproductive function

(Prevot et al. 2003, 2005).
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Fig. 5 PGE2 acts as a gliotransmitter to stimulate GnRH neuron electrical activity. Neuronally

released glutamate (Glu) (1) co-activates metabotropic glutamatergic (mGluR) and AMPA

glutamatergic receptors (GluR) in astrocytes (2), stimulating the activity of zinc-dependent matrix

metalloproteinases (MMPs) of the ADAM (a disintegrin and metalloproteinase) family (3). The
MMPs catalyze ectodomain shedding of the pro-EGF ligands pro-TGFα and pro-NRG

(pro-neuregulin). In particular, the processing of pro-TGFα has been shown to involve the

metalloproteinase ADAM17, also known as tumor necrosis factor α converting enzyme

(TACE). The subsequently released mature TGFα and NRG activate erbB1/erbB2 and erbB4/

erbB2 heterodimers, respectively (Dziedzic et al. 2003). The co-activation of glutamatergic

receptors induces the recruitment of erbB1, erbB4 and their pro-ligands to the cell membrane,

where multiprotein complexes form, as demonstrated by the direct physical association of

glutamatergic and erbB receptors (not shown). The activation of erbB receptors in hypothalamic

astrocytes promotes profound morphological changes, including the retraction of cytoplasm and

the elongation and stellation of processes (see Fig. 4g–i) (4’). The activation of erbB receptors also

promotes the release of PGE2 (Dziedzic et al. 2003; Ma et al. 1997, 1999) (4), which stimulates a

cAMP/protein kinase A (PKA) pathway in GnRH neurons through the mobilization of EP2
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Does Glial PGE2 Control Dendritic Spine Plasticity
in the GnRH Neural Network?

GnRH neurons exhibit a simple bipolar morphology with one or two very long

dendritic processes that can extend up to 1 mm (Campbell et al. 2005, 2009).

Intriguingly, recent studies have demonstrated that the density of spines along

these dendrites is subject to robust increases during sexual development in imma-

ture animals (Cottrell et al. 2006). Although sexual maturation have been shown to

require the neuronal expression of sex-steroid receptors (Mayer et al. 2010; Raskin

et al. 2009; Wintermantel et al. 2006), studies suggesting that astrocytic mecha-

nisms might control the stabilization of individual dendritic processes and their

subsequent maturation into spines (Nishida and Okabe 2007), together with the

demonstration that specific juxtacrine signaling pathways are involved in sculpting

astrocyte-dendritic spine interactions (Murai et al. 2003), raise the possibility that

astrocytes play a role in the physiological changes of synaptic structure underlying

GnRH neuronal maturation and function. PGE2 release by astrocytes could be

central to this process, and PGE2 has in fact been shown to mediate the dramatic

neuronal spine plasticity induced by estrogens in the developing preoptic region

(Amateau and McCarthy 2002, 2004; Wright and McCarthy 2009). This effect

involves the activation of AMPA and metabotropic glutamate receptors (Amateau

and McCarthy 2002; Wright and McCarthy 2009), which are known to promote

erbB-dependent PGE2 release in hypothalamic astrocytes (Dziedzic et al. 2003), as

well as the EP2/PKA signaling pathway (Amateau and McCarthy 2002) recently

found to be functional in native GnRH neurons (Clasadonte et al. 2011). Impor-

tantly, estrogens, which have long been known to regulate neuronal spine plasticity

in the adult hippocampus (Woolley and McEwen 1992, 1994), have also been

shown to promote comparable changes in the immature hippocampus (Amateau

and McCarthy 2002). However, in the hippocampus, the underlying mechanisms do

not appear to require PGE2 synthesis (Amateau and McCarthy 2002), suggesting

that increases in PGE2 synthesis are selectively used by estrogens to promote

dendritic spine plasticity in the developing preoptic region.

Fig. 5 (continued) receptors (EP2-R; Clasadonte et al. 2011) (5). Activation of this signaling

pathway induces a reversible membrane depolarization of GnRH neurons, leading to the initiation

of spike firing via a postsynaptic effect involving the activation of a nonselective cation current

(Clasadonte et al. 2011) (6)
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PGE2 Acts as a Gliotransmitter in the GnRH
Neuroendocrine System

Even though PGE2 has been known to trigger GnRH release from the hypothalamic

neurons controlling reproduction for almost 40 years, it is only very recently that it

has been identified as a potent excitatory regulator of GnRH neuronal activity in

both male and female mice (Clasadonte et al. 2011). Using patch-clamp recordings

in brain slices from transgenic mice expressing green fluorescent protein (GFP)

under the control of the GnRH promoter, we showed that PGE2 induced a reversible

membrane depolarization of GnRH neurons leading to the initiation of spike firing

via the postsynaptic effect involving activation of a nonselective cation current

(Fig. 5; Clasadonte et al. 2011) reminiscent of the ones recently described in GnRH

neurons by other groups (Roland and Moenter 2011; Zhang et al. 2008). Although

GnRH neurons are known to express both the EP1 and EP2 subtypes of prostaglan-

din receptors in vivo (Jasoni et al. 2005; Rage et al. 1997), the excitatory effect of

PGE2 on GnRH neuronal activity was selectively mimicked by the EP2 receptor

agonist butaprost (Clasadonte et al. 2011), previously shown to promote GnRH

release in the GnRH-producing neuronal cell line, GT1-7 (Rage et al. 1997). The

PGE2-mediated membrane depolarization of GnRH neurons was also shown to

require the cAMP/protein kinase A (PKA) pathway (Clasadonte et al. 2011), which

is known to be coupled to the EP2 receptor (Fig. 1; Coleman et al. 1994; Sang

et al. 2005) and to underlie the stimulatory effect of PGE2 on GnRH secretion

(Fig. 5; Ojeda et al. 1985).

As alluded to above, the selective disruption of erbB4 signaling in astrocytes by

the overexpression of a dominant-negative erbB4 receptor under the control of the

human GFAP promoter leads to diminished PGE2 release in response to ligand-

dependent erbB4 activation; this in turn leads to reduced GnRH release, delayed

puberty, and disrupted adult reproductive function (Prevot et al. 2003, 2005).

Intriguingly, electrophysiological analyses have shown that the spontaneous activ-

ity of GnRH neurons in these animals is decreased and that this deficiency is

mimicked by the bath application of either fluoroacetate, an inhibitor of astrocyte

metabolism (Fonnum et al. 1997; Henneberger et al. 2010), or the COX blocker

indomethacin, to slices of the preoptic region from wild-type animals (Clasadonte

et al. 2011). The fact that GnRH neuronal activity in all these conditions can be

rescued by exogenous PGE2 (Clasadonte et al. 2011) strongly suggests that glial

PGE2 is an important component of the homeostatic mechanism controlling GnRH

neuronal excitability. The role of glia in the control of GnRH neuronal activity is

further supported by a recent study demonstrating that glial prostaglandins may

regulate the efficacy of GABAergic inputs to GnRH neurons in ovariectomized

mice (Glanowska and Moenter 2011). Using GnRH-GFP transgenic mice and

patch-clamp recordings in brain slices, the authors demonstrated that the repeated

action potential-like depolarization of a GnRH neuron caused a short-term reduc-

tion in the frequency of spontaneous GABAergic postsynaptic currents in the same

neuron, suggesting the presence of local circuit interactions between GnRH neurons
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and their GABAergic afferents (Chu and Moenter 2005; Glanowska and Moenter

2011). It is important to note that, in this local circuit, the activation of GABAA

receptors exerts a depolarizing action that can trigger action potential firing due to

the elevated chloride levels maintained in adult GnRH neurons (DeFazio

et al. 2002; Han et al. 2002; Herbison and Moenter 2011). Consequently, this

represents a negative feedback loop in which depolarized GnRH neurons reduce

the activity of their own excitatory GABAergic afferents. In addition to being

steroid-dependent and under the influence of both glutamatergic and

endocannabinoid signaling mechanisms via the activation of presynaptic

metabotropic glutamate receptors and cannabinoid CB1 receptors, respectively

(Chu and Moenter 2005; Glanowska and Moenter 2011), this local negative feed-

back loop also requires the action of glia-derived prostanglandins (Glanowska and

Moenter 2011). Indeed, the incubation of brain slices with indomethacin, the broad-

spectrum prostaglandin receptor antagonist AH 6809, or fluorocitrate, which like

fluoroacetate, is a specific blocker of astrocyte metabolism, prevents the

depolarization-induced suppression of GABAergic transmission in GnRH neurons

(Glanowska and Moenter 2011). Since GABA exerts a depolarizing action in this

local circuit, we could envisage that glial prostaglandins, by suppressing excitatory

drive, would reduce GnRH neuronal activity. Estradiol could also differentially

influence this local inhibitory feedback to exert its positive or negative feedback

effects (Glanowska and Moenter 2011). Thus, in addition to exerting a direct

postsynaptic excitatory action on the cell body of GnRH neurons, prostaglandins

released from astrocytes can participate in mechanisms that regulate the activity of

their GABAergic presynaptic inputs (Fig. 5). Thus in the GnRH system, PGE2

fulfils all the criteria that qualify a compound as a “gliotransmitter” (Parpura and

Zorec 2010): (1) it is synthesized by astrocytes, (2) its regulated release is triggered

by physiological stimuli, (3) it acutely activates the firing of GnRH neurons and

modulates the activity of their GABAergic afferents, and (4) it plays a role in an

important physiological function, i.e., the neuroendocrine control of reproduction,

which is vital to species’ survival.

Conclusions

Several observations made over the last two decades have demonstrated that PGE2,

which has been known for almost 40 years to play an important role in the

regulation of the hypothalamic-pituitary-gonadal axis, is a transmitter released by

astrocytes and intimately linked with GnRH neuronal function in the preoptic

region, where the cell bodies of GnRH neurons in rodents are located. However,

many mysteries regarding the underlying mechanisms remain unsolved. For exam-

ple, even though recent studies suggest that GnRH neurons can directly communi-

cate with neighboring astrocytes via juxtacrine signaling pathways (Sandau

et al. 2011a, b), a true understanding of how these GnRH neurons interact with

hypothalamic astrocytes to modulate PGE2 gliotransmission is missing. Are these
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communication processes involved in sculpting astrocyte-dendritic spine interac-

tions and in promoting the physiological changes in synaptic structure that underlie

GnRH neuronal maturation? How is PGE2 released from hypothalamic astrocytes?

Now that a general strategy for the application of molecular genetics to the study

of neuron-glia interactions and gliotransmission has been elucidated, the next

several years should provide an opportunity to begin to address these questions.

Acknowledgments This research was supported by the Foundation pour la Recherche Médicale

(Equipe FRM DEQ20130326524).

References

Amateau SK, McCarthy MM (2002) A novel mechanism of dendritic spine plasticity involving

estradiol induction of prostaglandin-E2. J Neurosci 22:8586–8596

Amateau SK, McCarthy MM (2004) Induction of PGE2 by estradiol mediates developmental

masculinization of sex behavior. Nat Neurosci 7:643–650

Apostolakis EM, Garai J, Lohmann JE, Clark JH, O’Malley BW (2000) Epidermal growth factor

activates reproductive behavior independent of ovarian steroids in female rodents. Mol

Endocrinol 14:1086–1098

Baroncini M, Allet C, Leroy D, Beauvillain JC, Francke JP, Prevot V (2007) Morphological

evidence for direct interaction between gonadotrophin-releasing hormone neurones and

astroglial cells in the human hypothalamus. J Neuroendocrinol 19:691–702

Bellefontaine N, Hanchate NK, Parkash J, Campagne C, de Seranno S, Clasadonte J, d’Anglemont

de Tassigny X, Prevot V (2011) Nitric oxide as key mediator of neuron-to-neuron and

endothelia-to-glia communication involved in the neuroendocrine control of reproduction.

Neuroendocrinology 93:74–89

Bezzi P, Carmignoto G, Pasti L, Vesce S, Rossi D, Rizzini BL, Pozzan T, Volterra A (1998)

Prostaglandins stimulate calcium-dependent glutamate release in astrocytes. Nature 391:281–

285

Bosetti F (2007) Arachidonic acid metabolism in brain physiology and pathology: lessons from

genetically altered mouse models. J Neurochem 102:577–586

Botting JH, Linton EA, Whitehead SA (1977) Blockade of ovulation in the rat by a prostaglandin

antogonist (N-0164). J Endocrinol 75:335–336

Brock TG, McNish RW, Peters-Golden M (1999) Arachidonic acid is preferentially metabolized

by cyclooxygenase-2 to prostacyclin and prostaglandin E2. J Biol Chem 274:11660–11666

Campbell RE, Han SK, Herbison AE (2005) Biocytin filling of adult gonadotropin-releasing

hormone neurons in situ reveals extensive, spiny, dendritic processes. Endocrinology

146:1163–1169

Campbell RE, Gaidamaka G, Han SK, Herbison AE (2009) Dendro-dendritic bundling and shared

synapses between gonadotropin-releasing hormone neurons. Proc Natl Acad Sci U S A

106:10835–10840

Carlson JC, Barcikowski B, Cargill V, McCracken JA (1974) The blockade of LH release by

indomethacin. J Clin Endocrinol Metab 39:399–402

Carlson JC, Wong AP, Perrin DG (1977) Luteinizing hormone secretion in the rhesus monkey and

a possible role for prostaglandins. Biol Reprod 16:622–626

Cashion AB, Smith MJ, Wise PM (2003) The morphometry of astrocytes in the rostral preoptic

area exhibits a diurnal rhythm on proestrus: relationship to the luteinizing hormone surge and

effects of age. Endocrinology 144:274–280

Prostaglandin E2, Gliotransmission and the Onset of Puberty 149



Christian CA, Moenter SM (2010) The neurobiology of preovulatory and estradiol-induced

gonadotropin-releasing hormone surges. Endocr Rev 31:544–577

Chu Z, Moenter SM (2005) Endogenous activation of metabotropic glutamate receptors modulates

GABAergic transmission to gonadotropin-releasing hormone neurons and alters their firing

rate: a possible local feedback circuit. J Neurosci 25:5740–5749

Clasadonte J, Poulain P, Hanchate NK, Corfas G, Ojeda SR, Prevot V (2011) Prostaglandin E2

release from astrocytes triggers gonadotropin-releasing hormone (GnRH) neuron firing via

EP2 receptor activation. Proc Natl Acad Sci U S A 108:16104–16109

Claypool LE, Kasuya E, Saitoh Y, Marzban F, Terasawa E (2000) N-methyl D, L-aspartate

induces the release of luteinizing hormone-releasing hormone in the prepubertal and pubertal

female rhesus monkey as measured by in vivo push-pull perfusion in the stalk-median

eminence. Endocrinology 141:219–228

Coleman RA, Smith WL, Narumiya S (1994) International Union of Pharmacology classification

of prostanoid receptors: properties, distribution, and structure of the receptors and their sub-

types. Pharmacol Rev 46:205–229

Cottrell EC, Campbell RE, Han SK, Herbison AE (2006) Postnatal remodeling of dendritic

structure and spine density in gonadotropin-releasing hormone neurons. Endocrinology

147:3652–3661

DeFazio RA, Heger S, Ojeda SR, Moenter SM (2002) Activation of A-type gamma-aminobutyric

acid receptors excites gonadotropin-releasing hormone neurons. Mol Endocrinol 16:2872–

2891

Di Castro MA, Chuquet J, Liaudet N, Bhaukaurally K, Santello M, Bouvier D, Tiret P, Volterra A

(2011) Local Ca(2+) detection and modulation of synaptic release by astrocytes. Nat Neurosci

14:1276–1284

Donato J Jr, Cravo RM, Frazao R, Elias CF (2011) Hypothalamic sites of leptin action linking

metabolism and reproduction. Neuroendocrinology 93:9–18

Donoso AO, Lopez FJ, Negro-Vilar A (1990) Glutamate receptors of the non-N-methyl-D-aspartic

acid type mediate the increase in luteinizing hormone-releasing hormone release by excitatory

amino acids in vitro. Endocrinology 126:414–420

Dziedzic B, Prevot V, Lomniczi A, Jung H, Cornea A, Ojeda SR (2003) Neuron-to-glia signaling

mediated by excitatory amino acid receptors regulates ErbB receptor function in astroglial cells

of the neuroendocrine brain. J Neurosci 23:915–926

Eroglu C, Barres BA (2010) Regulation of synaptic connectivity by glia. Nature 468:223–231

Eskay RL, Warberg J, Mical RS, Porter JC (1975) Prostaglandin E2-induced release of LHRH into

hypophysial portal blood(1). Endocrinology 97:816–824

Fonnum F, Johnsen A, Hassel B (1997) Use of fluorocitrate and fluoroacetate in the study of brain

metabolism. Glia 21:106–113

Gallardo E, Ramirez VD (1977) A method for the superfusion of rat hypothalami: secretion of

luteinizing hormone-releasing hormone. Proc Soc Exp Biol Med 155:79–84

Garcia-Segura LM, McCarthy MM (2004) Minireview: role of glia in neuroendocrine function.

Endocrinology 145:1082–1086

Gearing M, Terasawa E (1991) Prostaglandin E2 mediates the stimulatory effect of methoxamine

on in vivo luteinizing hormone-releasing hormone (LH-RH) release in the ovariectomized

female rhesus monkey. Brain Res 560:276–281

Glanowska KM, Moenter SM (2011) Endocannabinoids and prostaglandins both contribute to

gonadotropin-releasing hormone (GnRH) neuron-GABAergic afferent local feedback circuits.

J Neurophysiol 106:3073–3081

Gordon GR, Iremonger KJ, Kantevari S, Ellis-Davies GC, MacVicar BA, Bains JS (2009)

Astrocyte-mediated distributed plasticity at hypothalamic glutamate synapses. Neuron

64:391–403

Halassa MM, Haydon PG (2010) Integrated brain circuits: astrocytic networks modulate neuronal

activity and behavior. Annu Rev Physiol 72:335–355

150 V. Prevot and J. Clasadonte



Han SK, Abraham IM, Herbison AE (2002) Effect of GABA on GnRH neurons switches from

depolarization to hyperpolarization at puberty in the female mouse. Endocrinology 143:1459–

1466

Harms PG, Ojeda SR, McCann SM (1973) Prostaglandin involvement in hypothalamic control of

gonadotropin and prolactin release. Science 181:760–761

Hatton GI, Wang YF (2008) Neural mechanisms underlying the milk ejection burst and reflex.

Prog Brain Res 170:155–166

Haydon PG, Carmignoto G (2006) Astrocyte control of synaptic transmission and neurovascular

coupling. Physiol Rev 86:1009–1031

Henneberger C, Papouin T, Oliet SH, Rusakov DA (2010) Long-term potentiation depends on

release of D-serine from astrocytes. Nature 463:232–236

Herbison AE, Moenter SM (2011) Depolarising and hyperpolarising actions of GABA(A) receptor

activation on gonadotrophin-releasing hormone neurones: towards an emerging consensus. J

Neuroendocrinol 23:557–569

Herbison AE, Neill JD (2006) Physiology of the gonadotropin-releasing hormone neuronal

network. In: Knobil E, Neill JD (eds) Knobil and Neill’s physiology of reproduction. Elsevier,

New York, pp 1415–1482

Hirst WD, Young KA, Newton R, Allport VC, Marriott DR, Wilkin GP (1999) Expression of

COX-2 by normal and reactive astrocytes in the adult rat central nervous system. Mol Cell

Neurosci 13:57–68

Hynes NE, Lane HA (2005) ERBB receptors and cancer: the complexity of targeted inhibitors. Nat

Rev Cancer 5:341–354

Iadecola C, Nedergaard M (2007) Glial regulation of the cerebral microvasculature. Nat Neurosci

10:1369–1376

Jasoni CL, Todman MG, Han SK, Herbison AE (2005) Expression of mRNAs encoding receptors

that mediate stress signals in gonadotropin-releasing hormone neurons of the mouse. Neuro-

endocrinology 82:320–328

Junier MP, Ma YJ, Costa ME, Hoffman G, Hill DF, Ojeda SR (1991) Transforming growth factor

alpha contributes to the mechanism by which hypothalamic injury induces precocious puberty.

Proc Natl Acad Sci U S A 88:9743–9747

Labhsetwar AP, Zolovick A (1973) Hypothalamic interaction between prostaglandins and cate-

cholamines in promoting gonadotrophin secretion for ovulation. Nat New Biol 246:55–56

Ma YJ, Junier MP, Costa ME, Ojeda SR (1992) Transforming growth factor-alpha gene expression

in the hypothalamus is developmentally regulated and linked to sexual maturation. Neuron

9:657–670

Ma YJ, Costa ME, Ojeda SR (1994a) Developmental expression of the genes encoding

transforming growth factor alpha and its receptor in the hypothalamus of female rhesus

macaques. Neuroendocrinology 60:346–359

Ma YJ, Hill DF, Junier MP, Costa ME, Felder SE, Ojeda SR (1994b) Expression of epidermal

growth factor receptor changes in the hypothalamus during the onset of female puberty. Mol

Cell Neurosci 5:246–262

Ma YJ, Berg-von der Emde K, Rage F, Wetsel WC, Ojeda SR (1997) Hypothalamic astrocytes

respond to transforming growth factor-alpha with the secretion of neuroactive substances that

stimulate the release of luteinizing hormone-releasing hormone. Endocrinology 138:19–25

Ma YJ, Hill DF, Creswick KE, Costa ME, Cornea A, Lioubin MN, Plowman GD, Ojeda SR (1999)

Neuregulins signaling via a glial erbB-2-erbB-4 receptor complex contribute to the neuroen-

docrine control of mammalian sexual development. J Neurosci 19:9913–9927

Malpaux B (2006) Seasonal regulation in mammals. In: Knobil E, Neill JD (eds) Knobil and

Neill’s physiology of reproduction. Raven Press, New York

Martineau M, Baux G, Mothet JP (2006) D-serine signalling in the brain: friend and foe. Trends

Neurosci 29:481–491

Prostaglandin E2, Gliotransmission and the Onset of Puberty 151



Mayer C, Acosta-Martinez M, Dubois SL, Wolfe A, Radovick S, Boehm U, Levine JE (2010)

Timing and completion of puberty in female mice depend on estrogen receptor alpha-signaling

in kisspeptin neurons. Proc Natl Acad Sci U S A 107:22693–22698

McCarthy MM, Schwarz JM, Wright CL, Dean SL (2008) Mechanisms mediating oestradiol

modulation of the developing brain. J Neuroendocrinol 20:777–783

Milatovic D, Montine TJ, Aschner M (2011) Prostanoid signaling: dual role for prostaglandin E2

in neurotoxicity. Neurotoxicology 32:312–319

Mong JA, Blutstein T (2006) Estradiol modulation of astrocytic form and function: implications

for hormonal control of synaptic communication. Neuroscience 138:967–975

Murai KK, Nguyen LN, Irie F, Yamaguchi Y, Pasquale EB (2003) Control of hippocampal

dendritic spine morphology through ephrin-A3/EphA4 signaling. Nat Neurosci 6:153–160

Nishida H, Okabe S (2007) Direct astrocytic contacts regulate local maturation of dendritic spines.

J Neurosci 27:331–340

Ojeda SR, Campbell WB (1982) An increase in hypothalamic capacity to synthesize prostaglandin

E2 precedes the first preovulatory surge of gonadotropins. Endocrinology 111:1031–1037

Ojeda SR, Skinner MK (2006) Puberty in the rat. In: Neill JD (ed) Knobil and Neill’s physiology

of reproduction. Academic, San Diego, pp 2026–2126

Ojeda SR, Harms PG, McCann SM (1975a) Effect of inhibitors of prostaglandin synthesis on

gonadotropin release in the rat. Endocrinology 97:843–854

Ojeda SR, Wheaton JE, McCann SM (1975b) Prostaglandin E2-induced release of luteinizing

hormone-releasing factor (LRF). Neuroendocrinology 17:283–287

Ojeda SR, Jameson HE, McCann SM (1977) Hypothalamic areas involved in prostaglandin (PG)-

induced gonadotropin release I: effects of PGE2 and PGF2alpha implants on luteinizing

hormone release. Endocrinology 100:1585–1594

Ojeda SR, Negro-Vilar A, McCann SM (1979) Release of prostaglandin Es by hypothalamic

tissue: evidence for their involvement in catecholamine-induced luteinizing hormone-releasing

hormone release. Endocrinology 104:617–624

Ojeda SR, Negro-Vilar A, McCann SM (1982) Evidence for involvement of alpha-adrenergic

receptors in norepinephrine-induced prostaglandin E2 and luteinizing hormone-releasing hor-

mone release from the median eminence. Endocrinology 110:409–412

Ojeda SR, Urbanski HF, Katz KH, Costa ME (1985) Stimulation of cyclic adenosine 30,5-
0-monophosphate production enhances hypothalamic luteinizing hormone-releasing hormone

release without increasing prostaglandin E2 synthesis: studies in prepubertal female rats.

Endocrinology 117:1175–1178

Ojeda SR, Urbanski HF, Katz KH, Costa ME (1986a) Activation of estradiol-positive feedback at

puberty: estradiol sensitizes the LHRH-releasing system at two different biochemical steps.

Neuroendocrinology 43:259–265

Ojeda SR, Urbanski HF, Katz KH, Costa ME, Conn PM (1986b) Activation of two different but

complementary biochemical pathways stimulates release of hypothalamic luteinizing

hormone-releasing hormone. Proc Natl Acad Sci U S A 83:4932–4936

Ojeda SR, Urbanski HF, Costa ME, Hill DF, Moholt-Siebert M (1990) Involvement of

transforming growth factor alpha in the release of luteinizing hormone-releasing hormone

from the developing female hypothalamus. Proc Natl Acad Sci U S A 87:9698–9702

Oliet SH, Bonfardin VD (2010) Morphological plasticity of the rat supraoptic nucleus–cellular

consequences. Eur J Neurosci 32:1989–1994

Panatier A (2009) Glial cells: indispensable partners of hypothalamic magnocellular neurones. J

Neuroendocrinol 21:665–672

Panatier A, Vallee J, Haber M, Murai KK, Lacaille JC, Robitaille R (2011) Astrocytes are

endogenous regulators of basal transmission at central synapses. Cell 146:785–798

Parpura V, Zorec R (2010) Gliotransmission: exocytotic release from astrocytes. Brain Res Rev

63:83–92

Pfrieger FW (2010) Role of glial cells in the formation and maintenance of synapses. Brain Res

Rev 63:39–46

152 V. Prevot and J. Clasadonte



Plant TM (2006) Puberty in non human primates and humans. In: Neill JD (ed) Knobil and Neill’s

physiology of reproduction. Academic, San Diego, pp 2177–2230

Plant TM, Gay VL, Marshall GR, Arslan M (1989) Puberty in monkeys is triggered by chemical

stimulation of the hypothalamus. Proc Natl Acad Sci U S A 86:2506–2510

Prevot V, Rio C, Cho GJ, Lomniczi A, Heger S, Neville CM, Rosenthal NA, Ojeda SR, Corfas G

(2003) Normal female sexual development requires neuregulin-erbB receptor signaling in

hypothalamic astrocytes. J Neurosci 23:230–239

Prevot V, Lomniczi A, Corfas G, Ojeda SR (2005) erbB-1 and erbB-4 receptors act in concert to

facilitate female sexual development and mature reproductive function. Endocrinology

146:1465–1472

Prevot V, Bellefontaine N, Baroncini M, Sharif A, Hanchate NK, Parkash J, Campagne C, de

Seranno S (2010a) GnRH nerve terminals, tanycytes and neurohaemal junction remodeling in

the adult median eminence: functional consequences for reproduction and dynamic role of

vascular endothelial cells. J Neuroendocrinol 22:639–649

Prevot V, Hanchate NK, Bellefontaine N, Sharif A, Parkash J, Estrella C, Allet C, de Seranno S,

Campagne C, de Tassigny X, Baroncini M (2010b) Function-related structural plasticity of the

GnRH system: a role for neuronal-glial-endothelial interactions. Front Neuroendocrinol

31:241–258

Rage F, Lee BJ, Ma YJ, Ojeda SR (1997) Estradiol enhances prostaglandin E2 receptor gene

expression in luteinizing hormone-releasing hormone (LHRH) neurons and facilitates the

LHRH response to PGE2 by activating a glia-to-neuron signaling pathway. J Neurosci

17:9145–9156

Raskin K, de Gendt K, Duittoz A, Liere P, Verhoeven G, Tronche F, Mhaouty-Kodja S (2009)

Conditional inactivation of androgen receptor gene in the nervous system effects on male

behavioral and neuroendocrine responses. J Neurosci 29:4461–4470

Rettori V, Gimeno M, Lyson K, McCann SM (1992) Nitric oxide mediates norepinephrine-

induced prostaglandin E2 release from the hypothalamus. Proc Natl Acad Sci U S A

89:11543–11546

Roland AV, Moenter SM (2011) Glucosensing by GnRH neurons: inhibition by androgens and

involvement of AMP-activated protein kinase. Mol Endocrinol 25:847–858

Ronnekleiv OK, Kelly MJ (2005) Diversity of ovarian steroid signaling in the hypothalamus. Front

Neuroendocrinol 26:65–84

Sandau US, Mungenast AE, Alderman Z, Sardi SP, Fogel AI, Taylor B, Parent AS, Biederer T,

Corfas G, Ojeda SR (2011a) SynCAM1, a synaptic adhesion molecule, is expressed in

astrocytes and contributes to erbB4 receptor-mediated control of female sexual development.

Endocrinology 152:2364–2376

Sandau US, Mungenast AE, McCarthy J, Biederer T, Corfas G, Ojeda SR (2011b) The synaptic

cell adhesion molecule, SynCAM1, mediates astrocyte-to-astrocyte and astrocyte-to-GnRH

neuron adhesiveness in the mouse hypothalamus. Endocrinology 152:2353–2363

Sang N, Zhang J, Marcheselli V, Bazan NG, Chen C (2005) Postsynaptically synthesized prosta-

glandin E2 (PGE2) modulates hippocampal synaptic transmission via a presynaptic PGE2 EP2

receptor. J Neurosci 25:9858–9870

Sharif A, Duhem-Tonnelle V, Allet C, Baroncini M, Loyens A, Kerr-Conte J, Collier F, Blond S,

Ojeda SR, Junier MP, Prevot V (2009) Differential erbB signaling in astrocytes from the

cerebral cortex and the hypothalamus of the human brain. Glia 57:362–379

Sharif A, Baroncini M, Prevot V (2013) Role of glia in the regulation of gonadotropin-releasing

hormone neuronal activity and secretion. Neuroendocrinology 98:1–15

Terasawa E, Fernandez DL (2001) Neurobiological mechanisms of the onset of puberty in

primates. Endocr Rev 22:111–151

Theodosis DT, Poulain DA, Oliet SH (2008) Activity-dependent structural and functional plastic-

ity of astrocyte-neuron interactions. Physiol Rev 88:983–1008

Urbanski HF, Ojeda SR (1987) Activation of luteinizing hormone-releasing hormone release

advances the onset of female puberty. Neuroendocrinology 46:273–276

Prostaglandin E2, Gliotransmission and the Onset of Puberty 153



Urbanski HF, Ojeda SR (1990) A role for N-methyl-D-aspartate (NMDA) receptors in the control

of LH secretion and initiation of female puberty. Endocrinology 126:1774–1776

van den Pol AN, Trombley PQ (1993) Glutamate neurons in hypothalamus regulate excitatory

transmission. J Neurosci 13:2829–2836

Vidensky S, Zhang Y, Hand T, Goellner J, Shaffer A, Isakson P, Andreasson K (2003) Neuronal

overexpression of COX-2 results in dominant production of PGE2 and altered fever response.

Neuromolecular Med 3:15–28

Voigt P, Ma YJ, Gonzalez D, Fahrenbach WH,Wetsel WC, der Berg-von EK, Hill DF, Taylor KG,

Costa ME, Seidah NG, Ojeda SR (1996) Neural and glial-mediated effects of growth factors

acting via tyrosine kinase receptors on luteinizing hormone-releasing hormone neurons.

Endocrinology 137:2593–2605

Wintermantel TM, Campbell RE, Porteous R, Bock D, Grone HJ, Todman MG, Korach KS,
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Gonadotropic Axis Deficiency:

A Neurodevelopmental Disorder

Lukas Huijbregts, Brooke Tata, and Nicolas de Roux

Abstract The onset of puberty remains a mysterious mechanism despite several

recent major breakthroughs in the field of neuroendocrinology. Novel neuropep-

tides, along with new regulation networks of gene expression, have been described;

however, the intimate molecular mechanisms defining the age of puberty onset have

yet to be characterized. This article proposes to broaden the reflection surrounding

the mechanisms that determine the onset of puberty as a developmental process,

similar to those described for other neuronal networks. This new and original

approach will bring further insight into the intricate interactions between the

brain and the gonads that drive and maintain normal reproductive function.

Puberty: A Neurodevelopmental Process That Starts Earlier

Than Usually Thought

The thelarche is defined by the appearance of breasts in girls. It results from an

increase in estrogen secretion by the ovaries and corresponds to the stage of the

Tanner classification defined by the somatic changes occurring up to the end of

puberty. Tanner stage 5 corresponds to a fully developed, mature individual with a

functional reproductive activity. Although it is usually considered to be the first

marker of puberty, Tanner stage 2 actually reflects a re-activation of the gonado-

tropic axis that had already started several months earlier. Indeed, biological

puberty starts before clinical puberty through nocturnal elevation of plasma

luteinizing hormone (LH), without changes during the day. Moreover, pituitary

response to GnRH injection appears concomitantly to thelarche. In other words, the

pituitary activation started several months before, probably by the nocturnal acti-

vation of the gonadotropic axis. The molecular mechanism of this circadian acti-

vation of the gonadotropic axis at the end of childhood is unknown. Further, from
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stages 2 to 5, plasma LH undergoes important variations as diurnal LH reaches the

nocturnal levels and the circadian cycle completely disappears. In the meantime,

the negative feedback by steroid hormones in both sexes as well as the positive

feedback by estrogen in females only become functional on the hypothalamo-

pituitary unit. From a biological point of view, puberty therefore corresponds to

the development of a brain-gonads homeostasis that leads to normal reproductive

function. This is unique to the gonadotropic axis.

The recent discovery of kisspeptins and their ability to tightly regulate GnRH

neurons has led to a better understanding of the interplay between gonads and the

brain, especially in regard to neurons and other hypothalamic cells that are involved

in the regulation of GnRH secretion and associated disorders (de Roux et al. 2003;

Pinilla et al. 2012). Known as the GnRH network, it is composed of neurosecretory

neurons, glial cells, such as astrocytes, and also glia-like cells called tanycytes

(Prevot et al. 2010). The main function of this network is to regulate GnRH

secretion. For methodological and conceptual reasons, it is difficult to study and

conceive of a constantly evolving neuronal network; hence the vast majority of

original knowledge on the GnRH network has come from adult animals. The roles

of kisspeptin, dynorphin, and/or neurokinin B have been described in detail, from

their regulation by sexual hormones to the involvement of glial cells in this network

(Lomniczi et al. 2013b; Tena-Sempere 2012). These results were then transposed to

pre-pubertal animals and helped define the link between the increase of KiSS1
expression in the hypothalamus and the onset of puberty (Terasawa et al. 2013).

These novel findings show that pubertal onset is the consequence of a long

neurodevelopmental process that starts during fetal life, just like most neuronal

networks do. The neurodevelopment of the gonadotropic axis is, however, unique

for several reasons. GnRH neurons emerge from the olfactory placode and migrate

to the hypothalamus during early pre-natal development. Such migration toward the

brain is very uncommon in animal biology and has largely been studied in humans

affected with Kallman syndrome and in rodents (Mitchell et al. 2011; Wierman

et al. 2011). In primates, gonadotrope cells are functional and can response to

GnRH stimulation at midgestation. The hypothalamo-pituitary control of the

gonadotropic axis must be functional during fetal life to have complete develop-

ment of gonads in both sexes and sexual organs in males. However, this control is a

complex phenomenon. Indeed, at mid-gestation, blood levels of LH and follicle

stimulating hormone (FSH) are elevated and close to those observed in adults,

whereas at the end of gestation, LH and FSH blood levels are close to null (Guimiot

et al. 2012). Such negative regulation partly depends on kisspeptins expressed in the

infundibulum (Guimiot et al. 2012). It is important to note that this timing is

specific to the gonadotropic axis since other endocrine axes tend to be activated

at the end of gestation. The second part of gestation is therefore crucial to producing

normal reproductive function in adults.

Post-natal development of the gonadotropic axis is comprised of several stages

that are clinically well defined. Mini-puberty starts a few weeks after birth and is

followed by a quiescent phase that goes on during childhood until puberty at the

average age of 10. The mechanisms underlying this sequential activation-

inactivation surrounding mini-puberty are poorly understood, the majority of
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studies having essentially focused on the reactivation at puberty. In rodents, mini-

puberty is not well characterized. It may correspond to the FSH surge observed in

mice at post-natal day (PND12), knowing that puberty usually starts around

PND30. This rather late surge, when compared to humans, may be explained by

the fact that the first week of rodent life corresponds to the third semester of human

in utero development. It was recently shown that the quiescent phase partly depends

on a reduced kisspeptin tonus in non-human primates (Ramaswamy et al. 2013).

The timing of this central activation of the gonadotropic axis in the first months of

life is comparable to other neurodevelopmental processes.

In recent years, studies on puberty onset have brought to light that puberty is

associated with a vast genes and transcription factors network whose hypothalamic

expression either increases or decreases before pubertal onset (Lomniczi

et al. 2013b). Indeed, this complex network notably depends on epigenetic regula-

tions that modulate kisspeptin expression (Lomniczi et al. 2013a). These studies

have been of tremendous importance to understanding puberty onset proceedings

but have failed to bring answers to the question of pubertal timing. In other words,

the molecular events leading to variations of hypothalamic genes expression

through time remain unknown.

Neurodevelopment is not limited to the embryonic development of neurons. It

also corresponds to the development of synaptic connections or synaptogenesis,

which starts during fetal life and goes on throughout adulthood. After birth, neurons

are myelinated, further modifying neuronal network activity. Synaptogenesis is

composed of well-timed stages, and adolescence is a very important period of

synaptic remodeling during which synaptic contacts between neurons get simplified

to maximize efficacy. It is interesting to note that puberty happens concomitantly

with such complex and intense regulation of synaptic activity in the brain (Sisk and

Foster 2004). The link between these two events has essentially been studied

through the effect of sexual hormones on brain organization (Ahmed et al. 2008).

Nonetheless, it appears that the plasticity of cortical neurons during puberty only

partially depends on sexual hormones. These results suggest that the GnRH net-

work is organized and timely determined by similar processes to those involved in

the normal plasticity of cortical neurons. This maturation is initially independent of

sexual hormones, then progressively shifts under the control of estradiol and

testosterone during puberty. Inhibitory input from GABA and excitatory input

from glutamate on GnRH and Kisspeptin neurons during the early phase of puberty

have hence been demonstrated in rodents. These inputs radically change during the

childhood-to-puberty transition. We assume that this change is the consequence of

the neurodevelopmental process that probably began during the second half of

gestation and just after puberty.

The characterization of the neurodevelopmental mechanisms shared by both

hypothalamic and cortical neurons will have a double impact. Firstly, it should

provide further understanding of pubertal onset and its associated diseases. Sec-

ondly, it should provide new hypotheses to explain neurodevelopmental disorders

in children.

Gonadotropic Axis Deficiency: A Neurodevelopmental Disorder 157



Congenital Gonadotropic Deficiency:

A Neurodevelopmental Anomaly of the Gonadotropic Axis

We initially studied isolated gonadotropic deficiency, which led us to characterize

mutations in GnRHR and KiSS1R (de Roux et al. 1999, 2003). Mutations in KISS1
(Topaloglu et al. 2012), GnRH1 (Bouligand et al. 2009), and also TAC3 encoding

neurokinin B, and TACR3, the receptor of neurokinin B (Topaloglu et al. 2009)

have also been described in isolated hypogonadotropic hypogonadism. The pheno-

type observed in these patients has confirmed that the central control of the

gonadotropic axis during fetal life is required for normal development of reproduc-

tive function. Investigation of the neuroendocrine functions of Kisspeptin and

Neurokinin B has revealed their role in the secretion of GnRH. In addition, several

genetic defects have been described in Kallmann syndrome (for review see

Pitteloud et al. 2010). All of these genes encode proteins required for the develop-

ment of the olfactory bulbs (Pitteloud et al. 2010). The gonadotropic deficiency

observed in these patients is mainly the consequence of the agenesis of the olfactory

tracts, although a direct action of these proteins on the migration and maturation of

GnRH neurons has also been proposed. We now have evidence that isolated

gonadotropic deficiency is not only an endocrine disorder but is also a neurodeve-

lopmental disorder due to a defect in the migration of GnRH neurons or the

neuroendocrine control of GnRH neurons.

We have thus suspected that studying complex diseases comprising both neuro-

logical disorders and a delayed puberty due to a congenital gonadotropic deficiency

should be very informative to delineating the mechanism of the initiation of puberty

and related disorders. Indeed, we believe both conditions originate from the same

neurodevelopmental anomaly. The literature shows that gonadotropic deficiency

has been described in many neurological syndromes, some of which are extremely

rare (Alazami et al. 2008; Bem et al. 2011; Bernard et al. 2011; Margolin

et al. 2013; Nousbeck et al. 2008; Synofzik et al. 2014; Tetreault et al. 2011).

Apart from Prader-Willi and CHARGE syndromes, which are well known by

pediatric endocrinologists, most of these syndromes are only followed in pediatric

neurology departments. Indeed, hypogonadotropic hypogonadism is rarely diag-

nosed at birth in these children.

The neurological disease can be neurodegenerative, hence progressive. Signs of

dementia have been observed in some adults (Margolin et al. 2013), and 4H

syndrome, which associated a leucodystrophia with hypodontia and hypogona-

dotropic hypogonadism, has been described (Bernard et al. 2011; Tetreault

et al. 2011). Mental retardation is frequently observed, as well as cerebellar or

proprioceptive ataxia. Some signs are specific to one of these syndromes, such as a

microphtalmia associated with a cataract in Warburg microsyndrome (Handley

et al. 2013). The endocrine phenotype has been more or less described, with in

utero or post-natal growth retardation. In most cases, the endocrine deficit is limited

to the gonadotropic axis and is of hypothalamic origin.
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Several genes have been described via genetic linkage or exome analysis. These

genes encode proteins with various and sometime unexpected functions. For

instance, 4H syndrome is due to mutations in two type III RNA polymerase

sub-units encoding genes, POLR3A and POLR3B (Bernard et al. 2011; Tetreault

et al. 2011). This is a surprising result, since type III RNA polymerase is ubiquitous.

Its main function is to transcribe transfer RNA genes, which will further participate

in protein translation. Interestingly, other leucodystrophias involving a defective

protein synthesis have been described, but no gonadotropic deficiency was

observed. This indicates that the gonadotropic deficiency in 4H syndrome does

not depend on white matter disease but on POLR3A or POLR3B dysfunction.

Mutations in other genes, such as RNF216 and OTUD4, were shown to cause a

complex phenotype associating a gonadotropic deficiency with dementia. Again, it

seems that synaptic activity may be impaired, though RNF216 and ITUD4 have

been shown to be involved in protein ubiquitination, a major mechanism of protein

degradation (Margolin et al. 2013). Very recently, mutations in PNPLA6 were

identified in Boucher-Neuhauser and Gordon Holmes syndromes (Synofzik

et al. 2014). PNPLA6 belongs to the family of proteins with a phospholipid esterase

domain. It is interesting to note that PNPLA6 mutations were characterized in

different neurodegenerative diseases with ataxia, suggesting that Boucher-

Neuhauser syndrome is a phenotypic variant of an important group of neurodegen-

erative diseases.

Warburg microsyndrome is caused by mutations in RAB3GAP1, RAB3GAP2
and RAB18 (Handley et al. 2013). RAB3GAP1 and RAB3GAP2 are proteins with a
GTPase activity on RAB3 and RAB27. RAB18 is a small monomeric G protein.

These results suggest that the gonadotropic deficiency may result from a defective

neuronal function such as a neuropeptide or neurosecretion defect.

Syndromic gonadotropic deficiency has thus been described in many neurolog-

ical pathologies, some of which are extremely rare. Human genetics have led to the

identification of several genes but the mechanisms leading to the gonadotropic

deficiency remain poorly understood. Nonetheless, hypotheses arising from these

results must be validated in animal models by neuroendocrinology laboratory teams

to delineate the exact function of these proteins in the central control of the

gonadotropic axis. To go further in this direction, our group has decided to

characterize the molecular mechanism involved in a phenotype from three siblings.

This particular phenotype regroups an intra-uterine and post-natal growth retarda-

tion, an impaired glucose metabolism leading to hypoglycemic episodes during

childhood and insulino-dependent diabetes during adolescence, a proprioceptive

ataxia, mental retardation, central hypothyroidism and a gonadotropic deficiency

without anosmia. Our results showed that the haploinsuffisiency of DMXl2 was the

cause of this familial phenotype (Tata et al. 2014).
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Conclusions and Perspectives

The development of the molecular genetics of puberty disorders over the last

15 years has been critical to delineate puberty onset mechanisms. The constant

technical evolution of molecular biology and close collaboration with pediatric

endocrinology and pediatric neurology hospital departments will provide opportu-

nities to identify novel genes involved in hypogonadotropic hypogonadism. Ini-

tially focused on isolated gonadotropic deficiency, recent promising results have

thus been obtained from the study of syndromic forms. This new gene inventory

will be of utmost interest for screening familial and sporadic cases of IHH, thus

providing better information for genetic counseling.

Initially classified as an endocrine defect, isolated gonadotropic deficiency must

now be considered as a neurodevelopmental disorder due to a defect in neuron

migration, a defect in the neuroendocrine control of the GnRH network and also a

defect in synaptic communication between neurons. This new view of the

etiopathogenicity of pubertal disorders also offers new perspectives on the concept

of neurodegenerative diseases specific to the GnRH network. Moreover, beyond the

fundamental contribution to the mechanisms of puberty onset, they represent an

opportunity to study extremely rare phenotypes. Finally, these works will help to

understand the development of the homeostasis of the brain-gonad axis during

childhood and adolescence that will lead to normal fertility throughout adult life.
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Changes in Pubertal Timing: Past Views,

Recast Issues

Jean-Pierre Bourguignon, Françoise Domine, Fabienne Glowacz,

Marie-Christine Lebrethon, and Anne-Simone Parent

Abstract The aim of this article is to review some common opinions on changes in

pubertal timing and shed new light both on the indicators used in assessing pubertal

timing and the underlying mechanisms. While emphasis is usually placed on the

advancement in timing of female puberty, it appears that timing also changes in

males, both towards earliness for the initial pubertal stages and towards lateness for

the final stages. Such findings suggest that the environmental influences on pubertal

timing are more complex than initially thought. Moreover, self-evaluated pubertal

timing versus peers provides information that is not always consistent with obser-

vations at physical examination, suggesting that both approaches should be con-

sidered, especially when studying the correlation between pubertal timing and

psychosocial aspects.

The mechanisms of changes in pubertal timing may involve both central neuro-

endocrine control and peripheral effects in tissues targeted by gonadal steroids.

Though energy availability is certainly a clue to the mechanism of pubertal devel-

opment, changes in the control of both energy balance and reproduction may vary

under the influence of common determinants such as endocrine-disrupting

chemicals. These effects can take place right before puberty as well as much earlier,

during fetal and neonatal life. Finally, environmental factors can interact with

genetic factors in determining changes in pubertal timing. Therefore, the variance

in pubertal timing is no longer to be considered under the absolutely separate

control of environmental and genetic determinants.
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Liège, Belgium

© Springer International Publishing Switzerland 2015

J.-P. Bourguignon et al. (eds.), Brain Crosstalk in Puberty and Adolescence,
Research and Perspectives in Endocrine Interactions 13,

DOI 10.1007/978-3-319-09168-6_12

163

mailto:jpbourguignon@ulg.ac.be


Introduction

We review here how studies of the physiological variations in pubertal timing have

changed recently with emphasis on the indicators and the mechanisms. The findings

suggest that the respective roles of genetic and environmental factors in the control

of pubertal timing are complex because they can take place during late prepubertal

life as well as fetal/neonatal life. Moreover, both types of factors likely involve

intricate mechanisms.

Changes in Indicators of Pubertal Timing

Since the mid-nineteenth century, a so-called secular trend towards earlier menar-

cheal age has been observed in many countries in Europe and North America.

An overall advancement in female pubertal timing that averaged 4 years in a

century was derived from those observations (Parent et al. 2003). During the past

50 years, menarcheal age has stabilized in some countries, such as Belgium

(Jeurissen 1969; Vercauteren and Susanne 1985; Roelants et al. 2009), where it

seemed that the secular advancement in pubertal timing was leveling off as opposed

to countries where socio-economical status was still markedly progressing (Parent

et al. 2003). It is notable, however, that recent publications have highlighted a

persistent but moderate decrease in average menarcheal age in countries like

Denmark and the Netherlands (Aksglaede et al. 2009; Talma et al. 2013). Around

2000, a new pattern of changes was observed in several countries such as USA,

Denmark and Belgium (Roelants et al. 2009; Aksglaede et al. 2009; Herman-

Giddens et al. 1997), with a heterogeneity among pubertal events, i.e., advancement

in age at onset of breast development and less or no change in menarcheal age. This

finding has led us to revise some issues about indicators and mechanisms of changes

in pubertal timing.

Studies of female puberty have been prioritized (Table 1) due to the availability

of menarcheal age as a precise timer, and focus on the female has been reinforced

Table 1 Changes in pubertal timing: INDICATORS

Common opinion Revision

More relevance in females (studies using

menarcheal age as timer, female predomi-

nance of precocity, weight as a critical factor)

Reality in males (few studies based on testicu-

lar volume increase, voice break and growth

spurt; association with BMI)

Mean or median age: the clue Changes in pattern of timing distribution indi-

cating involvement of subgroups

Single pubertal signs prioritized (the “onset”

of puberty)

Changes possibly divergent among pubertal

signs

Self-evaluation of pubertal development

(practical and ethical reasons)

Self-perceived timing providing information

different from physical exam
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by the critical role of weight and the predominance of sexual precocity in girls

(Parent et al. 2003). Based on findings about testicular volume increase, voice break

and growth spurt, it has appeared recently, however, that male pubertal timing is

advancing as well (Roelants et al. 2009; Aksglaede et al. 2008; Sorensen et al. 2010;

Juul et al. 2007; Herman-Giddens et al. 2012). As already pointed out in the female,

the initial pubertal signs and signs of completion of puberty could show secular

changes that are different, suggesting heterogeneity in the response of pubertal

events to modulating factors. For example, the first 3–10 % of boys with evidence

of initial pubertal increase in testicular volume (�4 ml) are younger than in the past

(Roelants et al. 2009; Herman-Giddens et al. 2012; Mul et al. 2001) whereas the

final 3–10 % (centile 90 and 97) appear to attain adult testicular volume (�15 ml)

later (Roelants et al. 2009; Mul et al. 2001). Thus, besides the changes in mean or

median ages at a given pubertal sign, subtle changes in the pattern of distribution of

timing of pubertal signs may occur, extending the age range beyond the physio-

logical 4–5-year period for both the initial and the late stages of puberty. The latter

finding is also consistent with the secular increase in latency between menarche and

the occurrence of regular (ovulatory) cycling that was reported in France together

with the classical secular trend towards earlier menarche (Clavel-Chapelon

et al. 2002).

In the evaluation of pubertal development, two distinctive issues can be consid-

ered: pubertal status, which refers to the degree of physical changes, and pubertal

timing, which refers to the age at attainment of a given degree of physical change.

The adolescents are understandably reluctant to allow assessment of pubertal status

if not justified by the chief complaint at consultation. Therefore, methods of self-

assessment of pubertal status (Table 2) were designed, in comparison with Tanner

stages, provided either as pictures or drawings (Duke et al. 1980; Morris and Udry

(1980), or as written statements (Petersen et al. 1988). Controversial data have been

published regarding the validity of these methods that cannot substitute for a

physician’s examination (Hergenroeder et al. 1999; Brooks-Gunn et al. 1987;

Bond et al. 2006; Dick et al. 2001; Dorn and Biro 2011). Moreover, the significance

of self-assessed pubertal status in determining pubertal timing has been limited to

the interpretation of current status with respect to age. In some instances, retro-

spective assessment of pubertal timing could be interesting. Berg-Kelly and Erdes

(1997) proposed an age-independent method of self-assessment of pubertal timing

through a global multiple choice question rating maturation versus peers. The

answer to this question was found to result in 94 % agreement with physician

examination and normal distribution of timing in the studied population (Berg-

Kelly and Erdes 1997). We have used a similar question: “Between 8 and 18 years,

boys and girls change physically but not all at the same time. If you consider your

physical development, how do you evaluate it in comparison with friends of the

same age: Very early? A bit early? Same as most friends? A bit late? Very late?”

Such a question enables self-evaluation of pubertal timing based on current status,

as done in the Swedish study (Berg-Kelly and Erdes 1997), or retrospectively, as

done in our study. As shown in Fig. 1, the distribution of responses in two separate

studies was found to be asymmetrical, with more adolescents estimating they had
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matured early than late. Interestingly enough, in a study comparing adolescent self-

perception of pubertal timing using both a global question (peer normative) and the

pubertal developmental scale (PDS; stage normative), a similar proportion of late

timing (12–13 %) was found using both tools whereas the global question resulted

in a greater proportion of early timing (28 %) as opposed to the PDS (13 %; Cance

et al. 2012). This finding suggests that the comparison with peers involves a factor

Table 2 Comparison of some features of different methods of self-assessment of pubertal status

and timing in healthy adolescents

Pubertal status

Pubertal

timing

Sexual maturation scale (SMS) Pubertal

developmental

score (PDS)

Global

question

Tanner’s

pictures Tanner’s drawings

References Duke et al. 1980 Morris and Udry 1980;

Petersen et al. 1988;

Hergenroeder

et al. 1999; Dorn and

Biro 2011

Petersen

et al. 1988;

Brooks-Gunn

et al. 1987; Bond

et al. 2006

Berg-Kelly

and Erdes

1997

N items in

girls (F) &

boys (M)

F: 2 M: 2 F: 2 M: 2 F: 6 M: 5 F & M: 1

Items

assessed

Sex characteris-

tic staging (five

Tanner’s stages)

Sex characteristic

staging (five Tanner’s

stages)

Sex characteris-

tic staging (five

items)

Global timing

(five

qualifications)

Method of

self-

assessment

Current devel-

opment versus

photographs

and descriptive

text

Current development

versus drawings

Current develop-

ment versus

descriptive text

+menarcheal

age

Current and

retrospective

development

versus peers

Acceptability/

response rate

Fairly good Fairly good/64 % Good/66 %,

70 %

Good/82 %

Usable for

different

races

No Yes Yes Yes

Agreement

with clinical

assessment

κ> 0.81–0.91

(Duke

et al. 1980)

r 0.59–0.81 (Morris

and Udry 1980) or κ
0.34–0.37

(Hergenroeder

et al. 1999) or 0.06–

0.43/27–59 %

(Schlossberger

et al. 1992); r¼ 0.77–

0.91 and κ 0.33–0.50

(Dorn and Biro 2011)

α 0.65–0.82

(Petersen

et al. 1988)

94 % (Berg-

Kelly and

Erdes 1997)

F: 31–62 %

(Brooks-Gunn

et al. 1987)

F : κ :0.57 M : κ: 0.42 (Bond et al. 2006)

Biases Adiposity

F females, M males, κ Kappa coefficient (Cohen’s rule of thumb), r Pearson’s correlation

coefficient, α Cronbach’s alpha coefficient
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that accounts for increased self-perception of early timing of maturation. Desirability

could play some role: evaluating oneself as early versus peers could be felt as a plus

whereas being late would be a minus. Some discrepancies in self-evaluation of

pubertal timing could be related to the conditions of evaluation. Agreement with

physician evaluation was greater when the sexual maturation scale was administered

in a clinical setting rather than at school (Schlossberger et al. 1992). These authors also

found a greater proportion of early-maturing subjects based on adolescent global

self-rating than based on physician evaluation.

Our data also raise the question as to whether an increased proportion of self-

evaluated earliness is actually consistent with early or precocious puberty. The

response is negative since, among a group of adolescents with early or precocious

puberty confirmed by physical examination, about 2/3 had a concordant self-

evaluated timing whereas 1/3 were felt to be average maturers. Thus, self-perceived

pubertal development does not reliably match data from physical exam and pro-

vides different information that can have its own significance for adolescent

behavior. Such a conclusion has been drawn by Deppen et al. (2012), who reported

that adolescent girls with average timing of menarche but early self-perceived

pubertal timing were at increased risk of adolescent exploratory behaviors.

Fig. 1 Upper panel: self evaluation of pubertal timing versus peers of the same age in two

separate groups of 265 adolescents irrespective of gender and 249 adolescents (108 girls and

141 boys). Lower panel: self evaluation of pubertal timing versus peers of the same age in

52 adolescents with early or precocious pubertal timing, based on physical exam
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Changes in Mechanisms of Pubertal Timing

In searching for possible causes and mechanisms of changes in pubertal timing, the

default hypothesis is hypothalamic-pituitary maturation, possibly because central

precocity is much more frequent than peripheral precocity (Table 3). It appears,

however, that peripheral mechanisms can coexist with central mechanisms or

secondarily facilitate them. Such a concept is supported by the dissociation between

advancement in age at onset of breast development in Denmark, the Netherlands

and Belgium without a parallel change in menarcheal age, suggesting that both

events are influenced by different factors, including possible breast development

due to estrogenic effects independent of hypothalamic-pituitary maturation

(Roelants et al. 2009; Aksglaede et al. 2009; Mul et al. 2001). That dissociation

of breast development and menarche could account for the secular reduction in

correlation coefficient between the ages at occurrence of the two pubertal events

(Biro et al. 2006). The interpretation of the mechanistic role of sex steroids or

related environmental factors is complex due to the multiple sites where they can

interact between the hypothalamus and the peripheral target tissues. In particular,

sex steroids exert potent inhibitory feedback on the pituitary gonadotrophins. As an

illustration (Fig. 2), a girl with androgen excess caused by an adrenal adenoma has

developed no breasts at 13, possibly due to the androgen/estrogen ratio as well as

the negative feedback caused at the pituitary level. However, hypothalamic matu-

ration should have progressed silently since, 6 months after withdrawal from the

androgen excess, breast development is nearly adult and menarche occurs. This

condition is somehow comparable with the mechanism that we have delineated in a

female rodent model (Rasier et al. 2007, 2008) to explain sexual precocity in girls

who were previously exposed to the estrogenic insecticide DDT and then with-

drawn from that environment after migration to Belgium (Krstevska-Konstantinova

et al. 2001).

Table 3 Changes in pubertal timing: MECHANISMS

Common opinion Revision

Central puberty as default hypothesis Peripheral mechanisms likely coexisting with

or preceding secondary central puberty

Direct causal role of nutrition in onset of

puberty established

Factors such as EDCs affect both energy bal-

ance and pubertal timing

Focus on environmental conditions right before

onset of puberty

Fetal and neonatal origin of changes in

pubertal timing

Variance of pubertal timing explained by

genetic factors for 70–80 % and environmental

factors for 20–30 %

Environmental and genetic factors interaction

through polymorphisms and epigenetics

Increase in age at pubertal onset is associated

with reduction in pubertal growth and little or

no change in final height

In the male, promotion of bone growth by

androgens and bone maturation by estrogens

can be dissociated, e.g., using aromatase

inhibitors

EDCs endocrine-disrupting chemicals
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Fig. 2 Growth curve of a female patient presenting at 13 years with no breast development

(B1 Tanner’s stage) and adult pubic hair (P6 Tanner’s stage) due to an androgen-secreting adrenal

adenoma. Within 6 months after surgical removal of the adenoma, breasts attained B4 stage and

menarche occurred. Target height and bone age (X) are indicated
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Because nutrition has long been known to be a determinant of puberty, especially

in females, a direct causal relationship between obesity and earlier onset of puberty

has been hypothesized (Parent et al. 2003). Evidence has indeed accumulated that a

sufficient amount of fat mass signaling to the neuroendocrine system through leptin

is a prerequisite to the onset of puberty. Leptin can stimulate pulsatile GnRH

secretion and is indeed necessary but not sufficient to account for the onset of puberty

(Lebrethon et al. 2007). It appears also that both energy balance and pubertal timing

share common regulatory factors that could be jointly influenced during prenatal or

neonatal organization of the neuroendocrine control of homeostasis (Bourguignon

et al. 2010, 2013) Along the same lines, most studies on the role of environmental

factors in triggering the onset of puberty were centered on the immediately preceding

period. Now, the impact of events during fetal and neonatal periods appears to be

equally important. For instance, Ibanez et al. (2011) have provided evidence that, in

girls with premature pubarche, menarche is advanced as a function of reduction in

birth weight. Studies of the effects of neonatal exposure to endocrine disrupters such

as diethylstilbestrol (DES) in the female rat showed opposing effects on GnRH

secretion and pubertal timing, depending on the dose (Franssen et al. 2014). More-

over, both prenatal food restriction and neonatal DES exposure resulted in a reduced

response of pulsatile GnRH secretion to leptin, with both effects being additive

(Franssen et al. 2014). Though the mechanism of variations in pubertal timing caused

in fetal or neonatal life is not fully elucidated, it could involve epigenetics that,

together with polymorphisms, teach us that the contribution of genetic and environ-

mental factors is intricate in explaining the variance in pubertal timing.

While the pubertal growth spurt is decreasing with age at onset of puberty, the

impact of differences in pubertal timing on final height is limited (Bourguignon

1988). Such a finding, however, may be revised based on the dissociated gain in

height and progression of bone maturation in two prismatic male cases with

estrogen receptor or aromatase deficiency (Smith et al. 1994; Carani et al. 1997).

Those observations have highlighted the specific role of estrogens in bone matura-

tion and led some authors to use aromatase inhibitors in short adolescents and

demonstrated a significant gain in adult stature (Hero et al. 2006). Such treatment,

however, may involve undesirable effects such as vertebral deformities and should

be restricted to research protocols that also have to delineate the possible effects of

such treatment on brain and behavior.

Acknowledgments Supported by the “Belgian Fonds de la Recherche Scientifique Médicale” ,
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