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                    Preface   

 A few years ago (a time at which the words face and book were still independent 
from one another), we were ruminating on a set of experiments demonstrating that 
being a rat and being reared to a careful mother—a good rat mum spends hours 
feeding and licking her pups—increased the odds that a subsequent challenge or 
stressor would be handled without major hassles (i.e., with a small activation of 
all those biological systems mediating the increased heartbeat, vigilance, motor 
agitation, and sense of fear, common to all “stressed” mammals). “Lucky rat,” did 
one of us inadvertently whisper. Why lucky? What is stress good for? What is 
stress bad for? Is being less sensitive to external stressors necessarily good? By 
the same token, is being particularly sensitive to external stressors a sign of poor 
welfare? What is the link between stress and pathology? Where does stress sensi-
tivity root? In other words, what are the genetic and environmental determinants 
of individual reactivity to external stressors? If developmental contexts played a 
predominant role, would perinatal and teenage adversities inevitably relate to dis-
ease states? 

 All these questions became a refrain pervading our meals, coffee breaks, and 
structured meetings. Besides, under the persuasion that broad questions like these 
require a multidisciplinary approach, we’ve come across the work of eminent scien-
tists that had analogous questions in mind, that proposed innovative approaches, 
and that provided original answers. 

 After a few years, exceptional scienti fi c progress has been made and an intermedi-
ate digest, providing partial answers to the previous questions, can be proposed. We 
envisioned such a digest to combine the unique views of the aforementioned eminent 
scientists about the link between development and stress. We thus asked them whether 
they were willing to contribute such perspective into a book—likely to be of interest 
to scholars ranging from university students to established scientists—tackling the 
multifaceted nature of “stress” from different angles. The positive response we got 
from them resulted into  Adaptive and Maladaptive Aspects of Developmental Stress . 
The book, featuring contributions from scientists working in different countries, is 
introduced by a general overview offered by Trevor Archer and Richard Kostrzewa 



vi Preface

and then subdivided into three sections aimed at providing introductory concepts 
about the stress response system and its adaptive role in evolutionary terms (Part I); 
experimental and clinical data about the maturation of the stress response system in 
reaction to contextual features and in association with functional adjustments or path-
ological derailments in our species (Part II); and experimental comparative data, 
obtained in animal species such as birds, rodents, and nonhuman primates, linking 
development (prenatal, early postnatal, adolescent), environmental conditions, stress, 
and adaptive/maladaptive outcomes (Part III). 

 In Part I, Chap.   2    , Del Giudice, Ellis, and Shirtcliff set the general framework 
of the book introducing the stress response system and its development within a 
broad evolutionary-adaptive perspective; Maestripieri and Klimczuk (Chap.   3    ) 
then tighten the link between humans and other animal species by highlighting the 
similarities between the fundamental mechanisms behind the developmental reg-
ulation of the stress response system in different mammals. In Part II, Chap.   4    , 
DiCorcia, Sravish, and Tronick describe a heuristic approach explaining the 
development of stress resilience (the ability to cope with repeated minor stres-
sors) through the everyday confrontation with stressful events experienced by 
children; using an anthropological approach, Flinn, Ponzi, Nepomnaschy, and 
Noone then describe the evolutionary-adaptive underpinnings of the developmen-
tal plasticity of the stress response system, both from a theoretical and from an 
empirical (data-based) perspective (Chap.   5    ); subsequently, Nater and Skoluda 
elaborate on the consequences of developmental stressors (prenatal phase in Chap.   6     
and childhood and adolescence in Chap.   7    ) in humans within the context of adap-
tive plasticity and pathology; their analyses rest on an applied approach, bridging 
individual maturation and environmental variables in the formation of the adult 
phenotype. In Part III, Chap.   8    , Morley-Fletcher, Mairesse, and Maccari set the 
transition from clinical to preclinical data and describe the long-term in fl uences 
of prenatal stress (in the form of psychophysiological stressors applied to rat 
mothers during gestation) on behavioral and neuroendocrine regulations in rats; 
building on this, Hauser describes the in fl uences that an altered prenatal matu-
ration of the stress response system (achieved through pharmacological inter-
ventions) may have on individual long-term cognitive and emotional adjustments 
in rats and primates (Chap.   9    ); the focus is shifted from prenatal to postnatal 
development by Cirulli and Berry who describe the fundamental mechanisms 
mediating the long-term consequences of early life stressors in rodents and their 
signi fi cance with respect to human health and disease (Chap.   10    ); Coutellier then 
elucidates the adaptive regulations shown by laboratory rodents in response to 
different forms of challenges encountered shortly after birth (Chap.   11    ); Macrì 
and Laviola subsequently describe the unique effects of stress during adolescence, 
summarizing literature showing that, compared to younger and older conspeci fi cs, 
adolescent rodents show a differential short- and long-term stress reactivity 
(Chap.   12    );  fi nally, leveraging on data from avian research, Costantini offers a 
wide evolutionary-adaptive analysis of the effects of different stressors on embry-
onic maturation (Chap.   13    ). 
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    Chapter 1   
 The Inductive Agency of Stress: 
From Perinatal to Adolescent Induction 

             Trevor     Archer        and     Richard     M.     Kostrzewa   

    Abstract   The infl uence of stress agents, whether social, restraint, malnutrition or 
mild unpredictable, during the fetal–prenatal, infant–postnatal, adolescent or young 
adult phases of the lifespan generally, but not always, implies disruption of the nor-
mal process of development. Several notions of stress including the adaptive cali-
bration model, adaptive emotional processes and arousability, GABAergic integrity 
and nutrient defi ciency, and resilience infl uence the physiological and behavioural 
expressions of maternal stress, affecting nursing behaviour and offspring outcome. 
The adaptive/maladaptive effects of stress in humans are affected by developmental 
programming of the hypothalamic–pituitary–adrenal (HPA) axis and other neuroen-
docrine systems related to stress that may facilitate expressions of resilience. The 
adaptive/maladaptive effects of stress in animal models outline dysfunctional HPA 
axis and brain regional alterations of phenotypic expressions that interact with epi-
genetic mechanisms and developmental plasticity. Maladaptive stress regulation in 
adolescence is infl uenced by several factors, not the least being serotonergic, gluco-
corticoid and regional integrity pertaining to trauma in adolescence. The occurrence 
of oxidative stress may imply damage but the propensity for hormesis, a notion not 
unrelated to resilience, provides opportunities for long-lasting health benefi ts.  

     Individuals’ particular reception, appraisal, and eventual functional and ph ysiological 
responses to stressors are determined initially by those developmental pathways, of 
prenatal origin, that unfold postnatally, during infancy and in childhood. The concomi-
tant expression of this neurodevelopment against a unique genetic inheritance will 

    T.   Archer    ()
  Department of Psychology ,  University of Gothenburg ,   Box 500 ,  40530   Gothenburg ,  Sweden  
 e-mail:   Trevor.archer@psy.gu.se    

   R.  M.   Kostrzewa   
  Department of Biomedical Sciences ,  Quillen College of Medicine, East Tennessee State 
University ,   Johnson City ,  TN   37614 ,  USA      
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provide an eventual predisposition towards a capacity for life circumstance that is 
associated with varying proportions of health or ill health. Early life experiences, 
including those occurring in utero, have been associated consistently with increased 
risk for several adolescent/adult onset chronic disease states. The notion of “fetal pro-
gramming”, whereby fetal environmental variations leading to “predictive adaptive 
responses” predispose the individual to its life after birth, bears upon a lifespan 
(Gluckman et al.  2005 ,  2007 ) that, for example, may  encompass behaviour governed 
by generally successful decision-making or those governed by hasty, risky decisions, 
that is, health or disorder (Barber et al.  1996 ; Glover  2011 ). Various epidemiological 
studies have shown strong associations between birth weight and risk for coronary 
heart disease, hypertension, type II diabetes and other diseases related to stress during 
adulthood. According to the Barker notion (Barker  2004 ) of programming during 
embryonic and fetal life, “set points” of physiologic and metabolic responses in adult 
life are determined. The “Barker Hypothesis”, or Thrifty phenotype, states that condi-
tions during pregnancy will have long-term effects on adult health (Barker  1998 ). 
Associated risk of lifelong diseases includes cardiovascular disease, type 2 diabetes, 
obesity and hypertension. There exists an underlying assumption that critical periods of 
developmental plasticity in utero provide the circumstance of selection of the fetal 
phenotype best adapted to the intrauterine environment. Lau and Rogers ( 2004 ) discuss 
the adversity of in utero conditions, for example, toxicants, infl ammation, that predis-
pose the developing individual to aberrant physiological functioning as an adult. Stress, 
chronic or traumatic, presents conditions that readily induce an aberrant development. 
Following birth, the infl uence of stressors, whether stimulating, minor, major or trau-
matic, positive or negative, contributes to the continued development of the individual, 
among other factors through epigenetic infl uences exerting greater or lesser  determinants 
of the molecular basis of structure and function (Archer et al.  2011 ). To greater or lesser 
extent, the neurotoxic agency of stress exerts its detrimental infl uences upon neurode-
velopmental processes during the period of the brain growth spurt and during other 
phases until adulthood thereby maintaining the notion of critical phases for the out-
comes of treatment whether prenatal, postnatal or adolescent (Archer  2010 ). 

1.1     Notions of Stress 

 Del Giudice et al. (Chap.   2    ) have presented an evolutionary–developmental 
 framework for individual differences in stress responsiveness, termed the “Adaptive 
Calibration Model” (ACM), to provide an integrative biological analysis of the 
stress response system (Del Giudice et al.  2011 ) that incorporates mechanism, 
ontogeny, phylogeny and adaptation. It postulates three main biological functions: 
(1) coordination of organisms’ allostatic response to physical and psychosocial 
challenges, (2) encoding and fi ltration of information about the social and physical 
environment that mediates individuals’ receptiveness to environmental inputs, and 
(3) regulation of physiology and behaviour over a wide range of fi tness-relevant 
dimensions involving defensive behaviours, competitive risk-taking, cognition, 
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attachment, affi liation and reproductive functioning. The notion of ACM was 
applied to generate novel predictions on profi les of responsiveness among individu-
als and how these profi les unfold over the individual’s lifespan. The infl uence of 
prenatal and maternal psychosocial stress presents a related issue. Maestripieri and 
Klimczuk (Chap.   3    ) describe pre- and postnatal psychosocial stress induced by the 
mother’s behaviour in humans and other primates, through which the offspring’s 
behavioural attributes are modulated by the mother. Adaptive emotional processes, 
for example, maternal attraction arousability and maternal anxiety arousability, 
serve to enhance and sustain female interaction motivation with their infants, to 
invest in them and to protect them following birth (Maestripieri  2011 ). Alterations 
to these emotional processes with concomitant changes in maternal motivation 
mediate the reduction and eventual termination of the maternal investment associ-
ated with infant weaning. It is indicated that prenatal and maternal stress may be 
mediated by similar physiological mechanisms with a central role of the hypotha-
lamic–pituitary–adrenal (HPA) axis with the biomedical/clinical view, the stress 
inoculation model and the ACM providing different assumptions and predictions 
pertaining to adaptive/maladaptive developmental consequences. The notion of 
resilience in this regard implies that moderate levels of rejection may induce physi-
ological and behavioural changes that enhance resilience in later life, whereas 
maternal abuse or high levels of rejection ought to preclude adaptive advantages. 

 Rodent studies have focused upon ethologically relevant stressors, such as 
chronic social stress (CSS) a type of early life stress allowing eventual investigation 
of transgenerational effects, to gain deeper insights into affective disorders (Brunton 
and Russell  2010 ; Herzog et al.  2009 ; Nephew and Bridges  2011 ). CSS during lac-
tation, through presentation of a novel male intruder, affects the maternal behaviour 
and the growth of the dam and offspring, with accompanying decreases in maternal 
care and increases in maternal aggression, with enduring effects for the offspring. 
A wide range of studies have produced numerous alterations of the neuroendocrine–
biobehavioural profi les of CSS-exposed rodents compared with those normally 
raised; and similar human studies point to similar differences between the offspring 
of mothers with securely attached children and insecure mothers (Strathearn 
et al.   2009 ). The experience of stress in childhood correlates negatively with plasma 
oxytocin concentrations in adult men (Opacka-Juffry and Mohiyeddini  2012 ). Other 
studies on the exposure of male rodents to maternal separation during the early life 
period have indicated that the depression-like behaviour and associated neuroendo-
crine alterations are mediated through epigenetic mechanisms (Der-Avakian and 
Markou  2010 ; Murgatroyd et al.  2009 ,  2010 ). Rat dams that had been exposed to 
CSS as infants displayed substantial increases in pup retrieval and nursing behav-
iour linked to attenuated oxytocin, prolactin and vasopressin gene expression in 
those brain nuclei involved in the control of maternal behaviour (Neumann 
et al.   2005 ). Thus, the early life CSS that dams were exposed to induced permanent 
defi cits in nursing behaviour that predate the stress-induced defi cits in affective sta-
tus observed in both laboratory and clinical studies (Murgatroyd and Nephew  2012 ). 

 Early life malnutrition affects predisposition towards the effects of stress. 
The magnitude of the HPA axis response to stress is limited by the inhibitory 
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 neurotransmitter, gamma-aminobutyric acid (GABA), inhibitory circuit and the 
 glucocorticoid (GC) negative feedback system (Darnaudery and Maccari  2008 ). 
In this respect, the lack of GABA is linked to stress and affective disorders (Skilbeck 
et al.  2010 ). Docosahexaenoic acid (DHA), richly distributed in brain tissue and 
necessary for normal development (Su  2010 ), accumulates rapidly in the fetus from 
the third trimester to the sixteenth postnatal day in the rat pup (Green et al.  1999 ) 
and to the second year after birth in the human infant forebrain (Lauritzen 
et al.   2001 ). Exposure to maternal malnutrition stress is associated with several 
chronic health conditions and neuropsychiatric disorders in humans and laboratory 
animals (Kajantie  2006 ). Chen and Su ( 2012 ) examined whether or not brain devel-
opment was the critical period during which DHA defi ciency induces HPA axis 
dysregulation in response to stress during later stages of the lifespan. They exposed 
rats to a,  n -3 fatty acid-defi cient diet or the same diet supplemented with fi sh oil as 
an  n -3 fatty acid-adequate diet either through the preweaning period, from embryo 
to weaning at 3 weeks age, or during the postweaning period, from 3 weeks age to 
10 weeks. DHA defi ciency during the preweaning period caused, at weaning, 
reduced hypothalamic levels of DHA and body weight. Concurrently, it increased 
signifi cantly and prolonged restraint stress-induced changes in colonic temperature 
and serum corticosterone concentrations, a signifi cant GABA 

A
  antagonist-induced 

increased heart rate change, depression-like behaviour in the forced swim test and 
anxiety-like behaviour in the elevated plus maze; all effects not observed in the rats 
subjected to postweaning  n -3 fatty acid defi ciency. The authors concluded that the 
preweaning brain development period when DHA was defi cient induced excessive 
HPA responses to stress and elevated levels of depression–anxiety behaviours in 
adult years and implicated GABAergic mechanism involvement.  

1.2     Adaptive/Maladaptive Aspects of Stress in Humans 

 Resilience affects how individuals deal with daily hassles, major stressors, trauma 
and catastrophes. Functionally, it refers to the notion of an individual’s tendency to 
cope with stress and adversity, “to be knocked down by life and come back stronger 
than ever”. When confronted by traumatic, disastrous or catastrophic events, resilient 
individuals expect to fi nd a way to overcome the stressor, since their self- reliance 
will produce a learning/coping reaction rather than a victim/blaming reaction; they 
are attuned to being “survivors”, despite the circumstance. For example, it has been 
shown that highly resilient intensive care nurses or prisoners of war utilize their har-
diness and positive coping skills and psychological attributes, such as character and 
optimism, to maintain high levels of work performance or repatriation in the major 
stress/trauma environment of intensive care units or POW camps (Mealer et al.  2012 ; 
Segovia et al.  2012 ). DiCorcia et al. (Chap.   4    ) have presented the “Everyday Stress 
Resilience Hypothesis” which notion offers resilience as a process of regulating 
everyday life stressors and analyses the issue from a systems perspective. Accordingly, 
successful regulation accumulates into regulatory  resilience which emerges during 
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early development from successful coping with the inherent stress in typical 
 interactions. The authors maintain that quotidian stressful events result in the activa-
tion of behavioural and physiological systems. Infant–adult interactions provide 
the communicative and regulatory processes that must develop the regulatory resil-
ience linked to infant–caregiver relationships. The psychosocial context of resilience 
development and regulation is intimately coupled to stress reactivity in social envi-
ronmental contexts. The “fi ght-or-fl ight” response is a prototypic human stress 
response in both behavioural and physiological manifestations that express individ-
ual levels of resilience to major stressors through the type of responses initiated. Von 
Dawans et al. ( 2012 ) have observed that participants experiencing acute social stress 
engaged in substantially more prosocial behaviour, such as trust, trustworthiness and 
sharing, than the participants in the control condition who were not confronted by 
socioevaluative stress. These highly specifi c effects were not affected by readiness to 
exhibit antisocial behaviour or involvement in nonsocial risk behaviour but suggest 
that social stress triggers approach behaviour. Flinn et al. (Chap.   5    ) have focussed 
upon the issue of why social relationships may affect health and disease propensity 
with particular regard to the role of stress hormones. In this regard, the high level of 
responsiveness of the HPA axis to traumatic experiences involving social challenge 
and confrontation was assessed in fi eld studies of childhood stress and family envi-
ronment in a rural community in Dominica, West Indies, through the registration of 
the children’s hormonal responses to everyday interactions with their parents and 
other care providers. They observed that the long-term effects of traumatic early 
experiences on cortisol profi les were complex with domain-specifi c effects. There 
was normal recovery from physical stressors but also heightened responding to neg-
ative-affect social challenges. By and large, their fi ndings were consistent with the 
notion that developmental programming of the HPA axis and other neuroendocrine 
systems related to stress may facilitate cognitive–emotional coping with the social 
challenges or modulate expressions of resilience if considered in this manner. 

 Prenatal stress exerts a variety of pathophysiological alterations that generally 
imply prognostic disadvantage in a number of health considerations including neu-
roimmune functioning, cognitive–emotional domains, bone tissue integrity and 
developmental markers, not least stress reactivity (Abdeslam  2012 ; Dancause et al. 
 2012 ; Dyuzhikova et al.  2012 ; Werner et al.  2012 ). Placental 11-β-hydroxysteroid 
dehydrogenase type 2 (HSD11β2) buffers the impact of maternal GC exposure by 
converting cortisol/corticosterone to inactive metabolites. Jensen Pena et al. ( 2012 ) 
studied epigenetic mechanisms through induction of prenatal stress (chronic 
restraint stress during gestation days 14–20) and observed a signifi cant decrease in 
HSD11β2mRNA, increased mRNA levels of methyltransferase DNMT3a and 
increased DNA methylation at specifi c CpG sites within the HSD11β2 gene pro-
moter. Their fi ndings impact both upon the tissue specifi city of epigenetic effects 
and the epigenetic status of placenta to predict corresponding changes in the devel-
oping brain. The issue of prenatal stress with its concomitant infl uences on pro-
gramming for the developing individual was addressed by Skoluda and Nater 
(Chap.   6    ) who have reviewed the impact of various sources of prenatal stress on 
various outcomes in infants. Their observations have shown that prenatal stress is 
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associated predominantly with maladaptive consequences, including negative birth 
outcomes, altered physiological stress responses, behavioural and conduct prob-
lems and impaired cognitive and motor development. This theme is maintained in 
the chapter by Nater and Skoluda (Chap.   7    ) who have addressed the focus upon 
negative outcomes resulting from early life stress by reviewing the adaptive and 
maladaptive consequences of early stress. Their observations further reinforce 
notions concerning the links between early life stress and brain and CNS alterations, 
impairments in cognitive functioning, altered physiological responses to stress, 
increased risk for developing behavioural problems and outcomes leading to somatic 
and psychiatric illnesses, not least the overshadowing spectre of posttraumatic-
determined direction of inadequate growth. In both of these chapters the authors 
have proposed a psychobiological stress model to integrate their observations.  

1.3     Adaptive/Maladaptive Aspects of Stress in Animal Models 

 Prenatal and early life adversity was found to be mediated through the alterations of 
HPA axis reactivity that affected circulating levels of the markers for stress, the 
GCs. This exposure to early adverse environment is linked to enhanced cardio- 
metabolic disease risk through the programming phenomenon. Morley-Fletcher 
et al. (Chap.   8    ) have presented the prenatal restraint stress (PRS) rat model that 
induces long-lasting neurobiological and behavioural changes such as impaired 
feedback mechanisms due to a faulty HPA axis, disruption of circadian rhythms and 
disruptions in neuroplasticity with the concomitant defi cits in glutamatergic system 
integrity. They show that the chronic treatment of PRS rats during adulthood has 
provided a high level of predictive validity. PRS has been found to induce anxiety- 
related behaviour, biomarkers and a range of other alterations, not least dopamine 
(DA) metabolism and biology (Baier et al.  2012 ; Diz-Chaves et al.  2012 ; Mairesse 
et al.  2012 ): these are, among other changes, expressed by lack of plasma peak in 
leptin, reduced expression of the γ 

2
  subunit of GABA 

A
  receptors in the amygdala, 

increased expression of mGlu5 receptors in the  amygdala but reduced expression of 
mGlu5 receptors in the hippocampus and reduced expression of mGlu2/3 receptors 
in the hippocampus (Laloux et al.  2012 ). Prenatal exposure to GCs induces affective 
dysfunctional status to HPA axis alterations. Treatment of pregnant rats with dexa-
methasone (DEX) in the fi nal trimester caused reduced exploratory behaviour and 
reduced sucrose consumption (Liu et al.  2012b ), suggesting that GC exposure pre-
natally increased HPA axis activity and induced depression-like symptoms. Four 
weeks of swimming exercise reduced serum corticosterone levels and increased 
exploratory behaviour and sucrose intake. Furthermore, late gestational DEX 
administration (days 18–22) decreased signifi cantly the density of calretinin immu-
noreactive cells in the lateral amygdala of adult female offspring (Zuloaga 
et al.   2012 ). Calretinin (29 kDa calbindin) is a vitamin D-dependent calcium-bind-
ing protein involved in Ca ++  signalling that functions as a modulator of neuronal 
excitability; it offers a diagnostic marker for certain disorders, particularly those 
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 associated with affect and cognitive–emotional instability (Giachino et al.  2007 ; 
Medalla and Barbas  2010 ; Steullet and Cabungcal  2010 ). Drake et al. ( 2011 ) have 
demonstrated that multigenerational effects on birth weight and disease risk is asso-
ciated with different processes in the exposed fi rst generation (F1) and may be trans-
missible to a second generation (F2) with marked implications for the related 
etiopathogenesis of disorder (Bennett et al.  2008 ). 

 In the chapter by Hauser (Chap.   9    ), animal studies demonstrating two pheno-
types are described as follows: (1) transient reduction in body weight and (2) altera-
tion of HPA axis activity. Several studies reporting overall increased activity of 
serotoninergic and dopaminergic systems, the anxiety-enhancing and cognition- 
disrupting effects of prenatal GC administration were held as instances of epigene-
tic programming; by this account the alterations of gene expression that are induced 
by mechanisms not involving alteration of DNA sequence. Similar mechanisms 
were proposed to mediate the long-term effects of changes in maternal behaviour 
(Stuebe et al.  2011 ). Taken together, these converging lines of evidence imply that 
an ongoing continuity of epigenetic processes controlled by environmental contin-
gencies is a major determinant of the course of each individual’s development 
(Archer et al.  2010a ; Palomo et al.  2007 ). The enduring quality, and related conse-
quence, of early life experiences points to an infl uence upon multiple functional 
domains, cognitive, social, emotional and everyday activity, and biomarkers, tissue 
and neurotransmitter integrity and metabolism. In animal models, for example, 
variations in early maternal care are associated with differences in the HPA axis 
stress response in the offspring that are mediated via changes in the epigenetic regu-
lation of the GC receptor (GR) gene. Oberlander et al. ( 2008 ) studied relationships 
between prenatal exposure to maternal mood and methylation status of a CpG-rich 
region in the promoter and exon 1F of the human GR gene (NR3C1) in newborn 
infants and HPA stress reactivity at 3 months of age. They observed that exposure 
to maternal depression/anxious mood during the third trimester was associated with 
increased methylation of NR3C1 at a predicted NGFI-A binding site as well as 
increased salivary cortisol stress responses at 3 months with controls for prenatal 
selective serotonin reuptake inhibitors (SSRIs), postnatal age and pre- and postnatal 
maternal mood. Thus, it was shown that the methylation status of the human NR3C1 
gene in  newborn infants was sensitive to prenatal maternal mood. Epigenetic pro-
cess provided a link between antenatal maternal mood and HPA stress reactivity in 
the infant. Cirulli and Berry (Chap.   10    ) have discussed the crucial role of the prena-
tal and early postnatal period that impacts upon the developing systems with par-
ticular regard for the adverse conditions created by psychological or toxic stress. 
They have indicated that changes in the effectors of stress responses during critical 
developmental stages may favour varying degrees of vulnerability for obesity and/
or type II diabetes, neurologic and psychiatric health and neurodegeneration. 
Mulligan et al. ( 2012 ) have observed a signifi cant correlation between culturally 
relevant measures of maternal prenatal stress, newborn infant birth weight and new-
born methylation in the NR3C1. They suggest that the increased methylation may 
constrain plasticity in subsequent gene expression and thereby restrict the range of 
stress adaptation responses available to so-affl icted individuals with concomitant 
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risk for multidomain disorder. Comorbidity expressions between several of these 
disorders implicate the effects of stress in different pathophysiologies, thereby 
affecting individual longevity and quality of life during ageing. Candidate gene 
association studies suggest the infl uence of a range of genes in different disorders of 
CNS structure and function whereby indices of comorbidity both complicate the 
array of gene involvement by offering a substrate of hazardous interactivity. For 
instance, the putative role of the serotonin transporter gene in affective–dissociative 
spectrum disorders is consistent with genetic variation and complication of comor-
bidity (Palomo et al.  2007 ). In concurrence with other accounts, they point to the 
central contributions of genetic susceptibility, the permanent changes in gene 
expression incurred through epigenetic forces and the important search for a broad 
spectrum of interventions for damage and destruction affl icted by early adversity 
and stress. Nevertheless, the relative contributions of endophenotypes and epistasis 
that mediate epigenetic phenomena and eventual outcomes provide a multitude of 
interactive combinations that bedevil disorder diagnosis and prognosis (Archer 
et al.  2010b ). 

 The epigenetic infl uences of prolonged stress experiences attest to permanent 
changes in both the behaviour and biomarkers associated with the affl icted individu-
als. Sterrenburg et al. ( 2011 ) exposed male and female rats to chronic variable mild 
stress (CVMS) following which immediate early gene products: corticotrophin- 
releasing factor (CRF) mRNA and peptide, various epigenetic-associated enzymes 
and DNA methylation of the  crf  gene were determined in several brain regions 
including the hypothalamic paraventricular nucleus, oval and fusiform parts of the 
bed nucleus of the stria terminalis and central amygdala. It was found that CVMS- 
induced site-specifi c  crf  gene methylation in all brain centres in male and female 
stria terminalis and central amygdala. The histone acetyltransferase, CREB-binding 
protein was increased in female stria terminalis while histone deacetylase 5 was 
decreased in the male central amygdala. All these changes were accompanied by 
increased levels of c-fos in the paraventricular nucleus, fusiform stria terminalis and 
central amygdala in males, FosB in the paraventricular nucleus of both males and 
females and in male oval and fusiform stria terminalis. CVMS increased CRF 
mRNA in males in the paraventricular nucleus whereas in females CRF peptide was 
decreased. It was concluded that CVMS-induced brain region-specifi c and gender- 
specifi c changes in epigenetic activity and neuronal activation were involved in the 
gender specifi city to stress reactivity and susceptibility to depressiveness. In this 
respect, several factors linked to oxidative stress, for example, malnutrition, separa-
tion, heat shock, tobacco smoke, air pollutants, metals organic chemicals and vari-
ous other sources (Qiu et al.  2004 ; Schury and Kolassa  2012 ; Su et al.  2012 ) 
contribute to the changes in epigenetic state thereby mediating the pathogenesis of 
disorders (Cortessis et al.  2012 ). 

 Developmental plasticity, a general term that refers to changes in neural connec-
tions due to environmental interactions and cognition, like neuroplasticity/brain 
plasticity is specifi c to the alterations affected in neurons, circuits and synaptic con-
nections through the “forces/processes” of development. On the other hand, pheno-
typic plasticity refl ects the capacity of individuals to alter their phenotypes in 
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response to changes in the environment (Price et al.  2003 ), that is, the processes 
through which patterns of neurohumoral–biobehavioural expressions during ado-
lescence and early and later adulthood are “programmed” by early life events/envi-
ronments. Against this background, Coutellier (Chap.   11    ) has provided descriptions 
of developmental phenotypic plasticity and the manner through which it results in 
adaptive phenotypes in later life. In rodent studies, early experience infl uenced 
long-term development of behavioural, neuroendocrine and cognitive–emotional 
domains. Factors mediating the effects of perinatal conditions on the development 
through infancy include (a) maternal behaviour which modulates the consequences 
of early challenges on adaptive regulation, (b) non-maternal variables, such as gen-
der, levels of GC and infl ammatory effects due to neuroimmune mobilization. 
The complexity of developmental and phenotypic plasticity accrues from the multi-
plicity of interacting factors, both behavioural and biomarker. Gong et al. ( 2012 ), by 
studying 7-week-old female mice subjected to chronic mild stress (CMS) in estab-
lishing an animal model of depression, have observed that early adult depressive 
females may affect their offspring. It was shown that the female mice themselves 
presented normal fertility but their offspring exhibited lowered neonatal survival 
rate and body weight from birth to adulthood. These offspring expressed also defi -
cits in neonatal refl ex attainment and memory performance concurrent with a higher 
level of emotionality as adult mice. Astrocyte numbers, hippocampal volume and 
neurogenesis were reduced in the offspring of depressive dams whereas GR 
 expression in the hippocampus was increased.  

1.4     Adaptive/Maladaptive Stress Regulation in Adolescence 

 Adolescence introduces a variety of age-specifi c expressions remarkable for the 
discontinuity with earlier expressions, as the developing individual emerges to face 
challenges inherent to adulthood (Archer et al.  2010a ). Crucial to cognitive– 
emotional domains in adolescence, when daily problems appear to be of a similar 
order of magnitude as major life events are viewed by normal healthy adults 
(McCullough et al.  2000 ), an increase in the frequency of positive affect accompa-
nied by a decrease in negative affect may offer improved prognoses for management 
of emotional upheaval (Garcia and Siddiqui  2009a ,  b ). Macrì and Laviola (Chap.    12    ) 
have discussed the situation that stress sensitivity during adolescence is remarkably 
different from earlier and later periods of the individual’s life cycle, with an exag-
gerated prolongation (and probably intensity) of the neuroendocrine responses. 
Response profi les are to be affected by lack of synchronicity with the HPA axis as 
regulated by experiences attuned to an adult social environment. The authors relate 
that precocious experiences with drugs of abuse or exposure to adverse environ-
ments may favour the onset of conduct disorders, such as addictive behaviours, 
sensation-/novelty-seeking and emotional disturbances, and outline links between 
adolescent plasticity and long-term individual regulation that affect adaptive plas-
ticity to the adult environment and/or eventual predisposition to pathological 
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 behavioural states. Studying the central role of affect and character–temperament 
attributes for propensity to emotional stability, Garcia et al. ( 2012 ) observed that 
“self-fulfi lling” adolescents (high positive affect, low negative affect) expressed 
higher levels of sleep quality, less stress and more energy, higher levels of persis-
tence and more mature character, as opposed to temperament, attributes (i.e. higher 
scores in self-directness and cooperativeness) than is expressed by  “self- destructive” 
adolescents (expressing low positive affect, high negative affect). 

 As Macri and Laviola have outlined, the propensity for age-specifi c developmen-
tal plasticity entails both risk and opportunity. Inappropriate stimulation may lead to 
disorder pathology under conditions wherein the heightened sensitivity to extrane-
ous variables favours the integration of external cues into mature function. 
Adolescent risk-taking may result from this heightened susceptibility to environ-
mental cues with particular regard to emotional mobilization and potential rewards. 
Johnson et al. ( 2012 ) studied the impact of social stress on adolescent risking, 
accounting for individual differences in risk-taking under non-stressed conditions. 
They found that adolescents in the stress condition took more risks than those in the 
no-stress condition. Interestingly, differences in risk-taking under stress were linked 
to the individuals’ baseline risk-taking tendencies. Three types of risk-takers among 
the adolescents were observed: conservative, calculated and impulsive. The impul-
sive risk-takers were less accurate and showed less planning ability under stress 
whereas calculated risk-takers took fewer risks and conservative risk-takers engaged 
in low risk-taking regardless of stress conditions. In general terms, adolescents 
appear to take risks in “hot cognitive” than in “cold cognitive”. Nevertheless, the 
wide variability in adolescents’ behavioural expression, discussed above with regard 
to temperament and character, to stress-modulated trait-level risk-taking tendencies 
points to further attention upon individual phenotypic plasticity. The study of life- 
course approaches to life experience neuromaturational relationships indicates the 
bidirectionality (positive–negative) enduring quality of interrelationships from the 
fetal phase through adolescence, and eventually over the life span (Johnson and 
Blum  2012 ). 

 Serotonin (5-HT), a “phylogenetically old” neurotransmitter distributed through-
out the brain, exerts two major infl uences during early development: (1) it functions 
as a growth factor that regulates neural development (Whitaker-Azmitia et al.  1996 ) 
through cell division, differentiation, migration, myelination, synaptogenesis and 
dendritic pruning and arborisation (Gaspar et al.  2003 ); (2) it acts in modulating 
important domains including cognition, emotion, attention, sleep, reproduction, 
stress reactivity and arousal; and (3) it is central to HPA and locus coeruleus–nor-
adrenaline system development (Chaouloff et al.  1999 ; Laplante et al.  2002 ). 
Oberlander ( 2012 ) has examined the developmental effects of 5-HT fetal signalling 
with regard to SSRI in utero exposure and genetic variations of the 5-HT transporter 
gene (SLC6A4). It was observed that prenatal 5-HT signalling exerted conse-
quences dependent upon biological, that is, genetic/epigenetic variables, experien-
tial, that is, prenatal drug or maternal mood exposure, and contextual, that is, 
postnatal social environment factors. Both the exposure to SSRIs and genetic varia-
tions affecting 5-HT signalling may increase sensitivity to negative social contexts 
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in some individuals but confer sensitivity to positive life circumstances in other 
individuals. In this regard, the former bear resemblance in attribution and expres-
sion to the “self-destructive” individuals, described above, whereas the latter resem-
ble “self-fulfi lling” individuals (Archer et al.  2008 ). Genetic inactivation of 
brain-specifi c tryptophan hydroxylase 2 (Tph2) function was accompanied by phe-
notypic changes in laboratory studies involving enhanced fear reactivity and aggres-
sion, depression-like behaviour and growth retardation (Alenina et al.  2009 ; 
Gutknecht et al.  2008 ; Jacobsen et al.  2011 ). All these effects, amplifi ed by 
 epigenetic interactions (Abumaria et al.  2007 ,  2008 ; Arborelius and Eklund  2007 ; 
Gartside et al.  2003 ), implicate alterations in Tph2 functional domains governing 
personal attributes expressed by cognitive–emotional defi cits and stress systems 
regulation in human subjects (Lesch et al.  2012 ; Waider et al.  2011 ). 

 Adolescents that experience traumatic stress and develop posttraumatic symp-
toms secrete higher levels of cortisol (Schechter et al.  2012 ) and comprised brain 
regional integrity, prefrontal cortex and total cerebral grey matter volume (Carrion 
et al.  2007 ,  2010a ,  b ) than healthy control adolescents. It has been observed that 
those children adolescents exposed to a history of violence and trauma-related dis-
tress presented worse levels of academic performance, such as reading ability and 
IQ (Delaney-Black et al.  2002 ; Saigh et al.  1997 ,  2006 ). Among 23 disadvantaged 
and chronically stressed adolescents who also participated in functional magnetic 
resonance imaging during processing of emotional faces and structural magnetic 
resonance imaging, cortisol change on the Trier Social Stress Test-Child version 
showed a signifi cant inverse relationship with left hippocampus response to fearful 
faces (Liu et al.  2012a ). They concluded that the increased cortisol response to the 
Trier social stressor was associated with diminished response of the left hippocam-
pus to faces depicting fear, implying that HPA–corticolimbic system mechanisms 
may underlie vulnerability to maladaptive responses to stress in adolescents that 
may contribute to development of stress-related disorders. Nevertheless, Bicanic 
et al. ( 2012 ) obtained dysregulated HPA axis in female adolescent victims of single 
sexual trauma with posttraumatic stress disorder (PTSD) that was expressed as 
reduced cortisol and dehydroepiandrosterone sulphate levels. Excessive corticoste-
rone secretion, such as occurs under conditions of PTSD (Arbel et al.  1994 ; Weems 
and Carrion  2007 ), results in neurotoxicity in brain regions rich in GRs, most par-
ticularly the hippocampus and prefrontal cortex (Bremner et al.  1997 ; Woon and 
Hedges  2008 ). Carrion and Wong ( 2012 ) observed that adolescents who had been 
exposed to PTSD expressed higher levels of cortisol. Pre-bedtime levels of cortisol 
predicted reductions in hippocampal volume longitudinally. They found that corti-
sol levels were correlated negatively with prefrontal cortex volume with functional 
imaging studies indicating reduced hippocampal and prefrontal cortex activities on 
tasks of memory and executive functioning in the PTSD adolescents, compared 
with healthy control adolescents. Alternatively, elevated risk for narcissism, charac-
terized by grandiosity, low empathy and entitlement, may be a developmental haz-
ard for male adolescents. It appears that the HPA axis is chronically activated in 
males with unhealthy narcissism, stress-related condition of constant activation of 
the HPA axis with major health implications (Reinhard et al.  2012 ).  
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1.5     Early Life Oxidative Stress and Hormesis 

 Costantini (Chap.   13    ) has provided an account of the physiological processes 
 underlying the long-term effects of environmental conditions during the phase of 
early life upon notions of Darwinian fi tness. The extent to which early stress expo-
sure was detrimental to fi tness seems to be dependent upon levels of severity: mild 
stress levels appear to produce stimulatory, possibly benefi cial effects, through hor-
metic responses to stressful stimuli. Costantini et al. ( 2012 ) studied zebra fi nches 
( Taeniopygia guttata ) to test the hypothesis that individuals exposed to mild heat 
stress during early life will be less affl icted by oxidative stress when faced with 
higher levels of heat stress during adulthood than those individuals that were either 
not pre-exposed to mild heat stress or exposed to high heat stress during early life. 
They observed that the early exposure to mild heat stress primed the biological sys-
tems involved more effectively to withstand the oxidative stress induced by higher 
heat stress as an adult. Hormetic effects may be mediated through autophagy: for 
example low dose and low dose rate ionizing radiation in model systems can stimu-
late cell proliferation by altering the equilibrium between the phosphorylated and 
dephosphorylated forms of growth factor receptors (Szumiel  2012 ).  Hormesis  (from 
Greek  hórmēsis,  rapid motion, eagerness; also referred as Mithridatism after the 
Pontine King, Mithridates IV, who introduced the technique, around 100  bc , to 
avoid assassination through poisoning) is the term for generally favourable biologi-
cal responses to low exposures to toxins and other stressors. A pollutant or toxin 
showing hormesis thus induces the opposite effect in small doses than it does in 
large doses. For example, radiation hormesis, referred to as radiation homeostasis 
also, is the hypothesis that low doses of ionizing radiation (within the region and 
just above natural background levels) are benefi cial, stimulating the activation of 
repair mechanisms that protect against disease and that are not activated in absence 
of ionizing radiation. The “reserve repair” mechanisms are hypothesized to be suf-
fi ciently effective when stimulated as to not only cancel the detrimental effects of 
ionizing radiation but also inhibit disease not related to radiation exposure ( Fig.  1.1 ).

   Autophagy is the process of self-digestion by a cell through the action of enzymes 
originating within the same cell, an essential homeostatic process through which 
cells breakdown their own components. It is emerging as an important biological 
paradigm that potentially may exert a broad impact upon fundamental biological 
and translational processes within several domains including chronic infl ammatory 
diseases, ageing and neurodegenerative disorders and adaptive immunity (Deretic 
and Tooze  2012 ). Radioadaptation is induced by various weak stress stimuli and is 
dependent upon signalling events that ultimately reduce the molecular damage 
expression at the cellular level upon subsequent exposure to a moderate radiation 
dose. Autophagy may be induced also by reactive oxygen species (ROS): the bal-
ance between signalling functions and damaging effects of ROS offers the crucial 
factor deciding the fate of biological cells under oxidative stress conditions, 
 following exposure to ionizing radiation. Autophagy has been proposed to be a pro-
tective mechanism to overcome neurodegenerative processes that are modulated 
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through endoplasmic reticulum stress (Matus et al.  2012 ); homeostatic “crosstalk” 
between endoplasmic reticulum stress and the autophagy pathway has been pro-
posed to mediate the therapeutic effects whereby an “hormesis mechanism” moder-
ates the degenerative propensity through preconditioning effects involving the 
dynamic balance between endoplasmic reticulum stress and autophagy. Lopez-
Martinez and Hahn ( 2012 ) have demonstrated hormesis in the California fruit fl y by 
prior exposure to a conditioning bout of anoxia stress that confers resistance to 
oxidative stress and enhances male sexual performance later. Anoxic conditioning 
of adults before emergence led to an increase in antioxidant capacity driven by mito-
chondrial superoxide dismutase and glutathione peroxidase. Males that had received 
anoxic conditioning and exposed to gamma irradiation as a strong oxidative stressor 
had lower lipid and protein damage at sexual maturity, thereby demonstrating the 
hormetic treatment effect of the short-term anoxic conditioning procedure. 

 The CMS animal model of depression (Willner  1997 ), which as a consequence of 
sequential, unpredictable exposure to series of mild stressors, induces reduced 
responsiveness to several normally rewarding stimuli (Henningsen et al.  2009 ), 
thereby producing the anhedonia aspect of depression spectrum disorder. The CMS 
paradigm induces anhedonic behaviour, a major symptom of disorder though not 
expressed by all the animals, by exposing rats to a series of mild stressors for 7 
weeks, with antidepressant treatment during the last 4 weeks. The procedure of seg-
regating CMS-exposed rats into two subgroups, confi rmed by tests of place- 
preference conditioning and gene and protein analysis (Bisgaard et al.  2007 ), as well 
as HPA activation profi les results in (1) a “CMS-sensitive” group that develops 
anhedonia-like symptoms and (2) a “CMS-resilient” group that expresses resilience 
to the infl uences of CMS upon hedonic status, as assessed by sucrose consumption 
(Bergström et al.  2008 ). The neurobiological changes induced by the CMS animal 
model of depressive disorders have been examined critically in comparison with 
clinical expressions of this disorder spectrum with regard to neurochemistry, neuro-
chemical receptor expression and functionality, neurotrophin expression and  cellular 
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  Fig. 1.1    An hormesis 
dose–response graph 
whereby a very low dose of a 
chemical agent (or of 
ionizing radiation) may 
trigger from an organism the 
opposite response to a very 
high dose (or of radiation). It 
is suggested that low doses of 
toxins or other stressors may 
activate the repair 
mechanisms of the body 
through autophagy (see 
accompanying text)       
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plasticity (Hill et al.  2012 ) They have concluded that (a) the CMS paradigm evokes 
an array of neurobiological alterations that refl ect those symptom profi les observed 
in clinical depression, and (b) the CMS model offers an investigatory tool to discover 
novel systems that may be rendered dysfunctional/dysregulated in this spectrum of 
disorders. The utility of the CMS model has been enhanced through studies aimed at 
the elucidating the pharmacogenomics of mood disorders and the treatment of stress-
associated conditions. Christensen et al. ( 2011 ) performed a search for biomarkers 
involved in treatment resistance and stress resilience in order to investigate mecha-
nisms underlying antidepressant drug refraction and stress- coping strategies. They 
identifi ed four genes associated with recovery, two genes implicated in treatment 
resistance and three genes involved in stress resilience. The identifi ed genes associ-
ated with mechanisms of cellular plasticity, including signal transduction, cell pro-
liferation, cell differentiation and synaptic release. Hierarchical clustering analysis 
confi rmed the subgroup segregation pattern in the CMS model. Wang et al. ( 2012 ) 
analysed differences in oxidative parameters among CMS- resilient, CMS-sensitive 
and normal control rats in the cortex, hippocampus and cerebellum pertaining to 
oxidative stress profi les. They obtained signifi cant increases in protein peroxidation 
in the cortex and hippocampus and catalase activity in the all three regions, and a 
signifi cant decrease in superoxide dismutase activity (all three regions) in the CMS-
sensitive group compared to the CMS-resilient and control rats. There was an 
increased lipid peroxidation in the cerebellum of both the CMS-sensitive and the 
CMS-resilient groups compared to controls. They concluded that CMS-induced oxi-
dative damage and alterations in the activity of antioxidants possibly leading to 
increased oxidative stress, independent of the rats’ anhedonia status. Nevertheless, it 
would appear that anhedonia resilience was to some extent accompanied by a note-
worthy degree of oxidative stress resilience. Finally, Henningsen et al. ( 2012 ) applied 
the CMS model to identify stress- susceptible and stress-resilient rats. Stress suscep-
tibility was linked to increased expression of a sodium- channel protein (SCN9A), a 
potential antidepressant target. Differential protein profi ling showed stress suscepti-
bility to be associated with defi cits in synaptic vesicle release involving SNCA 
(α-synuclein protein gene), SYN-1 (synapsin-1 gene) and AP-3 (adaptor protein 
complex gene). Their results suggested that increased oxidative phosphorylation 
(COX5A (cytochrome c oxidase gene), NDUFB7 (NADH dehydrogenase 
(ubiqu none) 1 beta subcomplex, 7 gene), NDUFS8 (NADH dehydrogenase (ubiqui-
none) Fe-S protein 8 gene), COX5B (cytochrome c oxidase subunit Vb gene) and 
UQCRB (ubiquinol-cytochrome c reductase binding protein gene)) within the 
 hippocampal CA regions provides part of a stress-protection mechanism.  

1.6     Conclusion 

 The agency of stress, dependent upon type, severity, duration and frequency, 
remains mainly a factor that disturbs the normal progress of neurodevelopment with 
chronic neurologic and neuropsychiatric consequence under more extreme extents. 
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The nature of the stressors together with their occurrence during the different phases 
of development will be critical for the adaptive/maladaptive expressions of outcome 
in both human studies and animal models. The notion of resilience to stressors and 
its eventual development and mobilization has been explored in the laboratory and 
in human studies. Nevertheless, there is accumulating a plethora of intriguing stud-
ies from a variety of model systems that indicate the presence of hormetic effects 
and the accompanying autophagic mechanisms involved.      
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    Chapter 2   
 Making Sense of Stress: An Evolutionary—
Developmental Framework 

             Marco     Del   Giudice       ,     Bruce     J.     Ellis,        and     Elizabeth     A.     Shirtcliff      

    Abstract   In this chapter we present an evolutionary–developmental framework for 
individual differences in stress responsivity, the Adaptive Calibration Model 
(ACM). We argue that the core propositions of the ACM provide a context for the 
integrative biological analysis of the stress response system, exemplifi ed by 
Tinbergen’s “four questions” of mechanism, ontogeny, phylogeny, and adaptation. 
We then show how the ACM can be used to generate novel predictions on respon-
sivity profi les in humans and their development across the life span.  

2.1         Tinbergen’s Four Questions in Stress Research 

 If anything qualifi es as a complex biological mechanism, the stress response system 
(SRS) certainly does. The stress response involves the hierarchical, coordinated 
action of the autonomic system and the hypothalamic–pituitary–adrenal axis (HPA), 
as well as multilevel feedback loops with cortical brain structures. Be it by direct 
innervation or endocrine signaling, the SRS regulates an astonishing range of physi-
ological and behavioral processes, including bodily growth, metabolism, 

    M.   Del   Giudice    (*)
  Center for Cognitive Science, Department of Psychology ,  University of Turin ,
  Via Po 14 ,  Torino   10123 ,  Italy  
 e-mail:   marco.delgiudice@unito.it    

   B.  J.   Ellis   
  John and Doris Norton School of Family and Consumer Sciences ,  University of Arizona , 
  McClelland Park, 650 North Park Avenue ,  Tucson ,  AZ ,  USA  
 e-mail:   bjellis@email.arizona.edu    

   E.  A.   Shirtcliff   
  Department of Psychology ,  University of New Orleans ,   2000 Lakeshore Drive , 
 New Orleans ,  LA   70148 ,  USA  
 e-mail:   birdie.shirtcliff@uno.edu       



24

 reproductive functioning, attention and memory, learning, aggression, risk-taking, 
caregiving, and so forth. 

 Whereas the basic design of the SRS has been worked out reasonably well 
(see, e.g., Chap.   9    ), the intricate details of its functioning in ecological contexts still 
pose formidable puzzles to researchers. First, the ubiquity of SRS involvement adds 
to the diffi culty of making sense of the system’s function(s). Second, stress physiol-
ogy exhibits remarkable individual variation, which is still not well understood and 
often interpreted from a pathologizing standpoint, especially in the case of humans 
(see Ellis et al.  2012b ). Third, the logic by which individual patterns of stress 
responsivity develop over time and the role played by genes and environments in 
the process remain elusive despite the hundreds of empirical studies carried out 
every year. 

 Complex biological mechanisms like the SRS can be fully understood only by 
approaching them from multiple interlocking perspectives. Tinbergen ( 1963 ) 
famously described the four main types of explanation required for a complete 
understanding of a biological system. Tinbergen’s “four problems” or “four ques-
tions” have since become a standard heuristic device in evolutionary biology. With 
updated terminology, the four problems of biology can be summarized as  mecha-
nism  (What is the structure like? How does it work?);  ontogeny  or  development  
(How does the structure come to be over developmental time, and how does it 
change across the lifespan?);  phylogeny  (What is the evolutionary history of the 
structure? How did it change across generations and species?); and  adaptation  
(Why is the structure the way it is? What selective advantages does it confer, or did 
it confer, to the organism?). Ontogenetic and mechanistic explanations concern the 
way an organism works in the present, without reference to evolution and adapta-
tion; collectively, they are called  proximate  explanations. In contrast,  ultimate  
explanations (phylogenetic and adaptationist) consider the organism in relation to 
its past and to the evolutionary forces that shaped its body and behavior (Mayr   1963 ). 
It should be obvious that, as already stressed by Tinbergen, the four types of expla-
nation are pragmatically distinct but not logically independent from one another. 
Even more important, they are not mutually exclusive but complementary and 
 synergistic: adaptive function crucially informs the study of mechanism and 
 development, while development and mechanism constrain the range of adaptive 
explanations (McNamara and Houston  2009 ; Scott-Phillips et al.  2011 ). A similar 
interplay occurs between adaptationist and phylogenetic questions. Starting a 
 virtuous cycle between different levels of explanation is the best way to build a 
 satisfactory model of a complex biological system. 

2.1.1     The Need for an Integrative Framework 

 Precisely because Tinbergen’s four questions produce the best answers when they 
are asked synergistically rather than in isolation, it is extremely useful to possess an 
integrative theoretical framework. An adequate framework for stress research 
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should involve all four types of biological explanation, tying them together in a 
coherent narrative. Moreover, it should address both the species-specifi c function-
ing of the SRS and the origin of individual and sex differences. Ideally, it should be 
possible to apply it to different species (with the necessary changes and refi ne-
ments), a reasonable requirement given the ancient and highly conserved structure 
of the SRS ( Nesse  2007 ; Porges  2001 ,  2007 ). In recent years, considerable progress 
has been made toward this goal, and a number of evolutionary models of stress 
responsivity have appeared in the literature (e.g., Carere et al.  2010 ). Among the 
most notable are the hawk–dove model by Korte et al. ( 2005 ); the social plasticity 
model by Flinn ( 2006 ); the polyvagal theory by Porges ( 2001 ,  2007 ); the tend-and-
befriend hypothesis by Taylor et al. ( 2000 ); and the theory of biological sensitivity 
to context (BSC) by Boyce and Ellis ( 2005 ). While each of these models provides 
crucial insights in the function, development, and phylogeny of the SRS, none of 
them has the scope of a truly integrative theory.  

2.1.2     The Adaptive Calibration Model 

 In the remainder of this chapter, we will introduce the Adaptive Calibration Model 
(ACM), our recent attempt to provide the fi eld with a comprehensive evolutionary–
developmental framework (Del Giudice et al.  2011 ). The ACM extends and refi nes 
the BSC theory (Boyce and Ellis  2005 ; Ellis et al.  2005 ), while incorporating sev-
eral key elements of other evolutionary models (e.g., Flinn  2006 ; Korte et al.  2005 ; 
Porges  2007 ; Taylor et al.  2000 ). 

 From the standpoint of Tinbergen’s four questions, the main focus of the ACM is 
on adaptation and development, but the model also makes several novel predictions 
about the mechanism of the stress response. The main elements of the ACM are:   
(a) an evolutionary analysis of the functions of the SRS, defi ned as an integrated, 
hierarchically organized system comprising the autonomic nervous system and the 
HPA axis; (b) a theory of the adaptive match between environmental conditions and 
stress responsivity; and (c) a taxonomy of four prototypical responsivity patterns to 
be found in humans, their behavioral and neurobiological correlates, and their 
hypothesized developmental trajectories. Whereas (b) and (c) are tailored to human 
ecology and physiology, our evolutionary analysis (a) is based on general biological 
principles and has the potential to be applied (with minor adjustments) to many dif-
ferent species. Thus, the ACM in its present form is best conceived as consisting of 
a general theoretical “core,” with a detailed theory of human development built on 
top of it. 

 In keeping with the broad scope of this volume, here we focus primarily on the 
theoretical core of our model. After providing a succinct overview of some key 
concepts in evolutionary biology (Sect.  2.2 ), we present an evolutionary analysis of 
the functions of the SRS and argue that it operates as a mechanism of conditional 
adaptation and a central mediator of the development of life history strategies 
(Sect.  2.3 ). Then, we briefl y outline our main predictions about the development 
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of individual and sex differences in humans (Sect.  2.4 ). Interested readers can refer 
to Del Giudice et al. ( 2011 ) for an extended treatment of the ACM, including many 
additional details and empirical predictions.   

2.2     Biological Foundations 

2.2.1     Life History Theory 

 Life history theory is a branch of evolutionary biology dealing with the way 
 organisms allocate time and energy to the various activities that comprise their life 
cycle (see Ellis et al.  2009 ; Hill  1993 ; Roff  2002 ). All organisms live in a world of 
limited resources; the energy that can be extracted from the environment in a given 
amount of time, for example, is intrinsically limited. Time itself is also a limited 
good; the time spent by an organism looking for mates cannot be used to search for 
food or care for extant offspring. Since all these activities contribute to an organ-
ism’s evolutionary fi tness, devoting time and energy to one will typically involve 
both benefi ts and costs, thus engendering trade-offs between different fi tness com-
ponents. For example, there is a trade-off between bodily growth and reproduction 
because both require substantial energetic investment, and thus producing offspring 
reduces somatic growth. Life history theory concerns optimal allocation of time and 
energy toward competing life functions—bodily maintenance, growth, and 
 reproduction—over the life cycle. 

 Life history  strategies  are adaptive solutions to a number of simultaneous fi tness 
trade-offs. The most basic trade-offs are between  somatic effort  (i.e., growth, body 
maintenance, and learning) and  reproductive effort ; and, within reproductive effort, 
between  mating  (i.e., fi nding and attracting mates, conceiving offspring) and  par-
enting  (i.e., investing resources in already conceived offspring). From another per-
spective, the critical decisions involved in a life history strategy can be summarized 
by the trade-offs between  current  and  future reproduction  and between  quality  and 
 quantity of offspring  (see Ellis et al.  2009 ). 

 In sexual species, the two sexes predictably differ on life history-related dimen-
sions; they thus can be expected to employ somewhat different strategies in response 
to the same cues in the environment (James et al.  2012 ). In most species, males tend 
to engage in higher mating effort and lower parental effort than females (Geary  2002 ; 
Kokko and Jennions  2008 ; Trivers  1972 ). In addition, males usually undergo stron-
ger sexual selection (i.e., their reproductive success is more variable) and tend to 
mature more slowly in order to gain the competitive abilities and qualities needed 
for successful competition for mates. Sexual asymmetries in life history strategies 
can be attenuated in species with monogamous mating systems and when both par-
ents contribute to offspring care. 

 One of the most important implications of life history theory is that no strategy 
can be optimal in every situation; more specifi cally, the optimal (i.e., fi tness- 
maximizing) strategy for a given organism depends on its ecology and on a series of 
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factors such as resource availability, mortality, and environmental uncertainty. 
Indeed, organisms usually embody mechanisms that allow them to fi ne-tune their life 
histories according to the environmental cues they encounter during development. 
For this reason, life history traits and strategies tend not to be genetically fi xed but 
rather evolve to show developmental plasticity (Ellis et al.  2009 ). Developing organ-
isms assess their local environments and adjust their strategic allocation choices, 
following evolved rules that maximize expected fi tness in different ecological condi-
tions. To the extent they result from evolved mechanisms of plasticity, individual 
differences in life history are examples of  conditional adaptation  (see below). 

2.2.1.1     Factors in the Development of Life History Strategies 

 The key dimensions of the environment that affect the development of life history 
strategies are  resource availability, extrinsic morbidity–mortality , and  unpredictabil-
ity,  as signaled by observable cues. As explained in detail by Ellis et al. ( 2009 ), ener-
getic stress (i.e., malnutrition, low energy intake, negative energy balance, and 
associated internal stressors such as disease) tends to cause the developing organism 
to shift toward  slow  strategies, characterized by slower growth and maturation and 
delayed reproduction. In contrast, both extrinsic (i.e., uncontrollable) morbidity– 
mortality and unpredictable fl uctuations in environmental parameters tend to entrain 
the development of  fast  strategies, accelerating sexual maturation, promoting early 
reproduction, and reducing the amount of parental investment provided to the young. 

 Of course, genetic factors also contribute to determine individual life history 
strategies. Theoretical models suggest that one should often expect a balance 
between genetic and environmental determination of phenotypic individual differ-
ences. At the individual level, regulatory mechanisms should often evolve so as to 
integrate both genetic and environmental information in phenotypic determination 
(Leimar et al.  2006 ). At the population level, the opportunity for habitat choice plus 
heterogeneous environmental conditions can maintain a diverse population com-
posed of both “specialists” (fi xed phenotypes) and “generalists” (plastic pheno-
types), as shown by Wilson and Yoshimura ( 1994 ). In a similar vein, differential 
susceptibility theory (Belsky  1997 ,  2005 ) maintains that, because the cues driving 
the development of conditional phenotypes are not completely reliable, children 
vary in their susceptibility to rearing infl uences. Such differential susceptibility 
underlies pervasive person-by-environment interactions, whereby individuals with 
given genotypes or phenotypes show higher sensitivity to environmentally induced 
effects on development (see Belsky  1997 ,  2005 ; Belsky and Pluess  2009 ; Boyce and 
Ellis  2005 ; Ellis et al.  2011 ).  

2.2.1.2     Life History Strategies and the Organization of Behavior 

 When interpreted in a narrow sense, life history strategies refer mainly to growth- 
and reproduction-related traits such as maturation timing, age at fi rst reproduction, 
fertility, and number of sexual partners. However, it is easy to see that the choice of 
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a specifi c strategy will affect a much broader range of traits and behaviors 
(e.g., Belsky et al.  1991 ; Figueredo et al.  2004 ,  2005 ,  2006 ; Meaney  2007 ; Wolf 
et al.  2007 ). Imagine an organism that, following cues of extrinsic morbidity- 
mortality and unpredictability, adopts a strategy characterized by early reproduction 
and high mating effort. To succeed, the organism needs to outcompete same-sex 
conspecifi cs and be chosen by members of the other sex. Especially for males, this 
is likely to involve dominance-seeking behavior, plus considerable investment in 
traits and displays that the other sex fi nds attractive. The cues of environmental risk 
that drive the choice of the strategy will also prompt higher risk-taking in other 
domains (e.g., exploration, fi ghting, dangerous sexual displays), preference for 
immediate over delayed rewards, and impulsivity (Wolf et al.  2007 ). 

 Thus, life history strategies play a powerful role in the organization of behavior. 
Traits and behaviors that covary along life history dimensions form a broad cluster 
which includes exploration/learning styles, mating and sexual strategies, pair- 
bonding, parenting, status- and dominance-seeking, risk-taking, impulsivity, aggres-
sion, cooperation, and altruism. Correlations within this cluster have been 
documented in both humans (e.g., Del Giudice  2009 ; Figueredo et al.  2004 ,  2006 ; 
Kruger et al.  2008 ) and other animals (e.g., Dingemanse and Réale  2005 ; Korte 
et al.  2005 ).   

2.2.2     Conditional Adaptation and Developmental Switch Points 

 Conditional adaptation is the evolved ability of an organism to modify its 
 developmental trajectory (and the resulting phenotype) to match the local condi-
tions of the social and physical environment. Conditional adaptation is a manifesta-
tion of adaptive developmental plasticity (Pigliucci  2001 ; West-Eberhard  2003 ) and 
is closely related to the concept of a  predictive adaptive response  (e.g., Gluckman 
et al.  2007 ). Mechanisms of developmental adaptation can be guided both by exter-
nal environmental factors (e.g., predation pressures, quality of parental investment, 
seasonal change, diet) and by indicators of the individual’s status or relative com-
petitive abilities in the population (e.g., age, body size, health, history of wins and 
losses in agonistic encounters). 

 How do genetic and environmental factors drive conditional adaptation? West- 
Eberhard ( 2003 ) proposed that developmental change is coordinated by regulatory 
switch mechanisms, which serve as transducers (mediators) of genetic, environ-
mental, and structural infl uences on phenotypic variation. These switch mechanisms 
control  developmental switch points:  “…[points] in time when some element of 
phenotype changes from a default state, action, or pathway to an alternative one—it 
is activated, deactivated, altered, or moved” (West-Eberhard  2003 , p. 67). This can 
involve a discrete structural change or a change in the rates of a process. Genetic and 
environmental inputs interact with the extant phenotype to determine the function-
ing of regulatory switch mechanisms and infl uence their thresholds. Once a thresh-
old is passed (i.e., the switch occurs), the regulatory mechanism coordinates the 
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expression and use of gene products and environmental elements that mediate the 
species-typical transition to the new phenotypic stage as well as individually dif-
ferentiated pathways within that stage. 

 Most critically, regulatory switch mechanisms provide a common locus of opera-
tions for genetic and environmental infl uences on phenotypic development; that is, 
these mechanisms are the vehicle through which gene–gene, environment– 
environment, and gene–environment interactions occur. These inputs structure the 
operation of regulatory switch mechanisms and may affect the threshold necessary 
for a developmental switch to occur and/or the organism’s ability to cross that 
threshold (West-Eberhard  2003 ).   

2.3     The Stress Response System as a Mechanism 
of Conditional Adaptation 

2.3.1     Functions of the Stress Response System 

 The SRS has three main biological functions (see Fig.  2.1 ). We will now examine 
these functions in light of the biological concepts presented in the previous 
section.

2.3.1.1       Allostasis 

 A key function of the SRS is to coordinate the organism’s physiological and 
 behavioral response to environmental threats and opportunities. This includes any 
event that may have important (i.e., fi tness-relevant) consequences for the organism 
and requires the organism to modify its current state in order to be dealt with effec-
tively. In addition to threats and dangers, environmental opportunities may be rep-
resented by unexpected or novel events, and even highly pleasurable situations 
(e.g., signs of sexual availability in a potential mate). The whole-organism adjust-
ment to environmental challenge is often termed  allostasis  (McEwen  1998 ; McEwen 
and Wingfi eld  2003 ; Sterling and Eyer  1988 ). The SRS mediates allostasis by coor-
dinating brain/body changes in response to environmental challenges, both in the 
short and in the long term. Because allostasis is a broader concept than “stress 
response” and because many of the challenges that activate the sympathetic nervous 
system (SNS) and HPA are not “stressors” in the classical sense, the label “stress 
response system” is not entirely adequate to describe the function of the SRS. Here 
we employ it for lack of a widely accepted alternative; however, we want to make it 
clear that the SRS is a general interface with the environment, mediating the organ-
ism’s adjustment to both positive and negative events (Boyce and Ellis  2005 ; 
Koolhaas et al.  2011 ).  
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2.3.1.2     Information Encoding and Filtering 

 The second function of the SRS, closely connected to the fi rst, is that of encoding 
and fi ltering  information  coming from the social and physical environment. The SRS 
receives complex information about the external environment through limbic struc-
tures, and complex information about the organism from interaction with other neu-
roendocrine systems (e.g., the HPG axis and the immune system; see Herman et al. 
 2003 ). Activation of the SRS components thus carries information about the likeli-
hood of threats and opportunities in the environment, their type, and their severity. 
This information can be encoded by the SRS and, in the long run, provides the organ-
ism with a statistical “summary” of key dimensions of the environment, including 
the crucial life history-relevant dimensions of extrinsic morbidity–mortality and 
unpredictability. Indeed, unpredictable and uncontrollable events elicit the strongest 
SRS responses across species, especially at the level of the HPA axis (Dickerson 
and Kemeny  2004 ; Koolhaas et al.  2011 ). 

 The amount of information encoded by each component of the SRS depends on 
the specifi city of its response. Parasympathetic withdrawal occurs frequently and is 
a relatively nonspecifi c response, so it comparatively conveys relatively little infor-
mation about the local environment. Sympathetic activation, in contrast, is more 
specifi cally tied to challenges requiring fi ght-or-fl ight responses; patterns of SNS 
activation may thus provide reliable information about the dangerousness (or safety) 
of one’s environment. The most information-rich response (and the one with the 
longest lasting effects) is that of the HPA axis, which is strongly activated in unpre-
dictable and/or uncontrollable situations. 

 An important corollary of this informational view of SRS functioning is that the 
system’s level of responsivity acts as an amplifi er (when highly responsive) or fi lter 
(when unresponsive) of various types of environmental information. A highly 
responsive system makes an individual more informationally open and enhances 

  Fig. 2.1    The core theoretical structure of the Adaptive Calibration Model (ACM).  SRS  stress 
response system;  LH  life history;  OT  oxytocin;  5-HT  serotonin,  DA  dopamine       
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his/her sensitivity to contextual infl uences, both “positive” and “negative” 
(Boyce and Ellis  2005 ; Ellis et al.  2006 ). An unresponsive system has a higher 
threshold for letting environmental signals in: many potential challenges will not be 
encoded as such, and many potentially relevant events will fail to affect the organ-
ism’s physiology to a signifi cant degree. This will result in a number of potential 
costs (e.g., reduced alertness, reduced sensitivity to social feedback) as well as 
potential benefi ts (e.g., resource economization, avoidance of immune suppres-
sion). In fact, many of the possible consequences of low responsivity can be read as 
either costs or benefi ts depending on context. Reduced sensitivity to feedback, for 
example, can be optimal in highly competitive contexts, or when taking deliberate 
risks. More generally, sometimes organisms do well to partially or totally shield 
themselves from the effects of environmental information. 

 A highly responsive SRS, by contrast, amplifi es the signal coming from the envi-
ronment and maximizes the chances that the organism will be modifi ed by current 
experience. This, too, can have both costs and benefi ts. Potential costs of a highly 
responsive system include high physiological costs, hypersensitivity to social feed-
back, and exposure to psychological manipulation; in addition, the organism’s 
action plans can get easily interrupted by minor challenging events, and the ability 
to deal with future events may be reduced if physiological resources are already 
overwhelmed. On the other hand, a highly responsive system facilitates some forms 
of learning, enhances mental activities in loc.lized domains, focuses attention, and 
primes memory storage, thus improving cognitive processes for dealing with envi-
ronmental opportunities and threats (e.g., Barsegyan et al.  2010 ; Flinn  2006 ; 
Roozendaal  2000 ; van Marle et al.  2009 ).  

2.3.1.3     Regulation of Life History-Relevant Traits 

 The role of the SRS extends way beyond mounting responses to immediate chal-
lenges. Profi les of SRS baseline activity and responsivity are associated with indi-
vidual differences in a range of life history-relevant domains including competitive 
risk-taking, learning, self-regulation, attachment, affi liation, reproductive function-
ing, and caregiving. In the next paragraphs we will discuss some examples (for an 
extended treatment, see Del Giudice et al.  2011 ). 

 To begin with, the HPA is crucially involved in the regulation of metabolism, and 
chronic stress has been linked to individual differences in growth patterns (e.g., Hofer 
 1984 ; Schanberg et al.  1984 ). Physical growth is an important component of somatic 
effort, but, from the biological point of view,  learning  can also be conceptualized as 
a form of investment in “embodied capital.” A learning organism spends time and 
energy accumulating knowledge and developing skills that may become useful in 
the future (e.g., Kaplan et al.  2000 ). The SRS modulates learning in a number of 
different ways: in humans, HPA and autonomic profi les have been associated with 
individual differences in cognitive functioning (e.g., Staton et al.  2009 ), memory 
(e.g., Stark et al.  2006 ), and self-regulation/executive function (e.g., Blair et al.  2005 ; 
Shoal et al.  2003 ; Williams et al.  2009 ). 
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 The autonomic systems, HPA, and hypothalamic–pituitary–gonadal (HPG) axes 
are connected by extensive functional cross-talk (e.g., Ellis  2004 ; Viau  2002 ), and 
cortisol is a major regulator of fertility and sexual development. Given adequate 
bioenergetic resources to support growth and reproduction, exposures to chronic 
psychosocial stressors generally provoke early or accelerated development of the 
HPG axis but suppressed ovarian functioning in mature individuals (reviewed in 
Ellis  2004 ). The effects of  acute  response to challenge are much more variable; 
males and females do not respond in the same way, and whether acute stress sup-
presses or enhances fertility depends on individual characteristics such as domi-
nance status (e.g., Chichinadze and Chichinadze  2008 ; Tilbrook et al.  2000 ). 
Especially in females, reproductive suppression can be an evolved response to tem-
porary shortages of social or energetic resources (e.g., Brunton et al.  2008 ; see 
 Wasser and Barash  1983 ), and there is evidence linking HPA functioning to fertility 
and pregnancy outcomes in human females (e.g., Nepomnaschy et al.  2004 ,  2006 ; 
 Wasser and Place  2001 ). 

 Competition among same-sex individuals is the inevitable outcome of sexual 
reproduction. Dominance-seeking, aggression, and risk-taking are all functionally 
connected to mating competition, and all are associated with SRS functioning. 
In humans, there is a huge literature linking HPA and autonomic functioning to 
aggression, antisociality, and externalizing behavior (e.g., Alink et al.  2008 ; Lorber 
 2004 ; Shirtcliff et al.  2009 ; van Goozen et al.  2007 ). Given the centrality of risk-
taking and impulsivity in life history models of behavior, it is noteworthy that HPA 
functioning has also been linked to risk-taking behavior in standardized laboratory 
tasks (e.g., Lighthall et al.  2009 ; van den Bos et al.  2009 ). Moreover, executive 
function and self-regulation play a key role as (negative) mediators of risky and 
impulsive behavior (Figueredo and Jacobs  2009 ). Stress exposure can also regulate 
mating behavior more directly by, for example, altering mate preferences and 
affecting the perceived attractiveness of potential sexual partners (e.g., Lass-
Hennemann et al.  2010 ). 

 In the modulation of risky competition, the SRS interacts with sex hormones, 
serotonin (5-HT), and dopamine (DA). Studies of aggression and antisocial behav-
ior often report interactions between cortisol, testosterone (T), and adrenal andro-
gens such as dehydroepiandrosterone (DHEA) and dehydroepiandrosterone sulfate 
(DHEAS) (e.g., Popma et al.  2007 ; van Goozen et al.  2007 ). The general function 
of 5-HT is to regulate avoidance of threat, withdrawal from dangerous or aversive 
cues, and behavioral inhibition/restraint. Serotonergic activity is thus crucially 
involved in risk aversion and self-regulation (Cools et al.  2008 ; Fairbanks  2009 ; 
Tops et al.  2009 ). Serotonin is an upstream modulator of SRS activity through its 
action on the amygdala and hypothalamus; serotonergic neurotransmission, in turn, 
is reciprocally affected by cortisol (Porter et al.  2004 ; van Goozen et al.  2007 ). 
Dopaminergic activity is also tightly linked to SRS functioning ( Alexander 
et al.  2011 ; Gatzke-Kopp  2011 ) recently argued that reduced dopaminergic activity 
can be adaptive in highly dangerous and unstable environments (and especially so 
for males) by promoting sensation-seeking, risk-taking, and preference for immedi-
ate rewards. 
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 Finally, the SRS is involved in the regulation of parental investment, both 
directly (e.g., caregiving) and indirectly by affecting the mechanisms of pair-
bonding. In humans, individual differences in SRS functioning have been associ-
ated with differences in romantic attachment styles (e.g., Quirin et al.  2008 ; 
Laurent and Powers  2007 ; Oskis et al.  2011 ; Powers et al.  2006 ); in turn, roman-
tic attachment predicts relationship stability, commitment, and investment 
(reviewed in Del Giudice  2009 ). The key molecules that can be expected to 
interact with the SRS in the regulation of pair-bonding and parental investment 
are sex hormones, vasopressin, oxytocin, serotonin, and endogenous opioids. 
Oxytocin secretion, in particular, has been related to individual differences in 
romantic attachment styles (e.g., Marazziti et al.  2006 ). Differences in SRS 
 functioning (as well as in oxytocin- and serotonin- related genes) have been 
also linked to individual differences in maternal sensitivity and parenting 
 behavior (e.g., Bakermans-Kranenburg and van IJzendoorn  2009 ; Martorell and 
Bugental  2006 ).   

2.3.2    The Developmental Role of the Stress Response System 

 As discussed in the last section, the SRS has a pervasive role in the regulation—and, 
most importantly, the  integration —of physiology and behavior across the whole 
spectrum of life history-relevant traits. In a life history framework, this is no coinci-
dence: we argue that—together with sex hormones and relevant neurotransmitter 
systems—the SRS is a critical mediator of life history development, gathering 
information from the environment and translating it into broadband individual dif-
ferences in behavior and physiology (Fig.  2.1 ; see also Korte et al.  2005 ; 
Worthman   2009 ). In other words, the SRS interacts with other neurobiological sys-
tems so as to enable conditional adaptation. Following the logic of West-Eberhard’s 
theory (Sect.  2.2 ), it should be possible to identify a number of developmental 
switch points in an organism’s life cycle when plasticity is preferentially expressed 
and environmental cues are integrated with genotypic information to adjust the 
organism’s developmental trajectory. Of course, long-lived organisms can be 
expected to have more switch points than short-lived ones so as to permit sequential 
adjustment of life history decisions as environmental conditions change (Del Giudice 
and Belsky  2011 ). 

 Crucially, different strategies may require different calibrations of the SRS itself 
(curved arrow in Fig.  2.1 ); for example, a slow strategy in a safe environment could 
be optimally served by a responsive HPA axis and parasympathetic system, coupled 
with moderate sympathetic reactivity. SRS calibration can be expected to depend on 
the system’s previous history of activity (Adam et al.  2007 ), in interaction with fac-
tors such as the individual’s sex and developmental stage (Miller et al.  2007 ). 
The analysis presented in this section can be summarized in the fi rst three points of 
the ACM (adapted from Del Giudice et al.  2011 ), which embody the model’s 
 theoretical core:
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    1.    The SRS has three main biological functions: to coordinate the organism’s 
 allostatic response to physical and psychosocial challenges; to encode and fi lter 
information from the environment, thus mediating the organism’s openness to 
environmental inputs; and to regulate a broad range of life history-relevant traits 
and behaviors.   

   2.    The SRS works as a mechanism of conditional adaptation, regulating the devel-
opment of alternative life history strategies. Different patterns of activation and 
responsivity in early development modulate differential susceptibility to envi-
ronmental infl uence and shift susceptible individuals on alternative pathways, 
leading to individual differences in life history strategies and in the adaptive cali-
bration of stress responsivity (Fig.  2.1 ).   

   3.    Activation of the SRS during the initial life stages provides crucial information 
about life history-relevant dimensions of the environment. Frequent, intense 
SNS/HPA activation carries information about extrinsic morbidity–mortality and 
environmental unpredictability; consequently, it tends to shift life history strate-
gies toward the fast end of the life history continuum. In contrast, a safe environ-
ment (and/or the buffer provided by investing parents and alloparents) results in 
infrequent and low-intensity activation of the SNS and HPA axis and shifts 
development toward slow strategies oriented to high somatic effort and parental 
investment.    

2.4        The Development of Stress Responsivity in Humans 

 The theoretical core of the ACM (Fig.  2.1 ) can be employed as the foundation for a 
detailed model of the development of stress responsivity in humans. We tried to 
accomplish this in two steps: fi rst, we advanced some general predictions on the 
relation between environmental conditions and responsivity; second, we derived a 
(provisional) taxonomy of four prototypical patterns of SRS responsivity labeled 
 sensitive  [I],  buffered  [II],  vigilant  [III], and  unemotional  [IV]. The four patterns are 
characterized by combinations of physiological parameters indexing the function-
ing of the parasympathetic and sympathetic branches of the autonomic system and 
of the HPA axis. Our predictions can be summarized in the remaining four points of 
the ACM, as follows:

    4.    At a very general level, a nonlinear relationship exists between environmental 
stress during ontogenetic development and the optimal level of stress  responsivity 
(Fig.  2.2 ). Note that the environment-responsivity relationship need not be the 
same for all the components of the SRS (for details see Del Giudice et al.  2011 ). 
Furthermore, stress responsivity is expected to show domain-specifi c effects; for 
example, a generally unresponsive component of the SRS may respond strongly 
to some particular type of challenge.

       5.    Because of sex differences in life history trade-offs and optimal strategies, sex 
differences are expected in the distribution of responsivity patterns and in their 
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specifi c behavioral correlates. Sex differences should become more pronounced 
toward the fast end of the life history continuum; in environments characterized 
by severe/traumatic stress, we predict the emergence of a male-biased pattern of 
low responsivity.   

   6.    Pre- and early postnatal development, the juvenile transition (see below), and 
puberty are likely switch points for the calibration of stress responsivity. 
Individual and sex differences in SRS functioning are predicted to emerge 
according to the evolutionary function of each developmental stage.   

   7.    Responsivity profi les develop under the joint effects of environmental and genetic 
factors. Genotypic variation may have directional effects on stress responsivity 
and associated strategies, thus predisposing some individuals to follow a certain 
developmental trajectory. Genotypic variation, in part through effects on the 
SRS, may also affect their sensitivity to environmental inputs, resulting in gene–
environment interactions whereby some individuals display a broader range of 
possible developmental outcomes (i.e., broader reaction norms) than others.    

  Fig. 2.2    Environmental effects on the development of stress responsivity in humans, according to 
the ACM. At a very general level, a nonlinear relation exists between exposures to environmental 
stress and support during development and optimal levels of stress responsivity. The fi gure does 
not imply that all components of the SRS will show identical responsivity profi les nor that they 
will activate at the same time or over the same time course. Male/female symbols indicate sex- 
typical patterns of responsivity, but substantial within-sex differences in responsivity are expected 
as well       
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2.4.1     Environmental Stress and Responsivity 

 In safe, protected, low-stress environments, a highly responsive SRS enhances 
social learning and engagement with the external world, allowing the child to ben-
efi t more fully from social resources and opportunities, thus favoring development 
of a  sensitive  phenotype (pattern I). A sensitive phenotype in this context may make 
children better at detecting positive opportunities and learning to capitalize on them 
(e.g., seeing a teacher as a prospective mentor, taking advice from a parent). Social 
learning and sensitivity to context are especially adaptive in the context of slow 
life history strategies, as a form of protracted somatic investment. It is important to 
note that in very safe and protected settings, sensitive individuals will  rarely  experi-
ence strong, sustained activation of the sympathetic and HPA systems; precisely 
because of the high quality of the environment, they will most likely experience a 
pattern of low-key, short-lived activations followed by quick recovery. Thus, the 
individual enjoys the benefi ts of responsivity without paying signifi cant fi tness costs 
(e.g., immune, energetic, and so on). At moderate levels of environmental stress, 
however, the cost/benefi t balance begins to shift; the optimal level of HPA and sym-
pathetic responsivity falls downward, leading to  buffered  phenotypes (pattern II). 

 The benefi ts of increased responsivity rise again when the environment is per-
ceived as dangerous and/or unpredictable. A responsive SRS enhances the individ-
ual’s ability to react appropriately to dangers and threats while maintaining a high 
level of engagement with the social and physical environment. Moreover, engaging 
in fast strategies should lead the individual to allocate resources in a manner that 
discounts the long-term physiological costs of the stress response in favor of more 
immediate advantages. In this context, the benefi ts of successful defensive strate-
gies outweigh the costs of frequent, sustained HPA and sympathetic activation, 
leading to  vigilant  phenotypes (pattern III). High HPA and sympathetic responsiv-
ity, however, can be associated with rather different behavioral patterns, leaning 
toward the “fi ght” ( vigilant-agonistic , III-A) or “fl ight” ( vigilant-withdrawn , III-W) 
side of the sympathetic response. Furthermore, evolutionary theory provides rea-
sons to expect males and females to differ in the distribution of agonistic vs. with-
drawn patterns (see below). Increased SRS responsivity in dangerous environments 
can be expected to go together with increased responsivity in other neurobiological 
systems; for example, hyper-dopaminergic function may contribute to the vigilant 
phenotype by boosting attention to threat-related cues and fast associative learning 
(Gatzke-Kopp  2011 ). 

 What happens in extremely dangerous environments characterized by severe or 
traumatic stress? We argue that the balance shifts again toward low responsivity, 
especially for males who adopt a fast, mating-oriented strategy characterized by 
antagonistic competition and extreme risk-taking. Such a strategy requires outright 
 insensitivity  to threats, dangers, social feedback, and the social context. For an 
extreme risk-taker, informational insulation from environmental signals of threat is 
an asset, not a weakness. In particular, adopting an exploitative/antisocial interper-
sonal style requires one to be shielded from social rejection, disapproval, and 
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 feelings of shame (all amplifi ed by heightened HPA responsivity). In summary, an 
 unemotional  pattern of generalized low responsivity (pattern IV) can be evolution-
arily adaptive (i.e., fi tness-maximizing) at the high-risk end of the environmental 
spectrum, despite its possible negative consequences for the social group and 
for the individual’s subjective well-being. The same principle applies to other 
 neurobiological systems involved in the regulation of risk-taking; for example, 
 hypodopaminergic function is likely adaptive in severely stressful environments 
(Gatzke-Kopp  2011 ). 

 Figure  2.2  depicts the overall predicted relations between developmental context 
and stress responsivity, extending the original BSC curve to the right and showing 
the male-biased pattern of low responsivity in high-risk environments. This broad-
band analysis can be supplemented with a more fi ne-grained description of the pro-
fi les of basal activity and responsivity of the various SRS components (see Del 
Giudice et al.  2011 ).  

2.4.2    Sex Differences 

 Because the costs and benefi ts associated with life history trade-offs are not the 
same for males and females, life history strategies show consistent differences 
between the sexes (Sect.  2.2 ). On average, men engage in faster strategies and invest 
more in mating effort (and less in parenting effort) than women. The extent of sex 
differences in life history-related behavior, however, is not fi xed but depends in part 
on the local environment. 

 At the slow end of the life history continuum, both sexes engage in high parental 
investment, and male and female interests largely converge on long-term, commit-
ted pair bonds; sex differences in behavior are thus expected to be relatively small. 
As environmental danger and unpredictability increase, males benefi t by shifting to 
low-investment, high-mating strategies; females, however, do not have the same 
fl exibility since they benefi t much less from mating with multiple partners and incur 
higher fi xed costs through childbearing. Thus, male and female strategies should 
increasingly diverge at moderate to high levels of environmental  danger/ unpredictability. 
In addition, sexual competition takes different forms in males and females, with 
males engaging in more physical aggression and substantially higher levels of risk-
taking behavior (e.g., Archer  2009 ; Byrnes et al.  1999 ; Kruger and Nesse  2006 ; 
Wilson et al.  2002 ). As life history strategies become faster, sexual competition 
becomes stronger, and sex differences in competitive strategies become more appar-
ent. For these reasons, sex differences in responsivity patterns and in the associated 
behavioral phenotypes should be relatively small at low to moderate levels of envi-
ronmental stress (patterns I and II) and increase in stressful environments 
 (pattern III). Finally, males should be overrepresented as high-risk, low-investment 
strategists (pattern IV) because of the larger potential benefi ts of extreme mating-
oriented behavior.  

2 Making Sense of Stress: An Evolutionary—Developmental Framework



38

2.4.3    Developmental Stages and Switch Points 
in Human Development 

 The human life history can be described as a sequence of stages and transitions 
(Bogin  1999 ). Life history strategies unfold progressively according to the evolu-
tionary function of each life stage. Del Giudice and Belsky ( 2011 ) proposed that the 
major switch points in the development of human life history strategies are (a)  pre- 
and early postnatal development, (b) the juvenile transition, and (c) puberty. 
The juvenile transition (Del Giudice et al.  2009 ) is the transition from early to mid-
dle childhood, taking place at around 6–8 years of age in Western societies. 
This developmental transition is marked by the event of “adrenal puberty” or  adre-
narche  (Auchus and Rainey  2004 ; Ibáñez et al.  2000 ), whereby the cortex of the 
adrenal glands begins to secrete increasing quantities of androgens, mainly DHEA 
and DHEAS. The onset of human juvenility (i.e., middle childhood) witnesses mas-
sive changes in children’s social behavior, cognitive abilities, and the emergence or 
intensifi cation of sex differences in aggression, attachment, play, language use, and 
so forth (reviewed in Del Giudice et al.  2009 ). 

 The juvenile transition can be expected to be a critical turning point in the devel-
opment of stress responsivity. First, we predict that sex differences in the develop-
mental trajectories of stress responsivity will become apparent starting from the 
beginning of middle childhood, with a further increase at puberty. Second, we expect 
that individual changes in responsivity will be especially frequent in the transition 
from early to middle childhood. Early childhood affords an “evaluation” period in 
which the child can sample the environment—both directly and through the media-
tion of parents. With juvenility, however, stress responsivity becomes an integral 
component of the child’s emerging life history strategy. Indeed, the SRS is crucially 
involved in the biological functions of juvenility—including social learning and 
peer competition. For this reason, it may be adaptive for some children to adjust 
their levels of responsivity when transitioning from early to middle childhood, 
 possibly under the effect of adrenal androgens. 

 With the onset of puberty, sexual behavior and romantic attachment come to the 
forefront, and social competition further intensifi es (see Ellis et al.  2012a ; Weisfeld 
 1999 ). Puberty affords another opportunity to “revise” one’s strategy, depending for 
example on the success enjoyed—or the level of competition experienced—during 
juvenility. The activation of sex hormone pathways also provides a source of novel 
genetic effects on life history-related behavior. Thus, adolescence is expected to 
witness the further intensifi cation of both individual and sex-related differences.   

2.5     Conclusion 

 The ACM offers an integrative view of the evolved functions of the SRS and its role 
in development. We believe this perspective will prove useful both in organizing 
and systematizing existing knowledge and in suggesting novel questions for 
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 empirical research. In our opinion, what the fi eld needs is more fundamental theory, 
rather than a multitude of alternative micro-models without a common frame of 
reference. Although the original model was developed to capture individual differ-
ences in humans, we are excited at the prospect of extending the core of the ACM 
to deal with different species and different ecologies. Adding a phylogenetic and 
comparative dimension to the ACM would be extremely valuable, in keeping with 
the spirit of Tinbergen’s four questions. Many stimulating refl ections on the ACM 
from the perspective of behavioral ecology can be found in Sih ( 2011 ). 

 To conclude, we wish to stress that the ACM is a work in progress and that many 
theoretical and empirical gaps still have to be fi lled in. For example, much more 
work is needed on domain-specifi city in SRS functioning and on the mechanistic 
basis of genetic effects and G×E interactions in development. Furthermore, the ini-
tial focus of our model was skewed toward adaptive variation; while the ACM 
recasts many supposedly “pathological” processes in an adaptive framework, it still 
lacks an explicit treatment of actual dysfunction and pathology (Ellis et al.  2012b ). 
Mathematical models of the developmental processes hypothesized in the ACM 
would also help refi ne the theory and test the robustness of its assumptions. 
We anticipate that, in the near future, substantial portions of the model will have to 
be updated, revised, and possibly rejected. If so, the model will have served his goal 
of moving the fi eld forward, promoting  theoretical advance, and increasing the 
vitality of an important and exciting fi eld of research.      
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    Chapter 3   
 Prenatal and Maternal Psychosocial Stress 
in Primates: Adaptive Plasticity or Vulnerability 
to Pathology? 

             Dario     Maestripieri        and     Amanda C.E.     Klimczuk   

    Abstract   In many species of vertebrates, prenatal and early postnatal stress can 
have long-lasting consequences for neuroanatomical, neuroendocrine, or behavioral 
development. In primates including humans, prenatal psychosocial stress and post-
natal psychosocial stress induced by the mother’s behavior represent important 
sources of nongenetic maternal effects through which mothers can modify their 
offspring’s phenotype. Prenatal and maternal psychosocial stress are probably 
mediated by similar physiological mechanisms and primarily including the HPA 
axis. The biomedical/clinical view, the stress-inoculation model, and the adaptive 
calibration model make different assumptions and predictions concerning the adap-
tive or maladaptive developmental consequences of prenatal and maternal psycho-
social stress. Studies of experimentally induced prenatal psychosocial stress in 
primates indicate that fetal programming occurs with characteristics similar to those 
observed in laboratory rodents and in humans. Studies of naturally occurring mater-
nal psychosocial stress in primates have focused on maternal abuse and rejection of 
offspring. Although the developmental consequences of exposure to maternal abuse 
or high rates of maternal rejection are unlikely to be adaptive, exposure to moderate 
levels of rejection appears to result in physiological and behavioral changes that 
enhance resilience later in life. It is possible that some aspects of normal parenting 
in nonhuman primates and humans are designed to be stress inducing to prepare 
offspring to deal with the psychosocial stress that is an inevitable part of life in 
complex and competitive social environments.  
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3.1         Introduction 

 Maternal effects are infl uences a mother’s phenotype has on her offspring’s 
 phenotype that occur independent of the offspring’s genotype (Mousseau and 
Fox  1998 ; Maestripieri and Mateo  2009 ). Maternal phenotypic traits that infl uence 
the offspring’s phenotype are subject to natural selection so long as they are both 
variable and heritable. Such traits are  genetic  maternal effects, and the genes under-
lying them are called  maternal effect genes . In contrast,  environmental  maternal 
effects are nonheritable, because variation in these traits results from extrasomatic 
rather than genetic differences. A maternal phenotype that is maladapted to the 
 environment—as manifested, for example, in pathological alterations in nutritional 
state, key physiological parameters, or behavior—negatively impacts the offspring’s 
ability to survive or reproduce. However, environmental maternal effects can some-
times be adaptive for a mother or her offspring. On the one hand, maternal effects 
can help to maximize the mother’s fi tness by allowing her to adjust her level of 
parental investment in accordance with prevailing conditions (e.g., by reducing off-
spring size or growth rate when food is scarce). On the other hand, maternal effects 
can also benefi t offspring by providing preemptive information about the environ-
ment they will likely be born into, thereby enhancing their abilities to survive and 
reproduce in such an environment. Because the time and energy a mother invests in 
her current offspring is unavailable for future reproductive effort, the mother and the 
offspring have different investment optima. Environmental maternal effects are one 
arena in which this mother–offspring confl ict can be staged (see Uller and Pen   2011 ). 
(As discussed below, whether maternal effects primarily benefi t mothers or their 
offspring has resulted in different adaptive interpretations of prenatal stress.) 

 Maternal effects are classifi ed as prenatal or postnatal depending on whether 
parental modifi cation of the offspring phenotype occurs before or after birth. Both 
types of effects have been documented in many vertebrate species. Prenatal mater-
nal effects can be especially strong in birds because mothers can affect offspring 
development by depositing varying amounts of nutrients, hormones, and other bio-
logical substances in their eggs. In placental mammals, prenatal maternal effects are 
collectively referred to as  fetal programming . Fetal programming can be very pow-
erful because the mother’s body serves as the fetus’s environment for an extended 
period of gestation, opening many opportunities for maternal infl uence of fetal 
development through nutritional and other physiological mechanisms. 

 Postnatal maternal effects in vertebrates can be quite heterogeneous; they include 
food provisioning and other forms of parental care that alter offspring body condi-
tion, metabolism, and, later, behavior. Maternal effects can also occur in the social 
domain. For example, in cercopithecine monkeys, a female’s dominance rank can 
affect her offspring’s growth rate, age at fi rst reproduction, and adult behavior (see 
Maestripieri  2009  for a review). In both birds and mammals, maternal effects may 
facilitate learning and imprinting of social, habitat, and food preferences that match 
early experiences (Mateo  2009 ). Other effects are more indirect: for example, 
parental nest site choice determines the offspring’s social environment, which in 
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turn affects the production of hormones that may have long-term consequences for 
behavior (Price  1998 ). 

 The question of whether maternal effects are adaptive or maladaptive for the 
offspring is especially relevant for issues of prenatal or maternal psychosocial 
stress. Prenatal psychosocial stress refers to environmental psychosocial stress the 
mother experiences during pregnancy and  communicates  to the fetus via transfer of 
hormones and other physiological substances through the placenta. In utero, mater-
nal hormones can directly affect the fetus’s hormones, body, and brain. After birth, 
the mother’s hormones are transferred only through breast milk; however, because 
she is still the most important aspect of the offspring’s early postnatal environment, 
the mother herself can be a signifi cant source of environmental stress. Therefore, we 
refer to the psychosocial postnatal stress induced in offspring by the mother’s 
behavior as  maternal stress . Maternal stress may be only a subset of all psychoso-
cial stress experienced by a young individual, but it is clearly an important source of 
maternal effects (see the  maternal mediation hypothesis  of environmental stress; 
e.g., Macrì and Würbel  2006 ,  2007 ). 

 Prenatal and maternal psychosocial stress have been extensively studied in labo-
ratory rodents and in humans. Less is known about these maternal effects in pri-
mates (but see Maestripieri  2009 ; Groothuis and Maestripieri  2013 ). Studies of 
nonhuman primates provide important links between the research literature in 
rodents and humans. If the fi ndings of rodent studies are replicated in nonhuman 
primates, there is a greater probability that they also apply to humans. Conversely, 
if processes occurring in humans can also be demonstrated in nonhuman primates, 
it is likely that such processes have a biological basis and can be studied in other 
animal models as well. 

 The effects of prenatal and maternal psychosocial stress are likely mediated by 
common physiological mechanisms, the most important of which is the hypotha-
lamic–pituitary–adrenal (HPA) axis. Many studies of prenatal stress in laboratory 
rodents and humans suggest that the most likely mediator of fetal programming is 
maternal cortisol (e.g., Welberg and Seckl  2001 ; Glover et al.  2010 ; Oitzl 
et al.   2010 ). Cortisol increases signifi cantly and predictably in relation to a wide 
range of acute psychosocial stressors. In addition, the difference in concentration 
between maternal and fetal cortisol is so large that even small fl uctuations in mater-
nal cortisol can exert signifi cant effects on fetal physiology (see Chap.   2    ; Flinn et al. 
 2011 ; Del Giudice  2012 ). Maternal cortisol levels during gestation have been shown 
to predict behavioral reactivity and HPA functioning in infants and children (Glover 
et al.  2010 ; Del Giudice  2012 ). A number of additional stress- related hormones and 
neurotransmitters have also been proposed as possible mediators of fetal program-
ming, including maternal and placental corticotrophin-releasing hormone (CRH), 
maternal adrenocorticotropic hormone (ACTH), adrenal steroid hormone dehydro-
epiandrosterone (DHEA), serotonin (5-HT), and norepinephrine (NE) (Talge et al. 
 2007 ; Glover et al.  2010 ). 

 Long-term HPA axis alterations (involving basal secretion of ACTH or cortisol, 
or hormonal secretion in response to stress or CRH/ACTH challenges or to 
dexamethasone- induced glucocorticoid negative feedback) induced by prenatal or 
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maternal psychosocial stress could underlie adaptive adjustments in reactivity to 
environment (e.g., emotional reactivity or metabolic responsiveness), or they could 
refl ect chronic stress-related pathologies such as posttraumatic stress disorder 
(PTSD). Both phenomena have been well studied in humans and have their parallels 
in nonhuman primates. In this chapter, we will review and discuss the literature on 
the effects of prenatal and maternal psychosocial stress in nonhuman primates, 
addressing whenever possible both their potential adaptive signifi cance and their 
underlying mechanisms. However, we will fi rst address some conceptual issues 
regarding the interpretation of these forms of stress.  

3.2     Prenatal Stress 

3.2.1     Conceptual Interpretations of Prenatal Psychosocial Stress 

 A great deal of developmental research conducted by psychologists, psychiatrists, 
and biomedical scientists is based on a normative view of brain, neuroendocrine, 
behavioral, social, emotional, and cognitive development in which any signifi cant 
deviations from the norm are construed as pathological and maladaptive for the 
developing organism. Such deviations may include alterations of basic physiologi-
cal parameters outside their normal ranges for a particular age and gender, of the 
timing of particular events during development, or of developmental trajectories 
such as growth or maturation curves. From this biomedical/clinical perspective, all 
forms of stress have a negative connotation by defi nition, and prenatal psychosocial 
stress is considered a signifi cant risk factor for abnormal fetal and childhood devel-
opment and health. Studies informed by this perspective and conducted with humans 
and laboratory rodents have reported a host of adverse developmental consequences 
of prenatal psychosocial stress (e.g., Dodic et al.  1999 ; Kofman  2002 ; Maccari et al. 
 2003 ; Talge et al.  2007 ; Glover  2011 ; see Chap.   8    ) . 

 In contrast to the biomedical/clinical view, an evolutionary perspective on devel-
opment posits that since the environment in which organisms develop can be highly 
variable, developmental variation may represent adaptation to different environ-
mental circumstances rather than pathology. Evolutionary scientists realize that 
psychosocial stress is an integral part of the lives of all social organisms and that 
these organisms possess a number of strategies to cope with such stress. Some of 
these strategies represent short-term responses to acute perturbations of the environ-
ment, while others represent long-term adjustments to chronic stressors and other 
stable features of the environment. Early life, especially in utero, is characterized by 
high plasticity in brain structure and physiological function and therefore is an ideal 
period in which to make long-term adjustments to stable characteristics of the 
environment. 

 Evolutionary interpretations of prenatal psychosocial stress recognize that the 
maternal body and the placenta acquire information about stressful features of the 
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mother’s social environment and shape the neural and neuroendocrine development 
of the fetus to be well suited for that environment. One version of these evolutionary 
interpretations, the  adaptive tuning hypothesis , suggests that prenatal environmen-
tal stress mediated by the mother’s body acts as a developmental cue to offspring, 
predictively programming their future phenotypes to better survive in suboptimal 
environmental conditions (Gluckman and Hanson  2004 ; Horton  2005 ). The adap-
tive tuning hypothesis assumes that, with the exception of the extremely high levels 
of stress that tend to result in maladaptive outcomes, the stress an organism experi-
ences prenatally will optimize its postnatal phenotype in an environment featuring 
that level of stress. However, pathologies can arise if the later environment does not 
match the early prenatal environment that induced tuning. An extended and more 
sophisticated version of the adaptive tuning hypothesis of prenatal stress, which also 
explains postnatal stress, is represented by the adaptive calibration model of stress 
responsivity (Del Giudice et al.  2011 ; see below). 

 A different evolutionary hypothesis proposed by Hayward and Wingfi eld ( 2004 ) 
maintains that maternally mediated prenatal stress programs the offspring so as to 
reduce the need for parental investment. In other words, if a mother is stressed and 
her ability to invest resources in her offspring is diminished, prenatal programming 
will produce a  thrifty  (smaller, slower growing, or less demanding) offspring to 
match her offspring’s needs to her current provisioning ability. In this case, the 
maternal/fetal matching benefi ts the mother at the expense of the fetus. This hypoth-
esis was tested in a series of studies conducted with birds in which both maternal 
ability and prenatal exposure to stress hormones were experimentally manipulated: 
mothers had their wing feathers clipped to reduce their foraging ability, and chicks 
were exposed to higher than average doses of corticosterone through injections into 
the eggs (Love and Williams  2008 ; see also Breuner  2008 ). Increased prenatal cor-
ticosterone exposure resulted in higher brood mortality and in the production of 
lighter offspring, thus matching offspring demand to maternal condition. The results 
of these studies are consistent with Hayward and Wingfi eld’s hypothesis and showed 
stress-related increases in egg corticosterone to be an important mechanism under-
lying  selfi sh  maternal effects. 

 Taken together, these different evolutionary hypotheses suggest that develop-
mental programming can be adaptive for offspring as well as mothers. Because 
maternal and fetal interests overlap signifi cantly, we expect some level of coopera-
tion in the extent to which the fetus is susceptible to the effects of prenatal stress. 
However, reducing investment in the offspring through brood or litter reduction or 
by producing smaller and less demanding offspring can provide additional benefi ts 
to mothers at a cost to an individual offspring. Insofar as the interests of mothers and 
offspring diverge, there should be confl ict and competition over the extent of fetal 
programming. The idea that fetal programming could represent an important arena 
for mother–offspring confl ict has been elaborated by Del Giudice ( 2012 ). 

 Del Giudice ( 2012 ) challenges the main assumption of the adaptive tuning 
hypothesis, which views the process of fetal programming as a fully cooperative 
enterprise in which the mother supplies environmental information via her stress 
hormone levels and the fetus passively accepts it. He argues instead that the mother 
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and the fetus should be in confl ict over the extent of postnatal plasticity, the process 
through which the after-birth environment can shape or modify the offspring’s phe-
notype (Ellis et al.  2011 ). By defi nition, high postnatal plasticity implies increased 
susceptibility to the effects of maternal behavior. Thus, the mother would benefi t if 
she were able to increase the offspring’s susceptibility to her own behavior beyond 
the offspring’s optimum, as this would give her increased leverage in all subsequent 
instances of parent–offspring confl ict. Conversely, the offspring should avoid 
becoming too plastic and too susceptible to maternal infl uence. 

 A growing body of research has shown that there is a great deal of individual 
variation in vulnerability to early environmental infl uences, and that this variation is 
in part genetic and in part environmental (Belsky and Pluess  2009 ; Ellis et al.  2011 ). 
Since prenatal stress increases HPA responsiveness and emotional reactivity, post-
natal plasticity can be programmed by prenatal exposure to psychosocial stress, 
especially in those offspring who carry  plasticity  genes. Therefore, mothers may be 
selected to amplify the physiological effects of prenatal stress by releasing increas-
ing amounts of stress hormones during pregnancy, while fetuses may be selected to 
reduce them by limiting the levels of maternal hormones that cross the placental 
barrier. One mechanism for such fi ltering is the conversion of 50–90% of maternal 
cortisol into its inactive form, cortisone, by the enzyme placental dehydrogenase 
11β-HSD2, which normally serves to protect the fetus from excessive cortisol expo-
sure. Additional mechanisms also exist for fi ltering other maternal hormones and 
neurotransmitters (Del Giudice  2012 ).  

3.2.2     Prenatal Psychosocial Stress in Primates 

 There are only a handful of studies of the long-term effects of prenatal stress in 
nonhuman primates. Most of them have been conducted by the same group of 
researchers, utilizing one of two species (squirrel monkeys or rhesus macaques) and 
similar experimental procedures. Schneider and Coe ( 1993 ) investigated the effects 
of chronic prenatal stress in squirrel monkeys by removing pregnant females from 
their groups and rehousing them with other pregnant females. One group of subjects 
was rehoused only once; another group was relocated three times into groups with 
shifting social compositions. After birth, infants were subjected to a standardized 
battery of neuromotor tests. The offspring of chronically stressed mothers did not 
differ in body weight from non-stressed controls, but they showed a host of other 
abnormalities including delayed motor maturation, reduced activity, shortened 
attention spans, less visual orienting, and poorer balance. 

 A subsequent series of studies by Schneider, Coe, and collaborators investigated 
the effects of prenatal stress on offspring behavioral and neuroendocrine develop-
ment in rhesus macaques (see Coe et al.  2010  for a review). In these experiments, 
pregnant females were removed from their home cages and exposed to loud, unpre-
dictable noise bursts once per day, 5 days per week, for approximately 25% of 
pregnancy. The prenatally stressed infants were reared together with non-stressed 
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controls in a nursery to eliminate possible confounds from postnatal maternal 
behavior. Stressed infants tended to have lower birth weight than controls despite 
normal gestational length. Additionally, they performed more poorly on neurobe-
havioral outcomes than controls. Some of these effects appeared to vary based on 
the timing of prenatal stress: infants stressed early in gestation (days 45–90) per-
formed more poorly on measures of attention (visual orienting) and motor maturity 
(head posture) than those stressed later in gestation (days 120–134). 

 The researchers also observed behavioral effects. Prenatally stressed individuals 
showed reduced exploratory behavior (less climbing and play), increased reactivity 
to novelty (e.g., higher emotionality and anxiety, more disturbance behavior, stereo-
typies, clinging and self-clasping, and freezing), and lower sociability (e.g., less 
time playing and grooming, and less time in proximity to cagemates) in various 
testing situations. Some of these effects persisted until 4 years of age. These behav-
ioral modifi cations were accompanied by enhanced basal activity and stress respon-
sivity of the HPA axis (mainly ACTH, not cortisol), as well as by alterations in brain 
monoamine neurotransmitters: higher cerebrospinal fl uid (CSF) levels of MHPG 
and DOPAC under basal conditions and higher MHPG and NE levels in response to 
stress. Fetally stressed infants also demonstrated a prolonged HPA axis response to 
a pharmacological challenge, suggesting impairment in the glucocorticoid negative 
feedback system. Finally, at 4 years of age, fetally stressed infants showed decreased 
neurogenesis in the dentate gyrus and signifi cant decreases in hippocampal volume 
and in the size of the corpus callosum, indicating long-term effects of prenatal stress 
on brain structure. Some of the effects of prenatal stress were replicated by admin-
istering ACTH for 14 days mid-gestation, confi rming hormonal etiologies for the 
observed changes. Like their stressed counterparts, fetuses experimentally exposed 
to higher ACTH levels had delayed motor development, shorter attention spans, and 
increased anxiety and irritability after birth (Coe et al.  2010 ). 

 Further evidence that prenatal alterations in HPA axis function can result in long- 
term neuroanatomical and physiological consequences comes from studies in which 
pregnant female monkeys were treated with the synthetic glucocorticoid hormone 
dexamethasone (dex). An early study by Uno et al. ( 1990 ) reported that administer-
ing dex to pregnant rhesus monkeys as late as 72 h before delivery signifi cantly 
reduced the density of the newborns’ pyramidal neurons, as well as the thickness 
and circumference of their Ammon’s horn and dentate gyrus in the hippocampus. 
Concordantly, infants whose mothers were treated for 30 days with dexamethasone 
had smaller hippocampi than controls, with a dose-related loss of neurons. More 
recently, DeVries et al. ( 2007 ) treated pregnant female vervet monkeys with three 
doses of dex and found that it reduced maternal cortisol in a dose-dependent manner 
at 22 weeks of pregnancy without affecting gestation length or birth weight. 
However, the dex treatment did delay postnatal growth. Furthermore, high-dose 
infants had comparatively heightened cortisol responses to the mild stress of blood 
sampling when tested at 8 months of age, and all dex-treated infants showed cardio-
vascular signs of hypertension such as increased heart rate and blood pressure. 
At 12–14 months of age, dex-treated infants were subjected to a dexamethasone 
suppression test, which normally suppresses cortisol levels in the evening before 
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they return to basal levels in the morning. The infants showed no difference in 
morning cortisol in relation to prenatal treatment relative to controls, suggesting no 
alterations in the glucocorticoid negative feedback mechanism. 

 Taken together, the fi ndings of the limited research on the developmental effects 
of prenatal psychosocial stress in nonhuman primates demonstrate that fetal pro-
gramming does indeed occur, and that it produces long-term alterations in emo-
tional and behavioral reactivity, neuroendocrine function, and, in some cases, 
neuroanatomy, similar to those observed in studies of laboratory rodents and 
humans. Studies mimicking prenatal stress effects with administration of exoge-
nous ACTH or synthetic cortisol have confi rmed that maternal corticosteroids are 
functionally important for fetal programming. Unfortunately, all studies of prenatal 
psychosocial stress in primates to date have tested individuals housed in artifi cial 
experimental laboratory conditions (i.e., adults housed in single cages or 
small groups, or infants who were permanently separated from their mothers and 
reared with peers) and have utilized nonnaturalistic psychosocial stressors. Although 
neuroanatomical alterations induced by severe prenatal stress or the administration 
of large doses of hormones should probably be interpreted as pathological, no stud-
ies have been designed that explicitly test the possible adaptive value of behavioral 
and physiological changes induced by more moderate levels of stress. Lack of data 
concerning the social, mating, and reproductive success, or overall health and survi-
vorship of prenatally stressed individuals makes even post hoc tests of these hypoth-
eses impossible.   

3.3     Maternal Stress 

3.3.1     Conceptual Interpretations of Maternal Psychosocial Stress 

 The clinical/biomedical view of prenatal stress, which interprets all prenatal pertur-
bations as potentially pathological, can be extended to encompass postnatal psycho-
social stress as well. The idea is that it is best for the organism to develop in a safe 
and supportive environment in which all stressors are absent. This view assumes 
that stressors encountered in the early environment generate damage in a dose- 
dependent manner such that exposure to moderate stress results in a moderately 
negative developmental outcomes, while exposure to severe or intense stress results 
in serious negative developmental outcomes. That is to say, it proposes a linear 
relationship between the degree of early stress and the severity of its maladaptive 
consequences. 

 In contrast to the clinical/biomedical view, the  stress-inoculation  model suggests 
that there is a J-shaped relationship between early stress and unfavorable develop-
mental outcomes (Parker et al.  2006 ; Parker and Maestripieri  2011 ; Seery  2011 ). 
Like the clinical/biomedical model, the inoculation hypothesis predicts that severe 
or intense early stress will result in serious maladaptation. However, it argues that 
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too little stress exposure in early life leaves the organism unprepared for future 
stressful situations, while moderate stress exposure results in adaptive physiological 
and behavioral adjustments that better prepare the individual to cope with future 
challenges. In other words, exposure to moderate stress  inoculates  the individual 
against subsequent exposure, just as exposure to moderate numbers of specifi c bac-
teria or viruses allows the body to build an immune response to them in preparation 
for future encounters. 

 While the inoculation model makes relatively simple predictions concerning the 
effects of low, moderate, and high stress on the organism’s subsequent resilience 
and vulnerability to unfavorable circumstances, the  adaptive calibration model  
(Del Giudice et al.  2011 ) makes more complex predictions about the phenotypic 
consequences of early stress exposure using  conditional adaptation  and life-history 
theory as its guiding principles. This model predicts that in relatively non-stressful 
environments, organisms are at low risk of mortality and are thus free to exhibit 
 slow  lifestyles characterized by unhurried physical and sexual maturation, low anxi-
ety, increased time devoted to learning, less risk taking, and more delayed gratifi ca-
tion. Exposure to moderate stress should result in increased resilience, including 
low anxiety and reactivity to challenges but high sensitivity to social feedback. 
Finally, exposure to high stress, which indicates that the external environment is 
dangerous or unpredictable, should produce phenotypes adapted for  fast  lifestyles 
with high vigilance and anxiety, riskier behavior, and less delayed gratifi cation. 
Even physiological and psychological alterations induced by severe early stress, 
such as hyporeactivity of the HPA axis, hyperaggressiveness, and reduced empathy, 
could be adaptations to life in a dangerous environment. 

 The three models discussed above—clinical, stress inoculation, and adaptive 
calibration—apply to all forms of postnatal psychosocial stress, including psycho-
social stress induced by the mother’s behavior. Human empirical research, which is 
usually conducted from the biomedical/clinical perspective, has tended to inter-
pret all deviations in maternal responsiveness and parenting style from what is 
considered the norm or the optimum as damaging for children. For example, the 
insecure–ambivalent, insecure–avoidant, and especially the insecure–disorga-
nized–disoriented patterns of attachment are all conceived as pathologies that 
result from suboptimal parental responsiveness or even from abusive or neglectful 
parenting behavior. However, the adaptive calibration model acknowledges that all 
insecure attachment patterns might have adaptive value (Del Giudice et al.  2011 ). 
For example, ambivalently attached children display patterns of HPA axis, sympa-
thetic, and behavioral reactivity that would be useful in a socially unpredictable 
environment, while the insecure–avoidant attachment pattern is associated with 
patterns of HPA axis, sympathetic, and behavioral reactivity that suggest adapta-
tion to a harsh and unsupportive environment (Loman and Gunnar  2010 ). Even the 
disorganized– disoriented attachment pattern, with its reactive neuroendocrine pro-
fi le characterized by extremely elevated and sustained cortisol responses to psy-
chosocial stress (Loman and Gunnar  2010 ), could have functional value if it 
successfully prepares children to deal with hostile and dangerous relationships 
(Del Giudice et al.  2011 ).  
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3.3.2     Maternal Psychosocial Stress in Primates 

 A great deal of research on early psychosocial stress and development in primates 
has focused on stress experimentally induced by separating infants from their moth-
ers and rearing them under conditions of social deprivation (see Parker and 
Maestripieri  2011  for a review). Much less attention has been devoted to psychoso-
cial stress naturally induced through maternal behavior. Such studies have mainly 
been conducted with cercopithecine monkeys and have focused on two aspects of 
stress-inducing maternal behavior: abusive behavior and rejection. 

3.3.2.1     Maternal Abuse 

 Among rhesus macaques and other cercopithecine monkeys living in large captive 
groups, 5–10% of all infants born in a given year are physically abused by their 
mothers (Maestripieri et al.  1997 ; Maestripieri and Carroll  1998a ,  b ). In rhesus 
macaques, abusive mothers may drag their infants by their tail or leg, or throw them 
in the air. Abuse bouts last only a few seconds, and the rest of the time abusive 
mothers show competent patterns of maternal behavior. Abuse is most frequent in 
the fi rst month of infant life and rare or nonexistent after the third month, when 
infants are more independent from their mothers (Maestripieri  1998 ). Rhesus moth-
ers can give birth once a year, and abusive mothers generally maltreat all of their 
infants with similar rates and patterns of behavior (Maestripieri et al.  1999 ). 
The contributions of infant behavior to the occurrence of abuse are negligible, 
whereas abusive behavior appears to be a stable maternal trait that is transmitted 
across generations, from mothers to daughters. As a result, it is concentrated in 
particular families and absent in others (Maestripieri and Carroll  1998a ). Cross-
fostering experiments demonstrated that early experience plays an important role in the 
intergenerational transmission of infant abuse (Maestripieri  2005 ). Approximately 
half of cross-fostered and non-cross-fostered females abused early in life exhibit 
abusive parenting with their fi rst-born offspring (Maestripieri  2005 ), and those who 
do so have lower CSF concentrations of the serotonin metabolite 5-HIAA than 
those who do not (Maestripieri et al.  2006a ,  2007 ). 

 Maternal abuse is both physically and psychologically stressful for a monkey 
infant. Moreover, even if abuse is limited to the fi rst months of infant life, continuous 
coexistence with the abusive mother and observation of abuse being repeated with 
younger siblings could contribute to reinforce and perpetuate the traumatic effects of 
abuse into adulthood. Observations of social and behavioral development have sug-
gested that abused infants may be delayed in the acquisition of independence from 
their mothers and in the development of peer relations in the fi rst year of life 
(Maestripieri and Carroll  1998b ). In addition, the stressful experience of being abused 
early in life results in both acute and long-term alterations in HPA axis function. 

 In a preliminary study, 10 abused and 10 control infants were studied during their 
fi rst 6 months of life (McCormack et al.  2009 ). Basal morning levels of cortisol 
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were measured at 1, 3, and 6 months of age, and ACTH and cortisol responses to 
stress were measured in month 6. In addition, infants were genotyped for the sero-
tonin transporter (SERT) gene, and individuals carrying one or two copies of the 
short allele of this gene were compared to those carrying two copies of the long 
allele. During the fi rst month, when physical abuse rates were the highest, abused 
infants had elevated basal morning cortisol levels compared to controls and showed 
greater distress responses to handling. In addition to a main effect of abuse on basal 
cortisol levels, there was also a signifi cant interaction between early experience and 
SERT genotype: the effects of abuse on basal cortisol levels were especially strong 
in infants carrying the short SERT allele. After the fi rst month, abused infants’ basal 
HPA axis function recovered to levels similar to controls. Despite the normalization 
of basal activity, there were group by sex effects on the HPA axis stress response in 
month 6: abused males showed signifi cantly higher ACTH stress responses than 
control males when exposed to novelty stress in the absence of the mother. The 
heightened ACTH stress responses were associated with higher levels of anxious 
behaviors at that age. Thus, abused infants—especially those with genetic vulnera-
bilities—exhibited both increased HPA axis activity and increased emotional reac-
tivity not only during, but also a few months following, abuse. 

 In a larger follow-up study comparing 22 abused and 21 nonabused rhesus mon-
key infants over the fi rst 3 years of life, plasma cortisol responses to psychosocial 
stress (a novel environment test) were assessed at 6-month intervals, and behavioral 
measures were assessed at 1-month intervals. Infants showed a signifi cant increase 
in cortisol in response to stress test at all ages, and infants that were physically 
abused by their mothers showed a higher cortisol response than control infants at 1 
year of age (Koch et al.  2013 ). Furthermore, abused infants showed signifi cantly 
different responses to CRF challenges performed at 6-month intervals during their 
fi rst 3 years of life when compared to nonabused infants (Sanchez et al.  2010 ). 
Specifi cally, the administration of exogenous CRF resulted in a greater increase in 
plasma cortisol concentrations in both male- and female-abused infants at 6, 12, 18, 
24, 30, and 36 months of age. Abused infants also showed a blunted plasma ACTH 
response to CRF, but this difference was observed only at 6 months of age. This 
dampened ACTH response may be the result of negative feedback glucocorticoid 
inhibition, which normally inhibits the secretion of ACTH when there is a rapid 
increase in circulating cortisol, or of dysfunctional mechanisms that regulate the 
anterior pituitary’s response to hypothalamic CRF. Altogether these results suggest 
that early maternal abuse results in greater adrenocortical (and possibly pituitary) 
responsiveness to challenges later in life. 

 All of the published research on the developmental effects of maternal abuse in 
macaques has been conducted with infants exposed to relatively low rates of abuse, 
whose life was not in jeopardy and who, in many cases, suffered only minor bruises 
and scratches that did not require external intervention. Since no data are available 
on the behavioral and neuroendocrine development of infants exposed to much 
more severe levels of abuse, the effects of variation in abuse intensity on the 
 development of stress vulnerability vs. resilience are not well understood. The data 
reviewed above suggest that infants exposed to moderate levels of abuse exhibit 
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increased vulnerability to stress later in life. This effect, however, may be driven by 
the high rates of maternal rejection that typically accompany maternal abuse rather 
than to abuse itself. Further research is needed to examine the effects of different 
levels of abuse on development and to disentangle the effects of high maternal rejec-
tion and abuse when they co-occur.  

3.3.2.2     Maternal Rejection 

 Maternal rejection describes behaviors a mother performs that prevent the infant 
from making contact with her body or gaining access to her nipples (such as holding 
the infant at a distance or blocking her chest with an arm), as well as behaviors that 
forcefully remove the infant from the nipple and interrupt physical contact (such as 
pushing the infant away). Mothers also reject their infants by administering painful 
hits or bites. Being denied bodily contact and access to the nipples, even in the 
absence of physical aggression, causes signifi cant distress to infants, who respond 
with loud and persistent vocalizations (screams and geckers) and temper tantrums 
(lying on the ground and acting as if they are having seizures) (Maestripieri  2002 ). 
Frequently rejected infants also show behavioral signs of depression. Maternal 
rejection is clearly a physically and psychologically stressful experience for primate 
infants. 

 Although maternal rejection rates change as a function of infant age and the 
mother’s own age and experience, individual differences in rejection rates are gen-
erally consistent over time and across infants (Fairbanks  1996 ). In rhesus monkeys, 
infants are generally rejected in the third or fourth week of life at the rate of 1 epi-
sode every 2 h, or less (Maestripieri  1998 ). The rate of rejection gradually increases 
as infants grow older, peaking at 6 months of age when mothers resume their mating 
activities. However, some infants do not experience rejection at all, while others are 
rejected at the rate of 3–4 or more episodes per hour as early as in their fi rst week of 
life (Maestripieri  1998 ). 

 Several studies of macaques and vervet monkeys have examined variation in 
infants’ independence from their mothers and their tendency to explore the environ-
ment or respond to challenges, at various ages in relation to exposure to variable 
levels of maternal rejection in early infancy. An early study of rhesus monkeys 
reported that, following a 2-week separation from their mothers, infants whose 
mothers had been highly rejecting prior to the separation exhibited elevations in 
cortisol at reunion, while infants with non-rejecting mothers showed a marked 
decrease in cortisol levels (Gunnar et al.  1981 ). This fi nding may suggest that highly 
rejected infants are anxious about their relationships with their mothers and that 
they are not soothed by a reunion following separation because they may anticipate 
rejection. Consistent with the hypothesis that highly rejected infants are anxious, 
rhesus monkeys exposed to high levels of maternal rejection in the fi rst few months 
of life tend to explore their environments less (Simpson  1985 ; see also Maestripieri 
et al.  2009 ). Other studies, however, found that infants reared by highly rejecting 
mothers generally develop independence (e.g., spend more time out of contact with 
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their mothers, explore the environment more, and play more with their peers) at an 
earlier age than infants reared by mothers with low rejection levels (Simpson et al. 
 1989 ; Simpson and Datta  1990 ; Bardi et al.  2005 ; Bardi and Huffman  2006 ). These 
seemingly confl icting results can be reconciled by the notion that maternal rejection 
has opposite short- and long-term effects on infant dependence; highly rejected 
infants initially respond with increased clinginess and reluctance to leave their moth-
ers, but eventually resign themselves to independence (Maestripieri et al.  2009 ). 

 Long-term effects of maternal rejection on reactivity to the environment can be 
observed in adolescence and also in adulthood. In vervet monkeys, adolescent males 
reared by highly rejecting mothers were more willing to approach and challenge a 
strange adult male ( Fairbanks and McGuire  1988 ). Similarly, in Japanese macaques, 
Schino et al. ( 2001 ) found that individuals that were rejected more by their mothers 
early in life were less likely to respond with submissive signals or with avoidance to 
an approach from another individual and exhibited lower rates of scratching in the 
5-min period following the receipt of aggression. Finally, Maestripieri et al. ( 2006b ) 
showed that rhesus macaques that were rejected more by their mothers in the fi rst 6 
months of life engaged more in solitary play and showed greater avoidance of other 
individuals at age 2. In this study, the association between maternal behavior and 
offspring behaviors later in life was also reported in infants that were cross-fostered 
at birth and reared by unrelated adult females, which rules out potential confounds 
of inherited temperamental similarities between mothers and offspring. 

 Developmental differences in reactivity to novel stimuli or responsiveness to 
other individuals are likely to be accompanied by differences in the neurochemical 
and neuroendocrine substrates that regulate emotional and social processes. 
Maestripieri et al. ( 2006a ,  b ) reported that offspring reared by mothers with higher 
levels of maternal rejection exhibited lower CSF levels of the serotonin metabolite 
5-HIAA, the norepinephrine metabolite MHPG, and the dopamine metabolite HVA 
in the fi rst 3 years of life than offspring reared by mothers with lower levels of rejec-
tion. These differences were observed in both non-fostered and cross-fostered 
infants. Furthermore, CSF MHPG levels in the second year of life were negatively 
correlated with solitary play and avoidance of other individuals, while CSF 5-HIAA 
levels were negatively correlated with scratching rates, suggesting that individuals 
with low CSF 5-HIAA had higher anxiety. A signifi cant association between expo-
sure to high maternal rejection and low CSF levels of 5-HIAA in the offspring was 
also reported in another population of free-ranging rhesus monkeys (Maestripieri 
et al.  2009 ). In this study, rhesus mothers who rejected their infants at high rates 
exhibited higher cortisol responses to stress, suggesting that these may be individu-
als under chronic stress. Altogether, these studies suggest that exposure to maternal 
rejection early in life may affect the development of different neural circuits under-
lying emotion regulation, ranging from fear to anxiety to impulse control. 

 When the behavioral and physiological effects of maternal rejection are 
 considered together, they are generally consistent with the predictions of the 
 stress- inoculation model. In fact, the data reviewed above suggest that infants that 
experience little or no rejection become fearful and behaviorally inhibited later in 
life, whereas those exposed to extremely high rates of rejection become highly 
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 anxious and impulsive. The behavior of infants exposed to moderate levels of 
 rejection in the fi rst few months of life suggests that they show adaptive responses 
to challenges and resilience to stress later on. An ongoing longitudinal study in our 
laboratory is investigating the development of the HPA axis and of the brain mono-
aminergic systems in three groups of rhesus monkey infants exposed to low, moder-
ate, and high rates of maternal rejection early in life. Following the inoculation 
model, we predict that infants exposed to high and low levels of maternal rejection 
will exhibit stress-vulnerable neurobiological phenotypes (e.g., high basal cortisol 
levels, increased HPA axis responses to social and pharmacological challenges, dys-
regulation of peptide and monoamine systems involved in arousal and affective 
responses) compared to infants that received moderate levels of maternal rejection 
and exhibit resilient neurobiological phenotypes (e.g., comparatively lower basal 
cortisol levels; diminished HPA axis responses to social and pharmacological chal-
lenges; normative CSF levels of peptides and monoamine metabolites involved in 
arousal and affective responses). To assess whether these effects of early maternal 
rejection on offspring emotional and stress reactivity are adaptive and will help 
these individuals cope with psychosocial stressors later in life, we will analyze the 
different patterns of emotional and stress reactivity in relation to differences in dom-
inance rank, aggression performed and received, mating success, health not heath 
 ultimately longevity and reproductive success. 

 While the fi tness consequences remain unproven, exposure to variable maternal 
rejection has defi nite phenotypic consequences for grown offspring for which adap-
tive hypotheses can be advanced. Two different studies so far have reported positive 
signifi cant correlations between the rejection rates of rhesus mothers and those of 
their adult daughters (Berman  1990 ; Maestripieri et al.  2007 ), indicating that rejec-
tion rates are transmitted across generations. Maestripieri et al. ( 2007 ) found signifi -
cant similarities in maternal rejection rates between mothers and daughters for both 
non-fostered and cross-fostered rhesus females, suggesting that the daughters’ 
behavior was affected by exposure to their mothers’ rejection in their fi rst 6 months 
of life. Both non-fostered and cross-fostered rhesus females reared by mothers with 
high rates of maternal rejection had signifi cantly lower CSF concentrations of the 
serotonin metabolite 5-HIAA in their fi rst 3 years of life than females reared by 
mothers with lower (below the median) rates of maternal rejection, and low CSF 
5-HIAA was associated with high rejection rates when the daughters produced and 
reared their fi rst offspring (Maestripieri et al.  2006a ,  2007 ). Therefore, the lower 
serotonergic function resulting from exposure to high maternal rejection rates in 
infancy contributes to the expression of high maternal rejection rates in adulthood 
in these females. 

 Different maternal rejection rates may represent adaptations to particular mater-
nal characteristics (e.g., dominance rank, body condition, or age) or demographic 
and ecological circumstances (e.g., availability of food or social support from rela-
tives) (Hauser and Fairbanks  1988 ; Fairbanks and McGuire  1995 ). For example, 
rejection rates are generally high in females of high dominance rank and good body 
condition who are under pressure to wean their infants quickly and produce an 
infant every year. Rejection rates, however, are also high in extremely old females 
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in poor body condition, or in females under severe nutritional or social stress, 
because these females must reduce investment in their offspring to concentrate on 
their own survival and future reproduction. In cercopithecine monkeys, mothers and 
daughters have very similar dominance ranks and share their environment as well. 
Both dominance ranks and patterns of rank-related psychosocial stress are extremely 
stable for rhesus females, not only during their life spans but also across generations 
within their families. Therefore, insofar as a particular rate of maternal rejection 
represents an adaptation to a stressful social microenvironment, the transgenera-
tional conservation of parenting style via stress effects and social learning repre-
sents a likely avenue for non-genomic transmission of behavioral adaptations.    

3.4     Conclusions 

 Prenatal psychosocial stress, mediated by the mother’s body and her hormones, and 
postnatal psychosocial stress, induced by the mother’s behavior, can have similar 
programming effects on the infant’s or child’s social, emotional, and neuroendo-
crine development. These effects represent one particular type of evolutionary 
maternal effects, in which the mother’s phenotype infl uences and shapes the off-
spring’s phenotype, without direct transmission of genetic information or modifi ca-
tion of the offspring’s genotype. The physiological mechanisms underlying the 
prenatal and postnatal effects of psychosocial stress are probably similar, or the 
same, and involve the HPA axis and other neuroendocrine systems involved in emo-
tion regulation and reactivity to the environment. Although stress-related maternal 
effects and their underlying mechanisms have been investigated to a lesser extent in 
nonhuman primates than in laboratory rodents or in humans, the available evidence 
suggests that these processes are largely similar across these different species of 
mammals. 

 Rodents and primates (including humans), however, differ in some key aspects 
of their life histories and social environments, and this has potentially important 
implications for the occurrence, characteristics, and possible adaptive signifi cance 
of prenatal and postnatal stress-related maternal effects. First, many rodent species 
have a relatively short life span: they become reproductively active rapidly and 
reproduce quickly, and through the production of large litters, the processes of preg-
nancy and lactation are brief, and mothers have relatively few opportunities to shape 
the phenotype of the offspring, aside from the windows of time provided by preg-
nancy and the immediate postpartum period. Second, although it is relatively easy 
to experimentally induce psychosocial stress in pregnant or lactating laboratory 
rodent females, for example, by altering their housing conditions, it is not immedi-
ately clear what the naturalistic equivalents of these laboratory stressors may be and 
what are the most common forms of psychosocial stress encountered by pregnant or 
lactating females in the wild. Rodents do not live in complex societies similar to 
those of some primate species, in which psychosocial stress is an integral part of 
life; the extent to which prenatal or postnatal psychosocial stress is an important 
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source of maternal effects in wild population of rodents is unclear. Moreover, even 
though laboratory rodents exhibit naturally occurring differences in maternal care 
styles that have important consequences for offspring development (see Champagne 
and Curley  2009  for a review), it is not clear that these effects are mediated by 
stress-related mechanisms. For example, to our knowledge, rodent mothers do not 
spontaneously exhibit stress-inducing behaviors toward their offspring that are 
structurally or functionally similar to maternal rejection/neglect or abusive mother-
ing in monkeys and humans. 

 In primates that live in complex and highly competitive societies such as humans, 
chimpanzees, and many cercopithecine monkeys, the mother–infant relationship is 
deeply embedded in the social environment so that, for example, other social rela-
tionships the mother has with her partner, or previous children, or other family 
members, friends, coworkers, and competitors can have a direct and profound infl u-
ence on her psychological well-being, her neuroendocrine function, her health, and 
therefore also on the quantity and quality of her interactions with her fetus, infant, 
or child. The long periods of gestation and lactation and the correspondingly long 
and slow process of growth and maturation of the offspring provide many opportu-
nities for prenatal and postnatal maternal effects to operate. 

 The question of whether prenatal and postnatal maternal psychosocial stress 
have adaptive or maladaptive consequences in primates remains open to empirical 
investigation and to debate. It is possible to hypothesize that, during the evolution-
ary history of humans and other primates, psychosocial stress was such an inevita-
ble and signifi cant feature of the pregnancy and lactation periods that the maternal 
body at some point became selected to use the mechanisms and effects of such 
stress to infl uence and shape the phenotype of the developing offspring in a manner 
that was adaptive to herself or the offspring or both. In other words, since psycho-
social stress during pregnancy and lactation is inevitable and may also be a good 
predictor of stressors encountered later in life, mothers began to  prepare  their 
fetuses, infants, and children and endow them with physiological, behavioral, and 
emotional/cognitive adaptations that would allow them to cope with stress in an 
optimal way throughout their life. Exposure to moderate stress early in life can 
promote the acquisition and fi ne-tuning of these physiological, behavioral, and 
emotional/cognitive mechanisms to cope with stress similar to the process through 
which exposure to moderate amounts of pathogens early in life strengthens the 
immune system and inoculates the body against future exposure to the same or simi-
lar pathogens. Thus, it is possible that mothers are not simply vehicles for passively 
transferring information from a surrounding stressful environment to their offspring, 
but in some cases they actively generate a moderate amount of psychosocial stress 
through their behavior so as to give their offspring the opportunity to develop the 
tools to deal with it. 

 Nonhuman primates are ideal animal models with which to test this hypothesis 
and other similar hypotheses concerning the adaptive signifi cance of prenatal and 
postnatal maternal psychosocial stress. Primate mothers encourage the nutritional 
and social independence of their infants through behaviors such as rejection, which 
have the long-term effects of reducing the amount and frequency with which infants 
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seek to be in contact and gain access to their mothers’ nipples for suckling. 
We believe that the fact that maternal rejection generates signifi cant psychosocial 
stress in the offspring is not an inevitable and inconsequential by-product of the 
weaning process. Rather, this stress is a phenomenon that needs an explanation. 
And this explanation may be that when mothers reject their infants, they simultane-
ously accomplish different goals: they encourage their infants to be nutritionally 
and socially independent, and they also give them the opportunity to develop the 
appropriate tools to deal with psychosocial stress and be inoculated against future 
exposures later in life. 

 The notion that parenting behavior can shape the physiological, behavioral, and 
emotional/cognitive mechanisms with which children react to stress is clearly appli-
cable to humans. Authoritative parents often discipline their children in ways that 
generate a moderate amount of stress in the children. The traditional interpretation 
of parental discipline is that it is aimed at shaping the behavior of the child in way 
that conforms to the norms and expectations that society and parents have about 
child’s behavior. The hypothesis that parentally induced psychosocial stress has the 
adaptive effect of enhancing the child’s mechanisms for coping with stress is empir-
ically testable and, if supported by data, would signifi cantly increase our under-
standing of parent–child relationships, of the development of stress reactivity over 
the life span, and of the role of maternal effects in the process of adaptation to the 
environment.      
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    Chapter 4   
 The Everyday Stress Resilience Hypothesis: 
Unfolding Resilience from a Perspective 
of Everyday Stress and Coping 

              Jennifer     A.     DiCorcia        ,     Akhila     V.     Sravish,         and     Ed     Tronick       

    Abstract   Resilience is often associated with extreme trauma or overcoming 
extraordinary odds. This way of thinking about resilience leaves most of the onto-
genetic picture a mystery. In this chapter, we put forth the Everyday Stress Resilience 
Hypothesis where resilience is seen as a process of regulating everyday life stress-
ors and is analyzed from a systems perspective. The hypothesis argues that success-
ful regulation accumulates into regulatory resilience which emerges during early 
development from successful coping with the inherent stress in typical interactions. 
These quotidian stressful events lead to the activation of behavioral and physiologic 
systems. Stress that is effectively resolved in the short run and with reiteration over 
the long term increases children’s as well as adults’ capacity to cope with more 
intense stressors. Infants, however, lack the regulatory capacities to take on this task 
by themselves. Therefore, through communicative and regulatory processes during 
infant–adult interactions, we demonstrate that the roots of regulatory resilience 
originate in infants’ relationship with their caregivers and that infant reactivity, 
maternal sensitivity, and the nature of the stressor can help or hinder the growth of 
resilience.  
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4.1         Introduction 

 Resilience is often referred to as a trait that develops from an individual’s  experience 
with extreme adversity. For this reason, much of the research includes high- risk and 
traumatized individuals (Cicchetti et al.  1993 ; Egeland et al.  1993 ; Haglund et al. 
 2007 ; Luthar et al.  2000 ; Nomura et al.  2006 ). We disagree and put forth the idea 
that resilience can also be a regulatory or coping capacity that develops from infants’ 
experiences with everyday stress. Our perspective on the development of resilience 
is that all individuals, regardless of age, intermittently and frequently experience 
stressors in varying degrees and intensities by simply living in a world of complex 
social relationships and ever-changing, volatile situations. It is how individuals suc-
cessfully or unsuccessfully regulate these everyday stresses that affects the develop-
ment of resilience; that is how stress is reiteratively and chronically regulated at 
different psychobiologic levels which then molds individuals’ regulatory capacity. 

 Stress may not be quickly associated with infancy. What could be stressful for 
infants? In home observations of healthy, typical infants and their mothers, we have 
found that infants at 3 and 6 months of age were in distressed states 11% of the time 
that lasted on average about 3 minutes. They were in heightened, highly aroused but 
affectively positive states 13% of the time with an average duration of 4 min. Even 
when playing with their mothers in face-to-face interactions, infants expressed sad 
or negative affect about 3% of the time, fussy vocalizations about 3% of the time, 
and distress indicators (e.g., spitting up) about 1% of the time (Weinberg et al.   1999 ). 
Research fi ndings, however, are hardly needed to demonstrate the ubiquitousness of 
infants’ experiencing stress. Supporting evidence is everywhere from infants crying 
for a bottle, fussing because they are wet or because they can’t reach an object, cry-
ing in protest when their mother leaves them alone, or for no apparent reason 
(i.e., the mythical gas). Infants also get highly aroused while playing a game that is 
too exciting, such as peek-a-boo, where over-arousal transforms laughter into tears 
or spitting up. These common bouts of distress, however, are limited in duration by 
infants’ self-regulation of the distress (e.g., thumb sucking, attending to an interest-
ing object) or by a caretaker’s intervention (e.g., picking the infant up). Although 
these observations may seem boringly quotidian, they are not because it is not only 
coping that is at stake. Development depends on infants’ active engagement with the 
world of people, and stressed states preclude that engagement. 

 Although infants may be able to turn away from a bright light or an intrusive 
face, there are obvious physical and emotional limitations that infringe on infants’ 
regulatory capacities such that infants’ capacity to effectively deal with stressors is 
not entirely in their hands. It is dependent on their main caregiver, typically the 
mother, to intervene when necessary. The mother’s ability to attend to her infant’s 
signals and to respond appropriately is instrumental to the development of stress 
regulation and resilience. 1  But perfect contingency between mother and infant is not 

1    In infant development research, the terms “synchrony,” “matching,” and “mutual engagement” are 
typically used to describe the coordination of behaviors or contingency within the mother–infant 
dyad (Feldman et al  2007 ; Harrist and Waugh  2002 ). In this chapter, we discuss these concepts as 
being similar. We are aware, however, that the terms may be conceptually and analytically distinct.  
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implied for optimal growth. Rather, we propose that it is the very missteps in com-
munication with their attendant stress and their reparation—the mismatches of 
intentions and affect and their re-coordination—between the mother and her infant 
that lead to resilience. In typical development perfect matching (perfect contin-
gency; perfect coordination) is in-and-of-itself impossible, but experience with 
stress, while necessary, is not suffi cient to build the infant’s developing capacity for 
resilience. Specifi cally, missteps in communication within the dyad may be fol-
lowed by a reparatory process, a dyadic coping mechanism that focuses on the pro-
cess of transforming stressful mismatching states into non-stressful states (Gianino 
and Tronick  1988 ; Tronick  2006 ; Tronick and Beeghly  2011 ). When reparation is 
successful, the infant’s stress level decreases and matching returns; the reiteration of 
successful reparation builds the infant’s capacity for resilience. By contrast when 
reparation fails, dysregulation occurs and precludes the infant’s engagement with 
the animate and inanimate world. Engagement is foundational for normal develop-
ment. When engagement is chronically disrupted, negative cascading processes 
have the potential to disrupt development in a number of different domains, includ-
ing biological, relational, and behavioral realms. Thus stress regulation is critical to 
typical development. 

 Recognizing the centrality of stress regulation leads to a number of questions. 
In this chapter, we present a reconceptualization of the concept of resilience by 
framing its development using a systems perspective. Specifi cally we address the 
important role of the mother–infant dyad and how the regulatory nature of the dyad 
can prevent infants from being chronically overwhelmed by stress in addition to 
fostering the growth of their regulatory capacities.  

4.2     The Everyday Stress Resilience Hypothesis 

 Our approach to questions about the emergence of a resilient, biobehavioral pheno-
type during the fi rst years of life is formulated in the Everyday Stress Resilience 
(ESR) Hypothesis. The hypothesis states that coping with everyday stressors infl u-
ences infants’ regulatory capacities for these typical stressors and prepares them to 
cope with later, more taxing stressors. In short, everyday coping experiences enable 
the development of regulatory capability and build a reservoir of capacity or a “regula-
tory resilience.” Furthermore, based on human and animal research, we also argue that 
successful regulation of stress and the growth of regulatory resilience is not solely 
dependent on infants’ internal self-organized regulatory capacities (Tronick  2006 ; 
Calkins and Hill  2007 ; Hofer  1987 ,  2006 ; Kopp  1989 ). Rather, stress regulation and its 
potential growth toward resilience are critically dependent on the quality of the infant–
caretaker relationship. Although theories have emphasized the importance of the care-
giver’s regulatory role (Hofer  2006 ; Field  1994 ), the unique contribution of the ESR 
Hypothesis furthers this notion by contextualizing the early development of resilience 
in the typical, everyday process of dyadic regulation. In particular, of critical impor-
tance is the infant–caregiver dyad’s capacity for continual, mutually coordinated 
 regulation of infants’ psychobiological states of stress—quotidian and intense—into 
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non-stressful states. Thus, elaboration of the ESR Hypothesis requires placing it in a 
broader context of typical macro- development (developmental changes in capacities 
that can have a regulatory  function in ontogenetic time such as babbling to speech or 
immobility to running) and real-time everyday activities (e.g., caretaking), the stress 
that travels with both, and the mutual regulatory interactive processes that regulate the 
stress. Critically, we will elucidate how mutual regulatory processes in-and-of-them-
selves generate micro-stressors. It is the regulation of these micro-stressors through a 
process of reparation that is critical for building resilience. The process of reparation 
within the dyad depends on many factors including context and individual differences 
in reactivity and regulation. 

 But fi rst we present an analogy for the ESR Hypothesis: training for a marathon 
(Tronick  2006 ). Runners do not run marathon distances to train for a marathon. 
Instead they run a specifi c distance each day and increase that distance over the 
course of weeks. However, it is not until they actually run the marathon that they 
complete the full distance. Training within a marathoner’s extant capacity does not 
lead to improvement, whereas progressive training develops the runner’s stamina or 
coping capacities. Progressive training leads to a bit-by-bit accumulation of capac-
ity culminating in the capacity to go the full distance. The increase in capacity is not 
related to a singular change but to changes in many different metabolic and muscu-
lar characteristics. Effective training is specifi cally aimed at processes that relate to 
running the marathon. This training does not prepare one for a triathlon or long- 
distance skiing. Of course, without the training, had runners tried to go the full 
daunting distance they would surely fail; the stress would exceed their capacity. Or 
had they overtrained their capacity would actually diminish because different sys-
tems would not have been able to recover from the inherent stress of training. Their 
capacity also diminishes when training has ended. Thus a progressive increase of 
training and reiterated chronic training is needed to maintain and grow one’s capac-
ity; with it one becomes resilient and without it resilience is lost. This analogy is 
similar to the inoculation analogy for stress (Parker et al.  2006 ) but differs in that it 
is not an all-or-none model but an ontogenetic model. It allows for a consideration 
of the loss of capacity and the need for recovery or reparation.  

4.3     Stress at the Macro-Developmental Level as Regulated 
by Micro Real-Time Processes 

 We frame our understanding of the development of resilience using a dynamic  systems 
perspective. Dynamic self-organizing biological systems have a hierarchical organiza-
tion operating at multiple levels and temporal scales. They are information- rich with 
specifi c, intense, and continuous dynamic interactions with local contexts. Complex 
systems exhibit emergent properties at different levels. Self-organizing processes gen-
erate these emergent properties and lead to an increase in the complexity and coher-
ence of the system. Prigogine and Stengers ( 1984 ) states that a primary principle 
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governing the activities of open biological systems is that they must acquire energy 
and information from the environment to maintain and increase their coherence and 
complexity. The developing infant is one such a  system. Its impressive features of very 
rapid development of emergent capacities, striking increases in complexity, and 
almost continuous informational exchanges with the external environment are refl ec-
tions of continuously active, powerful self- organizing capacities. 

 Critically, it is necessary to recognize that ontogenetic change requires disorga-
nization and reorganization. Stress travels with this process. Despite the smooth, 
step-by-step characterization of development seen in graphs charting developmen-
tal milestones, development does not proceed so smoothly. Development proceeds 
in an irregularly serrated pattern. Periods of stability (sometimes thought of as 
periods of practicing) in developmental domains are followed by periods of dis-
mantling an already organized capacity and reorganizing it into a more complex 
and coherent form of organization. The transitions between periods of stability 
(attractor states) are inherently stressful not only because they are energetically 
demanding but because the transitions are unstable. During these transitions 
infants may actually lose complexity and coherence until the new organization 
emerges. Crawling, for example, needs to be dismantled to allow for the self-
organized emergence of walking (van de Rijt-Plooij and Plooij  1992 ; 
Trevarthen   1982 ). Or how infants who learn how to crawl across a risky slope 
must then relearn how to cross the same slope while walking (Adolph  1997 ). 
Furthermore, because the disorganization of one system often disorganizes other 
systems, the stress may be exacerbated in intensity and duration. For example, 
infants beginning to transition from crawling to walking are not only disorganized 
motorically but are also emotionally and diurnally disorganized (van de Rijt-Plooij 
et al.  1993 ; Brazelton  1992 ). 

 A consequence of this developmental disorganization is that the moment-by-
moment biobehavioral organization of the infant is threatened. Thus during periods 
of instability, infants are less able to maintain homeostasis and are more likely to 
become fatigued, overaroused, and distressed. A primary feature of the model, 
 however, is that disorganization is an essential part of the developmental process. 
Disorganization is necessary for the emergence of something new and for an 
increase in complexity and coherence; it is the wellspring of change and the new. By 
contrast, fi xed systems don’t develop. Nonetheless for all of its benefi ts, the process 
of macro-development is costly and stressful. 

 Of course it is not only the process of development that is stressful for infants. 
There are everyday internal stressors, such as hunger, fatigue, metabolic processes, 
lack of diurnal regulation, and a myriad of others. There are common external forces 
that stress infants: a wet diaper, too bright a light, or a loud noise. Furthermore there 
are also quotidian stressful interchanges with the environment such as desiring an 
out of reach object, not getting a caretaker’s attention, and playing with a frustrating 
toy. In essence there is a veritable ubiquitousness of stressors which can amplify 
each other and cumulate to create cascades of stress which in turn make infants 
more vulnerable. Thus one can only wonder how are infants able to regulate stress 
in the face of such demands?  
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4.4     Dyadic Regulatory Systems 

 Our view is that to overcome the ubiquitous stressor problem humans evolved an 
exceptional, though hardly unique, method for regulating this stress. Humans form 
a dyadic regulatory system in which the infant’s regulatory capacity is supplemented 
and scaffolded by an external regulator—a caretaker—typically the mother. 
The dyadic regulatory process is referred to as the Mutual Regulation Model (Beebe 
et al.  2010 ; Brazelton et al.  1974 ; Hofer  1994 ; Tronick  1989 ; Fogel  1993 ). 
The Mutual Regulation Model stipulates that mothers and infants are linked subsys-
tems that form a larger, more integrated dyadic regulatory system responsible for 
regulating infants’ biobehavioral organization. 

 The regulatory functioning of the infant–caregiver dyadic system is guided by 
communicative processes (Tronick  1989 ; Fogel  1993 ; Trevarthen et al.  2001 ,  2006 ). 
Communicative signals convey infants’ biobehavioral status to a receptive caregiver 
who responds to the signal. However, the communication within even typical 
mother–infant dyads is far from perfect. As seen in Fig.  4.1 , in typical interactions 
the dyad oscillates from matching (synchronous) to mismatching (asynchronous) 
and back to matching states through the process of reparation (Tronick and Beeghly 
 2011 ; Tronick and Gianino  1986 ). When the regulatory function of the dyad oper-
ates successfully, the maternal regulatory input fulfi lls infants’ signaled regulatory 
needs. For example, a maternal smile in response to her infant’s attentional bid or an 
empathic frown when her infant is distressed.

   As a consequence of successful regulatory inputs from the caregiver, the infant 
becomes more coherently organized and is better able to negotiate the complexity 
of the world. On the one hand, dysregulation can be overcome when the caretaker 
appropriately scaffolds the infant’s regulatory capacity by responding to their cues. 
The infant’s stress is reduced, and homeostatic balance is restored. Consequently 
the infant can continue to engage in the world and its challenges. For example, con-
sider a caregiver who uses a crooning voice and gentle patting with a crying infant 
who is coping with the stress of dismantling of crawling in the service of eventually 
walking. The mother’s compassionate intervention helps transform the infant’s dis-
tressed state into a calmer, organized, alert state leading to reparatory success. On 
the other hand, continual mismatching of regulatory input from the caregiver and 
infant needs results in reparatory failure (see Fig.  4.1 ). For example, giving a hungry 
infant an object to play with will not repair their distressed state whereas if the dys-
regulated hunger state is instead repaired with maternal nursing, then the infant is 
likely to progress into a non-stressful state. The caregiver who ignores or misinter-
prets the infant’s distress conveys a message to the infant that their regulatory 
demands cannot be met by the regulatory resources available. The stressful state 
continues, and engagement is precluded. 

 Paradoxically, mutual regulation in real time is in-and-of-itself stressful (Tronick 
 2006 ; Tronick and Cohn  1989 ). The stressors that occur during real-time mutual 
regulatory processes are micro-stressors, mismatches between external input and 
infant needs. They occur because regulation in the real time cannot be perfect. 
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When regulation is even briefl y disrupted, stress and negative affect are generated 
(Tronick  2006 ). Mismatched or miscoordinated states tend to be more the norm 
than the exception in face-to-face interactions, even with typical mother–infant 
dyads. In our studies, we have found that periods of mismatching in mother–infant 
dyads can make up as much as 70–80% of face-to-face interactive exchanges 
(Tronick and Cohn  1989 ). 

 A host of factors make mismatching inevitable. Signals are emitted at speeds as 
fast as 0.25 s per signal (Trevarthen and Schogller  2005 ) which demands responses 
at rates as fast as tenths of seconds (Beebe et al.  2010 ; Trevarthen et al.  2006 ; 
Condon and Sander  1974 ). Detecting and decoding signals at these speeds is very 
diffi cult. This process is further complicated by the occurrence of miscues or non- 
perfect signaling as well as the rapidly changing regulatory demands. Add to these 
reasons the fact that infants have limited and immature regulatory, behavioral, and 
attentional capacities, and the likelihood of mismatches become quite high. However, 
interactive disorganization is consequently repaired into a more organized state. 

 It is our view that the infant–caregiver dyad comprises a constantly interacting 
and evolving dynamic system. Dyadic interaction is nonlinear and goes through 
stochastic transformations into phases of sensitivity and insensitivity to the environ-
ment (Lewis et al.  1999 ). Dyadic interaction at any given moment is infl uenced by 

  Fig. 4.1    Matching, mismatching, and reparation in the dyad. As the infant and mother transition 
from a matched state to a mismatched state, the stress level within the dyad increases (e.g., infant 
shows increased negative affect, dysregulated physiology). With reparation, the infant transitions 
back to a positive state (e.g., increased positive affect, regulated physiology). (Adapted from 
DiCorcia and Tronick 2011)       
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both the preceding communication history of the dyad as well as factors unique to 
that moment. Over time, the interactional patterns stabilize into a limited number of 
states representative of a particular infant–caregiver dyad (Granic and 
Hollenstein   2003 ). As the infant develops, the regulatory demands placed on the 
infant–caregiver dyadic system changes, in turn destabilizing the homeostasis of the 
system and leading to an increase in mismatched states. However, over time through 
moment-by-moment mismatches and reparations, the dyadic system eventually sta-
bilizes into a new equilibrium. This new equilibrium is not a single point of balance 
but a new organization of hierarchically organized states with greater complexity 
and coherence for the dyad as well as the infant. The infant emerges better equipped 
to self-regulate and cope with the demands made by the environment. 

 Although typical interactions fl uctuate between instances of coordination and 
miscoordination, a key point is that reparations do occur. Missteps are corrected. 
Thinking in these terms expands our notion of stressors from intense, perhaps trau-
matic, stressors to everyday stressors to micro-stressors. Without reparation and 
regulation, even micro-stressors have the potential to accumulate and disrupt devel-
opment. The process of mutual regulation, in particular stress and its reparation, has 
been most carefully studied using an experimental stress-induction procedure, the 
Face-to-Face Still-Face paradigm (Mesman et al.  2009 ; Tronick et al.  1978 ). The 
Face- to-Face Still-Face paradigm highlights the match–mismatch–reparation pro-
cess at a simulated macro-temporal level which allows for detailed measurement of 
infants’ and caregivers’ reactions (see Fig.  4.2a ). The paradigm consists of three 
episodes: (1) an episode of typical infant–caregiver face-to-face play, (2) the still-
face episode where the caregiver stops interacting with her infant and holds a still, 
expressionless face, and (3) a reunion episode where the caregiver resumes interact-
ing with her infant.

   Most infants enjoy and come to depend on the reciprocal nature of social interac-
tions with their caregiver (e.g., reciprocal smiling, playful touching), and the viola-
tion of this expectation of reciprocity during the still-face is stressful. Affective and 
behavioral responses are striking and include decreases in positive affect, increases 
in negative affect, and infant behaviors that are aimed at changing the mothers’ 
behavior or reducing stress, such as increases in protest, gaze aversion and turning 
away, back arching, and postural collapse (Mesman et al.  2009 ; Adamson and 
Frick   2003 ). Infants also show signs of physiologic activation with increases in heart 
rate (Bazhenova et al.  2001 ; Moore and Calkins  2004 ; Weinberg and Tronick  1996 ) 
and skin conductance (Ham and Tronick  2008 ), and a suppression of respiratory 
sinus arrhythmia (RSA) (Bazhenova et al.  2001 ; Moore and Calkins  2004 ; Weinberg 
and Tronick  1996 ; Ham and Tronick  2006 ; Moore  2009 ). Hypothalamic–pituitary–
adrenal axis activation, as measured by increases in salivary cortisol, has also been 
observed in infants during the still-face (Ham and Tronick  2006 ; Feldman et al. 
 2010 ; Haley and Stansbury  2003 ; Montirosso et al.  2011 ). During the reparation or the 
reunion episode, mothers once again interact with their infants and attempt to reestab-
lish dyadic regulation. In return infants gaze more toward their mothers and express 
more positive affect. Negative affect and stress-reduction behaviors also decrease 
though infants may still express higher levels of anger (Weinberg and Tronick  1996 ). 
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Cardiac measures recover (Bazhenova et al.  2001 ; Moore and Calkins  2004 ; 
Weinberg and Tronick  1996 ; Feldman et al.  2010 ; Haley and Stansbury  2003 ), 
although Ham and Tronick ( 2006 ) found that skin conductance remained high  during 
the reunion episode. 

 Reparation is a dyadic process of matching regulatory input to regulatory need in 
order to provide the scaffolding for infants’ intrinsic regulatory capacities. The ESR 
Hypothesis sees reparation as central to the development of regulatory capacities. 
As already noted, with development the regulatory task becomes increasingly 

  Fig. 4.2    ( a ,  b ) Consequence of a mismatched state in the dyad can be either ( a ). Successful repa-
ration of stress and the discontinuation of stress or ( b ). Unsuccessful reparation and the continua-
tion of stress. (Adapted from DiCorcia and Tronick 2011)         
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 self- organized, and new ways of regulating distress (e.g., language, executive 
 functioning, inhibitory control, and emotion display rules) begin to emerge. 
However, it is not until later in childhood that these capacities begin to take their 
mature form (Carlson and Wang  2007 ; Casey  1993 ; Cole et al.  2004 ; Eisenberg 
et al.  2007 ; Saarni  1979 ; Stegge and Meerum Terwogt  2007 ; Thompson  1994 ; 
Saarni et al.  1998 ). Although emerging regulatory capacities are internalized by 
infants, their development is critically dependent on the successful provision of 
external regulation by the caregiver (Calkins and Hill  2007 ; Kopp  1989 ; Bernier 
et al.  2010 ). External regulation serves to foster the development of infants’ self-
regulatory capacities to cope with everyday stressors, and it is this development that 
propels and boosts their resilience when under greater duress. When deprived of 
regulatory support, infants, as well as the young of other species, show defi cits in 
their regulatory capacities (Fogel  1993 ,  2000 ; Blandon et al.  2008 ; Champagne and 
Curley  2009 ; Meaney  2010 ; Tronick and Reck  2009 ; Weaver et al.  2004 ). They are 
chronically dysregulated and constantly recruit their resources to self-regulate 
which, in turn, undermines and disrupts their engagement with the world (see 
Fig.  4.2b ). Just by its nature, severe chronic stress taxes reparatory capacity and 
subsequently reduces reparatory success. Consequently, infants’ ability to self-reg-
ulate and the quality and form of the mutual regulation relationship between infants 
and their mothers, often referred to as “maternal sensitivity,” are both important to 
the development of regulatory capacity in infants, as well as in their overall develop-
ment (Beebe et al.  2010 ; Ainsworth et al.  1974 ; Beeghly et al.  2011 ).  

4.5     The Three Tenets of the Everyday Stress Resilience 
Hypothesis 

 The ESR Hypothesis contextualizes the development of resilience in the exposure 
to and successful reparation of typical everyday stressors. In order for the hypothe-
sis to be valid, there are several necessary conditions that need to be met that involve 
the infant, the nature of the stressor, and the effectiveness of the infant’s external 
regulator, their mother. 

4.5.1     Tenet 1: The Development of Self-Regulation 

 The fi rst tenet of the ESR Hypothesis requires that the building blocks of self- 
regulation be in place early in development. Studies have demonstrated individual 
differences in behavioral and physiological reactivity early in development which 
have been linked to diffi culties in self-regulation and later emotion regulation 
capacities (Bridgett et al.  2009 ; Calkins  1997 ; Gottman and Katz  2002 ; Hill- 
Soderlund and Braungart-Rieker  2008 ; Kagan and Snidman  2004 ; Kagan et al. 
 1992 ,  1998 ; Santucci et al.  2008 ). For example, using typical measures of heart rate 
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variability, infants who have less variability at rest and who showed greater 
 suppression during challenges have less temperamental diffi culties, show more 
 regulatory behaviors, and are typically more attentive (Fox  1989 ; Fox and Porges 
 1985 ; Porges et al.  1974 ,  1994 ; Porter  2003 ; Stifter and Corey  2001 ; Stifter and Fox 
 1990 ; Stifter and Jain  1996 ). This is compared to infants who have greater heart rate 
variability at rest and who also showed less suppression during challenges. Infants 
who have this pattern of variability were more likely to have diffi cult temperament 
styles and, when under duress, took longer to recover (Bazhenova et al.  2001 ; Moore 
and Calkins  2004 ; Fox  1989 ; Porges et al.  1994 ; Stifter and Fox  1990 ; Beauchaine 
 2001 ; Field and Diego  2008 ). In the context of the dyad, an infant who is highly 
reactive is more likely to take longer to recover, something that has the potential to 
make the reparation more diffi cult for the mother. The infant’s high level of arousal 
makes it diffi cult to attend to the regulatory support provided by their mother which 
is likely to lead to an increase in her frustration and a continued disorganized state 
within the dyad. One can easily see how the cycle can then become self-amplifying 
and self-perpetuating. 

 Gains in self-regulation cascade into more advanced regulatory capacities that 
correlate with cognitive development including effortful control and executive func-
tion. Both effortful control and executive function possess elements of inhibition, 
planning, error detection, and problem solving (Best and Miller  2010 ; Posner and 
Rothbart  2000 ; Rothbart  2007 ). Gains in these two capacities are thought to mirror 
the fl exibility that is required for successful emotion regulation (Dennis et al.  2010 ) 
and, with development, individual differences may infl uence one’s ability to suc-
cessfully use emotion regulation strategies when under duress (Opitz et al.  2012 ; 
Urry and Gross  2010 ).  

4.5.2     Tenet 2: Practice Involves Exposure to Typical Stressors 

 Thinking about the capacity at which an individual is able to regulate and ultimately 
recover from stressors, the second tenet of the ESR Hypothesis emphasizes that 
stressors experienced early in life must be typical and not extreme or chronic. 
Numerous studies and reviews have demonstrated the toxic effect of chronic, high 
levels of stress on development (de Bellis et al.  1999a ,  b ; Kaltsas and Chrousos 
 2007 ; Lupien et al.  2009 ; Nelson and Carver  1998 ). Chronic, intense stress over-
whelms the regulatory capacities of the mother, her infant, and the dyad. When 
mothers need to cope with this type of stress, their ability to function and to parent 
are both compromised (Blandon et al.  2008 ; Hoffman et al.  2006 ; Lupien et al. 
 2000 ; Nicholson et al.  2011 ). They are inattentive and the timing and appropriate-
ness of their responses are disrupted. As caregivers they have defi cits in or lack the 
capacity to successfully regulate their own emotional state, let alone disruptions in 
their infant’s emotional state. And if chronic and high levels of stress affecting both 
the mother and her infant were not enough, in combination this level of stress dis-
rupts the regulatory operation of the dyad leading to rigid, infl exible patterns for 
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resolving the stress and problematic interactive patterns (Reck et al.  2004 ; Warren 
et al.  2003 ). Therefore, not only are these infants experiencing an extreme amount 
of stress from their environment but they also lack the external support or scaffold-
ing needed to successfully regulate (Bridgett et al.  2009 ; Hoffman et al.  2006 ; 
Bosquet Enlow et al.  2011 ; Calkins et al.  2008 ). In a way, this scenario is not unlike 
the marathon runner who continually overtrains and does not provide their body 
with an opportunity to recover. In the end, their body progressively weakens.  

4.5.3     Tenet 3: The Mother as an Effective Regulator 

 The third tenet of the ESR Hypothesis stipulates that moderate levels of maternal 
sensitivity lead to the most successful regulatory development and, consequently, 
the greatest resilience. Following a classic inverted U-shaped distribution, both 
extremely low and extremely high levels of “sensitivity” may contribute to subopti-
mal regulation skills or vulnerabilities in the developing infant. This idea is based 
on evidence associating moderate levels of maternal sensitivity and secure attach-
ment (Beebe and Lachmann  1994 ; Isabella and Belsky  1991 ). Sensitivity has and is 
an omnipresent concept in psychology with developmental effects that are viewed 
as wide reaching. From Freud ( 1974 ) to Bowlby ( 1980 ), the quality of maternal 
sensitivity has been seen as infl uencing infants’ development of relationships with 
others over the life span. Higher levels of maternal sensitivity in infancy are associ-
ated with more effective regulation including physiological regulation (Calkins 
et al.  1998 ; Conradt and Ablow  2010 ; Moore et al.  2009 ) and stress management 
(Bugental et al.  1993 ; Conway and McDonough  2006 ; Waters et al.  2010 ). Higher 
levels of maternal sensitivity are also associated with later secure attachment 
(Ainsworth et al.  1974 ; Bigelow et al.  2010 ; Isabella et al.  1989 ; McElwain and 
Booth-Laforce  2006 ), greater sociability (Hobson et al.  2004 ), lower levels of 
aggression (Crockenberg et al.  2008 ; Leerkes et al.  2009 ), and gains in both cogni-
tive (Bernier et al.  2010 ; Tamis-LeMonda et al.  1996 ) and socio-emotional 
 development (Leerkes et al.  2009 ). 

 However, at face value maternal sensitivity is a multidimensional, complex 
 psychological construct that can be measured in many different ways under many dif-
ferent circumstances. It can be measured by observing synchrony within the dyad or 
the matching of affect during times of distress, non-distress, or both, as well as during 
heightened states of positive arousal. When thinking about the mother’s regulatory role 
within the dyad, we think it is more fi tting to tease apart the construct of “maternal 
sensitivity” and limit our consideration to what we defi ne as “reparatory sensitivity.” 
Reparatory sensitivity refers to the quality and form of the mutual regulation relation-
ship between the infant and mother during times when infants’ regulatory strategies are 
overtaxed, and they cannot self-regulate their states, be the states negative or positive. 
Reparatory sensitivity occurs at multiple stress levels including the micro-temporal 
level where the mother provides regulatory scaffolding that leads to interactive repara-
tion of the micro-stress that travels with short- lived rapidly occurring mismatches. 
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 The idea of reparatory sensitivity can be conceptualized in terms of Hans Selye’s 
( 1998 ) classic General Adaptation Syndrome to stress theory. Selye stated that 
depending upon the individuals’ regulatory resilience in the face of a stressor, they 
may progress through three biobehavioral states—the alarm state, the resistance 
state, and the exhaustion state. The alarm state prepares the individual for the stressor 
which is then followed by the resistance state where the individual may use emotion 
regulation or stress-behavior modifi cation techniques to self-regulate. If those 
attempts fail, the individual succumbs to the stressor and moves into the exhaustion 
state where they are now vulnerable to stress-related diseases. 

 In Selye’s model, how the individual adapts during the resilience stage is central 
to any understanding of how they cope with stress, but more recent thinking points 
to factors not considered in the model. He, of course, could not have considered the 
phenomena of plasticity, sensitive periods, and how experience can modify develop-
ment through learning and changes in gene expression as researched in the emerg-
ing fi eld of epigenetics (Champagne and Curley  2009 ; Meaney  2010 ; Weaver et al. 
 2004 ; Barry et al.  2008 ; Champagne  2010 ). But Selye’s original model also did not 
consider development and the changes that occur in the regulatory systems ontoge-
netically. In this context, Selye saw adaptations as intrinsic to the individual organ-
ism, rather than considering the idea we are advancing that successful regulation for 
the infant is a dyadic process and that dyadic failure leads to stress; that it is not 
intrinsic and fi xed but an experiential developmental process. For example, mis-
matched affect within the dyad is a key factor for behavioral and physiological dis-
organization in infants (Tronick et al.  1986 ). 

 Nonetheless these developmental and dyadic ideas can be readily incorporated 
into Selye’s stress theory where the mother acts as a constant external regulator, a 
fail-safe, not only knowing when her infant’s regulatory tolerance level has been 
exceeded and when to step in to intervene, but also when to let her infant self- 
regulate. With this organization of regulatory sensitivity, the mother allows her 
infant to experience a certain amount of stress or discomfort, a level that she knows 
her infant can cope with. Furthermore, through her scaffolding during the process of 
dyadic mismatches, matches, and reparation, the mother helps her infant build a 
self-soothing repertoire. More specifi cally, we believe that reparatory sensitivity to 
typical interactive macro- and micro-stressors leads to individual differences in 
infants’ regulatory capacities and, consequently, the growth of resilience. 

 This brings us back to the marathon example. The marathon runner runs a series 
of shorter, but progressively longer, less-traumatic distances everyday in order to 
prepare for the actual shock of the marathon. It is this practice that prepares the run-
ner for the longer distance. Monitoring their own training coupled with the insight 
of coaches and training mates helps prevent overtraining and subsequent damage 
that is not easily repaired, and at the same time allows for a level of training stress 
that can be repaired, thus resulting in a growth of capacity. Similarly, the mother’s 
reparatory sensitivity to the match–mismatch process monitors infant’s stress within 
the dyad. The mother acts to prevent stress that would overwhelm the infant’s 
resources while allowing for appropriate levels of capacity increasing stress. Thus 
the infant does not necessarily need to be in a distressed state during a mismatch. 
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Instead, mismatches can be small and occur quite frequently in everyday social 
encounters. What is important is how the infant copes during mismatches. This every-
day coping, fostered by the mother’s reparatory sensitivity, is what leads to increased 
everyday resilience. Therefore it is important to consider, given infants’ limited regula-
tory repertoire, the subsequent effects of maternal sensitivity on infant development.   

4.6     The Effects of Sensitivity on Development 

 Research suggests that the quality of maternal sensitivity remains consistent across 
non-stressful and stressful contexts (Conradt and Ablow  2010 ; Moore et al.  2009 ; 
McElwain and Booth-Laforce  2006 ; Leerkes et al.  2009 ; Mills-Koonce et al.  2009 ). 
The stability of maternal sensitivity as broadly characterized in the literature, what 
we would prefer to see as “reparatory sensitivity,” fi ts well with the ESR Hypothesis 
in its emphasis on chronic on-going events; that is a chronic progressive exposure to 
reparable levels of stress. Infants of mothers who showed greater maternal sensitiv-
ity at 6 months were less likely to show externalizing and internalizing behavioral 
problems at 24 and 36 months, problems refl ecting regulatory issues (Leerkes 
et al.   2009 ). Calkins and colleagues ( 1998 ) found that greater maternal sensitivity 
to toddler’s negative emotions coupled with a fl exible parenting style increases 
young children’s physiologic regulation across multiple stressors. Adding to this, 
recent epigenetic research emphasizes the protective nature of maternal sensitivity. 
Propper et al. ( 2008 ) found that infants with a genetic vulnerability for physiologi-
cal dysregulation during stressors were likely to show signs of successful physio-
logical coping (e.g., RSA withdrawal) at 12 months if their mothers were rated as 
more sensitive at 3 and 6 months. Maternal sensitivity has also been associated with 
decreases in infants’ reactivity to fear (Braungart-Rieker et al.  2010 ) and later gains 
in executive functioning abilities that foster self-regulating capacities (Bernier 
et al.   2010 ). In contrast, a lack of maternal sensitivity, especially during distress, 
has been shown to predict later behavioral and emotion regulation problems 
(McElwain and Booth-Laforce  2006 ; Leerkes et al.  2009 ; Crockenberg and Leerkes 
 2006 ; Pauli- Pott et al.  2004 ). For example, Crockenberg and Leerkes ( 2006 ) found 
that greater reactivity to novelty in infancy was associated with later anxious behav-
ior in  toddlerhood among infants whose mothers were less sensitive. These fi ndings 
highlight the important role of sensitivity in the development of the infants’ self-
regulation capabilities. 

 The development of successful coping and emotion regulation strategies fostered 
by maternal sensitivity is also associated with later secure attachment (McElwain 
and Booth-Laforce  2006 ; Bakermans-Kranenburg et al.  2003 ; Braungart-Rieker 
et al.  2001 ; Cassidy  1994 ; de Wolff and van Ijzendoorn  1997 ; Hill-Soderlund 
et al.   2008 ). In the attachment literature, secure attachment develops from infants’ 
expectation that their needs and affective signals will be attended to (Cassidy 
 1994 ; Ainsworth et al.  1970 ,  1978 ). In a study by McElwain and Booth-Laforce 
( 2006 ), infants whose mothers showed greater sensitivity at 6 months during a 
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 free-play session were more likely to be classifi ed as secure at 15 months. This 
general pattern was replicated in a study by Fuertes and colleagues who found that 
mothers higher in sensitivity during play interactions at 9 months were more likely 
to have securely attached infants at 1 year (Fuertes et al.  2009 ). Sensitive parenting 
fosters a secure and trusting relationship whereas insensitive parenting leads to mis-
trust and insecurity. Trust in the mother and in oneself helps the infant cope with the 
stress of building new relationships and when exploring the environment (Ainsworth 
et al.  1970 ). Infants in secure relationships are also more attentive to their mothers, 
and it is this increase in attention that provides the mother with more opportunities 
to help her infant regulate during and after stressful experiences (Beebe et al.  2010 ; 
Crockenberg and Leerkes  2006 ; Evans and Porter  2009 ; Koulomzin et al.  2002 ). 
By contrast, insecure attachment styles are related to less adaptive regulatory 
 capacities, and infants who are avoidant are more likely to disregard their mothers’ 
regulatory attempts. Under duress, 1-year-old infants classifi ed as insecure–avoid-
ant did not show the expected RSA withdrawal response during the socially  stressful 
Ainsworth Strange Situation Paradigm. Adding to this fi nding, these infants also 
had higher levels of salivary alpha-amylase compared to securely attached infants. 
This pattern suggests the insecure–avoidant infants had less of a parasympathetic 
response to the social stressor and were generally overaroused regardless of the 
presence of an external stressor when compared to securely attached infants 
 (Hill- Soderlund et al.  2008 ). 

 Perhaps as a result of learning or imitation, infants’ expression of emotions and 
regulation comes to resemble their mothers’ expression and regulation. For exam-
ple, mothers of avoidant infants show a narrower range of emotional expressions 
(Ainsworth et al.  1978 ). Likewise, avoidant infants have been shown to have a 
heightened physiologic reaction when under duress, even though they appear less 
distressed when solely observing their expressive behavior (Spangler and 
Grossmann   1993 ). Along this same line of thought, mothers with disorganized 
attachment have been shown to be biased in their attention. Atkinson et al. ( 2009 ) 
found that disorganized mothers responded slower during an emotional Stroop task 
involving negative attachment and negative emotion stimuli. As their reaction time 
increased, so did the likelihood of having the dyad classifi ed as disorganized. 
Therefore disorganized mothers may have diffi culty attending and, consequently, 
reacting to negative situations. Such attentional defi cits have the potential to affect 
the timing and  quality of the mother’s intervention thereby disrupting the level 
of trust within the dyad and the stability of the mother’s relationship with her 
 developing infant. 

 Several additional studies highlight the important link between the timing and 
effi ciency of reparation and infant recovery (Moore and Calkins  2004 ; Thompson 
 1994 ; Porter  2003 ; McElwain and Booth-Laforce  2006 ; Leerkes et al.  2009 ; Kogan 
and Carter  1996 ). Timing and effi ciency are often related to levels of synchrony 
within the dyad. Synchrony within the dyad is the result of infants’ increased levels 
of distress and the need for the dyad to achieve regulatory stability (Tronick and 
Cohn  1989 ). For example, in dyads who experienced more unilateral patterns of 
communication during play, where only one part of the dyad is engaged in some sort 
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of communication while the other member is inattentive (e.g., the infant is looking 
away), infants showed lower vagal tone, a cardiac marker for poor physiological 
regulation (Porter  2003 ). Due to the lack of attention, infants in less synchronous 
dyads had less of an opportunity to experience their mothers’ attempts to change 
their emotional state and to redirect their attention compared to infants who were 
part of more synchronous dyads. Additionally, in synchronous dyads infants exhib-
ited more positive behaviors and greater vagal tone indicating greater physiological 
regulation. This suggests the important role of dyadic synchrony in situations where 
reparation is necessary (Porter  2003 ). 

 All in all, in our terms parents who intervene both on-time and effi ciently are 
high in reparatory sensitivity. They recognize when their infant needs help and pro-
vide the appropriate level of attention and intervention. Intervening too soon may 
lead infants to seldom experience regulation on their own and preclude opportunities 
to develop regulatory capacities. As a consequence, when faced with a stressor in 
the absence of the caregiver, the infant may be unable to cope. Likewise intervening 
too late may result in an inconsolable infant who is unable to utilize the caregiver’s 
soothing input. Observations by Beebe and Lachmann ( 1994 ) and Isabella and 
Belsky ( 1991 ) found that sensitivity in the mid-range, rather than at the low or high 
end, typifi es normal interactions. Given this work and work by Tronick and col-
leagues (Tronick and Gianino  1986 ; Tronick and Cohn  1989 ), it is hypothesized that 
mid-range sensitivity is also characterized by mismatches and repairs, yielding 
strong, but not perfect, behavioral measures of synchrony and matching. This is 
compared to interactions where the mother is never sensitive (i.e., high mismatch/
low synchrony and no reparation) or always overly sensitive (i.e., low mismatch/low 
synchrony and no reparation). 

 Research suggests that a lack of sensitivity, characterized by frequent maternal 
emotional withdrawal, affects infants’ later developing physiological stress 
responses. Specifi cally infants with emotionally absent mothers (e.g., mothers suf-
fering from postpartum depression) are more likely to have elevated resting cortisol 
levels (Bugental et al.  2003 ), a maladaptive response indicative of a hyperrespon-
sive hypothalamic–pituitary–adrenal axis (Dickerson and Kemeny  2004 ; 
Hellhammer et al.  2009 ; Lovallo and Thomas  2000 ; Sapolsky  1996 ). Elevated basal 
cortisol levels, including elevated levels during reactivity, may help infants cope in 
the here and now, but chronically elevated levels have the potential for negative 
effects later in life including problems regulating future stressors, suppressed 
immune function, and the development of stress-related disorders (Bugental et al. 
 2003 ; Cacioppo  2000 ; Uchino et al.  2007 ; Feldman et al.  2009 ). These effects may 
emerge because mothers suffering from postpartum depression are typically unable 
to balance their own need for regulation with their infants’ need for external regula-
tion (Cohn et al.  1990 ; Goodman  2007 ). As a consequence their timing is off. They 
respond slower and are overall less responsive to their infants’ attentional bids 
(Zlochower and Cohn  1996 ). In effect infants of depressed mothers tend to with-
draw and must rely on their own, albeit insuffi cient, regulatory strategies (Manian 
et al.  2009 ). In the end, these infants are left to regulate on their own and, when faced 
with higher levels of distress, are likely unable to regain homeostatic balance. 
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 Paradoxically too much sensitivity, where an infant is rarely allowed to 
 experience reparation, can also lead to negative consequences. Hypervigilant par-
ents try to buffer their infants from experiencing any stress. Infants of mothers who 
are over- involved or intrusive are less likely to develop a secure attachment style 
(Isabella and Belsky  1991 ; Isabella et al.  1989 ). Over-involved or intrusive styles of 
maternal interaction have the potential to limit infants’ regulatory growth owing to 
fewer opportunities to regulate typical, everyday stress (Graziano et al.  2010 ). This 
lack of experience with stress and reparation can also translate to differences in the 
functioning of neurophysiological stress-response systems (Warren et al.  2003 ) 
with the fi nal result being an arousal overload for infants when faced with a stressor 
in the absence of their mothers. Both in cases of under- and oversensitive mothers, 
it is our hypothesis that infants are at a disadvantage for developing coping mecha-
nisms used to regulate their physiological, behavioral, and emotional stress 
responses. Reparatory sensitivity is intertwined with the mother’s ability to regulate 
her own psychological state in addition to her infant’s. In sum, the maternal sensi-
tivity fi ndings make it clear that the development of infants’ resilience, as seen in 
the development of self-soothing and regulatory strategies, is both maintained and 
expanded by sensitive reductions in physiological arousal.  

4.7     Conclusion 

 The concept of resilience is usually associated with coping and regulation under 
extreme, chronic stress. For that reason, examples of resilient behavior tend to focus 
more on the against-all-odds types of stories such as the inner-city youth who grew 
up in poverty and lost both parents to violence or the physical abuse survivor, both 
of whom managed to become infl uential leaders in society. In this chapter, we put 
forth a hypothesis, the ESR Hypothesis, to present the argument that resilience 
emerges from a process of regulating and coping with everyday life stressors. 
The more experience one has with successfully regulating everyday life stressors, 
the more prepared one is to cope with greater challenges. For infants, this can con-
sist of coping with micro-stressors, the ubiquitous disruptions in the typical fl ow of 
communication within the mother–infant dyad.  Ubiquitous  is emphasized here 
since experience with severe, chronic stressors can compromise development by 
overwhelming the regulatory capacity of the dyad and affecting infants’ early self- 
regulation and later emotion regulation capacities. But infants’ coping experience is 
not solely dependent on their own capacities. They are part of a larger dyadic regu-
latory system, and their experience with the reparation of mismatches within the 
dyadic system is critical to successful regulation of stress in the short run and to the 
enhancement of infants’ regulatory resilience in the long run (Tronick  2006 ; 
Thompson  1994 ; McElwain and Booth-Laforce  2006 ; Leerkes et al.  2009 ). Thus it 
is the quality of behavioral and biological reparation within the mother–infant dyad 
that serves a protective regulatory function—a function of preparing, expanding, 
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and developing infants’ regulatory capacity. The positive feedback loop within the 
dyad creates a greater propensity to regulate, in turn enhancing the process of 
mutual regulation. 

 Future research is needed to validate the implications brought forth by our 
hypothesis. A primary area of interest involves stress as a factor inducing regulatory 
capacity. How much stress is appropriate? How much is too little or too much? 
What markers can we develop to evaluate and predict outcomes? Are there sensitive 
periods when stress is  required  and does the stress have to be of a specifi c type to 
induce a positive effect? If there are sensitive periods, can they be overcome later in 
development? To explore these questions, more research involving microanalytic 
coding methods should be conducted at various ages in order to determine the 
dynamics of the interplay of behavior and physiology including their effects on 
reparation. Another area of research involves infants who do not fi t the hypothesis 
because they function well despite the extremes of chronic, toxic stress, and trauma. 
Are these infants at the extreme of the continuum of individual differences in regu-
latory capacity? Do they have defi cits that go unnoticed? Even under situations of 
extreme stress where there is slim possibility that the infant comes out unscathed, 
they may show defi cits in some areas of functioning compared to others. Was there 
some fail-safe in their daily experience that protected them and allowed for normal 
development? 

 The ESR Hypothesis represents a critical fi rst step in building a more comprehen-
sive theory of resilience. The hypothesis demands a detailed knowing of an individ-
ual’s experience, in particular the details of their relational experience, rather than a 
global characterization of events in their lives. Finally, how do differences in types of 
stress and types of infants fi t into the picture? Is regulatory capacity specifi c to con-
text and stimulus or is it unbounded? Does a sense of regulatory sensitivity extend to 
all domains (e.g., social, cognitive, and executive functioning)? To what extent do 
temperamental differences predetermine infants’ regulatory capacity regardless of 
the mothers’ reparatory sensitivity? Carefully modifying these variables in future 
studies opens the door to understanding the scope of everyday resiliency. 

 Small stressors are ubiquitous in everyday experience, even for infants. 
Unfortunately, traumatic, chronic stress is also far too common. As argued here, it 
is our view that understanding resilience in the face of extreme stress requires 
broadening our perspective and focusing on the developmental processes that lead 
to resilience—the reparation of the stress of simply being in and engaging the world.      
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    Chapter 5   
 Ontogeny of Stress Reactivity in the Human 
Child: Phenotypic Flexibility, Trade-Offs, 
and Pathology 

              Mark     V.     Flinn       ,     Davide     Ponzi    ,     Pablo     Nepomnaschy,     and     Robert     Noone   

    Abstract   We humans are highly sensitive to our social environments. Our brains 
have special abilities such as empathy and social foresight that allow us to under-
stand each other’s feelings and communicate in ways that are unique among all 
living organisms. Our extraordinary social minds, however, come with some signifi -
cant strings attached. Our emotional states can be strongly infl uenced by what oth-
ers say and do. Our hearts can soar, but they also can be broken. Our bodies use 
internal chemical messengers—hormones and neurotransmitters—to help guide 
responses to our social worlds. From romantic daydreams to jealous rage, from 
orgasm to lactation and parent–child bonding, the powerful molecules produced and 
released by tiny and otherwise seemingly insignifi cant cells and glands help orches-
trate our thoughts and actions. Understanding this chemical language is important 
for many research questions in human health. Here we focus on the question of why 
social relationships can affect health—why it is that words can hurt children. Stress 
hormones appear to play important roles in this puzzle. 

 The hypothalamic–pituitary–adrenal axis (HPAA) is highly responsive to trau-
matic experiences including social challenges. For the past 23 years we have con-
ducted a fi eld study of child stress and family environment in a rural community in 
Dominica. The primary objective is to document hormonal responses of children to 
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everyday interactions with their parents and other care providers, concomitant with 
longitudinal assessment of developmental and health outcomes. Results indicate 
that diffi cult family environments and traumatic social events are associated with 
temporal elevations of cortisol and elevated morbidity. The long-term effects of 
traumatic early experiences on cortisol profi les are complex and indicate domain- 
specifi c effects, with normal recovery from physical stressors, but some heightened 
response to negative-affect social challenges. These results are consistent with the 
hypothesis that developmental programming of the HPAA and other neuroendo-
crine systems associated with stress responses may facilitate cognitive targeting to 
salient social challenges in specifi c environmental contexts.  

5.1         Introduction 

 Living organisms are fl exible; they can respond to changing conditions with a vari-
ety of morphological, physiological, and behavioral mechanisms. The processes that 
organisms use to change and respond to environmental challenges are posited to be 
evolved adaptations (West-Eberhard  2003 ). Flexibility involves both immediate, 
temporary responses and longer-term developmental changes. A classic example of 
adaptive developmental response is exhibited by the water fl ea, Daphnia ambigua, 
which grows a “helmet” of protective spikes if exposed during juvenile stages to 
chemicals released by one of its common predators, Chaoborus fl avicans (Hanazato 
 1990 ). In the absence of the chemical signal of the Chaoborus predator, the juvenile 
Daphnia economize and allocate the resources that would have been used to grow 
the protective helmet into other somatic functions (Agrawal et al.  1999 ). 

 The human child does not grow spikes or other such dramatic morphological 
options. He or she nonetheless exhibits a most complex form of phenotypic plastic-
ity. For the child must master the dynamics of social networks and the near-infi -
nitely shifting sands of culture, supported by the extraordinary information-processing 
capacities of the human brain (Flinn  2006c ; Rilling and Sanfey  2011 ) and its socio-
cognitive and linguistic programs. Instead of growing a helmet, the human child can 
acquire the information necessary to build one out of animal skins or even duct tape. 

 We are especially interested in the unusual sensitivity of the fetus and child to the 
social environment—interpersonal relationships—and the consequent changes that 
occur in physiological stress systems. Our curiosity is piqued by both the paradoxi-
cal nature of this phenomenon—for physiological stress response has attendant 
somatic costs—and its importance for human health. Adverse conditions in utero 
appear to have a wide range of negative effects on child development and well-being 
with grave health consequences throughout the life span. Maternal stress during 
gestation has been reported to affect child development and postnatal behavior, 
mood, and mental and physical health (Seckl and Meaney  2004 ; Van den Bergh 
et al.  2008 ; Glover  2011 ; Brand et al.  2011 ; Hatzinger et al.  2012 ). For example, 
maternal depression and high levels of social anxiety during pregnancy are associ-
ated with low birth weight, elevated stress reactivity, and subsequent disease risk for 
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offspring (Gluckman and Hanson  2006 ; Weinstock  2005 ). The processes that 
 underlay this biological embedding of information from the social environment in 
humans remain obscure. Our objective here is to use evolutionary theory to evaluate 
possible mechanisms and developmental trajectories that link early life events to 
physiological stress response, psychological development, and health outcomes. 

 Here we use an evolutionary framework to discuss the role of stress as a critical 
adaptation. First, we briefl y review the general evolutionary logic of what is com-
monly termed “developmental programming” and discuss the effects of social envi-
ronment on the ontogeny of neuroendocrine stress response and subsequent health 
outcomes. We evaluate our ideas with a brief overview of our fi eld study of child 
stress and family environment in Bwa Mawego, Dominica. In our discussion we 
translate our interpretations of the results from this basic research into concepts 
with potential clinical application. We conclude with some evolutionary perspec-
tives on the rather unusual life history and ontogeny of the human fetus and child.  

5.2     Alternative Phenotypes 

  Waddington ( 1956 ) termed the mysteries of the translation of information from 
genetic materials during the development of the phenotype as the “great gap in biol-
ogy.” Ontogeny is an astonishingly complex process. Multi cellular organisms such 
as humans have signifi cant portions of their genomes that perform developmental 
“regulatory” functions—in effect, switches that turn some genes off and others on 
during development. To complete their development takes humans nearly three 
decades. Physical and reproductive maturation take roughly two decades, while 
the brain continues its development for up to another decade (Bogin  1999 ; 
Fox et al.  2010 ). Throughout these periods, environmental exposures including 
social, energetic, and immune challenges can alter an individual’s developmental 
trajectory in a variety of ways (Fig.  5.1a ). Social, environmental, and physical chal-
lenges have been associated with mental health outcomes, academic performance, 
memory capabilities, sexual behavior, energy metabolism, immune response, aging 
patterns, and life-span length (Felitti et al.  1998 ; Harkonmaki et al.  2007 ; Thomas 
et al.  2008 ) (Fig.  5.1e ). Consequently, the quality of the environment during devel-
opment may affect an individual’s health and well-being across their life span 
(Glover  2011 ; Flinn et al.  2011 ; Nepomnaschy and Flinn  2009 ; Swain et al.  2007 ; 
Talge et al.  2007 ). Importantly, the effects of those environmental exposures on 
ontogenesis appear to be more intense and extensive earlier during development that 
the exposure takes place (Van den Bergh and Marcoen  2004 ; Weinstock  2008 ; 
Laplante et al.  2004 ). This inverse relationship between the timing of an exposure 
and the intensity and breadth of its effects may potentially be explained by the medi-
ating mechanisms  involved.

   The underlying mechanisms through which environmental challenges “get under 
the skin” and infl uence physical and mental health and behavior are the subject of 
much scientifi c scrutiny. Epigenetic processes have emerged as important candidate 
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mechanisms. The expression of every gene depends on the individual’s epigenome. 
The epigenome consists of methylations, histone acetylations, and other chemical 
“marks” that infl uence gene expression by affecting the extent to which specifi c 
sequences of DNA are accessible for transcription. The differential transcription of 
particular genes and the translation of their encoded proteins ultimately contribute 
to the observable traits in an individual (phenotype). DNA methylation, the addition 
of a methyl group to a cytosine base, is considered to be one of the more important 
and representative epigenetic modifi cations. Environmental challenges can affect 
the enzymatic pathways that regulate DNA methylation patterns, which can lead to 
specifi c changes in endocrine and metabolic regulation. These changes can in turn 
modify a wide range of critical outcomes, including growth trajectory, energy 
metabolism, reactivity, developmental pace, cancer risk, behavioral profi les, long- 
term memory capabilities, and neurological function (Fig.  5.1 ). 

 Although not without cost, these regulatory epigenetic switches are expected to 
result in phenotypic modifi cations that aid an organism to survive environmental 
challenges (West-Eberhard  2003 ). For example, food availability and crowding 
determine development of wingless grasshopper Phaulacridium vittatum nymphs 
into two distinct adult morphs. Scarce food and overcrowding result in a migratory, 
winged morph, whereas the opposite conditions result in the strikingly different 
wingless morph. Each morph appears well suited to their respective environmental 
challenges. Plants also exhibit strategic modifi cations of phenotype in response to 

  Fig. 5.1    The “great gap” in understanding the ontogeny of the human child         
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cues of future environmental conditions such as light availability and herbivore 
 density. For example, thale cress (Arabidopsis thaliana) increases production of 
chemicals that deter caterpillars and other insects in response to loss of foliage 
(van Hulten et al.  2006 ; for general review, see Agrawal  2001 ,  2007 ). 

 Neurological processes provide for more rapid temporal adjustments of pheno-
type. For example, a young rat rapidly elevates pulse rate when it sees a cat to prepare 
for the energetic demands of a potential chase. Frequent exposure to cats results in 
more permanent changes to parts of the rat’s brain—in particular the amygdala—that 
enhances predator anxiety and wariness in the future (Ademec et al.  2005 ; see also 
Amaral  2003 ; Sabatini et al.  2007 ). Human studies focused on epigenetic modifi ca-
tions are still scarce. Essex and colleagues recently published the results of a retro-
spective study where they report to have found an association between DNA 
methylation patterns in adolescents and adversity levels during infancy and pre-
school. These effects appear to depend on whether the stressor was maternal or pater-
nal and were modulated by the individual’s gender (Essex et al.  2012 ). Importantly, 
the ultimate effects of life events on the stress response system and their reversibility 
seem to be linked to the specifi c timing of their occurrence during ontogeny. 

 The general objective of developmental plasticity is to modify the phenotype so 
as to better meet future challenges. The key problem is predictability. How reliable 
are the cues that are used to assess future contingencies? The diffi culty of prediction 
increases with distances in time and space. Dark clouds, thunder, and lightning are 
good indicators of oncoming rain in the immediate future. Cues for next week’s or 
next year’s weather conditions are less certain. Nonetheless we build roofs on our 
houses to protect us from future rains. Early preparation allows for more specializa-
tion and economy of development. The sooner one can adjust development to fi t 
future environments, the better; in this way, resources need not be wasted covering 
other options. The balance between predictability and specialization during devel-
opment infl uences the ontogenetic trajectories of phenotypic plasticity. “Critical 
periods” for environmental input involve this inherent temporal trade-off between 
the reliability of cues and the advantages of earlier specialization.  

5.3     What Is Special About the Fetal and Infant Environments 
for Ontogeny? 

 The fetus has a unique source of information upon which to guide development of 
its phenotype: via the placenta, it can monitor its mother’s neuroendocrine systems, 
including levels of cortisol, oxytocin, epinephrine, and other bioactive molecules. 
This hormonal data can provide cues to maternal condition and how the mother 
responds to different environmental stimuli, invaluable knowledge for decisions 
about ontogenetic trajectories. After birth the offspring loses this direct link to 
maternal neuroendocrine response and must instead rely upon breast milk and 
external cues—such as behavior and olfactory signals—to monitor levels of mater-
nal hormones such as cortisol. 
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 Fetal and infant development, therefore, present somewhat of a paradox: on the 
one hand, it is very diffi cult to predict what conditions will be like in 10 or 20 years. 
On the other hand, this period offers a wealth of information about the mother’s 
internal states that can be used to adaptively modify ontogenetic trajectories. 
In preparation for his or her future postnatal environment, it may be advantageous 
for the fetus to adjust the baseline functioning of its own HPA axis to that of its 
mother. Following a similar logic, sudden alterations to the mother’s HPA baseline 
functioning (acute stress) could also indicate relevant changes in the conditions to 
be faced postnatally, and the fetus should benefi t from adjusting its stress response 
to those changes as well. A simple example of this type of scenario could concern 
the loss of a contributing partner/father taking place during gestation. Such an event 
could trigger modifi cations in the mother’s HPA functioning and also affect the 
prenatal and postnatal environments of development for the fetus. Neurophysiological 
changes that help the developing fetus to survive a fatherless gestation, fi rst, and a 
fatherless childhood, second, should be positively selected. Whether the resulting 
adult phenotype enjoys his or her life or whether peers deem the individual a carrier 
of one pathology or another is irrelevant to the process of natural selection. Some of 
the undesirable outcomes associated with stress may represent the unavoidable 
costs of adaptations that allowed the individual to survive exogenous challenges at 
some point during development or to be better adapted for the current environment. 
Labeling all stress outcomes as pathologies ignores the adaptive role of stress func-
tion, reduces our ability to achieve a complete understanding of the role stress plays 
in the unusual life history and ontogeny of the human fetus and child, and fails to 
help us curtail environments that lead to those undesirable outcomes.  

5.4     Mother–Infant Synchrony 

 One interesting aspect of infant–mother relations involves synchrony or entrainment 
(Feldman et al.  2011 ,  2012 ). Some mother–infant pairs have activity and hormone 
levels that are highly correlated (Fig.  5.2a ). Other pairs are more discordant (Fig.  5.2b ).

   Disruptions in child development as identifi ed by delays in the Denver develop-
mental assessment are associated with synchrony of cortisol response in mother–
infant pairs (Fig.  5.3 ) and with reported and observed attachment behavior (Fig.  5.4 ).

    The reasons why synchrony of cortisol levels between mother and infant is asso-
ciated with positive outcomes for child development are uncertain. We speculate, 
based largely on 23 years of ethnographic study of this community, that mothers 
with fewer constraints on child care (such as separation from infant due to work and 
other outside demands) are more likely to be engaged in mutual activities (e.g., 
sleeping together, eating together, regular breastfeeding schedule, and playing 
together) and therefore have more similar cortisol levels. Additionally, as cortisol 
levels are lower in infants than in adults and there is much variation in the timing at 
which the circadian pattern of cortisol secretion is established during infancy 
(Hucklebridge et al.  2005 ; Laakso et al.  1994 ; Shimada et al.  1995 ; Touitou and 
Haus  2000 ; Touitou et al.  1983 ), it is possible that the observed synchrony between 
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mothers and their nursing infants is just refl ecting the mothers’ circadian profi les as 
maternal cortisol is transmitted through mothers’ milk (Brummelte et al. 2010). 
Hence the synchrony relation may be an incidental (noncausal) marker of the inten-
sity and quality of parental care. 

 The information that is conveyed by neuroendocrine response between mothers 
and infants is an understudied research area. The shift from the enormous amount of 
neuroendocrine information available in utero to postpartum may represent an 
important life history transition. At a minimum the postpartum transition presents 
new communicative challenges for both mothers and infants.  

5.5     Why Is the Human Child so Sensitive to the Social 
Environment? 

 Human behavioral plasticity is unusual in its potential for novelty and for cumulative 
directional changes occurring over lifetimes and multiple generations. Natural  selec-
tion equipped humans with rather special abilities to adjust and respond to the cur-
rent environment and, in some circumstances, to struggle to improve upon the current 

  Fig. 5.2    Synchrony of mothers and their 8-month-old infants cortisol levels. Case #5 ( a ) exhibits 
moderate relation between a mother’s salivary and breast milk cortisol levels and the salivary cor-
tisol levels of her infant ( r  = 0.743 for saliva). Case #12 ( b ) ( r  = −0.182 for saliva) exhibits lower 
levels of relation (Data from Flinn et al.  2011 . Biological samples collected by Mark Turner)       
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  Fig. 5.3    Mother–infant cortisol synchrony ( r  values as in Fig.  5.1 ) and Denver developmental 
scores (0 = no risks or delays; 1 = one or more risks or delays).  N  = 22 and 9, respectively       

1 2 3

Attachment Rating

S
yn

ch
ro

ny

-0
.2

-0
.1

0.
0

0.
1

0.
2

0.
3

  Fig. 5.4    Mother–infant cortisol synchrony ( r  values as in Fig.  5.1 ) and attachment (physical and 
emotional closeness: composite measure of reported and observed affection and care, including 
shared attention, nuzzling, and response to distress).  N  = 6, 12, and 13, respectively. Mother–infant 
pairs with attachment rating 3 had higher synchrony than those with attachment ratings of 1 or 2       
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strategies, that is, to be creative, to develop a way of doing something that is  different, 
and potentially better, than the way that it is currently being done by others. 

 Novelty is a risky business in the evolutionary game. Mutation is organic evolu-
tion’s source of variability, new genetic information that may alter the phenotype in 
benefi cial or, much more likely, deleterious ways. Hence organisms have evolved 
mechanisms to protect and correct their DNA if it has been damaged. Changes, 
especially random ones, to a machine/organism that have been fi nely honed over 
millions of generations are not a good bet. And yet the human mind does so regu-
larly and persistently with the information bits that it processes. It seems to have a 
system of fi lters and checks that improve the odds of hitting upon a good idea, a 
better mousetrap. 

 One cognitive area in which humans are truly extraordinary is social relation-
ships. Humans are able to mentally represent the feelings and thoughts of others. 
Humans have unusually well-developed mechanisms for theory of mind (Amodio 
and Frith  2006 ; Gallese et al.  2004 ; Leslie et al.  2004 ) and associated specifi c 
pathologies in this domain (Baron-Cohen  1995 ; Gilbert  2001 ,  2005 ). We have 
exceptional linguistic abilities for transferring information from one brain to another 
(Pinker  1994 ), enabling complex social learning. Social and linguistic competencies 
are roughly equivalent in both males and females, although human mothers appear 
to have especially important roles in the development of their offspring’s socio- 
cognitive development (Deater-Deckard et al.  2004 ; Simons et al.  2001 ). In appar-
ent contrast with chimpanzees and gorillas, human females have substantial social 
infl uence or power, based not only on modeling a behavior but on the use of infor-
mation transmitted via language (e.g., Hess and Hagen  2006 ). 

 The human child is an extraordinarily social creature, motivated by and highly 
sensitive to interpersonal relationships (Gopnik et al.  1999 ). The life history stage 
of human childhood enables the development of necessary social skills (Muehlenbein 
and Flinn  2011 ), including emotional regulation. Learning, practice, and experience 
are imperative for social success. The information-processing capacity used in 
human social competition and cooperation is considerable and perhaps signifi cantly 
greater than that involved with foraging skills (Roth and Dicke  2005 ). An extended 
human childhood may be attributed to the selection for development and necessity 
of a social brain that requires a lengthy ontogeny to master complex dynamic tasks 
such as learning the personalities, social biases, and so forth of peers and adults in 
the local community and developing appropriate emotional responses to these chal-
lenges (Battaglia et al.  2004 ; Bugental  2000 ). The learning environments that facili-
tate and channel these astonishing aspects of human mental phenotypic plasticity 
appear to take on a special importance. 

 Parents and other kin may be especially important for the child’s mental develop-
ment of social and cultural maps due to their level of emotional involvement/attach-
ment and because they may be relied upon as landmarks who provide relatively 
honest information. From this perspective, the evolutionary signifi cance of the human 
family in regard to child development is viewed as a nest from which social skills 
may be acquired and emotional regulation developed  (Flinn et al.  2005a ,  b ,  2007 ; 
Flinn and Coe  2007 ), in addition to its importance as an economic unit centered on 
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the sexual division of labor. The links among psychosocial stimuli, emotions, and 
 physiological stress response may guide both the acute and long-term neurological 
plasticity necessary for adapting to the dynamic aspects of human sociality. 
Adjustments to developmental trajectories begin with the zygote’s adaptation to the 
maternal uterine environment and continue throughout pregnancy, infancy, and 
childhood. The family appears to play a key role in this adaptive process.  

5.6     Social Brain and the Human Family 

 One of the most remarkable developments in the evolution of life has been the dra-
matic growth of brain size and complexity found among primates over the past 
several million years. The adaptive advantage in this spurt in brain growth may be 
related to the complex and highly integrated social lives found among primates 
(Alexander  1990 ; Byrne and Suomi  2002 ; Flinn and Ward  2005 ). The size of the 
neocortex relative to the rest of the brain is correlated with the size of the social 
group in which a particular primate species lives (Dunbar  1997 ,  2007 ; Dunbar and 
Schultz  2007 ). The primary selective pressures that led to the rapid evolution of the 
human brain may have involved competition in the social world of our hominid 
ancestors and the cognitive skills required to successfully manage the kin- and rec-
iprocity-based coalitions (Alexander  1990 ; Flinn and Alexander  2007 ). 

 The selection for brain size and complexity found among primates also occurred 
in tandem with the selection for prolonged parental care (Allman  1999 ; Geary and 
Flinn  2001 ; Kaplan et al.  2003 ; Flinn et al.  2005a ,  b ). The coevolution of the brain 
and the family permitted both a protective environment in which brain growth after 
birth could occur and a structure in which information beyond that encoded in DNA 
could be transmitted over the generations. A lengthened period of parental care also 
allowed the developing brain to adapt to a more complex social environment, with 
the family providing a social realm in which a child could learn the competitive and 
cooperative relationship skills needed to successfully navigate in the larger world 
(Flinn  2004 ; Kaplan et al.  2003 ). 

 The prolonged period of protective development necessary for the growth of the 
human brain, then, entails more than the mother–child dyad. In Evolving Brains 
( 1999 ) Allman states, “Without the extended family, big brains would not have 
evolved in hominids. … The human evolutionary success story depends on two great 
buffers against misfortune, large brains and extended families, with each supporting 
and enhancing the adaptive value of the other” (pp. 202–203; see also Hrdy  2005 ; 
Walker et al.  2010 ,  2011 ). 

 The brain/family coevolution also entailed the selection of the powerful neuroen-
docrine mechanisms required for the attachments involved in human mating, parent-
ing, and extended family bonds (Carter  2005 ; Flinn  2011 ; Panksepp  1998 ). For not 
only were highly sophisticated cognitive skills required to observe, remember, ana-
lyze, and respond to complex social scenarios, the emotional forces forging intricate 
and enduring bonds among family and larger social groups were also required. 
Although the family provided the protective environment in which a  complex brain 
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can develop, the attachments entailed also exerted pressures on family members to 
which they must have had to continuously respond. The strong bonds, required for 
prolonged pair bonding, parental investment, and connections in the larger family 
and social systems, can generate intense emotional states. Since such bonds are vital 
to individual and family well-being, disturbances in important relationships can be 
perceived as threatening and activate the fear or stress response. The evolution of the 
“social mind” required the integration of increasingly complex cognitive and emo-
tional functions, allowing the individual not only to attend to the external social 
world but to regulate the intense emotional reactions stimulated by events in the 
relationship environment.  

5.7     Parental Care and Stress Reactivity 

 One aspect of how well individuals respond and adapt to challenges over the course 
of their lives is related to the effectiveness of their stress response systems. This 
entails how accurately they are able to perceive social stressors as well as how effec-
tively they respond to them (Del Giudice  2012 ; Huether  1996 ,  1998 ; McEwen and 
Seeman  1999 ). Over the past several decades signifi cant knowledge has been gained 
about the mammalian neuroendocrine stress response system and the infl uence 
parental care has on its development. 

 Much research has focused on the limbic–hypothalamic–pituitary–adrenal 
(L-HPA) system and the release of “stress hormones” into the bloodstream, which 
help to regulate the mind–body’s response to challenge. The stress response is 
designed to release and channel energy to allow individuals to adapt to changing con-
ditions and threats. This mobilization is aimed at facilitating cognitive, emotional, 
physiological, and behavioral responses. Those responses are mediated in part by the 
release of the catecholamines (epinephrine and norepinephrine) and the stress hor-
mones corticotropin-releasing hormone (CRH) and cortisol. The “stress hormones” 
help to coordinate a system-wide response, involving the brain, cardiovascular, 
immune, digestive, and reproductive systems, in order to respond to the challenge or 
threat at hand. This automatic response is vital to survival. However, while the short-
term elevation of cortisol in the bloodstream results in adaptive responses chronic 
elevations can lead to impairment in one or more of biological systems (Huether  1996 , 
 1998 ; LeDoux  1996 ; Lupien and McEwen  1997 ; McEwen  1995 ,  1998 ; Sapolsky 
 1992 ). Prolonged heightened L-HPA responses to stress have been found to be associ-
ated with autoimmune and cardiovascular illnesses as well as anxiety, depressive, and 
addictive disorders (Heim and Nemeroff  2001 ; McEwen  1998 ; McEwen et al.  1997 ). 

 Individuals differ in how they respond to stress including their behavioral, emo-
tional, and physiological resilience in the face of life pressures. The L-HPA system 
of individuals is not equally infl uenced by all stressors, but primarily by those that 
are seen as uncontrolled and as having a social-evaluative aspect (Dickerson and 
Kemeny  2004 ). Entailed in the phenotypic plasticity of the human are the signifi cant 
and enduring effects the parental–offspring relationship has on the offspring’s 
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responsiveness to stress throughout life. Animal studies have demonstrated that 
subjecting one generation to uncontrollable stress results in observable behavioral 
and physiological changes in their offspring. 

5.7.1     Prenatal Stage 

 The parental infl uence on the development of an offspring’s physical and behavioral 
responsiveness to stress begins even prior to birth. The stressing of pregnant mam-
mals can result in changes among offspring that persist into adulthood. Among 
rodents such stressing has been found to infl uence their offspring’s neurotransmitter 
functioning (Fride and Weinstock  1988 ; Moyer et al.  1978 ; Takahashi et al.  1992 ); 
opiate and benzodiazepine receptors (Insel et al.  1990 ; Fride et al.  1985 ); maternal 
and sexual behavior (Champagne and Meaney  2006 ; Fride et al.  1985 ; Kinsley and 
Bridges  1988 ); exploratory, cognitive, and aggressive behaviors (Grimm and Frieder 
 1987 ; Kinsley and Svare  1986 ); and reactivity to stressful situations (D’Amato et al. 
 1988 ; Pollard  1984 ; Takahashi  1992 ). In a review, O’Regan et al. ( 2001 ) cite further 
fi ndings of prenatal exposure to exogenous or endogenous stress hormones associ-
ated with hypertension, hyperglycemia, hyperinsulinemia, as well as altered behav-
ior and neuroendocrine responses into adulthood. Cross-fostering and adoption 
studies have demonstrated that some of the effects of prenatal stressing can be mod-
erated during postnatal development (Maccari et al.  1995 ; Weinstock  1997 ). 

 Similar fi ndings have been found in studies with nonhuman primates (Clarke 
et al.  1994 ; Clarke and Schneider  1993 ; Schneider  1992 ; Schneider and Coe  1993 ). 
Though most of the primate studies focused on the behavioral and physiological 
functioning of infants, Clarke and Schneider ( 1993 ,  1994 ) studied the long-term 
effects of prenatal stressing of rhesus monkeys and found that the offspring 
 continued to demonstrate more anxious social behavior and more elevated ACTH 
and cortisol levels when stressed than did controls. 

 Human studies are consistent with the prenatal stress fi ndings of the nonhuman 
animal studies. Glover and O’Connor ( 2002 ), for example, reported in an epidemio-
logical study that a strong relationship existed between maternal anxiety during the 
third trimester and behavioral and emotional problems in those children at age 4. In 
a study of mothers who had been exposed to the World Trade Center collapse while 
pregnant, Yehuda et al. ( 2005 ) found that both the mothers who developed PTSD 
and their infants at age 1 had reduced cortisol levels as compared to the mothers 
who did not develop PTSD and their infants. Reduced cortisol levels had previously 
been found among individuals with PTSD.  

5.7.2     Postnatal Stage 

 The study of the early postnatal period has also demonstrated that the parent– 
offspring relationship can have a lifelong infl uence in regulating an offspring’s 
responsiveness to stress. In both human and nonhuman studies, the disruption of the 
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maternal–offspring relationship as well as overprotective, restrictive maternal 
behavior have been found to be associated with long-term cognitive, physiological, 
and behavioral effects on offspring (Anderson et al.  1999 ; Byrne and Suomi  2002 ; 
Essex et al.  2002 ; Fairbanks  1989 ; Fairbanks and McGuire  1988 ; Francis and 
Meaney  2002 ; Mirescu et al.  2004 ; Suomi  2002 ; Suomi et al.  1983 ). 

 The infl uence of the early parental relationship on an offspring’s later respon-
siveness to stress appears to be shaped by the actual “programming” of the neuro-
endocrine stress response system. Investigators have demonstrated that variation in 
particular maternal behaviors (licking and grooming, arched-backed nursing) 
among rodents results in stable individual differences in the neural systems that 
mediate fearfulness in their offspring which persist into adulthood (Caldji et al. 
 1998 ; Francis et al.  1999 ; Liu et al.  1997 ). More specifi cally, higher or lower levels 
of these maternal behaviors infl uence gene expression of the stress hormone, CRH, 
in the hypothalamus and amygdala, which are involved in activating the HPA stress 
response system. These maternal behaviors also infl uence gene expression for glu-
cocorticoid (cortisol in primates; corticosterone in rodents) receptors in the hippo-
campus, which is instrumental in down regulating the HPA stress response. Maternal 
behaviors, then, can shape individual differences among offspring in their reactivity 
to stress. Elegant cross-fostering methods determined that stress reactivity was 
infl uenced by nursing mothers, but not by biological mothers (Caldji et al.  1998 ; 
Francis et al.  1999 ; Liu et al.  1997 ). 

 Human studies also suggest that the early environment and parental care infl u-
ence individual differences in the stress reactivity of children. Most of the studies 
have been retrospective and usually investigate the impact of either early life stress-
ors and trauma or maternal depression. Several studies, for example, have found that 
early trauma or loss is associated with increased stress reactivity (Heim et al.  2002 ; 
Kaufman et al.  2000 ; Nicolson  2004 ). The experience of early life stress or maternal 
stress during childhood is related to the later development of depression or anxiety 
disorders (Brunson et al.  2001 ; Grossman et al.  2003 ; Heim and Nemeroff  2001 ), 
both of which may be related to dysregulation of the stress response system. Further, 
there is some evidence that the stress reactivity of children is infl uenced by depres-
sion in their mothers (Ashman et al.  2002 ; Harkness and Monroe  2002 ; Lupien 
et al.   2000 ). Maternal depression in a child’s fi rst 2 years of life, for example, was 
the best predictor of elevated cortisol levels at age 7 (Ashman et al.  2002 ). 

 Given the lengthy period of development and plasticity of the human brain 
(Sapolsky  2003 ), a number of studies highlight the importance of long-term devel-
opmental studies of children in order to determine the infl uence of early adverse 
experiences on the later functioning of the L-HPA stress response system. Gunnar 
and Donzella ( 2002 ) found that a child’s L-HPA stress response system is to some 
degree regulated by parental care, thus mediating the infl uence of stressful events. 
In a longitudinal study, Flinn ( 2006a ,  2009 ) found that the cortisol reactivity of 
children to stressful events was infl uenced by the family environment. Another lon-
gitudinal study (Essex et al.  2002 ) found higher cortisol levels among children 
exposed both during infancy and at 4.5 years, but not among children exposed only 
in infancy or at 4.5 years of age. Socioeconomic status and maternal depression 
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were associated with cortisol reactivity in a study of Quebec children, but SES 
effects emerged over time (Lupien et al.  2000 ). These studies suggest that while 
there are sensitive periods in development, during which the stress response system 
is more open to infl uence, in humans such periods may occur over a signifi cant part 
of development. 

 The link between parental care and stress axis function is likely to be a primitive 
one. McGowan and colleagues compared methylation patterns between suicide vic-
tims with and without a history of childhood abuse and found that the postmortem 
hippocampus obtained from those who suffered abuse presented lower levels of 
glucocorticoid receptor mRNA and its transcripts (McGowan et al.  2009 ). These 
results are consistent with similar fi ndings in nonhuman models. An ancient origin 
for the role of parental care on the epigenetic regulation of the functioning of the 
L-HPA stress response system, together with the obvious costs that some of the 
resulting behaviors have for the carriers in some contexts, strengthens the idea that 
under dire circumstances, traits such as anxiety and depression should provide a 
selective advantage. 

 The critical question is, what are those circumstances? And why can early pro-
gramming of the L-HPA stress response system be reversed by later experience 
(Francis et al.  2002 )? To  answer those questions, it is necessary to have thorough 
understanding of the complexity of human society and its social units—communi-
ties, groups, and especially the human family—in which the mother–child relation-
ship is embedded.   

5.8     Family Infl uence on Children’s Stress Reactivity 

 There is, then, a signifi cant body of research which demonstrates that the quality of 
maternal care can infl uence the development of individual differences in stress reac-
tivity among offspring and, as a result, their health and behavior (Caldji et al.  1998 ; 
Essex et al.  2002 ; Fairbanks and McGuire  1988 ; Flinn  1999 ,  2006b ; Suomi  2003 ). 
The evidence suggests such differences occur due in part to the infl uence maternal 
care can have on the development of an offspring’s L-HPA and CRH stress response 
systems (Brunson et al.  2001 ; Francis and Meaney  2002 ; Heim and Nemeroff  2001 ; 
Ladd et al.  2000 ; McEwen and Magarinos  2001 ; Weaver et al.  2004 ). 

 Most studies on the interaction between maternal behavior and stress reactivity 
have focused on one or more of four areas: (1) maternal separation or early trauma 
(Anderson et al.  1999 ; Byrne and Suomi  2002 ; Heim and Nemeroff  2001 ; Huot 
et al.  2004 ; Kaufman et al.  2000 ; Mirescu et al.  2004 ), (2) maternal behavior 
(Ashman et al.  2002 ; Caldji et al.  1998 ; Fairbanks and McGuire  1988 ; Fleming 
et al.  1999 ; Halligan et al.  2004 ; Kraemer  1992 ), (3) maternal social and physical 
environment (Clarke and Schneider  1993 ; Coplan et al.  1998 ; Flinn  1999 ; Lupien 
et al.  2000 ; O’Connor et al.  2001 ), and (4) infl uence of the previous generation on 
parental care (Berman  1996 ; Champagne and Meaney  2001 ,  2006 ; Fairbanks  1989 ; 
Fleming  2005 ; Francis et al.  1999 ). 
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 While the maternal–offspring dyad has been the principle focus in most of these 
studies, the latter two areas suggest that the broader relationship environment, par-
ticularly that of the family, plays a vital role in the development of an individual’s 
responsiveness to stress. This broader relationship environment includes not only 
fathers and siblings but the extended families as well. From this perspective, the 
mother–child dyad represents a link in a larger, highly integrated family system, 
which is seen as playing a signifi cant role in the shaping and regulation of the indi-
vidual’s neuroendocrine stress response system (Noone  2008 ). 

 The mother–child relationship is embedded in and infl uenced by the larger fam-
ily relationship system that can serve as a mediator of environmental stress as well 
as a potential source of stress for its members (Carter  2005 ; Flinn  2006a ; Lupien 
et al.  2000 ; Nicolson  2004 ; Uvnas-Moberg  1998 ). The human brain is highly sensi-
tized to relationships and social behavior (Adolphs  2003 ), and this sensitivity is 
strongly infl uenced by the family relationship network.  

5.9     Multigenerational Transmission of Reactivity to Stress 

 In addition to the infl uence of family interactions on maternal care and the develop-
ment of an offspring’s stress reactivity, there is evidence that the maternal caretak-
er’s experience of being parented infl uences her own maternal care and the stress 
reactivity of her offspring. The previous generation, then, can be seen to infl uence 
the development of individual differences in stress reactivity. Rodent (Champagne 
and Meaney  2001 ; Francis and Meaney  2002 ), nonhuman primate (Fairbanks  1989 ; 
Suomi  2002 ), and human (Fleming  2005 ) studies provide evidence that maternal 
care can infl uence not only the stress reactivity of offspring but the quality of mater-
nal care provided in the next generation as well. Maternal care is seen as infl uencing 
the development of L-HPA stress reactivity, which in turn affects neural systems 
involved in parental care. 

 A series of studies indicate that parental care infl uencing individual differences in 
the stress response systems of offspring can be transmitted nongenomically over the 
generations (Caldji et al.  1998 ; Francis et al.  1999 ). Champagne and Meaney ( 2001 ) 
state, “These fi ndings suggest that for neurobiologists, the function of the family is 
an important level of analysis and the critical question is that of how environmental 
events regulate neural systems that mediate the expression of parental care.” 

 The plasticity of the neural systems involved in stress reactivity and the evidence 
for epigenetic programming of maternal behaviors has been discussed in a number 
of recent studies (Champagne  2008 ; Francis et al.  1999 ,  2002 ; Lupien et al.  2000 ; 
Weaver et al.  2004 ; Zhang and Meaney  2010 ). Fleming ( 2005 ) describes a number 
of experiential factors during childhood and adolescence, such as alloparenting and 
maternal deprivation that may alter psychobiological mechanisms mediating paren-
tal behavior. Family instability prior to age 12, for example, leads to higher cortisol 
levels and long-lasting effects on maternal behavior (Krpan et al.  2005 ). While 
much remains to be learned, the existing animal and human research provide 
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 evidence that the development of the neuroendocrine stress response systems in 
mammals is shaped by the parent–offspring relationship and that this infl uence can 
continue to have an effect in the next generation. 

 It has been suggested that the intergenerational regulation of parental care and 
stress reactivity may be adaptive (Champagne and Meaney  2001 ; Zhang et al.  2006 ). 
A phenomenon known as maternal or parental effects may evolve when there is 
some predictability between the parental and offspring environments. “Adaptive 
trans generational phenotypic plasticity” is observed when the maternal phenotype 
response to the environment stimulates phenotypic plasticity in offspring (Mousseau 
and Fox  1998 ). For example, parental reactivity to a threatening environment might 
stimulate offspring to respond with greater wariness and thereby enhance adaptive-
ness in a threatening environment. From this perspective, adverse environmental 
conditions may result in maternal behavior that “programs” gene expression for 
neuroendocrine systems more responsive to such conditions (Zhang et al.  2006 ). 

 This does not, however, account for within family variability of stress reactivity 
or the range of stress reactivity found in both highly stable and unstable environ-
mental conditions. Increased stress reactivity increases vulnerability to stress- 
related illnesses, and higher levels of reactivity are associated with a decrease in the 
more recently evolved cognitive capacity to regulate social and emotional respon-
siveness to the environment. If prolonged, heightened reactivity of the L-HPA sys-
tem can impair cognitive and other systems central to survival (McEwen  1998 ; 
McEwen and Seeman  1999 ) and so the adaptive value may be limited. 

 Another view is that while such programming may be detrimental to one or more 
offspring, it may have adaptive value to the other siblings and the family. While one 
child is likely to be the object of anxious parental involvement, the other children 
will be less involved, less constrained, and as a result more adaptive or resilient in 
their lives. More intense involvement with one child can take the form of either a 
positive or anxious emotional responsiveness, but each is seen as leading to the 
child’s heightened responsiveness to other relationships. The containment of much 
of the parental anxiety in one relationship is seen as having a buffering effect for the 
other children. Among the factors observed to contribute to such positional effects 
on the functioning of children are birth order, nuclear family behavioral patterns, 
and family stressors occurring during pregnancy, early development, and adoles-
cence (Kerr and Bowen  1988 ). 

 Differential parental involvement and other family interactions lead to individual 
differences in responsiveness to stress; such differences can infl uence mate selec-
tion and be transmitted into the next generation, hence affecting family interactional 
patterns resulting in a wide range of individual differences in functioning over the 
generations. From this perspective the “trans generational phenotypic plasticity” 
found in the human family would enhance the adaptiveness of some offspring, but 
be maladaptive for others. 

 Given the plasticity of the human brain, its extended development, and the 
complexity of the family environment, the degree to which individual differ-
ences in stress reactivity in the human population are shaped and transmitted by 
the family will require the long-term study of families over several generations. 
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As Fleming ( 2005 ) has remarked, “the role of epigenetics in the regulation of 
parental behavior and of the effects of experience on individual differences in 
development is totally uncharted territory in nonhuman mammals or humans” 
( 2005 , p. 162).  

5.10     Family and Stress Reactivity Among Children 
in a Caribbean Village 

 One of the few studies that have included family relationships as factors in maternal 
care and stress reactivity is a 23-year longitudinal study of children, their families, 
and health in a rural village on the Caribbean island of Dominica (Flinn  2006a ; 
Flinn et al.  2005a ,  b ). This study of stress reactivity and health includes over 300 
children and their families and has entailed the collection of extensive family gene-
alogies, medical histories, growth measures, household compositions, and detailed 
observations of behavior and daily routines. Utilizing noninvasive saliva immunoas-
say techniques, the physiological stress responses of children in the naturalistic set-
tings of their families were obtained. Saliva is relatively easy to collect and store. 
Concomitant monitoring of a child’s daily activities, stress hormones, and psycho-
logical conditions provides a powerful research design for investigating the effects 
of naturally occurring psychosocial events in the family environment. 

 In this study community, family household composition is related to the stress hor-
mone levels of children (Flinn and England  1997 ). Children who lived with both par-
ents or with single mothers who had grandparental or other kin support had lower mean 
cortisol levels than those children who lived with single parents without kin support or 
who lived in the households of more distant relatives or stepparents with half-siblings. 

 High-stress events (cortisol increases from 100 to 2,000%) were most commonly 
found to involve trauma from family confl ict or change (Flinn and England  2003 ; 
Flinn et al.  1996 ). Punishment, quarreling, and residence change substantially 
increased cortisol levels, whereas calm affectionate contact was associated with 
diminished (−10 to−50%) cortisol levels. Of all cortisol values that were more than 
two standard deviations above mean levels (i.e., indicative of substantial stress), 
19.2% were temporally associated with traumatic family events (residence change 
of child or parent/caretaker, punishment, “shame,” serious quarreling, and/or fi ght-
ing) within a 24-h period. Of all recorded traumatic family events, 42.1% were 
temporally associated with substantially elevated cortisol (i.e., at least one of the 
saliva samples collected within 24 h was >2 S.D. above mean levels). 

 It is important to note that there was considerable variability among children in 
cortisol response to family disturbances. Not all individuals had detectable changes 
in cortisol levels associated with family trauma. Some children had signifi cantly 
elevated cortisol levels during some episodes of family trauma but not during 
others. Cortisol response is not a simple or uniform phenomenon. Numerous 
 factors, including preceding events, habituation, specifi c individual histories, con-
text, and temperament, might affect how children respond to particular situations. 

5 Ontogeny of Stress Reactivity in the Human Child…



112

Nonetheless, traumatic family events were associated with elevated cortisol levels 
for all ages of children more than any other factor examined. These results suggest 
that family interactions were a critical psychosocial stressor in most children’s lives, 
although the sample collection during periods of intense family interaction (early 
morning and late afternoon) may have exaggerated this association. 

 Although elevated cortisol levels are associated with traumatic events such as fam-
ily confl ict, long-term stress may result in diminished cortisol response. In some cases 
chronically stressed children  had blunted response to physical activities that normally 
evoked cortisol elevation. Comparison of cortisol levels during “non- stressful” peri-
ods (no reported or observed: crying, punishment, anxiety, residence change, family 
confl ict, or health problem during 24-h period before saliva collection) indicates a 
striking reduction and, in many cases, reversal of the family environment–stress asso-
ciation Flinn  2007 . Chronically stressed children sometimes had subnormal cortisol 
levels when they were not in stressful situations. For example, cortisol levels immedi-
ately after school (walking home from school) and during noncompetitive play were 
lower among some chronically stressed children (cf. Long et al.  1993 ). Some chroni-
cally stressed children appeared socially “tough” or withdrawn and exhibited little or 
no arousal to the novelty of the fi rst few days of the saliva collection procedure. 

 Relations between family environment and cortisol stress response appear to 
result from a combination of factors. These include frequency of traumatic events, 
frequency of positive “affectionate” interactions, frequency of negative interactions 
such as irrational punishment, frequency of residence change, security of “attach-
ment,” development of coping abilities, and availability or intensity of caretaking 
attention. Probably the most important correlate of household composition that 
affects childhood stress is maternal care. 

 Mothers in socially “secure” households (i.e., permanent amiable co-residence 
with mate and/or other kin) appeared more able and more motivated to provide 
physical, social, and psychological care for their children (Fig.  5.4 ). Mothers with-
out mate or kin support were likely to exert effort attracting potential mates and may 
have viewed dependent children as impediments to this. The mothers in such stable 
households may also be less socially isolated and thus less anxious. Hence co- 
residence of father may provide not only direct benefi ts from paternal care, but also 
affect maternal care (Konner  2010 ). Young mothers without mate support usually 
relied extensively upon their parents or other kin for help with child care (Quinlan 
and Flinn  2005 ; Quinlan et al.  2005 ). 

 While children who experienced early trauma prior to age 6 had signifi cantly 
more elevated cortisol levels at age 10 than those children who did not, this did not 
hold true for those children whose mothers had high levels of maternal support 
(Flinn  2006a ). Children experiencing early trauma whose mothers had social sup-
port did not differ signifi cantly from children who had not experienced early trauma. 
The stress reactivity of children was also found to be mediated by signifi cant con-
tact with caretakers other than their mothers. Children with extensive alloparental 
care, especially by grandparents, were found to recover normal HPA function more 
quickly following social trauma than did those children who had fewer caretakers 
(Flinn and Leone  2006 ,  2009 ).  
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5.11     Discussion 

 The human brain represents one of the most extraordinary developments in the 
 evolution of life on earth. It is extraordinary in terms of its complexity and rapid 
evolution. The brain and family coevolved and are intimately interconnected as the 
latter provides the protective environment required for the prolonged development 
of the brain. The prolonged postnatal development allows for the learning required 
to respond to and navigate through the complexity of the human social environment. 
A central element in the human’s responsiveness to the social environment is the 
L-HPA stress response system, which heightens an individual’s cognitive, emo-
tional, and physiological responses to the challenges at hand. It plays a vital role in 
an individual’s capacity to adapt throughout life. 

 The family not only provides a safe haven in which the infant and child’s brain 
can observe and learn to respond to a changing social environment, it also plays a 
signifi cant role in shaping this responsiveness. The neuroendocrine stress response 
systems, along with other neural systems, are shaped by the family relationship 
environment during both the prenatal and postnatal development. The study of the 
infl uence of the family on the developing brain and individual differences in 
responding to the complex social world of the human will continue to be enhanced 
by both animal and human studies. The study of mother–child dyadic relationships 
will also contribute to the knowledge of the family and individual development, but 
prospective, longitudinal studies of the larger family network in naturalistic settings 
will be required to observe the rich and complex role the larger family plays in 
mother–child relationships and individual development. A family system and an 
evolutionary theoretical framework will play a vital role in both the integration of 
emerging knowledge and the development of researchable questions in the growing 
fi eld of social neuroscience.      
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    Chapter 6   
 Consequences of Developmental Stress 
in Humans: Prenatal Stress 

             Nadine     Skoluda     and     Urs     M.     Nater       

    Abstract   Stress is a phenomenon which can occur throughout the entire life span. 
There is ample evidence of prenatal programming, i.e., in utero experiences may 
have long-term consequences for the unborn child. In this chapter, human studies 
are reviewed regarding the impact of various sources of prenatal stress on various 
outcomes in infants. Recent fi ndings suggest that prenatal stress is predominately 
associated with maladaptive consequences, such as negative birth outcomes, altered 
physiological stress responses, behavior problems, and impaired cognitive and 
motor development. There is some evidence for genetic predisposition and stress- 
buffering factors which protect the unborn child from negative effects of prenatal 
stress. A psychobiological stress model is proposed to integrate the fi ndings.  

6.1         Introduction 

 During the past decades, it has become increasingly evident that stress and its 
 psychological and physiological concomitants are associated with sometimes 
 dramatic negative health outcomes. Research using both animal and human mod-
els has shown that stress experienced early in life may be particularly harmful 
to health. Such early experiences seem to profoundly alter psychobiological 
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 stress-responsive systems 1  in a critical period of development, ultimately leading to 
dysregulation in endocrine, autonomic, and immune processes in adulthood. In this 
chapter, it is important to fi rst address the concept of stress as it has been described in 
the human literature. Although almost everybody has an implicit concept of what 
stress is, even scientists fi nd it diffi cult to defi ne this sometimes elusive phenomenon. 
In human research, the term stress usually describes (a) psychological or physiologi-
cal demands (stressor, stressful stimulus), (b) the psychological response to a stress-
ful stimulus (appraisal, emotions), and/or (c) the physiological response and long-term 
consequences (activation of stress-responsive systems, behavior). It is important to 
note that the defi nition in (a) equals the stimulus with the response. This is conceptu-
ally diffi cult, and we will thus adhere to the defi nitions used in (b) and (c) in the fol-
lowing sections. In this sense, psychological or physiological demands (i.e., stressors) 
appraised by an individual as challenge or threat lead to psychological and psycho-
logical responses which facilitate dealing with the challenge or threat at hand. 

 The acute activation of endocrine and autonomic stress axes (see Sect.  6.2 ) leads 
to temporary metabolic, immune, behavioral, and cognitive changes. Such acute 
changes may be initially adaptive because they help an individual to survive a threat-
ening situation, to adapt to an adverse condition in the current environment, and to be 
prepared for similar situations in the future. However, excessive, repeated, or chronic 
stress, particularly during critical phases of development, may have detrimental long-
term effects on bodily functions (e.g., alterations in neuronal circuits, inappropriate 
stress reactivity) and may thus increase the risk for developing diseases. 

 In this chapter, we focus on the impact of stress experienced during the prenatal 
period (also termed  prenatal stress ) on various health outcomes in humans. In the 
next chapter, we will then focus on early life stress experienced during childhood 
and adolescence. Considering the amount of literature and the limited space of a 
book chapter, a selected overview of the literature on prenatal stress will be pre-
sented here. 2  The overall goal of this chapter is to briefl y summarize the literature 
and give an overview of the current state of knowledge regarding short- and long- 
term consequences of prenatal stress.  

1 Stress-responsive systems refer to various physiological systems that are activated in response to 
stress. The most prominent systems are the hypothalamus–pituitary–adrenal (HPA) axis, auto-
nomic nervous system (ANS, particularly the sympatho–adrenal–medullary [SAM] system), the 
central nervous system, and the immune system. We introduce the term stress axes, which refer to 
the HPA axis and the ANS, since these well-studied stress-responsive systems are known to inter-
act and partly regulate the other aforementioned stress-responsive systems.
2 A systematic literature search was conducted on databases PubMed and Google Scholar using a 
combination of the following keywords: prenatal (perceived) stress infant, prenatal depression 
infant, prenatal anxiety (infant), pregnancy (synthetic) glucocorticoid human outcome, pregnancy 
betamethasone human outcome, and prenatal stress and social support. The list of abstracts was 
reviewed with regard to the type of stress and outcome (neuroendocrine, behavioral, psychologi-
cal, or health-related consequences). Only English-language, peer-reviewed original research 
papers were included. Additionally, the references of the selected papers and those of published 
review articles have been checked for further articles meeting our search criteria. Although we 
have tried to consider as many publications as possible, we are aware that the presented literature 
is not comprehensive.
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6.2     The Psychobiology of Stress 

6.2.1     Psychobiological Stress Theories 

 Early stress theories, such as Cannon’s  homeostasis  3  concept (Cannon  1935 ) and 
Selye’s concept of the  General Adaptation Syndrome , GAS 4  (Selye and Fortier 
 1950 ), have emphasized the role of physiological processes during stress. Based 
on these concepts which have described a relative diffuse physiological activation 
due to stress, later stress theories have suggested possible specifi c biological 
mechanisms in order to explain the connection between dysregulation of the 
stress- responsive systems and the risk for disease (Chrousos  2009 ). Importantly, 
the terms  allostasis  and  allostatic load  have been introduced in the literature. Both 
refer to physiological processes of stress-responsive systems which are involved 
in maintaining homeostasis (allostasis) and “the wear and tear on the body and 
brain” as a cost of allodynamic adaption (allostatic load) (McEwen and 
Gianaros   2011 ). In current theories, the  brain  plays a key role in the processing of 
potentially threatening internal and external stimuli (stressors) and in the regula-
tion of the ensuing behavioral and physiological stress responses. There is suffi -
cient evidence that the central nervous system, hypothalamus–pituitary–adrenal 
(HPA) axis, autonomic nervous system (ANS), and the immune system communi-
cate with each other via neural and chemical pathways, i.e., afferent nerves, as 
well as cytokines, endocrine peptides, catecholamines, and glucocorticoids, 
respectively (Ziemssen and Kern   2007 ). The bidirectional interactions highlight 
the ability of each system to infl uence the functioning of the other systems. Many 
of the aforementioned stress theories are applicable for animal and human 
research. However, the main difference between animals and humans is the 
human’s ability for performing complex cognitive processes (anticipation and 
evaluation of a potential threat), although there is evidence that higher developed 
animals (e.g., primates) are capable of comparable cognitive performances. It is 
assumed that only in the case of a situation being appraised as threat, loss/harm, 
or challenge stress is experienced and  physiological stress-responsive systems are 
activated via top–down processes. Thus, peripheral physiological stress responses 
originate from the  central nervous system. 

 In summary, stress processes according to this psychobiological model have psy-
chological (e.g., appraisal), physiological (e.g., the activation of stress-responsive 
systems), and behavioral (e.g., coping with stressful situation) components. 
The physiological component will now be described in more detail.  

3 Homoeostasis describes the body’s ability to regulate internal states (“internal environment”) to 
maintain stable within certain limits.
4 GAS includes three stages: (a) the alarm reaction or shock phase (activation of the system, par-
ticularly autonomic nervous system and hypothalamus–pituitary–adrenal axis), (b) the stage of 
resistance (adaptation: most of the responses of the alarm reaction phase disappear), and (c) the 
stage of exhaustion (return of the responses which were present during the alarm reaction phase).
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6.2.2     Physiology of Stress 

 Under conditions of stress, the central nervous system, particularly the limbic system, 
activates the two main stress axes, namely, the sympatho–adrenal–medullary (SAM) 
system and the HPA axis, which both play an important role in the physiological 
stress response and regulation of other stress-responsive systems. Since most of the 
studies described in this chapter involve the HPA axis, this stress axis will be 
described in greater detail in the following paragraphs. 

 The fast-responding SAM system, as part of the ANS, induces the adrenal 
medulla to release catecholamines (norepinephrine and epinephrine) which are 
responsible for a number of responses typical of “fl ight or fi ght” (e.g., increased 
heart rate, alertness, mobilization of energy stores, immunostimulation) 
(McEwen   2003 ). The slower responding HPA axis originates in the paraven-
tricular nucleus (PVN) of the hypothalamus where vasopressin and corticotro-
phin-releasing hormone (CRH) are synthesized and secreted. CRH stimulates 
the release of adrenocorticotropic hormone (ACTH) from the anterior lobe of 
the pituitary gland into the bloodstream. When ACTH reaches the adrenal 
 cortex, glucocorticoids (predominately cortisol in humans) are released in 
response to this stimulus. Cortisol itself inhibits the further secretion of CRH 
and ACTH and thus regulates HPA axis activity via a negative feedback loop. 
Cortisol has various effects on cognitive functions (e.g., memory), behavior 
(e.g., alertness, euphoria), metabolism (gluconeogenesis, lipo- and proteolysis), 
and the immune system (immunosuppression) due to its binding to glucocorti-
coid receptors (GR) both in the central nervous system (e.g., hippocampus, 
amygdala, prefrontal cortex) and in peripheral tissue (McEwen   2003 ). The pul-
satile secretion of cortisol follows a diurnal rhythm characterized by high morn-
ing levels and a decrease of cortisol levels during the course of the day. The 
cortisol awakening response (CAR), which refers to the morning peak of corti-
sol levels observed about 30 min after awakening, constitutes an important 
marker of HPA axis regulation and has been related to a number of negative 
health outcomes (Fries et al.  2009 ; Kudielka and Wust  2010 ). Thus, studying 
cortisol release during the morning and/or during the day constitutes a well-
researched approach to study HPA axis  activity . 

 The exposure to a (experimental) stressor or pharmacological stimulant pro-
vides the possibility to study HPA axis  reactivity . Some prominent and effective 
stressors in human research are the following: (a) the heel-stick blood draw 
(also known as “heel prick test”) in neonates, (b) the performance of a cognitive 
task (giving a speech or/and solving a diffi cult arithmetic task) in the presence 
of a social- evaluating audience, or (c) the administration of pharmacological 
substances. 

 Psychobiological approaches enable scientists to study the underlying mecha-
nisms which explain how stress may lead to possible negative physiological, psy-
chological, behavioral, and developmental consequences.   
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6.3     Prenatal Stress 

 Exposure to stress may occur even before birth, i.e., during the time in the mother’s 
womb. 5  Experiences of stress before birth may have tremendous effects on the as yet 
unborn child, since the maternal and fetal physiological systems are connected in the 
placenta by the umbilical cord. Maternal cortisol is able to pass the placental mem-
brane and may thus enter into the fetal circulation. In addition to exposure to maternal 
cortisol, the placenta itself produces CRH (placental CRH or pCRH) which stimulates 
both the maternal and the fetal HPA axis. Under normal conditions, the excessive 
release of stress hormones is inhibited due to the negative feedback regulation of the 
HPA axis (see Sect.  6.2 ). Particularly, cortisol suppresses the secretion of CRH and 
ACTH and thus its own release. However, in the state of pregnancy, cortisol enhances 
the production of pCRH in the placenta, which then leads to gradual increases in 
ACTH and cortisol levels in the course of pregnancy, reaching a peak in the third tri-
mester (Cottrell and Seckl  2009 ). This dramatic rise of cortisol levels observed in the 
fi nal stages of pregnancy has a crucial function in fetal development, since glucocor-
ticoids promote lung maturation. At the same time, the body has to deal with these 
vast amounts of cortisol. In order to protect the fetus from overexposure to cortisol 
and its potentially deleterious effects, the placental enzyme 11beta-hydroxysteroid 
dehydrogenase type 2 (11beta-HSD2) metabolizes cortisol into its biologically inac-
tive form cortisone. As pregnancy progresses, 11beta-HSD2 levels increase initially 
but fall rapidly several weeks before parturition. This drop of 11beta-HSD2 before 
parturition results in increased cortisol levels that are essential for the aforementioned 
fetal lung maturation and preparation of delivery (Davis and Sandman  2010 ). 

 It is conceivable that there is a tolerable amount of cortisol which the fetus can deal 
with, not least due to the regulating effect of 11beta-HSD2 on cortisol production. 
However, additional secretion of cortisol due to prenatal maternal stress or adminis-
tration of synthetic glucocorticoids in sensitive periods during pregnancy (e.g., in 
phases of decreased 11beta-HSD2 production) might not be suffi ciently metabolized. 
Excessive prenatal exposure to cortisol may alter the sensitivity of the glucocorticoid 
receptors in the brain and peripheral tissue. Consequences of such overexposure may 
be immediate negative birth-related characteristics 6  (e.g., low birth weight), negative 

5 Since the human body undergoes extreme biological and hormonal changes throughout preg-
nancy, it is important to consider the pregnancy stage at which stress occurs. We will use the terms 
early pregnancy, mid-pregnancy, or late pregnancy which refer to the fi rst trimester (week of gesta-
tion 1–13), second trimester (week of gestation 14–27), or third trimester (week of gestation 28 
until parturition), respectively.
6 Birth outcomes are widely used indicators in scientifi c research of prenatal stress. Especially low 
birth weight (LBW) as a prominent prenatal stress marker is discussed to be a risk factor for 
chronic diseases, such as cardiovascular diseases, hypertension, and diabetes (see review, Osmond 
and Barker 2000). There are several approaches to determine birth weight. The direct assessment 
of the actual weight immediately after delivery provides one possibility. Another possibility is the 
estimation of fetal weight by fetal ultrasound biometry measurements during pregnancy, predomi-
nately conducted in mid- and late gestation.
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health outcomes, as well as to physiological, behavioral, and cognitive aspects of 
development throughout the life span. There is ample evidence for the so-called  fetal 
programming , i.e., prenatal stress may have long-term consequences on fetal devel-
opment and impact on later life (Seckl et al.  2000 ). 

 In the following, fi ndings are summarized by the type of prenatal stressors. There 
are several approaches to operationalize prenatal stress. For this purpose, we con-
sider following types of maternal stress during pregnancy:

•    Maternal stress and increases in basal stress hormones during pregnancy (Sect.  6.3.1 )  
•   Administration of synthetic glucocorticoids (Sect.  6.3.2 )  
•   Perceived stress and daily hassles (Sect.  6.3.3 )  
•   Work-related stress (Sect.  6.3.4 )  
•   Traumas and major life events (Sect.  6.3.5 )  
•   Anxiety and depression (Sect.  6.3.6 )    

 Prenatal stress may have effects on various outcomes. For establishing a coherent 
structure within the subchapters, we summarize the fi ndings in respect to the 
reported outcomes, whenever possible, in the following order: birth outcomes, bio-
logical outcomes, temperament and behavior, as well as mental and motor develop-
ment.  Birth outcomes  constitute birth-related characteristics, such as birth weight or 
length of gestation, and may be risk factors for diseases in later life.  Biological 
outcomes  encompass measures of the metabolic, immune, endocrine, autonomic 
nervous, or central nervous system (e.g., insulin levels, cytokine levels, cortisol lev-
els, heart rate, or activity of certain brain regions). These biological markers can be 
studied under baseline conditions (e.g., morning values) or under challenge. 
Examples for these “challenging conditions” are stimulation of immune cells with 
a pathogen to assess the resulting cytokine production or acute stress tests to pro-
voke HPA axis responses. Prenatal stress may also affect the infant’s  temperament 
and behavior  which both can be assessed by questionnaires or by behavioral obser-
vations. In such questionnaires, the parents are asked to rate their child’s behavior 
which in turn is supposed to refl ect its temperament. Prominent dimensions of tem-
perament are affective reactivity to novelty, shy or aggressive behavior in social 
interactions, or attention/hyperactivity indicated by restless/disruptive behavior. 
Also, manifestation of behavior may indicate internalizing (e.g., anxiety, depres-
sion) or externalizing (e.g., aggression, delinquent behavior) behavioral problems. 
Behavioral observations provide a tool to assess an infant’s temperament: an infant’s 
behavioral responses (e.g., crying, fussing, or attention) can be studied in an experi-
mental setting (e.g., reactivity to novelty) or in a stressful situation (e.g., physical 
examination or prick test). Finally, prenatal stress may partly determine an infant’s 
 mental and motor development  which can be measured by various test batteries. 
Mental development means age-related cognitive abilities such as attention/concen-
tration, classifi cation abilities, verbal comprehension, reasoning, or memory perfor-
mances. On the other hand, motor development includes body control as well as 
gross and fi ne motor skills. The Bayley Scales of Infant Development (BSID) enable 
to evaluate both mental and motor development of infants up to 4 years and thus 
are one of the most used instruments in the following studies. 
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 Most of the studies investigating stress in human research focus on possible 
 negative effects of stress. Refl ecting this trend in the literature, the following fi nd-
ings predominately report maladaptive consequences of prenatal stress. However, to 
do justice to adaptive consequences of prenatal stress, we added a summary of the 
few fi ndings available in the literature at the end of this section. 

6.3.1     Maternal Stress and Increases in Basal Stress Hormones 
during Pregnancy 

 The assessment of basal stress hormones levels constitutes one possibility to deter-
mine maternal stress during pregnancy and requires a prospective longitudinal study 
design. An overview of selected fi ndings of associations between basal stress hor-
mones and birth outcomes, biological outcomes, temperament and behavior, as well 
as mental and motor development will be given. 

  Effects on birth outcomes . Current evidence points to the notion that stress hor-
mones may affect birth-related outcomes. In one study, e.g., high basal CRH levels 
during mid- and late pregnancy were associated with shortening of gestation length 
(Mancuso et al.  2004 ). In another study, Diego et al. ( 2006 ) have found that mater-
nal urinary cortisol and norepinephrine levels during pregnancy were negatively 
associated with fetal weight. Finally, an augmented maternal CAR, describing the 
morning increase of cortisol levels 30 min after awakening (see Sect.  6.2 ), in mid- 
and late pregnancy was associated with low birth weight (Bolten et al.  2011 ). 
Negative birth outcomes such as these may be considered as risk factors for illness 
in later life. Thus, elevated basal stress levels in pregnancy may predict the risk for 
such negative birth outcomes and, consequently, for negative health outcomes in the 
offspring’s later life. 

  Effects on biological outcomes . One study has found that elevated early morning 
cortisol levels of mothers during mid-pregnancy were related to increased cortisol 
responses to a vaccination procedure in their children when they were 4–6 years old 
(Gutteling et al.  2004 ). Another study reported higher salivary cortisol concentra-
tions in response to the heel prick test in 1–2-day-old neonates when their mothers 
showed elevated cortisol levels during mid- and late pregnancy (Davis et al.  2011a ). 
These preliminary fi ndings indicate that high basal maternal stress hormone levels 
in mid- and late pregnancy may be related to augmented endocrine stress responses 
in children. 

  Effects on temperament and behavior . In one study, elevated maternal cortisol lev-
els in early pregnancy were associated with slower neonatal behavioral recovery 
after the heel prick test, i.e., these neonates exhibited increased levels of distress 
behavior within the 5 min period following the end of the procedure (Davis 
et al.   2011a ). Two other studies have shown that elevated maternal CRH or cortisol 
levels during late pregnancy were related to mothers’ reports that their 8-week-old 
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infants show increased levels of fear and distress as responses to novel stimuli in 
daily life  situations (Davis et al.  2005 ,  2007 ). However, another study has failed to 
fi nd this relationship between prenatal maternal cortisol levels and children’s 
 affective reactivity to novel stimuli, indicated by affective behavior in a novelty 
experiment (Rothenberger et al.  2011 ). A longitudinal study showed that maternal 
cortisol levels during pregnancy did not predict behavioral problems in 27-month-
old children (Gutteling et al.  2005a ). The majority of these fi ndings imply that 
enhanced basal maternal hormone concentrations may be related to increased 
infants’ behavioral responses to novel and stressful situations. 

  Effects on mental and motor development . High maternal morning cortisol in late 
pregnancy has been found to be associated with impaired mental and motor devel-
opment at the age of 3 and 8 months (Huizink et al.  2003 ). Another study reported 
that accelerated mental development in infants of 12 months of age was character-
ized by lower maternal cortisol levels in early pregnancy and higher cortisol levels 
in late pregnancy (Davis and Sandman  2010 ). In contrast to these fi ndings, Gutteling 
et al. ( 2006 ) found no association between maternal diurnal cortisol levels during 
pregnancy and infant’s attention/concentration and learning performance at the 
mean age of 6 years. Possible explanations for these inconsistent fi ndings may be 
different outcome measurements that were used and the infant’s age when develop-
mental assessment has occurred. 

 In summary, elevated stress hormone levels seem to be related to adverse birth 
outcomes, such as shortened gestation length and low birth weight, as well as 
enhanced endocrine and behavioral stress responses. Some of the studies indicate 
that increased basal maternal stress hormone levels may negatively affect develop-
ment of the child. This last fi nding is in line with the notion that prenatal overexpo-
sure to stress hormones may alter receptor sensitivity in brain regions that are related 
to cognitive processes (Welberg and Seckl  2001 ).  

6.3.2     Administration of Synthetic Glucocorticoids During 
Pregnancy 

 As mentioned above, glucocorticoids play an essential role in lung maturation at the 
end of gestation. Therefore, in case of a high risk of preterm birth, pregnant women 
can be given doses of synthetic glucocorticoids, such as dexamethasone or beta-
methasone, several days before the expected delivery date in order to enhance sur-
vival changes of the newborn. As the effects of increased stress hormone 
concentrations might be considered a specifi c (artifi cial) form of prenatal stress, this 
might have potential health implications for the offspring. A selection of fi ndings 
about associations between administration of synthetic glucocorticoids during preg-
nancy and biological outcomes, temperament and behavior, as well as mental and 
motor development will be discussed in the following paragraphs. 
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  Effects on biological outcomes . Several studies examined the impact of prenatal 
glucocorticoid exposure on metabolic parameters. In adults whose mothers received 
betamethasone treatment during pregnancy, lower morning baseline levels of insu-
lin (Finken et al.  2008 ) as well as higher insulin and lower glucose concentrations 
following a glucose tolerance test were found (Dalziel et al.  2005b ). These 
 preliminary fi ndings indicate an altered metabolism which might be associated with 
enhanced risk for diseases later in life. In a study assessing autonomic functioning, 
prenatal exposure to synthetic glucocorticoids was unrelated to blood pressure in 
children (Dalziel et al.  2004 ) or adults (Dalziel et al.  2005b ; Finken et al.  2008 ). 
Thus, prenatal treatment with synthetic glucocorticoids might increase the risk for 
certain diseases in adulthood, although this effect might be relevant for metabolic 
disorders rather than cardiovascular diseases. Assessing heart rates in stressful situ-
ation is a commonly used measure for reactivity of the ANS. Using this parameter, 
two studies found that 3 days and older preterm neonates who were prenatally 
exposed to betamethasone exhibited an increased heart rate in response to a heel 
prick test (Davis et al.  2004b ,  2006 ), indicating an enhanced ANS reactivity. In both 
studies, salivary cortisol levels as a measure for HPA axis activity were additionally 
obtained. In contrast to preterm infants whose mothers received no betamethasone 
treatment during pregnancy, infants with such an exposure showed not the expected 
cortisol response to the heel prick test. In contrast to this aforementioned fi nding, 
full-term infants whose mothers were treated with betamethasone showed increased 
HPA axis reactivity, as indicated by a higher cortisol response to the heel prick test 
administered between 15 and 48 h after delivery, compared to nonexposed controls 
(Davis et al.  2011b ). These contrary fi ndings are diffi cult to interpret due to the dif-
ferent study designs: differences in the gestational age of the sample (preterm vs. 
full-term children) and the time of examination (within 2 days vs. 3 or more days 
after birth) might explain these diverging results. 

  Effect on temperament and behavior . To our knowledge, there is only one study 
investigating the effect of synthetic glucocorticoids on infants’ temperament 
(Trautman et al.  1995 ).  In this study, children (aged 2-3 years) who were prenatally 
exposed to dexamethasone showed increased shy behavior and internatizing prob-
lems compared to children withou such an exposure. 

  Effects on mental and motor development . Based on both a neurological evaluation 
by a neuropsychiatrist and the BSID, one study reported neurodevelopmental 
impairment (e.g., spastic diplegia, cognitive defi cits) in 2-year-old children who 
were prenatally exposed to dexamethasone (Spinillo et al.  2004 ). The majority of 
studies, however, have found no associations between synthetic glucocorticoids 
treatment during pregnancy and an infant’s mental and motor development, i.e., 
children whose mothers received synthetic glucocorticoids during pregnancy exhib-
ited no impairment in domains such as memory, verbal skills, or motor skills 
(MacArthur et al.  1981 ; Meyer-Bahlburg et al.  2004 ; Peltoniemi et al.  2009 ; 
Trautman et al.  1995 ). In line with these fi ndings in children, adults who were pre-
natally exposed to betamethasone did not differ from adults whose mothers received 
a placebo (cortisone acetate with a lower glucocorticoid potency) in regard to 
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 cognitive functioning or memory performances assessed by intelligence or memory 
tests (Dalziel et al.  2005a ). 

 In conclusion, preliminary fi ndings suggest that exposure to synthetic glucocor-
ticoids at the end of pregnancy may negatively affect on infant’s biochemical equi-
librium and physiological stress response. One study found shy behavior and 
internalizing problems in children whose mothers received dexamethasone during 
pregnancy. It appears that synthetic glucocorticoid treatment during pregnancy may 
have no detrimental effect on the child’s mental and motor development.  

6.3.3     Perceived Stress and Daily Hassles During Pregnancy 

 Assessment of perceived stress and daily hassles during pregnancy reported by 
expectant mothers is another possibility to study maternal prenatal stress. Perceived 
stress is measured by questionnaires asking the subject to retrospectively evaluate 
the subjective stress level during a certain time period (e.g., last month). Daily has-
sles, on the other hand, are often assessed by lists of possible everyday stressful situ-
ations, e.g., being stuck in a traffi c jam or family matters. Cutoff values provide a 
method to assign subjects to a group of either low or high levels of daily hassles. 
Alternatively, the frequency of daily stressors can be used to determine the mother’s 
stress during pregnancy. The majority of the reported studies used a prospective 
longitudinal design, i.e., perceived stress or daily hassles were obtained during 
pregnancy, and the outcome of interest was measured after birth in newborns or 
children. In the following, a selection of studies with regard to the impact on birth 
outcomes, biological outcomes, temperament and behavior, as well as mental and 
motor development will be outlined. 

  Effects on birth outcomes . One prospective longitudinal study reported that the 
number of daily stressors in the fi rst trimester of pregnancy was a predictor for low 
birth weight. This positive relationship disappeared, however, when using a less 
stringent defi nition of low birth weight (Paarlberg et al.  1999 ). In accordance with 
this fi nding, the majority of longitudinal and cross-sectional studies have found no 
associations between subjective prenatal maternal stress and pregnancy- or birth- 
related measurements (e.g., fetal weight, birth weight, or gestational age) (Bolten 
et al.  2011 ; Diego et al.  2006 ; Henrichs et al.  2010 ). 

  Effects on biological outcomes . Infants aged 4–6 years whose mothers reported 
more daily hassles during the early period of mid-pregnancy exhibited increased 
cortisol concentrations on a vaccination day compared to infants whose mothers 
reported less daily hassles during pregnancy; no such association was found for 
maternal perceived stress during pregnancy in this longitudinal study (Gutteling 
et al.  2004 ). In another prospective longitudinal study, maternal perceived stress 
during pregnancy was not associated with the neonate’s cortisol response to the heel 
prick test (Davis et al.  2011a ). Based on these two studies, it appears that perceived 
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stress during pregnancy is not related to the infant’s HPA axis reactivity. A possible 
explanation for this fi nding may be the lack of “psychoendocrine covariance,” 
which describes the often-observed fi nding that perceived stress levels and stress 
hormone levels are only weakly correlated (Schlotz et al.  2008 ; Schommer et al. 
 2003 ). Indeed, Davis et al. ( 2011a ), who assessed both perceived stress and cortisol 
levels during pregnancy in the aforementioned study, found no association between 
these two measurements. It can be assumed that despite the mother’s high level of 
perceived stress, the mother and thus the unborn child exhibited “normal” cortisol 
secretion during pregnancy, which led to a normal HPA axis activity of the infant, 
possibly explaining this fi nding. 

  Effects on temperament and behavior . Neonates whose mothers perceived high lev-
els of stress throughout pregnancy showed slower behavioral recovery after the heel 
prick test, i.e., they remained longer in a behavioral state of distress, indicated by 
fussiness, after this stressful event (Davis et al.  2011a ). Mothers of highly reactive 
5-month-old infants, defi ned as excessive affective reactivity to novel stimuli in a 
laboratory setting, reported that they had perceived more stress in mid- and late 
pregnancy than mothers whose children did not display such responses (Rothenberger 
et al.  2011 ). Another longitudinal study, however, has found that maternal perceived 
stress throughout pregnancy was not associated with negative reactivity of 8-week-
old infants, in this case defi ned as the fear reaction to a novel or surprising stimulus 
in daily life reported by the infants’ mothers (Davis et al.  2007 ). The inconsistency 
of the aforementioned fi ndings may be explained by the different methods, i.e., the 
studies differ in the instruments for prenatal stress assessment, operationalization of 
affective reactivity, and age of the infant sample. In another study, prenatally per-
ceived stress, but not the reported frequency of daily hassles during pregnancy, was 
associated with decreased attention regulation at the age of 3 months as well as with 
increased diffi cult behavior in daily life (indicated by the infant’s negative mood, 
nonadaptive behavior to novelty, problems with daily routine such as sleeping) in 
infants at age of 3 and 8 months (Huizink et al.  2002 ). A prospective longitudinal 
study found that high levels of maternal prenatal perceived stress predicted low 
levels of restless/disruptive temperament as well as more behavior problems, espe-
cially externalizing behavioral problems (Gutteling et al.  2005b ). These fi ndings 
suggest that maternal perceived stress during pregnancy may be associated with the 
infant’s diffi culties to regulate negative emotions, particularly in novel situation, 
and behavioral problems. 

  Effects on mental and motor development . While one longitudinal study reported 
that high levels of daily hassles in early pregnancy were associated with impaired 
mental development at the age of 8 months (Huizink et al.  2003 ), another longitudi-
nal study has found that levels of daily hassles during pregnancy were unrelated to 
the infants’ attention and learning performance at the age of 6 years (Gutteling et al. 
 2006 ). Further, subjective maternal perceived stress during pregnancy was not asso-
ciated with the infants’ mental and psychomotor development at the age of 12 months 
(Davis and Sandman  2010 ). These few studies permit only preliminary  conclusions. 
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The only study that has found a positive association between daily hassles and  mental 
development was carried out in a relative young cohort 8-month-old infants. It is 
conceivable that maternal perceived stress during pregnancy may  possibly sustain 
for a certain time period after delivery. Mothers’ stress perception during pregnancy 
and shortly after the birth may moderate the mother–infant interaction which in turn 
infl uences the infants’ early development. As time progresses, however, positive and 
negative experiences that may occur during childhood and adolescence become 
more important for the further development of the child. 

 It seems that perceived stress and daily hassles during pregnancy are unrelated to 
the majority of negative birth outcomes. However, there is some evidence for asso-
ciations between perceived prenatal stress with elevated behavioral stress responses 
and behavior problems. On the basis of the presented studies, it is unclear whether 
and to what degree perceived stress and daily hassles are associated with the infant’s 
mental development.  

6.3.4    Work-Related Stress During Pregnancy 

 Since many pregnant women continue to work until several weeks or even days 
before expected delivery, the question arises whether job-related stress may have an 
impact on birth outcomes. In contrast to the previous subchapter in which we dis-
cussed the effects of the mother’s general perceived stress on the unborn child, we 
want to focus here on work-related stress, one of the main stressors in modern soci-
eties. According to Karasek’s job strain model (Karasek et al.  1998 ), which describes 
the dimensions “job demands” (d) and “decision latitude/control” (c), there are four 
job categories, i.e., passive (d−/c−), low-strain (d−/c+), high-strain (d+/c−), and 
active jobs (d+/c+). The presented fi ndings only include studies that used this job 
strain model to characterize job strain. In the following, the impact of work-related 
stress on birth outcomes is discussed. 

  Effects on birth outcomes . There are a handful of longitudinal studies that found 
increased risk for low birth weight in women with passive (Lee et al.  2011 ) or high- 
strain jobs (Oths et al.  2001 ; Vrijkotte et al.  2009 ). However, one (cross-sectional) 
study reported that this association between retrospectively assessed high job strain 
and low birth weight was only present in pregnant women who did not want to 
remain in the job (Homer et al.  1990 ). A longitudinal study showed that passive and 
high-strain jobs were positively related to risk of preterm delivery; however, this 
association was not statistically signifi cant (Henriksen et al.  1994 ). 

 All in all, maternal perceived stress at the workplace may increase the risk of 
negative birth outcomes, such as low birth weight, which are suggested as possible 
risk factors for diseases in later life. However, not many studies have investigated 
the impact of occupational stress during pregnancy on birth outcomes, and thus, 
interpretation should be considered with caution.  
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6.3.5    Traumas and Major Life Events During Pregnancy 

 According to the DSM-IV (APA  2000 ), a traumatic event requires the following 
criteria: “the person experienced, witnessed, or was confronted with an event or 
events that involved actual or threatened death or serious injury, or a threat to the 
physical integrity of self or others” and that “the person’s response involved intense 
fear, helplessness, or horror.” Experiencing a natural disaster, becoming a victim of 
a criminal act, or a serious accident are examples for such traumatic events. Major 
life events, on the other hand, are major changes or events that some people may 
evaluate as stressful. In contrast to traumatic events, major life events can be evalu-
ated as negative (e.g., death of the partner, illness of someone close, car accident, 
severe fi nancial problems) or as positive (e.g., marriage, change in residence/
school). We focus on negative major life events in this chapter. It is also important 
to differentiate major life events from daily hassles. The main difference is that the 
former one does not occur in everyday life and that it is often associated with long- 
lasting consequences. Both traumatic events or major life events constitute natural 
stressors that may entail temporary psychobiological stress (e.g., subjective experi-
ence of stress, elevated stress hormones levels) in the mother and may have thus 
long-term consequences (e.g., development of psychiatric disorders, altered bio-
chemical equilibrium) for both the mother and the yet unborn child. A selection of 
fi ndings in the literature in regard to birth outcomes, biological outcomes, and men-
tal and motor development is summarized in the following paragraphs. 

  Effects on birth outcomes . There is a set of studies that found shortening of gesta-
tion length or a decrease of the infants’ birth weight of mothers who retrospectively 
reported a traumatic event during pregnancy, such as an ice storm (Dancause et al. 
 2011 ), a strong earthquake (Glynn et al.  2001 ), the hurricane Katrina in New 
Orleans in 2005 (Xiong et al.  2008 ), or the World Trade Center disaster at 9/11 
(Eskenazi et al.  2007 ; Lederman et al.  2004 ). Based on Swedish population regis-
ters refl ecting three decades (1973–2004), another study found an increased risk for 
shortened gestational age and low birth weight when the mother experienced the 
death of a close person (father of the child or fi rst-degree relative of the mother) 
during the time of mid-pregnancy (Class et al.  2011 ). These studies suggest nega-
tive consequences for birth outcomes possibly due to adverse major life events dur-
ing pregnancy. 

  Effects on biological outcomes . Young adults (average age: 25 years) whose moth-
ers retrospectively reported negative major life events during pregnancy exhibited 
increased cytokine production in response to antigen stimulation (Entringer et al. 
 2008a ) and higher insulin and C-peptide levels following an oral glucose tolerance 
test (Entringer et al.  2008b ), suggesting alterations in immune processes and metab-
olism that may serve as risk factors for a variety of diseases. Adults whose mothers 
reported stressful major life events during pregnancy have shown shortened telo-
mere length which is supposed to be a risk factor for an early onset of diseases and 
a biomarker for aging (Entringer et al.  2011 ). Additionally, adults of mothers who 
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retrospectively reported major life events during pregnancy displayed low cortisol 
levels before a laboratory psychosocial stress test but enhanced cortisol increases as 
a response to the stress test (Entringer et al.  2009b ). In the same sample, the two 
groups also differed in their response to an ACTH 

1–24
  stimulation test, with adults of 

mothers with major life events during pregnancy showing lower cortisol levels in 
response to the stimulation test compared to control subjects. The same study found 
no differences in diurnal cortisol levels between the two groups, indicating altered 
stress reactivity but no alterations in basal cortisol levels. In summary, these fi nd-
ings suggest that exposure to stressful and traumatic events before birth may nega-
tively alter the infants’ metabolic, immune, or endocrine processes that may 
contribute to an increased risk for diseases later in life. 

  Effects on mental and motor development . Compared to controls, adults of mothers 
with major life events during pregnancy had longer reaction times in a working 
memory performance task after the intake of a dose of hydrocortisone, which was 
found to infl uence memory performances (Entringer et al.  2009a ). There is a model 
which proposes that the relation of activated mineralocorticoid receptor (MR) and 
glucocorticoid receptor (GR) in brain tissue (hippocampus) has an impact on cogni-
tive performance, with a low MR/GR ratio being related to impaired cognitive func-
tioning (de Kloet et al.  1999 ). Relying on this model, Entringer et al. ( 2009a ) 
suggested that subjects whose mothers reported major life effects during pregnancy 
may have a lower GR density in the frontal cortex, which is involved in working 
memory. Consequently, hydrocortisone administration may lead to this low MR/GR 
ratio and thus to memory impairment. In another study, maternal major life events 
during early pregnancy were negatively associated with attention/concentration in 
children aged between 5 and 8 years (Gutteling et al.  2006 ). These fi ndings supplied 
preliminary evidence for impaired working memory and concentration due to pre-
natal exposure to traumas and major life events. 

 To sum up, experience of traumatic and negative major life events during preg-
nancy may be related to the risk of shortened gestational length and low birth 
weight. There is also some evidence that negative major life events during preg-
nancy may negatively affect metabolism, immune function, and cognitive functions 
of the child.  

6.3.6    Anxiety and Depression During Pregnancy 

 It is well known that psychiatric disorders, such as anxiety and depression, are asso-
ciated with increased circulation of stress hormones. Thus, a possible impact of the 
affected mother on the unborn child cannot be ruled out. There are different 
approaches to assess anxiety or depression during pregnancy. For example, psychi-
atric diagnoses, i.e., clinically signifi cant depression or anxiety that requires treat-
ment, can be confi rmed by psychiatric interviews. The personality trait anxiety 
describes one person’s individual dispositional anxiety proneness which is  relatively 
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stable over the time. Current depressive and anxiety symptoms which indicate the 
present state or cover a short time period (e.g., past week) can be obtained by ques-
tionnaires. Additionally, pregnancy-specifi c anxiety refers to the pregnant women’s 
worries and anxiety regarding pregnancy and birth (e.g., medical complications, 
physical changes, fear of giving birth, the child’s health). In the following, the ques-
tion whether anxiety or depression during pregnancy may affect birth outcomes, 
biological outcomes, temperament and behavior, as well as mental and motor devel-
opment is discussed based on a selection of the literature. To address the matter of 
different operationalization of anxiety or depression among the following studies, 
we fi rst report fi ndings for psychiatric disorders followed by nonclinical depression 
or anxiety, and fi nally pregnancy-specifi c anxiety. 

  Effects on birth outcomes . One longitudinal study found that mothers who were 
diagnosed with a depressive or anxiety disorder during mid-pregnancy were more 
likely to have low birth weight neonates compared to mothers without such a diag-
nosis (Maina et al.  2008 ). Studying nonclinical depression and anxiety in a cross- 
sectional design, maternal depressive symptoms during mid-pregnancy, but not the 
mothers’ trait anxiety, was negatively associated with estimated fetal weight (Diego 
et al.  2006 ). Henrichs et al. ( 2010 ) have found that state anxiety in mid-pregnancy 
was related to lower fetal weight estimated in late pregnancy and low birth weight. 
A longitudinal study has shown that pregnancy-specifi c anxiety, but not state anxi-
ety during mid- and late pregnancy, was associated with shortening of gestation 
length (Mancuso et al.  2004 ). In another longitudinal study, pregnancy- and birth- 
specifi c anxiety and worries during mid- and late pregnancy were found not to be 
associated with birth weight (Bolten et al.  2011 ). These fi ndings suggest that mater-
nal emotional state during pregnancy, such as depressive or anxiety symptoms, 
regardless of whether they are clinical, nonclinical, or pregnancy-specifi c, may con-
tribute to the risk for negative birth outcomes. The pregnant body undergoes dra-
matic hormonal and physical changes. It is possible that the maternal psychological 
state amplifi es these alterations and may thus infl uence the course of pregnancy and 
subsequent birth outcomes. 

  Effects on biological outcomes . There is some evidence that mothers, who reported 
depressive symptoms during mid-pregnancy (Field et al.  2004 ) or late pregnancy 
(Lundy et al.  1999 ), and their neonates have elevated cortisol levels as well as 
decreased dopamine levels in urine samples collected within 24 h after delivery, 
indicating that maternal and fetal endocrine systems are synchronized at the time of 
birth. This fi nding implies that the body functions of an unborn child respond and 
adjust to the current environment. One longitudinal study found that maternal pre-
natal anxiety during late pregnancy was positively associated with awakening corti-
sol levels in children of 10–11 years (O’Connor et al.  2005 ). Another longitudinal 
study reported associations between maternal anxiety during mid- pregnancy and a 
fl attened cortisol daytime profi le in adolescents of 14–15 years (Van den Bergh 
et al.  2008 ). Augmented cortisol responses to a vaccination procedure were found 
in 3–6-year-old children whose mothers reported high pregnancy- specifi c anxiety 
(Gutteling et al.  2004 ). These studies imply that depression or anxiety during 
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 pregnancy may result in an enhanced HPA axis activity and reactivity, as indicated 
by high basal cortisol levels and cortisol responses to a stressful challenge. 

  Effects on temperament and behavior . High levels of depression or anxiety symp-
toms during late pregnancy were associated with slower behavioral recovery after 
the heel prick test, indicated as enhanced levels of distress behavior following the 
end of this painful stress (Davis et al.  2011a ). Further, positive associations between 
maternal depression or anxiety symptoms during late pregnancy, and behavioral 
reactivity to novelty, indicated as high motor activity and crying in response to stan-
dard laboratory protocol, have been reported (Davis et al.  2004a ). In line with this 
fi nding, depressive symptoms during mid- and late pregnancy have been found to be 
related to high negative affectivity of infants, assessed by the fear reaction to a 
novel or surprising stimulus in daily life (Davis et al.  2007 ). Depressive symptoms 
reported by the mother during late pregnancy were found to predict externalizing 
problems (delinquent and aggressive behavior) of their children at 8–9 years (Luoma 
et al.  2001 ). Another longitudinal study found that anxiety symptoms in mid-preg-
nancy, but not during late pregnancy, predicted the child’s hyperactivity/attention 
problems, externalizing problems, and self-reported anxiety at the age of 8–9 years 
(Van den Bergh and Marcoen  2004 ). High scores on anxiety symptoms during mid- 
or late pregnancy were also related to emotional problems in 4-year-old children in 
another study (O’Connor et al.  2002 ). 

 The aforementioned studies reported fi ndings about the effect of nonspecifi c 
anxiety during pregnancy on the infant. Pregnant women may also experience fear 
that is particularly related to their ongoing pregnancy or expected birth, i.e., preg-
nancy- or birth-related anxiety. The average fear of bearing a handicapped child 
during mid- and late pregnancy was associated with heightened levels of restless/
disruptive behavior (e.g., the child’s general activity, impatience, distractibility) and 
more attention regulation problems in infants 27 months in another study (Gutteling 
et al.  2005b ). Pregnancy-specifi c anxiety during mid-pregnancy has been found to 
be associated with defi cient attention regulation but no diffi cult behavior (e.g., fuss-
iness) at 3 months of age (Huizink et al.  2002 ). Taken together, the literature indi-
cates that children whose mothers reported anxiety or depressive symptoms during 
pregnancy may show increased affective reactivity to novelty and more behavioral 
problems. People suffering from depression or anxiety have a characteristic pattern 
of circulating neurotransmitters and hormones (e.g., increased cortisol levels). Since 
both maternal and fetal organisms are connected in the placenta, it is conceivable 
that the unborn child is exposed to these neurotransmitters and hormones to a simi-
lar extent as the mother which may have possible maladaptive consequences for the 
child’s temperament and behavior. Further, the psychological state during preg-
nancy may partly determine the mother’s relationship to and behavior (e.g., over-
protective behavior) towards the child which in turn infl uence the child’s behavior. 

  Effects on mental and motor development . Maternal state anxiety in late pregnancy 
was found to be related to decreased mental development of infants at 2 years of age 
(Brouwers et al.  2001 ). In another study, adolescents of mothers with high prenatal 
state anxiety during mid-pregnancy had lower scores on a vocabulary subtest and 
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reacted more impulsively in an encoding task, as indicated by faster responses and 
more errors (Van den Bergh et al.  2005 ). Another longitudinal study found that 
pregnancy-specifi c anxiety during early mid-pregnancy, but not state anxiety, was 
associated with mental development at the age of 12 months (Davis and 
Sandman   2010 ). Both mental and motor development at the age of 8 months were 
negatively affected when the mother reported high levels of pregnancy- specifi c 
anxiety during late pregnancy (Huizink et al.  2003 ). However, another longitudinal 
study failed to fi nd associations between pregnancy-specifi c anxiety and attention/
concentration and learning and memory function in 5–6-year-old children (Gutteling 
et al.  2006 ). In summary, the majority of fi ndings suggest that the mother’s psycho-
logical state during pregnancy may negatively impact the child’s mental and motor 
development. 

 Most of the studies found that occurrence of anxiety or depression during pregnancy 
may negatively affect birth outcomes. These current fi ndings indicate that the maternal 
psychological state infl uences endocrine diurnal patterns and responses to natural 
stressors, as well as the infant’s affectivity. Further, maternal anxiety during pregnancy 
seems to be related to behavioral problems, impaired mental and motor development. 

 As stated above, the vast majority of human studies focus on maladaptive conse-
quences of prenatal stress. Therefore, the previously presented fi ndings reported 
mainly on negative effects. However, some of the behavioral consequences of pre-
natal stress appear to be also  adaptive  at a closer look. More specifi cally, both anx-
ious and aggressive behavior can be adaptive in a dangerous environment by 
enhancing the individual’s survival chances. Anxiety may prevent the individual 
from dangerous situations, since anxious individuals might be more prone to antici-
pate and avoid threatening situations. Aggressive behavior on the other hand might 
be adaptive in unavoidably dangerous situations by mobilizing energy resources to 
overcome dangerous situations. However, both anxious and aggressive behavior 
turn out to be inappropriate and problematic in most daily life interactions. Further, 
an ongoing state of anxiety or aggression may lead to additional stress. 

 It appears that experiencing stress during pregnancy per se does not lead to negative 
consequences for infants. Some women and their infants seem to be less vulnerable to 
negative sequelae of stress during pregnancy. Thus, there might be both person-related 
and environmental protective factors that contribute to this stress resistance. It is con-
ceivable that genetic predispositions may protect the individual from maladaptive con-
sequences following stress exposure. A most recent study investigated whether an 
infant’s behavioral problems at the age of 7 and 11 years might be associated with 
maternal stress at the end of pregnancy and the infant’s catecholamine-O-methyltrans-
ferase (COMT) polymorphism, which encodes an enzyme which in turn inactivates 
catecholamines. The study found an increased risk of behavioral problems in children 
with the homozygote COMT gene variant, resulting in low COMT gene activity, but 
only when the mother reported elevated stress levels at the end of pregnancy; no such 
effect of prenatal stress on the risk for behavioral problems was found for the other 
COMT gene variants (Thompson et al.  2012 ). This fi nding suggests that there might 
be genetic predispositions for developmental stress taking effect. 
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 Besides such genetic dispositions, environmental factors might moderate the 
impact of prenatal stress on infants’ development. Some studies found that social 
support during pregnancy was associated with a reduced risk for negative birth out-
comes, such as preterm birth or low birth weight (Da Costa et al.  2000 ; Elsenbruch 
et al.  2007 ; Nkansah-Amankra et al.  2010 ; Turner et al.  1990 ), whereas others did 
not fi nd such associations (Dole et al.  2003 ,  2004 ). A possible explanation for this 
inconsistency might be that pregnant women at high risk for experiencing stress 
only may benefi t from the stress-buffering effect of social support. In line with that, 
a study found positive associations between high social support and birth weight in 
women who experienced more life events during pregnancy; such an association 
was not found in women who experienced less life events during pregnancy (Collins 
et al.  1993 ). This fi nding suggests that a supportive environment might buffer stress 
experience.   

6.4     Integration and Interpretation of Findings 

 The fi ndings presented in this chapter highlight the potential effect of prenatal stress 
on various health outcomes, depending on the type of prenatal stress. We propose a 
psychobiological stress model that may be used to integrate and interpret these fi nd-
ings (Fig.  6.1 ).

   Possible short-term effects of prenatal stress constitute birth outcomes (e.g., ges-
tation length or birth weight) which in turn are known to be a risk factor for develop-
ing chronic diseases, such as cardiovascular diseases, hypertension, and diabetes 
(e.g., see review in Osmond and Barker  2000 ). Reviewing the literature revealed 
that various types of prenatal stress (all except for perceived stress and daily has-
sles 7 ) appear to be related to shortened gestation length or low birth weight. It is 
possible that this association is mediated by stress hormones. There is evidence that 
pCRH has regulating functions on gestation length, which is generally referred to as 
“placental clock” (McLean et al.  1995 ). Elevated pCRH during pregnancy may lead 
to the shortening of gestation length and may consequently increase the risk of pre-
term delivery, which in turn is often associated with low birth weight. 

 The majority of fi ndings suggest that infants whose mothers experienced prenatal 
stress show augmented endocrine responses to a stress, e.g., increased cortisol levels 
when the HPA axis is challenged. Possible explanations for this pronounced HPA 
axis reactivity may be altered receptor sensitivity to glucocorticoids or impaired 
HPA axis feedback regulation. Some authors proposed that prenatal glucocorticoids 
may have a determining effect on the transcription of mineralocorticoid receptor 
(MR) and glucocorticoid receptor (GR) genes and thus on the receptor density in 

7 Studies have shown a lack of or only a weak association between perceived stress and stress 
 hormone levels in response to stress (Schommer et al. 2003) or during pregnancy (Davis and 
Sandman 2010).
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both brain and peripheral tissue, resulting in permanently altered tissue sensitivity to 
steroids (Welberg and Seckl  2001 ). While MRs appear to play a main part in the 
control of basal HPA axis activity, GRs are involved in the coordination of negative 
feedback regulation after stress. Thus, reduced GRs sensitivity may explain the aug-
mented HPA axis reactivity in prenatally stressed infants (Cottrell and Seckl  2009 ). 

 We discussed the infants’ temperament and behavior as possible psychological 
outcomes of prenatal stress. The reviewed literature indicates that prenatal stress is 
associated with the infant’s distress (as indicated by startle reaction, fussiness) in 
response to novelty as well as behavioral problems (e.g., attention problems, aggres-
sive/delinquent behavior, or anxiety/depression). These consequences of prenatal 
stress may be a result of prenatal programming. From an evolutionary point of view, 
prenatal programming prepares the unborn child for the expected environmental 
demands. Specifi cally, increased anxiety (precaution) or aggressive behavior may 
increase the survival changes in a stressful or dangerous environment. In accor-
dance to this hypothesis, the reviewed studies suggest that prenatally stressed infants 
are more likely to show such behavior. 

 Prenatal stressors, particularly with high emotional value, such as traumas/major 
life events or maternal anxiety/depression during pregnancy, seem to have a  negative 
impact on the infants’ mental or motor development. Specifi cally, children whose 
mothers experienced stress during pregnancy are more likely to show impairment in 
attention/concentration, verbal comprehension, reasoning, or memory perfor-
mances, as well as diffi culties in body control and gross and fi ne motor skills. 
Prenatal stress possibly alters the structure and function of brain and peripheral tis-
sue and thus provides an explanation for these observed developmental changes. 
For example, impairment in memory performance due to prenatal stress may be the 

• Placenta:  increased
placental CRH

• Infant: altered MR/GR
in brain and peripheral
tissue

• Infant: altered
hormonal/biochemical
equilibrium

• Low birth weight,
shortened gestation

• Increased HPA axis
response

• Impaired cognitive/
motor development

• Anxious/aggressive
behavior

Prenatal
stress

Biological alterations Outcomes

Prenatal stress-buffering factors Resilience

e.g., social support e.g., genetic predipositions

  Fig. 6.1    Psychobiological stress model       
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consequence of structural alterations of the hippocampus and frontal cortex, both of 
which are particularly sensitive to glucocorticoids. 

 There is some evidence for protective factors that may moderate the impact of 
prenatal stress on an infant’s development. Genetic predispositions may contribute 
to the vulnerability or resilience to maladaptive consequences due to prenatal stress. 
Another moderator might be stress-buffering factors, such as social support or cop-
ing strategies. Social support may dampen perceived and physiological stress 
responses of the pregnant women and thus protect the unborn child from excessive 
exposure to maternal stress hormones. 

 Summarizing, it is conceivable that altered biological mechanisms (e.g., HPA 
axis dysregulation) may mediate the link between prenatal stress and the risk for 
negative physiological, psychological, behavioral, and developmental outcomes. 
However, an individual’s resilience as well as stress-buffering factors may moderate 
the direction and magnitude of these consequences.  

6.5     Conclusion 

 We set out to review the literature regarding the question whether prenatal stress of 
the mother have a negative infl uence on birth outcomes, biological functions, tem-
perament and behavior, as well as mental and motor development of the newborn 
child. The existing data indicate that prenatal stress appears to increase the risk for 
these negative outcomes. We want to point out that prenatal stress does not inevita-
bly lead to negative outcomes. Interindividual differences in these outcomes suggest 
possible genetic vulnerabilities. It is conceivable that these genetic vulnerabilities 
unfold their negative effects under conditions of an adverse environment (e.g., pre-
natal stress). However, prevention and interventions programs in risk population 
may minimize or even compensate negative consequences of prenatal stress. To the 
best of our knowledge, only very few intervention studies have been conducted. For 
instance, one study investigated whether an intervention during pregnancy may 
infl uence basal cortisol levels of infants whose mothers are at high risk for depres-
sion. For this purpose, a group of low-income women at high risk for depression 
participated in a stress management training program during pregnancy and was 
compared to a high-risk comparison group receiving usual care and to a low-risk 
control group. Infants at the age of 6 months of high-risk mothers receiving usual 
care showed higher average cortisol levels compared to those of high-risk mothers 
who received treatment and low-risk mothers (Urizar and Munoz  2011 ). A 
 randomized control trial study found that pregnant women with anxiety levels, who 
participated in a relaxation training during pregnancy, were less likely to deliver 
low-birth weight neonates compared to highly anxious pregnant women receiving 
usual care (Bastani et al.  2006 ). Future studies which aim to examine the effi cacy of 
prevention and intervention programs may contribute to improving the health out-
comes of high-risk mothers and their children. 
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 The presented studies underline the potential mediating role of the HPA axis in 
the association between stress and health outcomes. It is well studied that both  HPA 
axis  and  SAM  have regulating effects on infl ammation (Bierhaus et al.  2003 ). 
However, the association between prenatal stress and SAM has been scarcely inves-
tigated. Clearly, further research is needed. 

 There are numerous studies in this fi eld using a  prospective longitudinal study 
design , i.e., maternal stress during pregnancy and the outcome in the infant are 
assessed at the time they occur. This procedure allows for accurate information in 
contrast to retrospective data (cross-sectional designs) that may be confounded by 
current psychological state or recall bias. Most of these studies investigated a rela-
tively short time period (e.g., birth outcome up to early childhood or early adoles-
cence). However, it would be of great interest to study developmental changes using 
repeated measures over a time course of several decades. This approach would 
enable to study short-term as well as long-term effects. Further, possible postnatal 
stressors (e.g., childhood maltreatment; see this chapter) which may have an addi-
tive effect on negative outcomes can be studied. 

 Studies using animal models strikingly show that the nature of effect depends on 
the timing when the stressor occurs (Cottrell and Seckl  2009 ). The reviewed human 
studies imply that particularly stressors occurring during mid- and late pregnancy 
(fi rst and second trimester) are periods of high sensitivity to stress. However, the 
majority of prospective longitudinal studies have been carried out in women during 
their second or third trimester of pregnancy, possibly because the recruitment of 
women within 13 weeks of gestation is diffi cult to implement, compared to women 
in advanced pregnancy. The few studies that examined stress during early preg-
nancy often used a cross-sectional study design, i.e., prenatal stress (e.g., occur-
rence of a traumatic effect) was assessed retrospectively. However, retrospective 
data are susceptible to recall biases. Based on the literature, it seems impossible to 
conclude whether or what period of pregnancy is most vulnerable for prenatal 
programming.      
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    Chapter 7   
 Consequences of Developmental Stress in 
Humans: Adversity Experienced During 
Childhood and Adolescence 

             Urs     M.     Nater        and     Nadine     Skoluda      

    Abstract   Early life stress is a term used to describe adversities which may occur 
during childhood and adolescence. The majority of human studies focus on negative 
outcomes resulting from early life stress. There is an emerging research fi eld which 
aims to investigate possible positive outcomes of early life stress. In this chapter, 
human studies are reviewed with regard to both maladaptive and adaptive conse-
quences of early life stress. Recent fi ndings suggest that early life stress is associated 
with central nervous alterations, altered physiological stress responses, impaired 
cognitive functioning as well as an increased risk of developing behavior problems, 
and somatic and psychiatric illnesses. Early life stress may also result in posttrau-
matic growth (PTG) which describes changes in self-perception, interpersonal rela-
tionships, and worldview. A psychobiological stress model is proposed to integrate 
the fi ndings.  

7.1         Introduction 

 There is a growing body of literature reporting that early life stress during childhood 
and adolescence appear to have a negative impact on development and numerous 
health outcomes later in life. Periods of heightened brain plasticity mark develop-
mental phases during which the brain is most vulnerable to stress. It is well known 
that exposure to adverse conditions during these critical sensitive phases in develop-
ment may lead to long-term alterations in brain structures, various bodily functions 
(e.g., immunological or endocrinological), and behavior, which may facilitate the 
manifestation of disease. 
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 There is suffi cient evidence that stress-responsive systems 1  play a mediating 
role in the association between stress exposure and various developmental or 
health consequences. Stress processing originates in specifi c brain regions that are 
responsible for the early perception and evaluation of potentially threatening or 
stressful features of the current situation. The outcome of such an evaluation may 
lead to the activation of the stress axes, the sympatho-adrenal-medullary (SAM) 
system and the hypothalamus–pituitary–adrenal (HPA) axis (for details, see Sect. 
2 of Chap.   6    ). Briefl y, the SAM system elicits the release of norepinephrine and 
epinephrine, both of which are involved in the “fl ight-or-fi ght” response. The 
HPA axis includes the paraventricular nucleus (PVN) in the hypothalamus which 
releases the corticotrophin- releasing hormone or factor (CRH or CRF, respec-
tively) which in turn induces the secretion of the adrenocorticotropic hormone 
(ACTH) from the anterior lobe of the pituitary gland into the blood stream. 
Finally, cortisol is secreted from the adrenal cortex, exerting its effects throughout 
the body (e.g., on metabolism, immune system, behavior, or cognition). Cortisol 
has counter-regulating effects on the HPA axis by inhibiting the further release of 
CRH and ACTH and thus acts as a negative feedback factor. The pulsatile secre-
tion of cortisol follows a diurnal rhythm characterized by high morning levels and 
a decrease of cortisol levels during the course of the day. The cortisol awakening 
response (CAR), an important marker for cortisol regulation, describes the morn-
ing peak of cortisol levels measured 30 min after awakening and has been related 
to a number of negative health outcomes (Kudielka and Wust  2010 ). Thus, study-
ing cortisol release during the morning and/or during the day constitutes a well-
researched approach to study HPA axis  activity . In human research, the most 
prominent and effective stressors to study HPA axis  reactivity  are (a) performing 
a cognitive task (e.g., giving a speech and/or solving a diffi cult arithmetic task) in 
the presence of an evaluating audience or (b) administration of pharmacological 
substances (pharmacological challenge test). The latter is used to study HPA axis 
regulation, particularly via activating the system’s inherent feedback mechanisms 
(Ditzen et al.  2013 ). Pharmacological challenge tests are used to investigate how 
HPA axis activity is affected by temporary suppression due to administration of 
synthetic glucocorticoids (e.g., dexamethasone suppression test, DST), by stimu-
lation due to administration of CRH or ACTH (CRH stimulation test, ACTH 

1–24
  

stimulation test), or by a time-lagged combination of suppressing and stimulating 
substances (e.g., dexamethasone/corticotrophin- releasing hormone test, Dex/
CRH test). 

1 Stress-responsive systems refer to various physiological systems that are activated in response to 
stress. The most prominent systems are the hypothalamus-pituitary-adrenal (HPA) axis, autonomic 
nervous system (ANS), particularly the sympatho-adrenal-medullary (SAM) system, the central 
nervous system, and the immune system. We introduce the term stress axes, which refer to the HPA 
axis and the ANS, since these well-studied stress-responsive systems are known to interact and 
partly regulate the other aforementioned stress-responsive systems.
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 Considering the amount of literature and the limited space of a book chapter, a 
selective overview of the literature on stress experienced during childhood and 
adolescence will be presented. 2  The overall goal of this chapter is to review the 
literature and give an overview of the current state of knowledge about possible 
short- and long-term consequences of stress occurring in childhood and  adolescence 
(early life stress).  

7.2     Stress During Childhood and Adolescence: 
Early Life Stress 

 We introduce the term  early life stress  which refers to stress that occurs during 
childhood and adolescence. Early life stress describes here a relatively heteroge-
neous concept which encompasses various adverse events that most people perceive 
as stressful and thus possibly lead to the activation of the above-mentioned stress- 
responsive systems. One source of early life stress constitutes childhood maltreat-
ment which in turn can be divided into emotional abuse, physical abuse, sexual 
abuse, emotional neglect, or physical neglect. Growing up in an orphanage or insti-
tutional care provides a setting with possibly increased risk for neglect. One of the 
most extreme cases of neglect became public after the fall of the Ceausescu regime 
in Romania. Living conditions in institutional care during that time were character-
ized by deprivation of basic needs as well as emotional and physical neglect (most 
of the cited studies in this chapter have been conducted in Romanian orphans). 
These adverse living circumstances in institutions seem to be more likely under 
conditions of social poverty or under strict political regimes. Another source of 
early life stress may be the separation or loss of a parent or someone close. Finally, 
traumatic events such as natural disasters or war experiences are considered here as 
early life stress. 

 Children and adolescents might be particularly prone to stress since certain 
developmental stages (e.g., puberty) are characterized by various biological and 
hormonal changes. Early life stress during such sensitive periods may have conse-
quences for biological outcomes, temperament and behavior, mental development, 
or general health later in life. 

2 A systematic literature search was conducted on databases PubMed and Google Scholar using a 
combination of the following keywords: stress brain, child(hood) maltreatment (outcome), mal-
treatment infant, early stress, child adversity health outcome(s), parental loss, and posttraumatic 
growth. The list of abstracts was reviewed with regard to the type of stress and outcome (neuroen-
docrine, behavioral, psychological, or health-related consequences). Only English-language, peer- 
reviewed original research papers were included. Additionally, the references of the papers and 
those of published review articles have been checked for further articles meeting our search crite-
ria. Although we have tried to consider as many publications as possible, we are aware that the 
presented literature is not comprehensive.
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 In this chapter we present fi ndings organized along the following outcomes:

 –     Effects on the central nervous system (CNS) . This includes alterations in brain 
structure or brain functions (indicated by volume or activity of certain brain 
regions) using neuroimaging methods. Since recent research has revealed impor-
tant central nervous effects of the neuropeptide oxytocin in humans (e.g., inter-
personal bonding, affi liation behavior, and stress reduction), we present 
preliminary fi ndings for this hormone here.  

 –    Effects on the HPA axis.  Findings are separately presented for basal HPA axis 
activity (e.g., cortisol diurnal profi le or CAR) and HPA axis reactivity in response 
to a psychological stressor or a pharmacological challenge test.  

 –    Effects on temperament and behavior . Measurement of personality or tempera-
ment is often achieved through assessing the infant’s attachment style, which 
describes how secure the bonding between infant and primary caregiver is. 
Negative behavior is usually operationalized as internalizing problems (with-
drawal, somatic complaints, anxiety/depression) or externalizing problems 
(aggressive, delinquent behavior) which are thought to be disadvantageous mani-
festations of behavior.  

 –    Effects on cognitive functioning and academic performance.  Developmental 
tests and intelligent tests are used to measure executive functions (e.g., decision 
making, response control), attention, memory, verbal skills, reasoning, and gen-
eral intellectual/academic performance.  

 –    Effects on somatic health . Somatic health is measured either as perceived general 
health or as the occurrence of specifi c somatic illnesses (e.g., infectious 
disease).  

 –    Effects on psychological health . Psychological health may be measured via 
assessing symptoms such as depression, anxiety, or suicidal thoughts, and via 
diagnosing clinical disorders, such as personality disorders, major depressive 
disorder, anxiety disorders, and substance abuse.    

 In general, the traditional research focus in this fi eld lies on negative outcomes of 
stress. Therefore, the majority of fi ndings present maladaptive consequences in this 
chapter. In the next paragraphs we will present a selection of fi ndings related to 
these effects, with maladaptive outcomes measured during childhood and adoles-
cence (2.1.), maladaptive outcomes measured during adulthood (2.2.), and adaptive 
outcomes in children, adolescents, and adults (2.3.). 

7.2.1     Maladaptive Outcomes Measured During Childhood 
and Adolescence 

 Studying outcomes of early life stress in children and adolescents may provide valu-
able information about short-term effects, since adverse events may have taken 
place only recently. In the following, possible effects on the CNS, the HPA axis, 
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temperament and behavior, cognitive functioning and academic performance, 
somatic health, and psychological health are discussed. 

  Effects on the CNS.  Several neuroimaging studies suggest that maltreated children 
and adolescents have small volumes of selected temporal regions (De Bellis et al. 
 2002 ) and the orbitofrontal cortex (Hanson et al.  2010 ), both of which are involved 
in executive and cognitive functions (e.g., reasoning, memory) and emotion regula-
tion, as well as a small corpus callosum (Teicher et al.  2004 ), which connects both 
hemispheres. In another study, adopted orphans showed decreased activity in some 
of the aforementioned brain regions (specifi cally in the orbitofrontal cortex, tempo-
ral cortex, and brain stem) compared to same-aged children (7-11 years) with medi-
cally intractable partial epilepsy or to healthy adults (Chugani et al.  2001 ). De Bellis 
and colleagues, using both a cross-sectional (De Bellis et al.  2002 ) and a longitudi-
nal approach (De Bellis et al.  2001 ), failed to show that childhood maltreatment was 
related to altered hippocampus or amygdala volumes, i.e., brain regions which are 
thought to be associated with emotion regulation and memory. In summary, there 
are some fi ndings suggesting that early life stress may be associated with structural 
and functional alterations of brain regions that are related to cognitive and emo-
tional functioning. 

  Effects on the HPA axis . There are numerous studies that investigated HPA axis 
activity (using basal cortisol levels) with regard to early life stress. One study 
showed that adoptees who spent more than 9 months in an orphanage displayed 
augmented daily cortisol levels, suggesting a generally enhanced HPA axis activity, 
compared to early adopted children and non-adopted children (Gunnar et al.  2001 ). 
Other studies focused on cortisol levels at a specifi c time of the day, mostly morning 
cortisol levels. One study found that neglected children (aged 3–31 months), still 
living with their birth parents, showed lower waking cortisol levels and signifi cantly 
higher cortisol levels at bedtime compared to maltreated children who had been 
placed in foster care and compared to non-maltreated children (Bernard et al.  2010 ). 
In line with this fi nding, another study has found that sexually abused 5–7-year-old 
girls with posttraumatic stress disorder (PTSD) showed lower morning cortisol lev-
els than control girls (King et al.  2001 ). In contrast to the aforementioned fi ndings, 
sexually and physically abused children (mean age, 9.25 years) displayed higher 
morning cortisol levels than non-maltreated, emotionally maltreated, neglected, or 
physically abused subgroups who were studied during a day camp research program 
(Cicchetti and Rogosch  2001 ). A possible explanation for the inconsistent results in 
morning cortisol levels may be differences in age (range, 3 months–9 years) and 
time of morning sampling (range, 5–12 am) among these studies. 

 In addition to basal measurement, studying HPA axis reactivity specifi cally con-
tributes to the understanding of underlying mechanisms of HPA axis (dys-)regula-
tion. Healthy non-abused adolescents, aged 12–16 years, showed increased cortisol 
levels and a gradual fl attening over time following an acute stress test, while nonde-
pressed maltreated adolescents did not show such a pattern in cortisol levels 
(MacMillan et al.  2009 ). Another study found that the presence of any anxiety dis-
order, early life stress, or chronic stress during adolescence predicted peak cortisol 
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response to a psychological stress test, whereby the interaction of early life stress 
and chronic stress during adolescence was the best predictor of this stress response 
(Rao et al.  2008 ). Another study reported that intravenous CRH administration led 
to greater ACTH peaks in depressed abused children (age range, 7–13 years) than in 
depressed, non-abused children or children with no history of either depression or 
abuse, whereas no group differences were apparent for cortisol responses (Kaufman 
et al.  1997 ). These studies hint at an altered HPA axis response under challenge; 
however, the direction of this response appears to be unclear. It is conceivable that 
anxious or depressive symptoms partly determine the direction and extent of the 
stress response, leading to either hyper- or hyporeactivity of the HPA axis. 

  Effects on temperament and behavior . In institutions such as orphanages, caregiv-
ers have to provide care and supervise several children at the same time, which may 
make it diffi cult to meet the child’s individual needs and to form selective interper-
sonal bonding between a primary caregiver and the child (Drury et al.  2011 ). 
As forming a child-caregiver bond may thus be limited in such an environment, 
several studies have examined attachment styles in children with a history of insti-
tutional care. One study in adoptees found insecure attachment styles and high 
occurrence of indiscriminately friendly behavior, as determined by parents’ reports 
(Chisholm  1998 ). In another study, adoptees showed barely any attachment  behavior 
in a strange situation procedure, which often serves as a tool to assess an infant’s 
attachment style to a primary caregiver (Zeanah et al.  2005 ). These fi ndings suggest 
that experiences of institutional care may be a risk factor for maladaptive tempera-
ment, as measured via attachment styles. 

 There is also some evidence that early life stress may be related to behavioral 
problems. For example, one study found that adolescents, who had been physically 
abused in early childhood, were more likely to have been arrested for violent and 
nonviolent offenses than non-abused adolescents (Lansford et al.  2007 ). Another 
study found gender differences among sexually abused adolescents, with boys 
showing more sexual risk behavior and delinquent behavior than girls (Chandy 
et al.  1996 ). A summer camp study, using a longitudinal design, found that mal-
treated children exhibited signifi cantly greater externalizing behavior problems and 
more impaired affect and behavior regulation (lower levels of ego-resiliency and 
higher levels of ego-undercontrol 3 ) than non-maltreated children (Kim et al.  2009 ). 
In another study, children with a history of institutional care were more likely to 
show externalized or internalized disorders than never-institutionalized children 
(Zeanah et al.  2009 ). Similarly, sexually abused children and adolescents had more 
externalizing and internalizing symptoms than those without a history of abuse in 
another study (Maikovich-Fong and Jaffee  2010 ). In line with these fi ndings, 

3 Ego-control describes to the degree to which individuals express or inhibit their impulses. 
Individuals with ego-undercontrol are characterized by spontaneous, emotionally expressive 
behavior, and pursuit of immediate gratifi cation of desires. Ego-resiliency refers to the individuals’ 
ability to modulate these impulses adaptively in response to situational demands and affordances 
(Huey and Weisz 1997; Letzring et al. 2005).
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maltreatment- related PTSD was associated with internalizing and externalizing 
symptoms in children and adolescents (De Bellis et al.  2002 ). Finally, parent–child 
aggression was found to be associated with conduct problems, attention problems, 
anxiety-withdrawal, and motor excess in boys, whereas girls only showed increased 
anxiety-withdrawal (Jouriles et al.  1987 ). Considering the available literature, early 
life stress seems to raise the risk for attachment disturbance and behavioral 
problems. 

  Effects on cognitive functioning and academic performance.  Evidence for possi-
ble cognitive alterations in affective children or adolescents comes from studies 
examining academic performance or performance in standardized tests. One study 
found that physically abused adolescents were less likely to have graduated from 
high school than non-abused peers (Lansford et al.  2007 ). Studying gender differ-
ences in maltreated adolescents revealed that male adolescents with a history of 
sexual abuse tended to report performing below average and had a higher dropout 
risk than sexually abused female adolescents (Chandy et al.  1996 ). In another study, 
maltreated adolescents were found to score lower on tests assessing reading perfor-
mance and reasoning compared to non-maltreated adolescents (14 years) (Mills 
et al.  2011 ). A longitudinal study found that children living in an orphanage (mea-
sured at the age of 42 and 54 months) showed more cognitive impairment (e.g., 
verbal abilities) than orphans who were placed in a foster family before the age of 
31 months (Nelson et al.  2007 ). This same study suggested an age-associated ben-
efi cial effect of foster care, i.e., the younger the child at the time of entry in foster 
care, the more cognitive improvement due to foster care was found. In another 
study, 8-year-old children with any orphanage experiences in early life were found 
to perform worse on tests requiring visual memory and executive function (e.g., 
decision making or response control) compared to peers without a history of 
 institutional care (Bos et al.  2009 ). Another study partly confi rmed these fi ndings, 
i.e., adoptees at the age of 8 years showed defi cits in visual memory, attention, and 
associative learning measures but not in executive functions (Pollak et al.  2010 ). 
Mild impairment in verbal skills, impulsivity, and attention were reported for adop-
tees compared to never-institutionalized children with medically intractable partial 
epilepsy (Chugani et al.  2001 ). In a longitudinal study, non-maltreated children 
showed a pronounced decline in attention problems over the course of time, while 
in maltreated children attention problems slightly increased between age 4 and age 
6 and then remained consistently on a high level until age 10 (Thompson and Tabone 
 2010 ). These fi ndings clearly indicate that early life stress has negative effects on a 
child’s cognitive development, as indicated by early school leaving and poor aca-
demic performance, as well as poor results in tests assessing memory, verbal skills, 
or attention. 

  Effects on somatic health . Several fi ndings suggest that early life stress may nega-
tively affect a child’s health. One study showed that parents of maltreated 4–6-year-
old children rated their child’s health as poor more often and reported more serious 
illness when the child suffered from repeated adverse events than children without 
such adversities (Flaherty et al.  2006 ). In another study, childhood maltreatment 
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occurring before the age of 11 years was found to increase the risk of asthma by 
73% and even double the risk of non-asthma cardiorespiratory and nonsexually 
transmitted infectious diseases in adolescents (Lanier et al.  2010 ). These studies 
indicate a heightened risk for diseases later in life due to early life stress. 

  Effects on psychological health . Apart from detrimental effects of early life stress 
on somatic health, the psyche may be affected as well. One study found that single 
and multiple negative early life events (e.g., loss of someone close, parental separa-
tion, serious confl icts) were associated with depression disorder in adolescents 
(Patton et al.  2003 ). In another study, the report of repeated childhood sexual abuse 
was associated with personality disorder in a dose–response manner, going together 
with higher scores on neuroticism and lower agreeableness ( Moran et al.  2011 ). In a 
longitudinal study of children at the age between 4 and 10 years, maltreated chil-
dren were found to show a steeper increase of anxiety/depression over time 
(Thompson and Tabone  2010 ). Other studies have confi rmed this fi nding for high 
levels of depressive symptoms (Schilling et al.  2007 ), whereby girls seemed to be 
more affected (Chandy et al.  1996 ). High depression scores have been found in 
female adolescents who experienced a relatively mild life event in the past year 
(i.e., new stepbrother or stepsister; (step)brother or (step)sister leaving home and 
father losing his job) and who had at least one parent having a history of depression 
or anxiety (Silberg et al.  2001 ). These studies suggest that early life stress may 
enhance the risk for showing high levels of depression and personality disorders. 

 To summarize these fi ndings, early life stress appears to be associated with 
decreased volumes of certain brain regions which are known to regulate memory 
and emotion (e.g., corpus callosum, orbitofrontal cortex, and temporal regions). 
Inconsistent results were reported for HPA axis activity and reactivity, a fi nding that 
may be partly explained by different study designs. Externalizing and internalizing 
problems, as well as antisocial behavior were predominately present in children and 
adolescents with early life stress. Also, early life stress was associated with early 
school leaving and impaired cognitive performance (e.g., memory, verbal skills, or 
attention). Children or adolescents, who experienced early life stress, seem to be at 
high risk for somatic and psychiatric conditions.  

7.2.2     Maladaptive Outcomes Measured During Adulthood 

 Numerous studies investigated adults who retrospectively reported having experi-
enced early life stress. These studies provide valuable information whether early 
life stress may have long-lasting effects on health later in life. In the following 
paragraphs, a selection of fi ndings for the effect on the CNS, the HPA axis, tempera-
ment and behavior, cognitive functioning and academic performance, somatic 
health, and psychological health are presented. 

  Effects on CNS . Several neurocognitive studies have found small left hippocampus 
volumes, a brain structure which is associated with memory, in abused females with 
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depression (Vythilingam et al.  2002 ) or anxiety disorder (Stein et al.  1997 ). Adults 
with a history of early life stress were found to have small anterior cingulated cortex 
and caudate nuclei (located within basal ganglia), brain regions that are associated 
with attention and motor control, respectively (Cohen et al.  2006 ). In another study, 
PTSD women with childhood abuse showed increased affective responses to a 
trauma script as well as decreased activity in the anterior cingulated cortex and right 
hippocampus, both of which are related to memory (Bremner et al.  1999 ). These 
studies suggest that childhood maltreatment seems to be associated with decreased 
volume and activation of memory-related brain regions. Oxytocin is suggested to 
play an important role in bonding and attachment and thus may infl uence interper-
sonal relationships and interactions. One study found that early life stress was 
related to reduced plasma oxytocin levels (Opacka-Juffry and Mohiyeddini  2011 ). 
Similarly, another study found that reduced cerebrospinal fl uid oxytocin levels were 
associated with childhood maltreatment, especially in females with severe child-
hood maltreatment (Heim et al.  2009 ). These two studies indicate that early life 
stress is related to decreased oxytocin levels later in life, which may be associated 
with maladaptive bonding and attachment in personal relationships. 

  Effects on the HPA axis . Measuring basal cortisol levels enables to study  alterations 
in HPA axis activity in adults who have experienced early life stress. One study 
found that adults with a current anxiety disorder, who also had been severely mal-
treated before being adopted, demonstrated lower morning cortisol levels and a fl at-
tened diurnal cortisol secretion (van der Vegt et al.  2010 ). Another study found 
positive associations between severe childhood maltreatment and elevated cortisol 
levels throughout the day in women with either fi bromyalgia or osteoarthritis 
(Nicolson et al.  2010 ). However, physically and psychologically healthy women, 
who experienced childhood maltreatment, did not differ in their diurnal cortisol pat-
tern from those without such adverse experiences (Klaassens et al.  2009 ). The 
inconsistency in these fi ndings for diurnal cortisol levels might be partly ascribed to 
the different samples (i.e., patient sample with an anxiety disorder, pain patients, 
and healthy subjects without a current somatic or psychiatric disorder). In contrast, 
a relatively consistent picture appears for the effect of early life stress on the CAR, 
which describes a rapid increase of cortisol concentrations within 30 min after 
awakening and is usually considered a valid index of an intact HPA axis regulation. 
A decreased CAR has been found in adults with chronic fatigue who have been 
maltreated during childhood (Heim et al.  2009 ), in adults who were severely mal-
treated before adoption (van der Vegt et al.  2009 ), or in adults who lost a parent 
before the age of 14 (Meinlschmidt and Heim  2005 ). Based on these fi ndings, a 
preliminary conclusion can be drawn in that adults with childhood maltreatment 
experiences may show attenuated basal morning cortisol levels. 

 In addition, there is a variety of studies which investigated the impact of early life 
stress on HPA axis reactivity using various approaches. Studying the HPA axis 
response to psychological stress, females with a history of childhood abuse and cur-
rent PTSD showed higher cortisol levels before, during, and immediately after 
exposure to a trauma script than abused women without current PTSD (Elzinga 
et al.  2003 ). Giving a speech about a controversial topic was used as a stressor in 
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another study, with the fi nding that adults with parental loss experiences before the 
age 16 showed increases of cortisol concentrations in response to a stress test in 
contrast to a control group (Luecken  1998 ). In another study, both abused women 
with and without current major depression showed increased ACTH responses to a 
psychological stress test compared to non-abused women (Heim et al.  2000 ). In the 
same study, only depressed women with a history of childhood abuse showed higher 
cortisol responses to the stressor than depressed women without childhood abuse 
and nondepressed women with or without childhood abuse experiences. In the same 
sample both the maximum ACTH and cortisol responses to a psychological stress 
test were predicted by the history of childhood abuse and the number of distinct 
types of abuse events (Heim et al.  2002 ). Another study found that adults, who ret-
rospectively reported multiple adverse events, exhibited a smaller cortisol response 
to a psychological stress test than control subject; interestingly, this effect was more 
pronounced in male subjects (Elzinga et al.  2008 ). Lovallo et al. ( 2012 ) investigated 
whether early adverse life events (e.g., being mugged, threatened with a weapon, 
experiencing a robbery, sexual assault, or parental separation before age 15) have an 
impact on endocrine stress reactivity in adults without a psychiatric disorder. Adults 
who retrospectively reported more such adversities showed smaller cortisol 
responses to a psychological stressor. These fi ndings provide some evidence that 
early life stress may be associated with altered HPA axis responses to psychological 
stressors. 

 Another approach to study HPA axis reactivity is using pharmacological chal-
lenge tests. Using the low-dose dexamethasone suppression test (DST), a test which 
is used to examine HPA axis negative feedback sensitivity, depressed women with 
childhood trauma were found to have lower cortisol and ACTH afternoon levels 
(super-suppression) compared to abused nondepressed women or non-abused 
healthy controls, whereas no difference was found when the test was conducted 
using the standard dose (Newport et al.  2004 ). The administration of CRH or ACTH 
stimulates the HPA axis with results in secretion of subsequent hormones of the 
HPA axis and thus is used to study the integrity of top-down HPA axis regulation. In 
one study, abused nondepressed women showed higher mean stimulated ACTH 
concentrations 5 and 30 min after the CRH stimulation test compared to healthy 
non-abused controls; in contrast, depressed women (regardless of the presence of 
history of childhood) showed lower CRH-stimulated ACTH levels than controls. In 
the same study both abused women with and without major depression demon-
strated lower baseline and stimulated cortisol levels than control subjects (Heim 
et al.  2001 ). Further, the same sample underwent an ACTH 

1–24
  stimulation test, with 

the fi nding that abused females without depressive symptoms demonstrated 
decreased basal and stimulated cortisol concentrations, whereas abused depressed 
females had only lower baseline cortisol values compared to controls (Heim et al. 
 2001 ). The combined dexamethasone/corticotrophin- releasing hormone (Dex/
CRH) test is a useful tool to study HPA axis sensitivity. One study found that 
abused men with current major depression demonstrated augmented ACTH and 
cortisol responses to the Dex/CRH test (Heim et al.  2008 ). Another study corrobo-
rated these increased cortisol levels in response to the Dex/CRH test in adults who 
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had lost a parent before the age of 18 years. However, no effect of parental loss was 
present for ACTH responses (Tyrka et al.  2008 ). In another study, adults with a his-
tory of childhood maltreatment exhibited nonsignifi cant decreased ACTH and cor-
tisol responses to a Dex/CRH test after adjusting for potential confounders (age, 
menopausal stage, body mass index, use of contraceptives) (Klaassens et al.  2009 ). 
In contrast to the aforementioned fi ndings for cortisol levels, Carpenter et al. ( 2009 ) 
found attenuated cortisol responses to the Dex/CRH test in adults who had been 
emotionally abused as a child. These contradicting results might be partly explained 
by the type or severity of early life stress, as well as by specifi c genetic factors. As 
for the latter, a protective CRHR1 receptor polymorphism in males has been found, 
i.e., maltreated men with this  polymorphism showed low cortisol responses to the 
Dex/CRH test (Heim et al.  2009 ). These preliminary fi ndings indicate generally low 
basal HPA axis activity, accompanied by altered HPA axis reactivity. Whether hyper- 
or hyporeactivity is predominant appears to be partly determined by the type of HPA 
axis stimulation, genetic factors, or comorbidity with a psychological disorder. 

  Effects on temperament and behavior . Using a longitudinal design, childhood mal-
treatment was found to be associated with internal and external problems in early 
adulthood (Silverman et al.  1996 ). One cross-sectional study found that adults, who 
were maltreated as child, were at high risk of showing antisocial behavior and con-
duct disorders (Nelson et al.  2002 ). This was corroborated in two longitudinal stud-
ies which found that young adults reporting early life stress, such as parental 
separation or childhood maltreatment, had an increased rate of antisocial behavior 
(Schilling et al.  2007 ; Thornberry et al.  2010 ). There is some evidence for genetic 
contributions that seem to moderate the association between childhood maltreat-
ment and antisocial behavior. In particular, several studies found a moderating role 
of the polymorphism in the monoamine oxidase (MAO)-A gene, which encodes the 
activity of the enzyme MAO-A, which in turn metabolizes monoamines, i.e., neu-
rotransmitters such as norepinephrine, serotonin, and dopamine. It was found that 
men who had a history of childhood maltreatment and a polymorphism associated 
with low MAO-A activity showed an increased risk for antisocial behavior com-
pared to maltreated men with high MAO-A activity (Beach et al.  2010a ,  b ; Caspi 
et al.  2002 ). These studies suggest that early life stress may increase the risk for 
behavioral problems in adulthood. 

  Effects on cognitive functioning and academic performance . One study showed that 
adults with a history of childhood abuse had greater verbal short-term memory defi -
cits than controls but no difference was present in intelligence scores (Bremner et al. 
 1995 ). In accordance to this fi nding, two other studies found impaired memory, par-
ticularly affecting the verbal domain, in adults who reported childhood maltreatment, 
whereas no negative effect on attention or executive function (e.g., reasoning or plan-
ning abilities) was observed (Majer et al.  2010 ; Navalta et al.  2006 ). These studies 
indicate memory impairment in adults who experienced early life stress. 

  Effects on somatic health . Emotional abuse was found to be related to obesity in 
men but not in women (Gunstad et al.  2006 ). A representative survey found that 
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adults, who retrospectively reported childhood physical abuse, showed a higher risk 
for having a heart disease than non-abused adults (Fuller-Thomson et al.  2010 ). 
In another study, adults with a history of multiple adverse childhood experiences 
(such as abuse, domestic violence, criminal familial environment) were more likely 
to be hospitalized due to autoimmune disease compared to adults without such a 
history (Dube et al.  2009 ). One study found that women with a history of childhood 
sexual abuse were more likely to experience chronic fatigue, asthma, or cardiovas-
cular problems than female controls, whereas physically abused women suffered 
more from chronic pain compared to controls (Romans et al.  2002 ). In accordance 
with the aforementioned fi nding, physically abused women were found to suffer 
more from chronic pelvic pain and chronic low-back pain, and women with severe 
sexual abuse during childhood reported chronic pelvic pain more often compared to 
controls (Lampe et al.  2003 ). Two studies provide some evidence for positive asso-
ciations between childhood maltreatment experiences and heightened risk of 
chronic fatigue syndrome (Heim et al.  2009 ; Heim et al.  2006 ). Another study 
reported that emotional abuse or physical neglect raised the risk for chronic fatigue 
syndrome, irritable bowel syndrome, fi bromyalgia, and arthritis (Tietjen et al. 
 2010 ). In summary, early life stress appears to increase the risk for negative health 
outcomes later in life. 

  Effects on psychological health . There are several studies which investigated the 
association between early life stress and the occurrence of psychological disorders 
based on clinical diagnoses according to international classifi cation systems, such 
as the ICD-10 (WHO  2004 ) or the DSM-IV (APA  2000 ). For example, one epide-
miological survey found that early life stress increased the risk for psychological 
disorders in adulthood, including affective, anxiety, or substance disorders (Fujiwara 
et al.  2011 ). Another study found that both childhood sexual or physical abuse was 
related to an increased risk for depression, PTSD, alcohol, or drug dependence 
(Silverman et al.  1996 ). Another study reported similar fi ndings, with self-reported 
childhood sexual abuse being associated with depression, general anxiety disorder, 
panic disorder, alcohol, or drug dependence (Kendler et al.  2000 ). Children and 
adolescents (age range, 6–18 years) who had lost their father during the Kosovo War 
were more likely to show major depression, posttraumatic disorder, or panic disor-
der 10 years later compared to peers with similar war experiences but no father loss 
(Morina et al.  2011 ). Two other studies found more symptoms of personality disor-
ders in adults who retrospectively reported childhood maltreatment compared to 
non-maltreated adults (Johnson et al.  1999 ; Tyrka et al.  2009 ). One study found that 
adults, who retrospectively reported childhood sexual abuse, were at high risk to 
develop depression (Kendler et al.  2004 ). Another study showed that depressive 
patients reported the loss of the mother before the age of 17 years more often than 
controls; this negative effect was not found for the loss of the father (Kunugi et al. 
 1995 ). Another study found that men with alcohol dependence did not differ from 
controls with regard to parental loss before the age of 16 (Furukawa et al.  1998 ). 

 Numerous studies operationalized psychological health by assessing psychologi-
cal symptoms (e.g., depression or anxiety levels measured by questionnaires) or 
high-risk behavior (e.g., regular use of drugs), which do not meet fully the criteria 
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of psychological disorders. However, these psychological symptoms and risk 
behavior may give indications for psychological well-being or risk to develop a 
psychological disorder in the future. One cross-sectional study (Nelson et al.  2002 ) 
and two longitudinal studies (Schilling et al.  2007 ; Thornberry et al.  2010 ) found an 
increased rate of drug use in young adults when they had experienced early life 
stress. Thoughts and attempts of suicide can be seen as indicators for depression. 
Several studies found that the risk for suicide thoughts or attempts was dramatically 
increased in adults with a history of early life stress (Dube et al.  2001 ; Thornberry 
et al.  2010 ). A great number of studies give evidence that early life stress, in particu-
lar childhood maltreatment or parental loss, may be associated with increased levels 
of depression (Kiecolt-Glaser et al.  2011 ; Lampe et al.  2003 ; Nelson et al.  2002 ; 
Wingo et al.  2010 ), or both anxiety and depression (Handa et al.  2008 ; Heim et al. 
 2009 ; Heim et al.  2006 ; Nicolson et al.  2010 ; Tyrka et al.  2008 ). Summarizing these 
fi ndings, early life stress seems to be associated with an increased risk for psychiat-
ric disorders in adulthood. 

 To summarize the fi ndings, early life stress may be associated with reduced vol-
umes of memory-related brain regions (e.g., hippocampus). Adults, who retrospec-
tively reported early life stress, appear to have decreased levels of oxytocin, which is 
known to be related to bonding. Low morning cortisol levels seem to be characteris-
tic for adults with a history of early life stress. Early life stress may be associated 
with altered HPA axis responses to psychological stressors and to pharmacological 
challenge tests. Further, early life stress may be related to behavioral problems, such 
as antisocial behavior. The fi ndings suggest that early life stress may infl uence nega-
tively memory, particularly of verbal material. Adults with a history of early life 
stress may be more likely to suffer from negative somatic health outcomes (e.g., pain 
disorder, chronic fatigue) or negative psychological health outcomes (e.g., depres-
sion, anxiety, drug abuse, personality disorders) later in life.  

7.2.3     Adaptive Outcomes Measured in Children, Adolescents, 
and Adults 

 The previous sections have delineated maladaptive outcomes of early life stress, 
which is the traditional focus in human research. Adaptive consequences of early 
life stress are often disregarded in human research. In the last years, however, 
researchers have started to investigate adaptive outcomes of developmental stress, 
which will be briefl y summarized in the next paragraphs. 

 There are three concepts that may provide approaches to study adaptive conse-
quences of early life stress: (a) resilience, (b) compensating factors to reduce nega-
tive effects of stress, and (c) posttraumatic growth (PTG); we present fi ndings 
particularly for the latter concept, since PTG comes most closely to the idea of 
adaptive consequences. 

 Resilience in this context describes the individual’s ability to develop in a normal 
range despite experienced early life stress (see also review, Feder et al.  2009 ). 
A resilient individual may have genetic dispositions (protective polymorphism; see 
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also conclusion) which protect the individual from negative consequences of 
adverse conditions. Also adaptive coping styles (e.g., cognitive reappraisal) and 
resilient personality factors (e.g., dispositional optimism) may characterize resil-
ience in an individual. 

 Individuals who are vulnerable to stress and consequently are at high risk for 
maladaptive consequences due to early life stress may benefi t from compensating 
factors. These include various types of social support (e.g., instrumental, emotional 
support) and a supportive social network which may buffer the stress impact (Ozbay 
et al.  2007 ). Interventions such as educational support, assistance in academic per-
formance (tutoring, coaching), and public health programs may diminish develop-
mental defi cits and enable a “normal development” of the infant. 

 Finally, the concept of PTG proposes possible positive effects resulting from 
experiencing and overcoming an adverse event (see review, Meyerson et al.  2011 ). 
According to the theory of PTG, an adverse event (trauma) may change the indi-
viduals’ concept of themselves, relationship to others, and life in general. The 
Posttraumatic Growth Inventory (PTGI) has been developed to assess PTG; there 
are separate versions for both children and adults (Kilmer et al.  2009 ; Tedeschi and 
Calhoun  1996 ). This scale comprises 5 domains, which may be changed due to 
trauma experience: (1) perception of self/personal strength (e.g., being stronger 
than individual thought), (2) relationship to others (e.g., closer relationship to fam-
ily and friends), (3) appreciation of life (e.g., changing priorities), (4) new possibili-
ties (e.g., new interests and goals), and (5) spiritual change (e.g., strengthening 
faith). There is some evidence that children who have experienced a traumatic event 
(e.g., injury or death of a loved one, natural disaster, or accident) report higher PTG 
scores than children without such trauma experiences (Alisic et al.  2008 ). The PTGI 
has been successfully administered in children and adults of various types of early 
life stress: cancer during childhood or adolescence (Barakat et al.  2006 ; Kamibeppu 
et al.  2010 ; Turner-Sack et al.  2012 ), serious or chronic illness in childhood (Devine 
et al.  2010 ), death of a close one (Ho et al.  2008 ; Wolchik et al.  2008 ), traffi c acci-
dents (Salter and Stallard  2004 ), childhood sexual abuse (Shakespeare-Finch and de 
Dassel  2009 ), terror exposure (Laufer et al.  2010 ; Levine et al.  2008 ; Levine et al. 
 2009 ), or exposure to natural disasters (Cryder et al.  2006 ; Hafstad et al.  2010 ; 
Kilmer and Gil-Rivas  2010 ; Yu et al.  2010 ). 

 This research trend contributes to the understanding of a comprehensive picture of 
early life stress and its consequences on the individual and may further provide appli-
cable interventions and treatments for individuals who suffered from early life stress.   

7.3     Integration and Interpretation of the Findings 

 The fi ndings presented in this book chapter suggest that stress experienced during 
childhood or adolescence may have long-lasting consequences long after exposure 
to adversity has stopped. We propose a psychobiological stress model that is used to 
integrate and interpret some of these fi ndings (Fig.  7.1 ).
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   It is established that the human brain is particularly sensitive to stress in early life 
due to the heightened brain plasticity during this vulnerable period. The HPA axis 
appears to be involved in such functional and structural brain alterations. Specifi cally, 
there are several brain regions with a particularly high density of glucocorticoid 
receptors (GR), e.g., hippocampus and prefrontal cortex, both of which regulate 
HPA axis activity by negative feedback mechanisms. Consequently, excessive cor-
tisol secretion due to early life stress may result in persistent altered GR sensitivity 
in these brain regions. This in turn may lead to functional impairments, particularly 
when the individual is exposed to stress and thus to glucocorticoids. Impaired mem-
ory, which was found in both children and adults with a history of early life stress, 
may be related to such altered GR sensitivity of the memory-associated brain 
regions (e.g., hippocampus and prefrontal cortex). Animal models showed that glu-
cocorticoid overexposure may have neurotoxic effects, particularly in the CA3 
region of the hippocampus, which may explain decreased hippocampal volumes as 
the result of excessive stress. 

 Specifi cally, the fi ndings summarized above suggest that early life stress may nega-
tively affect HPA axis activity and reactivity. Heim and colleagues (Heim et al.  2008 ) 
hypothesized that early life stress may lead to the development of highly sensitive 
stress-responsive systems which is indicated by increased psychological and biological 
responses to adulthood stress, accompanied by alterations in HPA axis regulation. In 
particular, the authors suggest that increased ACTH secretion, as it has been observed 
in the literature, may be mediated by downregulation of pituitary CRH receptors and 
impaired negative feedback regulation of the HPA axis under stimulation. 

• Altered brain volume and
activity

• Altered HPA axis (re)activity

• Behavioral problems,
antisocial behavior

• Impaired cognitive functioning
(memory, verbal skills) and
academic achievement  

• Increased risk for somatic illness

• Increased risk for psychiatric
symptoms and disorders

• Post traumatic growth

Biological alterations Outcomes

Resilience
e.g., genetic dispositions, active
coping, personality traits 

e.g., social support, interventions
(educational support, tutoring

Compensating factors

• Brain plasticity

• Altered HPA axis 

• Increased inflammation:
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cytokine and C-reactive
protein

functioning:
-MR/GR in brain
and peripheral tissue  
-Impaired negative
feedback regulation 

Early life
stress

  Fig. 7.1    Psychobiological model       
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 Early life stress was found to negatively affect both somatic and psychological 
health which has been also largely demonstrated in studies using animal model 
(Cirulli et al.  2009 ; O’Mahony et al.  2009 ; Schmidt et al.  2011 ). There is suffi cient 
evidence that diseases or psychological disorders are related to hypo- or hyperactiv-
ity of the HPA axis as a result of stress (Chrousos  2009 ). Since the stress axes and 
the immune system interact (e.g., cortisol has suppressive or stimulating effects on 
immune processes), dysregulation of the HPA axis may contribute to the develop-
ment and maintenance of conditions in which the immune system plays an impor-
tant pathophysiological role. There are a handful of studies which investigated the 
association between early life stress and infl ammation, which is an approach to 
study immune activity. These studies found increased levels of infl ammatory mark-
ers. For example, adults who had been maltreated as child showed higher basal 
interleukin-6 levels and higher tumor necrosis factor (TNF)-alpha levels than con-
trols (Kiecolt-Glaser et al.  2011 ) as well as increased IL-6 responses to a psycho-
logical stressor (Carpenter et al.  2010 ), indicating increased infl ammation. 
A longitudinal study found that childhood maltreatment was associated with 
increased C-reactive protein (CRP) levels in adults, indicating systemic infl amma-
tion (Danese et al.  2009 ). A persistent infl ammation may increase the risk for devel-
oping diseases later in life; for example, high CRP levels appear to be related to 
cardiovascular diseases and high TNF-alpha levels to rheumatoid arthritis. 

 Besides the aforementioned negative outcomes of early life stress, there is also 
some evidence for adaptive consequences of stress. Some individuals report that the 
evaluation of themselves, relationships to others, and life in general has changed in a 
positive direction after the exposure of a traumatic event, which in essence describes 
the idea of PTG. Early life stress may thus force individuals to reappraise and reor-
ganize general concept of themselves, their world, and the future. There is some 
evidence that expected maladaptive consequences of early life stress may be allevi-
ated or even inhibited by an individual’s protective factors (resilience) or compensat-
ing factors ( e.g., social support), which have biological correlates and pathways 
(Feder et al.  2009 ). These protective and compensating factors may act as a moderat-
ing role in the association between early life stress and (mal)adaptive outcomes. 

 This psychobiological stress model proposes a biological link between stress and 
(mal)adaptive consequences. The brain plays a central role in this model. Both mal-
adaptive and adaptive consequences may result from brain plasticity and active cog-
nitive reappraisals.  

7.4     Conclusion 

 This book chapter summarized the main fi ndings of the last few decades of research 
on the impact of early life stress in humans. However, despite the relative abundance 
of studies, some questions which should be addressed in future studies remain. 
In the following, we want to give an outlook on current research and future direc-
tions by addressing still insuffi ciently studied research questions. 
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7.4.1     Underlying Biological Mechanisms for Associations 
Between Early Life Stress and Negative Outcomes 

 There is great evidence that early life stress has extensive negative effects on mind and 
body. These negative effects are probably partly mediated by alterations of the HPA 
axis, one of the most prominent and most studied stress-responsive systems. However, 
this mediation cannot explain all fi ndings; thus, other stress-responsive systems and 
factors should be taken into account in order to understand the underlying mechanisms 
of how early life stress may lead to negative outcomes. To the best of our knowledge, 
the association between early life stress and the SAM system has been scarcely inves-
tigated. However, it is known that alteration of both the HPA axis and the SAM system 
may increase the risk for diseases (McEwen and Seeman  1999 ). Thus, further research 
is needed incorporating assessment of both the HPA axis and the SAM system. Another 
stress-responsive system, which is scarcely investigated with regard to early life stress, 
is the above-mentioned immune system. First studies, however, suggest that early life 
stress may be associated with enhanced infl ammation, indicating an enhanced activity 
of the immune system. Clearly, the intricate relationships between stress axis and the 
immune system should be considered in future studies in order to further elucidate the 
detrimental effects of early life stress on both psychological and somatic health.  

7.4.2    Risk and Protective Factors (Vulnerability and Resilience) 

 In general, the presented studies in this chapter suggest that early life stress may 
increase the likelihood or  risk  for negative outcomes, but not that early life stress per 
se inevitably leads to negative outcomes. It is conceivable that stress may play a 
triggering role, and that stress and other potential risk factors (vulnerability), but 
also protective factors (resilience) may be relevant in whether negative health out-
comes manifest or not. There is some evidence from the literature for polymor-
phisms that might act as risk or protective factors. However, these alone cannot 
explain the variance of stress-related morbidity. We should not neglect the role of 
environmental risk and protective factors, e.g., social support may have a buffering 
effect and can be used as basis for intervention programs. Future studies are required 
to investigate interindividual differences by considering possible risk and protective 
factors. These vulnerability factors may help to identify high-risk individuals, who 
may benefi t from prevention and intervention programs.  

7.4.3    Epigenetics 

 There is some evidence that early life stress may interact with genetic predisposi-
tions for psychological conditions. For example, one study found that certain gluco-
corticoid receptor gene polymorphisms in interaction with occurrence of early life 
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stress may increase the risk of (recurrent) depression symptoms (Bet et al.  2009 ). 
The severity of depression was found to be infl uenced by an interaction of child-
hood maltreatment with a CRHR1 polymorphism (Bradley et al.  2008 ; Heim 
et al.  2009 ) or with a polymorphism associated with high MAO-A activity (Beach 
et al.  2010 ). A similar gene x environment interaction was found for PTSD symp-
toms, with the severity of PTSD symptoms being predicted by the FKBP5 polymor-
phism and childhood maltreatment (Binder et al.  2008 ). These polymorphisms are 
related to monoamine metabolism (e.g., catecholamine, serotonin) or glucocorti-
coid receptors. There is some evidence that these neurotransmitters (e.g., serotonin) 
and hormones (e.g., cortisol) may be at least partly involved in the development and 
manifestation of psychological conditions. 

 It is well established that the environment can alter gene activity; this can be seen 
by the extent of DNA methylation. The extent of DNA methylation in the promoter 
regions of genes regulates gene expression and thus the transcription activity of 
genes, i.e., the synthesis of gene products, mostly proteins. Protein synthesis is fun-
damental and essential for body functioning. Studies have shown that childhood 
abuse was associated with overall methylation at the SLC6A4 region ( Beach 
et al. 2010 ) and methylation at the 5HTT promoter region (Beach et al.  2011 ); in 
these studies, the extent of methylation was suggested to infl uence the synthesis of 
the serotonin transporter, which in turn plays an important role in the pathophysiol-
ogy of depression. 

 Another genetic marker, which appears to be infl uenced by environmental condi-
tions, is the shortening of telomere length. As a marker of cellular aging, shortening 
of telomere length is suggested to be indicative for biological aging, and to be a risk 
factor for early onset of a variety of age-related diseases. Telomeres, i.e., repetitive 
DNA sequences at the end of chromosomes, shorten with age due to repetitive cell 
divisions. The shortening of telomeres appears to be promoted by unhealthy lifestyle 
(e.g., smoking) or stress and thus may constitute a possible stress-sensitive marker 
(Tyrka et al.  2010 ). One study found that the time reared in institutional care before 
adoption was associated with shorter telomere length in children aged 4–10 years, 
indicating telomere length shortening due to early life stress (Drury et al.   2011 ). 
Further evidence for telomere shortening due to early life stress was provided by 
several cross-sectional studies which were conducted in adult samples (Kananen 
et al.  2010 ; Kiecolt-Glaser et al.  2011 ; O’Donovan et al.  2011 ; Tyrka et al.  2010 ). 

 Clearly, these studies, still small in number, hold great promise of elucidating 
mechanisms that translate early life stress into negative outcomes later in life by 
studying biological systems on a molecular level.  

7.4.4    The Type of Early Life Stress 

 In this book chapter we introduced early life stress as a concept that encompasses 
various stressful events, such as childhood maltreatment (i.e., forms of abuse and 
neglect), parental loss, and traumatic events (e.g., war). Thus, we cannot give any 
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differentiated conclusion about the impact of a single type of early life stress. 
It seems plausible that the type of early life stress may be a determining factor. 
To our knowledge, there is a lack of comparison studies, e.g., comparison among 
the type of childhood maltreatment (emotional neglect, physical neglect, emotional 
abuse, physical abuse, and sexual abuse). One reason for this lack of such studies 
might be that individuals often experienced several types (physical and sexual 
abuse); thus, a more precise analysis may not be possible. Other factors, such as the 
number, severity, and duration of such adverse events, possibly have additional 
effects and thus should be assessed in future studies. 

 In summary, stress throughout the entire life span seems to be associated with 
negative consequences for health and well-being. Future research is needed to 
explore possible risk factors, protective factors, and the underlying biological mech-
anisms between the association of stress and health. This research will hopefully 
advance the development of appropriate interventions.       
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    Chapter 8   
 Behavioural and Neuroendocrine 
Consequences of Prenatal Stress in Rat 

              Sara     Morley-Fletcher       ,     Jérôme     Mairesse,     and     Stefania     Maccari   

    Abstract   Chronic hyperactivation of the hypothalamus–pituitary axis is associated 
with the suppression of reproductive, growth, thyroid and immune functions that 
may lead to various pathological states. Although many individuals experiencing 
stressful events do not develop pathologies, stress seems to be a provoking factor in 
those individuals with particular vulnerability, determined by genetic factors or ear-
lier experience. Exposure of the developing brain to severe and/or prolonged stress 
may result in hyperactivity of the stress system, defective glucocorticoid negative 
feedback, altered cognition, novelty seeking, increased vulnerability to addictive 
behaviours and mood-related disorders. Therefore, stress-related events that occur 
in the perinatal period can permanently change brain and behaviour of the develop-
ing individual. Prenatal restraint stress (PRS) in rats is a well-documented model of 
early stress known to induce long-lasting neurobiological and behavioural altera-
tions including impaired feedback mechanisms of the HPA axis, disruption of circa-
dian rhythms and altered neuroplasticity. Together with the HPA axis the glutamate 
system is particularly impaired, and such impairment appears to be involved in the 
anxious profi le of PRS rats. 

 Chronic treatments with antidepressants at adulthood have proven high predic-
tive validity of the PRS rat as animal model of depression/anxiety and reinforce the 
idea of the usefulness of the PRS rat as an interesting animal model for the design 
and testing of new pharmacologic strategies in the treatment of stress-related 
disorders.  
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8.1         Early Environmental Infl uences 
on HPA Axis Development 

 Although many individuals experiencing stressful events do not develop  pathologies, 
stress seems to be a provoking factor in those individuals with particular vulnerabil-
ity, determined by genetic factors or earlier experience (McEwen  2011 ). The chronic 
hyperactivation of HPA axis can be determined by multiple factors including genetic 
and environmental factors. The perinatal life, infancy, childhood and adolescence 
are periods of increased plasticity for the stress system and are, therefore, particu-
larly sensitive to stressors. Adverse stressors during these critical periods of life 
may affect behaviours and physiologic functions, such as growth, metabolism, 
reproduction and infl ammatory/immune response (Seckl  2008 ; Seckl and 
Holmes   2007 ). These environmental triggers or stressors may have not a transient 
but rather a permanent effect on the organism. Barker has emphasised how adult 
vulnerability to disease may be programmed during the fetal period (Barker  1995 ; 
Barker et al.  2006 ). Indeed, nongenetic factors that could act early in life to organise 
or imprint permanently physiological systems are known as perinatal  programming . 
It can be speculated that prenatal plasticity of physiological systems allows environ-
mental factors, acting on the mother and/or the fetus, to alter the set point or “hard-
wire” the differentiated functions of an organ or tissue system to prepare the unborn 
animal optimally for the environmental conditions ex utero (see Chap.   1    ). 

 Intrauterine growth restriction and low birth weight are considered indices of prena-
tal stress in humans. Glucocorticoids may underlie the association between low birth 
weight and adult stress-related cardiovascular, metabolic and neuroendocrine disorders 
such as hypertension, type 2 diabetes, ischaemic heart disease and affective disorders. 
These intriguing fi ndings have spawned the  fetal origins hypothesis  of adult disease. 
The brain is very sensitive to prenatal programming, and glucocorticoids in particular 
have powerful brain-programming properties. In rats, substantial evidence suggests that 
prenatal stress programmes the HPA axis as well as behaviour and that plasticity of 
developing brain monoamine systems underlies, in part, these changes. Because an 
important feature of the stress response is the secretion of high levels of glucocorticoids, 
these steroids have become an obvious candidate for the role of  programming factor  in 
the prenatal stress paradigm. A large number of animal studies have described the 
effects of prenatal exposure to the synthetic glucocorticoid dexamethasone, which rela-
tively readily passes the placenta (see Chap.   9    ). Moreover, prenatal dexamethasone 
exposure has recently been implicated in the development of adult hyperglycaemia and 
hypertension as well as behavioural changes and HPA activation (Nyirenda et al.  2001 ). 

8.1.1     Programming of a Phenotype by Stress: The Prenatal 
Restraint Stress Model in the Rat 

 Numerous animal models of early stress are currently being developed because early 
stress results in long-term disruptions of neuronal functions and the  development of 
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long-term behavioural disorders. During the last 20 years we have studied the 
 infl uences of a prenatal restraint stress (PRS) in a rat animal model (Fig.  8.1 ).

   The prenatal stress procedure we have used consisted in restraining the pregnant 
rat—in a transparent Plexiglas cylinder, three times/day for 45 min under bright 
light—at the day 11 of pregnancy until delivery at 21–22 days (Maccari et al.  1995 , 
 2003 ; Morley-Fletcher et al.  2003a ). The HPA axis functioning of the PRS offspring 
is long-term impaired (Fig.  8.2 ) with a prolonged corticosterone stress response 
(Maccari et al.  1995 ,  2003 ; Koehl et al.  1999 ) and reduced levels of both mineralo-
corticoid and glucocorticoid receptors in the hippocampus at the adolescent and 
adult stage (Henry et al.  1994 ; Maccari et al.  1995 ; Van Waes et al.  2006 ). During 
neonatal development, the HPA axis of rats undergoes a period of hyporesponsive-
ness (SHRP, PD2–PD14), when most stress stimuli fail to induce a stress response. 
Beginning on about PD 14, glucocorticoid levels rise sharply, marking the end of 
the SHRP. Remarkably, the age-related HPA axis dysfunctions are enhanced by 
PRS, since SHRP is abolished in newborn PRS rats (Henry et al.  1994 ) and circulat-
ing glucocorticoid levels of PRS middle-aged animals are similar to those found in 
old non-stressed animals (Vallée et al.  1999 ). These fi ndings suggest an exacerba-
tion in the maturation process of HPA induced by PRS.

   The impact of PRS is already detectable at the fetal stage, giving further support 
to prenatal stress programming in adult pathophysiology (Mairesse et al.  2007a ). In 
the placenta of PRS rats, the expression of glucose transporters type 1 (GLUT1) was 
decreased, whereas GLUT3 and GLUT4 were slightly increased. Moreover, placen-
tal expression and activity of the glucocorticoid barrier enzyme 11beta- 
hydroxysteroid dehydrogenase type 2 was strongly reduced. At E21, PRS fetuses 
exhibited reduced body weight and decreased weight of the adrenals, pancreas and 
testis. These alterations were associated in the offspring with reduced pancreatic 
beta-cells mass, plasma levels of glucose, growth hormone and ACTH, whereas 
corticosterone, insulin, IGF-1 and CBG levels were unaffected (Mairesse 
et al.   2007a ). Moreover, PRS increases the levels of 5-HT 

2
  receptors (Peters  1988 ), 

  Fig. 8.1    The prenatal restraint stress (PRS) model in the rat       
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induces a higher expression of 5-HT 
1A

  mRNA in the prefrontal cortex 
 (Morley- Fletcher et al.  2004a ) and increases acetylcholine release in the hippocam-
pus after mild stress (Day et al.  1998 ). High maternal corticosterone levels may 
contribute to the long-term effect (Salomon et al.  2011 ) described in the offspring 
after PRS (in addition to possible internal vassal constrictions that would affect 
blood supply to the placenta). Indeed, the reduction or the increase of maternal glu-
cocorticoids by adrenalectomy of stressed mothers results in suppressed or rein-
stated PRS effects on HPA axis offspring (Barbazanges et al.  1996 ). The immediate 
postnatal environment plays also an important role on PRS-related outcome on HPA 
axis that can be reversed by an early postnatal manipulation such as early adoption 

a

b

  Fig. 8.2    HPA axis alterations in PRS rats. ( a ) PRS enhances corticosterone response to stress dur-
ing the life span. ( b ) Blockade of the mother’s stress-induced glucocorticoid secretion suppresses 
the prolonged stress-induced corticosteroid response and the decrease in type I hippocampal corti-
costeroid receptors usually observed in PRS adults. * P  < 0.05 and ** P  < 0.01 vs. controls. Original 
data are reported in Henry et al. ( 1995 ) and Vallée et al. ( 1999 ) ( a ) Barbazanges et al. ( 1996 ) ( b )       
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(Maccari et al.  1995 ). Adoption modifi es maternal behaviour, increasing  pup-directed 
behaviour in foster mothers and decreases the stress-induced corticosterone secre-
tion in the adult PRS offspring.  

8.1.2     Behavioural Abnormalities Induced by PRS 

 The hyperactivity of the HPA axis observed in PRS rats is accompanied by increased 
anxious/depression-like behaviour during the life span. This is evidenced by 
increased ultrasonic vocalisations in infancy (Laloux et al.  2012 ), reduced social 
play during adolescence (Morley-Fletcher et al.  2003b ), reduced exploration in the 
elevated-plus maze test and open-fi eld test (Vallée et al.  1997 ,  1999 ) or increased 
immobility in the forced swim test during adulthood (Morley-Fletcher et al.  2003a , 
 2004a ,  2011 ). Rats subjected to PRS emitted signifi cantly more ultrasonic vocalisa-
tions in response to isolation at postnatal day 10 as compared to controls. In addi-
tion, PRS pups do not show the phenomenon of “maternal potentiation”, i.e. the 
increase in USVs in response to a brief maternal reunion after isolation, normally 
seen at postnatal day 10 and postnatal day 14 (Laloux et al.  2012 ). Taken together, 
these data offer a clear-cut demonstration that PRS causes anxiety-like behaviour in 
the early developmental phase. They also suggest the attractive possibility that early 
interventions interfering with the epigenetic programming may correct the patho-
logical phenotype of adult PRS rats. Remarkably, a number of behavioural altera-
tions observed in PRS are positively correlated to enhanced corticosterone response 
to stress (see Fig.  8.2 ). Strategies aimed at restoring HPA axis functioning, i.e. envi-
ronmental enrichment during adolescence (Morley-Fletcher et al.  2003a ) or phar-
macological manipulations during adulthood (Morley-Fletcher et al.  2004a ), restore 
the associated behavioural patterns. 

 Also, PRS induces persistent behavioural and neurobiological alterations leading 
to a greater consumption of psychostimulants during adulthood. This is expressed 
by enhanced cocaine self-administration (Deminière et al.  1992 ; Henry et al.  1995 ) 
and increased sensitivity to locomotor-activating effect of nicotine (Koehl et al. 
 2000 ), MDMA (Morley-Fletcher et al.  2004b ) or alcohol (Van Waes et al.  2009 ). 
Although PRS has no effect on alcohol consumption, it potentiates alcohol-induced 
ΔFosB levels in the nucleus accumbens (Van Waes et al.  2009 ). This suggests that 
negative events occurring in utero do not modulate alcohol preference in male rats 
but potentiate chronic alcohol-induced molecular neuroadaptation in the brain 
reward circuitry. Further studies are needed to determine whether the exacerbated 
ΔFosB upregulation in PRS rats could be extended to other reinforcing stimuli. 

 PRS induces also learning impairments in aged animals as evidenced in the 
Morris water maze and Y-maze (Vallée et al.  1999 ; Darnaudery et al.  2006 ), and 
learning defi cit can be reversed by a chronic treatment with the neurotrophin IGF-1 
(Darnaudery et al.  2006 ). 

 PRS alters not only reactive adaptation but also predictive adaptation by chang-
ing circadian rhythms. Signifi cant phase advances are observed in the circadian 
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rhythms of locomotor activity relative to the entraining light–dark cycle in both 
male and female PRS rats. Interestingly, when subjected to an abrupt shift in the 
light–dark cycle, PRS rats resynchronised their activity rhythm to the new light–
dark cycle slower than control rats (Maccari and Van Reeth  2007 ). Also, PRS 
induced higher levels of corticosterone secretion at the end of the light period in 
both males and females, and hypercorticism over the entire diurnal cycle only in 
females (Koehl et al.  1997 ). The sleep–wake cycle is dramatically modifi ed by PRS 
(Dugovic et al.  1999 ; Mairesse et al.  2012a ), with a signifi cant increase in the 
amount of REM sleep over the 24-h recording session, positively correlated to 
plasma corticosterone levels (see Fig.  8.3a, b ). Other changes include increased 
sleep fragmentation, total light slow-wave sleep time and a slight decrease in the 
percentage of deep slow-wave sleep relative to total sleep time, thus providing a 
polygraphic demonstration of long-term effects of PRS on the sleep–wake cycle 
when the animals reach adulthood.

8.1.3       Neuroplastic Programming Induced by PRS 

 We have identifi ed some of anatomical substrates and neural mechanisms sustaining 
the HPA axis hyperactivity classically described in PRS rats after stress exposure. 
Fos protein expression after exposure to a mild stressor (open arm of the elevated- 
plus maze) was evaluated in hippocampus and locus coeruleus, brain areas involved 
in the feedback control of the HPA axis and in the PVN, that refl ect the magnitude 
of the hormonal response to stress (Viltart et al.  2006 ). At basal level, PRS rats 
exhibited higher number of Fos-immunoreactive neurons than controls in the hip-
pocampus and locus coeruleus, whereas they presented a higher basal expression of 
hypothalamic vGAT, a marker of GABAergic synapses. After exposure to the open 
arm, number of Fos-immunoreactive neurons increased in the PVN, whereas no 
changes were observed in the hippocampus and locus coeruleus of PRS rats com-
pared to basal condition. Moreover, only PRS rats presented an elevation of the 
number of activated catecholaminergic neurons in the locus coeruleus. Mairesse 
et al. ( 2007b ) also examined whether behavioural reactivity was correlated to neu-
ronal activation, by assessing Fos expression in limbic regions of rats submitted to 
forced exposure to a low or high anxiogenic environment (the closed or open arms 
of the elevated-plus maze, respectively). A negative correlation was found between 
behavioural and neuronal activation, with a lower behavioural reactivity and a 
higher neuronal response observed in rats exposed to the more anxiogenic environ-
ment (the open arm) with respect to the less anxiogenic environment (the closed 
arm). Interestingly, the variation in the neurobehavioural response between the two 
arms of the maze was less pronounced in rats that had been subjected to PRS. These 
studies provide evidence of long-lasting changes in brain plasticity induced by 
PRS that affect the ability of limbic neurons to cope with anxiogenic stimuli of 
different strength. 
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 PRS induces a long-lasting reduction in hippocampal neurogenesis in male 
(Lemaire et al.  2000 ; Zuena et al.  2008 ; Morley-Fletcher et al.  2011 ) but not female 
rats (Darnaudery et al.  2006 ) together with an increase in BDNF in males and not in 
females (Zuena et al.  2008 ). Also, as revealed by a recent mass spectrometry analy-
sis in the hippocampus of adult male PRS rats (Mairesse et al.  2012b ), we found that 
PRS rats display changes in the expression profi le of a number of proteins involved 

a

c

b

  Fig. 8.3    HPA axis- and glutamate-related neurobehavioural alterations in PRS rats. ( a ) Positive 
correlations between individual stress-induced plasma corticosterone and amounts of REM sleep 
expressed as percentage of total recording time in controls and PRS rats. ( b ) Positive correlation 
between individual stress-induced (60 min after stress extinction) time spent in immobility in the 
forced swim test in controls and PRS rats. ( c ) Negative correlation between anxiety-like behaviour 
and evoked release of glutamate in the ventral hippocampus of adult PRS rats. * P  < 0.05 and 
** P  < 0.01 vs. controls. Original data are reported in Dugovic et al. ( 1999 ) ( a ), Morley-Fletcher 
et al. (  2003a ) ( b ) Marrocco et al.  (2012)  ( c )       
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in the regulation of signal transduction, synaptic vesicles, protein synthesis, 
 cytoskeleton dynamics and energetic metabolism. In particular, PRS causes a dra-
matic reduction of the proteins of the SNARE complex which regulate neurotrans-
mitter release (VAMP, syntaxin), and other proteins regulating the traffi cking of 
synaptic vesicles, such as synaptophysin, synapsins, munc-18 and Rab3A. 
Synaptophysin acts as a regulator of the SNARE complex (Hinz et al.  2001 ), and is 
also considered as a marker protein of presynaptic nerve endings (Thome et al.  2001 ; 
Grillo et al.  2005 ). Synapsins are involved in the clustering of synaptic vesicles to the 
reserve pool near the release sites in presynaptic terminals (Valtorta et al.  1992 ; 
Greengard et al.  1993 ). Munc-18 is a molecular chaperone of syntaxin-1, which is 
involved in mechanisms of SNARE-mediated membrane fusion and docking of 
large dense- core vesicles to the plasma membrane (Han et al.  2010 ). Rab3A, a mem-
ber of a large family of monomeric GTP-binding proteins, regulates the traffi cking 
of synaptic vesicles and cooperates with synapsin II in promoting the latest steps of 
neurotransmitter release (Sakane et al.  2006 ; Coleman and Bykhovskaia  2010 ). 

 Remarkably, most of the aforementioned neuroplastic alterations induced by 
PRS in males occur prominently in the ventral portion of the hippocampus. A recent 
review (Fanselow and Dong  2010 ) highlights the distinct functions performed by 
the ventral (or temporal) and dorsal (or septal) portions of the hippocampus. The 
ventral hippocampus (corresponding to the anterior hippocampus in primates) is 
mainly related to stress, emotions and affect, whereas the dorsal hippocampus (the 
posterior hippocampus in primates) performs primarily cognitive functions (Henke 
 1990 ; Moser et al.  1995 ). Lesions of the most ventral quarters of the hippocampus 
affect anxiety-like behaviour at the EPM, increasing the entry in the open (unpro-
tected) arms of the maze (Kjelstrup et al.  2002 ). Thus, reduction of neuroplastic 
markers found selectively in the ventral hippocampus of PRS rats would appear 
consistent with the anxious phenotype of these animals.  

8.1.4    PRS Effect on the Glutamate System 

 The effects of stress on the brain have long been associated with the onset and exac-
erbation of several neuropsychiatric disorders such as depression, anxiety, drug 
addiction and epilepsy (McEwen  2011 ). Alterations in glutamate neurotransmission 
are believed to play a role in the pathophysiology of such disorders (Ongür et al. 
 2008 ; Chen et al.  2010 ). As recently reviewed by Popoli et al. ( 2012 ), acute expo-
sure to stress or treatment with glucocorticoids enhances glutamate release in the 
hippocampus, amygdala and prefrontal cortex, three brain regions that are critically 
involved in the pathophysiology of psychiatric disorders. The study of glutamate 
release in response to chronic stress is still at its infancy (Moghaddam  2002 ; 
Yamamoto and Reagan  2006 ), and there are no data on how early life stress affects 
glutamate release in the adult life. The latter issue is particularly relevant because 
early life stress causes long-lasting changes in neuroplasticity that result into an 
increased vulnerability to stress-related disorders in the adult life (Meaney et al. 
 2007 ; Darnaudéry and Maccari  2008 ; Lupien et al.  2009 ). 
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 Our group has proven increasing evidence of an involvement of the glutamate 
transmission and machinery in particular at the level of metabotropic glutamate 
receptors in the neuroplastic programming and anxious phenotype induced by PRS. 

 PRS rats show a reduced expression and function of group-I and group-II 
metabotropic glutamate receptors in the hippocampus (Zuena et al.  2008 ; Van Waes 
et al.  2009 ; Morley-Fletcher et al.  2011 ; Laloux et al.  2012 ). Hippocampal levels of 
mGlu1 and mGlu5 receptors are already reduced in infant PRS rats at postnatal day 
10, whereas expression of mGlu2/3 receptors declined only after weaning (Laloux 
et al.  2012 ). We have recently shown that PRS causes a selective impairment of 
glutamate release in the ventral hippocampus, a brain region which specifi cally 
encodes memories related to stress and emotions (Fanselow and Dong  2010 ). 
Remarkably, we found a high negative correlation between the extent of 
depolarisation- evoked glutamate release in the ventral hippocampus and anxiety- 
like behaviour in both control and PRS rats (Fig.  8.3c ). This is extremely relevant 
since it provides evidence that glutamate release in the ventral hippocampus is asso-
ciated with trait anxiety, a stress-related disorder (Marrocco et al.  2012 ). 

 We measured glutamate release from superfused isolated synaptosomes using a 
method that specifi cally allows the detection of exocytotic, Ca 2+ -dependent release 
and eliminates any interference by endogenous ligands that activate presynaptic 
receptors (Raiteri et al.  1974 ; Raiteri and Raiteri  2000 ). The reduction in the evoked 
release of glutamate found in the ventral hippocampus of PRS rats was not due to 
an impaired glutamate synthesis in presynaptic terminals because it was also seen in 
synaptosomes preloaded with D-[ 3 H]-aspartate, a nonmetabolisable analogue of 
glutamate, but very probably it was associated to the marked reduction of synaptic 
vesicle proteins found in the ventral hippocampus (Marrocco et al.  2012 ). Thus, 
PRS would lead to an impairment of the intrinsic machinery of exocytotic glutamate 
release in the ventral hippocampus. This profi le of expression of vesicle-associated 
proteins fi ts nicely with the fi nding that glutamate release was reduced in the ventral 
hippocampus, but not in the dorsal hippocampus of PRS rats. Remarkably, at least 
two proteins that were found to be reduced in the ventral hippocampus of PRS rats, 
i.e. munc-18 and Rab3A, have been specifi cally associated to the regulation of glu-
tamate release. Accordingly, munc-18 regulates the size of the readily releasable 
vesicle pool in glutamatergic but not GABAergic terminals (Augustin et al.  1999 ), 
and Rab3A is preferentially, albeit not exclusively, expressed at glutamatergic ter-
minals (Geppert et al.  1994 ). Therefore, one of the most striking fi ndings of our 
study is that PRS had profound effects on glutamate release, but it failed to affect 
GABA release. 

 Our data suggest that PRS causes an imbalance between excitatory and inhibi-
tory neurotransmission in the ventral hippocampus, an effect that might perturb 
cognitive functions related to stress and emotions (reviewed by Bannerman et al. 
 2004 ; Fanselow and Dong  2010 ). Presynaptic alterations in the glutamate/GABA 
balance have been associated with anxiety, depressive-like behaviour and memory 
impairment (Tordera et al.  2007 ; Garcia-Garcia et al.  2009 ; Chen et al.  2010 ). 
Thus, the imbalance between excitatory and inhibitory neurotransmission in the 
ventral hippocampus might contribute to explain the anxious/depressive phenotype 
of PRS rats (Vallée et al.  1997 ; Zuena et al.  2008 ; Morley-Fletcher et al.  2011 ). 
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The lack of changes in glutamate release in the dorsal hippocampus is in agreement 
with the fi nding that PRS rats do not show abnormalities in spatial memory unless 
they have >10 months of age (Vallée et al.  1999 ; Van Waes et al.  2009 ). At this old 
age, PRS rats show changes in the hippocampal expression and activity of group-I 
metabotropic glutamate receptors (Van Waes et al.  2009 ), which are localised post-
synaptically and are involved in the regulation of learning and memory (reviewed 
by Nicoletti et al.  2011 ). We cannot exclude that changes in postsynaptic glutamate 
receptors in the hippocampus contribute to the behavioural phenotype of PRS rats 
particularly during ageing. The involvement of postsynaptic glutamate machinery 
in the dorsal hippocampus in the alterations of spatial memory has been reported in 
other models of stress during prenatal of juvenile/adult stage (Yaka et al.  2007 ; 
Schmidt et al.  2010 ).  

8.1.5    Predictive Validity of PRS Rat as Model of Depression 

 A scientifi c consensus is emerging that the origins of adult disease are often found 
among developmental and biological disruptions occurring during the early years of 
life. These early experiences can affect adult health in two ways: either by cumula-
tive damage over time or by the biological embedding of adversities during sensitive 
developmental periods. According to the developmental hypothesis of mood disor-
ders, stressful events occurring during critical periods of brain development trigger 
a maladaptive programme that alters mechanisms of resilience to stress across the 
entire life span. Along this line, major depression can be seen as a latent outcome of 
stressful early life events that become more infl uential in genetically predisposed 
individuals (Darnaudéry and Maccari  2008 ; Weinstock  2008 ; Lupien et al.  2009 ; 
Shonkoff et al.  2009 ; Krishnan and Nestler  2008 ). The rat PRS model is particularly 
valuable for the study of the pathological consequences of early life stress and for 
the identifi cation of novel therapeutic strategies in the treatment of depression and 
anxiety (Darnaudéry and Maccari  2008 ; Maccari et al.  2003 ; Maccari and Morley- 
Fletcher  2007 ). The value of PRS rats as a model of depression is strengthened by 
the fi nding that these animals show a persistent defi cit in hippocampal neurogenesis 
and abnormalities in transcription factors and surface receptors that have been 
related to the pathophysiology of depression and anxiety (Darnaudery et al.  2006 ; 
Lemaire et al.  2000 ; Schmitz et al.  2002 ; Zuena et al.  2008 ). 

 PRS rats display biobehavioural alterations that can parallel to some extent indi-
ces in human depression research, thus becoming a useful tool for the design and 
testing of new pharmacologic strategies in mood and sleep disorders. The criteria 
proposed by Willner and Mitchell ( 2002 ) require that animal models of depression 
exhibit face, predictive and construct validity. Face validity refers to the phenome-
nological similarity, whereas predictive validity refers to the accuracy of a model in 
forecasting the course and outcome of a human syndrome. Finally, construct valid-
ity represents the degree to which both the human syndrome and the animal model 
are unambiguously defi ned such that a rational theory can be constructed to explain 
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the pathophysiology of disorder. However, because mental disorder is a human 
pathology, the perfect homology of an animal model to a human psychiatric condi-
tion cannot be absolutely demonstrated. In contrast, it is possible to use animal 
models to highlight some similar symptoms and develop new pharmacological 
strategies. Various clinical observations in humans suggest a possible pathophysio-
logical link between depression and disturbances in hypothalamus–pituitary axis, 
circadian rhythmicity, body temperature fl uctuations, various peripheral hormone 
concentrations and urinary levels of neurotransmitter metabolites (Holsboer  2001 ). 
Added to our previous fi ndings in PRS rats of high anxiety and emotionality, dys-
function of the HPA axis and circadian timing abnormalities, the observation of 
long-term changes in their sleep structure (Dugovic et al.  1999 ; Mairesse et al. 
 2012a ) supports the validity of the PRS model as a valid animal model of anxiety/
depression. 

 Our group has provided increasing evidence for the predictive validity of PRS 
model by mean of chronic treatment with different classes of antidepressants in 
adult rats (Morley-Fletcher et al.  2003a ,  2004a ,  2011 ). Indeed, imipramine (tricy-
clic) and tianeptine (a selective serotonin reuptake enhancer, structurally similar to 
the tricyclic antidepressants) reverse several PRS-induced alterations at the behav-
ioural, neurochemical and neuroanatomical level ( Morley-Fletcher et al.  2003a ,    
 2004a ). Thus, following antidepressant treatment, PRS rats displayed reduced 
immobility behaviour in the forced swim test, increased exploration of the open arm 
in the elevated-plus maze, enhanced mineralocorticoid and glucocorticoid receptor 
densities in the hippocampus and modifi ed 5-HT 

1A
  mRNA expression. 

 We have also tested the therapeutic effi cacy of agomelatine, a novel antidepres-
sant that behaves as a mixed MT1/MT2 melatonin receptor agonist/5-HT 

2c
  sero-

tonin receptor antagonist (Morley-Fletcher et al.  2011 ). Agomelatine treatment 
corrected  all  abnormalities displayed by PRS rats, suggesting that the drug impacts 
mechanisms that lie at the core of the maladaptive programming induced by PRS 
(see Fig.  8.4 ). We wish to highlight that agomelatine had no effect on any of the 
parameters we have tested in control rats. This suggests that agomelatine, at least in 
PRS rats, acts as an etiopathogenetic drug and its action is specifi c to the pathologi-
cal state (i.e. agomelatine behaves as a “disease-dependent” drug).

   PRS rats showed a defi cit in adult neurogenesis, which was more prominent in 
the ventral portion of the hippocampus. Agomelatine treatment preferentially 
enhanced neurogenesis in the ventral hippocampus of PRS rats, as it does in trans-
genic mice with defective glucocorticoid receptors (Païzanis et al.  2010 ). Other 
antidepressant drugs also affect neurogenesis in the ventral hippocampus in differ-
ent animal models of depression (Bisgaard et al.  2007 ; Jayatissa et al.  2006 ; Marais 
et al.  2009 ; Surget et al.  2008 ). To what extent the increase in hippocampal neuro-
genesis contributes to the antidepressant-like effect of agomelatine in PRS rats is 
unclear. In general, the role of a defective hippocampal neurogenesis in the patho-
physiology of depression is debated (Sapolsky  2004 ). A decreased number of pro-
genitor cells in the hippocampal dentate gyrus are seen in animal models of 
depression—including chronic stress and chronic high-corticosterone injections 
(Brummelte and Galea  2010 ; Czéh et al.  2001 ; Warner-Schmidt and Duman  2006 ; 
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Zhang et al.  2010 )—as well as in the hippocampus of elderly depressed patients 
(Lucassen et al.  2010a ). However, there is also evidence that a reduced neurogenesis 
in the dentate gyrus does not associate with a depressive phenotype in response to 
chronic stress (Vollmayr et al.  2003 ; Jayatissa et al.  2009 ). It is a general belief that 
hippocampal neurogenesis is enhanced by antidepressant drugs (Santarelli et al. 
 2003 ; Malberg and Schechter  2005 ). However, there are exceptions (Marlatt et al. 
 2010 ), and, in addition, the action of antidepressants on neurogenesis might be criti-
cally infl uenced by age, gender and stress context (Malberg et al.  2000 ; Oitzl et al. 
 2000 ; Navailles et al.  2008 ; Lucassen et al.  2009 ,  2010b ; David et al.  2009 ). 

 Chronic agomelatine treatment corrected all aspects of the pathological pro-
gramming triggered by PRS, which includes a defective neurogenesis in the ventral 
hippocampus. Newly formed neurons in the hippocampal dentate gyrus are involved 
in the temporal encoding of new memories acting as “pattern integrators” (reviewed 
by Aimone et al.  2010 ). In response to agomelatine, the ventral hippocampus of 
PRS rats may reacquire the ability to link stress-related events that occur simultane-
ously or close in time and to separate recent and remote stress-related memories, a 
mechanism that may critically affect resilience to stress. 

 Agomelatine also reversed the reduction in the levels of p-CREB, mGlu2/3 recep-
tors and mGlu5 receptors found in the hippocampus of PRS rats. CREB  phosphorylation, 

a

b

  Fig. 8.4    Response to antidepressants in PRS rats. ( a ) A chronic treatment with agomelatine 
reduces anxiety-like behaviour of PRS rats in the EPM and reverses PRS-induced defi cit in hip-
pocampal neurogenesis specifi cally in the ventral hippocampus, a key region involved in anxiety 
regulation. ( b ) A chronic treatment with the antidepressant agomelatine increases mGluR5 and 
mGluR2/3 in adult PRS rats. * P  < 0.05 and ** P  < 0.01 vs. controls. Original data are reported in 
Morley-Fletcher et al. ( 2011 )       
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a process that enhances the transcriptional activity of CREB, is induced by chronic 
antidepressant treatment in heterologous expression systems (Abdel- Razaq et al. 
 2007 ), as well as in the rat hippocampus and cerebral cortex (Tiraboschi et al.  2004 ). 
In addition, p-CREB levels in peripheral blood T lymphocytes positively correlate 
with the response of depressed patients to antidepressant medication (Koch et al. 
 2002 ). Reductions in hippocampal levels of mGlu2/3 receptors have been found not 
only in PRS rats (Zuena et al.  2008 ; Morley-Fletcher et al.  2011 ) but also in Flinders 
Sensitive Line (FSL) rats (Matrisciano et al.  2008 ), which are considered as a genetic 
model of depression (Overstreet et al.  2005 ). Chronic treatment with the antidepres-
sant imipramine upregulates the expression and function of mGlu2/3 receptors in the 
rat hippocampus (Matrisciano et al.  2002 ), and pharmacological activation of mGlu2/3 
receptors shortens the latency of antidepressant medication in FSL rats (Matrisciano 
et al.  2007 ,  2008 ). mGlu5 receptors are critically involved in the regulation of synaptic 
plasticity in the hippocampus (reviewed by Nicoletti et al.  2011 ), and a reduced expres-
sion of these receptors in the hippocampus might contribute to the pathophysiology of 
cognitive dysfunction and to the low resilience to stress in PRS rats (Darnaudéry and 
Maccari  2008 ). Interestingly, CREB, mGlu3 receptors and mGlu5 receptors are poten-
tially linked to changes in neurogenesis in PRS rats. CREB represents a convergence 
point of multiple intracellular signalling pathways that regulate hippocampal neuro-
genesis, although its precise role is unclear (reviewed by Gass and Riva  2007 ; Dworkin 
and Mantamadiotis   2010 ). Activation of mGlu3 and mGlu5 receptors enhances pro-
liferation of neuroprogenitors in brain niches of adult neurogenesis, including the sub-
granular zone of the hippocampal dentate gyrus (Di Giorgi-Gerevini et al.  2005 ; 
Melchiorri et al.   2007 ). Thus, cellular and biochemical abnormalities corrected by 
agomelatine in the hippocampus of PRS rats might be interconnected in the context of 
an epigenetic programming that alters the resilience to stress and leads to an anxious/
depressive phenotype.   

8.2     Conclusions 

 In an animal model of early stress, it has been shown that stress-related events that 
occur during the fetal and early postnatal period may have lifelong programming 
effects on HPA axis functioning and different body functions with a considerable 
impact on disease susceptibility. Stress-related disease can be interpreted broadly, 
including cardiovascular disease, components of the metabolic syndrome and emo-
tional alterations, for which the evidence of fetal origins is most abundant. Preclinical 
and clinical studies have shown that lifelong programming of the HPA axis function 
by fetal life conditions is likely to be a key factor in mediating associations with 
these disorders. It is therefore highly plausible that susceptibility to different stress- 
related disorders originates in a similar manner during early life, although direct 
evidence is still lacking. The development of animal models involving early-life 
environmental manipulations should allow to study the concept of vulnerability 
applied to stress-related disorders and help to improve the prevention by developing 
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new therapeutic strategies. In this framework, it appears that an impairment of glu-
tamate transmission in the hippocampus may lie at the core of the neuroplastic pro-
gramme induced by prenatal stress, which is translated into an anxious/depressive 
phenotype in the adult life. Therapeutic strategies aimed at restoring the balance 
between excitatory and inhibitory neurotransmission in the hippocampus could be 
effective in correcting the pathological phenotype caused by early life stress.      

    References 

    Abdel-Razaq W, Bates TE, Kendall DA (2007) The effects of antidepressants on cyclic AMP- 
response element-driven gene transcription in a model cell system. Biochem Pharmacol 
73:1995–2003  

    Aimone JB, Deng W, Gage FH (2010) Adult neurogenesis: integrating theories and separating 
functions. Trends Cogn Sci 14:325–337  

    Augustin I, Rosenmund C, Südhof TC, Brose N (1999) Munc13-1 is essential for fusion compe-
tence of glutamatergic synaptic vesicles. Nature 400(6743):457–461  

    Bannerman DM, Rawlins JNP, McHugh SB, Deacon RMJ, Yee BK, Bast T, Zhang WN, Pothuizen 
HH, Feldon J (2004) Regional dissociations within the hippocampus—memory and anxiety. 
Neurosci Biobehav Rev 28(3):273–283  

     Barbazanges A, Piazza PV, Le Moal M, Maccari S (1996) Maternal glucocorticoid secretion medi-
ates long-term effects of prenatal stress. J Neurosci 16(12):3943–3949  

    Barker DJ (1995) Intrauterine programming of adult disease. Mol Med Today 1(9):418–423  
    Barker DJ, Bagby SP, Hanson MA (2006) Mechanisms of disease: in utero programming in the 

pathogenesis of hypertension. Nat Clin Pract Nephrol 2(12):700–707  
    Bisgaard CF, Jayatissa MN, Enghild JJ, Sanchéz C et al (2007) Proteomic investigation of the 

ventral rat hippocampus links DRP-2 to escitalopram treatment resistance and SNAP to stress 
resilience in the chronic mild stress model of depression. J Mol Neurosci 32:132–144  

    Brummelte S, Galea LA (2010) Chronic corticosterone during pregnancy and postpartum affects 
maternal care, cell proliferation and depressive-like behavior in the dam. Horm Behav 
58:769–779  

     Chen G, Henter ID, Manji HK (2010) Presynaptic glutamatergic dysfunction in bipolar disorder. 
Biol Psychiatry 67(11):1007–1009  

    Coleman WL, Bykhovskaia M (2010) Cooperative regulation of neurotransmitter release by Rab3a 
and synapsin II. Mol Cell Neurosci 44(2):190–200  

    Czéh B, Michaelis T, Watanabe T, Frahm J, de Biurrun G, van Kampen M, Bartolomucci A, Fuchs 
E (2001) Stress-induced changes in cerebral metabolites, hippocampal volume, and cell prolif-
eration are prevented by antidepressant treatment with tianeptine. Proc Natl Acad Sci U S A 
98:12796–12801  

       Darnaudéry M, Maccari S (2008) Epigenetic programming of the stress response in male and 
female rats by prenatal restraint stress. Brain Res Rev 57:571–585  

       Darnaudery M, Perez-Martin M, Belizaire G, Maccari S, Garcia-Segura LM (2006) Insulin-like 
growth factor 1 reduces age-related disorders induced by prenatal stress in female rats. 
Neurobiol Aging 27:119–127  

    David DJ, Samuels BA, Rainer Q, Wang JW et al (2009) Neurogenesis-dependent and -indepen-
dent effects of fl uoxetine in an animal model of anxiety/depression. Neuron 62:479–493  

    Day JC, Koehl M, Deroche V, Le Moal M, Maccari S (1998) Prenatal stress enhances stress- and 
corticotropin-releasing factor-induced stimulation of hippocampal acetylcholine release in 
adult rats. J Neurosci 18(5):1886–1892  

    Deminière JM, Piazza PV, Guegan G, Abrous N, Maccari S, Le Moal M, Simon H (1992) Increased 
locomotor response to novelty and propensity to intravenous amphetamine self-administration 
in adult offspring of stressed mothers. Brain Res 586(1):135–139  

S. Morley-Fletcher et al.



189

    Di Giorgi-Gerevini V, Melchiorri D, Battaglia G, Ricci-Vitiani L, Ciceroni C, Busceti CL, Biagioni 
F, Iacovelli L, Canudas AM, Parati E, De Maria R, Nicoletti F (2005) Endogenous activation 
of metabotropic glutamate receptors supports the proliferation and survival of neural progeni-
tor cells. Cell Death Differ 12:1124–1133  

      Dugovic C, Maccari S, Weibel L, Turek FW et al (1999) High corticosterone levels in prenatally 
stressed rats predict persistent paradoxical sleep alterations. J Neurosci 19:8656–8664  

    Dworkin S, Mantamadiotis T (2010) Targeting CREB signalling in neurogenesis. Expert Opin 
Ther Targets 14:869–879  

      Fanselow MS, Dong HW (2010) Are the dorsal and ventral hippocampus functionally distinct 
structures? Neuron 65:7–19  

    Garcia-Garcia AL, Elizalde N, Matrov D, Harro J, Wojcik SM, Venzala E, Ramírez MJ, Del Rio J, 
Tordera RM (2009) Increased vulnerability to depressive-like behavior of mice with decreased 
expression of VGLUT1. Biol Psychiatry 66(3):275–282  

    Gass P, Riva MA (2007) CREB, neurogenesis and depression. Bioessays 29:957–961  
    Geppert M, Bolshakov VY, Siegelbaum SA, Takei K, De Camilli P, Hammer RE, Südhof TC 

(1994) The role of Rab3A in neurotransmitter release. Nature 369(6480):493–497  
    Greengard P, Valtorta F, Czernik AJ, Benfenati F (1993) Synaptic vesicle phosphoproteins and 

regulation of synaptic function. Science 259:780–785  
    Grillo CA, Piroli GG, Wood GE, Reznikov LR, McEwen BS, Reagan LP (2005) 

Immunocytochemical analysis of synaptic proteins provides new insights into diabetes- 
mediated plasticity in the rat hippocampus. Neuroscience 136(2):477–486  

    Han GA, Malintan NT, Collins BM, Meunier FA, Sugita S (2010) Munc18-1 as a key regulator of 
neurosecretion. J Neurochem 115(1):1–10  

    Henke PG (1990) Granule cell potentials in the dentate gyrus of the hippocampus: coping behavior 
and stress ulcers in rats. Behav Brain Res 36:97–103  

     Henry C, Kabbaj M, Simon H, Le Moal M, Maccari S (1994) Prenatal stress increases the 
hypothalamo- pituitary-adrenal axis response in young and adult rats. J Neuroendocrinol 
6(3):341–345  

     Henry C, Guegant G, Cador M, Arnauld E, Arsaut J, Moal ML, Demotes-Mainard J (1995) 
Prenatal stress in rats facilitates amphetamine-induced sensitization and induces long-lasting 
changes in dopamine receptors in the nucleus accumbens. Brain Res 685(1–2):179–186  

    Hinz B, Becher A, Mitter D, Schulze K, Heinemann U, Draguhn A, Ahnert-Hilger G (2001) 
Activity-dependent changes of the presynaptic synaptophysin-synaptobrevin complex in adult 
rat brain. Eur J Cell Biol 80(10):615–619  

    Holsboer F (2001) Antidepressant drug discovery in the postgenomic era. World J Biol Psychiatry 
2(4):165–177  

    Jayatissa MN, Bisgaard C, Tingström A, Papp M, Wiborg O (2006) Hippocampal cytogenesis cor-
relates to escitalopram-mediated recovery in a chronic mild stress rat model of depression. 
Neuropsychopharmacology 31:2395–2404  

    Jayatissa MN, Henningsen K, West MJ, Wiborg O (2009) Decreased cell proliferation in the den-
tate gyrus does not associate with development of anhedonic-like symptoms in rats. Brain Res 
1290:133–141  

    Kjelstrup KG, Tuvnes FA, Steffenach HA, Murison R et al (2002) Reduced fear expression after 
lesions of the ventral hippocampus. Proc Natl Acad Sci U S A 99:10825–10830  

    Koch JM, Kell S, Hinze-Selch D, Aldenhoff JB (2002) Changes in CREB-phosphorylation during 
recovery from major depression. J Psychiatr Res 36:369–375  

    Koehl M, Barbazanges A, Le Moal M, Maccari S (1997) Prenatal stress induces a phase advance 
of circadian corticosterone rhythm in adult rats which is prevented by postnatal stress. Brain 
Res 759(2):317–320  

    Koehl M, Darnaudéry M, Dulluc J, Van Reeth O, Le Moal M, Maccari S (1999) Prenatal stress 
alters circadian activity of hypothalamo-pituitary-adrenal axis and hippocampal corticosteroid 
receptors in adult rats of both gender. J Neurobiol 40(3):302–315  

    Koehl M, Bjijou Y, Le Moal M, Cador M (2000) Nicotine-induced locomotor activity is increased 
by preexposure of rats to prenatal stress. Brain Res 882(1–2):196–200  

    Krishnan V, Nestler EJ (2008) The molecular neurobiology of depression. Nature 455:894–902  

8 Behavioural and Neuroendocrine Consequences of Prenatal Stress in Rat



190

         Laloux C, Mairesse J, Van Camp G, Giovine A, Branchi I, Bouret S, Morley-Fletcher S, Bergonzelli 
G, Malagodi M, Gradini R, Nicoletti F, Darnaudéry M, Maccari S (2012) Anxiety-like behav-
iour and associated neurochemical and endocrinological alterations in male pups exposed to 
prenatal stress. Psychoneuroendocrinology 37(10):1646–1658  

     Lemaire V, Koehl M, Le Moal M, Abrous DN (2000) Prenatal stress produces learning defi cits 
associated with an inhibition of neurogenesis in the hippocampus. Proc Natl Acad Sci U S A 
97:11032–11037  

    Lucassen PJ, Bosch OJ, Jousma E, Krömer SA, Andrew R, Seckl JR, Neumann ID (2009) Prenatal 
stress reduces postnatal neurogenesis in rats selectively bred for high, but not low, anxiety: 
possible key role of placental 11beta-hydroxysteroid dehydrogenase type 2. Eur J Neurosci 
29:97–103  

    Lucassen PJ, Stumpel MW, Wang Q, Aronica E (2010a) Decreased numbers of progenitor cells but 
no response to antidepressant drugs in the hippocampus of elderly depressed patients. 
Neuropharmacology 58:940–949  

    Lucassen PJ, Meerlo P, Naylor AS, van Dam AM, Dayer AG, Fuchs E, Oomen CA, Czéh B 
(2010b) Regulation of adult neurogenesis by stress, sleep disruption, exercise and infl amma-
tion: implications for depression and antidepressant action. Eur Neuropsychopharmacol 
20:1–17  

     Lupien SJ, McEwen BS, Gunnar MR, Heim C (2009) Effects of stress throughout the lifespan on 
the brain, behavior and cognition. Nat Rev Neurosci 10:434–445  

    Maccari S, Morley-Fletcher S (2007) Effects of prenatal restraint stress on the hypothalamus- 
pituitary-adrenal axis and related behavioural and neurobiological alterations. 
Psychoneuroendocrinology 32:S10–S15  

    Maccari S, Van Reeth O (2007) Circadian rhythms, effects of prenatal stress in rodents: an animal 
model for human depression. In: Fink G (ed) Encyclopedia of stress. Elsevier, Amsterdam  

       Maccari S, Piazza PV, Kabbaj M, Barbazanges A, Simon H, Le Moal M (1995) Adoption reverses 
the long-term impairment in glucocorticoid feedback induced by prenatal stress. J Neurosci 
15:110–116  

      Maccari S, Darnaudery M, Morley-Fletcher S, Zuena AR, Cinque C, Van Reeth O (2003) Prenatal 
stress and long-term consequences: implications of glucocorticoid hormones. Neurosci 
Biobehav Rev 27:119–127  

     Mairesse J, Viltart O, Salomé N, Giuliani A, Catalani A, CasoliniP M-FS, Nicoletti F, Maccari S 
(2007a) Prenatal stress alters the negative correlation between neuronal activation in limbic 
regions and behavioral responses in rats exposed to high and low anxiogenic environments. 
Psychoneuroendocrinology 32(7):765–776  

    Mairesse J, Lesage J, Breton C, Bréant B, Hahn T, Darnaudéry M, Dickson SL, Seckl J, Blondeau 
B, Vieau D, Maccari S, Viltart O (2007b) Maternal stress alters endocrine function of the feto- 
placental unit in rats. Am J Physiol Endocrinol Metab 292(6):E1526–E1533  

      Mairesse J, Silletti V, Laloux C, Zuena AR, Giovine A, Consolazione M, van Camp G, Malagodi 
M, Gaetani S, Cianci S, Catalani A, Mennuni G, Mazzetta A, van Reeth O, Gabriel C, Mocaër 
E, Nicoletti F, Morley-Fletcher S, Maccari S (2012a) Chronic agomelatine treatment corrects 
the abnormalities in the circadian rhythm of motor activity and sleep/wake cycle induced by 
prenatal restraint stress in adult rats. Int J Neuropsychopharmacol 6:1–16  

   Mairesse J, Vercoutter-Edouart AS, Marrocco J, Zuena AR, Giovine A, Nicoletti F, Michalski JC, 
Maccari S, Morley-Fletcher S (2012b) Proteomic characterization in the hippocampus of pre-
natally stressed rats. J Proteomics 75(6):1764–1770  

    Malberg JE, Schechter LE (2005) Increasing hippocampal neurogenesis: a novel mechanism for 
antidepressant drugs. Curr Pharm Des 11:145–155  

    Malberg JE, Eisch AJ, Nestler EJ, Duman RS (2000) Chronic antidepressant treatment increases 
neurogenesis in adult rat hippocampus. J Neurosci 20:9104–9110  

    Marais L, Hattingh SM, Stein DJ, Daniels WM (2009) A proteomic analysis of the ventral 
 hippocampus of rats subjected to maternal separation and escitalopram treatment. Metab Brain 
Dis 24:569–586  

S. Morley-Fletcher et al.



191

    Marlatt MW, Lucassen PJ, van Praag H (2010) Comparison of neurogenic effects of fl uoxetine, 
duloxetine and running in mice. Brain Res 231341:93–99  

   Marrocco J, Mairesse J, Ngomba RT, Silletti V, Van Camp G, Bouwalerh H, Summa M, Pittaluga 
A, Nicoletti F, Maccari S, Morley-Fletcher S (2012) Anxiety-like behavior in the prenatally 
stressed rat model of depression is associated with a selective reduction of glutamate release in 
the ventral hippocampus. J Neurosci. DOI:10.1523/JNEUROSCI.1040-12.2012  

    Matrisciano F, Storto M, Ngomba RT, Cappuccio I, Caricasole A, Scaccianoce S, Riozzi B, 
Melchiorri D, Nicoletti F (2002) Imipramine treatment up-regulates the expression and func-
tion of mGlu2/3 metabotropic glutamate receptors in the rat hippocampus. Neuropharmacology 
42:1008–1015  

    Matrisciano F, Panaccione I, Zusso M, Giusti P, Tatarelli R, Iacovelli L, Mathé AA, Gruber SH, 
Nicoletti F, Girardi P (2007) Group-II metabotropic glutamate receptor ligands as adjunctive 
drugs in the treatment of depression: a new strategy to shorten the latency of antidepressant 
medication? Mol Psychiatry 12(8):704–706  

     Matrisciano F, Caruso A, Orlando R, Marchiafava M, Bruno V, Battaglia G, Gruber SH, Melchiorri 
D, Tatarelli R, Girardi P, Mathè AA, Nicoletti F (2008) Defective group-II metaboropic glutamate 
receptors in the hippocampus of spontaneously depressed rats. Neuropharmacology 55:525–531  

     McEwen BS (2011) The ever-changing brain: cellular and molecular mechanisms for the effects of 
stressful experiences. Dev Neurobiol 72(6):878–890. doi:  10.1002/dneu.20968      

    Meaney MJ, Szyf M, Seckl JR (2007) Epigenetic mechanisms of perinatal programming of 
hypothalamic- pituitary-adrenal function and health. Trends Mol Med 13(7):269–277  

    Melchiorri D, Cappuccio I, Ciceroni C, Spinsanti P, Mosillo P, Sarichelou I, Sale P, Nicoletti F (2007) 
Metabotropic glutamate receptors in stem/progenitor cells. Neuropharmacology 53:473–480  

    Moghaddam B (2002) Stress activation of glutamate neurotransmission in the prefrontal cortex: 
implications for dopamine-associated psychiatric disorders. Biol Psychiatry 51(10):775–787  

         Morley-Fletcher S, Darnaudery M, Koehl M, Casolini P, Van Reeth O, Maccari S (2003a) Prenatal 
stress in rats predicts immobility behavior in the forced swim test. Effects of a chronic treat-
ment with tianeptine. Brain Res 989:246–251  

     Morley-Fletcher S, Rea M, Maccari S, Laviola G (2003b) Environmental enrichment during ado-
lescence reverses the effects of prenatal stress on play behaviour and HPA axis reactivity in 
rats. Eur J Neurosci 18:3367–3374  

        Morley-Fletcher S, Darnaudéry M, Mocaer E, Froger N, Lanfumey L, Laviola G, Casolini P, 
Zuena AR, Marzano L, Hamon M, Maccari S (2004a) Chronic treatment with imipramine 
reverses immobility behaviour, hippocampal corticosteroid receptors and cortical 5-HT(1A) 
receptor mRNA in prenatally stressed rats. Neuropharmacology 47:841–847  

    Morley-Fletcher S, Puopolo M, Gentili S, Gerra G, Macchia T, Laviola G (2004b) Prenatal stress 
affects 3,4-methylenedioxymethamphetamine pharmacokinetics and drug-induced motor alter-
ations in adolescent female rats. Eur J Pharmacol 489(1–2):89–92  

           Morley-Fletcher S, Mairesse J, Soumier A, Banasr M, Fagioli F, Gabriel C, Mocaer E, Daszuta A, 
McEwen B, Nicoletti F, Maccari S (2011) Chronic agomelatine treatment corrects behavioral, 
cellular, and biochemical abnormalities induced by prenatal stress in rats. Psychopharmacology 
217(3):301–313  

    Moser MB, Moser EI, Forrest E, Andersen P, Morris RG (1995) Spatial learning with a minislab 
in the dorsal hippocampus. Proc Natl Acad Sci U S A 92:9697–9701  

    Navailles S, Hof PR, Schmauss C (2008) Antidepressant drug-induced stimulation of mouse hip-
pocampal neurogenesis is age-dependent and altered by early life stress. J Comp Neurol 
509:372–381  

     Nicoletti F, Bockaert J, Collingridge GL, Conn PJ, Ferraguti F, Schoepp DD, Wroblewski JT, Pin 
JP (2011) Metabotropic glutamate receptors: from the workbench to the bedside. 
Neuropharmacology 60(7–8):1017–1041  

    Nyirenda MJ, Welberg LA, Seckl JR (2001) Programming hyperglycaemia in the rat through 
 prenatal exposure to glucocorticoids-fetal effect or maternal infl uence? J Endocrinol 
170(3):653–660  

8 Behavioural and Neuroendocrine Consequences of Prenatal Stress in Rat

http://dx.doi.org/10.1002/dneu.20968


192

    Oitzl MS, Workel JO, Fluttert M, Frösch F, De Kloet ER (2000) Maternal deprivation affects 
behaviour from youth to senescence: amplifi cation of individual differences in spatial learning 
and memory in senescent Brown Norway rats. Eur J Neurosci 12:3771–3780  

    Ongür D, Jensen JE, Prescot AP, Stork C, Lundy M, Cohen BM, Renshaw PF (2008) Abnormal 
glutamatergic neurotransmission and neuronal-glial interactions in acute mania. Biol Psychiatry 
64(8):718–726  

    Overstreet DH, Friedman E, Mathé AA, Yadid G (2005) The Flinders sensitive line rat: a selec-
tively bred putative animal model of depression. Neurosci Biobehav Rev 29:739–759  

    Païzanis E, Renoir T, Lelievre V, Saurini F, Melfort M, Gabriel C, Barden N, Mocaër E, Hamon M, 
Lanfumey L (2010) Behavioural and neuroplastic effects of the new-generation antidepressant. 
Int J Neuropsychopharmacol 13:759–774  

    Peters DA (1988) Effects of maternal stress during different gestational periods on the serotonergic 
system in adult rat offspring. Pharmacol Biochem Behav 31(4):839–843  

    Popoli M, Yan Z, McEwen BS, Sanacora G (2012) The stressed synapse: the impact of stress and 
glucocorticoids on glutamate transmission. Nat Rev Neurosci 13(1):22–37  

    Raiteri L, Raiteri M (2000) Synaptosomes still viable after 25 years of superfusion. Neurochem 
Res 25(9–10):1265–1274  

    Raiteri M, Angelini F, Levi G (1974) A simple apparatus for studying the release of neurotransmit-
ters from synaptosomes. Eur J Pharmacol 25(3):411–414  

    Sakane A, Manabe S, Ishizaki H, Tanaka-Okamoto M, Kiyokage E, Toida K, Yoshida T, Miyoshi 
J, Kamiya H, Takai Y, Sasaki T (2006) Rab3 GTPase-activating protein regulates synaptic 
transmission and plasticity through the inactivation of Rab3. Proc Natl Acad Sci U S A 
103(26):10029–10034  

    Salomon S, Bejar C, Schorer-Apelbaum D, Weinstock M (2011) Corticosterone mediates some but not 
other behavioural changes induced by prenatal stress in rats. J Neuroendocrinol 23(2):118–128  

    Santarelli L, Saxe M, Gross C, Surget A, Battaglia F, Dulawa S, WeisstaubN LJ, Duman R, Arancio 
O, Belzung C, Hen R (2003) Requirement of hippocampal neurogenesis for the behavioural 
effects of antidepressants. Science 301:805–809  

    Sapolsky RM (2004) Is impaired neurogenesis relevant to the affective symptoms of depression? 
Biol Psychiatry 56:137–139  

    Schmidt MV, Trümbach D, Weber P, Wagner K, Scharf SH, Liebl C, Datson N, Namendorf C, 
Gerlach T, Kühne C, Uhr M, Deussing JM, Wurst W, Binder EB, Holsboer F, Müller MB 
(2010) Individual stress vulnerability is predicted by short-term memory and AMPA receptor 
subunit ratio in the hippocampus. J Neurosci 30(50):16949–16958  

    Schmitz C, Rhodes ME, Bludau M, Kaplan S et al (2002) Depression: reduced number of granule 
cells in the hippocampus of female, but not male, rats due to prenatal restraint stress. Mol 
Psychiatry 7:810–813  

    Seckl JR (2008) Glucocorticoids, developmental ‘programming’ and the risk of affective dysfunc-
tion. Prog Brain Res 167:17–34  

    Seckl JR, Holmes MC (2007) Mechanisms of disease: glucocorticoids their placental metabolism 
and fetal ‘programming’ of adult pathophysiology. Nat Clin Pract Endocrinol Metab 3(6):479–
488, Review. PubMed PMID: 17515892  

    Shonkoff JP, Boyce WT, McEwen BS (2009) Neuroscience, molecular biology, and the childhood 
roots of health disparities: building a new framework for health promotion and disease preven-
tion. JAMA 301:2252–2259  

    Surget A, Saxe M, Leman S, Ibarguen-Vargas Y et al (2008) Drug-dependent requirement of hip-
pocampal neurogenesis in a model of depression and of antidepressant reversal. Biol Psychiatry 
64:293–301  

    Thome J, Pesold B, Baader M, Hu M, Gewirtz JC, Duman RS, Henn FA (2001) Stress differen-
tially regulates synaptophysin and synaptotagmin expression in hippocampus. Biol Psychiatry 
50(10):809–812  

    Tiraboschi E, Tardito D, Kasahara J, Moraschi S, Pruneri P, Gennarelli M, Racagni G, Popoli M 
(2004) Selective phosphorylation of nuclear CREB by fl uoxetine is linked to activation of CaM 
kinase IV and MAP kinase cascades. Neuropsychopharmacology 29:1831–1840  

S. Morley-Fletcher et al.



193

    Tordera RM, Totterdell S, Wojcik SM, Brose N, Elizalde N, Lasheras B, Del Rio J (2007) Enhanced 
anxiety, depressive-like behavior and impaired recognition memory in mice with reduced 
expression of the vesicular glutamate transporter 1 (VGLUT1). Eur J Neurosci 
25(1):281–290  

     Vallée M, Mayo W, Dellu F, Le Moal M, Simon H, Maccari S (1997) Prenatal stress induces high 
anxiety and postnatal handling induces low anxiety in adult offspring: correlation with stress- 
induced corticosterone secretion. J Neurosci 17:2626–2636  

        Vallée M, Maccari S, Dellu F, Simon H, Le Moal M, Mayo W (1999) Long-term effects of prenatal 
stress and postnatal handling on age-related glucocorticoid secretion and cognitive perfor-
mance: a longitudinal study in the rat. Eur J Neurosci 11(8):2906–2916  

    Valtorta F, Benfenati F, Greengard P (1992) Structure and function of the synapsins. J Biol Chem 
267(11):7195–7198  

    Van Waes V, Enache M, Dutriez I, Lesage J, Morley-Fletcher S, Vinner E, Lhermitte M, Vieau D, 
Maccari S, Darnaudéry M (2006) Hypo-response of the hypothalamic-pituitary-adrenocortical 
axis after an ethanol challenge in prenatally stressed adolescent male rats. Eur J Neurosci 
24(4):1193–1200  

        Van Waes V, Enache M, Zuena A, Mairesse J, Nicoletti F, Vinner E, Lhermitte M, Maccari S, 
Darnaudéry M (2009) Ethanol attenuates spatial memory defi cits and increases mGlu1a recep-
tor expression in the hippocampus of rats exposed to prenatal stress. Alcohol Clin Exp Res 
33(8):1346–1354  

    Viltart O, Mairesse J, Darnaudéry M, Louvart H, Vanbesien-Mailliot C, Catalani A, Maccari S 
(2006) Prenatal stress alters Fos protein expression in hippocampus and locus coeruleus stress- 
related brain structures. Psychoneuroendocrinology 31(6):769–780  

    Vollmayr B, Simonis C, Weber S, Gass P, Henn F (2003) Reduced cell proliferation in the dentate 
gyrus is not correlated with the development of learned helplessness. Biol Psychiatry 
54:1035–1040  

    Warner-Schmidt JL, Duman RS (2006) Hippocampal neurogenesis: opposing effects of stress and 
antidepressant treatment. Hippocampus 16:239–249  

    Weinstock M (2008) The long-term behavioural consequences of prenatal stress. Neurosci 
Biobehav Rev 32:1073–1086  

    Willner P, Mitchell PJ (2002) The validity of animal models of predisposition to depression. Behav 
Pharmacol 13(3):169–188  

    Yaka R, Salomon S, Matzner H, Weinstock M (2007) Effect of varied gestational stress on acquisi-
tion of spatial memory, hippocampal LTP and synaptic proteins in juvenile male rats. Behav 
Brain Res 179(1):126–132  

    Yamamoto BK, Reagan LP (2006) The glutamatergic system in neuronal plasticity and vulnerabil-
ity in mood disorders. Neuropsychiatr Dis Treat 2:7–14  

    Zhang JM, Tonelli L, Regenold WT, McCarthy MM (2010) Effects of neonatal fl utamide treatment 
on hippocampal neurogenesis and synaptogenesis correlate with depression-like behaviors in 
preadolescent male rats. Neuroscience 169:544–554  

         Zuena AR, Mairesse J, Casolini P, Cinque C, Alemà GS, Morley-Fletcher S, Chiodi V, Spagnoli 
LG, Gradini R, Catalani A, Nicoletti F, Maccari S (2008) Prenatal restraint stress generates two 
distinct behavioural and neurochemical profi les in male and female rats. PLoS One 3(5):e2170    

8 Behavioural and Neuroendocrine Consequences of Prenatal Stress in Rat



195G. Laviola and S. Macrì (eds.), Adaptive and Maladaptive Aspects of Developmental 
Stress, Current Topics in Neurotoxicity 3, DOI 10.1007/978-1-4614-5605-6_9,
© Springer Science+Business Media New York 2013

    Chapter 9   
 Developmental Consequences of Prenatal 
Administration of Glucocorticoids in Rodents 
and Primates 

                  Jonas Hauser      

    Abstract   Since their fi rst use in 1972 by Liggins and Howie, prenatal exposure to 
synthetic glucocorticoids (GCs) is commonplace in antenatal medicine to impede 
the preterm birth-associated morbid symptoms. Synthetic GCs are ligands of the 
receptor of endogenous GC, the glucocorticoid receptor. Although prenatal GC is 
warranted for its increased survival rate of preterm infants, the repeated exposure to 
synthetic GC long-term effects has been questioned, and investigation of potentially 
harmful long-term effects in animal studies is required. I will fi rst summarise the 
existing fi ndings in animal studies, which include two robust phenotypes: a tran-
sient reduction of body weight and alteration of the hypothalamo–pituitary–adrenal 
gland axis activity. Several studies assessed the neurotransmitters’ concentrations in 
animals exposed to prenatal GC and reported an overall increased activity of sero-
toninergic and dopaminergic systems. Prenatal GC administration has also been 
shown to increase anxiety and reduce cognitive abilities in the long term. All these 
effects have been proposed to be mediated via epigenetics programming, which is 
the change of gene expression caused by mechanisms other than the DNA sequence 
(e.g. promoter methylation). Interestingly, the same mechanism has been proposed 
to mediate the long-term effects of altered maternal behaviour, suggesting that the 
developing individual, from conception until weaning, is undergoing epigenetics 
programming based on its environment.  
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9.1         Why Study Prenatal Synthetic Glucocorticoids? 

 In the USA, 7–10% of births are premature (before 37th gestational week) each year 
(N.I.H. Consensus  1994 ), and preterm birth is the leading cause of neonatal death 
(Mathews and MacDorman  2011 ). Prenatal synthetic glucocorticoids (GC) are com-
monly prescribed in diagnosed preterm delivery to prophylactically impede the asso-
ciated morbid symptoms (e.g. respiratory distress syndrome and intraventricular 
haemorrhage, Liggins and Howie  1972 ). This treatment received support from the 
American National Institutes of Health (NIH) that stated in the 1994 Consensus 
Developmental Conference on the Effects of Corticosteroids for Fetal  Maturation on 
Perinatal Outcomes: “All fetuses between 24 and 34 weeks’ gestation at risk of pre-
term delivery should be considered candidates for antenatal treatment with cortico-
steroids” (N.I.H. Consensus  1994 ). The positive impact of prenatal GC treatment on 
preterm baby survival has been confi rmed in a recent meta- analysis (Crowther et al. 
 2011 ). The effi cacy of prenatal GC has been observed for birth occurring within 7 
days post treatment (Roberts et al.  2006 ), and consequently it  is common practice in 
clinics to repeat the treatment weekly from diagnosis until birth (Crowther et al. 
 2011 ). The positive effects associated with prenatal GC exposure have however been 
mitigated by reports of transient reduction in some growth indices (mean weight, 
mean length and mean  Z -scores of head circumference) (Crowther et al.  2011 ) and 
other unwanted side effects (e.g. increased behavioural and hormonal responses to 
painful stimuli, Davis et al.  2011 ). In a recent review focusing on the effects of pre-
natal GC on the hypothalamo–pituitary–adrenal gland axis (HPA), Tegethoff et al. 
( 2009 ) concluded that antenatal GC exposure resulted in reduced basal and chal-
lenged HPA activity visible from foetal developmental stage up to 2 weeks of age. 
These effects were more marked with increasing total amount of antenatal GC, sug-
gesting a dose response type of effects. Because this prenatal GC treatment has only 
been recently adopted in clinical practice and because of the diffi culty to follow-up 
treated infants beyond hospital discharge, there are very few long-term studies of 
subjects exposed to prenatal GC. These studies reported no differences in neurosen-
sory functions at 6 months (Mazumder et al.  2008 ) or, in the Kaufman assessment 
battery for children—which provides an IQ equivalent—at 5 years (Foix-L’Helias 
et al.  2008 ). To account for the evolving practice of prenatal GC treatment, the NIH 
revisited the Consensus of 1994 in 2001 and one of their conclusion was “animal 
studies should evaluate the pathophysiologic and metabolic mechanisms of potential 
benefi ts and risks, including the effects of repeat corticosteroids on central nervous 
system myelination and brain development” (N.I.H. Consensus  2001 ).  

9.2     Stress, the HPA Axis and Their Relation to Synthetic GC 

 A stressor has been defi ned by Cannon as a situation of threat to an organism, to 
which it will react with physiological responses, aiming at energy mobilisation and 
increase in arousal, that increase survival through either confrontation or avoidance, 
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the so-called fi ght-or-fl ight response (Cannon  1939 ). This defi nition has been 
refi ned by several authors and most recently by McEwen (McEwen and Wingfi eld 
 2003 ) as follows: [stressful stimuli are] “… events that are threatening to an indi-
vidual and which elicit physiological and behavioural responses as part of allostasis 
(i.e. maintenance of an organism homeostasis) in addition to that imposed by nor-
mal life cycle”. The stress response is characterised by a fast activation of the sym-
pathetic branch of the autonomous nervous system (ANS) and by a delayed slower 
increase of HPA axis activity. ANS activation stimulates the release of catechol-
amines (epinephrine and norepinephrine) from the adrenal medulla. Following ter-
mination of the stressor, the parasympathetic branch of the ANS starts a compensatory 
response. The slower activation of the HPA axis results in release of the 41 amino 
acid peptide corticotropin-releasing hormone (CRH, also known as corticotropin- 
releasing factor and corticoliberin) by the paraventricular nucleus of the hypothala-
mus. CRH induces in pituitary target cells release of adrenocorticotropic hormone 
(ACTH). ACTH stimulates the adrenal gland, which releases endogenous GC (cor-
tisol in primates, including humans, and corticosterone in rats) in blood fl ow where 
it is quickly bound by corticosteroid-binding globulin (CBG, Westphal  1983 ). Only 
free GCs are active. The CBG binding of GC serves as a tissue buffer against poten-
tial deleterious effects of elevated GC and can regulate the availability of free hor-
mone to target tissue (about 95% of GC is protein bound, Gayrard et al.  1996 ). 
Recent fi ndings have proposed a more active role of CBG in terms of mediation of 
the availability of GC to specifi c target tissue, as opposed to just reservoir of GC, as 
well as intracellular transportation of bound GC in specifi c cell types, allowing 
increased free GC levels above what could be achieved through simple diffusion 
(reviewed in Breuner and Orchinik  2002 ). The HPA axis activity is returned to base-
line via a negative feedback mechanism that acts at all of its three levels: the hypo-
thalamus, the pituitary and the adrenal gland (see Fig.  9.1  for a general schematic of 
the HPA axis function).

   GC binds to both glucocorticoid receptors (GR) and mineralocorticoid receptors 
(MR) (Rosenfeld et al.  1993 ; de Kloet et al.  1990 ). Ontogeny of GR and MR in the 
rodent foetal brain undergoes spatial, temporal and sex-specifi c regulations (Owen 
and Matthews  2003 ; Pryce  2008 ), but both receptors are visible from respectively 
embryonic days 15.5 and 12.5 (Diaz et al.  1998 ). In humans, MR and GR are 
expressed in hippocampus from gestational week 24 (Noorlander et al.  2006 ). MR 
and GR are ligand-activated intracytoplasmatic transcription factor composed of 
three domains: the N-terminal domain (GR reviewed in Wright et al.  1993 , MR 
reviewed in Pascual-Le Tallec and Lombes  2005 ), responsible for transcriptional 
activity; the DNA-binding domain; and the C-terminal domain or ligand-binding 
domain (LBD). Upon binding of their ligand, GR and MR translocate to the nucleus, 
dimerise and recognise specifi c semi-palindromic DNA promoter segments; this 
enables direct and indirect interactions with the transcription initiation complex and 
thereby the upregulation of target gene expression (reviewed in Beato and Sanchez-
Pacheco  1996 ). Additional mechanisms mediated through ligand-bound receptors 
can repress transcription of certain genes: binding to a negative response elements 
(Malkoski and Dorin  1999 ), heterodimerisation with other nuclear receptors 

9 Developmental Consequences of Prenatal Administration…



198

(Ou et al.  2001 ) or cross-talk with other nuclear receptors through protein–protein 
interactions (McKay and Cidlowski  1998 ,  1999 ,  2000 ). In addition to these well-
studied transcriptional effects of GC, recent publications have reported the follow-
ing non- genomic effects (Song and Buttgereit  2006 ): (1) physiochemical interaction 
with cellular membrane (Buttgereit and Scheffold  2002 ), (2) membrane-bound 
GR-mediated non-genomic effects (Groeneweg et al.  2011 ) and (3) cytosolic 
GR-mediated non-genomic effects (Bartholome et al.  2004 ). 

 The two main synthetic GCs are dexamethasone (DEX) and betamethasone 
(BETA), which differ from the endogenous GC by a fl uorine atom on the ninth car-
bon. Due to the structural differences between endogenous and synthetic GCs, the 
latter exhibit increased binding to GR (25-fold endogenous GC affi nity) and strongly 
reduced binding to MR (Grossmann et al.  2004 ). There are other differences 
between synthetic and endogenous GC: (1) The 11β-HSD2 enzyme oxidises natural 
GC to their inactive metabolite; it has been reported in numerous tissues, especially 
in the placental syncytiotrophoblast, where it provides a good protection of the foe-
tus from maternal GC (Speirs et al.  2004 ). Synthetic GCs are poor substrates for 
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  Fig. 9.1    Schematic of the HPA axis. In response to a stressor, the hypothalamus secretes CRH 
( red ), which stimulates secretion of ACTH ( violet ) by the pituitary gland. ACTH in turn activates 
the adrenal gland release of GC ( blue ). GC exerts a negative feedback at all three levels       
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11β-HSD2; therefore they readily cross placenta and access the foetus (Gitau et al. 
 2001 ; Murphy et al.  2007 ). After 1 h incubation, 95% of endogenous GC but only 
17% of synthetic GC is metabolised by 11β-HSD2 (Brown et al.  1996 ). (2) 
Contrarily to the natural GC, which activity can be modulated by their binding to 
CBG, synthetic GCs do not bind by CBG and only partially to albumin; 65–70% of 
synthetic GC is in bound state compared to the 95% of endogenous GC (Peets et al. 
 1969 ; Schwab and Klotz  2001 ). Synthetic GC exposure reproduces some elements 
of the GR activation following stress response; however, note the following differ-
ences between this treatment and the stress response: absence ANS stimulation, 
metabolisation by 11β-HSD2, low to no MR activation and different bioavailability 
of synthetic GC.  

9.3     Summary of the Known Effects of Prenatal GC 
in Animal Models 

 Most studies assessing prenatal synthetic GC exposure used rodents (rats, guinea 
pigs and mice); there were also a few studies that used non-human primates or 
ovine, which focused on the HPA axis activity and lung functions. Studies in rodents 
typically used a treatment of 0.1 mg/kg during the last week of pregnancy (gesta-
tional days 14–21). In primates, treatment was usually performed in the last trimes-
ter of pregnancy; however, there were no general rules for the treatment duration or 
dose, which varied respectively from 2 to 42 days and from 0.1 to 15 mg/kg (Coe 
and Lubach  2005 ). The foetal treatment used in all these studies varied from sub-
clinical exposure, in dose and duration, to overexposure. It is very diffi cult to select 
the onset, duration and dose of treatment, as there are differences in response to GC 
between species. Furthermore, organ- or system-specifi c developmental stages 
might be different at the same relative gestational age between precocial (primates) 
and altricial (rat) species. The only common element visible across studies and 
across species is that the onset of the treatment was systematically targeting the last 
trimester of pregnancy. 

 An extensive number of animal studies examined the impact of prenatal GC 
exposure on physical growth and HPA axis function. Prenatal synthetic GC has 
been associated with a reduction of body weight throughout life in rats (Brabham 
et al.  2000 ; Emgard et al.  2007 ; Hauser et al.  2006 ,  2009 ; Oliveira et al.  2006 ; 
Welberg et al.  2001 ), although some studies using lower synthetic GC doses have 
reported catch up growth (Kreider et al.  2005 ; McArthur et al.  2005 ). This effect 
was not observed in primates (Hauser et al.  2007 ,  2008 ; Uno et al.  1994 ), except 
in two studies using longer treatment (Johnson et al.  1981 ; Novy and Walsh  1983 ). 
In rodents, the general fi ndings were that HPA basal activity was unaffected 
whereas its response to a stressful situation was increased by prenatal GC 
(Brabham et al.  2000 ; Hauser et al.  2009 ; Oliveira et al.  2006 ; Bakker et al.  1995 ; 
Hougaard et al.  2005 ; Muneoka et al.  1997 ; Shoener et al.  2006 ). Two studies 
reported a reduction of GR in the hippocampus in response to prenatal GC 
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 exposure (Brabham et al.  2000 ; Welberg et al.  2001 ), which could mediate the 
increased reactivity to the stressor via a reduction of the sensitivity of hippocam-
pus to the negative feedback of GC. In guinea pigs, prenatal synthetic GC expo-
sure had a sexual dimorphic effect on HPA axis activity. In males, the HPA axis 
response to stress was increased, whereas in females, the effect was modulated by 
the hormonal cycle. In the follicular early luteal phase it resulted in increased 
basal and challenged HPA axis activity, but this was reversed in the late luteal 
phase (Liu et al.  2001 ). In a long-term follow-up study of lamb exposed to prena-
tal GC, Sloboda and colleagues reported that the HPA axis exhibited no changes 
at 6 months, increased basal and challenged activity at 1 year and decreased basal 
and challenged activity at 3 years of age (Sloboda et al.  2000 ,  2002 ,  2007 ). This 
clearly underlines the importance of long-term follow-up studies as it suggests 
that prenatal GC might have effects that are age-dependent. Both in rhesus and 
vervet monkeys, challenged HPA axis activity was increased following prenatal 
synthetic GC treatment (Uno et al.  1994 ; de Vries et al.  2007 ), and this effect was 
also observed in basal activity in rhesus monkey. However, there was no evidence 
of impact on HPA axis activity in marmoset monkey offspring exposed to prenatal 
GC (Hauser et al.  2007 ). In conclusion, the challenged HPA axis activity is 
increased in most animal models after prenatal GC treatment; a similar increase in 
activity was reported in young infants (Tegethoff et al.  2009 ). The fi ndings on 
basal activity seem to be more variable among studies. There is a strong interac-
tion between the effects of prenatal GC treatment on HPA axis activity and the sex 
of the subjects in rats (Brabham et al.  2000 ; Hauser et al.  2009 ) and in guinea pigs 
(Liu et al.  2001 ). Although a similar sexual dimorphism was not reported in pri-
mate studies, it is noteworthy here to highlight that most primate studies only used 
males or were not able to account for the sex due to the limited number of subjects 
in these studies. In two studies both male and female marmoset monkeys were 
assessed for HPA axis activity and no differences were reported (Hauser et al. 
 2007 ,  2008 ). 

 A few studies focused on neurotransmitter changes in rodents. A general increase 
in serotoninergic function can be assumed, as prenatal synthetic GC promotes sero-
tonin transporter expression in brainstem (Slotkin et al.  1996 ) and reduces serotonin 
turnover in hypothalamus, neocortex, hippocampus and midbrain as well as 
increases serotonin in hypothalamus and midbrain (Muneoka et al.  1997 ). Kreider 
et al. ( 2005 ) reported an increased cholinergic synaptic activity in the hippocampus 
of male rats. Prenatal GC results in an increase of tyrosine hydroxylase 
 immunopositive cell counts in the substantia nigra pars compacta and an increase of 
dopamine in the dorsolateral striatum (McArthur et al.  2005 ), suggesting that this 
treatment results in an increased dopaminergic activity. 

 Finally, several studies investigated behavioural long-term effects of prenatal 
synthetic GC. In rodents, this treatment decreases locomotor activity and increases 
anxiety (Oliveira et al.  2006 ; Welberg et al.  2001 ), but there are also reports of 
increased locomotor activity (Muneoka et al.  1997 ) as well as reduced anxiety 
(Velisek  2006 ). The impact of prenatal GC treatment on learning was assessed most 
frequently in the Morris water maze (MWM). The MWM is the most commonly 
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used behavioural task to assess spatial learning in rodents. It consists of a circular 
pool fi lled with cold water, in which a hidden escape platform is positioned. 
Learning is assessed by the reduction of latency to fi nd the platform. Prenatal GC 
was reported to yield a general impairment of performance in this task (Brabham 
et al.  2000 ; Emgard et al.  2007 ; Kreider et al.  2005 ), although one study failed to 
replicate this effect (Oliveira et al.  2006 ). Noteworthy here, a study using cross- 
fostering showed that this reported defi cit in spatial learning might not be mediated 
by the prenatal GC treatment but by the associated increased maternal care (Hauser 
et al.  2009 ). Cross-fostering consists of fostering treated and control pups to 
treated and control surrogate mother, resulting in litters composed of half-treated 
half-control pups reared either by treated or control dams. Learning was also 
assessed following prenatal GC in the eight-arm radial maze, a task in which the 
animal has to get a reward from each arm, re-entry in an arm already visited being 
an error. Prenatal GC treatment resulted in a quicker learning in males and in per-
formance impairment in females (Kreider et al.  2005 ). In a set of two studies, we 
evaluated the possible association between prenatal GC exposure and symptoms of 
two psychiatric diseases, schizophrenia and depression. Rat offspring exposed to 
prenatal GC did not exhibit any alteration of prepulse inhibition or latent inhibition 
(Hauser et al.  2006 ), which respectively accounts for schizophrenia-induced disrup-
tion in sensory motor gating (Braff et al.  1992 ) and the ability to ignore irrelevant 
stimuli (Baruch et al.  1988 ). We also failed to obtain evidence of depressive-like 
behavioural performance in paradigm taxing processes affected by depression, 
namely anhedonia and behavioural despair (Hauser et al.  2009 ). Anhedonia was 
assessed using the progressive ratio schedule of reinforcement, a task in which the 
subject has to increase progressively the workload required to obtain a reward, with 
a reduction of maximum workload reached modelling anhedonia. Behavioural 
despair was assessed using the Porsolt forced swim task and in unconditioned stim-
ulus pre-exposure in active avoidance. In both tasks the subject is exposed to an 
inescapable aversive situation (cold water in Porsolt and foot shocks in active avoid-
ance), with reduced latency to stop escape attempts modelling behavioural despair. 
These fi ndings confi rmed and extended the existing report of unaffected perfor-
mance in the Porsolt forced swim test following prenatal GC (Oliveira et al.  2006 ). 
In primates, we assessed the impact of prenatal GC on motor learning using an 
adaptation of Whishaw skilled reaching task for rats and discrimination learning 
and motivation for a palatable reward using the Cambridge Neuropsychological 
Test Automated Battery (CANTAB) system (Hauser et al.  2008 ). In the skilled 
reaching task, the subject has to reach through a narrow opening for a palatable 
reward. The CANTAB apparatus consists of a programmable touch screen. We 
assessed discrimination learning by rewarding only one out of two presented stim-
uli; once good performance was reached the rewarded and unrewarded stimuli were 
reversed to assess reversal learning. Motivation was assessed in a progressive ratio 
schedule of reinforcement. Marmosets exposed to GC during the last third of preg-
nancy showed no improvement of performance in the skilled reaching task with 
experience and an improvement of reversal learning, but no changes in motivation 
and no other effects were observed.  
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9.4     Mediation of Effects of Prenatal Synthetic GC Exposure 
in Adulthood 

 The fi rst mediator that comes to mind for long-term effects of prenatal synthetic GC 
exposure is a major alteration of development (e.g. reduction of organ size, change in 
the differentiation of specifi c subpopulation of cells). Prenatal synthetic GC has only 
shown a transient reduction of birth weight in rodents (Hauser et al.  2006 ; Kreider 
et al.  2005 ; McArthur et al.  2005 ; Muneoka et al.  1997 ; Burlet et al.  2005 ), an effect 
that was not visible in primates (Hauser et al.  2008 ) except in studies using especially 
long treatments and/or high concentration of GC (Johnson et al.  1981 ; Novy and 
Walsh  1983 ). In addition, these studies with longer treatment duration reported 
decreased hippocampus size as well as reduced number of pyramidal and granule 
neurons. This indicates that the effects of prenatal GC treatment on physical growth 
and CNS development follow a dose-dependent curve. A similar dose- dependent 
effect of prenatal GC treatment on HPA axis activity was reported in human babies 
(Tegethoff et al.  2009 ). In clinical studies, the general outcome of prenatal synthetic 
treatment is also a transient reduction of birth weight, which is recovered after few 
days (Crowther et al.  2011 ; French et al.  1999 ). Considering these transient effects 
and the absence of other major defect at birth, major developmental effects resulting 
in abnormal organs following prenatal synthetic GC treatment are unlikely with the 
dose range used in clinics or in most animal studies. The reduced birth weight 
reported rather seems to represent the known effects of GC, namely growth reduction 
in favour of an increased maturation. Thus the low dose and short treatment used in 
clinics do not result in major alteration of development. Interestingly, increasing dose 
or duration of treatment was shown to have dramatic impact on survival in animal 
models. In a pilot study in rats, we observed that increasing the typical prenatal syn-
thetic GC doses used in this species by twofold resulted in major developmental 
problem, with most of the litter being either stillborn or having major malformation 
leading to early life death (Hauser et al. unpublished results). A similar report was 
published in primates reporting an increased number of stillbirths following high-
dose prenatal GC treatment (Novy and Walsh  1983 ). 

 The next most plausible mediator candidate is prenatal or foetal programming; it 
is the phenomenon by which a specifi c adulthood phenotype is set up based on foe-
tal environment. Barker (Hales and Barker  2001 ) made the fi rst proposition of pre-
natal programming by associating prenatal undernutrition with several adulthood 
diseases (including but not limited to metabolic syndrome, type 2 diabetes) in his 
thrifty phenotype hypothesis. In this hypothesis, prenatal undernutrition is per-
ceived by the foetus, which consequentially adapts its development (e.g. via 
increased food storage in fat tissue). Barker highlighted that such benefi cial strategy 
would be harmful to the offspring if their future environment was not under food 
restriction. The HPA axis has also been proposed to undergo prenatal programming. 
It is known that a stressful environment (pathogens, nutrient deprivation, high pre-
dation, etc.) results in increased HPA activity in the pregnant mother. In response to 
that, the foetus development is adapted and the offspring exhibit increased basal and 
challenged HPA axis activity, decreased GR mRNA and protein levels as well as 
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behavioural fear and anxiety (Seckl  2001 ,  2004 ). This phenotype is more adapted to 
a threatening environment, and it increases the offspring survival rate despite its 
cost. As stated by Barker, a major drawback of prenatal programming is that it 
requires long-term prediction based on the information perceived by the foetus to 
reliably represent the environment in which the adult offspring will live. The effect 
of prenatal GC treatment can be interpreted in the frame of this theory as follows: 
prenatal GC is perceived by the developing foetus as indicator of a stressful environ-
ment (due to its activation of the HPA axis); however, this signal is a poor predictor 
of adulthood environment; thus, the infant will have a maladaptive phenotype in the 
form of an overreactive HPA axis in a normal environment that will yield no benefi ts 
or even be harmful. 

 The  mediation of prenatal programming has yet to be understood; however, sev-
eral indices suggest that epigeneticss play a major role. Epigenetics is the modifi ca-
tion of genetic information over and above alteration in nucleotide sequence. Its 
control of gene expression is mediated by DNA methylation and/or modifi cation of 
chromatin packaging (Wolffe  1998 ). Recent studies support the association between 
perinatal stress and epigenetics programming of element of the stress response. The 
laboratory of Meaney presented evidence associating early life variation in maternal 
care and epigenetics (Weaver et al.  2004 ). They reported that offspring of dam 
exhibiting high maternal care had reduced GR exon 1 

7
  methylation and hippocam-

pal GR expression. Confi rming the epigenetics nature of this effect, cross-fostering 
of these pups resulted in a phenotype that was dependent of the maternal care and 
not of the genetic parent. Although not in the central nervous system, another study 
by Thomassin et al. ( 2001 ) is supporting the association between prenatal GC treat-
ment and epigenetics . They reported that prenatal levels of GC were modulating the 
demethylation of the glucocorticoid receptor responsive unit of the tyrosine amino-
transferase gene promoter in rat liver. These studies provide the fi rst evidences for a 
mechanism that could mediate the integration of foetal environment in genetic 
expression. Thus it seems that prenatal synthetic GC exposure and increased mater-
nal behaviour both lead to epigenetics modifi cation of gene expression in adult-
hood, not only in the brain but also in other organs. Mediation by epigenetics 
prenatal programming might therefore be the best way to explain the integration of 
environmental information and the consequent adapted foetal development, such as 
the thrifty phenotype in response to undernutrition or the increased stress response 
observed after prenatal synthetic GC.  

9.5     Other Factors Modulating Prenatal GC Treatment Effects 

 Gender of the exposed foetus and the maternal care it received in early life have 
repeatedly been reported to modulate the effects of prenatal GC treatment. In the rat 
prenatal synthetic GC literature, most studies were performed using solely male sub-
jects, while in other species the inclusion of both males and females is more common. 
Differences between genders are important considering the fact that each gender 
undergoes a specifi c prenatal development path from as early as the fi rst week of life 
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in humans. This differential development between male and female continues 
 postnatally and peaks at puberty, when endocrine and physical differences are accen-
tuated between genders. Thus, for studies trying to achieve highest possible transla-
tional value of their fi ndings, the use of both males and females is essential. Considering 
that there are important endocrine, neurologic and behavioural differences between 
sexes, the effect of prenatal synthetic GC on any of these could be different between 
the two genders. The inclusion of both genders in studies requires an increase in num-
ber of experimental subject to achieve the necessary statistical power. This can be 
complicated with primate, which is the reason why in most studies, experimenters 
either only used males or did not use the sex as a factor in their analyses. In rat studies 
using both genders, experimenters reported a clear sexual dimorphism of prenatal GC 
treatment, with increased HPA axis reactivity being restricted to males (Brabham 
et al.  2000 ; Hauser et al.  2009 ). In guinea pig, the effect of prenatal synthetic GC 
exposure was an increased HPA axis response in males and oestrus cycle dependant 
in females (Liu et al.  2001 ). The sexual dimorphism observed in the effects of prenatal 
GC exposure can have a wide number of mediators; this was not yet fully investigated. 
An obvious mediator is the sex hormones themselves, particularly when considering 
the overlap between their activity pathway and the one of GC and the possibility of 
GR to form heterodimer with sexual hormone receptors. 

 Prenatal exposure to synthetic GC has been shown to result in altered maternal 
behaviour in rodents (Brabham et al.  2000 ; Hauser et al.  2009 ) and in altered infant 
home cage behaviours in primates (Hauser et al.  2008 ). Manipulations affecting 
maternal behaviour (e.g. early deprivation or early manipulation) have been shown 
to alter HPA axis activity as well as behavioural response in various tasks in adult 
rodents of the fi rst as well as the second generation (Pryce and Feldon  2003 ; Iqbal 
et al.  2012 ) and primates (Pryce et al.  2011 ). It is therefore possible that part of the 
effects attributed to prenatal synthetic GC treatment could originate from the altered 
maternal behaviour. To be able to dissociate direct effects of prenatal synthetic GC 
treatment from indirect effects mediated via altered maternal behaviour, the best 
strategy is to use a cross-fostering design. Despite the increase in number of animals 
needed, the possibility to dissociate effects mediated via the treatment from those 
due to altered maternal behaviour is a considerable advantage in terms of data inter-
pretation. An example where such refi nement proved to be critical is the impact of 
prenatal synthetic GC on spatial learning. In the MWM, prenatal GC exposure was 
reported to result in a decrease of performance (Emgard et al.  2007 ). However this 
fi nding was reinterpreted after a study using a cross-fostering design reported that 
the decreased performance was due to the alteration of maternal behaviour associ-
ated with this treatment (Hauser et al.  2009 ).  

9.6     Conclusions 

 There is no doubt that the use of prenatal GC is necessary in diagnosed preterm 
delivery, as this treatment clearly improves survival rate of newborn. Nevertheless, 
it is important to understand all the possible long-term effects such a treatment 
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could yield and thereby develop better strategy to accommodate them. GCs are the 
key hormones of the HPA axis and inhibit growth; it is therefore not surprising that 
most clinical studies focused on the HPA axis and on physical growth of infants 
exposed to prenatal GC treatment. The general fi nding in this regard was that prena-
tal GC treatment results in a transient sensitisation of the HPA axis and a transient 
reduction of infant weight. The transient character of these effects is questioned by 
studies performed in animals, especially considering the life-long sensitisation of 
the HPA axis reported in rats. A long-term follow-up study in lamb showed that the 
impact of prenatal GC on HPA axis was age dependent. In regard of body weight, 
although most animal studies reported only a transient effect of prenatal GC treat-
ment, there is at least one report of long-lasting effects in rats (Hauser et al.  2006 ). 
This highlights the importance to obtain a long-term follow-up study in humans, as 
the effect on HPA axis and/or body weight could remain silent until a certain age. 
On the background of these physiological changes, there were only few long-term 
effects of prenatal GC on cognition and behavioural performance in various tasks. 
This absence of long-term behavioural effects is positive considering the worries 
regarding side effects of this treatment in clinics. A very interesting fi nding obtained 
in rodent studies is that some of the effects traditionally attributed to prenatal GC 
treatment were shown to be mediated by the increased maternal care of dams receiv-
ing GC. First of all, this fi nding highlights the importance to use a cross-fostering 
design when investigating any perinatal treatment, to be able to dissociate the direct 
effect from those mediated via the mother. Based on these observed long-term effect 
of prenatal GC exposure mediated via alteration of maternal behaviour in rats, clini-
cal investigation focusing on such possibilities in humans are highly warranted. 

 Epigenetics programming seems to be the mediator of both prenatal synthetic 
GC exposure and alteration of maternal behaviour. Accordingly, prenatal and early 
life programming could be reunited into one longer process: developmental epi-
genetics programming. Using this mechanism, growing organisms could adapt their 
development strategy according to modifi cations of their environment perceived 
either directly or indirectly. This hypothesis provides an elegant common mecha-
nism to integrate information from the various life stages to have a continuous 
development adapted to the environment. While, natural selection works over gen-
erations and selects phenotypes according to long-term variation of the environ-
ment, developmental epigenetics programming provides a faster mechanism to 
adapt to rapid environmental changes. Because any environment will indeed present 
both fast and slow changes, it would be expected that organisms developed mecha-
nisms to integrate both of them in their development to achieve the most adapted 
phenotype. The quickness of the developmental epigenetics programming is also 
responsible for its drawback, namely the risk of maladaptation, when a signal is not 
reliably representing the environment in which the developing organism will be in 
its adult life. Thus while developmental epigenetics programming compensates 
natural selection to accommodate fast environmental changes, natural selection 
slower process might compensate for the risk of maladaptation existing in develop-
mental epigenetics programming. These two mechanisms would thereby act in 
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synergy to achieve the best phenotype according to long-term selection and short-
term adaptation.      
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    Chapter 10   
 Early Developmental Trajectories of Brain 
Development: New Directions in the Search 
for Early Determinants of Health and Longevity 

             F.     Cirulli         and     A.     Berry   

    Abstract   Conditions experienced early in life can have enduring consequences. 
Results from epidemiological studies and basic research agree that individual dif-
ferences in both physical and mental health (cognitive, social, and emotional devel-
opment as well as metabolic asset) can be determined by the early environment. 
Both prenatal life and the early postnatal periods are crucial times when adverse 
experiences including psychological or toxic stress can have major impact on devel-
oping systems. The next step in research is to identify the mechanisms underlying 
such programming. Changes in the effectors of stress responses during critical 
developmental stages may favor vulnerability to obesity, mental health, and neuro-
degeneration. Such broad spectrum of effects may explain the comorbidity often 
found between different pathologies, which can greatly affect longevity and the 
quality of life during aging. In addition to genetic susceptibility, epigenetic 
 processes—which rely upon permanent changes in gene expression—could under-
lie such long-term effects and offer promise for environmental or pharmacological 
interventions.  

10.1         Introduction 

 Developing biological systems are strengthened by positive early experiences, 
which lay the groundwork for a lifelong health. Converging evidence, from neuro-
science research, genomics, and the behavioral and social sciences, opens new 
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 perspectives on health promotion and disease prevention. We are now well aware 
that experiences early in life—including adverse experiences—can produce impor-
tant physiological changes which become embedded biological traces that persist 
into adulthood and can lead to increased vulnerability to both physical and mental 
health affecting longevity and healthspan at adult age. Genes and experiences inter-
act to determine an individual’s vulnerability to early adversity, and for children 
experiencing severe traumatic events, environmental infl uences can be as powerful 
as genetic predispositions in their impact on the odds of having chronic health prob-
lems later in life. Thus health promotion and disease prevention also depend upon 
our ability to strengthen the foundations of health and mitigate the adverse impacts 
of toxic stress in the prenatal and early childhood periods (Cirulli et al.  2009 ; Hunter 
 2012 ; Shonkoff et al.  2009 ; van Os et al.  2012 ). 

 In most mammals, development is a gradual process occurring before and after 
birth entailing a continuous accumulation of small changes. This process, resulting 
from the interaction between the individual genetic asset and the pre- and/or postna-
tal environment, is functional to the generation of a range of phenotypes suitable for 
different environments promoting the successful perpetuation of the genotype and 
affecting both the existence of the single individual and population biology (Bateson 
 2001 ; Bateson et al.  2004 ; D’Udine and Alleva  1983 ). During development, the 
organism is characterized by an elevated plasticity which allows the individual to 
adjust to changes but, at the same time, provides the substrate for increased vulner-
ability to later disease, resulting overall in a double-edged  sward. The overall suc-
cessful or detrimental result of the developmental program will depend upon the 
genetic background of the organism and on the stability of environmental condi-
tions with respect to those which contributed to prime developmental trajectories 
(Bateson et al.  2004 ). 

 Knowledge of biological mechanisms occurring during the early stages of life, 
including pre- and perinatal phases, can allow understanding/predicting changes in 
brain function which might affect health, including mental health, throughout a life 
course (Bateson et al.  2004 ). An extensive and growing body of research demon-
strates multiple linkages between childhood adversity and health impairments in the 
adult years. The “Adverse Childhood Experiences (ACE) Study” is one of the larg-
est investigations ever conducted on the links between childhood maltreatment and 
later-life health status and well-being. Over, 17,000 patients participated to the 
study on voluntary bases undergoing a comprehensive physical examination provid-
ing detailed information about their childhood experience of abuse, neglect, and 
family dysfunction. Data from this study show a strong association among multiple 
occurrences of traumatic or abusive childhood events and a wide variety of condi-
tions later in life, including cardiovascular disease (CVD), chronic lung disease, 
cancer, depression, alcoholism, and drug abuse (Felitti et al.  1998 ). Individuals 
reporting more ACE also had substantially greater risks for life-threatening psychi-
atric disorders overlapping mental health problems obesity, physical inactivity, and 
smoking (Anda et al.  2006 ; Felitti et al.  1998 ). Other longitudinal studies have 
reported similar associations between early stressful life events and adult diseases 
(Schilling et al.  2007 ). In all cases, the pattern has been the same: the greater the 
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number of adverse experiences in childhood, the greater the likelihood of health 
problems later in life. 

 Research on the biology of adversity illustrates how the body’s physiological 
balance is lost following exposure to chronic stress (or “allostatic load”) (McEwen 
 1998 ). The activation of stress management systems results in a tightly integrated 
repertoire of responses involving the secretion of stress hormones, increased heart 
rate and blood pressure, elevation in blood sugar and infl ammatory protein levels, 
redirection of blood fl ow to the brain, and increased vigilance behavior. The discrete 
activation of these systems represents a “positive stress response” which helps the 
organism to face an acute threat. Under circumstances of chronic or overwhelming 
adversity—and in the absence of social support—stress can become harmful for the 
individual (Shonkoff et al.  2009 ). It is possible to hypothesize that adversity early in 
life can affect the experience-dependent maturation of the cortico-limbic and neuro-
endocrine systems underlying emotional functioning, leading to increased stress 
responses at adulthood (Heim and Nemeroff  2001 ; Meaney  2001 ; Schore  2000 ; 
Seckl and Meaney  2004 ; Tronick and Reck  2009 ). Depressed patients with a history 
of childhood abuse are indeed characterized by a hyperactive hypothalamic–pitu-
itary–adrenal (HPA) axis, a major component of the stress response (Heim and 
Nemeroff  2001 ). In addition, childhood abuse or neglect has been associated with 
abnormalities in brain regions involved in emotional disorders including an overall 
volume loss in hippocampus, corpus callosum, and prefrontal cortex; altered sym-
metry in cortical regions; and reduced neuronal density and integrity in the anterior 
cingulate (Bremner et al.  1997 ; Carrion et al.  2001 ; De Bellis et al.  2002 ; Driessen 
et al.  2000 ; Stein et al.  1997 ; Teicher et al.  2004 ). 

 In order to describe how vulnerability can become “embedded” into animal 
physiology, a “two-hit model” has been hypothesized. According to such model, 
genetic or environmental factors disrupt early development leading to a long-term 
vulnerability to a “second hit” that then leads to the onset of disease. The signaling 
pathways involved in cellular differentiation and maintenance could be targets for a 
“fi rst hit” during early development. These same pathways may be targets for a 
“second hit” of stress occurring in the adolescent or adult organism. Thus, if the 
same pathways in both the developing and the mature organism are targets of stress, 
we can hypothesize an integration between genetic, developmental, and environ-
mental factors that contribute to vulnerability and pathogenesis to diseases at adult-
hood (Maynard et al.  2001 ; Norman and Malla  1993 ; Pani et al.  2000 ).  

10.2     Prenatal Stress 

 Stress has been defi ned as any change of the internal or external milieu perturbing 
the maintenance of homeostasis; in complex organisms it involves a coordinated set 
of intercellular signals and physiological and behavioral responses that result in 
avoidance (when possible) or adaptation to the stressful stimulus. The activation of 
the neuroendocrine system (HPA axis) in response to stress, in the short run, is 
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essential for adaptation, maintenance of homeostasis, and survival (allostasis = 
maintaining stability through changes). Yet, over longer time intervals, it imposes a 
cost (allostatic load) that might affect growth, metabolism, reproduction, infl amma-
tory/immune, and neuroendocrine responses (de Kloet et al.  2005 ; Maccari and 
Morley-Fletcher  2007 ; McEwen  1998 ; Seckl  2004 ). 

 During perinatal phases, stress and environmental adversities are transmitted to 
the fetus/newborn and act on developmental trajectories of specifi c tissues. These 
mechanisms that occur during sensitive periods of individual development may 
affect tissue organization and function. Since different organs show different sensi-
tivity at different times, the effects of adversities on an animal’s biology will be 
tissue, time, and challenge specifi c (Harris and Seckl  2011 ). Thus, the allostatic 
load experienced early during life has the potential to pervasively impact on the 
adult physiology, setting the stage for the emergence of phenotypes vulnerable to 
the onset of many and different pathologies during adult life, including CVD, type 
2 diabetes (T2D), emotional disorders, and psychopathology (just to mention a few) 
which can greatly affect health and the quality of life of the adult age. 

 Human epidemiological studies consistently provide evidence for an association 
between environmental challenges during pregnancy, altered fetal growth and 
development, and the occurrence of pathological conditions later in life (Barker 
et al.  1993 ; Seckl  1998 ). 

 In the late 1980s Barker and colleagues observed that the regions in England 
showing the highest rates of low birth weight-related infant mortality were also 
characterized by the highest rates of mortality from CVD. These observations led to 
the hypothesis that those babies who survived, despite their reduced body weight, 
became at risk of CVD later in life (Barker et al.  1989 ,  1993 ; Barker and Osmond 
 1986 ). Interestingly, the relationship between reduced birth weight and the develop-
ment of diseases at adult age (e.g., hypertension or T2D) appears to be independent 
of lifestyle-related risk factors (e.g., obesity, smoking, alcohol consumption, and 
social class) (Harris and Seckl  2011 ; Leon et al.  1996 ; Levine et al.  1994 ; Osmond 
et al.  1993 ). In addition, studies on twins have shown that the genetic background 
can only partially account for this association (Baird et al.  2001 ; Gluckman and 
Hanson  2004 ) suggesting that a certain part of the vulnerability to adult diseases 
might certainly fi nd its roots during early life stages as a result of diversions or 
reprogramming in the developmental trajectories. Indeed, reduced weight at birth 
has been also associated with anxiety disorders, cognitive disabilities, depression, 
schizophrenia, attention-defi cit/hyperactivity disorder (ADHD), and antisocial 
behaviors (Famularo and Fenton  1994 ; Khashan et al.  2008 ; Raikkonen and Pesonen 
 2009 ; Raikkonen et al.  2008 ; Wust et al.  2005 ). A number of maternal complica-
tions have been specifi cally related to negative fetal outcomes, including pre- 
eclampsia, depression, diabetes, infection/infl ammation, and obesity (Zammit et al. 
 2009 ). Congenital abnormalities, including cardiovascular and neural tube defects, 
are also more common in offspring of diabetic or overweight mothers, potentially 
due to the teratogenic effects of hyperglycemia and relaxin (Hawdon  2011 ). 
Maternal  psychosocial stress has been found to result in altered fetal weight; insulin 
resistance; altered metabolic, immune, and endocrine function; and decreased 
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 cognitive performance (Entringer et al.  2010 ). These data on human cohorts have 
been strengthened by studies performed on animal models (mostly rodents and 
monkeys) of prenatal stress ranging from restraint stress in the third week of preg-
nancy to disruption of maternal metabolic pathways through chronic undernutrition 
or high- fat diet-induced obesity. Effects of these early challenges result overall in 
increased anxiety and depressive-like behavior, impaired cognitive abilities, and 
increased markers of brain infl ammation and oxidative stress in the offspring (Bilbo 
and Tsang  2010 ; Darnaudery and Maccari  2008 ; Maccari and Morley-Fletcher 
 2007 ; Vallee et al.  1997 ,  1999 ). In particular, exposure to prenatal stress in rodents 
results in increased responsiveness of the HPA axis to stress (Maccari et al.  1995 ; 
Morley- Fletcher et al.  2003 ; Vallee et al.  1997 ). In addition, reduced levels of both 
mineralocorticoid (MR) and glucocorticoid (GR) receptors (the main receptors for 
the adrenal stress hormones cortisol and corticosterone—CORT) are found in the 
hippocampus of adult offspring, revealing a possible mechanism for the defi cit of 
HPA axis feedback processes (Maccari et al.  1995 ). Moreover, prenatal restraint 
stress (PRS) accelerates age-related alterations in the HPA axis also eliminating the 
characteristic hyporesponsiveness in newborn rats (Henry et al.  1994 ). A number of 
results suggest that the HPA alterations induced by prenatal stress may vary accord-
ing to gender and to the nature or the intensity of the stressor. The hyperactivity of 
the HPA axis observed in both male and female rats exposed to prenatal stress is 
accompanied by increased anxiety-like behavior in adult males (Poltyrev et al. 
 1996 ; Vallee et al.  1997 ; Viltart et al.  2006 ) and by an increased behavioral response 
to novelty in both males and females (Fride et al.  1986 ; Louvart et al.  2005 ; 
Thompson  1957 ; Vallee et al.  1997 ; Wakshlak and Weinstock  1990 ). Interestingly, 
the effects of prenatal stress on anxiety are less marked in females (Zagron and 
Weinstock  2006 ) and possibly even opposite to those found in males, as suggested 
by the decreased anxiety-like behavior observed in prenatally stressed females 
(Cirulli et al. unpublished results). By contrast, depression-like behavior has been 
observed in both male (Morley-Fletcher et al.  2003 ,  2004 ) and female rats (Alonso 
et al.  1991 ). Circadian rhythmicity of CORT secretion is also changed by prenatal 
stress which might be mediated, at least in part, by a reduction in hippocampal MR/
GR at specifi c times of the day (Koehl et al.  1999 ). The altered glucocorticoids 
(GCs) secretion and behavioral response induced by early environmental manipula-
tions seem to occur earlier than the cognitive alterations that are mainly observed 
later in life, and these cognitive alterations could be one consequence of early HPA 
axis hyperactivity (Vallee et al.  1999 ; Viltart et al.  2006 ). Interestingly, the response 
of adult female PRS rats to early stress is less evident, and despite showing hyper-
activity in the HPA axis, females are characterized by reduced anxiety-like behavior 
and improved learning, suggesting an early effect of stress on hormonal systems 
with an impact on their “organizational effects.” Glucocorticoid hormones are also 
involved in the regulation of circulating glucose levels, body weight, and appetitive 
behavior; peripheral glucose utilization decreases following GC administration 
(Long et al.  1940 ; McMahon et al.  1988 ) or stressful events (Munck  1971 ). In the 
brain, GCs exert an inhibitory function on glucose uptake (Horner et al.  1990 ; 
Kadekaro et al.  1988 ). Indeed, Vallée and coworkers showed that the offspring of 
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mothers which underwent restraint stress between the 14th and the 21st days of 
 pregnancy were characterized by decreased body weight and food consumption in 
 addition to increased basal glucose levels at adult age (Vallee et al.  1996 ) demon-
strating a pervasive effect of prenatal stress not only on emotional but also on meta-
bolic development of the organism. 

 As for the mechanisms, it is worth noticing that exposure to a wide range of 
insults during gestation appears to converge to similar effects on fetal growth, neu-
rodevelopment, and metabolism (Zeltser and Leibel  2011 ). Indeed this “funneling 
effect” should not be surprising given the pervasive effects of stress on the function-
ality of the HPA axis, which represents a main link between central nervous system 
(CNS) adaptations to environmental stressors and peripheral–behavioral and endo-
crine–metabolic responses (Cirulli and Alleva  2009 ; McEwen et al.  1988 ,  1992 ; 
Sapolsky et al.  1986 ). The interface of the mother–fetus communication is the pla-
centa, which has an important role in directing stress signals from the mother to the 
fetus through the expression of transporters that regulate the fl ux of glucose, amino 
acids, vitamins, and ions required for growth and development (Bale et al.  2010 ; 
Fowden et al.  2009 ). The placenta is a temporary organ that performs the functions 
of several adult organs for the growing fetus such as those related to metabolism, 
respiration, excretion, and endocrine function. It is characterized by high expression 
levels of the enzyme 11β-hydroxysteroid dehydrogenase type 2 (HSD2) which cata-
lyze the rapid inactivation of GCs, acting as shield from the maternal GCs (Edwards 
et al.  1993 ; Meaney et al.  2007 ). However, this barrier is apparently incomplete, 
allowing a moderate amount of maternal GCs to reach the fetus (Benediktsson 
et al.   1997 ). Glucocorticoids are essential for the fetus to develop, as also suggested 
by the lethal phenotype of GR knockout mice (Cole et al.  1995 ). They bind to GR 
and MR, widely expressed in the fetal tissues and in the placenta, which act as tran-
scription factors to alter gene expression. These hormones promote lung maturation 
(Ward  1994 ) and brain development by initiating terminal maturation, remodeling 
of axons and dendrites, and affecting cell survival (Meyer  1983 ; Yehuda et al.  1989 ). 
Thus, even modest perturbations in the levels of HSD2 enzyme might have a pro-
found impact on fetal GC exposure and on the overall fetal development. Both in 
human and in animal studies, it has been shown that controlled fl uctuations in the 
expression levels or in the functionality of HSD2 naturally occur during pregnancy 
to allow the correct amount of GCs to reach the fetus at the proper time for organ 
maturation. Interestingly, metabolic (Bertram et al.  2001 ; Langley-Evans  1997 ) and 
emotional stressors (Mairesse et al.  2007 ) have the equal potential to modify HSD2 
functionality resulting in high levels of GCs reaching the fetus, which retard growth 
and program disease susceptibility (Benediktsson et al.  1997 ; Edwards et al.  1993 ; 
Seckl  1998 ). Thus, hormonal signals of maternal status, including GCs, insulin-like 
growth factors (IGFs), insulin, and leptin, are sensed by the placenta and transmitted 
to the fetus predominantly through effects on placental function. Notwithstanding 
this evidence, environmental adversities may not act alone in determining the devel-
opmental origin of health and diseases (DOHaDs). In fact, evidence from rodents’ 
models has clearly shown that the genetic asset plays a critical role. For example, 
rats bred for high (HAB) or low (LAB) anxiety are able to differently modulate 
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placental HSD2 in response to restraint stress during pregnancy, the latter showing 
increased levels. As a result, the offspring of LAB rats appear overall protected from 
the detrimental effects of high maternal GC exposure (Lucassen et al.  2009 ). 
In addition, HSD2 knockout mice show reduced birth weight only on C57Bl/6J but 
not on a 129× MF1 background (Holmes et al.  2006 ; Kotelevtsev et al.  1999 ). 

 Taken together, results from these studies clearly suggest that the interaction 
between the individual maternal genetic asset and environmental challenges, such 
as prenatal stress, might lead to a complex remodeling of the developing organism 
providing an “allostatic load” which results in lifelong changes. Such early life 
challenges have the potential to pervasively impact adults’ physical and mental 
health affecting the quality of life especially in fragile times as during aging.  

10.3     Postnatal Stress 

 Beyond the prenatal phases, childhood and adolescence also represent sensitive 
times of great brain plasticity and of physical and emotional development. Most of 
the studies in this fi eld of research are currently committed to identify main aspects 
of adverse early experience associated with alterations in specifi c output systems 
and, consequently, the presence of windows of opportunity for targeted interven-
tions to prevent or reverse dysfunctions. In addition, the identifi cation of gene poly-
morphisms contributing to the genetic individual’s variability in susceptibility to 
adverse health outcome at adult age appears promising (Sanchez et al.  2001 ). 

 Strong evidence suggest that stress experienced during early childhood may have 
long-lasting and often irreversible effects on emotion, behavior, growth, metabo-
lism, reproductive, immune, and cardiovascular function and may also affect brain 
morphology and neurochemistry in addition to CNS expression levels of genes that 
have been related to anxiety and mood disorders (Charmandari et al.  2003 ; 
Pervanidou and Chrousos  2007 ). In particular, a clear association between anxiety, 
mood disorders, and HPA axis dysfunctions has been found. Children with a history 
of exposure to chronic uncontrolled stress often show elevated peripheral cortisol 
levels, especially in the evening, i.e., during the circadian hormonal trough, and 
elevated catecholamine concentrations. De Bellis and coworkers have reported 
increased 24 h urinary concentrations of catecholamines and their metabolites in 
sexually abused girls with depression and suicidal behavior, much more than in 
matched controls (De Bellis et al.  2002 ). The same group of children exhibited 
reduced evening corticotrophin-releasing hormone (CRH)-stimulated plasma corti-
cotropin concentrations compared with matched non-abused symptom-free girls. 
These neuroendocrine changes refl ect a potential mechanism of how chronic stress 
can lead to chronic hormonal disturbances with potential clinical and metabolic 
consequences. In fact, stress-related chronic alterations in cortisol secretion in chil-
dren may also affect the fi nal stature and body composition, as well as cause early 
onset obesity, metabolic syndrome, and T2D. Thus, the understanding of stress 
mechanisms leading to metabolic abnormalities in early life may lead to more 
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 effective prevention and intervention strategies of obesity-related health problems 
(Pervanidou and Chrousos  2011 ). 

 During the early postnatal phases the brain is experience-seeking and provided by 
a considerable plasticity which allows a fi ne-tuning between the external environ-
ment and the developing organism. Since the early work of Seymour Levine, an 
impressive amount of research has clearly shown that stressful experiences exert 
powerful effects on brain and body development. These effects can last throughout 
the entire lifespan infl uencing brain function and increasing the risk for depression 
and anxiety disorders. Studies performed in altricial rodents (e.g., mice and rats) 
have clearly shown that maternal care is crucial for an adequate development of the 
pups, representing the most relevant source of early stimulation. Thus modifi cations 
of the maternal environment may result in long-term changes in the pattern of neuro-
endocrine and emotional/behavioral responses later in life (Cirulli and Alleva  2009 ). 

 Wild rodents having pups are often forced to leave the nest for variable periods 
(minutes to hours) of time for foraging. This pattern of maternal attendance to the 
nest has been modeled in the laboratory settings by early handling (H), which con-
sists of removing the pups from the mother and their cage and placing them in 
individual compartments for up to 15 min until weaning (Levine  1957 ). Animals 
handled during infancy show important changes in the functionality of the HPA axis 
in a way such that the ability of the adult organism to respond, cope, and adapt to 
novel and/or stressful stimuli is increased (Levine  1957 ; Meaney et al.  1991 ). For 
example, immediately after the exposure to an electric shock, H rats (tested at adult-
hood) show a faster peak in the release of the GC stress hormones and a rapid return 
to basal levels when compared to non-handled (NH) controls. The speed and short 
duration of the neuroendocrine responses characterizing the H subjects appear to be 
extremely adaptive preventing the organism to be exposed to high circulating GC 
levels that can result, especially under chronic stressful conditions, in neurotoxicity 
through different mechanisms (Lupien et al.  1998 ; McEwen  1998 ). These changes 
in neuroendocrine responses to stress are also accompanied by important changes in 
emotionality and in those neurotransmitter systems which regulate it such as the 
GABAergic one (Giachino et al.  2007 ). 

 The long-term effects of the H procedure appear to depend upon changes in the 
phenotype of those neurons involved in the stress response (Meaney et al.  1996 ). As 
an example, H subjects show an increased number of GR expression in the hippo-
campus, a brain region strongly implicated in GC feedback regulation (Meaney 
et al.  1989 ). In addition, CRH mRNA and protein levels are higher in NH compared 
with H animals already under basal conditions (about 2.5-fold) as well as in response 
to stress (Plotsky and Meaney  1993 ). It is important to point out that, depending on 
the duration of the dam-offspring separation, the effects on the HPA axis responses 
to stress are qualitatively different. Animals that have been exposed to repeated 
maternal separation of 180–360 min per day for the fi rst 2 weeks of life show, at 
adulthood, increased plasma adrenocorticotrophin (ACTH) and CORT levels in 
response to a stressful challenge (when compared to NH controls), an effect oppo-
site to that of the H procedure (Plotsky and Meaney  1993 ). This longer period of 
separation also results in decreased GR binding in both the hippocampus and the 
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hypothalamus (Plotsky and Meaney  1993 ). Compared to handling, which imposes 
an external manipulation on the mother–infant relationship, social enrichment, in 
the form of communal rearing, in mice has very profound effects on animal’s emo-
tionality and the response to stress. These effects are also accompanied by impor-
tant changes in central levels of brain-derived neurotrophic factor (BDNF). Overall, 
the availability of ever more sophisticated animal models represents a fundamental 
tool to translate basic research data into appropriate interventions for humans raised 
under traumatic or impoverished situations (Cirulli et al.  2010 ).  

10.4     Neurobiological Determinants: Role of Neurotrophins 

 As mentioned above, early life adverse events might set the stage for the onset of 
emotional and psychiatric disorders at adult age, which have been often associated 
to important changes in the functionality of the neuroendocrine system and of the 
HPA axis in particular (Heim and Nemeroff  1999 ,  2001 ; Holsboer  2000 ). Thus, 
although it appears even more clear that the interaction among genetic, develop-
mental, and environmental factors can produce long-lasting changes in HPA system 
physiology and emotional behavior, the molecular mechanisms underlying such 
effects are far from being completely elucidated (Meaney and Szyf  2005 ). 
Neurotrophins, such as nerve growth factor (NGF) and BDNF, play a pivotal role in 
brain development and plasticity representing good candidates for mediating some 
of the effects triggered by early experiences on brain function. In fact, these trophic 
factors are involved in synaptic and morphological plasticity with maximal levels at 
times of neuronal growth, differentiation, and synaptogenesis (Thoenen  1995 ). 
A growing body of evidence suggest that changes in BDNF signaling in different 
brain areas of the adult individual may be involved in the pathophysiology of psy-
chiatric disorders, such as depression (Altar  1999 ; Berton et al.  2006 ; Castren et al. 
 2007 ; Duman and Monteggia  2006 ; Sen et al.  2008 ). In fact, though it does not 
control mood, BDNF plays an important functional role in the modulation of those 
networks which determine how a plastic change infl uences mood (Castren et al. 
 2007 ). Interestingly, it has been hypothesized that successful antidepressant treat-
ments might act by promoting activity-dependent neuronal plasticity through the 
activation of BDNF systems, possibly inducing proliferative or survival effects on 
neural stem cells (Castren  2005 ). 

 Since NGF and BDNF play a pivotal role in shaping brain function, a pathologi-
cal alteration in their activation early during perinatal phases could exert long- 
lasting effects on synaptic plasticity, impairing the ability of the organism to cope 
with novel/stressful situation, leading to psychopathology (Zubin and Spring  1977 ). 

 It has been already shown that manipulations of the early environment in rats can 
affect the expression of these neurotrophic factors both during development and at 
adult age (Branchi et al.  2006 ; Cirulli et al.  1998 ,  2000 ,  2003 ; Liu et al.  1997 ; 
Roceri et al.  2004 ; Sale et al.  2004 ). More in detail, daily maternal separations of 3 h 
performed over the fi rst 14 postnatal days affect BDNF mRNA levels in limbic 
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regions of rats (Roceri et al.  2004 ). BDNF gene expression is increased soon after 
(on postnatal day 17) maternal deprivation stress in the prefrontal cortex and hip-
pocampus, while at adulthood, a long-lasting decrease in its expression has been 
found in the same brain area (Roceri et al.  2004 ). These changes are associated to 
reduced HPA axis responses to chronic swimming stress (Roceri et al.  2004 ). Thus, 
variations in the expression of BDNF may contribute to the generation of individual 
differences in stress neurocircuitry, providing a substrate for altered susceptibility to 
the onset of depressive disorders at adult age (Castren et al.  2007 ; Cirulli and Alleva 
 2009 ; Cirulli et al.  2009 ; Hunnerkopf et al.  2007 ). It is worth noticing that early 
social stimulation provided by experimental paradigms such as that of communal 
nesting (CN) might also affect the levels of neurotrophins (Branchi et al.  2006 ) in a 
way such that NGF and BDNF protein levels are markedly increased in the hippo-
campus and hypothalamus of CN mice compared to NH mice. According to the 
literature (Castren  2005 ), an increase in neurotrophin levels in the hippocampus 
might account for changes in the neurogenesis rate in the dentate gyrus. In fact, CN 
mice are characterized by an increased cell survival, in line with the hypothesis that 
BDNF signaling is required mainly for the long-term survival and less for prolifera-
tion of newborn brain cells (Sairanen et al.  2005 ).  

10.5     Epigenetic Marks of Early Experiences 

 Epigenetics—also referred to as the infl uences on phenotype operating above the 
level of the genetic code—has been defi ned as “the study of heritable changes other 
than those in the DNA sequence that encompass two major modifi cations of DNA 
or chromatin: DNA methylation, the covalent modifi cation of cytosine, and post- 
translational modifi cation of histones including methylation, acetylation, phosphor-
ylation and sumoylation” (Callinan and Feinberg  2006 ). In addition, recent evidence 
suggests that noncoding RNAs (and particularly microRNAs) contribute to the 
stock of epigenetic mechanisms that are found in major diseases and that can occur 
at critical developmental times (Esteller  2011 ). 

 The principles and concepts of epigenetics have been applied to the DOHaD, a 
hypothesis on fetal programming of diseases (Barker  1998 ). If some of the mecha-
nisms for developmental plasticity described in the DOHaD approach are epigene-
tic, and disease-related outcomes are related to disruptions of epigenetic processes 
elicited by the fetal environment, then this emerging fi eld may provide explanatory 
mechanisms that underlie some of the enduring effects of adverse fetal, infant, and 
childhood environments. Two types of genes are modifi ed epigenetically (i.e., are 
epigenetically liable): imprinted genes and genes with metastable epialleles. 
Imprinted genes are those in which specifi cally either the maternally derived or the 
paternally derived allele is suppressed, thereby rendering them functionally haploid 
(i.e., with parent-of-origin monoallelic expression). In other non-imprinted genes, 
one or both alleles are regulated epigenetically, and these metastable epialleles 
result in varying levels of gene expression. New data show that a similar process is 
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associated with human suicide (McGowan et al.  2008 ) and that marks of childhood 
adversity are found in adult human brains (McGowan et al.  2009 ; Szyf  2012 ). 
Although direct epidemiological evidence of an involvement of epigenetic dysregu-
lation in human CVD, T2D, and obesity is still rare, compared with the fi eld of 
cancer, this may be due to temporal and tissue specifi city. Nonetheless, there is a 
strong epigenetic basis for the DOHaD model of disease pathogenesis based on 
animal studies, which (for example) show that minor alterations in the maternal diet 
during pregnancy can produce lasting changes in the physiology and metabolism of 
offspring (Gluckman and Hanson  2004 ). 

 There are numerous examples of the contribution of early environment to epi-
genetic alterations in stress responsiveness. Using rodent models, the group of 
Michael Meaney and Moshe Szyf investigated epigenetic effects of maternal care. 
Increased maternal care through licking and grooming increases hippocampal 
expression of the glucocorticoid receptor GR mRNA and protein, reduces hypotha-
lamic CRH, and decreases HPA response to stress (Francis and Meaney  1999 ; Liu 
et al.  1997 ; Meaney and Szyf  2005 ). This work showed a direct relationship between 
maternal behavior and DNA methylation in the rat hippocampal GR gene. Further 
studies have then shown that central infusion of methionine (a methyl donor) is able 
to reverse such early effects, suggesting that the inherently stable epigenomic marks 
established by behavioral programming at a critical period early in life are poten-
tially reversible later in life (Weaver et al.  2004 ). The maternal separation model of 
early life stress has also been demonstrated to have an epigenetic impact. Low 
maternal behavior produces HPA hyperactivity in adults, partly by increasing 
expression of the ACTH gene, in the anterior pituitary. As ACTH release is driven 
by the release of arginine-vasopressin gene (AVP) and CRH from the hypothalamus 
into the pituitary portal circulation, Murgatroyd and collaborators examined the 
effect of maternal separation on AVP and CRH gene expression (Murgatroyd et al. 
 2009 ). Early life maternal separation has been shown to induce DNA hypomethyl-
ation in the arginine AVP in neurons of the hypothalamic paraventricular nucleus 
that was sustained into adulthood (Murgatroyd et al.  2009 ). They found that mater-
nal separation increased AVP but not CRH expression in the hypothalamus and that 
the increase was associated with DNA hypomethylation in an AVP enhancer region. 
This region appears to be the major binding site for the methyl CpG-binding domain 
protein MeCP2 that plays also a role in the regulation of the expression of stress- 
responsive genes such as BDNF (Martinowich et al.  2003 ). Another early life stress 
model, using stressed and abusive mothers (obtained, e.g., by limiting dams’ ability 
to build the nest during postpartum days—see Ivy et al. ( 2008 ) and also Roth and 
Sullivan ( 2005 )), showed that pups reared under these conditions are characterized 
by reduced levels of BDNF expression in the prefrontal cortex, which correlated 
with DNA hypermethylation at the activity-dependent exon IV promoter. The inves-
tigators were able to reverse this effect by infusing the DNA methylation inhibitor 
zebularine (Roth et al.  2009 ). This provides a biological basis for speculations about 
the effects of poverty on early experience and how exposure to abuse, family strife, 
emotional neglect, and harsh discipline may have epigenetic effects that produce 
individual differences in neural and endocrine response to stress. This series of 
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events may ultimately increase the susceptibility to common adult disorders such as 
depression and anxiety, drug abuse, and diabetes, heart disease, and obesity. 
Investigating the effects of early life stress on the epigenome and adult behavioral 
phenotype may lead not only to a better understanding of the risk architecture of 
major diseases but could also allow preventive measures in risk populations  and 
new diagnostic and, potentially, therapeutic approaches since, in contrast to genetic 
variations, epigenetic effects on the transcriptome are potentially reversible in 
adulthood.      
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    Chapter 11   
 Adaptive Regulations in Developing Rodents 
Following Neonatal Challenges 

              Laurence     Coutellier      

    Abstract   Developmental phenotypic plasticity is a mechanism by which events 
early in life program brain for a pattern of neuroendocrine and behavioral responses 
in later life. The goal of this chapter is to give the reader a better understanding of 
what is developmental phenotypic plasticity and how it can lead to adaptive phe-
notypes in adulthood. Experimental evidences from rodents show that early expe-
riences infl uence long-term development of behavioral, neuroendocrine, and 
cognitive functions. Different factors have been suggested to mediate the effects 
of neonatal conditions on offspring development, but their exact contribution as 
well as their interaction still needs to be clarifi ed. Several studies demonstrated the 
important role of maternal behavior in mediating the effects of neonatal chal-
lenges on adaptive regulations in the developing rodents. It has been suggested 
that there is an inverse relationship between the amount of active maternal care 
received by the offspring and their later reactivity to stressful or challenging 
events. However, other studies found a dissociation between the level of maternal 
care and offspring phenotype. These results suggest that aside from the level of 
maternal care, non-maternal factor (gender, neonatal glucocorticoid levels) con-
tributes to the adjustment of offspring phenotype to early environmental cues. 
Altogether, rodents-based evidence suggests that developmental plasticity is a 
very complex phenomenon mediated by multiple factors that interact one to each 
other. Ultimately, these researches will help to better understand how the condi-
tions from the neonatal environment affect brain development and can lead to 
adaptive phenotypes in adulthood.  
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11.1         Introduction 

 The discovery of the double helix structure of DNA by Watson and Crick in 1953 
allowed scientists to explain all biological phenomena by the trio DNA–RNA– 
protein. However, the idea that an organism’s phenotype is entirely explained by its 
genome has been revised. Indeed, “the concept of phenotypic plasticity has allowed 
researchers to go beyond the nature-nurture dichotomy to gain deeper insights into 
how organisms are shaped by the interaction of genetic and ecological factors” 
(Pigliucci  2001 ). For instance, the characteristics of the rearing environment affect 
the development of offspring leading to a wide variety of adult phenotypes within 
populations. This is referred to as “developmental phenotypic plasticity” or “pro-
gramming.” This mechanism has been shown to exist in many living organisms, 
including plants, insects, and mammals (Tollrian  1995 ; Agrawal  1999 ; Bateson 
et al.  2004 ). It allows organisms to develop a phenotype that will help them cope 
with the characteristics of their (future) environment. In this framework, the devel-
oping organism is not seen as a passive entity subjected to its environment, but 
rather it plays an active role based on specifi c characteristics of the environment. 
When environing conditions remain constant throughout the entire life span, this 
phenomenon may provide the organism with a better adaptive response to the future 
requirements and preserve health and survival. However, if the initial conditions are 
suddenly changed, the adaptive processes may be disrupted and predispose to cer-
tain diseases. 

 This programming phenomenon is particularly relevant in philopatric species such 
as rats and mice, in which the offspring inhabit the parental niche. Early environmen-
tal cues “inform” the developing offspring of the characteristics of their future envi-
ronment, and the offspring regulate their phenotype accordingly. Laboratory rodents 
(e.g., rats and mice) became the preferred animal model for the study of developmen-
tal phenotypic plasticity. The pioneering work of Levine, Denenberg, and their col-
leagues, and later Meaney, Plotsky, and colleagues has shown that even quite subtle 
alterations of a rat’s experience during the early postnatal period can have long-last-
ing consequences for defensive behavior, emotiveness, and stress responsiveness 
(for reviews, see Francis and Meaney  1999 ; Meaney  2001 ; Champagne et al.  2003 ; 
Cirulli et al.  2003 ). The dynamic interplay between the early environment, brain 
development, and stress reactivity later in life has since been extensively studied. 
Artifi cial manipulations of mother/offspring relationships during the early postnatal 
period of rats and mice suggest that subtle variations in the postnatal environment can 
have marked and persistent effects on rodent brain systems involved in coping with 
environmental challenges (e.g., Meaney et al.  1991 ; Liu et al.   1997 ). It was also sug-
gested that there is an inverse relationship between the amount and quality of mater-
nal care received during infancy and offspring stress reactivity in adulthood. This was 
called the maternal mediation hypothesis (Smotherman and Bell  1980 ; see also 
Würbel  2001 ). This hypothesis provides a mechanism by which variations in mater-
nal care may adaptively mediate phenotypic plasticity of stress systems (e.g., 
hypothalamic– pituitary–adrenal [HPA] axis) of  offspring. However, the maternal 
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mediation hypothesis has recently been exposed to scrutiny. The main concern is the 
emphasis placed on the role of active maternal care as opposed to other contributing 
factors (e.g., neonatal corticosteroid levels, offspring gender—Macrì et al.  2004 , 
 2009 ; Tang et al.  2006 ,  2011 ; Coutellier et al.  2008b ,  2009 ). It has been suggested 
that maternal care cannot be considered the sole and unique factor mediating devel-
opmental phenotypic adjustments in rodents. Other factors are now being studied to 
understand how they can favor phenotypic plasticity in response to neonatal environ-
mental cues. 

 The main goal of this chapter is to better understand this “programming” or 
“developmental phenotypic plasticity” as a phenomenon by which neonatal cues 
change the organism’s development. The aim is to give the reader a clear picture of 
how environmental challenges, acting in a critical period in life, affect the adult 
rodent phenotype and how it helps organisms to adapt to their environment in adult-
hood. First we will present how developmental challenges modulate individual 
adaptation to the future environment. We will then discuss the adaptive signifi cance 
of developmental phenotypic plasticity and briefl y explain how this process 
might become maladaptive. Finally, we will discuss the factors contributing to this 
 programming phenomenon.  

11.2     Individual Adaptation Following Developmental 
Challenges 

 Developmental phenotypic plasticity has been extensively studied in rodents. 
The early postnatal environment of the offspring has been challenged using a wide 
variety of manipulations ranging from mother–pup separation, exposure to stressors 
(e.g., predator odors), or variability in the foraging environment. The adult pheno-
type of the offspring has been analyzed to determine how these challenges affect the 
animals’ capacity to cope with environmental challenges later in life. Early studies 
investigating the link between neonatal experiences and the regulation of adult 
stress and fear responses revealed that mild experimental challenges may help the 
organism to cope with acute stressors in adult life (Levine et al.  1957 ). Levine et al. 
( 1957 ) showed that brief (3 min) daily mother–infant separations during the fi rst 3 
weeks of life have persistent effects on the rat pups’ pituitary adrenal axis, as exhib-
ited by reduced adrenal gland weight 24 h after a saline injection. This result has 
been replicated many times, and brief (3–15 min) daily mother–offspring separation 
(early handling, EH) during the fi rst 1 or 2 weeks of life is consistently associated 
with reduced HPA axis and fear responses in the adult offspring (e.g., Meaney et al. 
 1991 ; Lui et al.  1997 ; Macrì et al.  2004 ), enhanced spatial working memory, and a 
greater competitive ability to obtain limited food rewards in the presence of a con-
specifi c (Tang et al.  2006 ). This lent support to the hypothesis that early moderate 
environmental challenges (such as brief periods of maternal separation) affect the 
development of the offspring in a way that allow them to effi ciently cope with acute 
stressors or challenges during their adult life. 
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 Because of the artifi cial nature of these neonatal manipulations, new  experimental 
designs using more natural settings have been recently developed and have con-
fi rmed further the importance of early environmental cues on the developing pups. 
For instance, dam–offspring rat dyads were exposed to different levels of foraging 
conditions (Macrì and Würbel  2007 ). Food availability was varied in space and 
time. Specifi cally, one group of dams had access to food ad libitum in the home cage 
(minimal challenges); one group had food ad libitum in an exploration cage located 
at some distance from the nest (mild challenges). Pups raised by dams with access 
to food away from the nest cage showed reduced fearfulness and HPA reactivity 
when adult (Macrì and Würbel  2007 ). Similarly, in mice, mild challenges in the 
maternal environment induced by a predator odor result in adult mice that are less 
fearful (Coutellier et al.  2008a ) and that demonstrate better cognitive abilities 
(Coutellier and Würbel  2009 ). Altogether, a large amount of studies demonstrate 
that increasing levels of neonatal challenges result in adjustments in the offspring 
phenotype allowing them to effectively respond to acute stressors in adulthood. 
This effi cient ability to maintain homeostasis despite the exposure to multiple 
stressors throughout life has been referred to as “resilience” (stability throughout 
 development—McEwen  1998 ; Feder et al.  2009 ).  

11.3     Adaptive Signifi cance of Developmental Phenotypic 
Plasticity 

 An important question is whether developmental phenotypic plasticity is an  adaptive 
process. Living under conditions of high environmental demand represents an 
important cost for the organism because behavioral and endocrine stress systems 
need to be constantly activated. Thus, if an individual develops in a way to reduce 
its stress and fear responses in adulthood, it will minimize the cost of living in such 
a highly demanding environment. In this case, developmental plasticity can favor an 
individual if the conditions in which it develops are similar to the ones it is going to 
face in adulthood. It looks like developmental plasticity is an adaptive phenomenon 
since it induces attributes that help the organism to cope with the characteristics of 
the environment in which it lives (Gluckman et al.  2005 ). 

 However, in the case of dissociation between environmental cues during early 
development and the characteristics of the future habitat, phenotypic mismatch may 
occur: the adult phenotype does not match the needs of the habitat which may be 
costly in terms of both survival and reproductive success (Bateson et al.  2004 ). 
Studies in rodents demonstrate that exposure to adverse conditions during the neona-
tal period alters the programming of the neuroendocrine and neuroimmune systems. 
For instance, long periods (3–4 h) of daily maternal separations (MS) during the fi rst 
1–3 weeks of life induce enhanced HPA axis responses and increased  fearfulness in 
adulthood (Plotsky and Meaney  1993 ; Huot et al.  2004 ), increased corticotropin- 
releasing factor (CRF) expression in the hypothalamus and reduced cortical gluco-
corticoid receptor (GR) expression (Huot et al.  2004 ), altered  cognitive abilities 
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(Huot et al.  2002 ; Aisa et al.  2009 ), dysregulation of the serotonergic and cholinergic 
systems (Aisa et al.  2009 ), altered immune response to infection (Meagher et al. 
 2010 ), and increased vulnerability to infl uenza virus infection in lung (Avitsur et al. 
 2006 ) and to stroke (Craft et al.  2006 ). In this chapter we are not aiming at explaining 
in depth the adverse consequences of early postnatal stress. For this particular the-
matic we are directing the reader to Chap.   10    . However, it is clear that a large number 
of experimental studies support the view that exposure to adversity during the neona-
tal period affects brain morphology, neurochemistry, and expression levels of genes 
in the central nervous system. This is associated with an increased vulnerability to 
psycho- and physiopathologies at adulthood. These aberrant phenotypes are clearly 
maladaptive under all environmental conditions (Gluckman et al.  2005 ). 

 Thus, the adaptive value of a phenotype depends on how accurately the factors or 
cues that mediate developmental plasticity predict the future environment (Windig 
et al.  2004 ). However, labeling a trait as an adaptation implies that it has evolved in 
response to a specifi c form of selection or that there is a cause-and-effect relation-
ship between the trait and the environment in which it is found. For adaptive plastic-
ity to evolve there must be a trade-off among traits that cause one phenotype to have 
higher fi tness in one environment and an alternative phenotype to have higher fi t-
ness in another environment (Doughty and Reznick  2004 ). To assess the relative 
fi tness of diverse phenotypes, offspring should be investigated in environments that 
differ in how demanding or challenging they are for the animals. For instance, com-
ponents of reproductive success (i.e., Darwinian fi tness), such as the age at which 
sexual maturity occurs, fecundity, or survival rate, might help to assess the adaptive 
value of different phenotypes depending on the environment to which they are 
exposed. More “naturalistic” experimental designs have been recently developed to 
better address this point (Macrì and Würbel  2007 ; Coutellier et al.  2008a ,  b ,  2009 ; 
Coutellier and Würbel  2009 ).  

11.4     Factors Mediating Environment-Dependent Regulations 
of Offspring Phenotypes 

 In the previous paragraphs we reviewed experimental evidence demonstrating that 
early experiences infl uence long-term development of behavioral, neuroendocrine, 
and cognitive functions in rodents. These phenotypic regulations are likely adaptive 
because they help organisms cope with the characteristics and challenges of the 
environment in which they live. However, the exact mechanism underlying this pro-
gramming phenomenon remains unclear. Several maternal and non-maternal 
 neonatal factors have been shown to infl uence offspring development, but the pre-
cise contribution and interaction of these factors still need to be clarifi ed.

   1.    Maternal behavior as a mediator of the effects of neonatal challenges on off-
spring development
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   (a)    Qualitative aspects of maternal care 
 Due to the altricial nature of rodents, pups stay in the confi nes of a safe 

and stable nest while brain plasticity is at its highest. Their mother is, how-
ever, directly exposed to their future environment during her foraging trips. 
Since she is the only connection the pups have to their future environment, it 
could be an adaptive response if their brain systems involved in coping with 
environmental challenges were modulated by the mother’s behavior. In fact, 
many studies have shown that environment- dependent variations in maternal 
behavior are associated with variations in the development of the offspring’s 
phenotype. Furthermore, postnatal environmental manipulations that were 
shown to affect adult behavior and brain morphology were also shown to 
alter maternal behavior. For instance, conditions such as EH (e.g., Meaney 
et al.  1991 ), environmental enrichment (e.g., Chapillon et al.  1999 ; Coutellier 
et al.  2008b ), cross- fostering (e.g., Anisman et al.  1998 ), exposure to preda-
tor odor (e.g., McLeod et al.  2007 ; Coutellier et al.  2008a ), or variability in 
food availability (e.g., Léonhardt et al.  2007 ; Macrì and Würbel  2007 ; 
Coutellier et al.  2008b ,  2009 ) have all been shown to increase the level of 
active maternal care and to down regulate the fear and stress reactivity of the 
adult offspring. Increased active maternal care may be a protective response 
by the dams toward their pups under environmental conditions that may be 
perceived as threatening. In comparison, low challenging conditions such as 
non- handling (NH, i.e., leaving rat pups completely undisturbed during the 
fi rst 2 postnatal weeks) or easy access to food (Macrì and Würbel  2007 ; 
Coutellier et al.  2008b ,  2009 ) are associated with lower levels of active 
maternal care and higher HPA axis reactivity and fearfulness in the off-
spring. Interestingly, it was also found that naturally high levels of active 
maternal care in NH rats are associated with reduced stress and fear responses 
in the adult offspring (Lui et al.  1997 ; Caldji et al.  1998 ). These results pro-
vide support to the maternal mediation hypothesis exposed by Smotherman 
and Bell ( 1980 ). It is proposed that the effects of the early environment char-
acteristics on offspring phenotype could in fact be mediated indirectly via its 
effect on maternal care (Richards  1966 ;  Denenberg et al.  1969 ; Lui et al. 
 1997 ; Caldji et al.  1998 ; Macrì et al.  2004  also see reviews by Meaney  2001 ; 
Macrì and Würbel  2006 ) and, more generally, that developmental plasticity 
of fear and stress responses in rodents is maternally mediated (Bell et al. 
 1974 ; Smotherman et al.  1977 ). 

 The mechanism by which active maternal care affects the expression of 
the HPA axis in offspring has been proposed to be based on epigenetic pro-
cesses. Weaver et al. ( 2004 ) found that the level of active maternal care affects 
the offspring’s epigenome at the glucocorticoid receptor (GR) gene promoter 
in the hippocampus: offspring receiving high levels of active maternal care 
showed reduced DNA methylation of the exon 17 region of the promoter, 
which was associated with an increased expression of GR in the hippocam-
pus and, therefore, enhanced negative feedback sensitivity to glucocorticoids. 
These fi ndings provide a mechanism by which variations in maternal care 
may adaptively mediate phenotypic plasticity of the HPA system.   
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  (b)    Other maternal factors: nest attendance 
 Aside from the quality of maternal care received by the pups (active vs. 

passive nursing), other aspects of maternal behavior have been recognized to 
infl uence the development of offspring. Various studies have highlighted the 
importance of maternal presence. Specifi cally, Moriceau and Sullivan ( 2006 ) 
demonstrated in rats that maternal presence controls pups’ learning abilities 
in an odor-shock conditioning paradigm through modulation of pup corticos-
terone. Macrì et al. ( 2004 ) showed that despite receiving similar levels of 
active nursing, offspring reared in the condition of EH or MS showed differ-
ent HPA responses to restraint and behavioral fear response. The authors 
demonstrated that the temporal distribution of maternal care by EH and MS 
dams was signifi cantly different and might contribute to the difference 
observed in offspring. Similar fi ndings in mice have demonstrated that off-
spring reared by mothers with access to environmental enrichment have 
reduced behavioral fearfulness in comparison to offspring reared by unen-
riched dams, despite receiving a similar amount of maternal care (Coutellier 
et al.  2008b ). It was observed that enriched dams spend less time in their nest; 
this lower level of nest attendance might mediate the effects observed on the 
offspring. This idea has been further supported by a multiple regression anal-
ysis showing an inverse relationship between the time the mother spent away 
from the nest and adult offspring fearfulness. These experimental evidences 
suggest that not only the quality of maternal care infl uences the development 
of the offspring in rodents but also the presence of the mother in the nest.        

   2.    Non-maternal factors contribute to the effects of neonatal challenges on develop-
ing rodents

   (a)    Evidence for the implication of non-maternal factors 
 We previously described a series of studies demonstrating the importance of 

maternal behavior in mediating the effects of neonatal challenges on the adap-
tive regulations in developing rodents. Another line of evidence in rats and mice 
indicates that early environmental effects on stress reactivity and fearfulness 
cannot be fully explained by variations in maternal behavior (Macrì et al.  2004 ; 
Macrì and Würbel  2006 ; Tang et al.  2006 ; Coutellier et al.  2008a ,  b ). For exam-
ple, Macrì et al. ( 2004 ) demonstrated that both long (MS) and brief (EH) peri-
ods of maternal separation early in life result in high levels of active maternal 
care, but while EH offspring were less fearful and had a downregulated HPA 
axis, MS offspring were found more fearful and highly stress reactive. Thus, 
indistinguishable maternal styles resulted in differential adult offspring, sup-
porting the idea that maternal care is not the unique factor mediating the effects 
of the early environment on offspring development. Another set of evidence 
supports this idea. Highly challenging foraging conditions (variable foraging 
demand—VFD) and moderately challenging foraging conditions (high forag-
ing demand—HFD) in mice have both been associated with increased active 
maternal care. However, VFD male offspring were found more fearful than 
HFD offspring (Coutellier et al.  2009 ). Thus, while offspring received a similar 
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level of active maternal care, their adult phenotype differed signifi cantly. This 
fi nding indicates that a high level of active maternal care is not the only param-
eter that leads to a downregulation of the fear and stress systems of the offspring 
and may not be suffi cient in explaining developmental phenotypic plasticity. 
Tang et al. ( 2006 ,   2011 ) further developed this idea by using a split-litter meth-
odology: half of the litter was exposed for 3 min daily to a novel environment 
and the other half remained in the home cage. The dam was removed prior to 
the separation and was returned to the home cage upon litter reunion to insure 
that all pups received the same amount of maternal care. They showed that pups 
that were separated from their mother and placed in a novel environment for 
brief periods have a more effective HPA axis when confronted to unexpected 
stressors and better spatial memory during adulthood compared to pups that 
were left in the home cage. These changes occurred in spite of both groups of 
pups receiving the same amount of active maternal care throughout their lacta-
tion period. The dissociation between the level of maternal care and offspring 
phenotype suggests that other factors than maternal factors contribute to the 
adjustment of offspring phenotype to early environmental cues.   

  (b)    Corticosteroids as a possible contributing factor to individual adaptations to 
developmental challenges 

 A possible contributing factor to the adaptive development of rodents is 
the level of neonatal corticosteroids. Challenging and stressful environmen-
tal conditions are known to induce an increase in the circulating plasma level 
of stress hormones (e.g., corticosterone in rodents—Sapolsky  2004 ) . This 
hormone could be passed from the mother to the offspring via milk during 
suckling episodes. Studies in rats and mice demonstrated that when lactating 
dams are supplemented with corticosterone in the drinking water, pups show 
high concentrations of plasmatic corticosterone (Catalani et al.  1993 ; Macrì 
et al.  2009 ). Therefore, because maternal corticosterone varied according to 
environmental conditions and because offspring’s HPA axis is sensitive to 
the level of maternal corticosterone, it is likely that maternal corticosteroids 
contribute to offspring development. 

 Experimental evidence supports the idea that corticosterone levels during 
the neonatal period modulate individual development. Specifi cally, low levels 
of neonatal corticosterone have been associated with increased glucocorticoid 
receptors in the hippocampus, with reduced stress reactivity and improved 
cognitive abilities in rats (Catalani et al.  1993 ,  2000 ) and mice (Macrì et al. 
 2009 ). Interestingly, while low doses of neonatal  corticosterone result in indi-
vidual adaptation, high doses seem to lead to negative outcomes. Offspring 
exposed to elevated corticosterone levels during their development are found 
to have increased HPA-axis activity and behavioral anxiety (Brummelte et al. 
 2006 ; Macrì et al.  2007 ), reduced hippocampal levels of brain-derived neuro-
trophic factor (BDNF), and cell proliferation in the dentate gyrus (Brummelte 
et al.  2006 ; Macrì et al.  2009 ). These evidences suggest that exposure to dif-
ferent levels of corticosteroid during the neonatal period might interact with 
the level of active maternal care affecting offspring development.   
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  (c)    Gender as an important factor infl uencing the trajectory of effects of early 
life challenges on the development of rodents 

 Most research aiming to unravel the link between early environmental 
and maternal cues and the adult offspring phenotype has focused on males. 
Males have been favored because the estrous cycle is known to affect both 
the behavioral and  physiological responses of females (e.g., Romeo et al. 
 2003 ). As a consequence, the conclusions made are based mainly on data 
coming from only male offspring, preventing scientists to determine 
whether neonatal variations affect offspring in a sex-specifi c manner. This 
point is very important especially if experimental neonatal manipulations in 
rodents are used to model early life events and to examine developmental 
hypotheses on the etiology of human psychopathologies such as anxiety, 
schizophrenia, and depression. These diseases, and other mental and neuro-
logical disorders, are highly sex- specifi c in human. Experimental studies 
using rodents as a model should take into account possible sex-specifi c 
effects. 

 Studies analyzing the effects of neonatal cues on both male and female 
offspring consistently demonstrate sex- specifi c results. For instance, Barha 
et al. ( 2007 ) showed that, in rats, the level of maternal licking/grooming 
affects working memory and stress reactivity more in female than in male 
offspring. Similarly, Noschang et al. ( 2010 ) found that females subjected to 
an EH paradigm showed impairments in spatial learning when compared to 
a non-handled group, while this effect was not observed in males. This cog-
nitive impairment in females was associated with a decrease in nitric oxide 
production, an important cellular messenger molecule. Desbonnet et al. 
( 2008 ) showed increased CRF immunoreactivity and increased colocaliza-
tion of c-Fos and CRF following stress in the hypothalamus of maternally 
separated females but not males. Gender differences were also observed in 
mice. Coutellier et al. ( 2008a ) and Coutellier and Würbel ( 2009 ) demon-
strated that variations in the postnatal foraging maternal environment of 
mice affect female’s corticosterone response to an isolation/novelty stressor 
and behavioral fearfulness, whereas there were no effects on male offspring. 
Gross et al. ( 2012 ) found that the level of expression of the glycoprotein 
Reelin, a master molecule for development and differentiation of the hippo-
campus, was increased in EH males when compared to NH males, while this 
difference was not observed in females. 

 Taken together, these fi ndings suggest a signifi cant role of the offspring’s 
sex on the development of neurobehavioral and neurocognitive functions. 
They indicate that gender is an important factor infl uencing the trajectory of 
neonatal challenges effects on the development of rodents. These evidences 
point to the necessity of including both sexes in the analysis of early life 
infl uences on phenotypic plasticity. More work is needed for a better under-
standing of the mechanisms underlying sex-specifi c effects on adaptive reg-
ulations in developing rodents.        
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11.5       Conclusion 

 This chapter focused on the phenomenon by which early life events, even seemingly 
minor ones, program rodent’s brain for a pattern of neuroendocrine and behavioral 
responses in later life. Early experiences are capable of enhancing or suppressing 
the expression of certain genetic traits and, by doing so, may change the  outcome 
for behavioral and cognitive performance in adulthood (de Kloet et al.  2005 ). 
Many experimental evidences support this idea and show that developmental 
 phenotypic plasticity is a powerful phenomenon that helps the organisms to live 
according to the characteristics of their environment. 

 The exact mechanism by which this plasticity occurs remains unclear. Many fac-
tors seem to interact and contribute to the development of the offspring’s phenotype. 
There is increasing support for a broader view of the factors mediating adaptive 
regulations in developing rodents, than the one-factor maternal mediation hypothe-
sis once proposed. However, the exact contribution of each of these factors as well 
as their interactions remains to be determined. Recently, new paradigms have been 
developed  (Macrì and Wurbel  2007 ; Coutellier et al.  2008a ,  b ,  2009 ; Coutellier and 
Würbel   2009 ) helping to answer these questions. The ultimate goal is to understand 
how the conditions from the neonatal environment affect brain development and can 
lead to adaptive or abnormal phenotypes in adulthood.      
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    Chapter 12   
 Adaptive and Maladaptive Regulations 
in Response to Environmental Stress 
in Adolescent Rodents 

             Simone     Macrì        and     Giovanni     Laviola      

    Abstract   Adolescent mammals exhibit a plethora of age-specifi c behaviours that 
mark a discontinuity with earlier stages of life and prepare the individual to the chal-
lenges of adulthood. Stress sensitivity during adolescence is remarkably different 
from earlier and later maturational stages. Specifi cally, although adolescent and adult 
mammals mount a similar endocrine response to external stressors, such response is 
excessively prolonged in adolescents. This unique response profi le may relate to an 
asynchronous developmental profi le of the several components of the hypothalamic–
pituitary–adrenocortical axis. Experiential factors encountered throughout this period 
are thus likely to persistently adjust long-term regulations to the adult environment. 
Such age-specifi c developmental plasticity entails both risks and opportunities. 
Whilst being sensitive to external stimulation favours the integration of external cues 
into the mature function, the latter may result pathologic if inappropriately stimu-
lated. For example, precocious experience with drugs of abuse or exposure to adverse 
environments may favour the onset of conduct disorders (e.g. addiction, emotional 
disturbances). In this chapter we describe the inextricable link between adolescent 
plasticity and long-term individual regulations both in terms of predisposition to 
pathology and in terms of adaptive plasticity to the adult environment.  

12.1         Introduction 

 The stress response system allows immediate individual allostatic responses to 
external threats and favours ultimate developmental adaptive regulations that 
 “prepare” the organism to cope with future challenges (see Chap.   2    ). Whilst plastic 
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regulations can occur throughout the entire lifetime, such plasticity, defi ned as the 
set of different phenotypes branching from the same genotype (West-Eberhard   2005 ), 
is not constant but fl uctuates depending on the specifi c developmental stage. Beyond 
the earliest stages of neonatal life (including pregnancy and infancy, described in 
the previous chapters), the adolescent period—in mammals—is characterized by an 
elevated sensitivity to context. Thus, environmental infl uences encountered during 
adolescence are capable of infl uencing developmental trajectories and result in 
long-term adaptations in several behavioural and cognitive domains, and in their 
neurobiological determinants. The role of peripubertal infl uences in the regulation 
of developmental adjustments has been detailed in many studies encompassing dif-
ferent mammalian species (Leussis et al.  2008 ; Lurzel et al.  2011 ; Oldehinkel and 
Bouma  2011 ; Sachser et al.  2011 ; Spear  2000 ). 

 Adolescence is defi ned as the transition period between infancy and adulthood 
(Laviola et al.  2003 ; Laviola and Terranova  1998 ; Spear  2000 ), and its occurrence is 
generally associated with the hormonal events characterizing puberty. Although the 
latter is included in the course of adolescence, it does not coincide with it, whereby 
this life stage is characterized by a massive maturational spurt encompassing 
somatic growth, cognitive abilities, and emotional responses. All these events are 
paralleled by neurological and endocrine rearrangements concurring to dictate indi-
vidual development. Specifi cally, clinical experimental data demonstrate that the 
brain encounters massive restructuring during this highly plastic developmental 
stage. In particular, Jay Giedd and collaborators showed that whereas cortical grey 
matter undergoes a regional-specifi c loss throughout adolescence, white matter pro-
gressively increases (Giedd et al.  1999 ). These variations in the neurobiological 
determinants of the growth spurt are associated with several behavioural idiosyncra-
sies: specifi cally, both in humans and in other mammals, adolescents are character-
ized by discontinuities in social interaction (shifting from interactions with parents 
and family members to intense bonds and interactions with peers), massive increases 
in sensation and novelty seeking, and in risk-taking behaviours (Adriani et al.  1998 ; 
Laviola and Adriani  1998 ; Sachser et al.  2011 ). Several authors identifi ed, in rodents, 
specifi c age windows during which individual development resembles human ado-
lescence across a spectrum of behavioural, neuroanatomical, neurochemical, and 
neuroendocrine parameters (Andersen  2003 ; Laviola et al.  2003 ; Spear  2000 ). 

12.1.1     Acute Stressors Differentially Affect Adolescent 
and Adult Individuals 

 Several authors investigated the ontogenetic development of the systems involved in 
the sensitivity to external stressors. For example, Romeo and collaborators described 
the developmental variations occurring at the levels of the hypothalamic–pituitary–
gonadal (HPG) axis (Romeo  2010 ; Romeo et al.  2002 ) and of the hypothalamic–pitu-
itary–adrenocortical (HPA) axis in rodents (Romeo  2010 ). Specifi cally, they reported 
that HPA reactivity in the form of immediate corticosterone and ACTH reactivity in 
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response to 30-min restraint stress is prolonged in adolescent rats compared to adults 
(Romeo et al.  2004 ). Specifi cally, in adult rats, restraint is associated with a peak in 
ACTH and corticosterone output few minutes after the onset of the stressor, which 
steadily declines within an additional half hour. Whereas adolescent rats mount a 
similar peak in corticosteroids following the onset of the stressor, they fail to show 
the rapid decline observed in adults (Romeo et al.  2004 ). Among the factors poten-
tially contributing to this unique sensitivity to stress, a differential development of the 
several components of the HPA axis may play a remarkable role. Thus, age-specifi c 
maturation rate of the paraventricular nucleus of the hypothalamus (Romeo  2010 ), of 
the pituitary or the adrenal gland may all participate in these responses. Additionally, 
the expression of glucocorticoid and mineralocorticoid receptors exhibits age- and 
region-specifi c variations throughout development (Pryce  2008 ). 

 Whilst a detailed description of the fundamental mechanisms governing growth 
during adolescence falls beyond the scopes of this chapter, we here reiterate the 
existence of numerous biological events taking place during this developmental 
stage. Such biological turmoil entails risks and opportunities whereby experiential 
factors capable of interfering with developmental trajectories are likely to persis-
tently deviate individual phenotypic adjustments. For example, Lenroot and col-
laborators analyzed the degree of heritability of different brain structures throughout 
development (Lenroot and Giedd  2008 ; Lenroot et al.  2009 ). Previous studies had 
already shown that several aspects of brain morphology are transmitted across gen-
erations (Sowell et al.  2001 ; Thompson et al.  2001a ,  b ). Through a series of studies 
conducted in twins, Lenroot and colleagues showed that such heritability is also 
dependent on the specifi c brain structure and on the given developmental stage. 
For example, they observed that whilst the genetic infl uences on the development of 
primary motor and sensory cortices are noticeable early in life, the same natural 
predispositions exert their role on the regulation of brain structures associated with 
reasoning abilities during adolescence (Lenroot and Giedd  2008 ; Lenroot 
et al.   2009 ). These studies indicate that genes are differentially expressed depend-
ing on the specifi c time window and that they exert their maximal effects on higher-
order brain functions during adolescence. Ultimately, elevated plasticity during 
adolescence appears naturally determined and potentially characterized by an ele-
vated sensitivity to contextual infl uences. Thus, just as appropriate levels of 
 environmental challenges may favour adaptive regulations, so also negative events 
may result in severely adverse consequences (see below). 

 In this chapter we will describe the multifaceted nature of the adolescent sensi-
tivity to context. Specifi cally, we will examine a series of studies demonstrating that 
various forms of environmental challenges (ranging from mild to severe) regulate 
long-lasting individual adjustments; we will also discuss whether these adjustments 
shall be regarded as adaptive, maladaptive, or pathological. 

 In the following paragraphs we will describe (1) the rationale and the basic meth-
odology behind the studies addressing the long-term consequences of stress during 
adolescence, (2) the main results obtained, (3) the general interpretations provided 
and (4) the alternative interpretations that might be proposed within an evolution-
ary/adaptive framework.   
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12.2     Persistent Effects of Stress During Adolescence: 
Rationale, Methodology, and Principal Outcomes 

 In the introductory section we mentioned a series of developmental milestones 
occurring throughout adolescence, and we implied that they conspire to render the 
individual particularly sensitive to environmental stimulation. In line with other 
scholars (Ellis et al.  2012 ), we believe that such sensitivity should be framed within 
an evolutionary adaptive context and that the consequences, positive or negative, 
depend on the specifi c environmental conditions. The bidirectional nature of such 
sensitivity has been elegantly conceptualized by Susan Andersen through the 
dichotomy: “point of vulnerability or window of opportunity?” (Andersen  2003 ). 
This defi nition—that received supplementary elaboration and experimental support 
in a series of studies (Adriani and Laviola  2004 )—further implies that whilst some 
events may induce disease states in the long term, some others may favour resilience 
and compensatory adaptive processes. Specifi cally, whereas severely negative 
events may relate to psychiatric disturbances (e.g. early onset depression, fi rst psy-
chotic episodes, substance abuse and symptoms of attention defi cit/hyperactivity), 
positive—moderately challenging—experiences may beget long-term advantages 
whereby they hinder disease progression or reduce symptoms’ severity. Both posi-
tive and negative consequences of teenage stress rest upon the elevated, age-specifi c 
plasticity characterizing adolescent individuals. 

12.2.1     Adolescence as a Point of Vulnerability 

 Despite such comprehensive heuristic perspective, most of the studies investigating 
the consequences of teenage stress predominantly focussed on detrimental conse-
quences rather than on adaptive processes. We believe that such bias relates to the 
fact that several psychiatric disturbances emerge during or shortly after adolescence. 
For example, Andersen and Teicher ( 2008 ) reported that the risk to develop depres-
sion is dramatically increased in adolescence compared to infancy and childhood. 
Based on this evidence, they also described the neurobiological events characteriz-
ing adolescence and potentially predisposing individuals to depressive disorders. 
Beside alterations in hormonal regulation and neurochemical transmission, the lat-
ter are characterized by change of mood, sadness, and inability to experience plea-
sure (anhedonia). Specifi cally, they reported that different brain regions show 
asynchronous growth rates during adolescence and that this differential matura-
tional rate may constitute a remarkable risk factor. For example, during adoles-
cence, dopaminergic transmission is particularly elevated in the prefrontal cortex 
and downregulated in the dorsal and ventral striatum. Whilst the former is predomi-
nantly involved in the processing of contextual stimuli and in the mediation of indi-
vidual reactivity to stressful events (Brenhouse et al.  2008 ), the latter is involved in 
the regulation of reward processes (e.g. natural rewards and drugs of abuse 
(Nestler and Carlezon  2006 )). Thus, an imbalance between emotional processing 
and reward perception may render adolescence particularly sensitive to external 
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stressors (a hallmark of depression) and insensitive to natural rewards (i.e.  anhedonic). 
Within this framework, a series of studies demonstrated that, compared to adult 
individuals, adolescent rodents display a reduced sensitivity to the administration of 
dopaminergic agonists (Adriani and Laviola  2000 ; Laviola et al.  1995 ; Spear and 
Brake  1983 ). Laviola et al. ( 1995 ) observed that repeated exposure to cocaine had 
differential effects in adolescent and adult rats. Specifi cally, they observed that 
whilst adult rats showed a prominent sensitization towards the adverse conse-
quences of cocaine (stereotypies, generally considered an indicator of poor welfare, 
likely mediated by an overstimulation of the striatum), adolescents failed to show 
such response. Conversely, adolescent rats showed sensitization to the locomotor-
activating effects of cocaine (likely dependent on the activation of the nucleus 
accumbens). Thus, whereas adult rats, in response to a repeated psychostimulants 
administration, showed both positive and negative behavioural responses, adoles-
cent rats failed to show negative reactions. This may offer support to the possibility 
that, during adolescence, the organism is naturally prone to develop drug-related 
disorders. Specifi cally, being sensitive to the positive (rewarding) consequences of 
psychoactive drug administration and much less sensitive to its negative effects 
increases the likelihood to bolster drug-seeking behaviour. This would ultimately 
relate to an increased vulnerability to later-onset adverse consequences of drugs of 
abuse. Andersen ( 2003 ) exemplifi ed the link between adolescence-specifi c sensitiv-
ity to drugs of abuse and the subsequent emergence of reward-related defi cits. 
Specifi cally, she proposed that whilst “the immature organism adapts by incorporat-
ing environmental information permanently into the mature structure and function 
[…], the mature organism compensates to accommodate changes in the environ-
ment” (Andersen  2003 ). In other words, exposure to drugs of abuse in adulthood 
may elicit a fl uctuation in the individual homeostasis, likely to return to baseline 
following a given amount of time. Conversely, the same exposure during adoles-
cence may induce long-lasting (mal)adaptive processes likely to interfere with natu-
ral  developmental trajectories. This analysis further exemplifi es the link between 
the underlying neurobiology and the observable sensitivity to context. 

 Beside depression, adolescence is frequently associated with the onset of addi-
tional psychiatric disorders like attention defi cit/hyperactivity, borderline disorder 
and schizophrenia, which show a peak onset around this developmental stage (Rajji 
et al.  2009 ). Finally, a substantial bulk of epidemiological and experimental  evidence 
indicates that adolescents are at high risk of developing substance use disorders 
(Adriani et al.  2006 ; Adriani and Laviola  2000 ; Spear and Varlinskaya  2005 ). 
The latter may also relate to the elevated sensation-seeking and risk-taking behav-
iour frequently exhibited by adolescent individuals.  

12.2.2     Social Emotionality and Stress-Related Sensitivity 

 It is thus not surprising that many experimental studies attempted to induce pheno-
typic abnormalities, reminiscent of the aforementioned disorders, through the 
administration of different forms of stress during highly plastic developmental 

12 Adaptive and Maladaptive Regulations in Response to Environmental Stress…



248

stages (e.g. infancy and adolescence). Recent studies investigating the effects of 
stress during adolescence on the development of emotional disturbances attempted 
to design stressful paradigms tailored to this specifi c life stage. In the light of the 
crucial role played by social experiences around puberty, many of these studies 
attempted to manipulate group size and composition (e.g. isolation, crowding, pres-
ence/absence of aggressive conspecifi cs). For example, Leussis et al. ( 2008 ) pro-
posed an isolation paradigm in which rats are isolated from littermates between 
postnatal days 30–35 (mid-adolescence). Such isolation constitutes a fundamental 
stressor to adolescent rats whereby, during this period, they exhibit elevated levels 
of social interaction and play behaviour (Cirulli et al.  1996 ; Terranova et al.  1993 , 
 1999 ). Specifi cally, periadolescent rodents normally exhibit elevated levels of play-
ful behaviours, which progressively translate into adult-like forms of competitive 
behaviours (Terranova et al.  1993 ,  1998 ). Precluding the possibility to interact with 
others during this developmental stage has been shown to induce a plethora of 
behavioural abnormalities highly reminiscent of symptoms of human depression. 
For example, adolescent rats, isolated from their littermates for 6 days, showed a 
short-term reduction in coping abilities while facing adverse experimental condi-
tions (Leussis and Andersen  2008 ). Specifi cally, rats exposed to this form of social 
stress showed reduced attempts to escape an inevitable foot shock and increased 
levels of immobility in the forced swim test (Porsolt et al.  1977a ,  b ). In this para-
digm, rats show a specifi c sequela of events: frantic movements against the side-
walls (escape attempts) followed by a period of swimming, which eventually 
precedes the attainment of an immobile posture. A number of studies demonstrated 
that this sequela can be modifi ed through the administration of antidepressant com-
pounds, which are capable of increasing the number of escape attempts at the 
expense of immobility. Thus, increased immobility is generally interpreted as an 
index of a depressive-like phenotype. Beside the alteration of emotional responses, 
social isolation during this developmental stage resulted in long-term alterations in 
the exhibition of social interaction with conspecifi cs and reproductive behaviour 
(Potegal and Einon  1989 ). Specifi cally, Toth et al. ( 2011 ) recently confi rmed that 
isolation from weaning through adulthood resulted in long-term abnormalities in 
social aggressive patterns, defi ciencies in social communication and increased 
defensive behaviours. 

 Resting on the natural predisposition of adolescent rats to engage in active play-
ful social interaction, Bingham et al. ( 2011 ) attempted to investigate whether varia-
tions in the social  milieu  resulted in short- and long-term alterations in emotional 
responses. To this aim, they exposed adolescent and adult rats to a series of agonis-
tic encounters and then measured (24–72 h after the last encounter) behavioural 
indices of anxiety- and depressive-related profi les in the defeated (socially stressed) 
individuals. The authors showed that social stress had differential effects if applied 
early in adolescence or in adulthood. Specifi cally, social defeat resulted in short- 
term increased indices of behavioural anxiety in adolescence and in reduced anxiety 
in adulthood. Additionally, the long-term consequences of peripubertal exposure to 
social stress are reminiscent of reduced anxiety (Bingham et al.  2011 ). In the same 
line, Romeo et al. ( 2006 ) reported that repeated physical stressors during  adolescence 
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differentially regulate individual HPA reactivity compared to the same stressors 
applied in adulthood. Specifi cally, whilst adult rats exposed to seven daily 30-min 
restraint sessions show a minimal corticosterone output in response to an additional 
restraint (tolerance), adolescent rats fail to show such habituation profi le (Romeo 
et al.  2006 ). Thus, compared to adulthood, adolescence is characterized by differen-
tial stress reactivity both in baseline conditions (i.e. immediate responses to a single 
stressor differ between adolescents and adults, see above and Adriani and Laviola 
( 2000 )) and in response to repeated stressful experiences. Additionally, the conse-
quences of external stressors may vary depending on whether they are encountered 
around puberty or later in life. Within this frame, Laviola and collaborators (Laviola 
et al.  2002 ) reported that a different manipulation of the social environment (crowd-
ing) had variable effects depending on whether it was applied in adolescence or in 
adulthood. Specifi cally, the authors kept adolescent and adult male mice in highly 
crowded (nine subjects per cage) or in standard rearing conditions and then evalu-
ated individual corticosterone reactivity in response to a saline injection. Compared 
to standard rearing, adult mice kept under crowding conditions showed an increased 
corticosterone output in response to the injection. Adolescents kept under crowding 
conditions failed to show such increased elevation in corticosterone response com-
pared to controls (Laviola et al.  2002 ).  

12.2.3    Adolescence as a Window of Opportunity 

 Although studies investigating the negative consequences of stress during adolescence 
largely exceed those aimed at addressing the potentially positive infl uences exerted 
by stimulating environments, a number of scholars attempted to regard  adolescence 
as a “window of opportunity” (Adriani and Laviola  2004 ; Andersen   2003 ). Within 
this realm, particular attention has been given to the possibility of providing stimulat-
ing environments to a developing individual in order to favour functional adjustments. 
The different methodologies aimed at providing moderately challenging environ-
ments to neonate rodents have already been described in different chapters of this 
book (see Chaps.   10     and   11    ). Here we will describe the rationale and some of the dif-
ferent methodologies adopted to provide adolescent rodents with enriched environ-
ments (EE), herein referred to as “a combination of complex inanimate and social 
stimulation” (Rosenzweig et al.  1978 ) generally constituted by large cages containing 
a running wheel and several toys that are regularly replaced by unfamiliar ones 
(Laviola et al.  2008 ). The original reports indicating that stimulating environments 
may impinge on individual development date back to the 1940s when Hebb ( 1947 ) 
observed that rats reared under enriched conditions showed improved problem-solv-
ing capabilities compared to conventionally housed rats. Following this pioneering 
report, many authors replicated these fi ndings and demonstrated that EE was suffi -
cient to persistently increase cell proliferation and neurogenesis in brain areas involved 
in memory formation and retention (van Praag et al.  1999 ). Additional studies 
extended the original observations to biological domains other than cognition 
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(Nithianantharajah and Hannan  2006 ). These observations were generally interpreted 
in the light of “positive” effects exerted by EE on individual development. Subsequently, 
several authors attempted to demonstrate that environmental stimulation may contrast 
the adverse consequences of previous “negative” experiences (Nithianantharajah and 
Hannan  2006 ). It is within this realm that EE started being regarded as a reciprocal 
treatment, a tool to investigate the possibility that stimulating experiential factors may 
hinder the progression of experimentally induced (i.e. genetic preparations, pharma-
cological treatments, environmental adversities) abnormal phenotypes (Laviola 
et al.   2008 ). For example, just as EE delayed the progression of motor symptoms in 
transgenic models of Huntington’s disease (van Dellen et al.  2000 ) so also voluntary 
physical exercise reduced the severity of behavioural abnormalities in mouse models 
of Parkinson’s disease (Tillerson et al.  2003 ). Beside these observations, several 
authors attempted to identify the molecular mechanisms mediating such EE-dependent 
recovery of brain functions. For example, Fischer et al. ( 2007 ) observed that EE 
 reinstated learning behaviour and access to long-term memories in mice in which 
temporal neuronal loss was experimentally induced. The authors also showed that 
such recovery correlated with increased histone acetylation (Fischer et al.  2007 ), 
which is associated with increased gene transcription in several brain areas. 

 Within the context of emotional disturbances, EE has been extensively used as a 
tool to counteract the adverse consequences of precocious negative experiences 
impinging on HPA axis development (Laviola et al.  2008 ). A large body of scientifi c 
evidence demonstrates that adverse neonatal conditions favour the onset of psychi-
atric disorders in humans (Heim and Nemeroff  2001 ); by the same token, clinical 
data indicate that exposure to favourable stimuli can mitigate the symptoms (Hollon 
et al.  2002 ). Both the potentially pathological consequences of neonatal adversities 
and the benefi cial effects of stimulating environments on emotional disturbances 
have been successfully translated in basic animal research. Specifi cally, countless 
studies (see Chaps.   8    ,   9    ,   10     and   11    ) demonstrated that, in rodents, perinatal stressors 
are capable of inducing abnormal phenotypes reminiscent of human emotional dis-
turbances (for comprehensive reviews, see Pryce et al. ( 2005 ), Maccari and Morley- 
Fletcher ( 2007 ), Marco et al. ( 2011 )). In order to evaluate whether stimulating 
environments may also hinder the progression of depressive-like abnormalities in 
rodents, several authors adopted EE paradigms as reciprocal treatments following 
perinatal stressors. To give but few examples, EE during adolescence has hampered 
the long-term consequences of prenatal stress on behavioural fearfulness, social 
interaction, endocrine stress reactivity, and immune responses (Laviola et al.  2004 ; 
Morley-Fletcher et al.  2003 ). Thus, developing rats that were stressed in the womb 
(three daily 45-min sessions of maternal restraint stress during the last third of preg-
nancy) showed increased corticosterone response to restraint stress and behavioural 
fearfulness, and reduced immune reactivity and playful behaviours; all these effects 
were effi ciently counteracted by exposure to EE throughout adolescence (Laviola 
et al.  2004 ; Morley-Fletcher et al.  2003 ). Similarly, Francis et al. ( 2002 ) demon-
strated that EE was able to counteract the long-term consequences of repeated daily 
3-h maternal separations. Thus, whilst maternal separation resulted in long-term 
increased behavioural fearfulness and endocrine stress reactivity, EE was capable of 
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eliminating these effects (Francis et al.  2002 ). Most of these studies ascribed these 
effects to the stimulating and potentially “benefi cial” effects of enriched environ-
ments. As mentioned above, most studies unravelling the molecular determinants of 
EE-related behavioural and neuroendocrine variations rested upon the original over-
arching defi nition of enrichment (Rosenzweig et al.  1978 ). Such a broad defi nition 
may hinder some relevant aspects of EE. Specifi cally, whilst decomposing EE into 
its fundamental characteristics, we note that it may constitute a complex source of 
stress to rodents. Specifi cally, beside the long-term effects on individual adapta-
tions, EE has been shown to favour aggressive behaviour, specifi cally in male mice 
(McQuaid et al.  2012 ). Compared to standard housing conditions, EE may also 
elicit repeated stress responses in laboratory mice. Although hypothetical, in line 
with what suggested for newborn pups (see Chap.   11    ), we propose that some of the 
effects of EE may also relate to the repeated stressful challenges to which subjects 
are exposed during a plastic stage of individual development. Specifi cally, mice 
capable of reinstating homeostasis in response to these repeated challenges may 
prepare to the multiple stressors to be encountered in adulthood. Future studies 
(potentially involving exogenous corticosterone administration during adolescence) 
are needed to clarify this aspect.   

12.3     Conclusion 

12.3.1     Long-Lasting Consequences of Teenage Stress Within 
an Adaptive Framework 

 The prevailing views associated with the studies described in the previous para-
graphs are generally skewed towards a human-centred disease perspective. In other 
words, these studies are generally advocated to support the hypothesis that given 
events may favour pathology or protection (resilience) against negative outcomes. 
In order to substantiate these claims, laboratory animals are used under the assump-
tion of a phylogenetic proximity between rodents and humans, thereby resting upon 
strong evolutionary considerations. Quite ironically, these considerations are some-
times neglected when it comes to discussing the results obtained in the light of the 
original hypotheses. Specifi cally, experimental fi ndings garnered in this fi eld are 
generally interpreted as proxies for symptoms of disease and framed within a good- 
to-bad scale. To give an example, increased HPA response to a given stressor is 
often considered to be negative and, conversely, reduced reactivity is generally con-
sidered positive. Yet, hardly ever is such isolated outcome measure framed within 
an evolutionary adaptive context and interpreted within the specifi c environment in 
which it is exhibited. In other words, in spite of evolutionary adaptive consider-
ations (see Chap.   2    ) suggesting to interpret a given phenotype within the specifi c 
constraints in which it is exhibited, experimental psychobiology often labels a given 
parameter as good or bad. Maintaining the example of the HPA axis reactivity, 
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 life- history theories predict that the consequences of variable levels of arousal 
depend on the environment in which they are displayed. In other words, whilst 
under certain environmental conditions elevated HPA reactivity may beget advan-
tages and reduced reactivity disadvantages in terms of lifetime fi tness, under differ-
ent environments the situation may be opposite. Few authors started addressing this 
possibility. For example, Norbert Sachser and his group, through a series of studies 
conducted in guinea pigs, provided a particularly cogent exemplifi cation of 
this broad perspective (Sachser et al.  2011 ). Specifi cally, the authors conducted a 
series of experiments in which they reared adolescent guinea pigs under variable 
social conditions. In an early study (Sachser and Lick  1991 ) they reared adolescent 
male guinea pigs (approximately 1 month old) either in a mixed-sex colony or in a 
pair together with a single female. Same-sex couples of colony-reared and pair-
reared adult male guinea pigs were then placed into an unfamiliar cage together 
with an unknown female. Under this testing condition, colony-reared individuals 
rapidly established dominance hierarchies without recurring to overt fi ghts; addi-
tionally, neither the winner nor the loser showed signifi cant elevations in plasma 
cortisol levels. Pair-reared individuals displayed a completely different response 
profi le. Thus, they showed elevated levels of aggressive behaviours that often esca-
lated into overt fi ghts nearing severe injuries or death. Finally, they showed remark-
able elevations in cortisol response (Sachser and Lick  1991 ). Additional studies 
further  corroborated this evidence (Sachser  1993 ; Sachser et al.  1994 ). In an inde-
pendent series of studies, the authors investigated the ability of guinea pigs reared 
under different social conditions (isolated, pair- or colony-reared) to enter a colony 
of unfamiliar individuals in adulthood. Similar to what observed in the previous 
studies, the authors showed that adult individuals that experienced a colony environ-
ment throughout adolescence displayed a rapid adaptation to the novel social envi-
ronment. Such capability to rapidly infi ltrate a group of unfamiliar individuals 
encompassed both the behavioural and the hormonal domains (Sachser  1993 ; 
Sachser et al.  1994 ). Isolated and pair-reared individuals (exposed to these treat-
ments during adolescence) showed an opposite behavioural and endocrine profi le in 
adulthood. Beside the originality of the experimental design, the authors also offered 
an innovative interpretation of their fi ndings. Rather than limiting their analysis to 
rearing- dependent variations in social competences (the more social interactions 
encountered during development, the better social competences in adulthood and 
vice versa), they framed their observations within a broad evolutionary adaptive 
context. Within this realm, the authors proposed that adolescent guinea pigs used 
the information provided by their developmental environment to predict the chal-
lenges to be encountered in adulthood. Specifi cally, they proposed that whereas 
colony rearing during adolescence anticipated an adult environment rich of age-
matched conspecifi cs, isolation rearing forecasted a niche in which opportunities 
for social interactions were scant (Sachser et al.  2011 ). Sachser and collaborators 
then attempted to map the observed phenotypes onto the specifi c requirements of 
the two predicted environments. Specifi cally, a developmental context in which the 
number of individuals is low may favour the maturation of an aggressive phenotype 
(ready to successfully handle the few social threats encountered), sustained by a 
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readily reactive HPA axis (itself favouring aggressive behaviour). Conversely, an 
environment characterized by the presence of several conspecifi cs would demand a 
much less aggressive behavioural phenotype associated with a low-reactive HPA 
axis. This latter phenotype would permit low levels of aggressive behaviours in 
interactions with strangers and would facilitate “queuing” in the long path to achieve 
a higher rank in the dominance hierarchy (Sachser et al.  2011 ). 

 Although this theoretical framework still requires experimental corroboration, it 
offers a heuristic model against which experimental hypotheses can be tested and 
falsifi ed.       
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    Chapter 13   
 Oxidative Stress and Hormetic Responses 
in the Early Life of Birds 

             David     Costantini      

    Abstract   Understanding the physiological processes underlying the long-term 
effects of early life environmental conditions on Darwinian fi tness is of central 
importance to evolutionary ecology, biomedical research, and conservation  science. 
In particular, the extent to which early stress exposure is detrimental to fi tness may 
depend on its severity, with mild stress exposure actually having a stimulatory and, 
possibly, benefi cial effect through a hormetic response to the stressful stimulus. 
Oxidative stress is an aspect of stress physiology that has received comparatively 
less attention than hormones when considering the long-term effects of early life 
conditions. We therefore need to combine hormesis and oxidative stress in order to 
better understand how the early environment can help shape a phenotype adapted 
to the conditions it is most likely to experience in its adult environment. This chap-
ter aims to discuss how hormones and nutrients can shape the redox machinery of 
the embryo and its future susceptibility to oxidative stress; how hormesis might 
provide a mechanistic framework for interpreting the long-term effects of early 
exposure to various stressor magnitudes; and how to reconcile discrepancies among 
studies. Examples from avian research are especially emphasised through-
out the chapter, notably because avian models may have many advantages over 
mammalian models when addressing the (mal)adaptive effects of early life experi-
ences on adult phenotype.  
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13.1         Introduction 

13.1.1     Early Life Conditions and Phenotypic Development 

 The adult phenotype is the result of a complex interplay between genetic  background 
and pre- and post-natal developmental conditions. The up-regulation and down-
regulation of genes are triggered by both social and non-social environmental stim-
uli experienced early in life—this is then expressed in individual morphology, 
physiology, and behaviour. Thus the environment is important; not only does it 
select for genetic variation, but it also contributes to the build-up of phenotypic 
variation (Gilbert  2001 ; Metcalfe and Monaghan  2001 ; West-Eberhard  2003 ; 
Monaghan  2008 ). A classic example of this complex interaction between genome 
and environment is demonstrated by the phenotypic plasticity concept, which refers 
to the capacity of a genotype to give rise to a variety of phenotypes, depending on 
the prevailing environmental conditions (Pigliucci  2001 ). 

 Recognising the importance of the continuous interaction between genes and 
environment that occurs during development has represented a valuable theoretical 
expansion of the Modern Synthesis, stuck for decades on the pivotal evolutionary 
role of genes (Pigliucci et al.  2006 ). At the same time, developmental systems are 
also guided by self-organisation properties of their components, without the contri-
bution of any genetically determined programme (Gerhart and Kirschner  2007 ; 
Badyaev  2011 ). As a whole, it is becoming clear that a signifi cant portion of 
genomic architecture, developmental processes and their interaction arise from pro-
cesses other than natural selection, such as neutral evolution or compensatory rear-
rangements of anatomical traits or metabolic networks (Badyaev  2011 ). Moreover, 
it has become evident that a certain degree of the variation in brain development and 
behaviour, which occurs among individuals, may be built up by epigenetic modifi -
cations to the genome (e.g. chromatin structure, gene expression), which early life 
experiences might induce (Szyf et al.  2005 ; Curley and Branchi  2012 ). However, it 
is important to note that these theoretical steps forward (i.e. both the experimental 
identifi cation and the description of mechanisms that regulate responses to social 
and non-social environmental stimuli, and how such responses shape adult pheno-
type, thus affect fi tness) are still in their infancy. 

 Over the past few decades most studies have emphasised that the variation in 
maternal transmission patterns of hormones, especially androgens, can signifi cantly 
contribute to phenotypic variation of offspring (Schwabl  1993 ; Groothuis et al. 
 2005 ; Carere and Balthazart  2007 ; Groothuis and Schwabl  2008 ). However, the 
adaptive role of maternal hormones and their part in phenotypic organisation have 
been questioned (Carere and Balthazart  2007 ). Moreover, sexual hormones may not 
change rapidly in response to environmental stimuli, and this may be a strong limi-
tation when attempting to defi ne a general mechanism of animal response to envi-
ronment. Hence, more recently, attention has been shifted to how developmental 
stress experienced directly (e.g. heat stress, chilling, food shortage, parasites, toxi-
cant exposure) or indirectly through parents (e.g. maternal transfer of nutrients in 
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the egg, parental foraging effort) contributes to shape the phenotype. Several studies 
have proposed that glucocorticoids (i.e. hormones secreted when exposed to a 
stressor) passed from mother to offspring via the egg contents, placenta or milk may 
activate mechanisms underlying the link between pre- and post-natal environmental 
conditions (Marasco et al.  2012 ; Love and Williams  2008a ,  b ; Henriksen et al.  2011 ; 
Schoech et al.  2011 ; Haussmann et al.  2012 ). In a recent study of wild European 
starlings ( Sturnus  vulgaris ), induction of pre-natal stress through  in ovo  injection of 
corticosterone decreased stress responsiveness of nestlings at fl edging (Love and 
Williams  2008a ). The authors suggested that such plasticity in hypothalamic–pitu-
itary–adrenal axis activity may be the result of a predictive adaptive response, that 
is, maternal stress hormones might provide offspring with a predictive signal of how 
their future environment  sensu lato  will be (Love and Williams  2008a ,  b ; see also 
 Gluckman and Hanson  2004 , for predictive adaptive responses in human evolution). 
This form of maternal-induced developmental plasticity might be adaptive later in 
life under severe or unpredictable environmental conditions because a hyperrespon-
sive stress system could be too costly to sustain under harsh conditions (Love and 
Williams   2008a ). Therefore, it is the predictive nature of the environmental cue that 
might determine whether the developmental strategy will be adaptive or not.  

13.1.2     Oxidative Stress in Early Life 

 Oxidative stress is an aspect of stress physiology that has received comparatively 
less attention than hormones when considering the long-term effects of early life 
conditions. It is a kind of cellular biochemical stress caused by an imbalance 
between pro-oxidants and antioxidant defences, leading to the generation of oxida-
tive damage to biomolecules (Sies  1991 ; Halliwell and Gutteridge  2007 ), as well as 
disruption to redox signalling and balance and the antioxidant response (Jones 
 2006 ), and overoxidation of thiols (Sohal and Orr  2012 ). Oxidative stress can also 
be defi ned as the rate at which oxidative damage is generated (Costantini and 
Verhulst  2009 ). Implicit in this defi nition is that oxidative stress is a continuous 
variable that is unlikely ever to be zero since pro-oxidants are continually produced 
and some oxidative damage is always generated. Persistent oxidative stress may 
give rise to pathological conditions and is increasingly implicated in several human 
pathologies (over 150 disorders), cellular senescence, and ageing (Beckman and 
Ames  1998 ; Hulbert et al.  2007 ; Furness and Speakman  2008 ). 

 In the last few decades, we have seen a merger between the laboratory approaches 
to the study of oxidative stress mechanisms and the ecological principles. 
“Antioxidant ecology” and “oxidative stress ecology” are areas emerging from this 
marriage between mechanistic and functional perspectives (McGraw et al.  2010 ). 
These sister fi elds address the principle that organisms are engaged in a molecular 
struggle with pro-oxidant compounds produced from basic metabolic activities. 
These molecules have important functions in the body (e.g. cell signalling) but are 
also responsible for damaging cells. Animals use a large battery of antioxidant 
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resources to offset deleterious effects of pro-oxidants (Pamplona and 
Costantini   2011 ). This is why ecologists have hypothesised that oxidative damage 
may be an important challenge for individual fi tness, given its links with reproduc-
tive performance, growth patterns, cellular senescence, and survival (Alonso-
Alvarez et al.  2006 ; Costantini and Dell’Omo  2006 ; Bize et al.  2008 ; Costantini 
 2008 ; Monaghan et al.  2009 ; Saino et al.  2011 ). However, the role of oxidative 
stress as a constraint or facilitator of developmental processes is virtually unex-
plored, especially in birds. Avian models may have many advantages over mam-
malian models when addressing the consequences of early life on adult phenotype 
(for a full discussion see Henriksen et al.  2011 ). As stressed by Henriksen et al. 
( 2011 ), the avian egg can be experimentally manipulated independently of the 
mother, while the mammalian foetal environment is diffi cult to access and manipu-
late without interfering with the mother’s physiology. Therefore, manipulation of 
the environment within the avian egg is an ideal way of addressing mechanisms 
underlying maternal effects on offspring development. Furthermore, the avian neu-
roendocrine system is very similar to that of mammals, hence theoretically allowing 
some degree of generalisation. Last but not least, birds show a large variation in 
developmental modes (the altricial–precocial developmental axis), making it 
 possible to experimentally test the effects of developmental stress under a very large 
range of life-history strategies.  

13.1.3     Stress Is Not Always Bad 

 A further point that warrants careful attention is the ongoing debate about whether 
or not the induction of stress during early development is detrimental for the organ-
ism. Although it is often assumed that exposure to stress in early life may jeopardise 
the survival of the individual, this assumption appears weak because priming effects 
of stress physiology induced by exposure to mild stressors might improve the capac-
ity of the individual to withstand higher levels of stress later in life. Biphasic 
responses to a stressor with low dose stimulation and high dose inhibition of the 
stress response have been termed “hormetic responses” (Fig.  13.1 ; Forbes  2000 ; 
Parsons  2001 ; Costantini et al.  2010 ; Mattson and Calabrese  2010 ). Therefore, hor-
mesis might provide a valuable mechanistic and theoretical framework for both 
developmental biologists and behavioural ecologists that are interested in the fi tness 
consequences of early exposure to stressors.

13.1.4       Aims of the Chapter 

 This chapter aims to discuss how hormones and nutrients can shape the redox 
machinery of the embryo and its future susceptibility to oxidative stress; how 
 hormesis might provide a mechanistic framework for interpreting the long-term 
effects of early exposure to various stressor magnitudes; and how to reconcile dis-
crepancies among studies.   
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13.2     Mechanisms: Interplay Among Hormones, Nutrients, 
Oxidative Stress, and Hormesis 

13.2.1    Hormones 

 Maternal transfer of hormones and compounds with antioxidant properties to the 
egg can have signifi cant effects on phenotypic development. The importance of this 
hormone deposition was fi rst highlighted in the 1990s, when Schwabl ( 1993 ,  1996 ) 
demonstrated that female canaries ( Serinus canaria ) deposited testosterone in their 
eggs, depending on the laying order. Later-laid eggs contained more testosterone 
and hatched nestlings that begged more vigorously and grew faster than their 
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  Fig. 13.1    Examples of 
common dose–response 
models. In these examples, 
oxidative damage is used as 
an end point. ( a ) In the  linear 
no-threshold model  oxidative 
damage increases linearly 
with the stressor intensity, 
with no threshold of 
activation of the 
physiological response. ( b ) 
In the  threshold model  the 
stressor has no biological 
effect until a threshold 
(indicated by the  black circle ) 
is reached, above which 
oxidative damage can 
increase linearly or 
nonlinearly. ( c ) In the 
 hormetic model  the response 
to the environmental stressor 
is biphasic, with oxidative 
damage decreasing and 
increasing at mild and high 
doses of the stressor, 
respectively. The zero 
equivalent point ( black circle ) 
refers to the area of the 
hormetic curve where 
oxidative damage equals that 
of the control (i.e. zero 
exposure)       
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 siblings. Later, Schwabl et al. ( 1997 ) found that the pattern of testosterone  deposition 
in eggs was completely reversed in the cattle egret ( Bubulcus ibis ). At the end of the 
1990s, Royle et al. ( 1999 ) showed that two dietary compounds with antioxidant 
properties (tocopherols and carotenoids) could also be deposited differentially 
among eggs, depending on their laying sequence. 

 Although yolk testosterone might have a benefi cial effect on offspring (Schwabl 
 1993 ), it can also induce costs, such as immune suppression, oxidative stress, and 
mortality (Sockman and Schwabl  2000 ). Given the link between oxidative stress 
and testosterone metabolites, and that the level of yolk testosterone in eggs within a 
clutch may be negatively correlated to that of yolk dietary antioxidants, Royle et al. 
( 2001 ) hypothesised that these two maternal factors have complementary, but 
opposing effects (i.e. testosterone induces and dietary antioxidants mitigate oxida-
tive stress). Royle et al. ( 2001 ) also suggested that the effect of testosterone on off-
spring hatched from last-laid eggs would be detrimental if food were scarce due to 
reduced availability of dietary antioxidants. 

 It is only relatively recently that experiments started to investigate these hypoth-
eses, with the fi rst three studies seeking to analyse the effects of androgens on oxi-
dative state by injecting testosterone into the yolk. However, these studies produced 
confl icting results. Tobler and Sandell ( 2009 ) found that injecting eggs with 0.5 ng 
testosterone on day 3 of incubation reduced plasma non-enzymatic antioxidant 
capacity in zebra fi nch ( Taeniopygia guttata ) males, but not females, at 10 days old. 
No effects emerged when birds were 34 days old. At the same time, Galván and 
Alonso-Alvarez ( 2010 ) found no effects of injecting eggs of the same clutch with 
26 ng testosterone on total red blood cell glutathione or plasma non-enzymatic anti-
oxidant capacity in nestling great tits ( Parus major ). In contrast, Noguera et al. 
( 2011 ) found that injecting third-laid eggs with 261 ng testosterone on the day of 
laying increased plasma non-enzymatic antioxidant capacity transiently and reduced 
plasma malondialdehyde (MDA, end product of lipid peroxidation) in yellow- 
legged gull ( Larus michahellis ) nestlings. There are several possible explanations 
for the observed differences between these studies: the dose of testosterone admin-
istered could have been in the stimulatory range of the dose–response curve for the 
gull, but in the detrimental range for the zebra fi nch (see paragraph on hormesis 
below; see also Fig.  13.2 ); the temporal window of manipulation of yolk androgens, 
which has a critical role for the response of the redox physiology (e.g. hyporespon-
sive and hyperresponsive periods), might have differed between studies; zebra 
fi nches have a higher pace of life than gulls—hence they might have invested less in 
antioxidant protection against the pro-oxidant effects of testosterone, but this does 
not explain why blood antioxidants were unaffected in great tits that have a high 
pace of life too; the age at which the birds’ response to treatment was tested differed 
among studies—thus changes in blood redox state across development could have 
caused the discrepancies between studies; the distribution of testosterone across the 
yolk layers could have differed among studies, therefore exposing birds to different 
levels of androgens during different phases of embryonic development (e.g. Lipar 
et al.  1999 ); and lastly, zebra fi nches, great tits, and gulls may have differentially 
metabolised the injected testosterone, which is a precursor of the androgen 
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 dihydrotestosterone and the oestrogen estradiol (aromatisation: biosynthesis of 
 oestrogens from testosterone catalysed by the enzyme aromatase)—the latter can 
have important pro-oxidant effects (Brambilla et al.  2003 ; Casagrande et al.  2011 ).

   Following pioneering studies on mammals (e.g. Ward  1972 ; Dahlöf et al.  1977 ), 
recent avian studies reported the presence of stress hormones (corticosterone) in the 
egg (e.g. Downing and Bryden  2002 ; Eriksen et al.  2003 ; Hayward and Wingfi eld 
 2004 ; Love et al.  2005 ; Rubolini et al.  2005 ; Saino et al.  2005 ; Love and Williams 
 2008a ,  b ) and suggested that the mother could affect offspring development through 
the transfer of these hormones into the egg. Henriksen et al. ( 2011 ) recently reviewed 
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studies on pre-natal corticosterone-mediated effects in birds (see also Spencer et al. 
 2009 ; Schoech et al.  2011  for a review on post-natal corticosterone-mediated 
effects) and concluded that fi ndings were inconsistent (Casagrande et al.  2012a ,  b ). 
The discrepancy between results might have been due to the interaction of post-
natal environmental variation, sex, age, development mode, and type of treatment; 
alternatively, maternal corticosterone could have affected offspring behaviour and 
physiology via alteration of another egg component (e.g. androgens, progesterone). 
Considering that corticosterone may affect free radical production, oxidative dam-
age accumulations as well as non-enzymatic and enzymatic antioxidant levels 
(Costantini et al.  2011 ), maternal stress could infl uence the embryo’s oxidative state 
(Haussmann et al.  2012 ). This could be very important because oxidative stress may 
reduce survival of embryos or interfere with development (Surai  2002 ).  

13.2.2    Nutrients 

 Early nutrition (quality and quantity) can have signifi cant downstream effects on 
adult physiology or life-history traits through its modulation of body composition. 
Although available evidence suggests that aerobic life has evolved by reducing the 
relative abundance of structural components that are highly susceptible to oxidative 
damage, there is still great variation in body composition between species 
(e.g. degree of unsaturation of cell membranes or amino acid composition of pro-
teins; Hulbert et al.  2007 ; Pamplona and Barja  2007 ), whose causes remain poorly 
understood. The link between body composition and susceptibility to oxidative 
stress might therefore be ecologically and evolutionarily relevant. Diet is not only a 
source of molecular antioxidants as discussed above but also a source of nutrients, 
such as fatty acids and amino acids—these can expose an organism to different 
oxidative stress threats due to having differential molecular susceptibilities to oxi-
dation. Animals can, however, actively regulate nutrient metabolism, allowing them 
to create different cell compositions. Discrimination of dietary fats might be espe-
cially important because  n -3 polyunsaturated fatty acids are less resistant to oxida-
tive damage than their  n -6 counterparts. Such regulatory abilities of cell membrane 
composition may also be important when the female is depositing nutrients into the 
egg. For example, the  n -6 polyunsaturate, arachidonic acid, forms between 8 and 
19% (w/w) of the phospholipid fatty acids of egg yolk of the northern gannet  Morus 
bassanus , the great skua  Catharacta skua , the American white pelican  Pelecanus 
erythrorhynchos  and the double-crested cormorant  Phalacrocorax auritus  (Surai 
et al.  2001 ). In pelicans and cormorants, such yolk composition is consistent with 
the consumption of freshwater fi sh in which arachidonic acid may be a signifi cant 
acyl constituent, but this fi nding is more diffi cult to explain for the gannet and skua 
because they largely feed on marine fi sh with a low arachidonic acid content. These 
results suggest that bird females may have an active control of fatty acid deposition 
in the egg; hence, they may directly infl uence the susceptibility of embryo tissues to 
oxidative stress (Surai et al.  1996 ).  
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13.2.3    Early Life in a Hormetic Framework 

 The Developmental Programming Hypothesis was proposed to explain the links 
between the effect of environmental stressors on females during pregnancy, the vari-
ation in patterns of growth and development associated with the quality of the 
maternal environment and the development of pathologies in offspring later in life 
(Barker et al.  1993 ; Seckl  1998 ). The idea behind this hypothesis is that females 
may prime offspring to prevalent environmental conditions that they are likely to 
experience as adults (environmental matching). An adaptationist view is clearly 
implicit in this model, that is, the developmental programming should confer adap-
tive Darwinian advantages to the offspring. However, this paradigm has been criti-
cised because the characteristics of adult environment could change in an 
unpredictable way, hence resulting in a mismatch between this and the environment 
experienced during early development or by the mother. Individuals developmen-
tally adapted to one environment may be at risk when exposed to another later in 
life and their fi tness may be consequently reduced (Bateson et al.  2004 ). The 
Developmental Programming Hypothesis, therefore, might prove unreliable when 
trying to predict the effects of early life on adult condition. However, it has been 
suggested that it is the intensity of early stress experienced that is important because 
this will programme the degree of stress responsiveness in relation to environmental 
conditions. In this context, hormesis could provide a useful conceptual and mecha-
nistic model to fi ll in the gaps of the Developmental Programming Hypothesis 
because it highlights the importance of stressor intensity so that its consequences 
for individual health and survival can be considered. 

 There is increasing evidence that some toxicants, nutrients or environmental 
stressors can have stimulatory or benefi cial effects at low exposure levels, while 
being toxic at higher levels. Additionally, environmental priming of certain physi-
ological processes can result in their improved functioning in later life, regardless of 
matching or mismatching. Both these phenomena have been called hormesis 
(Calabrese and Blain  2005 ), a term fi rst coined by “Chester Southam and John 
Ehrlich in  1943 ”. 

 Three general categories of dose–response relationships can be recognised. 
Generally speaking, in the case of toxicants, one might expect the negative effects 
of exposure to become more severe (and fi tness to therefore decline) as exposure 
increases (linear no-threshold dose–response relationship; Fig.  13.1a ), or there 
may be no noticeable effect until the dose reaches a threshold value (termed the 
“No Observed Adverse Effect Level” in the toxicological literature; threshold 
dose–response relationship, Fig.  13.1b ), above which fi tness declines linearly or 
non- linearly with dose. In a third case (hormesis), the dose–response relationship 
is biphasic, with low and high doses stimulating or inhibiting the stress response, 
respectively (Fig.  13.1c ; Mattson and Calabrese  2010 ). It is important to high-
light that stimulation of the physiological response might not necessarily be ben-
efi cial for the organism (e.g. if there is a trade-off between the stimulated trait 
and another). 
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 The concept of hormesis is generally applicable to developmental biologists, 
behavioural ecologists and evolutionary biologists since it might provide an impor-
tant link between the prevailing environmental circumstances and organism func-
tion. Hormesis might increase the stress tolerance and response effectiveness of an 
organism (homeodynamics  sensu  Yates  1994 ; Lloyd et al .  2001 ; Stebbing  2009 ) and 
generate epigenetic effects (Vaiserman  2010 ). 

 One type of hormesis that is relevant to this chapter is the “priming” or “condi-
tioning” effect, whereby exposure to mild levels of a stressor increases the capacity 
to cope with subsequent exposure to higher levels of the same stressor, compared to 
individuals that were never exposed or were previously exposed to a high stress 
intensity. I term this  conditioning hormesis  according to the terminology proposed 
by Calabrese et al .  ( 2007 ). In order to investigate this process, individuals are ini-
tially exposed to different levels of a stressor (including zero exposure), and then 
subsequently, the same individuals are exposed to high levels of the same stressor. 
The extent to which individuals can cope with the high-level exposure (i.e. the 
extent to which they show detrimental effects, such as tissue damage) is compared 
between the groups that experienced pre-exposure and those that experienced no 
exposure. Previous studies suggest that the magnitude of stimulation is rarely higher 
than twice the control group, and, in general, the maximum stimulation for hormesis 
is 30–60% higher than the control group (Calabrese  2010 ). 

 In ecological terms, conditioning or priming hormesis might translate to an 
increase in phenotypic plasticity, hence the ability of an organism or species to 
respond to environmental stimuli. In general, the phenotypic response to the current 
environment may depend on both its similarity to previous environments (mismatches 
leading to ecological limits on plasticity; Auld et al .   2010 ; Costantini et al.  2012 ), and 
on the nature of previous responses, since trait expression early in ontogeny may 
affect later trait expression (so-called plasticity-history limits; Auld et al .   2010 ). 
However, some evidence suggests that hormetic responses can be generalised across 
stressors so that conditions experienced in early life allow an individual to withstand 
other kinds of stressful conditions later in life (Le Bourg and Minois  1997 ; Bartling 
et al .  2003 ; Honma et al .   2003 ; Le Bourg et al .   2004 ; Le Bourg  2005 ). Hormesis thus 
has the potential to increase phenotypic plasticity, so having the opposite effects of 
both ecological and plasticity-history limits. Consequently, hormetic mechanisms 
could provide a fail-safe to buffer maladaptive effects of maternal investment when 
the maternal or early growth environment is not predictive of the adult environment. 

 The timing of initial exposure to a stressor may be important, for example, if 
there is a critical time window or developmental stage in which the priming effect 
can occur (i.e. sensitive periods in early life). Although studies show that stimula-
tory or benefi cial effects generated by exposure to mild stress can emerge at any 
time throughout the individual’s life, they also suggest that such effects might be 
stronger if exposure occurs early in life (Yahav and McMurtry  2001 ; Bartling et al . 
  2003 ; Honma et al .   2003 ; Le Bourg et al .   2004 ; Burger et al .   2007 ; Mangel  2008 ). 
In rats, exposure of pups to a mild stressor can dampen the stress response mediated 
by glucocorticoids when exposed to a stressor later in life. In contrast, exposure to 
strong stressors in early life can cause subsequent hypersensitivity to stressors, 
 manifested in an oversecretion of glucocorticoids. Such hypersensitivity has been 
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shown to have detrimental effects on health (Levine et al .  1967 ; Liu et al .  1997 ; 
Romero  2004 ; pp. 692–694 in Nelson  2005 ), such as excessive energy mobilisation 
(Wingfi eld et al.  1998 ), immunosuppression (e.g. Webster Marketon and Glaser 
 2008 ), oxidative stress (e.g. Costantini et al.  2011 ) or abandonment of reproductive 
activity (e.g. Wingfi eld and Hunt  2002 ). Thus a dampening in the production of 
glucocorticoids might be benefi cial because it could limit the magnitude of these 
negative side effects. However, the negative fi tness consequences of the priming 
process might only be evident if there is no subsequent exposure to a higher level of 
the stressor (Fig.  13.3 ). The existence of such a cost would explain why natural 
selection has favoured a system design that requires priming in order to work effec-
tively. Evidently, the probability of encountering high levels of the stressor in the 
environment will infl uence the evolution of the response, as will the extent to which 
the fi rst exposure carries costs. As illustrated by the rat example above, different 
levels of stress exposure in early life can have different outcomes. Recent work in 
rats suggests that exposure to relatively high stress levels (i.e. 24 h of maternal 
deprivation, a model for maternal neglect) can, in addition to negative effects, actu-
ally have benefi cial effects on some aspects of brain function (particularly in the 
hippocampus), which are especially evident under conditions of high stress in adult-
hood (Oomen et al.  2010 ).

   The application of the hormetic model may also be especially helpful when inter-
preting effects of diet during development, in terms of both energy and nutrient 
intake. Dietary energy restriction can, for example, increase levels of heat shock 
proteins (HSPs) in several different tissues (Heydari et al .  1993 ) and increase levels 
of other cytoprotective molecules, such as antioxidants, reducing levels of oxidative 
stress (Sanz et al .  2006 ; Ugochukwu and Figgers  2007 ). Hormetic effects induced by 
dietary energy restriction can also involve changes in systems that regulate  cellular 
energy metabolism (Rodgers et al .  2005 ; Hyun et al .  2006 ; Liu et al .  2006 ), in particu-
lar through changes in mitochondrial activity ( mitohormesis , Tapia  2006 ). Hormesis-
like biphasic curves are also known to emerge in response to specifi c non- essential 
nutrients (Holmes et al.  1980 ; Hayes  2007 ), where fi tness benefi ts and costs emerge 
at low and high intakes of a nutrient, respectively. It is important to note here that 
hormesis should not be confused with the so-called Bertrand’s rule or essentiality, 
which is a dose–response relationship for essential substances. It can be character-
ised by negative Darwinian fi tness consequences when there is not enough and when 
there is too much of these substances (Chapman  1998 ; Raubenheimer et al.  2005 ; 
Raubenheimer and Simpson  2009 ). This calls for an integration of the concepts of 
hormesis and essentiality when looking at the effects of nutrients on stress levels.   

13.3     Conclusions 

 In order to understand the phenotypic and fi tness consequences of early life experi-
ences, the measurements of oxidative damage and antioxidant responses could 
 provide informative tools that integrate well with classic studies of endocrine sta-
tus dynamics. Oxidative stress might not only be a proxy variable that is useful in 
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quantifying the physiological responses of the organism, but might also work as an 
inducer and guide development through the generation of constraints on phenotypic 
responses to environmental stimuli, redox cell signalling in regulatory processes 
and epigenetic effects. It is important to recognise that the stressor dose  sensu lato  
is important and so is the timing of exposure (e.g. duration, sensitive periods of 
life), the environmental conditions experienced after the end of the developmental 
period and characteristics of the population or species (Fig.  13.2 ; see also Holmes 
et al. ( 1980 ) for an example of interspecies differences in nutritional hormesis). 
Obviously, the links between early life and phenotypic development can be studied 
from many different angles and under several theoretical underpinnings, but 
addressing these points under a hormetic framework could provide a novel tool for 
answering many questions. It might also allow discrepancies between studies to be 
reconciled, in modern behavioural toxicology and ecological and evolutionary 
developmental biology.      
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  Fig. 13.3    Hypothesised scenarios representing downstream effects of early life hormesis on 
 life- history strategies. + = increase; – = decrease. The long-term effects of priming or conditioning 
hormesis on the stress physiology machinery will depend on whether or not there will be subse-
quent exposure to a high level of the stressor. In fact, the priming process might have detrimental 
consequences for individual fi tness if there is no subsequent exposure. The probability of encoun-
tering high levels of the stressor in the environment will infl uence the evolution of the response, as 
will the extent of the costs of the initial exposure. ( a ) Represents an example whereby the stressor 
will be encountered later in life. Hormesis will improve the capacity for self-maintenance and will 
have similar or opposite effects on longevity or reproduction. According to the literature, both 
longevity and reproductive output may be increased or are traded-off against each other. 
( b ) Represents an example whereby the stressor is not encountered later in life and this can lead to 
reduced longevity and reproductive output       
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